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We present a kinetic model for the sequence-dependent motion of RNA
polymerase (RNAP) during transcription elongation. For each NTP
incorporation, RNAP has a net forward translocation of one base-pair
along the DNA template. However, this process may involve the
exploration of back-tracked and forward-tracked translocation modes. In
our model, the kinetic rates for the reaction pathway, calculated based on
the stabilities of the transcription elongation complex (TEC), necessarily
lead to sequence-dependent NTP incorporation rates. Simulated RNAP
elongation kinetics is in good agreement with data from transcription gels
and single-molecule studies. The model provides a kinetic explanation for
well-known back-tracked pauses at transcript positions with unstable
TECs. It also predicts a new type of pause caused by an energetically

unfavorable transition from pre to post-translocation modes.
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Introduction

Transcription is the first step in gene expression
and a major point of gene regulation. Transcription
elongation does not proceed at a uniform rate. In
particular, RNA polymerase (RNAP) tends to dwell
transiently at certain template positions known as
pause sites. In recent years, much progress has been
made in eluc1dat1ng the mechanism of transcrlptlon
elongation (for rev1ews see von Hippel' and von
Hippel & Pasman?). Biochemical assays have led to
the suggestion that transcription pausing results
from misalignment of the RNA 3’ end with the
RNAP active site.>” Theoretical work has provided
additional insights. Yager & von Hippel® pioneered a
static sequence-dependent thermodynamic analysis
of transcription elongation complex (TEC) stability
of Escherichia coli RNAP, and suggested that a more
complete description of transcrlptlon would require
kinetic analysis. Matsuzaki et al.” showed that a
simple kinetic model with a single rate-limiting step
for each NTP incorporation cycle could not ade-
quately describe the elongation rates of RNA
polymerase IIl. Subsequently a number of models

Abbreviations used: RNAP, RNA polymerase; TEC,
transcription elongation complex; ss, single-stranded; ds,
double-stranded.
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have been proposed to describe each NTP incorpor-
ation cycle as multiple-step or even multiple-branch
reactions.® ' One notable work among these is a
kinetic model proposed by Guajardo & Sousa® that
clearly points out the importance of RNAP trans-
locational motion in addition to the chemical
catalysis process in transcription kinetics. Although
these models have already shed much light on the
general transcription mechanism, there is still no
adequate explanation as to why misalignments of
the RNA 3’ end are correlated with specific
sequences so as to induce pausing, and a theoretical
basis for the sequence-dependent kinetics of
transcription remains obscure.

The sequence-dependent kinetic model we
present here Combmes the essence of the works of
Yager & von Hippel® and Guajardo & Sousa® and
extends them by constructing a quantitative
sequence-dependent transcription energy land-
scape and performing a full kinetic analysis. This
model not only provides detailed explanations of
many existing experimental facts, but also predicts
kinetic properties of RNAP on various DNA
sequences. We expect this model to have broad
predictive power, and to be readily extendable
beyond transcription elongation.

RNAP Kinetic Model

Our RNAP kinetic model is based on the general

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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thermal ratchet model for processive molecular
motors: its translocations are thermally activated,
and the net motion is forward biased by the RNA
polymerization reaction.

Transcription reaction pathway

Figure 1(a) is a schematic representation of the
transcription reaction pathway on which our model
is based. RNAP, DNA, and the nascent RNA
transcript form a TEC, in which a transcription
bubble has been opened inside the RNAP with the

nascent RNA forming an RNA-DNA hybrid with
the single-stranded (ss) template DNA. During
elongation, RNAP can slide back and forth on the
DNA template, forming various configurations,®
which we refer to as translocation modes. Our
modes 0 and 1 are conventionally referred to in the
literature as the pre and post-translocation states,
respectively. Only when the TEC is in translocation
mode 1 is the RNAP’s active site adjacent to the 3’
end of the RNA, so that the next nucleotide can bind
and be incorporated. A nucleotide incorporation
brings the TEC to translocation mode 0 and the TEC
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Figure 1. Schematic representations of the reaction pathways. (a) Transcription elongation pathways. Each oval-
shaped cartoon represents a TEC configuration and its black box represents the active site of RNAP. The DNA template is
stationary throughout the Figure; the RNAP is moving. (N,0) and (N,1) states are colored to indicate that they are
indispensable for elongation and are part of the main pathway. (b) and (c) The structures of TECs in the (N,0) and (N,1)

states, respectively (also see Table 1).
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must move forward on the DNA template by 1 bp
(returning to mode 1) to allow incorporation of the
next NTP. Translocation between modes 0 and 1,
together with NTP binding and catalysis, are
indispensable for transcription elongation and
thus belong to the main reaction pathway. On the
other hand, RNAP can also enter branched path-
ways by back-tracking (modes —1, —2,...) or
forward-tracking (modes 2, 3,...). In order to
simulate the kinetic details of transcription, it is
necessary to quantify all reaction rates for both the
main and branched pathways. In our model, these
rates depend strongly on the stability of the TEC
and therefore on the nucleic acid sequence within
the TEC complex.

TEC state energy

Each combination of transcript length N and
translocation mode m defines a TEC state (N,m). Its
state energy AGy ,, is a measure of the TEC stability
and is represented by the standard free energy of
formation of the complex from its isolated
componen’rs:6

AGN,m = AGN u; DNA bubble
+ AGN u; RNA-DNA hybrid

+ AGN m; RNAP binding @

The first and second terms, respectively, are the free
energy changes involved in the formation of the
DNA bubble and the RNA-DNA hybrid. These two
terms are clearly sequence-dependent and are
calculated using a nearest-neighbor model with
energy values at 24 °C'""'? under the assumption®
that base-paring energy in a TEC is comparable to
that measured in solution. For a TEC in mode 1 and
forward-tracked modes, the unpaired single-
stranded template DNA nucleotide immediately
adjacent to the 3’ end of the RNA is likely to orient
itself with respect to the RNA-DNA hybrid inside
the RNAP main channel and thereby contribute to
the overall stability of the TEC. In the absence of

Table 1. Values of model parameters

measured values for this additional energy, we
approximate it as half of the free energy change
that would occur if this DNA nucleotide were to pair
with its corresponding RNA nucleotide (see
Materials and Methods for a detailed explanation
of this assumption). The third term in the state
energy expression corresponds to interactions
between the RNAP and the nucleic acids, and is
treated as a sequence-independent constant (taken
to be 0 in our case) similar to the treatment by Yager
& von Hippel.® Our model currently does not
consider the energy contributed by possible
formation of RNA secondary structures.

According to its definition, AGy ,, depends on the
template DNA sequence as well as the structure of
the TEC. The TEC structure is characterized by
three parameters: the number of DNA base-pairs in
the transcription bubble, the number of base-pairs
in the RNA-DNA hybrid, and the number of
ssDNA nucleotides between the active site and the
downstream dsDNA (Figure 1(b) and (c)). We
currently use the TEC structure of E. coli RNAP,
although our formalism is not restricted to this
polymerase. Table 1 (Experimental range) shows
ranges of values obtained from established bio-
chemical studies.'*'® For our calculations, we chose
a set of values (Table 1, Values used here) that are
within these ranges.

As first pointed out by Yager & von Hippel,® we
also found that the calculated AGy ,, values have a
broad distribution over a typical long DNA
sequence. For instance, the value of AGyo over the
first 500 nucleotides on the pKA2 template (see
Materials and Methods) varies between 5 kgT and
22 kgT, where kgT is the thermal energy. As shown
in the following sections, this large dynamic range
has important implications and naturally leads to
dramatically different kinetic behaviors of RNAP at
different template positions.

The main reaction pathway

The main reaction pathway is modeled as a three-
step reaction:

RNA-DNA hybrid Downstream ssDNA

DNA bubble (bp) (bp) (nt)
Experimental range'>° 12-14 8-9 1-2
Value used here 12 9 1
Predicted range 9-16 8-10 0-4

Parameter description

Symbol and value

Rate of NTP catalysis and PPi release®

Equilibrium dissociation constant for a complementary NTP?
Equilibrium dissociation constant for a non-complementary NTP
Rate constant pre-factor

Energy barrier height of back-tracked modes®

Energy barrier height between modes 1 and 2
Forward-tracking energy barrier slope

kmax=247+19s7!
K4.=15.6+3.9 uM
Kgne=2X10* nM
ko=1.0x10°s"!
AG!=462+0.6 kT
AG}.,, =400 kgT
Sf:3.1 kBT/nt

? Tuned parameter.
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NTP

(N, 0)Ls(N, 1)M(N, 1)-NTP

— Lo 5(N +1,0)+ PPi

@)

Here, translocations between modes 0 and 1, as well
as NTP binding, are assumed to follow rapid
equilibrium kinetics. The translocation equilibrium
assumption was suggested and used by Guajardo &
Sousa.” The equilibrium assumption for NTP
binding has also been used extensively in RNAP
elongation kinetic studies.*'®'” Similar assump-
tions for DNA polymerases are supported by
biochemical studies.™° The equilibrium assump-
tion for NTP binding is more likely to be accurate at
high NTP concentrations. If NTP binding is a
diffusion-limited process and the diffusion coeffi-
cient of NTP in the RNAP secondary channel is
comparable to that in bulk solution, the equilibrium
could be well established at sub-nanomolar
concentrations of NTP. Thus, it is reasonable to
assume that equilibrium is established under our
experimental conditions of >50 uM NTPs.

The main reaction pathway above is equivalent to
Michaelis-Menton enzyme kinetics in the presence
of a competitive inhibitor. The equilibrium constant
for translocations between (N,0) and (N,1) is solely
determined by their state energies:

Ki = exp [(AGNJ - AGN,O)/kBT]

leading to the apparent equilibrium dissociation
constant for NTP binding:

Kj = K41 + exp [(AGn1 — AGy o)k T}

The irreversible step with the apparent rate kpax
value includes NTP catalysis, PPi release, and
possibly other steps that occur after NTP binding
and before the subsequent RNAP translocation.
Among these steps, the NTP catalysis step is likely
to be too fast to limit k... based on kinetic
measurements of both RNA and DNA poly-
merases.'”'%*! Currently, we neglect pyrophos-
phorolysis due to the slow rate of the reverse
catalysis under our typical transcription conditions
of very low PPi concentration.

The overall reaction rate of the main pathway can
be expressed as

Kmax[NTP]
Kd{l + exp [(AGN,l - AGN,O)/kBT]} + [NTP]

®)

where knax and Ky are fitting parameters in the
model and are tuned according to transcription
velocity data from single-molecule studies (see
Materials and Methods). Note that K3! reflects the
affinity of an incoming NTP for the active site. If an
NTP is complementary to the template DNA then
Ka=Kg; otherwise K4=Kg ., where K4 . should
be much greater than K., to account for the high
fidelity of transcription (see Materials and

kmain =

Methods). In the current model, we also assume
that the values of Ki. Kgne and kmax are
independent of NTP type.

The branched reaction pathways

Translocations in the branched reaction pathways
cannot be assumed to be in equilibrium. An
assumption of equilibrium would give predictions
of extensive back-tracking leading to frequent arrest
and extensive forward-tracking leading to frequent
premature termination during continuous
elongation, neither of which is observed exper-
imentally.”** The idea that translocations to and
among back-tracked states are, in general, not in
equilibrium is also supported by experimental
evidence that back-tracking occurs much more
slowly than active elongation.>* A possible reason
that back-tracked energy barriers would be high is
steric hindrance for the 3’ end of the RNA to thread
into the RNAP’s secondary channel. Therefore these
translocation rates, rather than equilibrium
constants, must be determined for the branched
reaction pathways. According to Arrhenius kinetics,
the rate of translocation from a given mode (N,m) to
an adjacent mode (N,m£1), kn;;;—m+1, depends on
the difference between the height of the activation
barrier (AG} ..1) and the energy of the initialmode
(AGN,m):

kot = ko €Xp [—(AGN yoms1 — AGN ks T]
4)

where ko is a pre-factor constant. AGy,, and
AGY mp can be represented in a schematic energy
landscape of translocation for a given transcript size
N, as shown in Figure 2(a). The energy minima
represent the free energies of various translocation
modes AGy,,, which are separated by energy barriers
AG+N,m<—»m¢1- The barrier between modes 0 and 1 in the
energy landscape is represented by a dotted curve,
since it is unnecessary to know its value as long as this
barrier is low enough to ensure equilibrium between
these two modes. However, back-tracking and
forward-tracking barriers need to be quantified.
Due to the lack of direct measurements, these barrier
heights were tuned from transcription gel data after
some simplifying assumptions (see Materials and
Methods).

Results and Discussion

Table 1 summarizes all the parameters used in
this model and lists a set of parameter values valid
for our experimental conditions. Note that only
three parameters were tuned (Figure 2(b)—(d); also
see Materials and Methods). The remaining
parameters were either dependent parameters, or
were set based on experimental considerations (see
Materials and Methods). It is important to note that
the three tuned parameters constitute a very small
set given the great complexity of the transcription
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Figure 2. Schematic representation of the translocation energy landscape and tuned model parameters. (a) A typical
translocation energy landscape at a given transcrlpt length N. The parameters used to construct the landscape (see
Table 1) are indicated on the Figure, in which AG{ is a tuned parameter in the model. (b)-(d) Plots of the square of the
difference between the simulated and experimental data as a function of Ky /kmax (b), kmax (¢) and AGb (d) (see Materials
and Methods for details). These plots only focus on the part of parameter space where each difference is close to its
minimum. Much wider ranges of parameters were explored to ensure the uniqueness of these minima.

kinetics arising from different DNA sequences. The
uncertainties of tuned parameters shown in Table 1
also provide estimates of the valid ranges of these
parameters, i.e. outside these parameter ranges,
simulations start to deviate significantly from
experimental results. Once these parameters were
tuned, the model was established. The model could
then be used to make a number of successful and
insightful predictions.

Comparison of the model with experimental data

We simulated transcription gels on various DNA
sequences and some examples are shown in
Figures 3-5. The good agreement between the
simulated and experimental gels indicates that the
model has captured much of the essence of the
sequence-dependent transcription elongation
kinetics.

Figure 3(a) shows experimental and simulated
transcription gels on the pTS146 template, which
contains a well-characterized AtR2 sequence with
two distinctive back-tracked pause sites®****
(Figure 3(b)). The only information from the AtR2
sequence that was used to tune the model was the
overall probability of pausing at the two pause sites
(see Materials and Methods). This information was
used to tune the back-tracked barrier height AG],
which, in the model, is the same for every template
position and therefore affects their back-tracking
probabilities in the same way. It is important to note
that the locations of pauses, the relative probability
of pausing between the two pause sites within the

AtR2 sequence, and in fact the relative probability of
pausing between any two sites on the template were
not tunable in the simulated gel and were solely
determined by the sequence-dependent state
energies (see Materials and Methods). The model
naturally predicts positions +83 and +84 to be the
strongest back-tracked pause sites on the template
(Figure 3(a)). In addition, when the concentration of
UTP was increased from 60 uM to 210 pM, the
model predicted the correct ratio of pause
probabilities at each of the two sites (Figure 3(e)).
Figure 4 is a comparison of experimental and
simulated gels on a DNA template that was not
used to tune any model parameters. The template
contains a well-characterized AMR1 sequence,®**”
which is known to have three pause clusters labeled
1, 2, and 3, with pausmg at cluster 2 likely being
hairpin-dependent.”® Since our model currently
does not consider RNA hairpins, we expect that
the model will not be able to make an accurate
prediction for cluster 2, but should be able to predict
pausing at clusters 1 and 3. Indeed the simulated gel
correctly predicted pause locations within the
experimental uncertainties in clusters 1 and 3.
Both experimental and simulated gels also show
that the pause durations decrease with an increase
in NTP concentration, although some discrepancy
remains in the actual durations of the pauses (see
discussion below). Our model identified pauses
within clusters 1 and 3 as primarily belonging to a
new type of pause as discussed below in detail.
Figure 5 is another example of a comparison of
experimental and simulated gels on another DNA
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template (pKA2) that was not used to tune any
model parameters. Within the uncertainties of the
experimental data, there is very good agreement
between the experimental and simulated gels in
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Figure 3. Simulation of the
transcription gel on the pTS146
template. (a) Transcription gel on
the pTS146 template containing
the AtR2 pause sequence and its
simulation. Reactions were carried
out at two different UTP concen-
trations as indicated. The locations
of the two most prominent pauses
at positions +83 (red) and +84
(blue) on the experimental gel are
also correctly predicted in the
simulated gel. The same color
system applies to (b)-(e). (b) The
AtR2 pause sequence with the two
pause sites indicated. (c) and (d)
AGN,O and (AGN,l_AGN,O) versus
transcript length N. TECs at pos-
itions +83, +84, and +85 have a
relatively high probability of back-
tracking due to their high AGy
values. However, for the + 85 site,
dwell time in the back-tracked
states is too short to be detectable.
(e) The fraction of TECs at pos-
itions +83 and +84 as a function
of time at two different UTP
concentrations. The red (4 83)
and blue (+84) dots are exper-
imental data obtained by line
scans of the transcription exper-
imental gel in (a), and the corre-
sponding simulations are shown
as red and blue curves.

terms of the overall rate of RNA synthesis and
locations of major pause sites. The model also
indicates that the mechanism of pausing at those
pause sites is due to RNAP back-tracking. Given
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Figure 4. Simulation of the transcription gel on the AtR1 template. (a) Prominent pause positions within the AtR1
sequence on a biochemical gel. The left lane shows the transcript size distribution after 20 s of transcription on this
template at 200 pM NTP. The most prominent pauses on this gel are indicated by arrows on the left and their positions
were determined by comparison with both a 10 bp DNA ladder (M1) and an RNA ladder (M2). M2 was generated by
runoff transcription using different lengths of PCR products of the AtR1 template, producing 90, 120, and 200 nt
transcript sizes. Comparison between M1 and M2 shows that the DNA ladder can indeed be used to estimate the RNA
transcript size. The uncertainties of the estimated RNA lengths are 3-5nt, depending on the RNA length.
(b) Transcription gel on the AtR1 sequence at four different NTP Concentratlons and its simulation. The vertical bars
indicate the pause clusters 1-3 mapped from a previous biochemistry study.”® The pause positions in the simulated gel
(indicated by arrows on the right) agree with those of the biochemical gel (arrows on the left) within experimental
uncertainties. (c) and (d) (AGy,1 —AGy,) and AGy o on the AtR1 template. The major pause positions in (a) correlate with
the most prominent maxima in (AGy,1 —AGyo), and are identified by our model as primarily pre-translocation pauses
(see the text for details).
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Figure 5. Simulation of the transcription gel on the pKA2 template. (a) Transcription gel on the pKA2 sequence at
1 mM NTP concentration and its simulation. The positions of the most prominent pauses identified in the biochemical
gel agree with those in the simulated gel within experimental uncertainties. (b) and (c) AGy,o and (AGy,1 —AGy o) on the
pKA2 template. The major pause positions in (a) correlate with the prominent maxima in AGyo, and were identified by

our model as back-tracked pauses (see the text for details).

that our model presently does not consider RNA
secondary structures and therefore cannot predict
hairpin-dependent pauses, this agreement also
indicates that hairpin-dependent pauses are not
major constituents of the observed pauses on the
pKA2 template.

To evaluate the agreement between experimental
and simulated gels more quantitatively, we com-
pared their intensity profiles by cross-correlation
(see Materials and Methods). Three parameters
characterize the normalized cross-correlation func-
tion. (1) The height of the peak near zero displace-
ment measures the extent of correlation. Its value
can be from —1 to +1, with +1 being perfect

correlation, —1 being perfect anti-correlation, and 0
being no correlation. (2) The offset of the peak from
zero displacement measures the offset between the
two functions that are being cross-correlated. (3)
The width of the peak reflects the widths of the
dominant peaks in the two functions that are being
cross-correlated. An example is shown in Figure 6
with the intensity profiles (Figure 6(a) and (b)) of
the 20 s lanes of the experimental and simulated
pKAZ2 gels (Figure 5(a)) and their normalized cross-
correlation function (Figure 6(c)). In Figure 6(c), the
dominant peak with height~0.5 indicates a good
correlation between the two gels. The 1 nt offset and
the ~3nt width of the peak are well within the
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Figure 6. Normalized cross-correlation of transcription
gel intensity profiles. (a) and (b) The intensity versus
transcript length of the 20 s lane on the experimental (a)
and simulated (b) pKA2 gel. (c) The normalized cross-
correlation function between (a) and (b).

experimental uncertainty for position determi-
nation. Averaged over all lanes on a given gel, the
correlation peak height is 0.8 for the pTS146 gel, 0.4
for the AtR1 gel and 0.5 for the pKA2 gel. For all the
gels, the offsets of the peaks are within 2 nt and the
widths are about 3 nt. These data show quantitat-
ively that the simulated gel patterns, especially the
predicted major pausing sites, agree with exper-
imental data to within experimental uncertainties.
Simulated individual RNAP motions also
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correspond well with single-molecule data (Figure
7(a)). These data are from a template similar to that
used for the transcription gel in Figure 5, but were
necessarily taken from a different sequence section
that was further from the promoter due to the time
lag between the introduction of the NTPs into the
sample chamber and the start of measurement. All
the single molecule data used in this study were
taken under low assisting force (4 pN), which
would have little effect on elongation kinetics.**°
Because the absolute position accuracy of the single
molecule traces is ~100 bp,*! the locations of the
predicted pauses cannot be verified directly. None-
theless, other features can be compared directly. In
particular, the distributions of pause duration, time
between pauses, and distance between pauses show
excellent agreement with those predicted by the
model (Figure 7(b)—(d)).

This agreement lends further support to the
model. It shows the model correctly predicts the
average pausing probability, at least on this
particular DNA template at this NTP concentration.
Furthermore, the distributions of the time and
distance between pauses follow single-exponential
functions, not because pausing occurs in a random
and sequence-independent manner, but because the
sequence-dependent pausing sites are distributed
randomly on the template and pausing probability
at a given pause site is low. The distribution of
pause duration follows approximately a double-
exponential function, and the “fast” and “slow”
components turn out to correspond to two different
pausing mechanisms (see below for more details).

Mechanistic insights from the model

This model helps to identify pause sites and
sheds light on the mechanism of transcription

Figure 7. Comparison with
I single-molecule data. (a) Some

I
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pausing. Two types of pauses have been Ereviously
identified: the hairpin-induced pause’ and the
back-tracked pause.” As pointed out earlier, our
model currently does not consider the hairpin-
induced pause. However, it does consider the
back-tracked pause, and also predicts a new type
of pause, which we refer to as the pre-translocation
pause.

The model provides a kinetic explanation for
back-tracked pauses and indicates that a back-
tracked pause typically occurs near an unstable
TEC complex (Figures 3 and 5). Our model predicts
that a back-tracked pause is induced by an unstable
TEC state (Figure 8(a), green curve), rather than just
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Figure 8. Mechanisms and characteristics of pauses.
(a) Energy landscapes at three sites that lead to different
RNAP kinetics. A back-tracked pause site (at 152 nt on
pKA2; green) has a very high state energy at mode 0;
while a pre-translocation pause site (at 136 nt on the AtR1
sequence; red) has a large state energy difference between
modes 1 and 0. For comparison, a non-pausing site (at
125 nt on pKA2; black) is also shown. The same color
system applies to (b) and (c). (b) Time-courses for a single
nucleotide incorporation at these three sites. At time 0,
molecules in a population of RNAP are in state (N,0). The
curves show the fraction of molecules that complete a
nucleotide incorporation to transcript size N+1 as a
function of time. (c) The corresponding dwell time
distributions of molecules at transcript length N before
escaping to transcript size N+1 at these three sites.

a weak RNA-DNA hybrid (e.g. a U-stretch hybrid)
although the latter is usually a special case of the
former. When a TEC is in its main reaction pathway,
its probability of back-tracking is determined by a
competition among three different kinetic rates:
back-tracking, NTP incorporation, and forward-
tracking. In most cases, forward-tracking can be
neglected due to its low probability of occurrence
and/or short duration. To favor back-tracking over
NTP incorporation, the (N,0) state must be
relatively unstable with a high value of AGy (see
equation (4)). Back-tracking is further favored
over NTP incorporation if kmain is slow due to
low NTP concentration and/or a high value of
(AGn1—AGy)) (see equation (3)). However, when
AGpp is at a local maximum, the corresponding
(AGn1—AGy ) value is usually close to a local
minimum. Consequently, the model predicts that
the highest back-tracking probability usually occurs
1-2 bp before the template position of AGy,o local
maximum, rather than right at the local maximum
(see Figure 3(c) and (d) as examples).

A back-tracked pause site that is detectable on a
transcription gel requires a combination of long
pause duration as well as high pause probability.
For example, our model predicts three sites with
high probability of back-tracking within the AtR2
sequence: +83, +84, and +85 nt (Figure 3). These
sites are located at or immediately prior to a local
maximum in AGyy. Out of these sites, +83 and
+ 84 pause sites were detected in both experimental
and simulated gels. However, pausing at the +85
site was absent from both gels. The model indicates
that at this site, its back-tracked states are so
unstable that the TEC dwells only briefly in those
states before returning to the main pathway.

The model predicts that at a back-tracked pause
site, while a fraction of RNAP molecules is able to
complete NTP incorporation without any back-
tracking, some RNAP molecules back-track before
the incorporation of the next NTP (Figure 8(b) and
(c), green curves). Once a TEC is in a back-tracked
state, it usually dwells there for a long time before
returning to the (N,0) state, leading to a long tail in
the dwell time distribution. Our model predicts that
back-tracking during continuous elongation under
relatively high NTP concentration usually does not
exceed 2-3 bp, and more extensive back-tracking
will lead to apparent arrest over the finite exper-
imental time-scale.

Our model also predicts a new type of pause, the
pre-translocation pause. This type of pause occurs
when the (N,1) state is much less stable than the
(N,0) state (Figure 4(c), and the red curve of
Figure 8(a)). Thus a pre-translocation pause occurs
at a site with a large (AGyn 1 —AGy o) and therefore a
large K'y value, resulting in a slow rate of NTP
incorporation. In contrast with a back-tracked
pause, the entire RNAP population is expected
to follow the same, slow kinetic pathway at a
pre-translocation pause site. Under high NTP
concentration the pause duration at a pre-transloca-
tion pause site is typically rather short (~a few
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seconds) (Figure 8(b) and (c), red curves), making
them somewhat elusive experimentally on a
transcription gel. Consequently, prominent
transcription pauses identified from transcription
gels are mostly back-tracked pauses, e.g. pauses at
152 nt and 235 nt on the pKA2 template (Figure 5).
Nonetheless, very strong pre-translocation
pauses can be observed on transcription gels,
especially under low NTP concentrations, such as
the well-defined pause clusters 1 and 3 on the AtR1
sequence” (Figure 4).

Our model also provides an explanation for the
short and long pause components in the pause
duration histograms observed from previous
single-molecule studies;’*”' they are attributable
to pre-translocation and back-tracked pauses,
respectively. The kinetics at both back-tracked and
pre-translocation pause sites are sensitive to NTP
concentration. For both types of pause, a lower
[NTP] leads to enhanced pausing, and the depen-
dence of pausing on [NTP] is affected strongly by
the rate constants at the pause site, and is therefore
sequence specific. In general, a pre-translocation
pause is more sensitive to [NTP] than a back-
tracked pause.

The kinetic predictions described above depend
strongly on the TEC stability calculations. Since
TEC stability is a strong function of the TEC
structural parameter values, we investigated
whether other values could also produce the same

pausing patterns. We therefore computed AGy on
the pKA2 template using different TEC structure
parameter values, and found ranges of values that
could produce the prominent pausing patterns at
the correct locations within the uncertainties of the
experimental values (Table 1, Predicted range;
Figure 9). These predicted ranges will likely narrow
further with more extensive comparison with
experimental data. As shown in Table 1, our
predicted ranges of the TEC structure parameter
values have considerable overlap with biochemi-
cally and structurally determined values. This
agreement further supports our conclusion that
the majority of the observable pauses are due to
unstable TECs.

One important characterization of the RNAP
motor is its force-velocity relation. That is, how
the transcription velocity depends on an external
load exerted on the RNAP. Our model predicts a
small but non-zero dependence of transcription
velocity on an external force even under saturating
NTP concentrations, which is inconsistent with
conclusions from a number of previous single-
molecule studies.?’?*? However, we found tran-
scription elongation in single molecule studies to be
extremely sensitive to experimental conditions.
Therefore, it is not surprising that previous single-
molecule studies performed under apparently
similar conditions did not produce the same
transcription kinetics. A fair comparison of our

TEC structural parameters

DNA bubble Hybrid Downstream
(bp) (bp) ssDNA (nt)
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Figure 9. TEC structural parameter values determined using the pKA2 template. (a)-(d) Some examples of AGyo on
the pKA2 template calculated with different TEC structural parameter values as indicated in the table on the right. Gray
bars indicate the pause positions estimated from the experimental gel (Figure 5) with the width of the bars indicating
their uncertainties. (a) When TEC structural parameter values used in the simulations presented here were used to
compute AGy, the two highest maxima (indicated by vertical arrows) correlated well with the three expected major
pause sites. (b) Good correlation still exists when AGy; o values were calculated from TEC parameter values close to those
used in (a). (c) and (d) The correlation is reduced as the parameter values deviate significantly from those used in (a).



346

Sequence-dependent Kinetic Model for Transcription

model with experiments on the force—velocity
relation requires that the experiments be performed
under transcription conditions identical with those
used to tune the model parameters. This will be
realized in our future endeavors.

Limitations of the current model and outlook

We present a model that shows much promise in
predicting transcription elongation kinetics. None-
theless, some discrepancies remain between the
simulated and experimental transcription data.
Future improvements in the model will likely
improve its predictive power. For example, RNA
hairpins can be incorporated into this model in
order to predict hairpin-dependent pauses. It is also
possible that different NTPs have different K4 and
kmax values, which were assumed to be the same for
all NTPs in the current model. Incorporation of
NTP-dependent parameters will likely allow more
precise predictions of RNAP motions, especially at
lower NTP concentrations. The current model also
does not predict accurately some pause durations,
possibly in part due to the assumption that the
back-tracked activation barrier heights are tran-
script size-independent. An additional contribution
to this discrepancy could arise from the
uncertainties in the state energy calculations
(~1kgT), which are due to uncertainties in the
available experimental thermodynamic values for
DNA-DNA or RNA-DNA duplexes.'!'?

Biochemically, it has been difficult to identify
unique or consensus pause sequences. Thus, an
important contribution of this model is its ability to
predict new pause sites, some of which may serve
as regulatory signals for transcription. This model
indicates that a large number of DNA sequences
may produce back-tracked or pre-translocation
pause sites, depending on the stability of the TEC
at those sites. This work illustrates the importance
of the TEC stability in transcription elongation as
was first proposed by Yager & von Hippel® over a
decade ago, and provides a kinetic explanation of
sequence-dependent RNAP motions.

Materials and Methods

Transcription assays

Bulk transcription assays and single-molecule
measurements were carried out using E. coli RNAP at
24(+1) °C in buffer containing 25 mM Tris-HCI (pH 8.1),
100 mM KCl, 4 mM MgCl,, 1 mM DTT, 3% (v/v) gl}fcerol,
following protocols similar to those described.”® Four
DNA templates were used: (1) pKA2 template composed
of the A phage 82 late promoter followed by the rpoB gene;
(2) pRL574 template composed of the T7Al promoter
followed by the rpoB gene; (3) pTS146 template containing
the A phage 82 late promoter and the AtR2 pause sequence
(tR2 terminator with truncated upstream half of the
hairpin);”® (4) AR1 template containing the A phage 82
late promoter and the CA159A13 sequence® at 113-324 nt
which contains the pause clusters 1-3.

Energetic contribution of the ss template DNA
nucleotide immediately adjacent to the 3’ end of the
RNA

Previous thermodynamic studies®>* of DNA or RNA
duplexes showed a significant contribution of the
dangling end to the overall stability of the duplex and
the corresponding “dangling energy” is strongly
sequence-dependent. For a DNA duplex, the average
dangling energy is 0.8 kgT at room temperature,33 which
is about 30% of the average energy contributed by a
complete base-pair (2.8 kgT)." For an RNA duplex, the
average dangling energy (0.34 kgT)>* is about 10% of the
average base-pairing energy (3.8 kgT).** Therefore, it is
reasonable to assume that the single-stranded template
DNA nucleotide immediately adjacent to the 3’ end of the
RNA in the transcription bubble will contribute to the
stability of the TEC, since it will likely orient itself with
respect to the RNA-DNA hybrid inside the RNAP main
channel. However, there are no experimental data
available for the dangling energy of an RNA-DNA
hybrid. Furthermore, the dangling energy in the RNAP
would be expected to be different from that measured in
solution because of constraints imposed by the RNAP. In
the (N,0) or other back-tracked states, the dangling energy
is likely to be small, since the single-stranded template
DNA nucleotide immediately adjacent to the RNA 3’ end
is largely bent away from the RNA-DNA hybrid and
extensively interacts with the RN AP In contrast, for the
(N,1) and other forward-tracked states, the single-
stranded template DNA nucleotide is brought into a
large protein cavity so that its base has no direct
interaction with RNAP and its orientation is fixed by
constraints imposed by the phosphate backbone that links
it to the adjacent upstream and downstream nucleotides
in the template strand.?® This oriented base thus probably
has stronger interactions with the adjacent RNA-DNA
hybrid than those from a dangling end in solution.
Therefore, we added a dangling energy term to the (N,1)
and other forward-tracked state energies, and assumed it
to be 50% of the free energy of the corresponding terminal
base-pair. This treatment is similar to that described by
Yager & von Hippel,6 where the terminal DNA energy
was taken as 50% of the complete base-pair energy.

Parameter tuning

Simulated data were generated by using Monte Carlo
techniques and/or by solving a set of coupled first-order
differential kinetic equations. The three tuned par-
ameters, kmax, Kaq and AG{;, discussed in detail below,
were decoupled in the tuning process and their values
listed in Table 1 were obtained by the least-squares
method, which minimized the difference between simu-
lated results and the corresponding experimental data.
The set of best-fit garameter values was first found by a
Simplex algorithm®” and later confirmed by exhaustive
search over a very large range in the parameter space
(over several orders of magnitude). Only one minimum
was detected over this range and the uncertainty in each
fitting parameter is reflected by its uncertainty, as shown
in Table 1.

kmax’ Kd,c; and Kd,nc

kmax and Kg. can be determined by the average
elongation velocity when RNAP is not paused under
various NTP concentrations. In principle, this velocity
could be obtained from biochemical transcription gels. In
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practice, transcription gels can only give rough estimates.
This is because the transcript size at a given time-point on
a gel shows active elongation interrupted by numerous
pauses; some are long and many are somewhat short,
leading to asynchronous RNAP motion. Furthermore, the
probability of pausing at any given pause site is not
always 100% and the escape from a pause often follows
complex kinetics, leading to additional asynchrony. The
resulting large spread in the RNA transcript size makes it
difficult to estimate the average elongation velocity from a
transcription gel. Therefore, we determined k.« and Kq
based on single-molecule transcription measurements.

The single-molecule experimental conflguratlon used
here was the same as described,’ except that the
microsphere was attached to the upstream DNA end in
order to exert an assisting force on the RNAP. Briefly,
paused transcription complexes were formed by NTP
starvation on the pRL574 template using HA-tagged
RNAP and immobilized on an anti-HA-coated micro-
scope coverslip in a flow chamber. After the addition of
1 mM of all four NTPs (condition 1) or 1 mM ATP/CTP/
GTP and 50 uM UTP (condition 2), the motion of
individual RNAP molecules was monitored in real time
under 4 pN of assisting force using an optical trapping
setup. The 4 pN force is low enough so as not to alter
transcription kinetics significantly.”*~° The position versus
time data on the pRL574 template from +200nt to
+1000 nt were smoothed using a 1.0 s Gaussian low-pass
filter and the instantaneous transcription velocity from
each trace was computed. Then, a velocity distribution
was generated with equal statistical weight given to each
template position. This analysis effectively removed the
contribution due to pausing, since no change in template
position took place during a pause. Combining velocity
distributions for all traces obtained under a given NTP
condition produced a well-defined non-zero velocity
peak that was well fit by a single Gaussian function.
The mean of this distribution is therefore a measure of the
average (over the template) elongation velocity of the
main pathway (kmaindexp-

Corresponding simulated single-molecule traces of
transcript size versus time were generated using a
range of parameter values for k., and K4 .. White noise
(£10 bp standard deviation) was added to these traces to
simulate thermal fluctuations under experimental con-
ditions. These simulated traces were then similarly
analyzed to obtain the average (over the template)
elongation velocity from the main pathway (kmain)sim-

To tune kmax and Ky, we conceptually take advantage
of the following relation derived from equation (3):

1 1
kmair\ ( [NTP] 1 ) - kmain ([NTP]Z)

_ Kd,c

{1 + exp [(AGN’]

kmax

1
~ 86w (e ~ren) ©

where kpain([INTP]y) is the kpain value obtained at NTP
condition 1 and kpy,in([NTP],) is the kpain Obtained at NTP
condition 2. This relation shows that the difference
between the reciprocal of the main pathway elongation
rates under two different NTP conditions is solely
determined by the parameter Ky./kmax- The best-fit
value of Kg./kmax was obtained by minimizing the
difference between the simulated and experimental
values of:

[NTPL

1 1
(knain INTP1))  (kmain (NTPI))

Once the best-fit value of K4./kmax Was obtained, we
further determined kp.x by conceptually using the
following relation:
1 1 Ky,
— = +—=5{1 +exp [(AG
kmain([NTP]) kmax kmax P N

— AGn)/kgT1} (6)

1
[NTP]
The best-fit value of ky,x Was obtained by minimizing the
difference between the simulated and experimental
values of {(kpain) under both NTP conditions.

Once Ky o/kmax and kmax values were known, Ky . was
then determined. It is worth noting that the tuned value of
Kq, is comparable to values determined experimentally
by Rhodes & Chamberlin'® although their measured
values actually correspond to our K’y value, which is
greater than Ky .. However, we simulated transcription at
24 °C whereas their experiments were carried out at 37 °C,
and it is known that dissociation constants decrease with
an increase in temperature It is likely that Ky is NTP
type-dependent'® so the Kq . value determined using our
method may better reflect that of UTP, since only [UTP]
was varied here.

For simplicity, our model currently allows competition
and incorporation of non-complementary NTPs, but it
does not consider the altered incorporation kinetics after
mis-incorporation.®® Under this assumption, our model
has little dependence on K4. as long as it is much
greater than K4.. K4nc was set to be ~10° K, so as to
account for the experrrnentally observed ~10"° mis-
incorporation rate for in vitro transcrlptlon ® This treat-
ment is probably an oversimplification, since there is
evidence that the difference between Ky . and Kg p is not
this large'® so that the NTP incorporation spec1f1c1ty does
not solely result from differences in Ky, but probably also
from differences in kn.y. This simplification would not
affect the validity of the model’s predictions significantly
because of the low probability of mis-incorporation; even
under 1 mM ATP/CTP/GTP and 50 uM UTP concen-
tration, less than 1% of the TECs will undergo mis-
incorporation, even at a U site.

ko, AG;, AG;’HQ ands,«

Among these four parameters, the pre-factor k, is not
an, independent parameter and was arbitrarily set to
10°s™'. As previously mentioned, to avoid extensive
back- tracking and forward-tracking in the predicted
RNAP kinetics, it was necessary to assume both large
back-tracked and forward-tracked barriers. To get the
values for AGY i1, several assumptions were made to
simplify this rather complex problem. AGH omss Was
assumed to be independent of N and was represented by
AG!,.,,11- Because the back-tracked translocation modes
all have the same average (over all transcript sizes) state
energy, the back-tracked barrier heights were also
assumed to be the same for all the back-tracked modes
(AGI‘;). On the other hand, the forward-tracked transloca-
tion modes have an average state energy that increases
linearly with m, with slope s¢, due to the gradual loss of
the RNA-DNA hybrid. Therefore, we assumed the
forward-tracked barrier heights to have the same slope
of s¢ (Figure 2(a)). Consequently, AGI_, was the lowest
forward-tracked barrier, and s; was computed to be
3.1 kgT per forward-tracking step.
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AG] strongly affects the probability of RNAP pausing
due to back-tracking:

kN 0——1 kN 0——1
P ing(N) = ’ ~
backtrackmg( ) kmain(N) + kN,OH*l kmain(N)
=y &P [TAGE = AGyp)ksT] ?)

where the rate of back-tracking ky -,—1 << kipain(IN) under
our typical experimental conditions. However, the rela-
tive probability of back-tracking between any two sites
with transcript len 7g’chs N1 and N2 on the template does
not depend on AG; and is solely determined by the TEC
free energy:

Pbacktracking(Nl) — kmain (NZ)
p backtracking (N 2) kmain (N 1)

exp [(AGn10 — AGnpo)ksT]

®)

AG{ was tuned according to the AtR2 pause probability as
a function of time under two NTP concentrations in a
biochemical transcription gel (1 mM ATP/GTP/CTP and
210 uM UTP; and 1 mM of ATP/GTP/CTP and 60 uM
UTP) (Figure 3(e)).

Forward-tracked barrier heights affect the rates and
extent of forward-tracking. Some previous studies have
shown that extensive forward-tracking for 5-8 nt would
lead to dissociation of the TEC complex (termination).”
In the current model, we assumed that the TEC would
dissociate after RNAP forward-tracked 6 bp. It was found
in the simulation that, even though the forward-tracked
states were energetically unfavorable, a detectable por-
tion of RNAP could forward-track to the dissociation
point if the AG!,,, value was set too low, especially for
unstable TECs. This conflicts with the experimental
observation that premature termination rarely happens.
Once AG!.,, was increased so that the predicted termin-
ation probability was negligible, the elongation kinetics
were no longer sensitive to the barrier height due to the
short dwell time and/or the low probability of forward-
tracking. So AG!.,, could not be tuned according to
available RNAP elongation data, and in the current
model, AGI,,, was chosen to be high enough to prevent
termination.

We note that although the tuned activation barriers
under our assumptions work well in the simulation, this
choice of activation barriers may not be unique. Our
choice of activation barriers resulted in a very small
number of tuning parameters and thus greatly simplified
the simulation.

Uncertainties in the tuned parameters

Two factors influenced the determination of the
uncertainties of the tuned parameters listed in Table 1.
First, because these parameters were tuned according to
certain experimental data, uncertainties in the exper-
imental data resulted in uncertainties in the tuned
parameters. Second, each parameter had an optimal
range of values outside of which the simulated and
experimental results started to deviate significantly.
Figure 2(b)—(d) shows how the square of the difference
between simulated and experimental data varied with
each parameter value. The uncertainty range of a
parameter was defined as the range that corresponded
to twice the minimum value of the square of the difference
between simulated and experimental data. For a
conservative estimate of the uncertainty in a tuned

parameter, we listed in Table 1 the largest of these two
sources of uncertainties for that parameter.

Normalized cross-correlation of transcription gel
intensity profiles

The intensity profile was obtained by line scanning
through each lane on the experimental gel using Scion
Image (Scion Corporation). The horizontal axis of the
profile represents the positions on the gel, which depends
on the transcript length logarithmically. Using the
positions of ladders, we mapped the horizontal axis to
its corresponding transcript length in base-pairs (see
Figure 6(a) as an example), which could directly cross-
correlate with a corresponding simulated intensity profile
(Figure 6(b)). We used a normalized cross-correlation
function defined as:

Jdx' [f() = I +x) — ()]
VI [FG) — R [’ [ge) — Q)P

where f(x) and g(x) are the two functions to be cross-
correlated. The result of the normalized cross-correlation
is shown in Figure 6(c).

Clx) = )
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