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Abstract RNA polymerases transcribe the genetic information from DNA to RNA. They
move along the DNA by stochastic single-nucleotide steps that are interrupted by pauses.
Here we use a variant of driven lattice gas models or exclusion processes to study the ef-
fects of these pauses under conditions, where many RNA polymerases transcribe the same
gene. We consider elemental pauses, where RNA polymerases are inactive and immobile,
and backtracking pauses, during which RNA polymerases translocate backwards in a dif-
fusive fashion. Under single-molecule conditions, backtracking can lead to complex dy-
namics due to a power-law distribution of the pause durations. Under conditions of dense
RNA polymerase traffic, as in the highly transcribed genes coding for ribosomal RNA and
transfer RNA, backtracking pauses are strongly suppressed because the trailing active RNA
polymerase restricts the space available for backward translocation and ratchets the leading
backtracked RNA polymerase forward. We characterize this effect quantitatively using ex-
tensive computer simulations. Furthermore, we show that such suppression of pauses may
have a regulatory role and lead to highly cooperative control functions when coupled to
transcription termination.

Keywords Transcription - RNA polymerase - Traffic models - Exclusion process -
Pausing - Backtracking - Cooperativity

1 Introduction

The genetic information stored in the DNA of a cell is read out in a multi-step process that
starts with transcription, the copying of the nucleotide sequence of a gene from the DNA into
a complementary RNA molecule. This process is carried out by RNA polymerases (RNAPs)
that bind to DNA at start sequences for transcription, the promoters, and then move along the
gene in a sequence of single-nucleotide steps that are coupled to nucleotide-by-nucleotide
synthesis of the RNA transcript, until they reach a termination site at the end of a gene or
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an operon, a group of genes that are transcribed together [48]. Transcription is also a major
point of control and the read-out of a gene is regulated mainly by controlling the rate at
which RNAPs bind to the promoter, but there are also regulatory mechanisms that act on the
level of transcript elongation [48].

The process of transcript elongation is not a continuous process, but rather interspersed
with pauses, as has been observed directly in single-molecule experiments [2, 10, 37]. Sev-
eral mechanisms for pausing have been distinguished by how they are affected by external
force, by the effects of elongation-modulating factors, and by the required DNA sequences
[3, 37]. The two types of pauses that appear to be most frequent are backtracking pauses,
during which an RNAP translocates backwards on the DNA, and short ‘ubiquitous’ or ‘el-
emental’ pauses without such backward movement [21, 37]. The short pauses are also be-
lieved to represent an intermediate state during the establishment of stable pause types such
as backtracking, but also pauses stabilized by protein-DNA contacts or by structures in the
nascent RNA [31]. During backtracking pauses, RNAPs move in a diffusive fashion with
(on average) equal rates for forward and backwards steps [48]. During these steps, the tran-
script is neither elongated nor shortened, therefore the end of a nascent RNA is not correctly
aligned with the active site of the RNAP during backtracking. To reactivate, RNAPs either
have to return to the position where backtracking was initiated or cleave the transcript at the
active site [48].

In the cell, specific pauses may have particular regulatory roles [41], but the main role of
pausing in general appears to be setting the overall speed of transcript elongation, which in
bacteria is adapted to the speed of translation [40], but may also need to be coordinated with
other processes such as RNA processing and folding [32].

If the rate of transcription initiation is sufficiently high, multiple RNAPs can transcribe
the same gene at the same time, a situation reminiscent of dense traffic on a highway. Dense
traffic of RNAPs can be visualized by electron microscopy (Miller spreads) [8, 36] or by
chromatin immunoprecipitation [19]. The similarities to highway traffic have triggered a
number of theoretical studies [13, 24, 45] that addressed the dynamics of transcription using
traffic models based on exclusion processes from non-equilibrium statistical physics [42].
In addition to their central role in the study of non-equilibrium phase transitions [12, 29, 43]
and in physical traffic modeling [7], such models had previously also been used to study
other biological processes such as translation [6, 14, 35, 44] and transport along cytoskeletal
filaments [22, 34].

It is however important to note that in bacterial transcription, most genes are actually
transcribed at rather low rates, and RNAP densities on these genes are therefore also low
[4, 33]. An important exception are the genes encoding ribosomal RNA (rRNA) and trans-
fer RNA (tRNA), which are transcribed at high densities (=50% coverage has been observed
for rRNA transcription in fast growing wild type Escherichia coli cells and even higher den-
sities in strains with reduced number of rRNA genes [8]). The high transcription rates of
rRNA and tRNA are physiologically required because the RNA products of these genes are
not translated and therefore the amount of product of the gene is not amplified by the trans-
lation process, as it is for protein-coding genes. Furthermore, fast growing cells require large
concentrations of the products of these genes, in particular of ribosomes, as the ribosomes
synthesize protein, which accounts for about 50 percent of the biomass produced by grow-
ing bacterial cells [5]. One constraint that arises from the requirement for high transcription
rates on these genes, is that transcription should not be limited by transcript elongation to
rates less than the physiologically required ones. Our previous theoretical analysis indicated
that this constraint requires that transcriptional pausing is suppressed in transcription of
rRNA [24], which indeed happens in bacterial cells through the activity of a so-called an-
titermination mechanism that speeds up transcript elongation of these genes [46]. It is also
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noteworthy that, even though rRNA and tRNA genes are exceptional in the sense that they
account only for a small fraction of all the genes in the cell, their transcription actually dom-
inates the overall cellular transcription and accounts for more than 70 percent of the total
cellular transcription in a rapidly growing bacterium [25].

In this article, we are interested in the effects of pausing on the transcription rate as well
as in the effect of the transcription rate on pauses. In particular, backtracking pauses may
be influenced by the presence of a trailing RNAP that restricts how far a paused RNAP may
backtrack. This has been demonstrated experimentally, both in vitro and in vivo [16, 17].
Also, our previous theoretical study has indicated that in a simple exclusion model, back-
tracking is almost completely suppressed under dense (saturated) traffic conditions, while
pauses without backtracking may have a dominating effect on the transcription rate [24].
Here we report on a simulation study that extends the previous study and addresses the
mechanism of the suppression of backtracking as well as sequence effects and the variabil-
ity of the results resulting from those sequence effects. In addition, we use these results
to explore how the suppression of backtracking can be used to sense the rate of transcript
initiation and how this signal may be processed in control elements regulating transcription.

2 Model for Transcript Elongation
2.1 Dynamics of a Single RNAP

We model the transcription process by stochastic stepping of particles representing the
RNAPs on a one-dimensional lattice (Fig. 1). Each lattice site corresponds to a particular nu-
cleotide position on a gene or operon and RNAPs move along this lattice in single nucleotide
steps, which occur with rate € and describe forward translocation by the step size s = 1 nt,
coupled to transcript elongation. The stepping rate € is also referred to as the elongation
attempt rate, because stepping may not succeed in the presence of exclusion interactions
(Sect. 2.3). In addition to the forward steps, RNAPs can also undergo transitions to a paused
state with rate f, the pause frequency. This transition is taken to occur only at specific pause
sites, as we will discuss in Sect. 2.2 and the rate f may have different values at pause site

kpp
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Fig. 1 Model for RNAP traffic: RNAPs are described as extended particles moving on a one-dimensional
lattice representing the DNA template. Active RNAPs (dark grey) enter the system with rate o (provided
the first 50 sites are vacant) and step forward, elongating the transcript with rate €, unless the site ahead is
occupied by another RNAP. At pause sites, RNAP enter the inactive paused state (white) with rate f, from
which they return to the active state with rate 1/7. At backtracking sites, they may also enter the backtracked
state (light grey) by making a backward step with rate k. Backtracked RNAPs make forward or backward
steps that are not coupled to transcript elongation or shortening with rate kp. They may also cleave the
transcript with rate k. and return to the active state at their current position
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without backtracking and backtracking sites. From the paused state, an RNAP reactivates
with rate 1/7, where t is the average pause duration. At some pause sites, the backtracking
sites, paused RNAPs may also start backtracking by making a backward step with rate k.
Once in the backtracked state, RNAPs make forward and backward steps with equal rates,
kp, which corresponds to a diffusion coefficient for the diffusive movement in the back-
tracked state. We note that these steps are not coupled to elongation or shortening of the
transcript, therefore the end of the transcript is not aligned with the active site of the RNAP
during backtracking, but is protruded from the RNAP, as indicated by the piece of RNA that
sticks out of the RNAP in Fig. 1. An RNAP can return to its active state by returning to the
position where it initiated backtracking. In that case, the RNA is again correctly aligned. In
addition, with rate k., it may return to the active state directly from the backtracked state
at any position by cleaving the protruded part of the transcript, such that it is again cor-
rectly aligned. In this scenario, the RNAP has effectively moved backwards and shortened
the transcript during the backtracking pause and needs to re-synthesize the cleaved part of
the transcript. In vitro, transcript cleavage is very slow and may be neglected, but it is likely
to be the dominant pathway for RNAP reactivation in vivo, where cleavage is stimulated by
additional protein factors (the Gre proteins) [48].

We note that in principle all rates may depend on the local DNA sequence, which influ-
ences the stepping rates through the binding energies between RNAP, DNA, and RNA [48].
This sequence-dependence is neglected in our model, except for the fact that pauses occur at
specific pause sites (Sect. 2.2). Likewise, we neglect effects of the chemomechanical cycle
of the individual step. In principle such effects could be important if, e.g., the rate-limiting
step of that cycle is different under different traffic densities, and if the concentration of
nucleotides is considered as another control parameter of the system. In our case, these
simplifications are based on the observations that the stochasticity of RNAP movements is
dominated by pausing [24], so the details of the steps should be less important.

The rates for the reactions used in our simulations are summarized in Table 1. How these
parameters were estimated is described in detail in our previous study [24]. Briefly, some of
these parameters have been measured directly in single-molecule experiments ( f, 7) [2, 37]
and are taken to also apply to the in vivo situation, as the measured average elongation
speed is consistent with them. The stepping rate under single molecule conditions is typ-
ically much smaller than in vivo, and we use an estimate based on the elongation speed
measured under conditions where pausing is suppressed [24, 46]. The stepping rate for steps
of backtracked RNAPs is taken to be approximately ten-fold smaller than the stepping rate

Table 1 Parameters of the model and values used in the simulations

Parameter Symbol Value Reference
Stepping (or elongation attempt) rate € 100s~! [46]

Step size K 1 nt [1]

Pause frequency (at pause sites) f 105! [2,37]
Pause frequency (at backtracking sites) Jot 50571 [24]
Pause density Oop 0.01 2,21, 37]
Pause duration (without backtracking) T ls 2,21, 37]
First backtracking stepping rate kp 105! see text
Backtracked stepping rate kp 107! [1]
Transcript cleavage rate ke 0.05s~! see text
Size of RNAP footprint L 50 nt [24]
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of elongating RNAPs as observed in single-molecule experiments [1], in addition, we take
the first backtracking step (when allowed to occur, i.e. at backtracking sites) to occur with
the same rate as other backtracking steps by setting k;, = kp. The cleavage rate is chosen
such that RNAPs backtrack on average over /kp/ k. &~ 10—15 nt before transcript cleavage,
which corresponds to backtracking pause of 10-20 s.

2.2 Sequence-Dependence of Pauses

Whether and where an RNAP pauses depends on the local sequence of the transcribed DNA.
While backtracking pauses are strongly sequence-dependent, short pauses without back-
tracking have been observed to occur almost randomly with a constant density along the
DNA [2, 37]. More detailed analysis of such pauses showed however that also these pauses
occur at specific positions [21], but that RNAPs pause only with a certain probability (the
pause efficiency) at any such position. In contrast to our previous study, where we treated
short pauses as occurring randomly at any position and backtracking pauses as restricted to
backtracking sites [24], here we treat all pauses as sequence-dependent.

At the beginning of each simulation, we generate a sequence by designating each position
along the lattice as a pause site with probability p,, the pause density, and each pause site
as a backtracking site with probability py,. While we allow the number of pause sites to
vary between simulations for different sequences, keeping only its average value fixed by
the pause density, we impose a constraint that fixes the number of backtracking sites to a
defined small integer value. In simulations where we allow pausing at all positions, we use
a pause frequency that is related to the rate for entry to the paused state at a pause site by

frand = fpp .
2.3 RNAP Traffic

Finally, interactions between RNAPs are described by a simple exclusion rule that forbids
stepping to sites occupied by another RNAP. RNAPs are taken to occupy L = 50 nt on
the DNA template, i.e. the presence of one RNAP makes 50 lattice sites unavailable to
other RNAPs [24]. This exclusion rule applies to active elongation, where it tends to slow
down RNAPs in dense traffic, as well as to backtracking, where it tends to restrict how far
RNAPs may backtrack and thereby acts to suppress backtracking pauses. This exclusion
rule is the simplest possible way to model RNAP-RNAP interactions, and it is possible that
other interactions exist. For example, an elongating RNAP may actively push forward a
backtracked RNAP, which will further increase the effect of suppression of backtracking.
As in our previous study [24], we also assume that short pauses without backtracking are
unaffected by the presence of a trailing RNAP that might push on the paused RNAP, because
these pauses were unaffected by mechanical force in single-molecule experiments [37].

In the simulations, RNAPs enter the lattice with rate «, provided that the first 50 sites are
vacant. « is called the initiation attempt rate, as it describes the rate at which RNAPs attempt
to initiate transcription. The real initiation rate is smaller, because some of these attempts
are unsuccessful due to elongating RNAPs blocking the access to the first 50 sites. When an
RNAP reaches the end of the system (gene or operon), which in all our simulations has a
size of 3000 nt, it leaves the systems quickly, as there is no evidence that this step may be
limiting under realistic conditions.

The RNAP traffic is simulated with the following method [26]: At each basic time step,
corresponding to 5 x 1073 s, we perform m Monte Carlo moves, where m is the number of
lattice sites in the simulated system. In each move a lattice site is selected randomly. If the
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site is occupied by the active site position of a particle, it is updated according to the rates
described above and the corresponding transition is performed unless the exclusion rule does
not allow it. If the chosen site is the first site of the lattice, a new particle is introduced with
rate « if the first 50 sites are vacant. If the last site is chosen and a particle is present there,
it is removed from the system. If the chosen site is empty or merely blocked by a particle,
i.e. it is covered by an RNAP, but not the position of the active site of that RNAP, nothing
happens. These simulations are typically run for 5 x 10° time steps.

3 Backtracking of RNAPs Under Single-Molecule Conditions

Before we start to discuss backtracking in dense RNAP traffic, we make a few comments
on backtracking of individual RNAPs. The fact that backtracking is a diffusive process with
on average equal stepping rates for forward and backward steps [48] is intriguing from the
theoretical point of view, in particular in the in vitro situation, where transcript cleavage may
be neglected. In that case, reactivation of an RNAP is dependent on its return to the position
where it started backtracking, which from a theoretical point of view corresponds to the
return of a random walker to the origin in one dimension, a classical problem in stochastic
dynamics [39, 49]. As a consequence of this type of reactivation dynamics, the distribution
of the durations ty,, of a backtracking pause has a power-law tail,

P ~ 17, )

and the average duration of a backtracking pause diverges.

Such a dependence, which has been pointed out by several groups [11, 18, 47], has in-
deed been observed in single-molecule experiments, but the origin of that dependence is
still controversial. In one case (with eukaryotic RNAP II), this observation has been taken
as evidence for backtracking as the dominant mechanism of pausing [18], while in another
case (with bacterial RNAP), this distribution was interpreted as arising from pauses with-
out backtracking due to averaging over pause sites with different pause durations. Indeed,
this averaging complicates the interpretation of the experimental distributions, and data for
pause time distributions for specific pauses sites seem to be consistent with exponential dis-
tributions [21, 37]. However, available data for specific pause sites is very limited and some
of the arguments of Ref. [37] have recently been challenged and it has been proposed that
at least some of the short pauses may in fact be backtracking pauses where RNAPs only
translocate backwards over very short distances, e.g. 1 or 2 nt [11]. This question will be
discussed further elsewhere (Klumpp and Hwa, in preparation). Here we simply note that,
while there is agreement that pauses without backtracking exist, it remains controversial
what their relative frequency is.

Another consequence of the diffusive dynamics is that, for long times, elongation will
proceed slower than linearly with time. This can be seen using a simple scaling argument:
Let us assume that RNAPs initiate transcription at time # = 0. At time 7, RNAPs typically
have backtracked only over a distance ~ /kpt. The reactivation rate, which is proportional
to the probability that the RNAP is at the origin of backtracking, is therefore ~ 1/(t/kpt).
Using this estimate of the reactivation rate, we can estimate the effective elongation speed
from the probability that an RNAP is active as

€S
Sy ey AL @

@ Springer



1258 S. Klumpp

As a consequence the average position of the RNAP will increase with time as x ~ /7 for
long times. We note that essentially the same sublinear dynamics has been predicted for the
combination of diffusive and active movements of cytoskeletal molecular motors in quasi-
two dimensional geometries where however the diffusive excursions take place along the
direction perpendicular to the active directed movements [34, 38].

This sublinear behavior should be observed for elongation times longer than a cross-over
time #,, which can be calculated by equating the short-time and long-time limits of (2). This
calculation leads to

1
 (fu)?*kp

and shows that ¢, is proportional to the square of the frequency f;, of backtracking pauses.
Whether the sublinear behavior is observable in vitro therefore depends strongly on the value
of this parameter, which is subject to controversies as discussed above. If most pauses seen
in single-molecule experiments are indeed backtracking pauses [11], we can estimate 7, to
be approximately 100 s (using T =1's, kp =1 57", foy = 0.1 s7! [1, 37]—note that these
values are for the in vitro situation and different from those given in Table 1). During that
time, an RNAP transcribes about 1000 nt, so a transcript length of a few 1000 nt should
be sufficient to observe the sublinear dynamics. These time and length scales are accessi-
ble to such experiments. On the other hand, if backtracking pauses are rare [31, 37] (with
for =0.01 s71), £, is 10* s and an unrealistically long transcript (10° nt) would be required
for the observation of this effect. It may however be possible to increase the frequency
of backtracking pauses by tuning experimental conditions or by using mutant RNAPs that
pause more frequently. Finally, we want to emphasize again that these dynamic phenom-
ena, although appealing from a statistical physics point of view and possibly observable
under single-molecule conditions, are likely to have limited relevance for transcription in its
cellular context, where extended backtracking pauses are typically terminated by transcript
cleavage.

t 3)

4 Backtracking in Dense RNAP Traffic
4.1 Effects of Initiation Rate and Pauses on RNAP Traffic

We now turn to transcription under conditions of high transcription rates or dense RNAP
traffic. To address this issue, we first used the model as described above to determine how
the main characteristics of RNAP traffic, i.e. the transcription rate and the elongation speed
depend on the initiation attempt rate. The results are shown in Fig. 2A and B, respectively.
These results are very similar to those of our previous work [24], where we have treated
pauses without backtracking as sequence-independent. There are two regimes, an initiation-
limited regime, where the transcription rate J is determined by the initiation attempt rate «,
and an elongation-limited regime where the elongation process, i.e. stepping and pausing
determines the transcription rate, independent of «. In that regime, the transcription rate has
the maximal value that can be achieved. The main topic of our previous study [24] was how
the cell increases this maximal value in the case of rRNA transcription where large tran-
scription rates are required to allow for rapid cell growth. The existence of the two regimes
is typical for this type of models and it is well-established through a number of heuristic and
exact methods for the asymmetric simple exclusion process, the paradigm for this class of
models, that the two regimes are separated by a boundary-induced non-equilibrium phase
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Fig. 2 (A) Transcription rate and (B) elongation speed as functions of the initiation attempt rate for systems
with 1, 2, or 3 backtracking sites (in a 3000 nt sequence). The black symbols at « = 0 in (B) indicate the
elongation speed for a single RNAP. (C) Current-density plots or fundamental diagram of RNAP traffic: The
transcription rate as a function of the RNAP density for different pausing scenarios. For comparison, the
corresponding curves for the case without backtracking pauses and without any pauses are also shown

transition [12, 28, 29, 43]. In the exclusion process literature the two regime are usually
referred to as the low-density phase and the maximal-current phase. A third phase, the high-
density phase is found when the current is limited by the exit from the system, i.e. in our
case by the termination of transcription. There is however no evidence that this case might
occur in transcription and we do not consider it here.

Figure 2A also shows that increasing the number of backtracking sites has no effects
on the transcription rate at small «, where transcription is initiation-limited, but decreases
the maximal transcription rate in the elongation-limited regime. In that respect, the effect of
additional backtracking pauses is the same as that of additional pauses without backtracking.

The elongation rate (Fig. 2B) exhibits non-monotonic behavior. It increases for small
initiation attempt rates, but for larger initiation attempt rates it is reduced. The reduction at
large « is due to jamming of RNAPs behind a paused RNAP which increases the effect of
pauses [24]. The speed-up for small initiation attempt rates, on the other hand, is a result
of shortened backtracking pauses, as backtracking becomes increasingly restricted due to
the presence of a trailing RNAP. This speed-up corresponds to the increased elongation
speed observed by Epshtein et al. [16]. In our model, the trailing RNAP does not actively
push the leading backtracked RNAP forward, but rather progressively restricts the distance
the leading RNAP may backtrack, thus ‘ratcheting’ it forward. Increasing the number of
backtracking pause sites decreases the elongation speed, however the effect is stronger in
the single-RNAP limit (« =~ 0) than around the maximal elongation speed. The ratio of
these two quantities, i.e. the relative speed-up is therefore larger with a larger number of
backtracking pauses. This speed-up can be estimated in the following way: If backtracking
is completely suppressed, the RNAP needs the time #, to transcribe the full sequence. Each
backtracking site adds a time T, the duration of the backtracking pause, which need to be
weighted with the probability p that each RNAP backtracks at such a site. The relative

@ Springer



1260 S. Klumpp

speed-up is then given by #y/(ty + npT). In our case, 1p ~39 s, p ~ 0.5, and T ~ 10 s, so
this estimate predicts an increase of the speed of n x 13 percent, slightly higher than what
is seen in the simulation data, probably because backtracking is not completely suppressed
(see Sect. 4.2).

The properties of any traffic system can be characterized by the current-density relation,
the dependence of the current or flux on the density of particles. In our case, this relation
is given by the density dependence of the transcription rate. This dependence is shown in
Fig. 2C for the three systems of Fig. 2A and B as well as for cases without any pauses and
without backtracking pauses (but with short ‘ubiquitous’ pauses). We note that the density
o used here is the coverage density, defined here as the fraction of sites that are unaccessible
due to the presence of an RNAP. The density of RNAPs (particles/length of sequence) is
then p/L. We also note that the simulation data for densities larger than the density at which
the current has its maximum have been obtained by varying the rate at which particles leave
the system at the right boundary. This case is not realistic for transcription, but is included
here for completeness.

In the absence of any pausing, our model is reduced to the usual totally asymmetric
simple exclusion process with extended particles [24]. For this case, many quantities are
known analytically [30, 35, 44]. In particular, the current-density relation is given by

p(1—p)

LA — 4
L(1—p+p/L) @

J(p)=¢€
which is plotted as the solid line in Fig. 2C. This curve shows that the maximal transcription
rate is quite high (approximately 92 min~') and that this maximal transcription rate occurs
for a high density, close to full coverage (o =~ 0.88). The presence of pauses with or without
backtracking reduces this maximal transcription rate and in our case, where there are more
pause sites (without backtracking) than backtracking sites, the main reduction is due to
pauses without backtracking. In addition, pausing also shifts the maximum towards lower
densities, so that saturated RNAP traffic for different sequences corresponds to different
RNAP densities, depending on the frequency of pauses for each sequence. It is also worth
noting that saturated traffic in these cases is obtained for only about 60—70 percent coverage
of the DNA.

4.2 Suppression of Backtracking in Dense Traffic

To study the suppression of backtracking pauses by trailing RNAPs in more detail, we next
determined several quantities that characterize backtracking pauses. In these simulations
we used a system that contained only a single backtracking site, such that only a single
RNAP can be backtracked at any time. We varied again the initiation attempt rate and first
determined the duration of the backtracking pause, from the first arrival of an RNAP at
the backtracking site to when it steps beyond that site. As observed previously in [24], the
duration of the backtracking pause is strongly reduced in dense traffic (Fig. 3A). For the
parameters used here, the overall duration of that pause in saturated RNAP traffic is shorter
by almost a factor 10 than under single RNAP conditions. Likewise we find a substantial
reduction of the average backtracking distance (the average distance of a backtracked RNAP
from the site where it entered the backtracked state) with increasing initiation attempt rate
(Fig. 3B).

It is worth noting that the pause duration exhibits a very steep decrease as a function
of «. A reduction to 50 percent of the duration under single RNAP conditions is obtained
already at initiation attempt rate of <5 min~'. This is well within the linear initiation-limited
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Fig. 3 Characteristics of a backtracking pause: (A) The duration of a backtracking pause, (B) the average
distance of a backtracked RNAP from the backtracking site, (C) the fraction of unsuccessful backtracking
attempts and (D) the fraction of RNAPs that backtrack upon first arrival at the backtracking site as functions
of the initiation attempt rate «. Simulations were performed for a system with a single backtracking site.
The filled circles at « = 0 indicate the values of the pause characteristics in simulations of single-RNAP
transcription

regime (Fig. 2), in which J &~ «. Therefore substantial suppression of backtracking can not
only be expected for genes characterized by dense traffic transcription such rRNA and tRNA
genes, but also for mRNA genes with typical transcription rates of a few transcripts per
minute. Indeed the experiment of Epshtein et al. [17] that demonstrated the suppression of
backtracking in vivo was done with an mRNA promoter that, although it is strong compared
to promoters of other mRNAs, should be weaker than rRNA promoters.

We next asked what the main mechanism for the shortened backtracking pauses is. In
principle there are two non-exclusive possibilities: Backtracking attempts could be pre-
vented by a trailing RNAP that occupies the site upstream of the RNAP attempting to enter
the backtracked state. Alternatively, the RNAP may be able to enter the backtracked state,
but remains there for a short time period, because it is ratcheted back to the active state
by a trailing RNAP that catches up. We therefore determined the fraction of backtracking
attempts that are prevented by the presence of a trailing RNAP (Fig. 3C). In the limit of a sin-
gle RNAP this fraction vanishes, but it increases quickly with increasing initiation attempt
rate. In dense traffic almost all attempts to enter the backtracked state are prevented.

In contrast to the strong effect on the fraction of successful backtracking attempts, we
found however that the efficiency of the backtracking site, which is defined as the probabil-
ity that an RNAP enters the backtracked state upon its first arrival at the backtracking site, is
reduced only about 2.5-fold (Fig. 3D) in saturated RNAP traffic. The apparent inconsistency
of these results can be resolved by noting that backtracked RNAPs may switch repeatedly
between the backtracked state, the non-backtracked paused state, and the active state be-
fore escaping from the backtracking site. This switching between state is often denoted as
‘oscillations’ in the experimental literature and can include diffusive movements back and
forth between the state as well as cycles of backtracking, transcript cleavage, and transcript
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re-elongation. The observation that attempts to enter the backtracked state are strongly sup-
pressed, while there is only a weak effect on the backtracking efficiency can then be under-
stood as indicating that the main effect of the trailing RNAP is to prevent multiple cycles of
backtracking and re-elongation or diffusive return to the backtracking site.

4.3 Sequence Effects and Variability of the Results

Next, we asked to what extent these results are affected by the particular sequence used in
the simulation, i.e. by the particular location of pause sites with and without backtracking.
To answer this question, we generated a large number of sequences with an average of 30
pause sites without backtracking and 1, 2 or 3 backtracking sites (208 sequences each) and
simulated their transcription under saturated RNAP traffic conditions. Figure 4 shows the
results. There is indeed considerable variability in the maximal transcription rate (Fig. 4A)
and an even more pronounced variability in the elongation speed (Fig. 4B). The distribu-
tion of transcription rates is given by an almost symmetrical peak, which is shifted towards
smaller values for increasing number of backtracking sites, in agreement with the data in
Fig. 2. The smaller peak marked by the arrowhead will be discussed later.

By contrast, the distribution of the elongation speed (Fig. 4B) is only very weakly de-
pendent on the number of backtracking sites. Although there is a shift towards lower speeds
for large numbers of backtracking sites, this shift is very small compared to the width of
the distribution, which is approximately the same for the different numbers of backtracking
sites. The weak dependence of the elongation speed distribution on the number of back-
tracking sites indicates that the speed under dense traffic conditions is dominated by the
short pauses without backtracking, as also indicated by the dependence of the elongation
speed umi, on the initiation attempt rate (see Fig. 2 and also Ref. [24]). The variability of
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Fig.4 Sequence-to-sequence variation of quantities characterizing transcription: Histograms of (A) the max-
imal transcription rate, (B) the elongation speed, (C) the number of pause sites, and (D) the average duration
of a backtracking pause under conditions of saturated traffic. The arrowheads mark cases with backtracking
sites overlapping the promoter, i.e. backtracking sites located within the first 50 sites

@ Springer



Pausing and Backtracking in Transcription Under Dense Traffic 1263

the speed is a consequence of how we constructed the simulated sequences with randomly
placed pause sites, which results in a broad distribution of the total number of pause sites
along the simulated sequences (Fig. 4C).

Figure 4D shows the distribution of the durations of pauses at the backtracking sites.
Setting aside the small peak marked by the arrowhead, one can clearly see that these dis-
tributions are dominated by a relatively narrow peak at a pause duration slightly above 1 s.
Based on the characteristics of backtracking in dense traffic determined in the previous sec-
tion, we can identify this peak as corresponding to the duration of a non-backtracked pause
plus a small amount of backtracking. Figure 4D also shows that this peak is shifted towards
slightly longer pause durations with increasing number of backtracking sites. This shift in-
dicates that the suppression of backtracking becomes less efficient as the number of back-
tracking pauses is increased. Indeed if there are additional backtracking sites upstream of a
backtracked RNAP, the trailing RNAP may be stuck there for some time and will therefore
need a longer time to catch up with the leading RNAP.

Finally, let us address the small peaks marked by arrowheads in the distributions of the
maximal transcription rate J,x (Fig. 4A) and of the pause duration (Fig. 4D). Inspection of
the sequences used for the simulations that contribute to these peaks shows that these peaks
are due to backtracking sites located within the first 50 sites of the system. If an RNAP
pauses at such a site, it prevents initiation of transcription by other RNAPs as it blocks the
promoter, which in our simulation is represented by the first 50 lattice sites. Backtrack-
ing can therefore not be suppressed by trailing RNAPs. In that case, the transcription rate is
limited by this single long pause. A backtracking site overlapping the promoter should there-
fore be considered as a special case. However this special case may not be so rare in real
biological situations. Promoter-proximal pausing is typical for transcription in the fruitfly,
Drosophila [9] and there are known cases in bacterial transcription. The best studied such
case is the late operon of phage lambda where the promoter-proximal pause site has a reg-
ulatory role in loading the antitermination factor Q [41], but additional cases have recently
been found by systematic search for genes with such pauses [20].

5 Regulatory Roles

The suppression of backtracking due to the pushing of a trailing RNAP may simply be an
unavoidable consequence of dense RNAP traffic at high transcription rates. In some cases,
where very high transcription rates are physiologically required such as in the transcription
of rRNA and tRNA, this effect may have a role in increasing the transcription rate, but in that
case, pauses are also suppressed by an antitermination complex in order to avoid a limitation
of the transcription rate by slow elongation [24, 25]. However even when transcription rates
are smaller, the suppression of specific backtracking pauses may have a biological function.
As an example, we consider a backtracking pause that is coupled to transcription termina-
tion [16], such that a conformational transition that happens while the RNAP is pausing tags
it for termination at a transcription terminator. This transition may either be a step in the
termination pathway itself or the binding of a protein that influences the termination proba-
bility at a downstream terminator. If this process occurs with rate k, the probability that the
RNAP does not terminate, but reads through the terminator depends exponentially on the
pause duration and is given by

Pr = exp(—kT (a)), (5)
where T («) is the duration of the backtracking pause and depends on the initiation attempt

rate. The transcription rate of a gene downstream of the terminator is then given by J x Pg,
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Fig. 5 Regulatory role of the suppression of backtracking: Transcription rate downstream of a terminator
coupled to a backtracking pause in such a way that a transition during the pause (with rate k =2 s~1) decides
about the fate of the RNAP at the terminator (see text). The transcription rate is calculated from (5) with the
pause duration taken from Fig. 3A and plotted as a function of the initiation attempt rate (circles). The dashed
line shows a fit to the data points by a Hill function with Hill coefficient >~ 4.3

which may exhibit a strongly non-linear dependence on «. This is shown in Fig. 5 for the
backtracking pause from the simulation of Fig. 3 and a rate k =2 s~'. In that case, the
downstream transcription rate is very sensitive to changes in «, which may either reflect
changes in gene regulation or in the availability of RNAPs [23, 27]. In the case shown
in Fig. 5, we fitted the data point with a Hill function (dashed line) and obtained a Hill
coefficient of >~ 4.3. This parameter characterizes the sensitivity with respect to the initiation
attempt rate as given by the slope of the curve on a double-logarithmic plot. The high Hill
coefficient indicates strong cooperativity between RNAPs in overcoming the terminator.
This example demonstrates that the combination of a backtracking pause and a terminator
results in a termination site that amplifies differences in the initiation (attempt) rate.

6 Concluding Remarks

In this study, we have addressed some aspects of pausing and backtracking of RNAPs under
conditions of dense-traffic transcription. At high transcription initiation rates, transcription
may become limited by elongation rather than initiation, which is the typical case under
cellular conditions with the notable exceptions of transcription of rRNA and tRNA [25].
In elongation-limited transcription, pausing has a strong effect on the transcription rate, as
any increase or decrease in pausing directly changes the limiting step in the transcription
pathway.

Under these conditions, backtracking, the backward translocation of paused RNAPs, is
strongly suppressed, because the trailing RNAP (i) restricts how far the paused RNAP may
move backwards and (ii) effectively pushes the backtracked RNAP forward by a ratchet
mechanism, as each forward step of the actively elongating trailing RNAP restricts the
space available for backtracking further. This suppression of backtracking by the trailing
RNAP has been observed experimentally in vitro and in vivo [16, 17]. Recently, Ehren-
berg et al. [15] have invoked this effect to explain the puzzling observations that bacteria
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with reduced number of rRNA genes compensate for that loss with an increased elongation
speed [8]. In their model, the speed-up is a direct consequence of suppressed backtrack-
ing, as increased RNAP availability increases the initiation attempt rate. In our model, the
elongation-speed is increased at intermediate transcription rates, but not at high transcrip-
tion rates, where backtracking is almost completely suppressed and elongation is limited by
short pauses without backtracking that are not suppressed by trailing RNAPs and are not
taken into account in Ref. [15]. As discussed above, it is controversial whether backtracking
occurs at only a small fraction of pauses, as we have assumed in most of our simulations
here, based on single-molecule experiments [37] or whether most (but not all) pauses invoke
backtracking. In our view, the observation of increased elongation speed in the bacterial
strains with reduced number of rRNA genes therefore provides strong support for the exis-
tence of elongation-limited transcription, but its mechanistic interpretation remains unclear
(as does its physiological significance) [25].

Our analysis also indicates that the suppression of backtracking already comes into play
at relatively small transcription rates, far below the limit where elongation becomes limiting.
For that reason, the suppression of backtracking may be relevant even for weak promoters if
the backtracking pause is sufficiently long. A simple estimate can be made by comparing the
time it takes a trailing RNAP to catch up with a paused RNAP. At a transcription rate J, the
average distance between two consecutive RNAPs is A =u/J — L. In the linear initiation-
limited regime, the transcription rate J and the elongation speed u are given by J = «
and u = e€s. When the leading RNAP stops, the RNAP following directly behind it, needs
atime T* = A/(es) =1/J — L/(es) to catch up. Any pause longer than 7* will then
lead to an interaction between the two RNAPs and potentially to suppressed backtracking.
With a modest transcription rate of 5 min~!, we can estimate T* as T* ~ 10 s, which is
comparable to the duration of backtracking pauses observed in vitro [2, 10, 37], so that
at such intermediate transcription rates, suppression of backtracking can be expected to be
effective.

Finally, we have considered potential regulatory consequences of the suppression of
backtracking using an example where a backtracking pause is coupled to transcription termi-
nation. This example demonstrates that the cooperation of RNAPs to overcome backtrack-
ing sites may be used to achieve cooperative transcription regulation. In such a scenario,
transcription is strongly non-linear in any parameter that controls the initiation attempt rate
such as the availability of RNAPs or the concentration of a transcription factor that recruits
RNAPs to the promoter.
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