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ABSTRACT Regulation of transcription elongation is one of the key mechanisms employed to control gene expression. The
single-subunit mitochondrial RNA polymerase (mtRNAP) transcribes mitochondrial genes, such as those related to ATP synthe-
sis. We investigated how mitochondrial transcription elongation factor (TEFM) enhances mtRNAP transcription elongation using
a single-molecule optical-tweezers transcription assay, which follows transcription dynamics in real time and allows the sepa-
ration of pause-free elongation from transcriptional pauses. We found that TEFM enhances the stall force of mtRNAP. Although
TEFM does not change the pause-free elongation rate, it enhances mtRNAP transcription elongation by reducing the frequency
of long-lived pauses and shortening their durations. Furthermore, we demonstrate how mtRNAP passes through the conserved
sequence block I, which is the key sequence for the switch between DNA replication and transcription in mitochondria. Our find-
ings elucidate how both TEFM and mitochondrial genomic DNA sequences directly control the transcription elongation dynamics

of mtRNAP.

INTRODUCTION

Mitochondrial genomic DNA (mtDNA) is a circular 16.5-kb
DNA and encodes 13 genes related to ATP synthesis, 22
transfer RNAs, and 2 ribosomal RNAs. Mitochondrial
RNA polymerase (mtRNAP) is a single-subunit enzyme
evolutionarily related to T3 and T7 bacteriophage RNA
polymerases, which differ from the 12-subunit nuclear
RNA polymerase II (Pol II) (1).

The mtRNAP transcription initiation process requires
mitochondrial transcription factor A (TFAM) and mitochon-
drial transcription factor B2 (TFBIIM) to bind to mitochon-
drial promoters. TFAM, which works as a transcription
initiation factor as well as an mtDNA packaging protein,
binds upstream of the promoters and induces a DNA
U-turn (2—4). mtRNAP is then recruited to the promoter
initiation site, followed by TFBIIM, to form the initiation
complex (5). Yeast TFBIIM ortholog mitochondrial tran-
scription factor Mtfl plays a similar role in yeast (6,7).
These features are different from the Pol II transcription
initiation process, which is not coupled to DNA replication
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and requires many transcription initiation factors, such as
TFIIA, TFIIB, and TFIID. In addition, mtRNAP transcrip-
tion initiation is also different from that of T7 RNA poly-
merase, which does not require any transcription initiation
factors (8.,9). With regard to the transcription elongation
process, mtRNAP and nuclear Pol II seem to share more
similarities. Compared to the T7 RNA polymerase,
mtRNAP transcribes much slower (129 *+ 8 nt/s for T7
RNA polymerase vs. 25 *= 2 nt/s for yeast mtRNAP
(RPO41)) in both bulk biochemical and single-molecule
optical-tweezers transcription elongation assays (10,11).
mtRNAP transcription elongation speed as well as pause
frequency and durations are similar to those of Pol II
(11,12).

Mitochondrial transcription elongation factor (TEFM) is
a transcription elongation factor only present in vertebrate
and was first identified as a nuclear transcription factor
Spt6-like protein (13). Both TEFM and Spt6 contain two
tandemly repeated helix-hairpin-helix motifs and one
RNase H-fold, but their RNase H-fold type and the helix-
hairpin-helix positions are different (13). TEFM enhances
the processivity of transcription elongation by binding to
mtRNAP, the DNA, and the nascent RNA and stabilizing
the mtRNAP transcription elongation complex (13-16).
TEFM knockdown in human bone osteosarcoma cells
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largely decreased promoter-distal mitochondrial transcripts
and reduced respiratory chain component abundance (13).

In addition to a general transcription enhancing effect,
TEFM is required for mtRNAP to pass through the conserved
sequence block II (CSBII), which is the mtRNAP transcrip-
tion termination sequence. Within CSBII, a DNA-RNA
G-quadruplex structure is formed to promote termination
(14,16). It has been suggested that transcription termination
at CSBII may stimulate DNA replication initiation by pro-
ducing a replication primer (16,17). Therefore, TEFM may
be important for regulating the switch between transcription
and DNA replication of mitochondrial DNA. A recent struc-
tural study shows that TEFM binds mtRNAP near the RNA
exit channel, and its binding has been proposed to prevent
the formation of the DNA-RNA G-quadruplex (15).

Here, we studied the effects of TEFM on transcription
elongation using a single-molecule optical-tweezers assay.
We found that TEFM does not change pause-free velocity
and short-lived pauses but enhances transcription elongation
by reducing long-lived pause frequencies and long-lived
pause durations. Furthermore, our data suggest that TEFM
increases the probability of mtRNAP’s passage through
CSBII by preventing the formation of the RNA-DNA hybrid
G-quadruplex. These findings elucidate the mechanism of
how TEFM regulates transcription elongation on mitochon-
drial DNA at the single-molecule level.

MATERIALS AND METHODS
Protein expression and purification

Human mtRNAP was cloned in a modified pET28 vector, His- and Avi-
tagged at its N-terminus, and expressed with a BirA expression plasmid
(Avidity) in Escherichia coli BL21(DE3) cells. Expression was induced
at 16°C for 20 h in the presence of 50 uM biotin and 0.2 mM isopropyl
(-D-1-thiogalactopyranoside. Harvested cells were resuspended in lysis
buffer (50 mM NaH,PO, (pH 8.0), 300 mM NaCl, 10 mM imidazole,
5 mM 2-mercaptoethanol, and 1 mM phenylmethane sulfonyl fluoride) fol-
lowed by sonication. The samples were loaded onto SoftLink Soft Release
Avidin Resin (Promega, Madison, WI), Ni2* nitrilotriaetic acid agarose
beads (Qiagen, Hilden, Germany), and then onto a Hitrap Heparin column
(General Electric Healthcare, Chicago, IL). Recombinant TEFM was ex-
pressed in E. coli BL21(DE3) codonplus cells and purified using estab-
lished methods (14).

In vitro biochemical transcription elongation
assay

To biochemically examine the elongation activity of mtRNAP in the
absence or presence of TEFM, we made a transcription elongation complex
by hybridizing a 3 pmol of [*?P] -yATP labeled synthetic 9-nt (nucleotide)
RNA (5-GACGCCCGA-3') to 1.5 pmol of the template DNA (5'-P-CTC
TTCCCGGGTTCGCCTTGTCTCGGGCGTCGGCTGTAAGTATCCTAT
ACCGTCGGCAT-3'), subsequently adding 1.5 pmol of mtRNAP, and
annealing 7.5 pmol of the other DNA strand (5-CCGACGGTATAGGA
TACTTACAGCCGACGCCCGAGACAAGGCGAACCCGGGAAGAGG
TT -3') following the method of Zamft et al. (11) and Kireeva et al. (18).
Synthesized mtDNA containing the CSBII sequence (245 bp, with Dralll
site between +161 and 4386 in the mitochondrial genome, BGI) (Table
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S1) was used as the downstream template. The template was ligated with
the mtRNAP elongation complex in 1% polyethylene glycol (PEG-8000),
20 mM Tris-HCI (pH 7.9), 40 mM KCI, 10 mM MgCl,, 10 uM ZnCl,,
and 2 mM 2-mercaptoethanol at 25°C. The mtRNAP elongation complexes
(50 nM) were generated by incubating 50 uM each of rCTP, rGTP, and
rATP at 30°C for 5 min. Then, the elongation complexes were incubated
with 200 nM TEFM for 10 min and chased with 1 mM of ribonucleoside
triphosphates at 30°C for 15 min. To stop the reaction, we added an equal
volume of urea-containing loading dye (8 M urea, 89 mM Tris-HCI1 (pH
8.0), 89 mM boric acid, 50 mM EDTA, and 0.25% bromophenol blue) to
the samples and heated it at 65°C for 20 min. We then ran the reaction sam-
ples in a denaturing urea acrylamide gel. Gels were scanned and quantified
by a Typhoon phosphorimager (GE Healthcare, Chicago, IL).

Single-molecule transcription elongation assay

Single-molecule transcription elongation assays using the optical tweezers
were performed in passive force mode as previously reported (11,19).
Briefly, the mtRNAP elongation complex (1.5 nM) was conjugated to a
bead coated with avidin (Spherotech, Lake Forest, IL). The mtRNAP elon-
gation complex was then attached to a digoxigenin-labeled A-DNA tem-
plate, which was later conjugated to a second bead coated with
antidigoxigenin antibody (Spherotech). We then flowed a 1-mM NTP
mixture into the sample chamber. For experiments in the presence of
TEFM, 200 nM TEFM was added to the NTP solution. The opposing force
experiments were performed using a 4974-bp A-DNA template (the
sequence information can be found in Table S1). Only mtRNAP molecules
that transcribed up to a force higher than 4 pN were considered active. As-
sisting force experiments were performed using the synthesized mtDNA
containing the CSBII sequence (Table S1) and started at around 9 pN.

Pause analysis

Raw position data (1 kHz) were averaged by decimation to 20 Hz and then
smoothed using a first-order Savitzky-Golay filter with a time constant
of 1 s. The dwell times were measured from the filtered data by recording
the time it took for the polymerase to advance 3 bp. A pause threshold was
selected as a multiple of the mean dwell time. For most traces, the pause
threshold was ~1 s per 3 bp. Regions of traces with dwell times longer
than this pause threshold were considered pauses. Only pauses with dura-
tions between 1 and 60 s were considered for further analysis.

RESULTS

TEFM significantly enhances the stall force of
mtRNAP from 6.7 pN to 10.3 pN

Similar to the nuclear transcription elongation process,
mitochondrial transcription is controlled by transcription
elongation factors. To examine the effects of TEFM on
mtRNAP elongation, we performed in vitro single-molecule
transcription elongation assays using optical tweezers
(Fig. 1 A). We first used an opposing-load geometry, in
which the force on the enzyme increases as transcription
progresses (Figs. 1, A and B and S1). This geometry hinders
mtRNAP transcription elongation and thus facilitates the
measurement of the enhancing effects of TEFM. Specif-
ically, as the force load increases, the probability of
mtRNAP pause entry increases and, eventually, transcrip-
tion stalls. In general, the maximal force against which a
motor can transcribe is referred to as its stall force. The stall
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FIGURE 1 TEFM increases the stall force but does not change the pause-

free velocity of mtRNAP. (A) Geometry of the single-molecule opposing-
force transcription elongation assay. The elongation complex is bound to
a streptavidin-coated bead (SA), whereas the handle DNA is bound to an
anti-digoxigenin-coated bead (AD). During transcription elongation,
mtRNAP translocates along the DNA, increasing the opposing force acting
on the enzyme. The SA bead movement is detected by the optical trap. (B)
Representative mtRNAP traces in the absence (red) and presence (blue) of
TEFM. The gray lines correspond to 20-Hz decimated data, whereas the red
and blue lines correspond to data filtered (Savitzky-Golay) to 1 Hz. (C) The
mean stall force in the absence (red) and presence (blue) of TEFM. (D) The
pause-free velocities of the mtRNAPs are plotted against the applied force
(error bars indicate means * standard error). Positive and negative force
values indicate assisting and opposing forces, respectively. n = 18 traces
for each experimental condition in (C) and (D).

forces of RNA polymerase are quite different among spe-
cies. E. coli RNA polymerase transcribes up to 20 pN,
whereas yeast Pol II transcribes up to only 8 pN (12,20).
The mean stall force of human mtRNAP was found to be
6.7 = 0.3 pN, which is very similar to that of yeast mtRNAP
(11), and it increased to 10.3 = 1.1 pN in the presence of
TEFM (Fig. 1 C).

Only long-lived mtRNAP transcriptional pauses
are shortened and reduced in frequency by TEFM

The overall elongation speed of mtRNAP in the presence
of TEFM (3.81 = 0.37 nt/s) is faster than that in absence
of TEFM (2.35 = 0.24 nt/s). These results indicate that
TEFM enhances overall mtRNAP elongation consistent
with previous studies (13). However, transcription elonga-
tion consists of pause-free translocation interrupted by
pauses, which can be distinguished by the optical-tweezers
transcription assay. Therefore, we sought to determine
which of these variables are modulated by TEFM. We found
that pause-free transcription elongation velocities for
mtRNAP in the absence and presence of TEFM are the
same within experimental error at around 14-15 nt/s in
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the 5.5- to 8-pN opposing force range and 16-17 nt/s in
the 3- to 5.5-pN opposing force range (Fig. | D). Further-
more, pause-free elongation speed increases to 23-24 nt/s
in the 5- to 9-pN assisting force range, but, again, no signif-
icant difference in the pause-free velocity was observed in
the presence of TEFM under this condition (Fig. 1 D).

The observation that TEFM increases the overall elonga-
tion speed without affecting the pause-free velocity indi-
cates that TEFM may influence the pausing dynamics of
mtRNAP. The cumulative pause duration distributions
(1-60 s) in the absence and presence of TEFM were first
compared. This evaluation revealed that TEFM may shorten
long-lived pauses (pause durations longer than 4 s) without
affecting short-lived pauses (Fig. S2 A). To test this hypoth-
esis, we compared long-lived and short-lived pauses (pause
durations shorter than 4 s). Similar to other RNA polymer-
ases, we observed that pause densities for mtRNAP were
force sensitive (Fig. 2, A and B; Table S2). Interestingly,
only long-lived pause densities were reduced, and their
mean duration was shortened in the presence of TEFM at
all force ranges (Fig. 2, B and D; Table S2). We observed
no significant effects of TEFM on short-lived pauses
(Fig. 2, A and C; Table S2). These trends were also observed
in the cumulative pause-duration distribution plots (Fig. S2,
B and C). These data suggest that TEFM mainly affects
force-sensitive long pauses (e.g., long pauses that involve
resolving an RNA secondary structure).

Furthermore, we estimated the density of pauses shorter
than 1 s (only pauses longer than 1 s can be experimentally
detected) using a double exponential fit to the pause dura-
tion distribution (Fig. S3, A-D; Table S2) (21). Interestingly,
we found that the density of such pauses increased in the

A B
—~ 50 —~ 40
a * +TEFM a + +TEFM
g 40 # = -TEFM g€ 35 = -TEFM
o X o=
25 3% f .} 2% *
=5 C o
58 20 1 o3 ]
< o [S3N)
? 3 10 - £ 10
2 g i
0 0
-10 -5 0 5 10 -10 -5 0 5 10
Force (pN) Force (pN)
C D
24 19
= = ++TEFM
€ 22 g = -TEFM
B8 20 88 15
=RT * 28 43
£3 .. 53
c o g o M
D35 14 435 9
g 14 « +TEFM g , * { *
- = -TEFM
1.0 5
-10 -5 0 5 10 -10 -5 0 5 10
Force (pN) Force (pN)

FIGURE 2 TEFM reduces only long-lived pause frequencies and dura-
tions. Mean (A) short- (<4 s) and (B) long- (>4 s) lived pause densities of
mtRNAP in the absence and presence of TEFM as a function of force.
Error bars represent means =+ standard error. Mean (C) short- (<4 s)
and (D) long- (>4 s) lived pause durations of mtRNAP in the absence
and presence of as a function of force. Table S2 shows the number of
pauses (N) used for each condition.

Biophysical Journal 115, 2295-2300, December 18, 2018 2297



Yu et al.

presence of TEFM (Fig. S3, E and F). This result suggests
that TEFM might shift long pauses to sub-1-s pauses.

TEFM prevents the formation of the RNA-DNA
hybrid G-quadruplex within the mitochondrial
CSBIl transcription termination sequence

CSBIlI is a very important transcription regulation sequence
present in human mitochondrial DNA. CSBII contains a
G-rich motif sequence that plays a crucial role during tran-
scription termination. When mtRNAP transcribes through
CSBII, repeated guanines within CSBII and the nascent
RNA transcript form a G-quadruplex with the upstream
DNA sequence (17). The G-quadruplex formation at CSBII
ultimately triggers transcription termination. In addition to
the DNA-RNA G-quadruplex formation, there is also a pre-
termination site at CSBII, UUAUU. Both DNA-RNA
G-quadruplex and the pretermination site play an important
role in transcription termination (22). However, in the pres-
ence of TEFM, mtRNAP can proceed with transcription
(14,16). Given the importance of this transcription regula-
tion sequence, we sought to investigate the impact of
TEFM on transcription elongation on CSBIIL

Consistent with previous observations, we observed that
mtRNAP transcription was repressed at CSBII and that
TEFM enhanced transcriptional passage through CSBII
(Fig. S4) (14). Transcription dynamics at CSBII were moni-
tored using the optical-tweezers assay (Fig. 3 A). We
observed that 76% of mtRNAP molecules stopped at the
CSBII sequence in the absence of TEFM (Fig. 3 B). When
mtRNAP entered CSBII, a shortening of the DNA tether
length was observed (Fig. 3 B, lower panel). The average
shortening length was 15.5 = 0.7 bp (n = 17; Fig. S5),
which is consistent with the predicted size of the DNA-
RNA G-quadruplex structure (17). After the G-quadruplex
was formed, the majority of mtRNAP molecules did
not resume elongation (n = 13), and only a few passed
through CSBII (n = 4). In such rare recovery cases, the
tether length change rate immediately after recovery was
50.0 = 2.5 bp/s, which is significantly higher than the
pause-free velocity of the motor. This observation also
points to the formation (tether shortening) followed by
disruption (tether extension) of the G-quadruplex rather
than to a large backtrack followed by recovery. In the pres-
ence of TEFM, the passage through CSBII significantly
increased as previously reported (Fig. 3 B) (14,16). Interest-
ingly, we did not observe any large tether-shortening events
at the CSBII region in the presence of TEFM (Fig. 3 B,
events shown with *). This result suggests that TEFM plays
a role in preventing the formation of the G-quadruplex and
supports the prediction based on the crystal structure of the
mtRNAP elongation complex with TEFM (15). Further
analysis showed that TEFM reduced the dwell times at all
regions, especially at the CSBII, from 1.54 = 0.26 s/nt in
absence of TEFM to 0.69 = 0.22 s/nt in the presence of
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FIGURE 3 TEFM prevents formation of the G-quadruplex and reduces
dwell times at the CSBII sequence. (A) Geometry of the single-molecule tran-
scription elongation assay on the CSBII sequence. During transcription elon-
gation, mtRNAP translocates along the DNA, decreasing the assisting force
acting on the enzyme. The inset illustrates the mtRNAP elongation complex
within the CSBII region in the absence (left) and presence (right) of TEFM.
(B) Example traces of mtRNAP transcription elongation on the CSBII
sequence. The gray region corresponds to CSBIL The * indicates the appear-
ance of tether-shortening events likely associated with G-quadruplex forma-
tion. The gray lines correspond to 20-Hz decimated data, whereas the red and
blue lines correspond to data filtered (Savitzky-Golay) to 1 Hz. (C) Dwell
times as a function of position in the absence and presence of TEFM. The
gray region corresponds to the CSBII sequence. n = 17 traces in the absence
of TEFM, and n = 12 traces in the presence of TEFM for (B) and (C). AD,
antidigoxygenin-coated bead; SA, streptavidin-coated bead.

TEFM (Fig. 3 C; Table S3). Interestingly, TEFM reduced
pause durations and densities within CSBII to levels similar
to those outside CSBII (Fig. 4, A and B; Table S4).

DISCUSSION

One notable aspect of the dynamics of RNA polymerases is
their propensity to pause during elongation. Pausing has
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TEFM. (B) Mean pause durations within and outside the CSBII region
The p-value corresponds to the Student’s 7-test. Table S4 shows the number
of pauses used for each condition.



been reported in most RNA polymerases and represents a
crucial mechanism of transcriptional regulation (23). For
instance, transcription elongation factors TFIIS and TFIIF
enhance Pol II transcription elongation by modulating
pausing without affecting its pause-free velocity (24,25).
In a similar fashion, the results presented in this study
demonstrate that TEFM modulates the pausing dynamics
of mtRNAP by decreasing the duration and frequency of
long-lived pauses. Furthermore, we found that TEFM pre-
vents the formation of the DNA-RNA G-quadruplex at the
CSBII sequence, which is an important element for the
switch between DNA replication and transcription in
mitochondria.

The Pol II transcription process can be divided into five
main steps: 1) translocation, 2) NTP binding, 3) NTP seques-
tration/conformation change, 4) bond formation, and 5)
pyrophosphate release, with step 4 being the rate-limiting
step (26). From a recent crystal structural study, the post-
translocated state of the mtRNAP elongation complex is sta-
bilized by TEFM relative to the pretranslocated state, a result
that indicates that TEFM might favor forward translocation
(15). However, the catalytic step has been shown to be rate
limiting in Pol II (26). Therefore, the overall pause-free ve-
locity of mtRNAP may remain unchanged with TEFM addi-
tion for this reason. Additional investigations are needed to
determine whether TEFM affects some of the on-pathway
transcription steps in addition to the effect on pausing dy-
namics described here.

TEFM stabilizes the mtRNAP transcription elongation
complex by interacting with nascent RNA and DNA both
upstream and downstream of the elongation complex
(15,16). Our results show that TEFM attenuates long-lived
pauses without affecting short-lived pauses. These data, in
combination with the structural study of TEFM, suggest
that TEFM may reduce nascent RNA (sequence)-dependent
pauses. We also observed that short-lived pauses are force
insensitive. This result suggests that mtRNAP may have
backtrack-independent pauses. For instance, E. coli RNAP
has been shown to experience sequence-independent pauses
not associated with backtracking (elemental pauses),
characterized by a half-translocated state of the enzyme
(27-32). Further studies are needed to confirm whether
several types of pauses for mtRNAP exist and to determine
how the DNA sequence influences mtRNAP transcription
elongation, pausing, and the effect of TEFM. Taken
together, these further studies would help elucidate how
mitochondrial gene expression is controlled.

Furthermore, we found that TEFM enhanced mtRNAP
passage through CSBII, likely preventing the formation of
the DNA-RNA G-quadruplex within this sequence. Mito-
chondrial DNA contains ~200 putative DNA-DNA G-quad-
ruplex sequences (33,34) whose presence has been recently
proven using a fluorescent anticancer reagent (35). DNA-
DNA G-quadruplexes constitute very strong transcriptional
barriers in front of or behind the mtRNAP elongation com-

TEFM Modulates mtRNAP Pausing

plex (36). Mitochondrial DNA helicase Twinkle has been
reported to unwind G-quadruplex structures, allowing tran-
scription through G-rich sequences (34). In addition to the
DNA-RNA G-quadruplex formation, there is also a preter-
mination site at CSBII, UUAUU. Both play an important
role in termination (22). Furthermore, other factors affect
transcription elongation within CSBII. TFAM, a tran-
scription initiation factor that binds to mtDNA, acts as a
transcriptional repressor and preferentially binds to the
G-quadruplex structure and stimulates the G-quadruplex
barrier (37). Further studies are necessary to elucidate
how TEFM contributes to mtRNAP transcription elongation
through the TFAM-protected G-quadruplex structure and
whether its binding plays a role in the dynamic switching
between mitochondrial DNA replication and transcription.

SUPPORTING MATERIAL

Five figures and four tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(18)31224-4.
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