Biochemistry (Moscow). Papers in Press. Published on February 11, 2019 as Manuscript BM18-301.

The 24 Subunit of Escherichia coli RNA Polymerase
Can Induce Transcriptional Pausing in vitro

24 SUBUNIT OF Escherichia coli RNAP CAN INDUCE TRANSCRIPTIONAL
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Abstract—The bacterium Escherichia coli has seven  subunits that bind core RNA
polymerase and are necessary for promoter recognition. It was previously shown that
the 70 and 38 subunits can also interact with the transcription elongation complex
(TEC) and stimulate pausing by recognizing DNA sequences similar to the –10 element
of promoters. In this study, we analyzed the ability of the 32, 28, and 24 subunits to
induce pauses in reconstituted TECs containing corresponding –10 consensus elements.
It was found that the 24 subunit can induce a transcriptional pause depending on the
presence of the –10 element. Pause formation is suppressed by the Gre factors,
suggesting that the paused complex adopts a backtracked conformation. Some natural
promoters contain potential signals of 24-dependent pauses in the initially transcribed
regions, suggesting that such pauses may have regulatory functions in transcription.
Keywords: transcriptional pausing, RNA polymerase, alternative  factors, Gre proteins
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The  factors play a crucial role in the process of transcription by allowing RNA
polymerase (RNAP) to recognize different classes of promoters. All studied bacteria
have the principal  subunit (70 in E. coli) that is needed for transcription of
housekeeping genes [1, 2].
Alternative  subunits can recognize promoters that are significantly different
from those recognized by the principal  subunit and control gene expression in
response to changes in the environment and stress factors. In E. coli, six alternative 
subunits were found, which could be divided into two families according to their protein
sequence, 70 and 54 [2, 3]. The first family includes 70, 38, 32, 28, 24, and 19,
while the second has only 54, which differs significantly from the others by the
structure and mechanism of action; unlike 70 family members, it needs an activator
protein and ATP hydrolysis for transcription initiation [4]. The 70 family contains four
groups of  factors [2, 5]. The principal 70 subunit of E. coli is a member of group 1
and consists of four conservative regions (1, 2, 3, 4) as well as a nonconserved
region (NCR) between 1 and 2. Members of group 2 emerged from independent
events of gene duplications in different bacteria [6]. A well-known member of group 2
in E. coli is 38, which lacks region 1 and NCR. Analysis of the promoter complex
structures and amino acid sequences revealed a high level of similarity between 70 and
38, which allows them to recognize similar promoters [2, 7, 8]. The 38 subunit is
needed for transcription during stationary phase, plays a role in stress response (osmotic
shock, high temperatures), and also participates in transcription at low temperatures [9,
10]. Group 3 is heterogeneous and includes multiple subgroups [6]. In E. coli the
members of this group are 32 and 28; their domain organization is similar to that of
38, but their sequences differ significantly and, accordingly, they recognize promoters
with distinct sequences [11, 12]. The 32 subunit recognizes promoters of genes during
heat shock response [13, 14]. 28 recognizes promoters of genes responsible for flagella
synthesis [15-17]. The expression of this  factor is also important for biofilm formation
[18].
Members of group 4 have only regions 2 and 4, which are necessary for the
recognition of the –10 and –35 promoter elements, respectively [1, 2, 6]. Escherichia
coli has two representatives from this group, 24 and 19. 24 initiates transcription of
heat shock genes as well as genes of the periplasmic stress response (triggered by
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increased levels of misfolded proteins) [19-21]. This subunit is also necessary for cell
resistance to Cu, Zn, and Cd ions [22]. The smallest 19 participates in the transport of
Fe ions at low intracellular Fe concentrations [23].
According to the classical model of transcription initiation, the  subunit leaves
the transcription complex during promoter escape. However, it was later found that the
70 subunit could stay bound to RNAP during the elongation phase of transcription [2429]. Moreover, 70 is able to rebind free transcription elongation complex (TEC) [3034]. When bound to the TEC, the  subunit can recognize promoter-like sequences,
which leads to transcriptional pausing [35, 36]. The key signal required for pause
formation is a –10-like element in the transcribed DNA, which is recognized region 2
of  in the nontemplate DNA strand [30, 36-39]. The –35-like elements as well as DNA
sequences around the RNA 3′-end, which can promote TEC backtracking, can also
contribute to RNAP stalling [40-42]. Although 70-dependent pausing could be
observed in both phage and bacterial genes [30, 36, 38, 43], the functional role of such
pauses in most cases remains unknown (reviewed in [35, 44]).
Recently, we have shown that not only 70 but also 38 can induce
transcriptional pauses, whose formation is dependent on the presence of –10-like
elements [34]. However, it is not known if any of the other  subunits in E. coli could
induce transcriptional pausing. The goal of this work was to determine whether
alternative 32, 28, or 24 subunit could induce transcriptional pauses in vitro.

MATERIALS AND METHODS

Reagents. The following reagents and compounds were used: Tris, acrylamide,
N,N-methylene bis-acrylamide, urea, imidazole, magnesium chloride, sodium chloride,
potassium chloride, phenylmethylsulfonyl fluoride (PMSF), and rifampicin (all from
Sigma, USA; purity >99%); EDTA from Dia-M, Russia; 99.2%), isopropyl -D-1thiogalactopyranoside (IPTG) (Thermo Fisher Scientific, USA;

>99%), potassium

dihydrogen phosphate and potassium hydrogen phosphate (Roth, Germany; >99%);
lysozyme (Amresco, USA; ultrapure); nucleotide triphosphates (NTPs) (Illustra, GE
Healthcare, UK; >98%), kanamycin and ampicillin (Sintez, Russia).
Protein purification. Escherichia coli RNA polymerase (RNAP) core enzyme
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with a 6× His-tag on the -subunit N-terminus was purified from the E. coli
BL21(DE3) strain carrying the expression plasmid pVS10 containing all core RNAP
genes under the control of T7 RNAP promoters. Protein expression and purification
were performed as described previously [45].
The rpoH and rpoF genes, encoding the 32 and 28 subunits, respectively, were
cloned into the pET29 vector between the NdeI and XhoI sites. The resulting plasmids
pET29_proH and pET29_rpoF were used for transformation of E. coli strain 3013 (New
England Biolabs, USA). An overnight culture of transformed cells (500 l) was
transferred to 500 ml of LB medium with kanamycin (50 g/ml) and chloramphenicol
(25 g/ml, for E. coli 3013 pLys plasmid maintenance). IPTG was added to 1 mM at
A600 = 0.6. In the case of 32 expression, rifampicin (150 g/ml) was added 30 min after
IPTG to prevent transcription of chaperone genes to enhance formation of inclusion
bodies. The induction was carried out for 2 h at 22°C, and the cells were collected by
centrifugation. Inclusion bodies were isolated from the cells as described previously
[46]. After renaturation, the protein mixture was purified by anion exchange
chromatography using a 1-ml MonoQ column (GE Healthcare), which was preequilibrated with buffer containing 40 mM Tris-HCl, pH 7.9, 5% glycerol, 1 mM EDTA
disodium salt, and 0.1 mM dithiothreitol. The sample was loaded at the rate of
0.5 ml/min and elution was carried out for 90 min using a linear NaCl gradient from 120
to 600 mM in the same buffer solution at 1 ml/min [47]. The 32 and 28 subunits were
eluted at 17-22 and 38-43 min, respectively. These fractions were collected and
concentrated with an Amicon Ultra-4 Ultracel-10K (Merck Millipore, USA)
ultrafiltration system.
The rpoE gene encoding the 24 subunit was cloned into the vector pLATE52
(Thermo Fisher Scientific) using the manufacturer’s protocol. The resulting vector was
used for transformation of the E. coli strain BL21(DE3). Cells were allowed to grow in
500 ml of LB medium with 20 ml aminopeptide and ampicillin (200 g/ml). The
induction was carried out by the addition of IPTG to 1 mM. Cells were pelleted by
centrifugation and suspended in lysis buffer containing 50 mM potassium phosphate,
pH 7.4, 500 mM NaCl, 1 mM MgCl2, 0.1 mM PMSF, 0.2 mg/ml lysozyme, and 80 U
DNase I (Thermo Fisher Scientific). 24 was extracted from cellular lysate by Co2+affinity chromatography using a 1-ml HiTrap TALON crude column (GE Healthcare).
The column was pre-equilibrated with buffer containing 50 mM potassium phosphate,
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pH 7.4, 500 mM NaCl, and 1 mM MgCl2. The sample was loaded at the rate of
0.5 ml/min, and the column was rinsed with 5 ml of the buffer. 24 was eluted by the
same buffer containing 200 mM imidazole. GreA and GreB factors were purified from
the soluble protein fraction as described previously [48]. The purity of all protein
preparations was 98% and the protein yield was from one to several milligrams.
In vitro transcription. To investigate the ability of alternative  subunits to
induce transcriptional pausing, TECs were assembled from oligonucleotides and core
RNAP. Oligodeoxyribonucleotides and oligoribonucleotides were synthesized by DNASynthesis (Russia) or Evrogen (Russia) (see all sequences in Figs. 1 and 2). Radioactive
label was introduced at the 5′-end of RNA oligonucleotides with T4 polynucleotide
kinase (New England Biolabs) and [-32P]ATP. The labeled RNA (250 nM final
concentration) was mixed with the template DNA strand (2.5 M) in TK buffer
containing 40 mM Tris-HCl, pH 7.9, 40 mM KCl. The sample was incubated at 65°C
for 3 min and then cooled to 20°C at 1°C/min. After this, the sample was diluted 3-fold
with the TK buffer, and then core RNAP was added to 190 nM concentration. The
mixture was incubated for 15 min at 37°C followed by the addition of nontemplate
DNA strand to 1 M and incubation for an additional 15 min at 37°C. The resulting
preparation was then split into two parts. To the first part, a  subunit was added to
2.5 M final concentration, followed by incubation for 10 min at 37°C. To the second
part, the same volume of the protein storage buffer was added (40 mM Tris-HCl,
pH 7.9, 100 mM NaCl, 50% glycerol). Next, the assembled TECs were diluted 10-fold
by the TK buffer pre-heated at 37°C, and aliquots for control samples were taken. In the
case of reactions with GreA or GreB factors, they were added to the reaction mix at
1 M concentration. Transcription was initiated by the addition of NTPs (100 M each,
final concentration) and MgCl2 (10 mM) and stopped after various time intervals by the
addition of an equal volume of stop-buffer (7 M urea, 30 mM EDTA, 2× TBE). The
transcription products were separated by 15% denaturing PAGE (19 : 1) and visualized
by a Typhoon 9500 scanner (GE Healthcare). The pausing efficiency was calculated as
the ratio of paused products to the sum of paused and longer RNA products. All
experiments were performed in least in two replicates (3-5 times for quantitative
analysis).
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RESULTS AND DISCUSSION
To investigate the ability of the alternative 32, 28, and 24 subunits to induce
transcriptional pausing, we (i) obtained purified  subunits, (ii) performed in vitro
assembly of TECs containing potential pause signals for these  subunits, and (iii)
tested the influence of the  factors on RNA synthesis in such complexes. For our
experiments, we assembled TECs from synthetic oligonucleotides carrying consensus –
10 promoter sequences for each of the alternative  subunits. An analogous approach
was previously successfully used for investigation of E. coli 70- and 38-mediated
transcriptional pauses [33, 34].
At the beginning, we cloned the genes of all investigated  subunits, expressed
them in E. coli cells, and purified the proteins. Control experiments showed that all 3 
subunits have transcriptional activity and are able to direct promoter-specific
transcription initiation by the RNAP holoenzyme (data not shown).
Formation of transcriptional pauses was studied using an in vitro system with
reconstituted TECs assembled from synthetic oligonucleotides and core RNAP. Each
TEC contained the –10 element consensus sequence for one of the studied  factors
(Cons-28, Cons-32, Cons-24; Figs. 1a and 2a) [11, 12, 49]. Previous studies of 70and 38-dependent pauses showed that the distance between the 3′-end of nascent RNA
and the –10-like element during its recognition by the  subunit is similar to that
between the –10 element and transcription start site (TSS) in the promoter complex [33,
34]. However, the pause is observed several nucleotides downstream since RNAP can
add several nucleotides to RNA after pause recognition. Therefore, in reconstituted
TECs the positions of the RNA 3′-end relative to the –10-like motifs corresponded to
the distances between the –10 elements and TSS in natural promoters for corresponding
 subunits (Figs. 1a and 2a; the typical TSS position relative to the –10 promoter
element is shown in yellow). Furthermore, known pause signals for the 70 subunit can
contain sequences favorable for RNAP backtracking at the pause site, which serve as an
important component of the pause signal [41]. Accordingly, the reconstituted TECs
contained such a sequence (shown in cyan at Figs. 1a and 2a) based on the initially
transcribed sequence of the lacUV5 promoter known to induce a strong 70-dependent
pause [30, 33, 38].
For TEC assembly, RNA was first annealed to the template DNA
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oligonucleotide, then the hybrid was incubated with core RNAP, and an excess of
nontemplate DNA was added, resulting in formation of a completely functional TEC
[33, 34]. Figure 1b contains shows the pattern of transcription products synthesized in
reconstituted TECs containing consensus –10 elements for the 32 and 28 subunits. A
major part of the starting 20 nt RNA is elongated by RNAP, thus indicating successful
TEC assembly. Even in the absence of  factors, a transcriptional pause is observed for
both TECs (25 nt RNA product). This can be explained by the presence of a backtrackinducing DNA sequence in this region [33, 41, 42, 50]. At the same time, the addition of
either 32 or 28 subunit does not increase the pause efficiency, and the major part of
active complexes efficiently transcribe through the expected pausing region and
synthesize full-length 52 nt RNA product (a minor fraction of RNAs have shorter
lengths possibly due to premature TEC stalling near the template end). Thus, these two
 subunits are apparently unable to induce transcriptional pausing in the studied model
system.
The same approach was then used for the 24 subunit. As shown in Fig. 2b, in
the absence of 24, pausing occurs with low efficiency and most transcription
complexes synthesize full-length or near full-length products. The addition of 24 leads
to a significant increase in the amounts of 23 and 25 nt RNA products corresponding to
the expected site of pause. Indeed, the calculated pausing efficiency is much higher in
the presence of 24 subunit than in its absence (~40 and 7%, respectively).
To understand the role of the –10-like element (consensus GTCAAA [49]) in
pause formation, we replaced a conserved dinucleotide TC in this element with AG
(TEC –10M; Fig. 3a). As shown in the figure, this TEC has a slightly increased
efficiency of the pause formation in the absence of 24. At the same time, the addition of
24 does not increase pause formation (Fig. 3b). Thus, pause formation depends on the
TC dinucleotide in the –10-like element. The role of these nucleotides can be explained
from the structural point of view. Recent structural analysis of a complex of 24 with a
ssDNA oligonucleotide corresponding to the nontemplate promoter strand revealed that
the TC residues in the –10 element are involved in multiple specific contacts with
amino acid residues from region 2 of 24 [51]. The same interactions are likely to
participate in the pause signal recognition.
It was shown previously that during 70- and 38-dependent pausing, the TEC
backtracks along the DNA template thus making impossible further nucleotide addition
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[30, 33, 38, 41, 52]. Such backtracking is stimulated by interactions of the  subunit
with DNA during pause signal recognition, while RNAP continues nucleotide addition.
As a result, an unstable stressed complex is formed that can relax by backward
translocation, and the RNA 3ʹ-end loses its contacts with the active site. In E. coli, such
complexes can be reactivated by the transcription factors GreA and GreB, which assist
RNA cleavage in the active site of RNAP [53, 54]. The Gre factors reactivate stalled
TECs during 70- and 38-dependent pausing [30, 33, 34, 41, 52]. We tested whether
these transcription factors can also affect the 24 pause. As shown in Fig. 3, both
factors, GreA and GreB, decrease the efficiency of pause formation. Thus, similarly to
the other  factors, 24-dependent pausing is likely accompanied by TEC backtracking.
24 is the first member of the group 4  factors for which the ability to induce
transcriptional pausing is shown. The properties of 24-pause are similar to 70- and 38dependent pauses investigated previously. Thus, conserved regions 1 and 3, which
are absent in all  group 4 members including 24, are not crucial for pause formation.
Indeed, it was shown that a fragment of 70 lacking most of its region 1 and the whole
region 4 is also able to induce -dependent pausing [39]. Thus, similarly to 70dependent pausing, the pause formation depends on the interactions of 24 region 2 with
core RNAP and with the –10-like element in the nontemplate DNA strand [32].
Two mechanisms of -dependent pausing formation were proposed previously.
In the first case, the pause signal can be recognized by the same  molecule that
participated in transcription initiation and remained bound to RNAP during promoter
escape (in cis mechanism; Fig. 4a) [37]. In the second case, the  factor can bind free
TEC and induce pausing in trans (Fig. 4a). In trans pause formation was shown for both
70 and 38 subunits [30, 31, 33, 34]. In this work, we tested only in trans pausing, by
adding the  factors to TECs carrying consensus –10 element sequences.
In contrast to the 24 subunit, 28 and 32 (group 3  factors) do not induce
transcriptional pausing in this model system. The  subunit concentrations used in this
work (2.5 M) greatly exceed previously measured dissociation constants for binding of
70 and 38 to the TEC (~150 and 300 nM, respectively) [34] and are comparable to or
greater than intracellular concentrations of 28 and 32 [55, 56]. It is difficult to
understand why group 3  factors do not induce transcriptional pausing, since no
information on the structure of RNAP holoenzymes containing these alternative 
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subunits is available to date. Furthermore, it is known that pausing signals for 70dependent pauses can include not only –10-like elements but also additional motifs such
as backtrack-inducing sequence around the RNA 3-end or –35-like element [40-42, 50].
It is possible that formation of 28- and 32-dependent pauses may also require
additional DNA sequences that were not present in the TECs analyzed in this study.
Analysis of the ability of alternative  subunits to induce transcriptional pausing
after promoter-dependent transcription initiation is an important task for future studies.
Indeed, analysis of known promoters for 32, 28, and 24 reveals that some of them
contain in the initially transcribed region sequences similar to the –10 element
consensus for these s (Fig. 4b). Thus, σ-dependent pauses might occur by an in cis
mechanism during promoter-dependent transcription if the  subunits could remain
bound to RNAP after promoter escape and recognize these sequences. It is possible that
28- and 32-dependent pauses may be detected in the future in such experimental
systems. Furthermore, it would be interesting to investigate the influence of temperature
on 32-dependent pausing, since this subunit is responsible for transcription under heat
shock conditions.
Although -dependent pauses were discovered long ago in bacteriophages and
in several phylogenetically distant bacterial species [30, 36, 38, 57], their prevalence
and functional significance in genome transcription are still unknown even for model
organisms such as E. coli [44]. Up to date, there are only rough estimates that 70dependent pauses can occur during transcription of 10-20% of operons [43, 58].
However, many genes are transcribed with the participation of alternative  subunits
that may also induce pausing, suggesting that the frequency of such pauses may be
underestimated. Indeed, it was demonstrated that the 70 subunit can bind TEC after
transcription initiation by the RNAP holoenzyme containing the 28 subunit (Fig. 4a)
[31]. As we have shown, pauses can be induced by multiple σ factors, and their
exchange could increase the complexity of transcriptional pausing and potentially
participate in fine tuning of gene expression.
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Fig. 1. Analysis of the formation of transcriptional pauses involving the 32 and 28
subunits. a) Structure of the TECs used in the experiments. The –10-like elements are
shown in pink, the expected position of the transcription pause in blue, and the typical
location of the TSS relative to –10 elements in promoters in yellow. Nucleotides added
to the 3ʹ-end of starting RNA during transcription are shown in gray. b) Analysis of
transcription products synthesized in the TECs depending on the presence of the 28 and
32 subunits. An electrophoregram of RNA products separated by 15% PAGE under
denaturing conditions is shown. Positions of the starting RNA (20 nt), paused RNA (25
nt), and the full-length product (RO, 52 nt) are indicated.
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Fig. 2. Analysis of 24-dependent transcriptional pausing. a) The TEC structure. b)
Analysis of transcription products in the TEC containing the consensus –10-element for
24 or –10-element with the substitution of the conserved TC dinucleotide with AG
(–10M). Electrophoregram of RNA products separated by 15% PAGE is shown.
Positions of the starting RNA (20 nt), paused RNA (25 nt), and the full-length product
(RO, 52 nt) are indicated. The histogram shows the efficiency of pause formation (the
ratio of paused RNA products to the sum of paused and read-through RNAs in percent)
for each gel lane.
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Fig. 3. Effects of Gre factors on 24 pausing. All designations correspond to Fig. 2.
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Fig. 4. Possible mechanisms for the formation of transcriptional pauses with the
participation of alternative  subunits. a) Formation of pauses in cis, when the pause
signal is recognized in promoter-proximal region by the same  subunit that participated
in transcription initiation, and in trans, when another  subunit binds free TEC. b)
Examples of promoters containing potential -dependent pause signals in the initially
transcribed regions. For each  subunit, consensus sequences of –35 (turquoise) and –10
(pink) elements are shown; the starting point of transcription is shown in bold.
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