ISSN 0006-2979, Biochemistry (Moscow), 2020, Vol. 85, No. 7, pp. 792-800. © Pleiades Publishing, Ltd., 2020.
Published in Russian in Biokhimiya, 2020, Vol. 85, No. 7, pp. 929-939.
Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM20-117, June 29, 2020.

Role of Interactions of the CRE Region of Escherichia coli RNA
Polymerase with Nontemplate DNA during Promoter Escape
I. V. Petushkov1,a* and A. V. Kulbachinskiy1
1

Institute of Molecular Genetics, Russian Academy of Sciences, 123182 Moscow, Russia
a
e-mail: telomer1@rambler.ru
Received May 7, 2020
Revised June 9, 2020
Accepted June 10, 2020

Abstract—RNA polymerase (RNAP) recognizes promoter DNA through many interactions that determine specificity of
transcription initiation. In addition to the dedicated transcription initiation σ factor in bacteria, the core enzyme of RNAP
can also participate in promoter recognition. In particular, guanine residue at the +2 position (+2G) of the nontemplate
DNA strand is bound in the CRE pocket formed by the RNAP β subunit. Here, we analyzed the role of these contacts in
the process of promoter escape by RNAP by studying point mutations in the β subunit of Escherichia coli RNAP that disrupted these interactions. We found that the presence of +2G in the promoter slowed down the rate of promoter escape and
increased proportion of inactive complexes. Amino acid substitutions in the CRE pocket decreased the promoter complex
stability and changed the pattern of short RNA products synthesized during initiation, but did not significantly affect the
rate of transition to elongation, regardless of the presence of +2G. Thus, the contacts of the CRE pocket with +2G do not
make a significant contribution to the kinetics of promoter escape by RNAP, while the observed changes in the efficiency of
abortive synthesis are not directly related to the rate of promoter escape.
DOI: 10.1134/S000629792007007X
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INTRODUCTION
To initiate transcription, RNA polymerase (RNAP)
locally melts ∼13 base pairs of DNA duplex at the transcription start point, resulting in the formation of an open
promoter complex (RPo) [1]. During promoter binding,
the –35, –10 elements of the promoter and the discriminator region downstream of the –10 element are recognized by the σ factor. The β subunit of the RNAP core
enzyme can also form specific contacts with nucleotides
of the nontemplate DNA strand in the melted region
from –4 to +2 positions, which is called core recognition
element (CRE). Interactions of the guanine residue at the
position +2 (+2G) are of particular interest. This residue
is unstacked from the surrounding nucleotides and is
placed in a special pocket formed by the conserved amino
acid residues of the β subunit, the CRE pocket (Fig. 1a)
Abbreviations: CRE, core recognition element; ITS, initially
transcribed sequence; RNAP, RNA polymerase; RPint, initiating RNAP-promoter complex; RPo, open RNAP-promoter
complex; WT, wild type.
* To whom correspondence should be addressed.

[2-4]. Although these interactions were observed in structural studies of the promoter complex, analysis of the
sequences of numerous promoters did not reveal any consensus motifs in this region suggesting that they are not
strictly required for promoter recognition and may
instead be important at later stages of transcription [5].
For example, in a number of promoters in E. coli their
interactions with CRE pocket were shown to be important for determination of the transcription start site [6].
During the synthesis of the first 4-6 nucleotides of
RNA transcript, the 5′-end of the growing RNA collides
with the region σ 3.2, which directly contacts with the
template DNA strand and positions it in the active center of RNAP [3, 7, 8]. The collision makes difficult further RNA extension and, as a result, causes transcriptional pausing at the +6 position [9]. However, pausing at
this position could also be observed in the case of deletion of the region σ 3.2, because its formation is also
facilitated by the TG motif located at the +6/+7 positions of the promoter [10]. Substitution D446A in the
CRE pocket of the β subunit increases duration of the
pause, indicating importance of the contacts of the CRE
pocket with the guanine residue in the nontemplate
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b

Fig. 1. Interactions of Thermus thermophilus RNAP with nontemplate DNA strand in the transcription initiation complex [3]. a) Specific
RNAP interactions with DNA near the active center. Two catalytic Mg2+ ions are indicated by red spheres. Bridge helix (BH) is shown in purple, first two RNA nucleotides are shown in yellow. Template DNA strand in the active center is shown in black, nontemplate DNA strand –
in blue. Guanine residue at the +2 position (shown in red) is unstacked from DNA and interacts with CRE pocket of the β subunit (residues
D446, E546 are shown). Nucleotide at the +1 position of the nontemplate strand interacts with the residue W183 in the β subunit. The –10
element of the promoter interacting with region 2 of the σA subunit is highlighted in pink. b) Promoter T7A1cons and its variant with the +2G
substitution; the –35, –10 promoter elements and the transcription start point are shown. (Colored versions of Figs. 1-4 are available in online version of the article and can be accessed at: https://www.springer.com/journal/10541)

strand for suppression of pausing during transcription
initiation [10]. Furthermore, these contacts play a similar role in suppression of pauses at the elongation stage of
transcription [11]. It has also been shown that mutations
in the CRE pocket affect the overall rate of elongation
and transcription termination efficiency. Thus, this
region plays a role at all stages of transcription [12]. In
addition to the CRE pocket, an adjacent conservative
residue W183 in the β subunit, which interacts with the
nucleotide residue at the +1 position of the nontemplate
strand (Fig. 1), is also involved in the formation of promoter complexes. These contacts were shown to affect
the efficiency of abortive RNA synthesis and also contribute to the formation of RPo on promoters of the
alternative σ54 subunit [13].
BIOCHEMISTRY (Moscow) Vol. 85 No. 7 2020

During incorporation of the first nucleotides, which
is accompanied by melting of the downstream DNA
duplex, RNAP retains most contacts with promoter elements, resulting in the formation of a strained
“scrunched” complex with a noncanonical size of the
transcriptional bubble [14-16]. The accumulated stress
can lead to a partial or complete backtracking of RNAP,
leading to the release of an abortive RNA product. When
the size of RNA transcript reaches a length of 9-15
nucleotides, the accumulated energy becomes enough to
break contacts with the promoter, which contributes to
the transition from the initiating complex (RPint) to the
elongation complex [10, 16-20]. Direct interactions of
the RNA transcript with the 3.2 region also make an
important contribution to this process [9, 21-24].
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Little is known about the kinetics of promoter escape
and the factors that can modulate this process. It has been
shown that stronger contacts with the key promoter elements slow down the rate of promoter escape [21, 25]. The
effects of the initially transcribed sequence (ITS) on the
kinetics of transcription initiation are more complex.
Substitutions in the ITS can lead to up to 10-fold and 25fold changes in the level of transcription in vivo and in
vitro, respectively [26, 27]. Relative amounts of the
abortive and full-length products, as well as the size of
abortive products, depend on the ITS sequence [27-30].
Several factors were suggested to explain the observed
effects of the ITS on the rate of promoter escape, including changes in the stability of the downstream DNA
duplex, stability of the RNA-DNA heteroduplex, and
proportion of the non-productive complexes formed during abortive synthesis [10, 31]. Such non-productive complexes were recently shown to form paused or partially
backtracked states using single-molecule techniques [10,
32]. It can be assumed that specific contacts of the CRE
nucleotides with the core enzyme of RNAP can affect
kinetics of this process. By analyzing many ITS variants
on different promoters, it was found that in the case of the
lacUV5 promoter the +2G substitution increased the rate
of transition to elongation, although the presence of additional contacts could have been expected to delay promoter clearance. This effect was specific for lacUV5, but was
not observed for two other studied promoters [31]. Thus,
the exact role of the CRE pocket and its interactions
with +2G in the process of promoter escape remains
unclear. Also, the role of interactions of the +1 nucleotide
in the nontemplate strand with the residue W183 in this
process has not been examined. In this study, we analyzed
the roles of contacts of residues +1 and +2 in the nontemplate strand with the core enzyme of RNAP in the process
of promoter escape, using a molecular beacon assay [33,
34] combined with transcription in vitro.

MATERIALS AND METHODS
Cloning and protein purification. RNAP core enzyme
(with 6 histidine residues at the N-terminus of the β subunit) was expressed using the pIA679 plasmid encoding all
RNAP subunits under the control of the T7 RNAP promoter [35]. Substitutions W183A, D446A, E546A in the β
subunit were generated by site-directed mutagenesis in the
rpoB gene [12]. The RNAP core enzyme was isolated from
E. coli strain BL21(DE3). Protein expression, cell disruption, precipitation with Polymin P and ammonium sulfate
(Sigma-Aldrich, USA) followed by chromatographic
purification of the enzyme on heparin, Ni-affinity, and
anion-exchange columns were carried out according to
the published procedure [35]. Expression and chromatographic purification of the σ70 subunit was performed as
previously described [7]. The σ70 subunit containing a

unique cysteine residue at position 211 was expressed and
purified by a similar procedure and labeled with tetramethylrhodamine-5-maleimide as described [34].
In vitro transcription. Transcription templates containing the T7A1cons promoter (from –85 to +53 positions relative to the start point) and its variant with
the +2G substitution were generated by PCR using a Pfu
DNA polymerase (Thermo Fisher Scientific, USA) and
purified using a GeneJET PCR purification kit (Thermo
Fisher Scientific) [12, 36]. The core enzyme (50 nM final
concentration) and the σ70 subunit (250 nM) were mixed
in a transcription buffer TB40 (40 mM Tris-HCl, SigmaAldrich), pH 7.9, 40 mM NaCl (Roth, Germany),
10 mM MgCl2 (Sigma-Aldrich), a T7A1cons template
(25 nM) was added, and the samples were incubated for
10 minutes at 37°C. For detection of both abortive and
full-length products, a mixture of ApU primer with final
concentration 100 µM, ATP and CTP with final concentration 25 µM each, GTP – 7 µM and 2.5 µCi [α32
P]GTP were added. To obtain 5′-labeled abortive RNA
transcripts, a mixture of GTP, CTP, UTP with final concentration 25 µM and 2.5 µCu [γ-32P]ATP was added.
Transcription was stopped after 10 minutes by adding an
equal volume of stop solution (8 M urea, 20 mM EDTA,
Sigma-Aldrich). RNA products were analyzed using 23%
or 30% denaturing PAGE; detection was performed using
a Typhoon FLA 9500 scanner (GE Healthcare, USA).
Measurements of the promoter complex half-life and
the rate of promoter escape by molecular beacon assay. All
experiments were carried out in a TB40 buffer in the presence of 0.01% (v/v) Tween-20 in an 800 µl cuvette at 37°C.
Fluorescence was excited at 550 nm and recorded at
580 nM (monochromator slit widths 10 nm) with a
QuantaMaster QM40 fluorimeter (Photon Technology
International, USA). The labeled σ70 subunit was added to
the reaction mixture to final concentration of 1 nM. Then
the core enzyme was added to final concentration of 4 nM
and promoter DNA – to final concentration of 5 nM; next
the mixture was incubated for 5 min. To measure stability
of the promoter complex, heparin was added to concentration 100 µg/ml, the sample was mixed with a micropipette
for about 10-15 seconds and the detector was switched on
[37]. To measure the rate of promoter escape after RPo
assembly, a 1000-fold excess of unlabeled σ70 subunit was
added to the reaction mixture (to avoid reinitiation of transcription with labeled σ70) and then a mixture of all NTP
was added to final concentration of 100 µM. Fluorescence
intensity was normalized to the signal amplitude and
approximated by the first order kinetics [25, 37].

RESULTS
The effect of point mutations in the CRE region on
transcription from the T7A1cons promoter. In this study,
we analyzed three mutant RNAP variants with substituBIOCHEMISTRY (Moscow) Vol. 85 No. 7 2020
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tions D446A, E546A, and W183A in the β subunit, which
were shown previously to disrupt interactions of RNAP
with the +2 and +1 nucleotides of the nontemplate promoter strand [2, 12]. For this analysis, we used the
T7A1cons promoter with the consensus –10 element
(TATAAT) and a nearly consensus –35 element
(TTGACT vs. TTGACA) (Fig. 1b). This promoter is
highly active in the synthesis of full-length and abortive
RNA products in vitro, forms stable complexes with
RNAP and is therefore a good model for studying mechanisms of the promoter escape [3, 7, 8, 2, 38, 39]. We tested activity of the mutant polymerases on this promoter, as
well as of its variant containing a guanine residue in
the +2 position (+2G substituted for +2T, Fig. 1b).
To compare transcriptional activities of the wildtype and mutant RNAP variants, we first analyzed transcription in the presence of an incomplete set of
nucleotide substrates, allowing for 20 nt RNA synthesis
(since UTP, which should be included at the 21st position, was missing from the reaction mixture). It was
found that under these conditions, all RNAPs were capable of transition to elongation and synthesized 20 nt
RNA with comparable efficiencies (Fig. 2a). All poly-

a
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merases also synthesized a large number of abortive
products up to 15 nucleotides in length, but the efficiency of 6-14 nt RNA synthesis was lower for the D446A
and E546A mutant RNAPs.
To assess the effects of mutations in RNAP and the
+2G substitution on the synthesis of short abortive products, we performed transcription using [γ-32P]ATP, which
allowed to label all synthesized RNAs at the 5′-end. It was
shown that substitution +2G led to a noticeable decrease
in the amounts of short RNAs with a length of 2-4 nt, but
had a weaker effect on the synthesis of longer products
(Fig. 2b). A similar effect was observed both in the case of
wild-type RNAP (WT, compare lanes 1 and 2) and in the
case of mutant RNAPs. In the case of mutant RNAPs
with the D446A and E546A substitutions, an additional
decrease in the amounts of 2-4 nt RNAs was observed for
both promoter variants (compare lanes 1, 3, and 5 for
T7A1cons and 2, 4, and 6 for T7A1cons+2G).
The ratio of abortive and productive RNA products
is an important characteristic of the efficiency of transition from transcriptional initiation to elongation. Thus,
the observed effects suggest that the +2G substitution in
the promoter, as well as mutations in the CRE region of

b

Fig. 2. Effect of substitutions in the CRE region of E. coli RNAP on RNA synthesis during transcription initiation. a) 20-Mer RNA synthesis from the T7A1cons promoter (23% denaturing PAGE). Profile of RNA products normalized to the intensity of the 20 nt product is
shown on the left. b) RNA products obtained upon initiation of transcription from T7A1cons and T7A1cons+2G in the presence of
[γ-32P]ATP (30% denaturing PAGE).
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RNAP, could affect the rate of promoter escape by changing contacts of RNAP with the promoter DNA.
Measurements of stability of promoter complexes by
molecular beacon assay. The molecular beacon assay is
based on measurements of changes in the fluorescence of
labeled σ factor upon binding of RNAP to promoter
DNA. The fluorophore is covalently attached to the Cys
residue at position 211 of the σ70 subunit located near the
region 2, which recognizes the –10 promoter element.
During formation of the promoter complex, DNA binding causes conformational changes of aromatic residues
in the region 2 and removes them away from the fluorophore, which results in the increase of fluorescence.
This allows real-time monitoring of the formation and
dissociation of the promoter complex [33, 34, 40, 41].
To confirm the role of the +2G residue in stabilization of the promoter complex, we measured dissociation
kinetics of the promoter complex in the presence of a
DNA competitor heparin using the T7A1cons and
T7A1cons+2G promoters. During complex dissociation,
fluorescence decreases due to the loss of contacts between
the σ subunit and the –10 promoter element (Fig. 3a). As
expected, the +2G substitution increased stability of the

promoter complex measured in this assay (half-life t1/2
increased from ∼158 to ∼209 s for WT RNAP; Fig. 3, a
and b).
We also tested RNAPs with substitutions of amino
acid residues that contact +2G [2, 6, 11, 12]. It was
shown that the D446A substitution decreased stability of
the T7A1cons promoter complex in comparison with the
WT RNAP (t1/2 = 68 and 158 s, respectively; Fig. 3b). In
addition, RNAP with this substitution was unable to recognize +2G in the promoter sequence (t1/2 was not
increased in the case of T7A1cons+2G). The substitution
E546A resulted in a similar, but weaker effect. The substitution W183A led to a significant destabilization of the
promoter complex (Fig. 3b). Thus, in accordance with
the published structural and biochemical data, the contacts of the +2G residue with the CRE pocket increased
stability of the promoter complex demonstrating that this
experimental system could be used to study the role of
these interactions in promoter escape.
Measurements of the rate and efficiency of promoter
escape by molecular beacon assay. Using the model system described above, we measured the rate and efficiency
of RNAP escape from the T7A1cons and T7A1cons+2G

a

b

Fig. 3. Effect of the +2G residue on stability of the promoter complex. Measurements were carried out using the molecular beacon assay.
a) Kinetics of the promoter complex dissociation in the presence of heparin for the T7A1cons and T7A1cons+2G promoters for WT and
D446A RNAPs. b) Half-life of promoter complexes (t1/2) for WT and mutant RNAPs containing mutations in the CRE region on the studied
promoters. Measurements with the W183A RNAP on the T7A1cons+2G promoter were not performed.
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Fig. 4. Effect of residue +2G on the process of promoter escape. a) Kinetics of promoter escape for T7A1cons and T7A1cons+2G, measured
for wild-type and D446A RNAPs. b) Promoter escape times (t1/2) for wild-type and mutant RNAPs with substitutions in the CRE region.
c) Fractions of inactive initiation complex (RPint).

promoters. Nucleotide substrates were added to the preformed promoter complexes and changes in fluorescence
during the transition to transcription elongation were
monitored in real time. The process of promoter escape
can be described by the first-order kinetics (Fig. 4a). The
time during which half of the active complexes escape
from the promoter (t1/2) can be used as a measure of the
rate of this process (Fig. 4b). Furthermore, the efficiency
of promoter escape can be determined from the fraction
of inactive complexes that do not break contacts with the
promoter during the course of experiment, thus forming a
plateau on the fluorescence curve (Fig. 4, a and c). This
fraction could correspond to either catalytically inactive
complexes or initiating complexes that are engaged in
abortive RNA synthesis, but cannot leave the promoter.
For WT RNAP, t1/2 was about 60 s, and the fraction of
BIOCHEMISTRY (Moscow) Vol. 85 No. 7 2020

inactive promoter complex was about 8% (Fig. 4, a-c).
The substitution +2G in the promoter led to a >2-fold
decrease in the rate of promoter escape (t1/2 = 136 s),
while the fraction of inactive complexes increased ∼3-fold
(up to 24%).
To understand whether the observed effects depend
on the contacts of +2G with the CRE pocket, we tested
the effects of the D446A and E546A substitutions on the
transition to elongation. The substitution D446A did not
affect the rate of escape from the T7A1cons promoter, but
led to a significant increase in the proportion of inactive
complexes (up to 30%). On the T7A1cons+2G promoter,
the time of promoter escape for this RNAP increased to
101.5 s, while the proportion of inactive complexes
reached 40%. The substitution E546A slightly increased
the rate of escape from the T7A1cons promoter, but did
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not affect the fraction of inactive complexes. In the case
of W183A RNAP, we observed a slight decrease of the rate
of promoter clearance.
Thus, the results obtained by the molecular beacon
assay indicate that the +2G substitution greatly reduces
the rate of transition to elongation and increases the fraction of inactive complexes. Mutation D446A does not
affect the rate of promoter escape but leads to the formation of a large amount of inactive promoter complexes.

DISCUSSION
In this work, we studied the role of RNAP contacts
with the CRE region on stability of the promoter complexes and transition to elongation using the molecular
beacon assay. This method allows detecting formation
and breaking of the contacts of the σ factor with the –10
promoter element during transcription initiation. We
showed that the presence of the +2G residue in the
T7A1cons promoter increases stability of the promoter
complexes, which was in agreement with the published
data [2, 12]. Point amino acid substitutions D446A and
E546A disrupt the interactions of the +2G residue with
the CRE pocket and make promoter complexes insensitive to the +2G substitution. The substitution W183A
leads to a significant decrease in the lifetime of the complexes (about 3-fold), which supports the available data
on the role of interactions of W183 with the nontemplate
promoter strand in stabilization of promoter complexes
[12, 13]. The experiments confirm functional interactions
of RNAP with the CRE region in this promoter.
This allowed us to study the role of these interactions
in the process of promoter escape. It was shown that the
point mutations in the CRE pocket of RNAP either do
not affect the rate of promoter escape, or have a relatively small effect (a slight decrease in the rate is observed
only for the W183A substitution). Furthermore, the presence of the +2G residue in the promoter leads to a significant decrease in the rate of promoter escape and an
increase in the fraction of inactive complexes. This effect
could be explained by the interaction of +2G with the
CRE pocket. However, the D446A substitution can only
partially suppress the effect of +2G in the T7A1cons+2G
promoter (acceleration by ∼25% relative to WT RNAP),
while the E546A substitution has almost no effect on this
process. Thus, the contacts of the CRE pocket with +2G
are not critical for promoter escape. Based on the structural data for RPint from E. coli and T. thermophilus
RNAPs containing short 4 and 6 nt RNA transcripts,
interactions of +2G with the CRE pocket are not evident
in the complexes [3, 4]. This indicates that these contacts
are broken prior to the contacts of the nontemplate DNA
strand with the σ subunit. This may likely explain why the
substitution D446A has only a small effect on the rate of
promoter escape.

Analysis of abortive RNA products in in vitro transcription experiments shows that the efficiency of
abortive synthesis poorly correlates with the rate of promoter escape. Thus, the amount of short abortive transcripts synthesized on the T7A1cons+2G promoter is
much smaller than in the case of T7A1cons lacking +2G.
This is probably due to the fact that the presence of an
additional rG/dC pair in the RNA-DNA hybrid (as compared with rU/dA in T7A1cons) results in a more stable
retention of short RNAs in the initiation complex [42]. At
the same time, the rate of transition to elongation in the
case of this promoter is much lower. In addition, the proportion of inactive complexes is significantly higher in the
case of the T7A1cons+2G promoter. This can be
explained by a slower RNAP translocation or by formation of inactive transcription intermediates without dissociation of short RNA products in these promoter complexes. Indeed, single-molecule studies revealed transcriptional pausing during abortive synthesis, as well as
temporal backtracking of the initiating complexes without transcript dissociation [10, 32]. The presence of such
complexes has a significant effect on the rate of promoter
escape [32]. Perhaps, the +2G substitution leads to the
increase in the fraction of such complexes, which could
be examined in further studies at the single-molecule
level.
The D446A substitution has little effect on the rate of
transition to elongation, although it decreases the efficiency of abortive synthesis. In addition, this mutation
does not compensate for the decrease in the rate and efficiency of transition to elongation on the T7A1cons+2G
promoter. This suggests that the effects observed on this
promoter cannot be explained by the contacts of +2G
with the CRE pocket. Moreover, the substitution D446A
significantly increases the fraction of inactive complexes
in the case of the T7A1cons promoter that does not contain +2G. It can be suggested that both specific (in the
presence of +2G) and non-specific (in its absence) contacts of the residue D446 with the nontemplate DNA
strand can suppress formation of inactive complexes during initiation. When this residue is mutated, a higher proportion of the complexes becomes inactive, but the active
complexes leave the promoter at a rate comparable to the
wild-type RNAP.
One can assume that disruption of the contacts of the
RNAP holoenzyme with the promoter DNA should lead
to acceleration of the rate of transition to elongation, but
this is not true for the mutations in the CRE region. The
substitution W183A slows down the rate of promoter
clearance, although it decreases stability of the promoter
complexes. It is likely that the contacts of W183 residue
with the nontemplate DNA strand could promote RNAP
translocation during the initial stages of RNA synthesis.
In the case of RNAP with the D446A substitution, there
is also a decrease in stability of the promoter complexes,
but there is no effect on the rate of promoter escape.
BIOCHEMISTRY (Moscow) Vol. 85 No. 7 2020

ROLE OF CRE REGION DURING PROMOTER ESCAPE
In conclusion, the presence of +2G residue in the
initially transcribed region can affect not only stability of
the promoter complexes but also transition to elongation,
by changing efficiency of the abortive synthesis and the
rate of RNAP escape from the promoter. Importantly, the
intensity of the abortive RNA synthesis during initiation
does not directly correlate with the rate of transition from
initiation to elongation. Mutations in the CRE region of
RNAP can increase the proportion of inactive initiating
complexes (D446A RNAP) or decrease the rate of promoter escape (W183A RNAP). These effects are not
related to the recognition of +2G, but could be explained
by interactions of this region with subsequent nucleotides
of the nontemplate DNA strand. Further studies of transcription initiation, primarily at the single-molecule
level, can help to elucidate the detailed mechanisms of
these processes.
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