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DNA lesions can severely compromise transcription and
block RNA synthesis by RNA polymerase (RNAP), leading to
subsequent recruitment of DNA repair factors to the stalled
transcription complex. Recent structural studies have uncov-
ered molecular interactions of several DNA lesions within the
transcription elongation complex. However, little is known
about the role of key elements of the RNAP active site in transle-
sion transcription. Here, using recombinantly expressed pro-
teins, in vitro transcription, kinetic analyses, and in vivo cell
viability assays, we report that point amino acid substitutions in
the trigger loop, a flexible element of the active site involved in
nucleotide addition, can stimulate translesion RNA synthesis by
Escherichia coliRNAPwithout altering the fidelity of nucleotide
incorporation. We show that these substitutions also decrease
transcriptional pausing and strongly affect the nucleotide addi-
tion cycle of RNAP by increasing the rate of nucleotide addition
but also decreasing the rate of translocation. The secondary
channel factors DksA and GreA modulated translesion tran-
scription by RNAP, depending on changes in the trigger loop
structure.We observed that although themutant RNAPs stimu-
late translesion synthesis, their expression is toxic in vivo, espe-
cially under stress conditions. We conclude that the efficiency
of translesion transcription can be significantly modulated by
mutations affecting the conformational dynamics of the active
site of RNAP, with potential effects on cellular stress responses
and survival.

RNA extension by RNA polymerase (RNAP), consisting of
alternating steps of nucleotide addition and RNAP transloca-
tion, is a nonuniform process that can be interrupted by tran-
sient pausing and permanent stalling induced by nucleotide
misincorporation, recognition of specific regulatory sequences,
roadblock proteins, or DNA lesions. In both bacteria and
eukaryotes, RNAP serves as a major sensor of DNA lesions and
recruits nucleotide excision repair (NER) factors to the sites of
DNAdamage during transcription-coupled repair (1–3).
Experiments in vitro and in vivo demonstrated that various

lesions can significantly decrease transcription fidelity and
impair RNA extension by both bacterial and eukaryotic RNAPs.

In particular, it was shown that bulky lesions (such as thymine
dimers: cyclobutane pyrimidine dimers (CPDs)) or adducts
that disrupt complementary pairing (such as 1,N6-ethenoade-
nine (eA)) can effectively block RNA synthesis (4–12). Simi-
larly, apurinic/apyrimidinic (AP) sites that lack the templating
base in the transcribed DNA strongly inhibit transcription and
can be slowly bypassed through nontemplated nucleotide in-
corporation (preferably adenine) by both Escherichia coli
RNAP and Saccharomyces cerevisiae RNAP II (11–18). Other
nucleotide modifications, such as 8-oxoguanine or O6-methyl-
guanine, can be bypassed by RNAP with nucleotide misincor-
poration, resulting in transcriptional mutagenesis (12, 19–24).
Transient stalling of the transcription elongation complex

(TEC) can lead to RNAP backtracking and disengagement of
the RNA 39-end from the active site (reviewed in Ref. 25). Such
complexes can be reactivated by transcript cleavage factors
(Gre factors in bacteria and TFIIS in eukaryotic RNAP II) that
bind within the secondary channel/pore of RNAP and stimulate
endonucleolytic cleavage of nascent RNA (26–29). Surpris-
ingly, however, TFIIS could stimulate transcription only at
nonbulky lesions (8-oxoguanine) (23, 30), whereas in several
other studies, GreA and TFIIS did not stimulate or even inhib-
ited translesion transcription by RNAP (11, 31, 32), suggesting
that the effects of secondary channel factors may strongly
depend on the type of the lesion.
Previous studies identified few mutations in RNAP that can

affect translesion RNA synthesis. In particular, certain substitu-
tions in the secondary channel in S. cerevisiae RNAP II
(G740D) and in the bridge helix in the active site in E. coli
RNAP (T790A), which decreased the elongation rate of RNAP,
expectedly increased RNAP stalling at DNA lesions (7, 10, 12).
In contrast, substitutions at the base of the trigger loop (TL),
directly involved in catalysis (E1103G and T1095G in the
largest subunit of RNAP II), stimulated translesion RNA syn-
thesis likely by facilitating TL closure during nucleotide addi-
tion (7, 10).
RNAP stalled at DNA lesions can be directly recognized by

transcription-repair coupling factors (Mfd and/or UvrD in bac-
teria, and CSA and CSB in eukaryotes), which further displace
the TEC and bring other components of the NER system to
damaged DNA (33–40). The efficiency of DNA lesion recogni-
tion by RNAP (the efficiency of TEC stalling at the damaged
site) can have significant effects on subsequent DNA repair. In
particular, substitutions in RNAP II that increase or decrease
translesion RNA synthesis by affecting TL folding respectively
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decreased or increased the efficiency of transcription-coupled
repair (TCR) and affected yeast cell survival after UV irradia-
tion (7, 41).
These studies suggested that conformational changes of the

TL in the active site of RNAP might be a key factor in transle-
sion RNA synthesis on damaged DNA templates. However, the
role of the TL dynamics in translesion transcription by bacterial
RNAPs and its possible interplay with secondary channel fac-
tors have not been studied. Here, we demonstrate that point
amino acid substitutions at nonconserved positions in the TL
can have significant effects on transcription on damaged DNA
by bacterial RNAP and modulate the action of secondary chan-
nel factors GreA and DksA on translesion RNA synthesis.

Results

Mutations in the TL stimulate translesion RNA synthesis

During our previous analysis of chimeric variants of E. coli
RNAP containing parts from Deinococcus radiodurans, we dis-
covered that certain substitutions significantly changed its cat-
alytic properties (42). In particular, it was found that replace-
ment of the whole TL stimulated translesion RNA synthesis on
various damaged DNA templates.3 In this work, we demon-
strate that these effects can be largely explained by substitution
of just two amino acid residues in the TL, G1136M and I937T.
In E. coli RNAP, these residues are located in the two a helixes
when the TL is fully folded (Fig. 1, A and B) and are separated
by a nonconserved 188-residue insertion (SI3, sequence inser-
tion 3) (43), which is absent in most bacteria, including D.
radiodurans (Fig. 1). Thus, further experiments were per-
formed with E. coli RNAP variants lacking this insertion (DSI3)
and bearing point amino acid substitutions in the TL (G1136M

or I937T), in parallel with WT RNAP. In addition, we included
in our analysis RNAPwith theG1136Q substitution. Glutamine
at this position is found in RNAPs from many bacteria lacking
the SI3 insertion, including Thermus thermophilus (Fig. 1) and
cyanobacteria (see Fig. S9 in Ref. 42). Recently, E. coli RNAP
with the G1136Q substitution was shown to have an increased
level of the intrinsic RNA cleavage activity (44), similarly to the
G1136M substitution (42). Below, we present a detailed analysis
of the transcription properties of these RNAP variants during
RNA synthesis on normal and damaged DNA templates.
To reveal the effects of the mutant RNAPs on translesion

RNA synthesis, we performed transcription on control and
damaged DNA templates containing three modifications that
were previously shown to strongly inhibit nucleotide addition
by RNAP (11, 12, 16): thymine–thymine dimers (CPD), eA, and
the AP site (Fig. 2). TECs containing damaged template DNA
strands and a short RNA transcript, whose 39-end was located
immediately upstream of the lesions, were reconstituted in
vitro from synthetic oligonucleotides with eitherWT ormutant
core enzymes of E. coli RNAP. Transcription was performed at
37 °C for CPD and eA or at 25 °C for the AP site to increase
RNAP stalling at the latter lesion. Only three NTPs were added
to the reaction, resulting in the addition of up to six nucleotides
to the starting RNA transcript, which allowed visualization of
both RNAP stalling at the sites of lesions and read-through
RNA synthesis (Fig. 2, top panels).
In the case of the control templates corresponding to the

CPD and eA lesions, all analyzed RNAPs—WT, DSI3, I937T
(DSI3), G1136M(DSI3), and G1136Q(DSI3)—readily extended
RNA to the expected position (Fig. 2, A and B, left panels). In
the case of the control reactions corresponding to the AP site,
some RNAP stalling was observed after the addition of just
three nucleotides together with synthesis of full-length RNA,
likely as a result of lower reaction temperature in this case.
However, almost all starting RNA was rapidly extended for all
the templates (Fig. 2C, left panels, and 3; and Fig. S1).
DNA lesions greatly impaired RNA extension by WT E. coli

RNAP, in agreement with previous reports (Fig. 2, A–C) (12,
16). For most reactions, we performed two or three independ-
ent measurements that were reproduced well (see all data
points in Fig. S1). For unknown reasons, the two experiments
for the CPD lesion produced different reaction kinetics. The
results of these two experiments for the CPD template are
therefore presented separately (Figs. 2 and 3 and Figs. S1 and
S2). A single measurement was performed for the G1136Q
(DSI3) RNAP.
As can be seen, although almost all RNA (�80%) is already

extended at the first time point (10 s) for all control templates,
the extension efficiency for the damaged templates varies
between ,5 and 10% at 10 s and 40–60% at 30 min (Fig. 3 and
Fig. S1). For all three tested lesions, strong RNAP stalling is
observed in the starting TEC, just before nucleotide addition
opposite the lesion. For CPD and the AP site, transcription is
also blocked after first nucleotide addition, resulting in accu-
mulation of RNA products exactly corresponding to the sites of
lesions (Fig. 2).
Changes in the TL significantly affected translesion tran-

scription. The DSI3 deletion did not change RNAP activity on

Figure 1. Structure of the RNAP active site and conformational changes
in the TL during nucleotide addition. A, structure of the TEC of T. thermo-
philus RNAP with partially folded TL and NTP bound in the preinsertion state
(complex with streptolydigin, not shown here; Protein Data Bank code 2PPB)
(75). B, structure of the TECwith fully folded TL andNTP bound in the catalyti-
cally competent conformation (Protein Data Bank code 2O5J) (75). Catalytic
Mg21 ions are shown as pink spheres; the TL and bridge helix (BH) are blue
and turquoise, respectively. The positions of the G1136M and I937T substitu-
tions are indicated (correspond to Gln1254 and Thr1243 in the T. thermophilus
RNAP structure). The position of the SI3 insertion in E. coli RNAP is shown
with a gray sphere (located in a disordered TL region in the preinsertion com-
plex structure).
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all tested templates compared with WT RNAP (Figs. 2 and 3).
The I937T(DSI3) substitution significantly stimulated transcrip-
tion on the eA and AP templates. The G1136M(DSI3) and
G1136Q(DSI3) substitutions strongly stimulated translesion
RNA synthesis on the CPD and AP templates, with some stimu-
latory effect also observed for the eA template (Figs. 2 and 3 and
Fig. S1). Although the overall rate of translesion synthesis on the
CPD template by all analyzed polymerases was different in the
two replicate experiments, the same stimulation of translesion
synthesis was observed for the G1136M substitution (compare
Figs. 2 and 3 with Fig. S2). For all mutant RNAPs, both initial
nucleotide incorporation and further RNA extension were
increased. This suggested that substitutions in the trigger loop
allow RNAP to tolerate changes in the DNA template during
nucleotide addition and also changes in the conformation of the
DNA–RNA hybrid during further RNA extension.

Stimulation of translesion transcription is not associated with
decreased fidelity of RNA synthesis by mutant RNAPs

Previous studies demonstrated that various DNA lesions can
significantly change the fidelity of nucleotide incorporation,
which may in turn affect the efficiency of further RNA exten-
sion (7, 10). We therefore analyzed whether stimulation of
translesion RNA synthesis by mutations might be associated
with changes in the specificity of nucleotide incorporation op-
posite the lesions. For each template variant, we performed
transcription in the presence of each single NTP and analyzed
the extension products. It was shown that WT RNAP incorpo-
rated predominantly AMP opposite first thymine of CPD (with
little further extension) and the AP site and AMP or GMP op-
posite eA (Fig. 4). This agrees with previously published data

for both bacterial RNAP and eukaryotic RNAP II (4, 5, 7, 11, 12,
14, 16, 45, 46). The DSI3 RNAP had similar specificity. Impor-
tantly, both G1136M(DSI3) and I937T(DSI3) RNAPs also
revealed similar patterns of NTP addition, with higher overall
efficiency of RNA extension by the G1136M RNAP. In particu-
lar, incorporation of the second thymine opposite CPD was
markedly increased in the case of this RNAP (Fig. 4).
We further compared the fidelity of NTP addition on a con-

trol undamaged template containing adenine at the 11 posi-
tion by WT and G1136M(DSI3) RNAPs, by measuring the
kinetics of RNA extension in the presence of high concentra-
tions of each single NTP. This allowed us to observe both cor-
rect and incorrect nucleotide incorporation, as well as exten-
sion of RNA transcripts with mismatched 39-ends, if the first
nucleotide was incorrectly incorporated. The two RNAPs dem-
onstrated very similar patterns of RNA extension with each of
the four NTPs (Fig. S3). Therefore, changes in the TL associ-
ated with increased translesion activity do not dramatically
change the fidelity of nucleotide incorporation by RNAP.

Mutations in the TL suppress transcriptional pausing

Previous studies demonstrated that changes in the TL can
significantly modulate the catalytic properties of RNAP and its
ability to recognize various regulatory signals. In particular, the
TL is important for the regulation of hairpin-dependent paus-
ing, which is stabilized by RNA hairpin formation in the RNA
exit channel of RNAP (47). This is associated with swiveling of
several structural modules of RNAP and changes in the confor-
mation of the TL and the SI3 insertion, thus preventing nucleo-
tide addition (48, 49). Accordingly, deletion of the SI3 domain
suppresses hairpin-dependent pauses (43).

Figure 2. Transcription of damaged and control DNA templates by the WT and mutant RNAP variants. The structures of nucleic-acid scaffolds used for
the TEC assembly are shown in the top panels. Positions of damaged nucleotides and read-through RNA transcripts are indicated. A, CPD and control TT tem-
plates (see the second replica in Fig. S2). B, eA and control A templates. C, AP site and control T templates. Transcription was performed in the presence of ATP,
GTP, and UTP (100 mM each) at either 37 °C (CPD and eA) or 25 °C (AP site). The reaction times were 10 s, 30 s, 1 min, 2 min, 4 min, 10 min, and 30min for the AP
site and 30 s, 1 min, 2 min, 4 min, 10min, 30min, and 60min for CPD and eA.
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To reveal possible effects of the analyzed TL mutations on
transcriptional pausing, we measured t1/2 times of the well-
characterized hairpin-dependent his pause for WT, DSI3, and
G1136M(DSI3) RNAPs. The experiments were performed in
reconstituted TECs, in which RNA hairpin formation was
mimicked by the addition of a short RNA oligonucleotide com-
plementary to the RNA transcript (Fig. 5A) (50). It was shown
that the SI3 deletion reduced the pause t1/2;2.8-fold (t1/2 of 20
s compared with 55 s for the WT RNAP) (Fig. 5, B and C), in
line with previous reports (43). At the same time, the G1136M
substitution further decreased the pause t1/2 ;3-fold to ;7 s
(Fig. 5, B and C). Thus, this substitution can likely change the
catalytic properties of the TEC andmodulate its ability to pause
at DNA lesions or at regulatory pause signals.

Effects of changes in the TL on the nucleotide addition cycle
of RNAP

To assess the effects of the SI3 deletion and theG1136M sub-
stitution on individual steps in the nucleotide addition cycle,

we performed parallel, time-resolved measurements of nucleo-
tide incorporation and postcatalytic relaxation (the pretranslo-
cated TEC formed after nucleotide incorporation relaxes into
the equilibrium mixture of the pre- and post-translocated
states) by DSI3 and G1136M(DSI3) RNAPs (Fig. 6 and Fig. S4).
The experiments were performed using a complete synthetic
nucleic-acid scaffold containing fluorescent labels at the RNA
59-end and in the template DNA (Fig. 6A). RNA extension was
monitored by a rapid chemical quench-flow method, whereas
the postcatalytic relaxation was monitored by measuring the

Figure 3. Kinetics of RNA extension by the WT and mutant RNAP var-
iants opposite various DNA lesions. The efficiency of RNA extension at
each time point is calculated as the ratio of all extended RNA products to the
sum of all RNAs, including the starting 12-nt RNA oligonucleotide. The gray
curves show the kinetics of RNA extension on control undamaged templates
by WT RNAP. For both control and damaged templates, the data were nor-
malized to themaximumRNA extension observed for corresponding undam-
aged templates at the 30-min time point. Means and standard deviations
from two or three independent experiments are shown. For the CPD tem-
plate, the calculation is shown only for the experiment from Fig. 2 (see Fig. S2
for the second replica). All kinetic plots are presented separately in Fig. S1.

Figure 4. Fidelity of nucleotide incorporation by WT and mutant RNAPs
on damaged DNA templates. A, CPD template. B, eA template. C, AP tem-
plate. For each template, the TECs were incubated with either all four (N) or
each single NTP (A, G, U, and C; 100 mM) at 37 °C (CPD and eA) or 25 °C (AP
site) for 3 min. The positions of the lesions in each template are indicated
with arrowheads. The overall efficiency of RNA extension, calculated as the ra-
tio of extended RNA products to the sum of all RNAs in the reaction normal-
ized by RNA extension in the presence of all four NTPs, is shown below each
lane (means from three independent experiments).
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increase in fluorescence of the 6-methyl-isoxanthopterin (6-MI)
base incorporated in the template DNA strand in a stopped-
flow instrument (51). Combined kinetic analysis of the data
revealed that DSI3 RNAP was only marginally faster in GMP
addition and marginally slower in reaching the translocation
equilibrium than the WT RNAP (Fig. 6, B and D). In contrast,
G1136M(DSI3) RNAP was 2-fold faster than theWT enzyme in
adding GMP and approached the translocation equilibrium
with nearly 6-fold slower rate.
To assess the completeness of translocation, we extended

the TECs with 39-dGMP (RNA chain terminator) and for-
ward-biased the 39-dGMP-extended TECs with CTP (the
next incoming NTP in our system). The extension of the DSI3
TEC with 39-dGMP in the presence of 0.5 mM CTP resulted
in the same fluorescence intensity as that following the exten-
sion with GMP (Fig. 6C). Furthermore, the same fluorescence
intensity was observed after the extension of the TEC with 2’-
dGMP, which promotes forward translocation because the
29-OH group at the RNA 39-end is essential for stabilizing the
pretranslocated state (52). These observations collectively
suggested that the fraction of the pretranslocated state was
below the detection threshold (;10%) in the DSI3 TEC, simi-
larly to the situation in the WT RNAP (42, 52, 53). In contrast,
the fluorescence intensity of the G1136M(DSI3) TEC extended
with GMP was;40% lower than that observed upon the exten-
sion of the TEC by 2’dGMP or by 39-dGMP in the presence of
0.5 mM CTP (Fig. 6C). These observations suggested that;40%
of the b9G1136M(DSI3) TEC was in the pretranslocated state
and ;60% was in the post-translocated sate after the equilib-
rium between the translocation states was established.

Next, the knowledge of the relaxation rates toward the equi-
librium (Fig. 6B) and the equilibrium fractions of the pre- and
post-translocated states (Fig. 6C) allowed for the inference of
the forward and backward translocation rates. Following the
rules of the formal kinetics, the relaxation rate is the sum of the
forward and backward translocation rates, whereas the ratio of
the forward and backward translocation rates equals the ratio
of the fractions of the post- and pretranslocated states. In the
case of G1136M(DSI3) RNAP, 60% of the relaxation rate corre-
sponds to the forward (8 s21), and 40% corresponds to the
backward (5 s21) translocation rate (Fig. 6D). Our failure to
detect the pretranslocation state in the DSI3 (Fig. 6C) or the
WT (42, 52, 53) TECs suggests that the relaxation rate approxi-
mately corresponds to the forward translocation rate for those
RNAPs. We additionally assumed that the WT, DSI3, and
G1136M(DSI3) TECs all have the same backward translocation
rate (Fig. 6D). In doing so we reasoned that the backward trans-
location rate is the property of the post-translocated state in
which the RNA 39-end is positioned far away from the TL irre-
spective of the TL conformation. Therefore, the backward
translocation rate is unlikely affected by the alterations in the
TL. This assumption is further supported by the observation
that we obtained the same estimate for the backward translo-
cation rate (5 s21) for three different RNAPs when using the
same GMP incorporating TEC (Fig. 6A): b9G1136M(DSI3)
(this work), b9F773V, and b9P750L (53).

Mutations in the TL decrease Km for nucleotide substrates on
damaged templates

Our analysis revealed that the catalytic properties of the
G1136M(DSI3) RNAP are significantly different from the con-
trol WT or DSI3 enzymes, with a higher rate of nucleotide
incorporation, a reduced rate of forward translocation, and, as
a result, an increased fraction of the pretranslocated state
observed for the mutant RNAP (Fig. 6) (42). This suggested
that the mutations in the TL might affect its folding and, possi-
bly, incoming NTP binding during transcription of damaged
DNA templates (see “Discussion”). To test this possibility, we
compared apparent Km values for nucleotide incorporation on
the CPD and AP site templates for DSI3 and G1136M(DSI3)
RNAPs. We also performed this analysis for the I937T(DSI3)
RNAP that also stimulated translesion synthesis (see above).
For the DSI3 RNAP, the Km,app value for nucleotide incorpo-

ration on the CPD template was 5606 110 mM (Fig. 7), signifi-
cantly higher than previously reported Km values for undam-
aged templates (54, 55). For the G1136M(DSI3) RNAP, this
value was decreased to 1206 15mM (Fig. 7), significantly lower
than in the case of the control RNAP (p , 0.05). The I937T
substitution also decreased the Km,app, but the effect was not
significant (3856 40mM, p = 0.10).
For the AP site template, the Km,app for the DSI3 RNAP was

360 6 20 mM and was decreased more than 3-fold for the
G1136M mutant (1006 15 mM, p, 0.05). A similar but non-
significant effect was observed for the I937T RNAP (2506 35
mM, p = 0.12). This suggested that increased translesion syn-
thesis by the mutant RNAPs may at least in part be explained

Figure 5. Analysis of hairpin-dependent pausing by the WT, DSI3, and
G1136M(DSI3) RNAPs. A, structure of the nucleic-acid scaffold used for anal-
ysis of his pausing. The positions of the starting 17-nt transcript, the paused
19-nt transcript, and the read-through 21-nt transcript are indicated. B,
kinetics of RNA extension in TECs reconstituted at the his pause site. C, Quan-
tification of the pausing kinetics. The pause t1/2 times for each RNAP are
shown on the right (means from two or three independent experiments).
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Figure 6. Analysis of the catalytic properties of the DSI3 and G1136M(DSI3) RNAPs. A, the nucleic-acid scaffold employed in the nucleotide addition/
translocation assay. The guanine analog 6MI was initially positioned in the RNA:DNA hybrid eight nucleotides upstream of the RNA 39-end. The 6-MI fluores-
cence was quenched by the neighboring base pairs in the initial TEC (state 1) and the pretranslocated TEC that formed following the nucleotide incorporation
(state 2) but increases when the 6-MI relocates to the edge of the RNA:DNA hybrid upon translocation (state 3). The bridge helix (BH) and the lid loop (LL) are
two structural elements of the b9 subunit that flank the RNA:DNA hybrid in the multisubunit RNAPs. B, the pretranslocated state was generated by rapid GMP
addition, and the apparent translocation rate (the rate of relaxation to the equilibrium) was determined from the delay between the GMP addition (discrete
time points) and the translocation curve (continuous time trace) using the irreversible two step model (schematics below the graph and also D). C, the com-
pleteness of translocation was assessed by extending the TEC with 29-dGTP or 39-dGTP in the presence of 0.5 mM CTP. The individual forward and backward
translocation rates were then determined from the relaxation rate using the relationships presented below the graph. D, the kinetic parameters of the nucleo-
tide addition cycle determined from the data in B and C.
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by stimulation of the incoming nucleotide binding in the
active site of RNAP.

Secondary channel factors inhibit translesion RNA synthesis
depending on mutations in the TL

Recently, we observed that secondary channel factors of the
extremophilic bacterium D. radiodurans, GreA and Gfh1, can
significantly increase TEC stalling at the sites of DNA lesions,
acting on D. radiodurans RNAP (11). In comparison, E. coli
GreA had a smaller inhibitory effect on translesion transcrip-
tion by E. coli RNAP (11). We showed that E. coli GreA did not
stimulate but inhibited RNA extension also by the DSI3 RNAP
(Fig. S5). Similarly, the G1136M(DSI3) RNAP was not stimu-
lated by GreA but still had a higher level of translesion activity
compared with the controlDSI3 RNAP (Fig. S5).
In addition to Gre factors, E. coli contains another secondary

channel regulator, DksA, that together with small alarmone
ppGpp regulates transcription initiation by destabilizing promoter
complexes (56). DksA and ppGpp were also proposed to regulate
transcription elongation, in particular, by decreasing nucleotide
misincorporation and preventing RNAP conflicts withDNA repli-
cation (57, 58). The ability of DksA to interact with actively tran-
scribing RNAP, however, can be inhibited by the SI3 insertion in
the TL, which partially occupies the binding site of DksA in the
secondary channel. It was therefore proposed that DksAmight be
involved in the regulation of RNAP activity at specific sites during
RNA elongation, possibly includingDNA lesions (59, 60).
To test this hypothesis directly, we compared translesion

transcription by the WT, DSI3, and G1136M(DSI3) RNAPs in
the absence and in the presence of DksA and ppGpp, using the
CPD template (Fig. 8). It was found that the addition of DksA/
ppGpp indeed decreased translesion transcription by the DSI3
RNAP; in particular, the efficiency of overall RNA extension af-
ter 30 min was decreased from;60% to;30% (Fig. 8, A and B;
the fraction of nonextended RNA is shown in blue). Similarly,
DksA alone could inhibit translesion synthesis by the DSI3
RNAP but not WT RNAP (Fig. S6), suggesting that the SI3 do-

main indeed “gates” the secondary RNAP channel against bind-
ing of DksA (60). The inhibitory effect of DksA/ppGpp on RNA
extension was partially suppressed by the G1136M(DSI3) sub-
stitution (Fig. 8B and Fig. S6, bottom panels). Thus, DksA/
ppGpp canmodulate the efficiency of translesion transcription,
depending on changes in the structure of the TL in the active
site of RNAP.

Effects of RNAP mutations on cell viability

Previous studies of eukaryotic RNAP II performed in S. cere-
visiae demonstrated that RNAPmutations affecting translesion
transcription in vitro also change cell sensitivity to DNA dam-
age in vivo, leading to changes in cell survival after UV irradia-
tion (7, 41). Because the G1136M (and, similarly, G1136Q) sub-
stitution significantly affected translesion RNA synthesis, we
tested whether it could also have any effects on cell viability in
E. coli strains transformed with plasmids encoding different b9
subunit variants.
In the first experiment, the DSI3 or G1136M(DSI3) b9 var-

iants were expressed from pBAD vectors in E. coli MG1655 in
the presence of arabinose; control experiments were performed
without the addition of arabinose. After the cells were grown in
liquid medium for identical times, they were or were not UV-
irradiated, and the number of viable cells in each experiment
was determined by serial dilutions on LB agar plates (Fig. 9).
Expression of the DSI3 b9 subunit decreased bacterial titer by
1–2 orders of magnitude in the absence of UV irradiation (Fig.
9, compare first and third rows) and had even a stronger effect
after UV irradiation (Fig. 9, fifth and seventh rows), suggesting
that the SI3 domain is important for cell viability, in agreement
with published data (43). Expression of the b9 subunit contain-
ing the G1136M(DSI3) substitution had even stronger effects
on cell survival. Without UV irradiation, the numbers of cells
were significantly reduced (by 1–2 orders of magnitude) com-
pared with the DSI3 variant with no substitution (Fig. 9, fourth
row). No cell growth was detected for the G1136M(DSI3)
RNAP after UV exposure (Fig. 9, eighth row). After UV

Figure 7.Determination of the apparent Km values for NTP substrates on the CPD (A) and AP site (B) templates. The reactions were performed in reconstituted
TECs formed with control or damaged templates with DSI3 or mutant G1137M(DSI3) and I937T(DSI3) RNAPs at increasing NTP concentrations. The efficiency
of RNA extension was calculated and normalized to the maximum efficiency observed at the highest NTP concentration, and the data were fitted to a hyper-
bolic equation (means and standard deviations from three independent experiments).
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irradiation, the presence of the G1136M(DSI3)-encoding plas-
mid also decreased cell viability compared with the DSI3 plas-
mid even without the addition of arabinose, suggesting that the
leaky RNAP expression in the absence of the inductor is suffi-
cient for toxicity under stress conditions (Fig. 9, compare the
fifth and sixth rows). Therefore, theG1136M(DSI3) substitution
appears to be toxic for cells when the mutant b9 subunit is
expressed in either normal or stress conditions, even despite
the presence of the WT rpoC gene constantly expressed in the
same strains.
In the second experiment, we compared the effects on cell

growth of WT or mutant RNAP variants expressed from
pVS10-based vectors encoding all core RNAP subunits (61). E.
coli BL21(DE3) was transformed with plasmids encoding WT,
DSI3, G1136M(DSI3), or G1136Q(DSI3) RNAP variants or a
control ampicillin-resistance plasmid lacking RNAP genes
(pBR322) and grown at 30 or 42 °C. In the case of the WT
RNAP, no effects on cell growth were observed at either tem-
perature (Fig. S7, compare first and second rows). For the DSI3,
G1136M(DSI3), or G1136Q(DSI3) RNAPs, bacterial titer was
decreased ;10-fold at 30 °C (Fig. S7, left panel, third, fourth,
and fifth rows). The effects of the G1136M and G1136Q

Figure 8. Effects of DksA and ppGpp on RNA synthesis on the CPD template. A, analysis of the RNA extension products. The reactions were performed
with eitherDSI3 or G1136M(DSI3) RNAPs for 10 s 1min, 5 min, or 30min at 37 °C; DksA and ppGppwere added to 2 and 200mM, respectively. Positions of dam-
aged nucleotides are indicated with arrowheads. B, quantification of the RNA extension efficiencies. For each time point, the relative amounts of starting RNA,
RNA transcripts corresponding to the sites of lesion, and read-through RNAs are shown. The data are the means and standard deviations from three indepen-
dent experiments.

Figure 9. Effects of the mutant rpoC alleles on cell viability in the
MG1655 strain. Expression of the b9 subunit variants, DSI3 and G1136M
(DSI3), was induced from a pBAD-based vector by arabinose, and the cells
were grown under identical conditions and plated with serial dilutions, either
without or with UV irradiation.
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substitutions on cell titer became stronger at 42 °C (right panel),
further suggesting that the mutations have detrimental effects
on cell growth under stress conditions.

Discussion

RNAP is the key participant inNER in the transcribed genomic
regions. During transcription, it directly senses DNA lesions,
stalls, and recruits repair enzymes to the sites of DNA damage
(1–3, 33, 37). On the other hand, the ability of RNAP to transcribe
through DNA lesions—translesion RNA synthesis (TLS)—may
be important for cell survival under stress conditions, as shown
for yeast RNAP II mutants with changed TLS activities (7, 41).
The balance between RNAP stalling and readthrough synthesis is
therefore essential for both efficient DNA repair and transcrip-
tion, producing full-length RNA products and avoiding conflicts
with DNA replication (58, 62). However, only a handful of studies
aimed at understanding of these relationships have been per-
formed to date, primarily in eukaryotic models, whereas the fea-
tures of bacterial RNAP that are important for transcription of
damaged DNA andmay determine the balance between TLS and
TCRhave remained unknown.
Here, we show that changes in the key element of the active

site—the TL that encloses the incoming NTP substrate during
catalysis (Fig. 1)—have profound effects on the nucleotide
addition cycle and the TLS activity of bacterial RNAP. In par-
ticular, the G1136M substitution in the C-terminal a-helix of
the TL changes the rates of nucleotide addition and RNAP
translocation, decreases RNAP pausing, stimulates transle-
sion synthesis, and decreases RNAP sensitivity to the second-
ary channel factors. Similarly, translesion synthesis is stimu-
lated by the G1136Q substitution at the same position. At the
same time, deletion of the large SI3 domain in the TL, charac-
teristic for E. coli and related bacteria, has much milder
effects on transcription, suggesting that SI3 functions may be
restricted to specific regulatory signals and transcription fac-
tors. Below, we discuss these findings in light of available bio-
chemical and structural data.
Comparison of nucleotide addition and translocation by

the WT, DSI3, and G1136M(DSI3) RNAPs revealed that the
latter enzyme is markedly different from the former two. The
G1136M(DSI3) RNAP has a 2-fold higher rate of nucleotide
incorporation, a 7-fold reduced rate of forward translocation,
and a markedly elevated fraction of the pretranslocated state
under equilibrium conditions. As a result, processive tran-
script elongation by the G1136M(DSI3) RNAP is likely lim-
ited by the rate of forward translocation, similarly to previ-
ously characterized pause-resistant b9F773V, b9P750L E. coli
RNAPs (53), and Rpb1-E1103G S. cerevisiae RNAPII (63–65).
We further argue that the intrinsically stabilized helical con-
formation of the TL is likely behind the slow forward translo-
cation rate and the insensitivity to pauses of G1136M(DSI3)
RNAP, as has been proposed earlier for b9F773V, b9P750L,
and Rpb1-E1103G RNAPs.
Interestingly, the decrease in the rates of postcatalytic relaxa-

tion and forward translocation observed for the G1136M(DSI3)
RNAP does not result in a net decrease in the average rate of
elongation for this RNAP on either normal (42) or damaged

DNA templates (this work). Thus, other factors, such as
improved nucleotide binding in the active site and decreased
pausing, likely compensate for the observed changes in the cat-
alytic cycle in the G1136M(DSI3) RNAP. The effects of several
other mutations in the TL, including substitution G1136S in E.
coli RNAP, on the rate of nucleotide incorporation were shown
to correlate with their effects on transcriptional pausing (47,
66); however, their influence on the postcatalytic relaxation
and RNAP translocation remains to be tested.
In contrast to the G1136M substitution, deletion of the SI3

domain only marginally affects the rates of nucleotide addition
and translocation, despite its location in the flexible part of the
TL that changes its conformation during catalysis (Fig. 1). The
largely unaffected forward translocation suggests that the heli-
cal conformation of TL is not intrinsically stabilized by the SI3
deletion. The insensitivity of the DSI3 RNAP to some pause
sites (43, 67–69) thus likely originates from stabilization of the
helical TL only at a subset of sequence positions where RNAP
adopts a swiveled conformation and the TL folding is inhibited
because of the clash of the SI3 domain with the b-lobe domain
(48). Overall, the insertion of the SI3 domain in the TL has rela-
tively little effect on the catalytic activity of RNAP, and its pri-
mary function may be in gating secondary channel factors to-
ward the active site in various types of TECs and in stimulation
of hairpin-dependent pausing (48, 49, 59, 60).
We further show that mutations in the TL in bacterial RNAP

can stimulate translesion transcription, likely by affecting the
folding dynamics of the TL during nucleotide addition and
translocation. In particular, stabilization of the helical TL by
the analyzed amino acid substitutions may facilitate NTP bind-
ing in the active site on damaged DNA templates. Indeed, the
G1136M (and, to some extent, I937T) substitution was shown
to decrease Km,app for NTPs on the CPD and AP site templates
severalfold. Furthermore, the ability of the G1136M substitu-
tion to also decrease hairpin-dependent pausing suggests a
functional connection between transcriptional pausing at site-
specific pause signals and at DNA lesions.
No structural information on transcription of damaged DNA

by bacterial RNAP is available to date. However, analysis of the
structures of TECs of eukaryotic RNAP II stalled at several
DNA lesions demonstrated that the lesion can either result in
nucleotide mispairing (8-oxoguanine or 5-carboxycytosine)
(21, 70), impair translocation of the damaged nucleotide into
the active site (cisplatin, CPD) (5–7, 10), or induce RNAP stall-
ing prior to lesion by forming unfavorable interactions within
the downstream DNA-binding channel (bulky minor groove
adducts) (71). In particular, CPD in the template strand pre-
vents its translocation in the active site, resulting in nontem-
plated incorporation of A against the first T and preferable mis-
incorporation of U against the second thymine (5, 7). Similarly
to our findings, mutations in the active site of eukaryotic RNAP
II that favor TL folding (E1103G and T1095G in Rpb1) also
increase bypass of CPD, possibly by increasing NTP retention
in the active site and thus promoting its incorporation into the
nascent RNA, even in the absence of the templating base. In
contrast, the G730D substitution in RNAP II, which decreases
the rate of transcription, dramatically increases transcriptional
stalling at CPD, likely by impairing nucleotide addition (7, 10).
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Similar effects of substitutions that stabilize the folded TL con-
formation on the ability of E. coli and S. cerevisiae RNAPs to
transcribe damaged DNA suggest a common mechanism of
TLS in the bacterial and eukaryotic systems.
In eukaryotic RNAP II, changes in the efficiency of lesion

bypass strongly correlate with the efficiency of TCR and cell
survival in vivo, with stronger stalling associated with stronger
TCR but decreased viability (7, 41). Interestingly, the expres-
sion of G1136M (and G1136Q) RNAP in E. coli had toxic
effects on cell survival, which were exacerbated under UV irra-
diation or at elevated temperature. This could in part result
from the SI3 domain deletion in the mutant RNAP variants,
which by itself inhibits cell growth (Fig. 9 and Fig. S7 (43). At
the same time, the G1136M substitution was more toxic than
the deletion of the SI3 domain, even under DNA damaging
conditions, suggesting that its positive effects on TLS could not
compensate for its possible negative effects on the recognition
of regulatory pause signals and RNAP interactions with regula-
tory factors in vivo. It remains to be tested whether the I937T
substitution could also affect cell survival, whether the in vivo
effects of the mutations in the TL might be associated with
changes in the level of RNAP expression, and how these effects
could bemodulated by the SI3 domain insertion.
Finally, we show that secondary channel factors, GreA and

DksA/ppGpp, can inhibit translesion synthesis by E. coli RNAP,
depending on the TL structure. Previously, the G1136M substitu-
tion was found to increase the rate of intrinsic RNA cleavage by
E. coli RNAP (42); this potentially might facilitate translesion
RNA synthesis by increasing the efficiency of RNA proofreading
at the sites of lesions. However, the inability of GreA to stimulate
translesion synthesis by both control and mutant RNAPs, as well
as the absence of additional cleavage products during transcrip-
tion of damaged templates by the G1136M(DSI3) RNAP, argues
against this possibility.
In agreement with previous data obtained with undamaged

DNA templates (59, 60), the inhibitory effect of DksA on trans-
lesion synthesis is increased when the SI3 domain is deleted.
Furthermore, the increased activity of the G1136M(DSI3)
RNAP in the presence of GreA and DksA/ppGpp, which both
inhibit translesion synthesis by control RNAP more efficiently,
suggest that in the case of themutant RNAP, stabilized TL fold-
ing may compete with binding of these factors within the sec-
ondary channel. Transcription factors and regulatory signals
might therefore modulate the translesion activity of RNAP by
affecting the position and conformation of the TL and the SI3
domain and changing their interactions with GreA and DksA
(26, 72). Thus, regulatory factors and inhibitors affecting TL dy-
namics may significantly change the properties of transcribing
RNAP and its sensitivity to DNA lesions, providing an opportu-
nity for development of novel antibacterial compounds that
wouldmodulate translesion RNA synthesis by RNAP.

Experimental procedures

Proteins

WT E. coli core RNAP and its mutant variants with deletion
of the SI3 domain (b9D945-1132) and with the G1136M,
G1136Q, and I937T substitutions were obtained expressed

from pVS10-based plasmids, encoding all core RNAP subunits,
by autoinduction as described previously (42, 61). GreA and
DksA were expressed and purified from E. coli (42, 73).

Transcription in vitro

Synthetic DNA oligonucleotides containing modified bases
were purchased from TriLink BioTechnologies (San Diego, CA).
TECs containing control or modified DNA templates were
reconstituted fromDNA and RNA oligonucleotides (Fig. 2A) and
E. coli core RNAP as described previously (11, 12). For the CPD
and eA templates, 59-P32-labeled RNA was mixed with the tem-
plate and nontemplate DNA oligonucleotides (final concentra-
tions, 0.5, 1, and 5 mM) in transcription buffer (40 mM Tris-HCl,
pH 7.9, 40 mM NaCl, 10 mM MgCl2) at 65 °C and cooled down to
20 °C at 1 °C/min. For the AP site, the complex was assembled for
10 min at 37 °C. The annealed templates were diluted with the
transcription buffer to 10 nM RNA concentration, and core
RNAP was added to 25 nM. Then the samples were incubated for
10min at 37 °C for TEC formation and transferred to the required
temperature, and NTPs were added to 100 mM.When indicated,
GreA, DksA (final concentration, 2 mM) and ppGpp (200 mM)
were added 5 min prior to NTP addition. The reactions were
stopped after the indicated time intervals, and RNA products
were analyzed by 23% denaturing PAGE, followed by phosphori-
maging (Typhoon 9500, GEHealthcare).
For analysis of hairpin-dependent pausing, TECs were

reconstituted from synthetic RNA (59-P32-labeled) and DNA
oligonucleotides shown in Fig. 5A as previously described (50,
74). NTP substrates (2 mM GTP and 100 mM UTP and CTP)
were added at 30 °C, and the reactions were terminated after
increasing time intervals (4, 10, 20, 40, 90, and 180 s), followed
by PAGE analysis of RNA products. Pause efficiencies at each
time point were calculated as the ratio of the paused RNAprod-
uct (minus the background value) to the sum of the paused and
read-through products. Observed rate constants (kobs) for the
pause escape were calculated by fitting the data to a single-ex-
ponential equation (P = Pmax 3 exp(2kobs 3 t), where P is the
pausing efficiency), and the reaction half-times were deter-
mined (t1/2 = ln2/kobs).
For measurements of the apparent Km values for nucleotide

substrates, the reactions were performed in reconstituted TECs
formed with CPD or AP site templates at increasing NTP con-
centrations (ATP, GTP, and UTP) for 1 min at 37 °C in the case
of the CPD template and for 10 s at 25 °C in the case of the AP
template. The efficiency of RNA extension was calculated for
each reaction point and normalized to the maximum efficiency
observed at the highest NTP concentration. To determine appa-
rentKm values, the data were fitted to a hyperbolic equation.

Kinetics of nucleotide addition and RNA elongation

TECs for analysis of nucleotide addition and translocation
were assembled on a scaffold containing fluorescently labeled
RNA and DNA oligonucleotides (Fig. 6). DNA and RNA oligo-
nucleotides were purchased from IBA Biotech (Göttingen,
Germany), Fidelity Systems (Gaithersburg, MD, USA), and
Eurofins Genomics (Ebersberg, Germany). The nucleotide
addition rates were measured after mixing the TEC with 400
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mM GTP (final concentration, 200 mM) in a rapid quench-flow
instrument (RQF 3, KinTek Corporation) at 25 °C as described
previously (42). The reactions were quenched with 0.5 M HCl,
and the RNA products were separated by 16% denaturing
PAGE and analyzed by fluorimetry. Equilibrium levels of fluo-
rescence were determined by recording emission spectra of 6-
MI (excitation at 340 nm) with an LS-55 spectrofluorometer
(PerkinElmer Life Sciences) at 25 °C. The fluorescence at peak
emission wavelength (420 nm) was used for data analysis and
representation. Time-resolved translocation measurements
were performed in an Applied Photophysics (Leatherhead, UK)
SX.18MV stopped-flow instrument at 25 °C as described previ-
ously (42). The reaction was initiated by mixing the TEC with
400 mM GTP (final concentration, 200 mM). The detailed
descriptions of the experimental conditions and the analysis
routines are presented in the supporting text.

In vivo assays of cell viability

For experiments in Fig. 9, E. coli MZ1655 Z1 was trans-
formed with pBAD-based plasmids containing either WT
(DSI3) or mutant G1136M(DSI3) alleles of the rpoC gene under
the control of arabinose-inducible promoter. The cells were
grown under identical conditions from overnight cultures in
liquid LB with ampicillin (100 mg/ml) and spectinomycin (25
mg/ml), either without or with 0.1% arabinose, for 9 h at 37 °C
and plated with serial dilutions onto LB plates (300 mg/ml
ampicillin, 100 mg/ml spectinomycin, either without or with
0.1% arabinose). The plates were or were not irradiated with
UV (0.007 J) and incubated in the dark overnight at 37 °C.
For experiments in Fig. S7, E. coli BL21(DE3) was trans-

formed with pBR322 or pVS10-based plasmids containing all
core RNAP subunits, with WT or mutant rpoC alleles. Night
cultures were grown from fresh colonies overnight in liquid LB
with ampicillin (100 mg/ml), inoculated into fresh LB with
ampicillin, and grown for 8 h. Serial dilutions were prepared
and plated onto LB agar plates with ampicillin, and the plates
were incubated at 30 or 42 °C for 24 and 16 h, respectively.

Data availability

All data presented are contained in the article and are avail-
able upon request from A. Kulbachinskiy (akulb@img.ras.ru)
and D. Esyunina (es_dar@inbox.ru).
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