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ABSTRACT The transcription of the genetic information encoded in DNA into RNA is performed by RNA polymerase (RNAP),
a complex molecular motor, highly conserved across species. Despite remarkable progress in single-molecule techniques
revealing important mechanistic details of transcription elongation (TE) with up to base-pair resolution, some of the results
and interpretations of these studies are difficult to reconcile, and have not yet led to a minimal unified picture of transcription.
We propose a simple model that accounts quantitatively for many of the experimental observations. This model belongs to
the class of isothermal ratchet models of TE involving the thermally driven stochastic backward and forward motion (backtrack-
ing and forward tracking) of RNAP along DNA between single-nucleotide incorporation events. We uncover two essential
features for the success of the model. The first is an intermediate state separating the productive elongation pathway from
nonelongating backtracked states. The rates of entering and exiting this intermediate state modulate pausing by RNAP. The
second crucial ingredient of the model is the cotranscriptional folding of the RNA transcript, sterically inhibiting the extent of back-
tracking. This model resolves several apparent differences between single-molecule studies and provides a framework for future
work on TE.
INTRODUCTION
Transcription, the first step in converting the genetic infor-
mation encoded in the genome into proteins and functional
RNA transcripts, is a highly regulated process. Regulation
occurs during all three phases of transcription: initiation,
elongation, and termination (1). Here we focus on the elon-
gation phase, during which RNA polymerase (RNAP)
undergoes a biased random walk along DNA and proces-
sively extends the RNA transcript through the addition
of ribonucleotides (NTPs). Transcription elongation (TE)
does not proceed at a constant rate and is interrupted by
the sequence-dependent pausing of RNAP at specific posi-
tions along the DNA template (1). Pauses are thought to
play a regulatory role in the context of transcription termi-
nation, nucleotide misincorporation, regulatory factor
binding, synchronization with translation, splicing and pol-
yadenylation, and the folding of functional transcripts (1–9).

A large number of single-molecule studies have been
published on TE, revealing many important details about
the process (2,3,10–22). These single-molecule experiments
apply forces on DNA, RNA, and RNAP with the expectation
that the resulting effects on the transcription process mimic
some of the basic actions of TE factors, nucleosomes, ribo-
somes, and other molecules which interact with RNAP
in vivo. However, the interpretations of different studies
often appeal to different mechanisms and putative confor-
mational changes of RNAP, and appear to lead to contradic-
tory conclusions.As a result, despite the novelty and elegance
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of the experimental techniques, these methods have not yet
led to a unified picture of TE.

The goal of this article is to construct a model of TE that
allows us to rationalize the majority of the experimental data
within a single conceptual framework. Clearly, this is a tall
order: TE is a complex and intrinsically kinetic process, one
that involves time-dependent structural rearrangements of
RNAP as well as the cotranscriptional folding of the RNA
transcript. Even though the development of a full kinetic
description is beyond the scope of this work, we use the
experimental observations mentioned above to identify the
essential set of key elements required to define a minimal
model, consistent with the data. Beyond this, we also use
the minimal model to evaluate some of the published expla-
nations of the experimental observations.
THEORY

Elongation complex

The basis for our work is the minimal structural model of the
elongation complex (EC) (Fig. 1 a): a 12–14-bp transcrip-
tion bubble stabilized by an 8–9-bp RNA-DNA hybrid and
constraining interactions between nucleic acids and RNAP
(1,9,23–33). This model is based on structural and biochem-
ical data from studies on Eschericia coli (26–30), thermo-
philic bacteria (31,32), yeast (24,25), and archaea (33).
The structural homology among bacterial, eukaryotic, and
archaeal polymerases (33,34) implies that the qualitative
conclusions drawn here apply to transcription elongation
by multisubunit polymerases in general.
doi: 10.1016/j.bpj.2010.12.3734
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FIGURE 1 (a) Kinematic scheme for the basic model of TE. The double stranded DNA template is shown in black with a 12 bp transcription bubble inside

RNAP in gray. An NTP monomer (pink dots) is added to the RNA (dark red) transcript every catalytic cycle. The EC consists of DNA, RNA and RNAP,

where the catalytic center is depicted by a blue dot. Different states of the EC are connected by mechanical and chemical transitions (arrows), with the nota-

tion described in the text. (b) Position distribution of RNA barriers to backtracking. The distribution of RNA folding barriers to backtracking estimated from

empirical data is shown by red dots. This distribution is fit to an exponential function (solid blue line), yielding an estimate for the mean of �3.1 bp. (c)

Kinematic scheme for the EBR model of TE, which includes an IS before backtracking. The NTP binding step and the bond formation step are the same

as in panel a of this figure. State (44, 00) is an IS, with translocation position 0, and the rate into (out of) this state from (to) state 0 is kþp (k
�
p ).
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The state of the EC is labeled by a pair of numbers—the
transcript length and the translocation position. The translo-
cation position is the displacement of the catalytic center
(blue dot) relative to the 30 end of the RNA (dark red) (cor-
responding to the last added nucleotide inside the RNAP
(gray)). Alignment of the catalytic center with the 30 end
of the RNA is required for the addition of the next NTP to
the transcript (1). The main steps of a typical elongation
cycle are connected by red arrows in Fig. 1 a. Increasing
the transcript length by one NTP monomer involves:

1. The translocation of RNAP forward from the pre-trans-
located (translocation state 0) to the post-translocated
state (translocation state 1), resulting in the opening of
Biophysical Journal 100(5) 1157–1166
the catalytic center for the binding of the next NTP
(pink dots) (for example, kþt (44,0)).

2. The binding of the incoming NTP in the catalytic site
(kþN).

3. The irreversible formation of a phosphodiester bond (kþe).

The motion of RNAP between chemical incorporation
steps may be thought of as a Brownian walk taking place
on a sequence-dependent potential energy landscape (35).
This walk involves both backtracked and hypertranslocated
states, with the same transcript length but different translo-
cation positions along DNA: positions less than 0 and
greater than 1 for backtracked and hypertranslocated states,
respectively. In general, forward translocation beyond state
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0 is energetically unfavorable, because it requires short-
ening the RNA-DNA hybrid, and thus our model neglects
translocation beyond position 1. The sequence dependence
of our model arises in part from the sequence dependence
of the rate of translocation, which is estimated from empir-
ical measurements (see (35) and Translocation in the Sup-
porting Material).

There ismuch evidence that the basic structure of the cycle
is that shown in Fig. 1 a (see Catalytic Cycle in the Support-
ingMaterial), which defines aBrownian ratchet model of TE,
where translocation from 0 to 1 is rectified by the binding of
NTP and its incorporation (4,15,19,35–38). For the purpose
of the discussion below, it is important to recognize that,
because every cycle must involve at least one mechanical
translocation step and NTP binding event, the probability
of pausing at a particular transcript length and other measur-
able properties of elongation depend, in principle, on both
externally applied forces and on the NTP concentration.
The magnitude of these dependencies is controlled by the
details of the kinetic process and by the precise values of
the parameters associated with the elongation cycle.
RNA folding

Single-molecule experiments indicate that translocation
rates are faster than the rate of transcription (3,11–
15,17,21,39). Thus, RNAP could, in principle, backtrack
far away from the active translocation state 1 at every tran-
script length, inhibiting productive elongation. In practice,
experimental observations show that although backtracked
pauses exist, the extent of backtracking is rather limited
(23). We proposed previously that, in vitro, the mechanism
for limiting backtracking is connected with the folding of
RNA outside of the exit channel (35). For example, in
Fig. 1 a (blue circle), RNAP is inhibited from moving
further back than position �1, because such movement
would require unzipping of the RNA hairpin behind the
polymerase. The slow unzipping of the hairpin on the time-
scale of the translocational motion of RNAP leads to an
effective, hairpin-induced, steric barrier to backtracking
(35). Our hypothesis is supported by the observations that
the hybridization of nascent RNA to short oligos suppresses
backtracking and that short transcripts are associated with
significant pausing and arresting (23,40).

A quantitative understanding of the interplay between the
backtracking of RNAP and RNA folding (35,41) requires
a detailed kinetic description of cotranscriptional folding, a
rather complex problem which, to our knowledge, has not
yet been adequately studied. Previously, we identified the
positions of folding barriers and their effect on pausing by
considering short transcripts where translocation is slower
than RNA folding but faster than significant unfolding
(35). As a result of this separation between translocation
and folding timescales, we used the equilibrium fold for
all of the available RNA at each translocation position,
because the experimental data we considered originated
from short templates of ~100 bp (35).

Here we extend our approximation to longer transcripts
by assuming that RNAP will only be affected by a fraction
of the full RNA transcript. In vivo this may be due to the
presence of ribosomes or accessory factors binding to the
transcript. More generally, we expect that the RNA most
recently extruded from RNAP participates in local
secondary structure first, before interacting with more
remote regions of the transcript (42). For the purposes of
this article, we use a simplified model in which, at each
RNAP translocation position, we fold a fixed number of
bases behind the enzyme into the lowest energy equilibrium
fold. Given the sequence, the positions of the barriers to
backtracking are then calculated by using empirical data,
with no adjustable parameters (35). The distribution of the
resulting RNA folding barriers converges to an exponential,
with a mean barrier position of �3.1 bp, as the number of
bases allowed to fold behind RNAP increases to 150 (see
Fig. 1 b and Cotranscriptional Folding in the Supporting
Material). The number of bases required for convergence
and the mean barrier position are in quantitative agreement
with recently published calculations (43), which are moti-
vated by the results presented here. The simplified treatment
of RNA folding described here determines the extent of
backtracking by RNAP in our simulations of TE (see Pause
Statistics in the Results section below).
Modeling approach

Our previous work used the model presented above (Fig. 1
a) to predict the sequence-dependent positions of experi-
mentally observed backtracked pauses at low NTP concen-
trations (35). Our analysis showed that, in this limit, where
the incorporation rates are small, the positions of these
pauses are determined primarily by the translocation free
energy landscape and a sequence-dependent length scale
set by cotranscriptional RNA folding at each transcript
length (35). Indeed, the pause positions could be predicted
by a purely local thermodynamic equilibrium argument,
using only one adjustable parameter (35). Our previous
work also showed that the kinetics of recovery from local-
equilibrium-paused complexes agreed with the predictions
of the local thermodynamic equilibrium approach.

This article goes beyond our previous analysis, and uses
a combination of analytic arguments and more detailed
full kinetic simulations to address more complex questions
by comparing the predictions of an extended model with
the results of single-molecule experiments. Rather than
fine-tuning simulation parameters to exactly match each
experimental result, we try to understand a broad range of
experiments by using a single unified set of parameters.
We then use the resulting model to predict the force depen-
dence of single-molecule observables and to test proposed
explanations for the results of several single-molecule
Biophysical Journal 100(5) 1157–1166
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experiments. Wherever possible, we use the same represen-
tation of the data and the same measure of statistical signif-
icance as the experimental articles.
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RESULTS

The experimental studies mentioned above focus on a
number of important aspects of TE:

1. The elongation velocity distribution and/or mean elonga-
tion velocity of RNAP as a function of NTP concentra-
tion, applied force, and temperature (3,10–15,17,19–22).

2. Pause site positions along DNA (17,18).
3. The duration, density (pause number per template length),

and efficiency (fraction ofRNAPswhichpause at each site)
of pauses and their dependence on applied force, NTP
concentration, and temperature (3,10–12,14,17,18,20–22).

4. The effect of pulling on the nascent RNA (21).

In our previous publication we discussed the sequence
dependence of pause positions (35); and we comment on
the RNA pulling experiments in Cotranscriptional Folding
in the SupportingMaterial. In this article, we focus primarily
on the remaining two features: the elongation velocity of
RNAP and the statistics of pausing along DNA.
FIGURE 2 (a) Schematic of the translocation free energy landscape

between positions 0 and 1. The translocation transition state corresponds

to the maximum energy position (of energy G*m,(0,1)) between states 0 (of

energy Gm,0) and 1 (of energy Gm,1) and is a distance d1 from position 0.

The full translocation step distance, d, is equal to d1 þ d2. Note that state

1 is of higher energy than state 0 due to the loss of a basepair bond from

the DNA-RNA hybrid of the EC. (b and c) Global fit of published force-

velocity data from single-molecule experiments (15) to Eq. 1 (c2n ¼ 0.62,

n ¼ 34, p(c2n) ¼ 0.96). All of the data in both figures are fit simultaneously.

(b) Force-velocity data at four NTP concentrations, from bottom: Neq, 10

Neq, 100 Neq, and 250 Neq, where Neq ¼ {10 mM GTP, 10 mM UTP, 5

mM ATP, 2.5 mM CTP} are concentrations satisfying the ‘‘magic ratio’’

defined previously (15). These data show that the mean velocity changes

gradually as a function of applied force. (c) NTP concentration-velocity

data at a fixed force of 27.3–28 pN. The mean elongation velocity increases

as a function of NTP concentration and saturates at high concentrations.
Elongation velocity

Main pathway

We proceed by considering the simplest model of elongation
which ignores all states but those on the main pathway (red
arrows in Fig. 1 a). In this special case, the average elonga-
tion velocity is given by

vð f ;NÞ ¼ kþe

1þ
�
k�þkþe
kþN

� �
1þ k�

t0

kþ
t0

e
� f d

kBT

�
þ kþe

kþ
t0

e
� f d1

kBT

; (1)

where d is the translocation distance between positions
0 and 1, d1 is the distance from 0 to the transition state
between 0 and 1, and f is the force (Fig. 2 a). The parameters
k
þð�Þ
t0 are the translocation rates at zero force, where the
sequence dependence is not explicitly shown. It is important
to note that Eq. 1 is different and more general than previous
expressions for the mean elongation velocity as it is derived
by calculating the first passage time from state (m,0) to state
(m þ 1, 0) without assuming local equilibration between
translocation states 0 and 1 (3,11,13,15,19,35,37).

One attempt to generate experimental data corresponding
solely to the main pathway involves removing backtracking
events from single-molecule traces (15). This can be
done reliably at low NTP concentrations because TE is suffi-
ciently slow to allow for single base-pair resolution in the
measurement of RNAP’s mean translocation position at
each transcript length. At high NTP concentrations, the
experimental resolution is only 3 bp, but the probability of
backtracking is small (15). A global fit of Eq. 1 to the
Biophysical Journal 100(5) 1157–1166
mean velocity resulting from this treatment of single-mole-
cule data (15) is shown in Fig. 2, b and c (p ¼ 0.96). This fit
is a validation of the Brownian ratchet model for TE, and
yields d ¼ 1.2 5 0.22 bp (see Table S1 in the Supporting
Material), consistent with the absence of backtracking. In
addition, the estimate d1 ¼ 0.71 5 0.26 bp (Table S1) indi-
cates that thermal equilibrium is not established between
states 0 and 1 at each transcript length.

Such a nonequilibrium effect, which has not been taken
into account in previous models of TE (15,35–38), also
leads to a stronger force dependence of the average elonga-
tion velocity (Eq. 1) than that predicted by assuming local
equilibrium at each transcript length (Fig. 1 a). Moreover,
the quality of this fit to our conceptually simpler model indi-
cates that a more complex model with two NTP binding
sites (15) is not necessary to explain this data (see Refitting
in the Supporting Material).
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We also want to comment on the relationship between the
average elongation velocity in Eq. 1 and the velocity of indi-
vidual enzymes. Because RNAP undergoes a stochastic
motion along DNA, the mean velocity should be computed
by averaging the velocities of individual traces at a fixed
applied force andNTP concentration. Sincevelocities associ-
ated with individual traces drop sharply to zero at different
stalling forces due to entry into an off-pathway state, one
expects a gradual change in the mean velocity as a function
of force (see Fig. 2, b and c). By contrast, the procedure of
normalizing the force-velocity curves before averaging leads
to a mean normalized velocity exhibiting a sharp drop at
a specific stalling force (3,11–14,21,22). We stress that the
procedure of fitting the average of normalized data to the
local equilibrium version of Eq. 1 is unjustified and leads to
unphysiologically large values for the typical RNAP translo-
cation step of dz 9 5 1 bp (11) and 152 5 8 bp (3).

We note that Eq. 1 can be used to describe the dependence
of the mean elongation velocity on applied force even if
RNAP possesses off-pathway states, as long as the transi-
tions from the main pathway into these states, and additional
off-pathway transitions, are force-independent—a condition
which eliminates both backtracked and hypertranslocated
RNAP configurations (e.g., see Eq. S6 in Effective Parame-
ters in the Supporting Material). This observation explains
the relevance of Eq. 1 to a model including an intermediate
state (IS) (see below).

Furthermore, there have been a number of different
conformational changes associated with the elongation
process (4,27,44–52), but these have not yet been disen-
tangled from single-molecule data. Nevertheless, Eq. 1
describes the mean elongation velocity for an entire class
of models including conformational changes of RNAP
(see Effective Parameters in the Supporting Material) and
thus several of the parameters in this equation can be
regarded as effective parameters (e.g., Eqs. S7–S10).
However, if a conformational change involves an extra
mechanical transition, this can introduce additional force
dependence (e.g., Eq. S3).

Finally, the parameters of Eq. 1 are enzyme- and sequence-
dependent. Indeed, individual enzymes exhibit different
velocities for identical conditions and sequences (16).
However, even though some groups have made considerable
efforts to determine the sequence dependence of the main
pathway transitions (17,19), this dependence is not completely
understood (seeCatalytic Cycle, PauseMechanism, and Inter-
mediate State Pauses in the Supporting Material).

Intermediate state

Having discussed specific behavior associated with the main
pathway, we now consider a more complex model of TE
including backtracked states and RNA folding upstream of
(behind) RNAP. This involves carrying out stochastic simu-
lations of the model depicted in Fig. 1 a (see Simulation
Methods in the Supporting Material).
The first experimental observation we address is the
bimodal elongation velocity distribution, which consists of
a small peak accounting for ~8% of the distribution, associ-
ated with the paused RNAP, and a substantially larger peak at
a nonzero velocity corresponding to the productively elon-
gating enzyme (Fig. 2G in Adelman et al. (10)). Surprisingly,
simulations of the model in Fig. 1 do not result in a bimodal
distribution for physiologically reasonable parameter values,
because RNAP pauses frequently and quickly arrests leading
to a unimodal distribution peaking at zero velocity (see
Fig. 3 a andWithout the Intermediate State in the Supporting
Material). At the same time, the unphysically large barriers
to backtracking required for a productive elongation velocity
peak consistent with experiment (10) lead to almost
complete depletion of the backtracking events and to a
dramatically decreased weight of the zero velocity peak.
More specifically, in Alternatives to the Intermediate State
in the Supporting Material we examine several possible
solutions to the problem of excessive backtracking that
include:

1. Changing the RNA folding barrier distribution.
2. Adding a constant energy to all backtracked states.
3. Increasing the transition-state barrier height between states

0 and �1.

In each case, these changes result in a reduction of the
frequencyofpausingbelow that observedexperimentally (10).

We resolve this shortcoming of the simple Brownian
ratchet model by adopting the idea that backtracked pauses
are regulated by a conformational change of theECoccurring
between the main pathway and backtracked states (Fig. 1 c).
The IS associated with this conformational change is con-
nected to state 0 through force-independent rates. ISs have
been discussed in a number of experimental contexts
(4,48–52), some of which may be relevant to the current
discussion. The existence of an IS has also been proposed
to explain the force independence of some single molecule
observables (11,17,21), a suggestion we examine by simula-
tion. The specific choice for the values of the entry and exit
rates in and out of the IS is discussed in Intermediate State
Rates in the Supporting Material.

Velocity distributions

Simulations of the extended Brownian ratchet (EBR)
model—that includes both an IS and RNA folding barriers
to backtracking (Fig. 1 c)—quantitatively reproduces the
experimentally measured distribution of RNAP velocities
(10) (Fig. 3 b). The weight under the pause peak at zero
velocity indicates that RNAP spends 11% of its time in
a paused state and is consistent with the 8% weight found
from experimental observation (10). The position of the
second peak (12.0 bp/s) and the standard deviation of the
peak (4.6 bp/s) both show quantitative agreement with
experiment, where the peak position is 12.8 bp/s and the
standard deviation is 4.9 bp/s (10).
Biophysical Journal 100(5) 1157–1166
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FIGURE 3 (a–c) RNAP elongation velocity distributions from 200 simulation runs at 1 mM NTP. Note that the pause peaks are much narrower and higher

than those observed experimentally, because measurement noise is not present in the simulated data (10,11). (a, b, and d) The simulations associated with

these panels were stopped at the first 30 s pause. (c, e, and f) The results in these panels correspond to a maximum simulation time of 2000 s. (a) The velocity

distribution from simulations of a model for TE at �4 pN with no IS, corresponding to the kinetic scheme shown in Fig. 1 a. This distribution has a single

peak due to excessive pausing by RNAP. (b) The velocity distribution from simulations of the EBRmodel at�4 pN, with the IS as shown in Fig. 1 c. Note that

this distribution is bimodal due to the presence of the IS. (c) Velocity distributions at three applied forces from simulations of the EBR model with an IS,

�7 pN (no symbol),�4 pN (stars), and 7 pN (dots). (Inset) The same data is plotted on a scale suitable for comparison with published distributions (11). Note

that the velocity distribution is strongly force-dependent. (d) The dwell time distribution of short pauses at 1 mM NTP from simulations of the EBR model

(200 simulation runs). The solid line is an exponential fit to a dwell-time distribution of pauses with durations less than 10 s. The duration distribution of these

pauses is characterized by the mean dwell time of t¼ 2.6 s found from the fit. The fit indicates that very short pauses are characterized by a single timescale.

(e) The dwell time distribution for short pauses (1 s < td < 25 s) at 7.3 pN, 250 mM GTP, and 1 mM other NTPs from simulations of the EBR model (300

simulation runs). The solid line is a fit to a double-exponential function (Eq. 3) (t1 ¼ 0.655 0.01 s (915 2%) and t2 ¼ 6.05 0.4 s (95 2%) (R2 ¼ 1.00)).

This fit implies that short pauses have two timescales. (f) The dwell time distribution from simulations of the EBR model (300 runs) for two different applied

forces, with fits to a double-exponential function (Eq. 3). The fit parameters for the data at�7 pN (solid circles) are t1¼ 0.545 0.02 s (885 3%) and 4.65
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The velocity distributions predicted by our simulations
of the EBR model (Fig. 1 c) are strongly force-dependent
(Fig. 3 c). At �7 pN, the run velocity (difference between
the peaks (11)) is 10.7 5 4.4 bp/s (5 standard deviation)
and the percentage of time spent in a paused state is 76%.
These characteristics change to 12.0 5 4.8 bp/s and 68%
at �4 pN and to 14.3 5 5.3 bp/s and 24% at 7 pN. The
large weight under the pause peak for a �7 pN load force
Biophysical Journal 100(5) 1157–1166
is consistent with pause duration measurements at the
same force (2,11) (see With Intermediate State in the
Supporting Material). Thus, we find that the presence of
the IS is not sufficient to explain the force independence
of the velocity distribution asserted in Neuman et al. (11),
a claim which contradicts the subsequent experimental
observations of a force-dependent mean velocity
(3,15,19,22).
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Transcriptional pauses

Due to the important role of pausing in regulating various
aspects of transcription and thus other cellular processes,
understanding the mechanisms of pausing by RNAP has
been an important focus of many single-molecule experi-
ments. Three classes of pauses have been discussed in the
single-molecule literature:

1. Backtracked pauses, where RNAP moves backward
along DNA, at a fixed transcript length (2,3,11–
15,18,19,22).

2. Pre-translocated pauses, where RNAP lingers in the pre-
translocated state for a time longer than the average
dwell time at position 0 (17,19,37).

3. IS pauses, where RNAP resides in the IS (11,17,21).

Pauses have also been categorized as long or short, de-
pending on their duration td (2,11). Although there is agree-
ment that long pauses td> 20–30 s (2,10,11) are backtracked,
the mechanism for short pauses 1 s< td< 20–30 s is a matter
of debate (2,3,11–15,17–19,21,22) (see below).

We adopt the following strategy, already outlined in
Modeling Approach, above, to validate the simulated model
and parameter choices: firstwe compare pause duration distri-
butions (10,17), the average pause duration (2), the average
densities of pauses alongDNA (2,10,17), the pause frequency
(20), and the mean extents of backtracking (2) produced by
our simulations to experimental observations for a variety of
experimental conditions. The remarkable agreement we
achievewithmultiple experiments fromdifferent publications
using a single set of parameters allows us to predict the
force dependence of pause properties, and then to use these
predictions to comment on experimental force-dependence
measurements and on some inconsistencies of interpretation.

Pause statistics

Simulations of the EBR model (Fig. 1 c) yield the distribu-
tions of short pause durations (1–25 (30) s) shown in Fig. 3,
d and e, in qualitative agreement with many experiments
(3,10,11,17,21,22) (see Pause Durations in the Supporting
TABLE 1 Pause statistics from simulations of the EBR model

Experiment (Ref)

No. RNAPs

Short pa

Density (10�3 bp–1) 1 s < td < 30 s 4 (10) 30 RNAPs

Density (10�3 bp–1) 1 s < td < 25 s 9 (17) 114 RNAPs

Backtracking distance (bp) 1 s < td < 5 s <1 (2) 56 RNAPs

Frequency (10�2 s–1) 1 s < td < 25 s 8 (20) 113 RNAPs

Long pa

Density (10�4 bp–1) td > 20 s 9.5 5 2.1 (2) 56 RNAPs

Duration (s) td > 20 s 77 5 11 (þ4–15 s) (2) 56 RNA

Backtracking distance (bp) td > 20 s 4.7 5 0.8 (2) 56 RNAPs

Means are quoted with estimates for the standard errors in the means.

*200 simulation runs.
y300 simulation runs.
Material). Very short pauses (1 s < td < 10 s) have a dwell-
time distribution described by an exponential function

PðtÞ ¼ A expð�t=tÞ: (2)

This function is fit to pause events with durations shorter
than 10 s (dots) (Fig. 3 d) and yields a mean pause duration
of t ¼ 2.6 s, to be compared to the experimentally deter-
mined value of t ¼ 2.3 s (10).

Another study of slightly longer (short) pauses (1 s< td<
25 s), for different NTP concentrations and for a different
applied force, used a double-exponential function

PðtÞ ¼ A1expð�t=t1Þ þ A2expð�t=t2Þ; (3)

to fit the observed dwell-time distribution (17). Under the
same conditions as this experiment, our simulations also
produce a double-exponential dwell-time distribution, with
components t1 ¼ 0.655 0.01 s (915 2%) and t2 ¼ 6.05
0.4 s (95 2%) (R2¼ 1.00), in good agreement with the fit to
the experimental data (Fig. 3 e), where t1 ¼ 1.2 5 0.1 s
(80%) and t2 ¼ 7.4 5 1.2 s (20%) (% errors and fit quality
are not given (17)). Pause duration distributions may also be
fit to a power law (3,22,53). We discuss the significance of
both power law and double-exponential fits in Pause Dura-
tions in the Supporting Material.

Our simulations also generate long pauses (td > 20 s),
which are mostly backtracked, in agreement with observa-
tion (2). For both long and short pauses, we find that
the backtracking distances calculated from our simulations
are in excellent agreement with those measured experimen-
tally (2). This agreement lends support to our hypothesis
that the extent of backtracking is controlled by RNA folding,
because the backtracking distances are largely determined
by the RNA folding barrier distribution in our simulations
(Fig. 1 b).

Overall, as summarized in Table 1, the mean pause dura-
tion (dwell time), density, frequency, and backtracking
distance statistics of short and long pauses are in very close
agreement with experiments carried out at fixed NTP
concentrations and fixed applied forces.
Simulation Conditions

uses

5.2 5 0.2* �4 pN and 1 mM NTPs

3.1 5 0.1* 7.3 pN, 250 mM GTP and 1 mM other NTPs

0.54 5 0.02y �8.4 pN and 1 mM NTPs

10 5 0.2y �8.4 pN and 1 mM NTPs

uses

16 5 1y �8.4 pN and 1 mM NTPs

Ps 196 5 7y �8.4 pN and 1 mM NTPs

4.2 5 0.2y �8.4 pN and 1 mM NTPs

Biophysical Journal 100(5) 1157–1166
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Force dependence of pause properties

Here we use our simulations of the EBR model, with the
same model parameters as above, and physiological NTP
concentrations, to compute the pause properties discussed
above at different values of the applied force. The results
of these computations are shown in Table 2 and Fig. 3 f.
Our simulations indicate that long pauses (td > 20 s) are
mostly backtracked, and that the mean duration, mean back-
tracking position, and mean density of these pauses are all
force-dependent, in agreement with experiment (2,12). In
particular, we find very good agreement with the experimen-
tally measured change in the mean density of long pauses
with force: this density changes from 9.5 5 2.1 � 10�4

bp–1 at �8.4 pN to ~3 � 10�5 bp–1 at 8.4 pN in experiment
(2), in comparison to 1.65 0.1� 10�3 bp–1 at�8.4 pN and
1.3 5 1 � 10�4 at 8.4 pN in simulations.

In the case of short pauses (1 s < td < 25 s) we compare
the dwell-time distribution and mean short pause density
predicted by the EBR model, the two properties for which
experimental force-dependent data exists (11,17,21,18),
with experiment. Short pause dwell-time distributions are
claimed to be force-independent in general due to the IS
state (11,17,21), although one example of a short force-
dependent backtracked pause has been reported (18). The
simulation results for the dwell-time distributions for
opposing (�7 pN) and assisting (7 pN) forces at 1 mM
NTP are shown in Fig. 3 f. Both the distribution and the
mean pause duration are force-dependent, but on scales
difficult to access experimentally (i.e., the low probability
scale associated with the tail of the distribution and the short
timescale associated with the mean duration. See Pause
Duration Distributions and Force Dependence in the Sup-
porting Material).

However, there is a clear disagreement between our
simulation results and experimental findings with regard to
the density of short pauses. As shown in Table 2, the simu-
lated short pause density is significantly force-dependent,
TABLE 2 Predicted force dependence of pause statistics at

1 mM NTP from simulations of the EBR model

Force (pN) �7 7

Short pauses (1 < td < 25 s)

Density (10�3 bp–1)* 8.5 5 0.1 2.1 5 0.1

Backtracking distance (bp)y 1.3 5 0.02 1.1 5 0.02

Mean duration (s) (Fig. 3 f)y 1.0 5 0.03 0.6 5 0.03

Frequency (10�2 s–1)y 9.1 5 0.2 2.9 5 0.2

Force (pN) �8.4 8.4

Long pauses (td > 20 s)

Density (10�4 bp–1)y 16 5 1 1.3 5 1

Backtracking distance (bp)y 4.2 5 0.2 3.0 5 0.2

Duration (s)y 196 5 7 120 5 7

Arrest %y (td > 600 s) 66 5 5 3 5 4

Means are quoted with estimates for the standard errors in the means.

*200 simulation runs.
y300 simulation runs.

Biophysical Journal 100(5) 1157–1166
changing from 0:85 per 100 bp at �7 pN to 0:21 per 100 bp
at 7 pN, in contradictionwith the force independence claimed
experimentally (11). We speculate that the measured force
independence of the short pause density is due to limited
experimental resolution in time and position, preventing the
accurate counting of pauses (see Force Dependence in the
Supporting Material). This difficulty is circumvented in our
simulations, where all pauses are identified.

Finally, we reiterate that force independence cannot be
a consequence of the presence of an IS, as has been
proposed previously (11,17). The presence of at least one
translocation step per elongation cycle implies that pause
properties must be, in principle, force- (and sequence-)
dependent (see Intermediate State Pauses in the Supporting
Material).

Pausing mechanisms

Although there is consensus that the majority of long pauses
involve backtracking of RNAP (here we do not include RNA
hairpin-dependent pauses (51)), single-molecule experi-
ments at (large) physiological NTP concentrations were
used to conclude that short pauses are predominantly of
the IS type (11). To examine this proposal, we perform an
analysis of the short pauses generated by our simulations
(see Pause Mechanism in the Supporting Material). When
backtracked states are removed from the model, most pauses
longer than 1.5 s are absent, resulting in a 10% decrease in
the number of short pauses. This implies that in simulations
of the full EBR model, at least 10% of the short pauses are
backtracked. In addition, we determine that 52% of short
pauses are pre-translocated in simulations of the full model
by counting the pause events where RNAP resided in the
pre-translocated state for more than half of the pause dura-
tion. It then follows that IS pauses only account for<38% of
short pauses. Thus, by contrast to the conclusions in Neu-
man et al. (11), the most common pauses are not of the IS
type. Moreover, backtracked pauses account for almost all
of the pauses longer than 1.5 s in duration.
DISCUSSION

This article presents a unified analysis of the published
single-molecule observations of transcription elongation,
based on an extended Brownian ratchet model. The extended
model incorporates two features, required for qualitative and
often quantitative agreement with experiment:

1. Barriers to backtracking due to RNA folding upstream of
RNA polymerase.

2. An IS between the main pathway and backtracked states.

There are three principal points revealed by our analysis
of transcription elongation that we want to highlight:

1. Our expression (Eq. 1) for the force-dependent mean
elongation velocity leads us to question previous fits to
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(normalized) force velocity data (3,11). More impor-
tantly, this expression is consistent with a large number
of models with no backtracking, and thus the parameters
in Eq. 1 should be regarded as effective parameters. As
a result, additional experiments are required to distin-
guish between alternate models.

2. In principle, all properties of the transcription process are
force-dependent, due to the necessary translocation step
on the main pathway. In turn, this implies that behavior
related to presence of the IS is also force-dependent,
because this state is connected to the main pathway. We
use our simulations to estimate the magnitude of the force
dependence associated with various aspects of transcription
elongation, estimateswhich causeus toquestion someof the
conclusions drawn from single-molecule observations (e.g.,
the absence of force dependence due to the IS (11,17,21)).

3. Our simulations predict that long pauses are typically
backtracked. In contrast, we find that no single pause
mechanism is responsible for short pauses, and thus
pausing in the IS does not account for the majority of
short pauses, as shown quantitatively above.

We also suggest two related directions for future experi-
ments that could verify some of our conclusions and more
generally, would uncover additional details of the transcrip-
tion process. These suggestions are concerned with the
regime of low NTP concentrations, in which case the
average position of RNAP at each transcript length can be
measured with single basepair resolution (15). In this limit:

1. The fact that pauses can be observed and counted more
accurately can be used to determine pausing mechanisms
and pause statistics (e.g., this would allow us to address
the discrepancy in the force dependence of the pause
density between experiment (11) and simulation).

2. The sequence dependence of velocity and pause proper-
ties could be experimentally extracted from repeated
measurements on specifically engineered sequences (as
has been attempted at high NTP concentrations (17,19)).

In closing, we emphasize a point which speaks to the
main motivation for this study: although recent single-mole-
cule experiments represent major technical accomplish-
ments, the type of synthesis we have attempted here is
critical to realizing the potential impact of these experi-
ments on biology in real cellular environments.

SUPPORTING MATERIAL
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