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Pausing of transcription is an important step of regulation
of gene expression in bacteria and eukaryotes. Here we
uncover a factor-independent mechanism of transcription
pausing, which is determined by the ability of the elongat-
ing RNA polymerase to recognize the sequence of the
RNA-DNA hybrid. We show that, independently of ther-
modynamic stability of the elongation complex, RNA poly-
merase directly ‘senses’ the shape and/or identity of base
pairs of the RNA-DNA hybrid. Recognition of the RNA-
DNA hybrid sequence delays translocation by RNA poly-
merase, and thus slows down the nucleotide addition cycle
through ‘in pathway’ mechanism. We show that this
phenomenon is conserved among bacterial and eukaryotic
RNA polymerases, and is involved in regulatory pauses,
such as a pause regulating the production of virulence
factors in some bacteria and a pause regulating transcrip-
tion/replication of HIV-1. The results indicate that recogni-
tion of RNA-DNA hybrid sequence by multi-subunit RNA
polymerases is involved in transcription regulation and
may determine the overall rate of transcription elongation.
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emboj.2011.432; Published online 29 November 2011
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Introduction

The first step of gene expression, transcription, in all living
organisms is accomplished by multi-subunit RNA poly-
merases (RNAPs). Elongation by catalytic core of RNAP is
highly processive and can proceed for thousands of base pairs
without dissociation from the template. RNAP core is thought
to be mostly indifferent to the sequence of the nucleic acids to
allow processive and uninterrupted transcription elongation.
This was suggested to be one of the reasons why RNAPs
require accessory proteins to recognize specific sequences in
DNA during initiation of transcription (Zenkin and Severinov,
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2008). However, control of the rate of transcription
elongation is now recognized as an important step in regula-
tion of gene expression. This regulation is accomplished
through pausing of transcription.

Several types of signals were shown to cause transcription
elongation pausing: misalignment of the incoming nucleotide
(Kireeva and Kashlev, 2009), sequences resembling promoter
elements that are recognized by o-factor that fails to dissoci-
ate from RNAP (Ring et al, 1996; Brodolin et al, 2004; Nickels
et al, 2004), hairpin formation in the nascent RNA behind
transcribing RNAP (Chan and Landick, 1989), or by thermo-
dynamic instability of the elongation complex (EC) that
causes backtracking (Bai et al, 2004; Tadigotla et al, 2006;
Maoileidigh et al, 2011). RNAP pausing is an important
mechanism of transcriptional regulation both in prokaryotes
and eukaryotes (Landick, 2006). Promoter-proximal c-depen-
dent pausing is crucial for the regulation of phage develop-
ment, and was also recently suggested to be a common way of
regulation of bacterial gene expression (Hatoum and Roberts,
2008; Perdue and Roberts, 2011). Regulation of expression of
bacterial operons his (Chan and Landick, 1989), trp (Landick
et al, 1987), pyr (Donahue and Turnbough, 1994), and some
other operons (Yanofsky, 1981) in response to changes in
supply of nutrients is mediated by hairpin-dependent tran-
scription pausing. Coupling of transcription and translation
(Gong and Yanofsky, 2003), co-transcriptional RNA folding
(Wong et al, 2007), binding of elongation regulators
(Borukhov et al, 2005) and both p-dependent (Ciampi,
2006) and intrinsic (Farnham and Platt, 1981) termination
require RNAP pausing. It was shown that RNAP II pausing
may assist co-transcriptional splicing in Saccharomyces cere-
visiae (Alexander et al, 2010).

All transcription pauses are thought to be off pathway
(a non-obligatory) events (Herbert et al, 2008; Landick,
2009). This means that, upon pause signal recognition, the
EC branches off the nucleotide addition cycle (NAC). NAC is
the elemental step of transcription elongation. NAC starts
with formation of the phosphodiester bond between nascent
transcript and NTP bound in the i+ 1 site of RNAP. After
NMP incorporation, EC oscillates in a thermal equilibrium
between pre- and post-translocated states (Figure 1). The
post-translocated state is stabilized by binding of the incom-
ing NTP in the vacated i+ 1 site, which ensures unidirec-
tional movement of RNAP. This step is followed by the
repetition of the NAC. RNAP can turn away from the pathway
of the NAC, thus leading to a pause of transcription. This can
happen through backtracking of the EC, when the 3’ end of
RNA disengages from the RNAP active centre, or via a
conformational change in the RNAP active centre, which
slows down catalysis (Landick, 2009). In fact, backtracking
by 1bp (base pair), referred here as ‘backstepping’ (Cramer,
2006), is believed to be a stable translocation state and co-
exist in equilibrium with pre- and post-translocated states
(Wang et al, 2009; Roghanian et al, 2011). Pause signals are
thought to cause kinetic partitioning of RNAPs between

©2012 European Molecular Biology Organization


http://dx.doi.org/10.1038/emboj.2011.432
http://dx.doi.org/10.1038/emboj.2011.432
mailto:n.zenkin@ncl.ac.uk
http://www.embojournal.org
http://www.embojournal.org

Unchanged
base pairing

EC16 f )

-7 o

Second
—» phosphodiester
bond hydrolysis

Backstepped

) Pyrophosphoro
lysis

Pre-translocated

/““”“” \ NTP
- . > incorporation

)_LLLLLLL‘ Post-translocated
wut /. : ',{\ "

Mg?2*

Figure 1 Translocation oscillation of the elongation complex.
Scheme of RNAP oscillation in translocation equilibrium and the
architecture of the nucleic acids scaffold of the elongation complex
in post-translocated, pre-translocated and backstepped states, as
follows from our results (Supplementary Figure 1). The template
DNA, the non-template DNA and the RNA are black, blue and red,
respectively. Base pairs that break or form during oscillation
between these translocation states are shown in yellow. Catalytic
Mg? " ions and the i 4 1 site of the RNAP active centre are shown by
a red circle and an oval, respectively. Significant backtracking
further than 1bp was not observed in our experiments
(Supplementary Figure 1) and is omitted from the scheme.

active and paused states, as opposed to affecting all transcrib-
ing RNAPs uniformly (Landick, 2009). This means that some
RNAPs would stay in the pathway and not respond to the
pause signals. ‘In pathway’ pauses that are caused by delays in
the steps within the NAC have not been demonstrated so far.

Pre-translocated (in pathway) pauses, however, are intui-
tively acceptable and were proposed to exist by kinetic
modelling (Bai et al, 2004). An example of a translocation
pause is the o-dependent pause. It however requires an
accessory factor (o). Here we show that RNAP core is able
to recognize the sequence throughout the length of the RNA-
DNA hybrid, and that this may determine the rate of translo-
cation and, as a result, cause an ‘in pathway’ pause of
transcription. We show that this phenomenon is conserved
among multi-subunit RNAPs and may be involved in regula-
tion of some physiological processes such as production of
virulence factors in some bacteria and transcription and
replication of HIV-1.

Results

Analysis of translocation equilibrium of the EC
The aim of our study was to test if there exist sequences that
may cause pausing of transcription via recognition by RNAP
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core. We argued that such sequences, if they exist, must
change translocation equilibrium of the EC. Thermodynamics
modelling (Tadigotla et al, 2006) may subsequently exclude
sequences that affect translocation equilibrium through ther-
modynamics of nucleic acids scaffold, rather than via se-
quence recognition by RNAP. Monitoring RNAP reactions
that depend on the translocation equilibrium is a sensitive
method for search of such sequences (Kashkina et al, 2006;
Kent et al, 2009). We chose analysis of the rate of second
(penultimate from the 3’ end of RNA; Figure 1) phosphodie-
ster bond hydrolysis, which proceeds only from backstepped
(1 bp backtracked) state, and which is relatively slow, being
suitable for manual measurements (compared with NTP
incorporation and pyrophosphorolysis (see below)). The
backstepped state was shown to co-exist in equilibrium
with the pre- and post-translocated states, and the rate of
second phosphodiester bond hydrolysis was shown to di-
rectly depend on the translocation equilibrium (Zenkin et al,
2006; Kent et al, 2009; Roghanian et al, 2011).

We used ECs assembled with Escherichia coli RNAP
core (Figure 2A). Complexes were similar to those used in
our and other studies previously (Sidorenkov et al, 1998;
Yuzenkova et al, 2010), and are based on the sequence of the
transcribed region of the T7A1 promoter (the initial sequence
will be referred to as ‘wild type’, wt). Complexes were
assembled with 13 nucleotide long RNA (EC13) and then
walked by three positions to form EC16 (to allow free
translocational oscillation and backtracking). RNA was
labelled by incorporation of o-[**P]-NMP at the 3’ end,
allowing for subsequent monitoring of the cleavage products
(Figure 2A).

Translocation equilibrium strongly depends on base pair-
ing at the edges of the RNA-DNA hybrid and transcription
bubble (Zenkin et al, 2006; Kent et al, 2009). To exclude these
effects from our analysis, we decided to focus on the region
within the length of the RNA-DNA hybrid where, during
translocational oscillation, base pairs remain either melted
or paired, and where the strength of base pairing is not
expected to influence translocation equilibrium significantly.
Therefore, first, we determined the lengths of the transcrip-
tion bubble and the RNA-DNA hybrid in the EC. To do that,
we systematically introduced mismatches in the nucleic acids
of the EC (EC16"T) and measured the rate of second phos-
phodiester bond hydrolysis (Supplementary Figure 1).
Mismatches in base pairs that break or form during RNAP
oscillation (yellow in Figure 1) would affect the translocation
equilibrium, while mismatches in positions that remain
paired or unpaired during oscillation would not. The scheme
of the EC structure based on our results (Supplementary
Figure 1) is shown in Figure 1. As can be seen, 12-13 bp of
the DNA duplex are melted, while the length of the RNA-
DNA hybrid in the backstepped state is 10 bp. Importantly,
the obtained results are fully consistent with the current
understanding of the structure of the transcription EC
(Kashkina et al, 2007; Vassylyev et al, 2007a, b), thus validat-
ing the experimental system used in our study. Note, that no
significant backtracking further than 1 base pair was
observed (as judged by the absence of cleavage products
longer than dinucleotide), though it is not restricted by the
structure of the scaffold. This is consistent with observation
that backstepped complex is energetically stable transloca-
tion state (Wang et al, 2009).
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As follows from the above results (Figure 1), the base
pairing in the regions —7 to + 1 (relative to the position of the
RNAP active centre in the backstepped state) does not change
during translocational oscillation. To confirm that the
changes of the sequence in this region are not expected to
cause any significant thermodynamic effects on translocation
equilibrium, we calculated relative probabilities of RNAP
backstepping in ECs bearing substitutions in the region of
the RNA-DNA hybrid (substitutions were made simulta-
neously in the template and non-template strands and the
RNA so that no mismatches were introduced) using pre-
viously described thermodynamics model of the EC
(Tadigotla et al, 2006). This model takes into account the
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energies of base pairing and stacking interactions within the
nucleic acids scaffold. Relative probabilities of backstepping
are shown in logarithmic scale in Figure 2B, top (normalized
to the probability of backstepping in EC16"?, which was
taken as 1). Changes of sequence in the region between
positions —7 and + 1 indeed had no or very little effect on
probability of RNAP backstepping, comparing, for example,
to the changes in position —8. Strong base pairing in position
—8 is expected to favour backstepping, as the RNA-DNA
hybrid has to form at this position for the shift into the
backstepped state to occur.

Sequence of the RNA-DNA hybrid can influence
translocation equilibrium

In our in vitro analysis we focused on the region between
positions —7 and +1 of the nucleic acids scaffold, where
sequence does not influence translocation equilibrium
according to theoretical predictions, and used position —8
(which influences equilibrium according to thermodynamics
modelling) as a positive control. The rates of second phos-
phodiester bond hydrolysis in EC16s bearing systematic sub-
stitutions are presented in logarithmic scale in Figure 2B,
bottom (normalized to the rate of phosphodiester bond
cleavage in EC16%", which was taken as 1). As expected
from thermodynamics modelling, strong base pairing at
position —8 increased the rate of second phosphodiester
bond cleavage (note the match of theoretical and experimen-
tal results), while the most of the changes between positions
—7 and + 1 affected the reaction relatively weakly (less than
two-fold as compared with EC16™T). However, in contrast to
theoretical predictions, the in vitro analysis revealed that
several substitutions between positions —7 and + 1 led to a
significant increase (up to 13-fold) or decrease (up to 6-fold)
of the rate of the reaction (Figure 2B, bottom). Substitutions
+1C, —1A, —2A, —2T, —7C (here and after sequences of
nucleic acids in the EC are given according the sequence of
the non-template DNA strand) strongly stabilize, and —3T,
—4T, —4C destabilize the backstepped state of the EC16%T
(see also Supplementary Figure 2A). However, as mentioned

Figure 2 RNAP recognizes the sequence of the RNA-DNA hybrid.
(A) Representative gels of hydrolytic reactions in elongation com-
plexes bearing changes in the region of the RNA-DNA hybrid (here
and after, substitutions are depicted according to the sequence of
the non-template DNA). Sequences of the nucleic acids of the
EC16"T are shown at the top of the panel (see Supplementary
Methods). The arrow shows the second phosphodiester bond
hydrolysed in the backstepped state, and the frame shows the
region of the nucleic acids scaffold used in the substitution analysis.
Substitutions in EC16"T were introduced in the RNA, template and
non-template DNA strands simultaneously, so that no mismatches
were generated. (B) The top histogram shows probabilities of RNAP
occurrence in the backstepped state in EC16s bearing substitutions,
calculated by using a thermodynamic model of the elongation
complex (normalized to the probability of backstepping in
EC16"7", which was taken as 1). The bottom histogram shows the
rates of second phosphodiester bond hydrolysis, ks (as a measure
of RNAP backstepping), in EC16s bearing substitutions (normalized
to the rate of the reaction in EC16"", which was taken as 1).
(C) RNAP recognizes sequence of the RNA-DNA hybrid but not the
sequence of the non-template DNA. Rates of second phosphodiester
bond hydrolysis (presented as in panel B) in elongation complexes
bearing substitutions either in both, the RNA-DNA hybrid and the
non-template strand (black), or in the RNA-DNA hybrid alone
(grey), or in the non-template strand alone (white).
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above, these effects cannot be explained by changes in
thermodynamic properties of the EC (Figure 2B, top).

In the crystal structure of the EC, amino acids of the RNAP
main channel are in intimate contacts with the nucleic acids
along the length of the RNA-DNA hybrid (Vassylyev et al,
2007a). Our results, therefore, indicate that RNAP may
‘sense’ or ‘recognize’ the sequence of the nucleic acids
scaffold (chemical groups of the bases and/or small differ-
ences in the geometries of base pairs; see Discussion and
Supplementary Figure 2B), which leads to a shift in translo-
cation equilibrium and, as a result, to an altered rate of
hydrolysis of the second phosphodiester bond. Note also
that sequence recognition may affect backstepping stronger
than thermodynamic stability of the EC (Figure 2B, bottom;
compare effects of changes at position —8 to those in posi-
tions —7, —4, —2, —1 and +1).

From the above it is unclear if RNAP recognizes the
sequence of the non-template strand or the sequence of the
RNA-DNA hybrid of the EC. Therefore, we analysed hydro-
lysis in complexes bearing substitutions in either the non-
template strand alone or the RNA-DNA hybrid alone. We
tested substitutions that had the most pronounced effect on
the rate of hydrolysis (—7C, —4T, —2T, —1A, + 1C). As seen
from Figure 2C, substitutions in the non-template strand
alone had no effect on the rate of second phosphodiester
bond cleavage. In contrast, the rates of the reaction in
complexes bearing substitutions only in the RNA-DNA hy-
brid were very similar to the rates in complexes with simul-
taneous substitutions in both, the non-template strand and
the RNA-DNA hybrid (Figure 2C). Therefore, this result
indicates that RNAP senses the sequence of the RNA-DNA
hybrid, but not that of the non-template DNA strand, of the
EC. Supplementary Figure 2A shows graphical representation
of the RNA-DNA hybrid sequences recognized by RNAP.

Recognition of the RNA-DNA hybrid sequence
determines the rate of reactions catalysed by RNAP
The above results indicate that, if, due to recognition of the
RNA-DNA hybrid sequence, EC16 is stabilized in the back-
stepped state, ECs EC15 and EC14, on the same sequence,
should be stabilized in the pre-translocated and the post-
translocated states, respectively. To test that, we constructed
a nucleic acids scaffold containing all changes that stabilize
EC16 in the backstepped state, but do not affect the thermo-
dynamic stability of the EC according to thermodynamics
modelling (8-CGAAGTAC-15 (numbering from the 5 end of
the RNA)—stabilization sequence, ST (changes to WT se-
quence are in Italic); Supplementary Figure 2A). ECs EC14%7,
EC15%T, EC16°T formed on ST scaffold were analysed for the
rates of second phosphodiester bond hydrolysis, pyropho-
sphorolysis and NTP addition, which proceed exclusively
from backstepped, pre-translocated and post-translocated
states, respectively, and thus can give direct information
about translocation state of the EC. As seen from Figure
3A-C, EC14%T (only NTP addition is fast), EC15°T (only
pyrophosphorolysis is fast) and EC16°" (only second phos-
phodiester bond hydrolysis is fast) are indeed strongly stabi-
lized in post-translocated, pre-translocated and backstepped
states, respectively. In fact, EC15°T was frozen in the pre-
translocated state so strongly that it could not hydrolyse the
second phosphodiester bond, but instead performed hydro-
lysis of the first phosphodiester bond (Figure 3A), even
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Figure 3 Recognition of the RNA-DNA hybrid influences translo-
cation equilibrium of the elongation complex. (A) Kinetics of RNA
hydrolysis in EC14°%, EC15°" and EC16°", formed on the ST template
shown at the top (ST sequence in red). RNA in the complexes was
labelled at the 3’ end NMP to allow monitoring of the cleavage
products. Note that EC155T performs cleavage of the first, rather
than the second, phosphodiester bond. (B) Kinetics of pyropho-
sphorolysis in EC14%T, EC15°T and EC16%". RNA in the complexes
was labelled at the 3" end NMP, to allow monitoring of formation of
an NTP. Note that in EC16°T hydrolysis of the second phosphodie-
ster bond overtakes }gyrophos horolysis. (C) Kinetics of NTP in-
corporation in EC14°", EC15°" and EC16%", shown in logarithmic
scale. The solid lines are fits of the data (circles) into a single (for
EC14%T and EC15%") or a double (for EC16°T) exponential equation.
For EC16°", the rate of the slow fraction is shown (see text for
details). Data were normalized to predicted amplitudes of the fits,
which were taken as 1.

though the second one is a preferred substrate for hydrolysis
(Yuzenkova and Zenkin, 2010). Also, EC16%" was so strongly
stabilized in the backstepped state that pyrophosphorolysis in
it was outcompeted by second phosphodiester bond hydro-
lysis (Figure 3B) even at lower pH (pH 7), which is favourable
for pyrophosphorolysis (Sosunov et al, 2003) but strongly
slows down hydrolysis (Yuzenkova and Zenkin, 2010).
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Figure 4 Recognition of the RNA-DNA hybrid sequence causes transcription pauses in vitro and in vivo. (A) Kinetics of elongation on WT and
ST templates (shown at the top of the panel with ST sequence in red). (B) Recognition of the RNA-DNA hybrid sequence causes ‘in pathway’
pause of transcription. Kinetics of the extension of EC145T (red rectangles) supplied with 100 uM ATP and CTP, which allow transcription
through position 15 (blue circles) to position 16 (black triangles). Kinetics data were fitted into a single exponential equation (solid lines) and
normalized to the predicted maximal extension of EC14°T (which was taken as 1). Note that all RNAPs that escaped from EC14°T pause at
position 15. (C) Probing of pausing upon ST sequence recognition in vivo. The scheme of the construct used is shown above the gel, and paused
complexes observed in vitro (Supplementary Figure 3B) are designated below the sequence. Cells carrying plasmids with A2WT or A2ST
templates were treated with CAA in the presence (lanes 2 and 5) or absence (lanes 3 and 6) of rifampicin. Sequencing reaction on the A2WT
template is loaded as a marker. Positions of promoter —10 region, transcription start site and the ST sequence are shown as bars and an arrow.

No such correlation of the rates of hydrolysis, pyrophosphor-
olysis and NTP incorporation was observed for EC14"7,
EC15WT and EC16™T formed on WT sequence (Supple-
mentary Table 1). Fast pyrophosphorolysis in EC15°" was
not due to the identity of the 3’ end NMP of the RNA:
substitution of CMP at the 3’ end of RNA to GMP slowed
down pyrophosphorolysis just 2.5 times. Note also that the
structures of the nucleic acids scaffold in all complexes did
not restrict shift to any of the translocation states (Figure 2A),
indicating that the observed effects were due to the sensing of
the RNA-DNA hybrid sequence by RNAP.

As follows from Supplementary Figure 2A, every position
of the RNA-DNA hybrid influences (to various extents) the
translocation equilibrium of the EC. This suggests that vir-
tually any sequence of the RNA-DNA hybrid can determine
the translocation equilibrium of the EC and, as a result, the
rates of reactions catalysed by RNAP (see also below).

‘In pathway’ mechanism for pausing of transcription

We hypothesized that if recognition of the RNA-DNA hybrid
sequence can stabilize RNAP in the pre-translocated state, it
should cause a pause of transcription by restricting transloca-
tion into elongation-competent post-translocated state. To test
this hypothesis, we analysed transcription through the ST

634 The EMBO Journal VOL 31 | NO 3| 2012

sequence (Figure 4A). ECs EC13WT and EC13ST formed on
WT and ST sequences, respectively, were allowed to tran-
scribe to the end of the template. In agreement with the above
hypothesis, the ST sequence resulted in a pause of transcrip-
tion at position 15, where pre-translocated EC15%T is formed
(Figure 4A). No pause in this register was observed on WT
template (Figure 4A). In contrast to some previously de-
scribed pauses (Kireeva and Kashlev, 2009), the pause at
position 15 on the ST sequence was independent of the
identity of ANMP in position 16 of the template (Supple-
mentary Figure 3A). The result indicates that recognition of
the RNA-DNA hybrid sequence may cause pausing of tran-
scription by delaying translocation. The ST sequence also
caused a pause at position 16, which corresponds to the
backstepped EC16°7, suggesting that recognition of the RNA-
DNA hybrid sequence during transcription may also stimu-
late backtracking and as a result pausing of transcription (see
also below). Note that introduction of the ST sequence
strongly reduces pauses in positions 17-24 (Figure 4A).
These effects may be caused by different factors. For example,
reduction of the pause at position 17 may be caused by
introduction of T:A base pair five positions upstream of the
pause site, which, according to our results (Figure 2B,
Supplementary Figure 2A), would destabilize EC17WT.

©2012 European Molecular Biology Organization



In contrast, reduction of the pause at position 22 of WT
template may be due to thermodynamic effect of weakening
of the rear edge of the RNA-DNA hybrid (in the similar
manner as weak base pairs in position —8 destabilize back-
stepped state in Figure 2B). It is also possible that these
pauses on WT template are caused by yet unknown interac-
tion of RNAP with nucleic acids scaffold (such as interactions
of RNA exit channel with the transcript), which is altered by
introduction of the ST sequence.

RNAP passes through the pre-translocated state at every
NAC. Stabilization of EC15°T in the pre-translocated state
suggests that the pause at position 15 is caused solely by slow
translocation. The pause at position 15 thus may be a first
experimental evidence for a factor-independent translocation
pause, that is, of an ‘in pathway’ pause. This hypothesis
suggests that there should be no kinetic partitioning of the
ECs entering the pause, and all complexes should respond to
the pause signal. We measured the proportion of RNAPs that
pause at position 15 of the ST template (EC15°T) before being
extended further. RNAPs were allowed to transcribe from
EC14%T past EC15°T in 100pM NTPs. Reaction in nearly
saturating concentration of NTPs proceeds in millisecond
range and was therefore measured using a Quench Flow
device. As seen from Figure 4B, all RNAPs that have escaped
from EC14°T paused at position 15. In the timescale used, no
read-through to position 16 was observed even after full
extension of EC14°T. This result indicates that the pause
observed at position 15 is an obligatory event, that is, is an
‘in pathway’ translocation pause. Note that recognition of the
RNA-DNA hybrid sequence may participate not only in the
‘in pathway’ pausing: for example, it stabilizes EC16° (and
HIV-1 pause; see below) in the backstepped state, although
backstepping is an ‘off pathway’ event. Consistently, in
contrast to EC15%T, the kinetics of NTP incorporation in
EC16°T contains fast and slow phases (Figure 3C), suggesting
the existence of kinetic partitioning of the complexes, which
is a characteristic of an ‘off pathway’ pause (Kireeva and
Kashlev, 2009; Landick, 2009).

Recognition of the RNA-DNA hybrid sequence causes
pausing of transcription in vivo

To test if recognition of the sequence of the RNA-DNA hybrid
by RNAP can cause a pause of transcription in vivo, we
introduced ST sequence into initially transcribed region of
A2 promoter of T7 bacteriophage from position 28 to position
35. We confirmed that ST sequence indeed caused pre-trans-
located pause on this template in vitro (Supplementary Figure
3B), indicating that recognition of the RNA-DNA hybrid
sequence and pausing caused by it do not depend on
sequences upstream or downstream of the RNA-DNA hybrid.
Next, E. coli cells carrying plasmids containing either WT
T7A2 template (pT7BlueA2WT) or T7A2 template with ST
sequence (pT7BlueA2ST) were treated with chloroacetalde-
hyde (CAA). CAA, upon entering the cell, modifies single-
stranded regions of DNA, present in transcription initiation
and ECs. CAA-modified positions are then revealed by primer
extension on purified plasmids. As seen from Figure 4C, open
promoter complex formed on both pT7BlueA2WT and
pT7BlueA2ST (lanes 3 and 6). However, only pT7BlueA2ST
contained a region of stably open DNA, which corresponds to
the position of the ST sequence (Figure 4C, lanes 3 and 6).
This stably open region was eliminated by the addition of
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rifampicin, which prevents escape from the promoter into
elongation (Figure 4C, lanes 2 and 5). This result indicates
that the stable opening of DNA in the region of ST sequence
was due to a paused EC.

As mentioned above, all positions of the RNA-DNA hybrid
may influence the translocation equilibrium of EC (Supple-
mentary Figure 2A) to a different degree. Accordingly, com-
binations of some individual positions of the ST sequence
were also causing pausing of transcription, although weaker
than that caused by the full ST sequence (Supplementary
Figure 3C). Therefore, it is possible that there exists a large
number of configurations of the RNA-DNA hybrid sequence
that may disfavour translocation. This suggests that recogni-
tion of the RNA-DNA hybrid sequence may influence the
overall rate of transcription elongation.

RNA-DNA hybrid sequence recognition participates in
regulation of transcription

Some transcriptional pauses are known to be species-specific
(Artsimovitch et al, 2000; Kireeva and Kashlev, 2009), that is,
to be recognized by multi-subunit RNAPs from some organ-
isms, but not from the others. To test if recognition of the
RNA-DNA hybrid sequence is conserved among multi-sub-
unit RNAPs, we compared pausing on ST sequence between
E. coli RNAP, RNAP from distantly related Streptococcus
pneumoniae, and three eukaryotic RNAPs: pol I, pol II and
pol III. Intriguingly, we observed similar pausing at positions
15 and 16 by all RNAPs tested (Figure SA). The apparent
differences in pause efficiencies can be explained by the
various elongation properties of these RNAPs (such as hydro-
lysis efficiency, elongation rate and so on) as well as by
variations in amino acids contacting the RNA-DNA hybrid and
potentially participating in the hybrid sequence recognition
(Supplementary Table 2). Note also the existence of some
species-specific pauses further downstream the template.

We investigated two physiologically important hairpin-
independent pauses of transcription. Bacterial ops pause is
required for binding of a transcription factor RfaH to the
paused RNAP, making RNAP able to processively transcribe
downstream sequences of some bacterial operons (Bailey
et al, 1997; Artsimovitch and Landick, 2000; Santangelo
and Roberts, 2002). A pause of human immunodeficiency
virus, HIV-1, is required for a proper co-transcriptional fold-
ing of the nascent RNA, which is needed for binding of
protein Tat, the regulator of viral transcription and replication
(Palangat et al, 1998). The ECs paused on ops and HIV-1
signals were shown to be stabilized in the pre-translocated
and backstepped states, respectively (Artsimovitch and
Landick, 2000; Palangat and Landick, 2001). We hypothe-
sized that these pauses are caused by RNA-DNA hybrid
recognition. To test this hypothesis, we introduced sequences
of the ops signal (11 positions upstream and 12 positions
downstream of the pause site) and of the HIV-1 signal (12
positions upstream and 19 positions downstream of the
pause site) into the transcribed parts of the nucleic acids
scaffold (ops and HIV-1 scaffolds, respectively; Figure 5B and
C, respectively). As seen from Figure 5B and C, respectively,
E. coli RNAP paused in position 22 on the ops template
(EC22°P%), while Pol 1I formed a paused EC at position 22
of HIV-1 template (EC227V™1), both corresponding to the
previously determined pause sites (Palangat et al, 1998;
Artsimovitch and Landick, 2000). First, we noted, that, in
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agreement with the above hypothesis, pre-translocated
EC22°P° was followed by an additional pause, while back-
stepped EC22"V~! was preceded by an additional pause;
both patterns resembling pre-translocated EC15°T and
backstepped EC16°" formed on the ST template (Figure 4A).

Next, we introduced substitutions in the region of the
RNA-DNA hybrids of paused complexes that, according to
our results, should not favour stabilization of EC22°P® in the
pre-translocated state (antiops template, Figure 5B) and
EC22HV'! in the backstepped state (antiHIV-1 template,
Figure 5C). Three substitutions in the ops template and four
substitutions in the HIV-1 template significantly decreased
efficiency of corresponding pauses (Figure 5B and C). These
substitutions do not influence translocation equilibrium
through changes in the thermodynamic stability of the EC
(Figure 2B, top). Note that the RNA-DNA hybrid on the
antiHIV-1 template is not stronger than that on the HIV-1
template, indicating that the pause is not determined by a
weak hybrid as was proposed earlier (Palangat and Landick,
2001). Introduction of the above substitutions in the non-
template strands of scaffolds did not affect pauses signifi-
cantly (Supplementary Figure 4A and B), suggesting that ops
and HIV-1 pauses are caused by sensing of the RNA-DNA
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hybrid sequence by RNAP. Also, in agreement with the above
hypothesis, a pause following the ops pause and a pause
preceding the HIV-1 pause were also significantly decreased
by changes in the RNA-DNA hybrid. It should be noted
that, earlier, E. coli ops pause was shown to be efficiently
recognized by distantly related Bacillus subtilis RNAP
(Artsimovitch et al, 2000), suggesting that the mechanism of
pausing at ops site is conserved, which is consistent with the
conservation of the pausing caused by the RNA-DNA hybrid
sequence recognition. Note that some pauses downstream of
HIV-1 and ops signals were altered/reduced by the introduced
changes. These effects can be explained by alteration of the
hybrid recognition, thermodynamics effects or yet unknown
interaction of RNAP with nucleic acids (see also above).

Discussion

In this work, we showed that RNAP core can sense the
identity of base pairs at most of the positions of the
RNA-DNA hybrid of the EC. This recognition restricts the
oscillation of the EC between translocation states, and if
translocation equilibrium is shifted towards the pre-translo-
cated state the recognized sequence may cause a pause of
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transcription. A pause upon the RNA-DNA hybrid recogni-
tion happens if the rate of translocation slows down the NAC,
that is, is limiting relative to the rates of NTP binding and
phosphodiester bond formation. On most sequences, translo-
cation is presumably faster than the chemistry step of the
NAC. This is supported by our finding that EC14°", stabilized
in the post-translocated state, incorporated NTP only slightly
faster than complexes EC14™7T, 15%7, 16T formed on WT
sequence, which do not have preference to any of the
translocation states (compare Figure 3C and Supplementary
Table 1). However, even minor changes to the sequence of the
RNA-DNA hybrid may influence translocation equilibrium
(Supplementary Figure 2A) and cause a relatively strong
pausing of elongation (Supplementary Figure 3C). Note also
that short delays in translocation that are not limiting for the
NAC may increase probability of ‘off pathway’ events, such
as backtracking. Furthermore, it is possible that recognition
of the RNA-DNA hybrid sequence may also stabilize ‘off
pathway’ pauses caused by different signals. Our results are
supported by and are consistent with the earlier proposition
that the entire RNA-DNA hybrid may be a signal for pausing
and backtracking by pol II, and that pol II may somehow
‘feel’ it rather than respond to thermodynamics of nucleic
acids (Hawryluk et al, 2004).

Promoter escape is known to be influenced by the
sequence of the initially transcribed region downstream of
the transcription start site (Hsu et al, 2006), although the
mechanism of that is not understood. Results presented here
open a possibility that the abortive transcription, the effi-
ciency of promoter clearance and promoter-proximal pausing
may in part be determined by the sensing of the sequence of
the RNA-DNA hybrid formed during synthesis through the
initially transcribed region. Most recently, promoter proximal
c-dependent pausing by bacterial RNAP was shown to, in
part, depend on the sequence downstream of the elements
recognized by o-factor: the sequence corresponding to the
RNA-DNA hybrid of the paused complex (Perdue and
Roberts, 2010). This sequence causes backtracking by RNAP
thus stabilizing the pause. Our results indicate that this
phenomenon may involve recognition of the RNA-DNA
hybrid sequence by RNAP.

RNAP core was proposed to ‘sense’ the sequences of
downstream (Ederth et al, 2002) and upstream DNA
(Yuzenkova et al, 2011) during elongation. Taken together
with our results, this suggests that recognition of the se-
quences of the nucleic acids of the EC by RNAP, rather than
thermodynamics of the nucleic acids, may determine the
overall rate of transcription elongation. This may also explain
the response of RNAP to transcription factors, such as NusA,
NusG, RfaH, which may allosterically change some determi-
nants of sequence recognition by RNAP core and thus influ-
ence response to pauses and/or termination signals.

At present, we cannot establish whether RNAP recognizes
chemical groups of the RNA-DNA hybrid or its shape. Most
of the amino acids of the main channel of RNAP interact with
the phosphate backbone of the RNA-DNA hybrid, and thus,
likely, may sense deviations in the geometry of base pairs,
rather than chemical groups of the bases. Some amino acids
may possibly interact with the bases of the hybrid. We tested
several mutant E. coli RNAPs bearing alanine substitutions of
conserved amino acids of the main channel (BN568, fD1240,
B'P427, p'Q465 and B'M932) for their sensitivity to changes in

©2012 European Molecular Biology Organization

Novel type of transcription pausing
A Bochkareva et al

the RNA-DNA hybrid sequence (Supplementary Figure 2B).
fD1240, p'Q465 and 'M932 seem not to sense base pairs in
positions that are close to them in the EC (Vassylyev et al,
2007b). We however found that BN568 and 'P427 may be
involved in sensing of base pairs in positions —3 and —2
(BN568) and —1 (B'P427) of EC16 (Supplementary Figure 2B).

Materials and methods

Proteins and templates

RNAPs from E. coli, and S. pneumoniae were purified as described
(Sidorenkov et al, 1998). S. cerevisiae pol I, pol II and pol III were
kindly provided by Soren Nielsen (Newcastle University).
Sequences of oligonucleotides used for the ECs assembly and other
templates are shown in Supplementary Methods. T7A2-based
templates for promoter-specific transcription were obtained by
PCR. For in vivo experiments, T7A2-based templates were cloned in
pT7BlueT7A2 (Naryshkina et al, 2006).

Transcription assays

ECs were assembled as described (Yuzenkova et al, 2010;
Roghanian et al, 2011) in transcription buffer TB (20mM Tris-
HCI, pH 7.9, 40 mM KCl). For pyrophosphorolysis TB with pH 7 was
used. Complexes of E. coli RNAP were immobilized on Ni* "-NTA
agarose beads (Qiagen), while complexes of S. pneumonia RNAP
and pol I, I and III on streptavidin-agarose beads (Fluka) through
biotin on the 5 end of the non-template strand. All complexes were
assembled with 13 nucleotide long RNA (EC13), which was either
32p labelled at the 5’ end before complex assembly or labelled at the
3’ end after EC assembly by incorporation of the 3’ end [a->*P]NMP,
with subsequent removal of the unincorporated nucleotide through
washing of the beads with TB. Reactions were started by addition of
10mM (final) MgCl, with or without NTPs or PPi at concentrations
specified in figures, incubated for various times indicated in the
figures at 37°C (except for pol I, IT and III, which were incubated at
30°C) and stopped by addition of a loading buffer containing
formamide. Transcription on T7A2 templates was initiated with
100 uM dinucleotide CpG and 40uM CTP, ATP and GTP, one of
which was [0-32P] radiolabelled (7.5Ci/mmol). After 5min,
resultant complexes were immobilized on Ni*-NTA agarose beads,
washed to remove nucleotides as described (Zenkin et al, 2007) and
chased in the presence of all NTPs. Paused complexes for
Supplementary Figure 3B were isolated by washing chase reaction
after 10 s with TB. Pyrophosphorolysis and NTP addition in paused
complexes were performed as above. Products of all reactions were
resolved by denaturing (8 M Urea) 10, 20 or 23% PAGE, revealed by
Phosphorlmaging (GE Healthcare), and analysed using ImageQuant
software (GE Healthcare). A proportion of complexes that under-
gone reaction was plotted against time and fitted to a single
exponential equation by using nonlinear regression (Yuzenkova
et al, 2010). Fast kinetic experiments were performed and analysed
essentially as described (Yuzenkova et al, 2010), except for
assembled EC13 were walked by one position by addition of 1-uM
NTP specified by the template, before mixing them with 10 mM
MgCl, (final concentration) and NTPs (at concentrations specified
in figures) in a Quench Flow regime.

In vivo footprinting

DH5a cells transformed with plasmids carrying derivatives of T7A2
template were grown in 10 ml of M9 media with casamino acids to
ODggp 0.6. A volume of 600 ul CAA was added for 20 min at 37°C.
Cells were spin down and plasmids were immediately purified.
Analysis of the DNA modifications was performed by primer
extension and products were analysed by 6% PAGE, as above.

Thermodynamic modelling of transcription pausing

The probability calculations are based on a model of the EC as
described in Tadigotla et al (2006). Configuration of transcription
EC for calculations was as follows: 10 base pairs RNA-DNA hybrid,
2 unpaired bases of DNA upstream and 0 unpaired bases of DNA
downstream of the hybrid (Figure 1). We also restricted the number
of translocation states to pre-translocated, post-translocated and
backstepped (backtracking by 1bp) based on our experimental
results. The probabilities of the backstepped state given by the
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Boltzmann distribution were normalized to the probability of
backstepping of EC16"", which was taken as 1.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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