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ABSTRACT

RNA cleavage by bacterial RNA polymerase (RNAP)
has been implicated in transcriptional proofreading
and reactivation of arrested transcription elongation
complexes but its molecular mechanism is less un-
derstood than the mechanism of nucleotide addition,
despite both reactions taking place in the same ac-
tive site. RNAP from the radioresistant bacterium
Deinococcus radiodurans is characterized by highly
efficient intrinsic RNA cleavage in comparison with
Escherichia coli RNAP. We find that the enhanced
RNA cleavage activity largely derives from amino
acid substitutions in the trigger loop (TL), a mobile
element of the active site involved in various RNAP
activities. The differences in RNA cleavage between
these RNAPs disappear when the TL is deleted, or
in the presence of GreA cleavage factors, which re-
place the TL in the active site. We propose that the TL
substitutions modulate the RNA cleavage activity by
altering the TL folding and its contacts with substrate
RNA and that the resulting differences in transcrip-
tional proofreading may play a role in bacterial stress
adaptation.

INTRODUCTION

Transcription errors can be detrimental to cells even though
they are not genetically heritable like replication errors. Re-
cent studies revealed the in vivo transcription error rates of
about 107410~ and demonstrated that changes in tran-
scription fidelity can significantly affect gene expression,
cell growth and genomic stability in bacteria (1-5) and eu-
karyotes (6-8).

Transcription fidelity primarily depends on the ability of
RNA polymerase (RNAP) to select correct nucleotides dur-

ing RNA synthesis. The catalytic cycle of nucleotide addi-
tion starts with its initial pairing with the DNA template
nucleotide, followed by the folding of a mobile trigger loop
(TL) that encloses the nucleotide substrate within the 7 + 1
site of the active center. Two divalent metal ions (usually,
Mg?*) then catalyze nucleotidyl transfer, followed by TL
unfolding and RNAP translocation (9—13). TL closure con-
tributes up to 10 000-fold to the rate of phosphodiester
bond formation and fidelity of transcription (10,14,15).
Conformational changes of the TL during different steps
of the nucleotide addition cycle are coupled with changes
in adjacent elements of the active site, including the bridge
helix (BH) and the F-loop (FL) (Figure 1 and Supplemen-
tary Figure S1) (9,16-18). Folding and unfolding of the TL
also modulates RNAP movement along the DNA because
the intimate interactions of the folded TL with the 3’-end of
the nascent RNA impede forward translocation (19,20).

The second major mechanism that contributes to tran-
scription fidelity is endonucleolytic cleavage of the nascent
RNA transcript in the RNAP active site, which results in
removal of misincorporated nucleotides (21-23). Intrinsic
RNA cleavage is catalyzed by the same pair of catalytic
divalent ions as nucleotide addition; however, the binding
of the second of these ions during cleavage is relatively
week and is a subject to regulation (13,24,25). RNA cleav-
age is preceded by RNAP backtracking along the DNA
template, which is stimulated by nucleotide misincorpora-
tion (23,26,27). Bacterial RNAP predominantly removes
dinucleotide fragments from the RNA 3’-end, and the 3'-
terminal RNA nucleotide was shown to directly participate
in the reaction, thus suggesting an ancient role for RNA
in catalysis (22,23). Recent structural analysis of a back-
tracked transcription elongation complex (TEC) of Ther-
mus thermophilus (Tth) RNAP revealed that the 3/-nt is
bound in a specific proofreading site in the secondary chan-
nel; mutations in this site were shown to impair RNA cleav-
age (Figure 1 and Supplementary Figure S1A) (28).
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Figure 1. Structure of the RNAP active site in the backtracked TEC. (A) Backtracked TEC of 7th RNAP (4WQS, (28)). RNAP subunits are indicated.
(B) Enlarged view of the RNAP active site. The DNA/RNA hybrid and the 3'-end RNA nucleotide bound in the proofreading site are indicated. Also
shown are the TL, BH and FL in the B’ subunit and the 8 subunit segment forming a part of the proofreading site; individual amino acids are labeled (Eco
numbering). Position of the SI3 insertion in the TL is shown with a gray sphere; position of the TL deletions analyzed in this study is shown with a black
line. (C) Alignment of the TL sequences in Eco, Dra and Tth RNAPs. The alpha-helical and unfolded segments in the open and closed TL conformations
are shown below the alignment by thick and thin lines, respectively. The TL deletions in Eco and Dra RNAPs are underlined.

The role of the TL in RNA cleavage remains controver-
sial. Biochemical studies demonstrated that it is essential
for cleavage and likely directly contacts the RNA substrate
in thermophilic Thermus aquaticus (Tag) RNAP (27), but
may be less important for cleavage in mesophilic Eco RNAP
(15,22,27). In particular, substitution of catalytic residue
H1242 in the TL in Tag RNAP much more severely affected
catalysis than substitution of corresponding residue H936
in Eco RNAP (Figure 1) (27). However, in the published
backtracked TEC structure of Thermus RNAP, the TL is
removed away from the RNA substrate suggesting that the
complex is in an inactive conformation (Figure 1B) (28).

Most bacterial cells contain specialized Gre factors
(GreA and GreB in Escherichia coli) that stimulate RNA
cleavage by RNAP in vitro and are likely important for tran-
scriptional proofreading in vivo. Gre proteins bind within
the secondary channel of RNAP and reach the active site,
which requires unfolding of the TL and is accompanied
by conformational changes in major RNAP domains and
opening of the main channel holding nucleic acids (28). Gre
factors were proposed to coordinate the second metal ion
in the active site by acidic amino acid residues located at a
tip of their effector domain, and to directly participate in
catalysis through contacts with the RNA substrate and ac-
tivation of the attacking water molecule (22,24,25,29). Gre
factors were shown to play crucial role in reactivation of ar-
rested TECs resulting from irreversible RNAP backtrack-
ing (30,31). In vitro and in vivo studies suggested that such

stalled TECs can block DNA replication, resulting in in-
creased level of mutagenesis and genome instability (32-34).

Deinococcus radiodurans (Dra) is a unique mesophilic
bacterium, phylogenetically related to thermophilic Tag
and Tth, that is highly resistant to ionizing radiation, ul-
traviolet light and chemical mutagens, thus suggesting the
existence of specific mechanisms of stress resistance (35,36).
In particular, D. radiodurans cells were shown to accumulate
manganese ions under stress conditions, resulting in activa-
tion of several manganese-dependent enzymes and protec-
tive pathways (37). Previously, we found that Dra RNAP
highly efficiently catalyzes RNA cleavage in comparison
with E. coli (Eco) RNAP (38). The enhanced RNA cleav-
age activity may play an essential role under stress condi-
tions, by decreasing transcriptional mutagenesis and mini-
mizing transcription-replication conflicts. In this work, we
performed comparative analysis of Dra and Eco RNAPs
and identified factors that modulate their RNA cleavage ac-
tivities.

MATERIALS AND METHODS
DNA, proteins and reagents

Mutant variants of the FEco rpoC and rpoB genes
were obtained by site-directed polymerase chain reaction-
mutagenesis of the pET29-rpoC and pIA545 plasmids and
recloned into the pVS10 and pIA679 expression vectors
containing Hisg-tags in the C-terminus of the B’ subunit and
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in the N-terminus of the $ subunit, respectively (39). Wild-
type and mutant Eco core RNAPs were expressed and pu-
rified from Eco BL21(DE3) cells as described in (39). Core
Dra RNAP was purified either from Dra cells as described
previously (40) or from E. coli BL21(DE23) cells expressing
all core RNAP subunits from plasmid pET28-rpoACBZ-
Dra. The plasmid was obtained by cloning of the rpoA,
rpoB, rpoC and rpoZ genes of Dra into the pET28 vector
under the control of T7 RNAP promoters. Mutant vari-
ants of the Dra rpoC gene were obtained by site-directed
mutagenesis and cloned into the same plasmid. Eco cells
containing pET28-rpoACBZ-Dra were grown for 16 h at
22°C in the presence of 0.1 mM IPTG. The cells were
disrupted by sonication; RNAP was purified by Polymin
P precipitation, followed by chromatography on Heparin-
Sepharose (Heparin-HiTrap), Ni**-affinity (HiTrap Chelat-
ing) and anionic-exchange (MonoQ) columns (GE Health-
care) (39,41). Eco and Dra GreA proteins with C-terminal
Hisg-tags were expressed from plasmids pET28-Eco-GreA
and pET28-Dra-GreA and purified by Polymin P precipi-
tation (from flow-through), followed by Ni**-affinity chro-
matography.

Schematics of nucleic-acid scaffolds used in the analysis
of nucleotide addition and RNA cleavage are shown in Sup-
plementary Figures S2, S3 and S4. DNA and RNA oligonu-
cleotides used in the analysis were purchased from IBA
Biotech (Gottingen, Germany), Fidelity Systems (Gaithers-
burg, MD, USA), Eurofins Genomics (Ebersberg, Ger-
many), DNA Synthesis and Syntol (Moscow, Russia).
Cytidine-5-[(a,3)-methyleno]triphosphate (CMPCPP) was
from Jena Bioscience (Jena, Germany). DNA template con-
taining a fragment of the Eco rpoB gene fused to the APg
promoter for measurements of elongation rates was ob-
tained as described in (41).

Analysis of nucleotide addition and RINA elongation

TECs for analysis of nucleotide addition were assembled
on a minimal nucleic acid scaffold containing 5'-P32-labeled
RNA (Supplementary Figure S3) or a complete scaffold
containing fluorescently labeled RNA or DNA oligonu-
cleotides (Supplementary Figure S2) as described in (42)
and (43), respectively. The catalytic rates were measured
after mixing the samples with nucleotides (1 mM uri-
dine triphosphate [UTP] or cytidine triphosphate [CTP] in
the case of the minimal scaffold and 200 wM guanosine
triphosphate [GTP] or 2’-dGTP in the case of the com-
plete scaffold) in a rapid quench-flow instrument (QFM-
400, BioLogic and RQF 3, KinTek Corporation, respec-
tively) or by manual mixing. Most measurements were per-
formed at 25°C, unless otherwise indicated. The reactions
were quenched with 0.5 M HCI, the RNA products were
separated by denaturing Polyacrylamide gelelectrophoresis
(PAGE) and analyzed by phosphorimaging or fluorimetry.
The data on nucleotide addition obtained in the minimal
scaffold system were fitted to the single-exponential equa-
tion. The experiments on nucleotide addition and translo-
cation on the complete scaffold are described in detail in
Supplementary Methods. Measurements of average elonga-
tion rates was performed on the APgr-rpoB template as pre-

viously described (41) (see Supplementary Figure S8 legend
for details).

RNA cleavage assays

RNA cleavage was performed in TECs assembled on syn-
thetic nucleic-acid scaffolds as previously described (41,43).
RNA primer was 5-labeled with y-[*’P]-ATP and T4
polynucleotide kinase and mixed with the template DNA
oligonucleotide (600 nM and 1.5 wM final concentrations,
respectively) in buffer containing 40 mM Tris-HCI, pH
7.9, 40 mM NaCl and 0.1 mM ethylenediaminetetraacetic
acid (EDTA). The samples were heated to 65°C and cooled
down to 20°C at 1°C/min. One microliter of the RNA-
DNA hybrid solution (0.6 pmol RNA/1.5 pmol template
DNA) was then mixed with core RNAP solution (5 pmol)
in 10 pl of buffer containing 40 mM Tris—HCI, pH 7.9 and
40 mM NaCl and incubated for 20 min at 30°C. A total
of 10 pmol of the non-template DNA oligonucleotide was
added to the mixture and the samples were incubated for 20
min at 30°C. The samples were diluted 5-10x with tran-
scription buffer containing 40 mM Tris—HCI, pH 7.9, 40
mM NaCl and RNA cleavage was initiated by the addi-
tion of MgCl, or MnCl, to indicated concentrations. GreA-
dependent RNA cleavage was analyzed in a similar way.
Gre proteins were added to preformed TECs of Eco or Dra
RNAPs (to 5 or 1 wM final concentrations in Figure 7B
and C, respectively) and the samples were incubated for 3
min at 30 or 37°C. RNA cleavage was initiated by the ad-
dition of MgCl, to 10 mM. Gre-containing reactions with
wild-type RNAPs were performed on a KinTek Chemical
Quench Flow Model RQF-3 mixer (KinTek, Austin, USA).
The reactions were stopped after various time intervals by
the addition of equal volume of stop-solution containing
8M urea and 20 mM EDTA, and RNA products were ana-
lyzed by 15% denaturing PAGE. The data were fitted to the
equation:

C = Cpax X (1 — exp(—kops X 1)),

where Cis the fraction of cleaved RNA, Cy.x is the maximal
cleavage level, kqps is the observed first-order rate constant
and ¢ is the reaction time.

Fe?*-induced RNA cleavage

The TECs were assembled in the same way as described
above but the non-template DNA oligonucleotide con-
tained a biotin residue in its 5-end. The complexes were
bound to magnetic avidin agarose beads (Dynabeads My-
One Streptavidin C1 Invitrogen), pre-washed in high salt
buffer (40 mM Tris—HCI, pH 7.9, 1 M NaCl) and equili-
brated with reaction buffer (40 mM Tris—-HCI, pH 7.9, 40
mM NaCl), for 25 min at 25°C with occasional shaking.
Unbound TECs were removed by washing the beads three
times with 1 ml of the reaction buffer. Reaction was initi-
ated by the addition of DTT to 10 mM and (NH4),FeSOy4
to 20 or 200 wM and terminated after 20 min by the addi-
tion of the stop-solution. The RNA products were resolved
by 29% denaturing PAGE.
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RESULTS
RNA synthesis by Eco and Dra RNAPs

Dra and Eco RNAPs transcribe genomes of very diver-
gent bacterial phyla but evolved to operate in similarly
mesophilic environments. Therefore, before starting the
analysis of RNA cleavage it was imperative to compare
RNA synthesis by these two enzymes. To assess possible
differences in nucleotide addition and translocation states
of the TECs formed by these RNAPs, we employed a set of
kinetics and equilibrium assays previously developed in our
work (17,44).

We first performed parallel, time-resolved measurements
of nucleotide incorporation and post-catalytic relaxation
(the combined rate of pyrophosphate release and translo-
cation) in Eco and Dra TECs. To allow accurate compar-
isons of the catalytic rates, most experiments on nucleotide
addition were performed at 25°C since at this temperature
the reactions can be resolved in time by rapid quench-flow
methods. Both Eco and Dra can actively grow and divide
at this temperature and both RNAPs were shown to have
comparable elongation rates in the range between 0 and
37°C (40) suggesting that measurements at 25°C allow ad-
equate comparison of RNAP properties. The experiments
were performed using a complete synthetic nucleic-acid
scaffold containing fluorescent labels at the RNA 5-end
and in the template DNA (Figure 2 and Supplementary Fig-
ure S2). RNA extension was monitored by a rapid chemical
quench-flow method, whereas translocation was monitored
by measuring the increase in fluorescence of the 6-methyl-
isoxanthopterin base (6-MI) incorporated in the template
DNA strand in a stopped-flow instrument (44). Both Eco
and Dra RNAPs fully (>80%, Supplementary Figure S2)
extended the RNA transcript after the addition of cognate
GTP, followed by rapid TEC translocation. Combined ki-
netic analysis of the data revealed that Dra RNAP is 2-fold
slower in the nucleotide addition but translocates forward
with similar or up to twofold faster rate than Eco RNAP
(Figure 2B). Although the rate of the post-catalytic relax-
ation is faster in Dra RNAP, it constitutes only a small frac-
tion of the total half-life of the nucleotide addition cycle
(25-30% for Eco RNAP and 10-15% for Dra RNAP).

To assess the completeness of translocation, we forward-
biased the GMP-extended TEC with CMPCPP (a non-
hydrolyzable analog of CTP), corresponding to the next in-
coming nucleoside triphosphate (NTP) in our system. For
both Eco and Dra TECs, the addition of CMPCPP did
not result in a further increase in fluorescence intensities
(Figure 2C). Furthermore, similar changes in TEC fluores-
cence were observed after the incorporation of 2'-dGMP,
which promotes forward translocation (because the 2’-OH
group at the RNA 3’-end is essential for stabilizing the pre-
translocated state), and the addition of CMPCPP to such
complexes (20). These observations suggest that the frac-
tions of the pre-translocated state are below the detection
threshold (~10%) in both Eco and Dra TECs.

Overall, the analysis of nucleotide addition and translo-
cation by Eco and Dra RNAP revealed only marginal dif-
ferences in the rates of the individual steps in the nucleotide
addition cycle between the two enzymes. While it is not cer-
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Figure 2. Comparative analysis of nucleotide addition and translocation
by Eco and Dra RNAPs. (A) Schematics of the experiment. RNA was
extended with GTP (200 wM) or 2’-dGTP, followed by TEC transloca-
tion. Upon translocation the 6-MI base migrates to the upstream edge of
the RNA-DNA hybrid with concomitant increase in fluorescence inten-
sity. (B) Time courses of GMP addition (discrete black time points) and
translocation (continuous traces) by Eco (top) and Dra (bottom) RNAPs.
The schematics of the analyses and the lower and upper bounds of param-
eters (calculated at a 10% increase in Chi?) are depicted below the graphs.
Best fit curves were drawn using best fit values of parameters described in
Supplementary Methods. (C) Fluorescent levels of the Eco (top) and Dra
(bottom) TECs after assembly and following the extension by GTP or 2'-
dGTP in the presence and absence of CMPCPP. Data were averaged over
two to three independent experiments. Error bars are standard deviations.

tain at present if the observed differences have any physio-
logical and/or mechanistic significance, they cannot explain
a significantly higher intrinsic RNA cleavage activity of Dra
RNAP.

Stimulation of nucleotide misincorporation by manganese
ions

We then analyzed the catalytic rates in TECs assembled
on a minimal nucleic acid scaffold stabilized in the post-
translocated state (Figure 3A, Supplementary Figure S3A),
which allows comparison of incorporation of correct and
incorrect nucleotides in the absence of RNA cleavage (42).
Similarly to the complete scaffold described above, both
RNAPs had comparable rates of the correct nucleotide in-
corporation (UTP), although Dra RNAP was faster than
Eco RNAP in this case (Supplementary Figure S3B).
Manganese ions are known to increase misincorpora-
tion of non-complementary nucleotides by RNA and DNA
polymerases (e.g., (45)). We therefore compared transcrip-
tion fidelity of Dra and Eco RNAPs in the presence of mag-
nesium and manganese ions, by analyzing cognate UTP and
non-cognate CTP addition on the minimal scaffold tem-
plate. Due to the very fast correct nucleotide incorporation
in the presence of manganese, the experiment with UTP
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Figure 3. Effects of manganese on nucleotide incorporation and transcrip-
tion fidelity. (A) Scheme of the reaction with the minimal nucleic acid scaf-
fold. (B) Kinetics of cognate UTP addition (1 mM, 10°C) by Eco and Dra
RNAPs in the presence of magnesium or manganese ions. The plot shows
accumulation of the 9 nt RNA product over the reaction time (normalized
to the maximal extension for each reaction). (C) Kinetics of non-cognate
CTP addition (1 mM, 25°C).

was performed at 10°C. Manganese ions stimulated uridine
monophosphate (UMP) incorporation, resulting in about
4- and 2.5-fold increase in the catalytic rates for Eco and
Dra RNAPs, respectively (Figure 3B, C and Supplementary
Figure S3C). At the same time, the rates of the non-cognate
cytidine monophosphate (CMP) incorporation were much
stronger stimulated by Mn”* resulting in an overall decrease
in the fidelity of RNA synthesis. This effect was larger for
Dra than for Eco RNAP (420- versus 75-fold stimulation),
leading to a larger decrease in the transcription fidelity (Fig-
ure 3B, C and Supplementary Figure S3C).

RNA cleavage by Eco and Dra RNAPs in correct and mis-
matched TECs

Previous studies revealed enhanced RNA cleavage by Dra
RNAP in a model TEC containing fully complementary
RNA (38). In this work, analysis of the cleavage reaction
was performed in several types of TECs assembled on syn-
thetic nucleic-acid scaffolds. Most experiments were per-
formed with mismatched TEC rA-dG, containing a non-
complementary adenine at the RNA 3’-end located oppo-
site guanine in the template DNA, and correct TEC rA-
dT, in which the 3’-adenine was complementary to a tem-
plate thymine (Supplementary Figure S4) (modified from
Ref. (23)). The rA-dG complex corresponds to the TEC
that is formed after misincorporation of an incorrect nu-
cleotide in the RNA transcript, which facilitates RNAP
backtracking and RNA cleavage (23). In addition, we an-
alyzed mismatched TEC rC—-dT, which contained a non-
complementary cytosine at the RNA 3’-end opposite tem-
plate thymine, and another variant of correct TEC with
the rA—dT pair at the RNA 3’-end (rA-dT2) (Supplemen-
tary Figure S4). Most RNA cleavage experiments were per-
formed at 37°C, the temperature optimum for both RNAPs.

RNA cleavage in all analyzed TECs resulted in removal
of a dinucleotide from the RNA 3’-end (Supplementary Fig-
ure S5). Dra RNAP cleaved RNA dramatically faster than
Eco RNAP (Figure 4, Supplementary Figure S5, Table 1
and Supplementary Table S1). In particular, we observed
20-, 18- and 56-fold differences in the cleavage rates in the
rA-dG, rA-dT and rC-dT TECs, respectively (at 10 mM
MgCl,, 37°C) (Table 1). For each RNAP, the rates of in-
trinsic RNA cleavage were the highest in the case of the
mismatched complex rA-dG containing unpaired adenine
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Figure 4. Kinetics of RNA cleavage by Eco and Dra RNAPs. Schemes
of the TECs used for analysis of the cleavage rates are shown above the
plots (see Supplementary Figure S4 for scaffold structures). The amounts
of cleaved RNA are normalized to the maximal cleavage observed in each
reaction. Averages and standard deviations from 2-4 independent experi-
ments are shown.
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Figure 5. Dependencies of the RNA cleavage rates by Eco and Dra RNAPs
on magnesium concentration for rA-dG (left) and rA-dT (right) TECs. For
each TEC, the cleavage rates for Dra and Eco RNAPs are shown on the left
and right y-axes, respectively.

residue at the RNA 3’-end (kops = 0.39 and 7.9 min~' for
Eco and Dra RNAPs, respectively). Similar differences were
observed when the experiment was repeated at 25°C, al-
though the absolute rates of the reaction were ~2.5x lower
for both RNAPs (Supplementary Figure S6). The rates of
the cleavage in the correct complex rA-dT were more than
30x lower for both RNAPs, likely because base-pairing of
the RNA 3’-end prevents RNAP backtracking. The RNA
cleavage rates in the mismatched complex rC-dT were also
lower in comparison with rA-dG, likely because the un-
paired adenine in the latter complex is directly involved in
the cleavage reaction (23). Overall, our data demonstrate
that Dra RNAP efficiently cleaves RNA in TECs of various
structures.

Catalytic metal binding by Eco and Dra RNAPs during RNA
cleavage

To reveal possible differences between Eco and Dra RNAPs
in the binding of the second catalytic metal ion during RNA
cleavage, the reactions in the rA—dG and rA—dT complexes
were performed at different divalent ion concentrations. At
all Mg>* concentrations, RNA cleavage by Dra RNAP was
much faster than in the case of Eco RNAP and the max-
imal rates of the reaction at saturation were 14.5x higher
for Dra RNAP in both TECs (Figure 5, Table 2). However,
the apparent dissociation constants (Kg app) for the binding
of the catalytic ions in both complexes were comparable for
Eco and Dra RNAPs, with only ~1.5-fold better binding of
Mg?* to Dra RNAP in the rA-dG complex (Kqapp = 13.9
and 8.3 mM, respectively).
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Table 1. The rates of RNA cleavage by Eco, Dra RNAPs and their mutant variants in different TECs

Cleavage rate (kops, min—")

RNAP rA-dG rA-dT rC-dT
Eco 0.39 + 0.07 0.012 £ 0.003 0.014 + 0.001
1 1 1
Dra 79 £ 1.0 0.22 + 0.05 0.78 £+ 0.08
20.1 18.2 55.7
Eco ASI3 0.49 + 0.16 0.016 £+ 0.004 0.045 £ 0.007
1.2 1.3 3.2
Eco-TL-Dra 34 4+ 1.7 0.155 £ 0.039
8.7 13.1
Eco-B'1937T(ASI3) 0.78 0.018 £ 0.006
2.0 1.5
Eco-B’'G1136M (ASI3) 2.0+ 0.2 0.144 £+ 0.070 0.298 + 0.055
5.0 12.2 21.3
Dra-3'M1271G 53+02 0.095 0.42 + 0.12
13.6 8.0 29.7
Eco ATL 0.0050 + 0.0004 0.00088 =+ 0.00051
0.013 0.074
Dra ATL 0.0024 + 0.0003 0.0011 + 0.0007
0.006 0.09
Eco + GreA 890 + 175
2300
Dra + GreA 860 + 50
2200

The rates were measured at 37°C and 10 mM MgCl, for most reactions and at 30°C for reactions containing GreA factors. Averages and standard deviations
from 2-4 independent experiments are shown. The numbers in bold indicate the cleavage rates relative to the rate of wild-type E. co/i RNAP in the same

TEC.

Table 2. Kinetic parameters of RNA cleavage by Eco and Dra RNAPs

TEC, Me?", RNAP Kg.app Me?™ (mM) kopsmax (min~1)

rA-dT, Mg?*

Eco 53.8 + 13.2 0.11 + 0.013
1 1

Dra 419 + 14.4 1.6 £ 0.6
0.8 14.5

rA-dG, Mg2*

Eco 13.9 £ 2.8 0.87 + 0.21
1 1

Dra 83+ 14 12.6 + 0.2
0.6 14.5

Eco-B/'A455E 39 + 1.7 1.5+ 02
0.3 1.7

Eco-TL-Dra 11.6 £ 3.1 414023
0.8 4.7

rA-dG, Mn?*

Eco 28 £ 1.6 1.1 +£0.2
1 1

Dra 1.6 £ 0.1 137 + 2.4
0.6 125

The Ky app and kops max values were determined from measurements of
RNA cleavage rates at different metal concentrations (see Figure 5). The
numbers in bold indicate the values relative to the wild-type E. coli RNAP
in the same TEC.

The apparent Ky values for Mg?* binding by both
RNAPs were lower for the mismatched rA-dG TEC (about
4-5x; Table 2), likely because the translocation equilibrium
in this complex is shifted toward backtracked state, in which
the unpaired RNA 3’-end facilitates metal binding. This
contrasts previously reported observations for 7ug RNAP
for which the apparent Ky values for Mg?* did not depend
on the complementarity of the 3'-terminal RNA nucleotide
(23).

Previously, Dra-specific substitution A455E near the
metal-binding NADFDGD-motif of the B’ subunit was
shown to slightly stimulate RNA cleavage by Eco RNAP
(38). We therefore measured the apparent Ky value for Mg>*
in the cleavage reaction for the Eco-B’A455E RNAP. The
substitution slightly increased the maximal rate of cataly-
sis and the apparent affinity of magnesium in the rA-dG
TEC (Table 2). Therefore, this substitution may account for
the somewhat greater affinity of Dra RNAP to magnesium
ions, probably by changing the conformation of the adja-
cent NADFDGD-motif. However, it cannot fully explain
the large differences in the RNA cleavage rates between the
Eco and Dra RNAPs.

We then analyzed RNA cleavage in the presence of Mn?>*
ions and compared their apparent affinities in the cleav-
age reaction for Eco and Dra RNAPs. Both RNAPs bound
manganese ions about 5-fold better than magnesium ions
(Kq,app = 2.8 and 1.6 mM, respectively, in the rA-dG TEC),
with no changes in the maximal rates of the reaction (Table
2). Therefore, manganese does not significantly change the
intrinsic RNA proofreading activity of Dra RNAP. Overall,
the observed differences in the RNA cleavage rates cannot
be explained by different efficiencies of divalent ion binding
in the active sites of Eco and Dra RNAPs.

Effects of Dra-specific amino acid substitutions on RNA
cleavage

To identify specific elements of the active site of Dra RNAP
that might be responsible for the increased RNA cleavage
rate, we obtained a series of mosaic Fco RNAP variants
with substitutions of individual elements that contact the
RNA 3’-end with corresponding Dra sequences. In partic-
ular, we introduced substitutions present in the TL, FL,
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BH in the B’ subunit and several substitutions in the RNA
proofreading site in the B subunit, including P567A and
substitution M681A of a conserved methionine residue that
was previously shown to be critically important for cleavage
in 7th RNAP (28) (Figure 1, Supplementary Figures S1 and
S7). In addition, we analyzed substitution of the B’ lid do-
main (three amino acid substitutions in total) that contacts
the upstream part of the RNA-DNA hybrid. All mutant
core RNAP variants were overexpressed in Eco cells and
purified to homogeneity.

Most analyzed Dra-specific substitutions, including sub-
stitutions of the whole FL-BH segment, the lid domain,
and point amino acid substitutions B’L783G in the BH
and BP567A in the B proofreading site did not significantly
affect RNA cleavage by Eco RNAP (Supplementary Ta-
ble S1). Alanine substitution of M681 also did not affect
RNA cleavage (kops = 0.38 min~! in comparison with 0.39
min~! for wild-type Eco RNAP in the rA—dG complex), un-
like to previously reported tryptophan substitution of the
corresponding residue in 7t4 RNAP (M560W) that dramat-
ically impaired RNA cleavage (28).

In contrast, substitution of the whole TL (in Eco-TL-Dra
RNAP) significantly activated RNA cleavage by the mo-
saic RNAP (8.7- and 13.1-fold in the rA-dG and rA-dT
TECs, respectively, at 10 mM MgCl,; Table 1). This substi-
tution also increased the maximal cleavage rate at saturating
Mg?* concentrations but did not significantly change the
apparent K4 value for Mg”?* binding (Table 2). Thus, the TL
may be the main determinant of the observed differences in
RNA cleavage.

Dra RNAP, similarly to related Tag/Tth RNAPs, natu-
rally lacks large insertion (‘SI3’) present in the TL in Eco
RNAP (Figure 1C). It was hypothesized that the presence
of the SI3 insertion might explain the low efficiency of RNA
cleavage by Eco RNAP in comparison with 7ag RNAP (27).
All studied Eco RNAP variants with Dra-specific substitu-
tions in the TL also lacked the SI3 domain and were there-
fore compared with a control RNAP lacking this domain.
The SI3 deletion in Eco RNAP (Eco ASI3) by itself did not
significantly change the RNA cleavage rate in most TECs
except rC—dA where it activated the reaction about 3-fold
(in comparison with 55-fold difference in the rates between
Eco and Dra RNAPs in this TEC) (Table 1). Thus, the ab-
sence of the SI3 insertion cannot explain the increased RNA
cleavage rate by Dra and Eco-TL-Dra RNAPs.

To identify individual amino acid residues in the TL that
might modulate RNA cleavage, we obtained additional Eco
RNAP variants with Dra-specific single amino acids sub-
stitutions in the TL. In particular, we introduced substitu-
tion B'I937T(ASI3) in the N-terminal part of the TL near
residue H936 that was shown to be directly involved in RNA
cleavage (27), and substitution G1136M(ASI3) in the C-
terminal part of the TL. The latter substitution is located at
the border of the unfolded TL segment in the backtracked
complex that becomes alpha-helical during nucleotide ad-
dition (G1136 corresponds to M1271 in Dra RNAP and
Q1254 in Thermus RNAP; Figure 1B and Supplementary
Figure S1). Previously, the G1136S substitution at the same
position was shown to significantly affect catalytic proper-
ties of Eco RNAP (see ‘Discussion’ section; (46,47)).

Substitutions 1937T(ASI3) and G1136M(ASI3) in-
creased the RNA cleavage rates in different TEC variants
1.5-2-fold and 5-21-fold, respectively (Figure 4, Supple-
mentary Figure S6 and Table 1). We therefore conclude
that the G1136M substitution likely makes a major
contribution to the increased cleavage rate of the Eco-TL-
Dra and wild-type Dra RNAPs. At the same time, this
substitution only marginally increased the average rate
of transcription elongation measured on the APr-rpoB
DNA template (Supplementary Figure S8) and the rate
of single-nucleotide addition measured on the minimal
scaffold template (Supplementary Figure S3B), suggesting
that it has a specific effect on RNA cleavage.

To test whether substitutions in the TL may also affect
RNA cleavage by Dra RNAP, we obtained its mutant vari-
ant with a reciprocal substitution M1271G, located at the
same position as G1136M in Eco RNAP. The M1271G sub-
stitution reduced the RNA cleavage rate by Dra RNAP in
all analyzed TEC variants (about 2-fold, Table 1), although
the effect was much less dramatic than the stimulatory ef-
fect of the Eco-G1136M(ASI3) substitution. The M1271G
substitution also slightly decreased the nucleotide addition
rate in comparison with Dra RNAP (Supplementary Figure
S3B). Therefore, substitutions at this TL position can mod-
ulate catalytic properties of RNAPs from various bacteria.

No effects of the TL mutations on the translocation bias of
the mismatched TEC

Dra-specific substitutions in the TL might stimulate RNA
cleavage by (i) facilitating Mg”>* binding, (ii) affecting the
translocation state of the RNAP active site and (iii) chang-
ing the TL conformation and its contacts with the RNA
substrate. In addition, they might also indirectly affect the
conformation of other elements of the active site. As was
shown in metal titration experiments, substitutions in the
TL do not affect Mg?* affinity (see above, Table 2). Dra
RNAP also does not differ from Eco RNAP in the translo-
cation state of the active site in the TEC used for analysis
of nucleotide addition (Figure 2). To reveal whether the TL
substitutions might have any effect on the TEC transloca-
tion during the cleavage reaction, we analyzed RNA cleav-
age by hydroxyl radicals generated by Fe’* ions bound in
the RNAP active site in the rA—dG complex. Although the
unpaired 3'-end likely stabilizes this complex in the back-
tracked state, the lower cleavage rate by Eco RNAP could
potentially result from transient forward translocation of
the complex. However, the Fe?*-induced RNA cleavage pat-
terns were identical for wild-type Eco and Dra RNAPs and
for the Eco-G1136M(ASI3) mutant. In particular, the cleav-
age resulted in the appearance of RNA products shortened
by 1-3 nt from the 3’-end, likely corresponding to the back-
tracked TEC conformation (Figure 6). Thus, these RNAPs
do not differ in the translocation states of the active site in
this TEC, despite having very different RNA cleavage rates.
We therefore propose that Dra-specific substitutions may
modulate catalysis through local changes in the active site
conformation during RNA cleavage (see ‘Discussion’ sec-
tion).
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Figure 6. Comparison of the translocation states of the 3’-mismatched
TECs assembled with Eco and Dra RNAPs. Fe*-induced RNA cleav-
age by wild-type Eco, Dra and Eco-G1136M(ASI3) RNAPs in the rA-dG
TEC. Positions of the starting 15 nt RNA and cleaved transcripts (—1,
—2, —3) are indicated at the left. A control reaction with Eco GreA factor
shows positions of RNA products resulting from endonucleolytic cleavage.
Fe?* cleavage positions are shown with arrows on the scaffold scheme on
the right; the 7 and i + 1 sites of the active center are indicated.

Effects of TL deletions and GreA factors on RNA cleavage
by Eco and Dra RNAPs

To confirm that the TL directly contributes to the differ-
ences in RNA cleavage between Eco and Dra RNAPs, we
analyzed the effects of TL deletions on the cleavage rates.
Deletion of the TL dramatically impaired RNA cleavage by
Dra RNAP, but had less severe effect on Eco RNAP (Figure
7B and Table 1). Both deletions more strongly affected the
rates of RNA cleavage in the mismatched than in the correct
TEC. In particular, the rates for ATL Eco and Dra RNAPs
were decreased 80- and 3300-fold, respectively, in the rA—
dG TEC and 13- and 200-fold in the rA—dT TEC. Presum-
ably, the weaker effect of the TL deletions on RNA cleavage
in the latter complex results from superimposition of poten-
tially opposite effects of these deletions on RNA cleavage
and RNAP backtracking in the fully matched TEC. As a
result, the ATL Eco and Dra RNAPs had comparable rates
of RNA cleavage in both types of TECs (Table 1).

We then measured RNA cleavage in the presence of GreA
cleavage factors, which were shown to substitute the TL
in the RNAP active site (Figure 7A) (28). Eco RNAP was
more strongly activated by Eco GreA than Dra RNAP by
its cognate GreA factor (2300 and 110-fold stimulation, re-
spectively, in the rA-dG TEC; Table 1). As a result, the rates
of RNA cleavage by both RNAP became identical in the
presence of corresponding GreA factors.

Finally, we analyzed the effects of Eco Gre factors
on RNA cleavage by Eco ASI3 and Eco-G1136M(ASI3)
RNAPs. In accordance with published data (15), GreB
could not stimulate RNA cleavage by these RNAP vari-
ants, likely because the SI3 domain, which is absent in both
RNAPs, is essential for GreB binding. In contrast, GreA
significantly stimulated RNA cleavage by both RNAPs, in-
dicating that the SI3 domain is not absolutely required for
the GreA action (Figure 7C). Notably, the RNA cleavage
rates by the Eco ASI3 and Eco-G1136M(ASI3) RNAPs be-
came identical in the presence of GreA. Overall, these re-
sults further suggest that the TL determines differences in
RNA cleavage between Eco and Dra RNAPs, which disap-
pear in the absence of the TL or in the presence of Gre fac-
tors.

Nucleic Acids Research, 2016, Vol. 44, No. 3 1305

DISCUSSION

RNA cleavage by bacterial RNAP was proposed to play
essential roles in transcriptional proofreading and resolu-
tion of transcription-replication conflicts in bacterial cells
but the detailed mechanism of the cleavage reaction is un-
der debate. Based on comparison of Eco and Dra RNAPs,
we made several important observations on the catalytic
mechanism of RNAP. In particular, analysis of Dra RNAP
helped us to elucidate specific details of RNA cleavage,
which is highly efficient in this RNAP, and to identify
RNAP clements involved in this reaction. Our findings are
briefly discussed below.

(1) Phylogenetically distant Eco and Dra RNAPs revealed
similar parameters of nucleotide addition and TEC
translocation, suggesting that the basic catalytic mech-
anism of RNA synthesis is highly conserved in bac-
teria. Both Eco and Dra RNAPs adopt a predomi-
nantly post-translocated conformation following the
cycle of nucleotide addition in the TEC used for our
analysis. Previous kinetic analyses of nucleotide ad-
dition by Eco RNAP suggested that forward translo-
cation of the TEC is likely controlled by the unfold-
ing kinetics of the TL (19,20,48). In particular, it was
shown that stabilization of the closed active site with
the folded TL by tagetitoxin (20) or amino acid substi-
tutions (49) leads to significantly elevated fractions of
the pre-translocated state. Therefore, based on the low
occupancy of the pre-translocation state in Dra and
Eco TECs we suggest that the closed conformation of
the TL during nucleotide addition is not more stable in
Dra RNAP than in Eco RNAP. At the same time, Dra
RNAP, similarly to extensively characterized Thermus
RNAP, differs from Eco RNAP in RNA cleavage and
its response to transcription factors, probably as a re-
sult of altered TL dynamics (see below; (38,50,51)).

(i) Dra RNAP is highly efficient in RNA cleavage in TECs
of various structures, including mismatched complexes
formed after nucleotide misincorporation. Recently
published data suggest that RNA cleavage by RNAP
plays an important role in RNA proofreading in vivo,
and any changes in this activity may significantly af-
fect transcriptional mutagenesis. In particular, dele-
tions of Gre factors increased the transcription er-
ror rate in Eco (26). Similarly, mutations in Saccha-
romyces cerevisiae RNAPII located in the TL, BH and
in the sites interacting with the RNA cleavage fac-
tor TFIIS were shown to increase transcription er-
rors, by decreasing the fidelity of nucleotide incorpo-
ration and by impairing TFIIS-dependent transcript
cleavage (7). The RNA cleavage activity has also been
implicated in reactivation of backtracked TECs dur-
ing transcription-replication encounters and at DNA
damage sites (34,52,53). In particular, DNA lesions
were shown to block transcription by S. cerevisiae
RNAPII in vitro, and the stalled TECs were suscep-
tible to the action of TFIIS (54-56) suggesting that
they are prone to backtracking. Furthermore, RNAP
backtracking promoted by the UvrD helicase is an es-
sential step of nucleotide excision repair, followed by
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Figure 7. Effects of TL deletions and GreA factors on RNA cleavage by Eco and Dra RNAPs. (A) Structure of the RNAP active site in complex with
GreA (28). Position of the analyzed TL deletions is shown with a line. (B) Kinetics of RNA cleavage in the rA-dG TEC by wild-type and ATL RNAP
variants (measured at 37°C) and by wild-type RNAPs in the presence of GreA (measured at 30°C). (C) The effects of the Eco GreA factor on RNA cleavage
measured at 37°C in the rA-dT TECs assembled with Eco-ASI3 and Eco-G1136M(ASI3) RNAPs.

(iif)

(iv)

RNA cleavage and TEC reactivation (57). We there-
fore propose that the enhanced RNA cleavage activity
of Dra RNAP may be important for RNA proofread-
ing and/or in reactivation of arrested TECs whose for-
mation is likely greatly stimulated by genome damage.
Dra RNAP can efficiently utilize both magnesium
and manganese ions for the cleavage reaction, which
may be physiologically significant since Dra cells were
shown to accumulate manganese under stress condi-
tions (37). The increased cleavage rate of this RNAP
is not explained by improved binding of the catalytic
ions or stimulation of catalysis by manganese in com-
parison with Eco RNAP. However, manganese ions
do stimulate RNA synthesis and dramatically increase
nucleotide misincorporation by Dra RNAP. Similarly,
manganese ions were shown to stimulate several Dra
enzymes involved in stress resistance, including DNA
polymerases I and X whose translesion activity is in-
creased in the presence of Mn?* (58,59). Previously,
Mn?* was shown to increase nucleotide misincorpora-
tion by S. cerevisiae RNAPII, probably by sequestering
nucleotide substrates within the active site and stabi-
lizing the folded TL conformation (45). However, nu-
cleotide misincorporation by Dra RNAP is increased
even when the reactions are immediately quenched
with hydrochloric acid, thus suggesting that Mn>* may
stimulate catalysis independently of the TL folding.
The decreased fidelity of Mn?*-dependent RNA syn-
thesis may potentially explain the need for the higher
level of the RNA cleavage activity displayed by Dra
RNAP.

Species-specific variations in the TL modulate the
RNA cleavage activity of bacterial RNAPs. In con-
trast to previously analyzed thermophilic 7ag RNAP
(27), the use of mesophilic Dra RNAP allowed its di-
rect comparison with Eco RNAP under identical con-
ditions. We showed that the contribution of the TL
to catalysis is different in these RNAPs, as a result
of non-conserved amino acid substitutions, thus ex-
plaining previous controversies on the role of the TL
in RNA cleavage (15,27). A single Dra-specific amino
acid substitution in the TL greatly stimulated RNA
cleavage by Eco RNAP and may therefore be largely
responsible for the highly efficient catalysis in Dra
RNAP. The G1136M substitution is located at the C-

™)

terminus of the unfolded TL segment that becomes
a-helical after TL folding (Figure 1 and Supplemen-
tary Figure S1). Substitutions in the C-terminal he-
lix of the TL and adjacent RNAP segment, includ-
ing E1103G in S. cerevisiae RNAPII (60) and G1136S
in Eco RNAP (47) were previously shown to signifi-
cantly affect RNAP catalysis. In particular, the G1136S
substitution was proposed to stimulate RNAP translo-
cation and suppress transcription pausing and termi-
nation, likely by stimulating TL folding (46,47). The
latter substitution was also shown to increase pH-
stimulated RNA hydrolysis by Eco RNAP but this phe-
nomenon has not been studied in detail (47). We pro-
pose that the G1136M(ASI3) and, probably, G1136S
substitutions may affect TL folding and its contacts
with the RNA 3’-end during cleavage, for example,
by stabilizing a specific TL conformation involved in
RNA cleavage. In the backtracked complex structure
of Tth RNAP, residue Q1254 in the unfolded TL (cor-
responds to G1136 in Eco RNAPs) directly contacts
the N-terminal part of the TL, in particular, conserved
residue R933 (R1239 in Eco RNAP) that has been
implicated in nucleotide addition and pausing (14,15)
(Supplementary Figure S1A). Phyla-specific substitu-
tions may therefore modulate RNAP catalysis through
changes in this and other contacts. Interestingly, anal-
ysis of the TL sequences from various bacterial lin-
eages reveals that the presence of a glycine residue at
positions corresponding to Eco G1136 correlates with
the presence of the SI3 insertion in the TL (Supple-
mentary Figure S9). Furthermore, most RNAPs lack-
ing this insertion contain either glutamine or, less fre-
quently, histidine or methionine residues, similarly to
the Thermus/Deinococcus lineage. Since Gre proteins
and other secondary channel factors are sensitive to
the SI3 presence (15,61), it will be interesting to estab-
lish whether these correlations are important for regu-
lation of RNA cleavage in these RNAPs.
Combination of the effects of the G1136M substitu-
tion and two other substitutions, 1937T in the TL and
AA455E in the Mg?*-binding site can likely fully explain
the large difference in the RNA cleavage rate between
Eco and Dra RNAPs. Thus, complex adaptive changes
in RNAP properties can result from only a few substi-
tutions in key elements involved in catalysis.
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(vi) Deletions of the TL impair RNA cleavage by both Eco
and Dra RNAPs but the effect is much stronger for the
Dra RNAP; as aresult, the RNA cleavage rates become
comparable for both ATL RNAPs. Eco and Dra GreA
factors significantly stimulate RNA cleavage by their
cognate RNAPs and also eliminate the TL-dependent
differences in the rates of the reaction. Eco GreA also
activates RNA cleavage by the Eco-G1136M(ASI3)
RNAP and a control Eco ASI3 RNAP to the same
level. This agrees with the idea that the TL is not in-
volved in Gre-dependent RNA cleavage (28,29). Over-
all, the data suggest that the TL plays an important
role in intrinsic RNA cleavage in various RNAPs and
is likely to determine interspecies variations in this re-
action by a direct mechanism, rather than through in-
direct conformational changes of adjacent RNAP ele-
ments.

Contributions of the TL to RNA cleavage likely vary in
RNAPs from different domains of life. Intrinsic RNA cleav-
age by eukaryotic RNAPII from S. cerevisiae is much less
efficient in comparison with Eco RNAP (62), and unfolded
TL in backtracked RNAPII structures is located far away
from the RNA substrate (63,64). Thus, the low efficiency
of RNA cleavage by RNAPII may result from the absence
of stimulatory effect of the TL on cleavage. Furthermore,
the TL was shown to be unimportant for RNA cleavage
in archaeal RNAP (65). It is therefore likely that in these
RNAPs the reaction mainly depends on the action of ac-
cessory cleavage factors, TFIIS and TFS. In contrast, highly
efficient intrinsic RNA cleavage by Dra RNAP may serve as
an alternative, factor-independent pathway for reactivation
of stalled TECs. Multiple partially redundant systems for
dealing with genome damage and transcription stalling may
provide evolutionary advantage to Deinococcus and other
extremophilic bacterial lineages. For example, the presence
of multiple DNA repair systems with overlapping specifici-
ties is well documented in Dra (35,36). In addition, Dra cells
contain two ‘anti-Gre’ Gfh factors which may outcompete
GreA under certain conditions (66). Investigation of the in
vivo role of RNA cleavage and its regulation in transcrip-
tion fidelity and stress response in Dra cells is therefore an
important goal of future studies.
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