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RNA polymerase pausing represents an important mechanism of
transcriptional regulation. In this study, we use a single-molecule
transcription assay to investigate the effect of template base-pair
composition on pausing by RNA polymerase II and the evolutionarily distinct mitochondrial polymerase Rpo41. For both enzymes,
pauses are shorter and less frequent on GC-rich templates. Significantly, incubation with RNase abolishes the template dependence
of pausing. A kinetic model, wherein the secondary structure of the
nascent RNA poses an energetic barrier to pausing by impeding
backtracking along the template, quantitatively predicts the pause
densities and durations observed. The energy barriers extracted
from the data correlate well with RNA folding energies obtained
from cotranscriptional folding simulations. These results reveal
that RNA secondary structures provide a cis-acting mechanism
by which sequence modulates transcriptional elongation.

elongation pathway. Consequently, pausing takes place in kinetic
competition with elongation.
The findings that pausing arises through a diffusive mechanism
that is off the main elongation pathway have led to the proposal
of kinetic models that incorporate some of the basic physical
mechanisms governing pausing (5, 12–17); however, such models
have not accounted for higher-order effects, most notably the
possible template dependence of pausing, which has only recently
been explored numerically (18) and which we studied experimentally and analytically. We investigated the effect of template
sequence on transcriptional pausing by the eukaryotic nuclear
and mitochondrial RNA polymerases Pol II and Rpo41 in Saccharomyces cerevisiae. Our results reveal the existence of a mechanism of pause regulation by template base composition that is
shared among evolutionarily distinct enzymes (19, 20).
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Results

T

ranscription represents the first point of control of gene expression. Its regulation determines the RNA levels in the cell
and, ultimately, such varied processes as cell-cycle coordination,
metabolism, growth, and death. Regulation of RNA throughput
occurs at all stages of the transcription process, i.e., initiation,
elongation, and termination (1). Regulation at initiation involves
complex machinery that assembles at the promoter and endows
the cell with the capacity to make a binary decision in response to
internal or external signals. Similarly, transcriptional termination
requires a binary decision at specific locations in the sequence. In
contrast, regulation of the elongation phase is spatially distributed throughout the transcribed gene and involves the modulation
of the dynamics of RNA synthesis by cis- and trans-acting factors.
One of the most prominent aspects of the dynamics of RNA
polymerases is their tendency to pause. Pausing is an intrinsic property of most RNA polymerases, and its regulation constitutes
one of the central mechanisms of control of gene expression. Sequence-specific pausing allows for the recruitment of trans-acting
elements that are implicated in promoter escape (2), alternative
splicing (3), factor-dependent termination (4), proofreading (5),
and further transcriptional regulation (6–9). Pauses also play a
role in factor-independent termination, which is mediated by secondary structures of the nascent RNA near the termination site
(10). In contrast to the punctate nature of pausing during initiation and termination, pauses during elongation can, in general,
occur anywhere along the transcribed gene.
The finding that pause durations of RNAP II follow a t −3∕2 distribution (to first order) implies that pausing occurs through a diffusive mechanism (5). This observation, along with additional
evidence of backward movement of RNA polymerases on their
template (11, 12), has led to the backtracking model of transcriptional pausing. In this model, pauses are initiated by retrograde
movement of the polymerase on the template DNA, and consist
of RNAP diffusion along the upstream DNA until the catalytic
center realigns with the 3′ end of the RNA, at which time elongation can resume. Therefore, the paused state occurs off the main
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Experimental Setup. To observe transcription by single molecules
of Rpo41 or Pol II, we used the setup shown in Fig. 1A. Briefly,
biotinylated polymerases loaded on DNA and stalled in elongation mode were bound to streptavidin-coated beads. Incorporation of a digoxigenin at the downstream end of the template
allowed it to bind to an anti-digoxigenin coated bead. We used
a dual-trap optical tweezers instrument (21) to hold the two types
of beads and form a single DNA tether between them (Fig. 1A).
After tether capture, NTPs were flown into the chamber, and
active polymerases resumed transcription. We kept the trap positions fixed (passive mode) in our experiments. Transcription,
then, resulted in a shortening of the tether and an increase in
the force applied to the polymerase as the beads were pulled away
from the centers of their respective traps. We calculated the number of base pairs transcribed by the enzyme from the change in
extension of the tether and the tension on the molecule using the
worm-like chain model of polymer elasticity (22). We limited our
analysis to a force range in which the properties studied were not
affected by force (Fig. S1).
We performed transcription on three types of templates: (i) an
AT-rich template originating from the mitochondrial DNA of
S. cerevisiae (18% total template GC composition), (ii) a GC-rich
template from the genomic DNA of Myxococcus xanthus (70%
GC composition), and (iii) a template of intermediate base-pair
composition, termed “random,” from the bacteriophage lambda
genome (47% GC composition). Characteristic traces of single
molecules of Pol II and Rpo41 on AT-rich and GC-rich templates
are shown in Fig. 1B.
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Pause-Free Velocity Is Template Independent. Note that transcription
by Rpo41 and Pol II is not continuous; instead, it is characterized
by periods of active enzyme translocation interspersed with periods of pausing. Pausing has been reported for a number of polymerases from diverse phyla (5, 23–25). Rpo41 has been shown to
have strong sequence homology to those of the T-odd bacteriophages (19). These single-subunit RNA polymerases (ssRNAPs)
are evolutionarily distinct from the multisubunit enzymes extensively characterized by single-molecule methods (26). Previous
studies of transcription by the related T7 RNAP have reported
no (27) or “extremely rare” (28) occurrences of pauses during
processive elongation, in contrast to the pausing observed for
Escherichia coli and yeast polymerases. Thus, it is also of interest
to characterize the pausing behavior of the mitochondrial enzyme
and compare it to that of its nuclear counterpart, Pol II.
Using a statistical algorithm based on the aggregate data of
trace velocities, we have determined the pause-free velocity
(i.e., the velocity after subtracting out pauses) for Pol II to be

17.8  2.3 bp∕s on AT-rich DNA, 18.8  2.7 bp∕s on random
DNA, and 17.3  2.5 bp∕s on GC-rich DNA. These results are
consistent with previous studies of transcription by Pol II
(17.5  2.0 bp∕s) (29). For Rpo41, pause-free velocities were
21.6  3.5 bp∕s on AT-rich DNA, 23.3  3.8 bp∕s on random
DNA, and 24.1  5.0 bp∕s on GC-rich DNA. Unless otherwise
noted, errors are standard errors of the mean. These pause-free
velocities are plotted in Fig. 1C, and they are given in Table 1
along with all of the properties measured or calculated for each
enzyme and template combination. Note that for both enzymes
the pause-free velocities are template independent, within error.
Combining the datasets for a given enzyme on all templates results in pause-free velocities of 18.3  1.6 bp∕s for Pol II and
23.9  2.4 bp∕s for Rpo41. Thus, the pause-free velocities of
the two enzymes differ to within error.
Pausing of the RNAP During Elongation Is Template Dependent. In
contrast to the template independence displayed by the pause-
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Fig. 1. Single-molecule transcription. (A) Experimental setup. Two optical traps (gray) were used to trap polystyrene beads (brown) functionalized with antidigoxygenin (AD) and streptavidin (SA). A ∼4 kb-long DNA tether was formed between a biotinylated polymerase (blue) and the downstream DNA that
contained a 5′ digoxygenin. (B) Representative traces of nuclear (Pol II) and mitochondrial (Rpo41) RNA polymerases of Saccharomyces cerevisiae on GC-rich
and AT-rich templates. Data averaged at 50 Hz is shown in gray, Savitsky–Golay filtered data (1 Hz) in black, and pauses in red. (C) Pause-free velocities of Rpo41
and Pol II on different templates. (D) Mean pause duration for the different templates used in this study, as a function of transcript GC composition. The
transcript GC composition is run-length weighted, and therefore differs between enzymes due to slightly different run lengths. (E) Mean pause density
for the different templates and enzymes used in this study. Unless otherwise noted, error bars are standard errors of the mean. The total number of traces
for each condition are given in Table 1.

Table 1. Summary of parameters used or discerned in this study

Number of traces analyzed
Number of pauses analyzed
% GC transcribed
Pause-free velocity (bp∕s)
Mean pause duration (s)
Mean pause density (kbp −1 )
Energy penalty ΔGRNA (kT)
Intrinsic diffusion rate, k0 (s −1 )

AT-rich
20
252
23 ±
21.6 ±
2.2 ±
39 ±
0.64 ±
5.7 ±

2
3.5
0.2
6
0.07
2.1

Random
14
142
35 ±
23.3 ±
2.2 ±
30 ±
0.72 ±
5.0 ±

3
3.8
0.3
6
0.10
1.8

Pol II
GC-rich
20
134
67 ±
24.1 ±
1.5 ±
22 ±
0.93 ±
5.8 ±

2
5.0
0.1
4
0.12
2.6

AT-rich
23
212
24 ±
17.8 ±
2.8 ±
35 ±
0.70 ±
2.6 ±

2
2.3
0.3
4
0.07
0.6

Random
20
248
37 ±
18.8 ±
2.6 ±
32 ±
0.75 ±
2.6 ±
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Rpo41
Template

GC-rich

1
2.7
0.2
4
0.08
0.7

18
212
68 ±
17.3 ±
1.8 ±
30 ±
0.94 ±
3.6 ±

1
2.5
0.1
4
0.07
1.1

The number of pauses, % GC transcribed, mean pause duration, and mean pause density are for pauses within the observation limits
discussed in SI Text. All errors are standard errors of the mean, except for % GC transcribed (standard deviation), and the energy penalty
and intrinsic diffusion rate (intervals from the fits as described in SI Text).
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backtracking; however, it has been shown that addition of oligonucleotides complimentary to regions of the nascent RNA attenuates backtracking and stabilizes active transcription (33). This
observation runs contrary to what one would expect if the mechanism of pause attenuation were mediated through RNA/protein
interactions, as hybridization with the oligonucleotides would presumably compete with the RNA/protein interactions. The more
likely explanation is that the oligonucleotides added in those
experiments form RNA/DNA hybrids that are analogous to the
secondary structures that we propose organize in the nascent
RNA chain. These base-pairing interactions, be they DNA/RNA
or RNA/RNA, attenuate pause duration and density by adding an
energy barrier to the backward movement of the polymerase.
Moreover, because modulation of pausing by the template GC
concentration occurs in Pol II and Rpo41, it is unlikely that pausing attenuation is mediated through interactions of nascent RNAs
of variable sequences with two enzymes that are evolutionary distinct and possess no discernible homology.

free velocity of the two enzymes, the dynamics of pausing depend
strongly on template composition. In particular, we find that
the mean pause duration is negatively correlated to template GC
composition (Fig. 1D and Table 1). Template composition also
affects the rate of pause entry: increased GC content decreases
the pause density (i.e., the number of pauses observed per kilobase of transcribed DNA) (Fig. 1E and Table 1).
These observations indicate that a higher GC content can prevent the process of transcriptional backtracking and aid in the rate
of recovery from those backtracks without directly affecting the
dynamics of the transcribing polymerase (i.e., its pause-free velocity). One mechanism by which the template composition can produce pause attenuation—reducing the rate of pause entry and the
pause duration—is if the secondary structure of the nascent RNA
upstream of the polymerase can act as an energy barrier to backtracking (17, 30), because GC-rich RNA sequences form more
stable secondary structures than AU-rich ones. According to this
hypothesis, backtracking, and therefore pause duration and density, should be reduced on templates with larger GC content.

Kinetic Model of Transcriptional Pausing During Elongation. We have
modified the previous theoretical model of backtracking (16) to
include the effect of the nascent RNA in pausing attenuation.
This previous model is based on the assumption that the backtracked polymerase diffuses along the template DNA. This diffusion has been modeled as a one-dimensional random walk in
a periodic potential in which the energy barrier to diffusion across
the transition state has equal height in both directions, and the
symmetry is only broken by the application of external force (15,
16, 29). The kinetic properties of pausing are template independent in this model, which runs contrary to our findings. In the
modified model (Fig. 3A), the backtracked polymerase must disrupt the secondary structure of the nascent RNA chain proximal
to the upstream end of the transcriptional bubble in order to
move backward in the potential. The base-pairing energies of
the secondary structure serve as energy barriers to backward
movement during backtracking, thus increasing the height of the
transition state upstream of the polymerase. This energy barrier
(ΔGRNA ) causes a decrease in the backward diffusion rate from
kb ¼ k0 e −Fd∕kT to kb ¼ k0 e −ðFdþΔGRNA Þ∕kT , where F is the applied
force, d is the distance to the transition state (assumed to be
0.5 bp), T is the reaction temperature, k is the Boltzmann constant, and k0 is the intrinsic diffusion rate of a backtracked polymerase along the DNA in the absence of force. Note that the
forward diffusion rate remains unmodified: kf ¼ k0 e þFd∕kT .
The distribution of pause durations for the diffusive backtracking model has been calculated in closed form as the firstpassage times of a Poisson stepper in a force-biased random walk
(15, 16, 29)
sﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 kf −ðkf þkb Þt
e
I 1 ð2t kf kb Þ;
[1]
ψðtÞ ¼
t kb

The Template Dependence of Pausing Is Abolished in the Presence
of RNase A. To test this hypothesis, we performed single-molecule

transcription assays using Pol II in the presence of RNase A.
RNase A specifically hydrolyses RNA after C and U residues and,
in our buffer conditions, does so without preference for single
stranded or double stranded RNA (31). In the absence of RNase
A, pause durations on AT-rich and GC-rich templates are statistically different (p < 0.01, Kolmogorov–Smirnov test, Table S1)
for both enzymes (Fig. 2A, solid curves). This difference is abolished in the presence of RNase A, where pause durations on all
templates are statistically indistinguishable from those on AT-rich
DNA (Fig. 2A, dashed curves). Conversely, the distribution of
pause durations on all templates in the presence of RNase A differed from that on the GC-rich template in the absence of RNase
A with over 99.5% confidence (Table S1). Likewise, the template
dependence of the mean pause durations and densities vanish in
the presence of RNase A (Fig. 2 B and C, respectively).
We speculate that steric interactions between Pol II and the
RNase prevent full digestion of the nascent RNA, and incomplete
digestion removes any secondary structure while leaving enough
RNA for backtracking to occur. The average maximum backtracked distance for Pol II in the presence of RNase A was
17  4 bp. This number is consistent with bulk data that shows
that 17–19 RNA base pairs are protected from digestion during
transcription (32). According to this interpretation, the AT-rich
nascent transcript does not organize sufficient secondary structure
to prevent backtracking by the enzyme; eliminating most, but not
all, of the secondary structure outside the polymerase makes the
remaining transcript behave as an AT-rich nascent chain.
Note that we have not formally excluded the possibility that interactions between RNA and polymerase may also contribute to
the energy barrier to backward movement of the enzyme during
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Fig. 2. Pause dependence on RNA hairpin structure. (A) Cumulative distributions of pause durations of Pol II on AT-rich (red) and GC-rich (blue) with (solid) and
without (dashed) RNase A present in the reaction the buffer. Transcription on the random template is omitted for clarity (Fig. S2). (B) The mean pause duration
for Pol II on all templates in the presence of RNase A (dashed line) and in its absence (solid line). (C) The mean pause densities for Pol II on all templates with and
without RNase A in the reaction buffer. The total number of traces for each condition are given in Table 1.
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p¼

kb
;
ke þ kb

[2]

where ke is the elongation rate, which is identical to the pausefree velocity when expressed in bp∕s. To account for the pauses
missed by using a finite observation window, we multiplied the
theoretical pause density by the percentage of pauses between
our minimum and maximum pause limits (tmin ¼ 0.5 s and
tmax ¼ 30 s, respectively; see SI Text) as predicted by our pause
duration distribution (29):
Z t
max
ψðt 0 Þdt 0 :
[3]
pobs ¼ p
tmin

Fits of the kinetic parameters to the model (see SI Text) results in
the intrinsic diffusion rates, k0 , for Pol II of 2.6  0.6 s −1 on ATrich DNA, 2.6  0.7 s −1 on random DNA, and 3.6  1.1 s −1 on
GC-rich DNA. For Rpo41, these rates are 5.7  2.1 s −1 on ATrich DNA, 5.0  1.8 s −1 on random DNA, and 5.8  2.6 s −1 on
GC-rich DNA. The fitted energy penalties (ΔGRNA ) for Pol II are
0.70  0.07 kT on AT-rich DNA, 0.75  0.08 kT on random
DNA, and 0.94  0.07 kT on GC-rich DNA; for Rpo41 they
are 0.64  0.07 kT on AT-rich DNA, 0.72  0.10 kT on random
Zamft et al.

DNA, and 0.93  0.12 kT on GC-rich DNA. KS tests confirm
that theoretical and observed pause duration distributions are
statistically indistinguishable for each condition.
Note that the independent fits yield values for the intrinsic
backtracking diffusion rate (k0 ) that are the same for a given
enzyme on all templates, namely, 2.8  0.4 s −1 for Pol II and
5.1  1.6 s −1 for Rpo41 (Fig. S3). The theoretical cumulative distributions of pause durations for transcription by both enzymes
on AT-rich and GC-rich templates using these values are shown
as the dashed lines in Fig. 3B. Note that the backtracking rate is
dominated by Brownian diffusion of the polymerase on DNA, not
by the viscous drag of the bead (34).
Independent Confirmation of the Kinetic Model. The robustness of
the model is confirmed by the fact that the fits yield values of
the magnitude of the energy barriers to backtracking (ΔGRNA )
that are the same for a given template and that are independent
of the enzyme considered: 0.67  0.04 kT for AT-rich DNA,
0.74  0.07 kT for random DNA and 0.94  0.07 kT for GC-rich
DNA.
To strengthen the interpretation that these values result from
the energy associated with secondary structure formation of
the nascent RNA, we performed a cotranscriptional folding simulation of the RNA behind the transcribing polymerase (35) and
calculated the average energy needed to disrupt this structure at
each base pair. As shown in Fig. 3C, the values of the free energies of these secondary structures (ΔGsim ) are in excellent agreement with those obtained from fitting the pause characteristics
(ΔGRNA ); i.e., they fit with line of unity slope (R 2 ¼ 0.93).
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where I 1 is the modified Bessel function of the first kind, and t
is the first passage time (i.e.,
that Eq. 1
 pause
 1 duration).
pﬃﬃﬃﬃNote
ﬃ pﬃﬃﬃﬃﬃ
reduces to ψðtÞ ∼ t −3∕2 for kf kb −2 ≪ t ≪ ð kf − kb Þ −2 .
Pause entry has been shown experimentally to result from the
kinetic competition between the rates of backward diffusion and
elongation. The probability of entering a pause can therefore be
written as

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

Fig. 3. Template and polymerase dependence of kinetic properties. (A) A schematic of the proposed model, in which the backtracked polymerase (blue)
occupies a periodic potential landscape (black) in which the sequence dependence increases the energy of the barrier to backward movement (ΔGRNA ).
The forward and backward diffusion rates are indicated as arrows above the transition states upstream and downstream of the polymerase, respectively.
(B) The cumulative distribution of pause durations on AT-rich (red) and GC-rich (blue) templates for Pol II (top) and Rpo41 (bottom). Solid lines are experimental
data and dashed lines are fits of the model discussed in the text. Transcription on the random template is omitted for clarity (Fig. S2). (C) The correlation
between the fitted energy barriers to backtracking (ΔGRNA ) and those calculated via a cotranscriptional folding simulation (ΔGsim ). The horizontal error bars
indicate the standard errors of the simulated energies using different seeds for the simulation, and they are smaller than the data makers for the AT-rich and
random templates. A fit of the data to a line of unity slope is shown (dashed).

The correlation between the simulated and fitted energy penalties to backtracking is maintained between the two polymerases,
which are evolutionarily distinct and have no discernable homology
(19). This result supports the notion that the template dependence
of pausing is unrelated to sequence-dependent RNA/protein interactions. Note, however, that there is an offset between the two simulated and observed energy penalties that correspond to the nonzero y-intercept of the dashed line in Fig. 3C. This offset suggests
that while the difference between templates is mediated by RNA
secondary structure, there may be an additional barrier to backtracking that is constant among templates. The origin of this contribution remains to be understood; however, they could, in principle,
result from sequence-independent interactions between the enzyme and the RNA transcript. For example, purine bases have
been shown to have steric interactions with a backtrack site in Pol
II that inhibit pausing (36). Our templates have no correlation with
respect to purine content, having purine compositions of 49%,
45%, and 54% for the AT-rich, random, and GC-rich templates,
respectively. Thus, any effects of purines on the pausing behavior
in our study do not explain the correlation between template composition and pausing duration and density. It is more likely that
such an effect is template independent.
Discussion
Transcription is the first step in the conversion of sequence information into the physical makeup of the cell. Identification and
elucidation of the mechanisms underlying its regulation, including the process of transcriptional pausing, are therefore of great
formal and practical interest. Much has been learned about the
mechanisms involved in transcriptional pausing in recent years,
from the discovery of polymerase backtracking via crystallographic (36), bulk biochemical (33), and single-molecule assays
(5) to theoretical and numerical models of pausing (13, 16). Likewise, RNA hairpin formation has been implicated in promoting
certain pausing events in processes such as termination (10, 37)
and site-specific pausing (38, 39) or in inhibiting pausing during
initiation by aiding the polymerase in promoter escape (40).
The results presented here show that cotranscriptional formation of a nascent RNA structure attenuates pausing and favors
elongation. These observations expand the role of RNA secondary
structure to that of a general regulator of transcription, from initiation through elongation to termination, and in both inhibitory and
abetting roles. In these studies, we observed individual mitochondrial and yeast eukaryotic RNAP molecules transcribing on three
templates of different GC composition. For both polymerases,
templates of increasing GC composition resulted in a decrease in
the frequency of pauses as well as their duration. This sequence
dependence of pausing is abolished when the nascent RNA is degraded by RNase, which directly implicates the nascent RNA as a
negative regulator of transcriptional pausing during elongation.
We showed that the pause density and pause duration distributions
obtained with both enzymes on the three different templates can
be fit to a simple kinetic model in which the secondary structure of
the growing RNA constitutes an energy barrier to backward diffusion during pausing. Using this model, we have been able to separate the enzyme-specific and template-specific factors affecting
pausing, specifically the diffusion rates (k0 ) that are template-independent and the energy barriers to backtracking (ΔGRNA ) that are
enzyme-independent. The energy barriers so extracted from our
model correlate very well with those obtained from an independent
cotranscriptional folding simulation.
Because transcription is often the rate-limiting step in gene expression, our results may help explain why the coding regions in
many systems tend to have a higher GC content compared to the
rest of the genome (41). This effect may reflect an evolutionary
pressure to maximize expression rates through the attenuation of
polymerase pausing; however, it has been proposed that there
also exists a selective pressure for endosymbiont genomes to use
8952 ∣
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the energetically cheaper ATP and TTP nucleotides (42). Interestingly, the mitochondrial organelle is one system in which gene
expression is limited not by transcription, but by mRNA-specific
translational activation (43, 44). Consequently, polymerase pausing may not be as important for the control of gene expression in
mitochondria as it is in the nucleus. We speculate that the abnormally high ATcontent of mitochondrial genomes may result from
the advantages of using energetically cheaper nucleotides in the
absence of an evolutionary pressure to maximize transcriptional
throughput by means of pause attenuation.
Materials and Methods
Sample Preparation. Oligonucleotides used for elongation complex formation
and PCR amplification of transcription templates are given in Table S2. Templates were prepared via PCR reactions using one primer with a 5′ digoxygenin NHS ester (Dig) and the other with a 5′ restriction enzyme site as noted in
the primer name. PCR templates were genomic preparations from Saccharomyces cerevisiae (AT-rich), bacteriophage lambda (Random, New England
Biolabs), and Myxococcus xanthus (GC-rich, courtesy of D. Zusman, University
of California, Berkeley, CA). After column purification, PCR products were
digested using the restriction enzyme denoted in the corresponding primer
name and then column purified again.
Preparation of stable elongation complexes (ECs) and their ligation to the
template DNA was similar to that previously described (5, 29). ECs were created by annealing the TDS and RNA9 oligonucleotides, followed by addition
of the biotinylated RNA polymerase and then the NDS oligonucleotide. ECs
were then ligated to the PCR products described above, resulting in ligated
ECs of 4137 bp (AT-rich), 5017 bp (random), and 4240 bp (GC-rich).
The ligated elongation complexes were incubated with 2.1 μm streptavidin-coated polystyrene beads (Spherotech). Polymerases were stalled by addition of ATP, CTP, and GTP to a final concentration of 10 μM and incubated at
RT for 5 min. This reaction was then diluted 1∶100 in TB40 (20 mM Tris-HCl,
pH 7.9, 40 mM KCl, 10 mM MgCl2 , 10 mM DTT) and introduced into the fluidics apparatus of the optical chamber. Once a single bead was trapped in one
of the optical traps, 2.1 μm anti-digoxygenin (Roche Diagnostics) cross-linked
IgG-coated polystyrene beads (Spherotech) were introduced into the optical
chamber and trapped in the other trap. These two beads were then rubbed
together by moving the position of one of the optical traps, until an increase
in the force was detected upon separation of the beads. Single tethers were
distinguished by confirmation that the distance between the beads corresponded to the tether length of the template. Once single tethers were confirmed, transcription was restarted by flowing TB40 supplemented with
1 mM NTPs and 1 μM pyrophosphate into the chamber.
Expression/Purification of Biotinylated Rpo41. A DNA sequence encoding
for the 13 amino-acid biotinylation tag (GLNDIFEAQKIEWHE; the site of biotinylation is underlined) was inserted into the StuI site of the Rpo41 expression
plasmid pProExHtb-RPO41 (45) to yield plasmid pProExHtb-Avi-RPO41. This
plasmid was transformed into BirA (biotin ligase) expression strain AVB100
(Avidity, Inc.) along with the CodonPlus plasmid (Stratagene) and then expressed as previously described (45), except with additional induction of BirA
as per the manufacturer’s instructions. Purification was similar to that previously described (45) except for an additional chromatographic step using
the SoftLink Avidin column (Promega). All chromatographic steps used buffer
TB300 (20 mM Tris-HCl, pH 7.9, 300 mM KCl, 10 mM MgCl2 , 10 mM DTT, 10%
glycerol) with 5 mM biotin for elution from the avidin column and 500 mM
imidazole for elution from the nickel column. Purified protein was dialyzed
with TB300, snap-frozen using liquid nitrogen, and stored at −80 °C.
Data Acquisition/Analysis. The instrumentation and data acquisition methods
were as previously described (5, 21). Data were taken at 2,000 Hz. Force and
position data from traces containing active transcription were averaged by
decimation to 50 Hz and then smoothed using a second order Savitsky–Golay
filter with a time constant of 1 s. Because the optical tweezers method only
returns changes in extension, we stalled the polymerases at a defined site on
DNA to compute the initial extension of the tether. We calculated the DNA
contour length at later times using the updated end-to-end extension of the
tether and the force applied using the worm-like chain model of polymer
statistics (22). Then, we converted changes in distance between the beads
into the number of base pairs transcribed by the enzyme.
Statistical Methods. Due to errors inherent in pause-picking algorithms (see
SI Text), a statistical algorithm for pause-free velocity determination was
used. This method relies on the notion that pausing is a diffusive process
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Cotranscriptional Folding Simulation. The first 400 bp of the template sequences used in this study were input into Kinefold, a cotranscriptional
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RNA folding simulation (35). Each simulation was run in batch mode using
56 and 40 ms as the nucleotide addition time for Pol II and Rpo41, respectively
(corresponding to a pause-free velocity of 18 and 25 bp∕s, respectively).
These simulations were repeated with at least three different seeds for each
enzyme/template combination. The difference in mean simulated folding energy was less than 5% of its mean value for all seeds and all templates, and it
varied less than 1% between enzymes despite the difference in nucleotide
addition times. These energies were corrected for salt concentration (47) and
were denoted ΔGsim in the main text. Two of the structures from the GC-rich
template were highly sensitive to this salt correction, leading to a significant
range in the corrected simulated energy barriers for that template.

PHYSICS

and, therefore, the velocities during a pause arise from one-dimensional Brownian motion of the polymerase moving along the template. Consequently, the
velocities of polymerases observed during pauses should be Gaussian distributed and centered on zero velocity. A histogram of all of the velocities for a
given dataset was composed, and a zero-centered Gaussian was fit to the bins
containing negative velocities. This fit (see yellow solid line in Fig. S4) was then
extrapolated over all data (dashed yellow line) and subtracted from the data.
The leftover velocities correspond to the data cleaned of pauses (i.e., the
pause-free velocity distribution). The average of this leftover data is the
pause-free velocity of the dataset. The errors are the standard deviation of
the means determined by sampling the traces with replacement (bootstrapping).
A pause-picking method commonly used in the single-molecule transcriptional field was used for pause analysis (5, 29, 46), and it is described in detail
in SI Text. The pause duration distribution was fit to the theoretical distribution as described by Eq. 1 by performing a two-sample Kolmogorov–Smirnov
test between the two distributions, keeping only those that were deemed
statistically indistinguishable. This was done within the bounds determined
by fitting the theoretical mean pause durations and pause densities with
those defined by the observed means plus and minus the observed standard
errors (see SI Text).

