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RNA cleavage by RNA polymerase (RNAP) is the central step
in co-transcriptional RNA proofreading. Bacterial RNAPs were
proposed to rely on the same mobile element of the active site,
the trigger loop (TL), for both nucleotide addition and RNA
cleavage. RNA cleavage can also be stimulated by universal Gre
factors, which should replace the TL to get access to the RNAP
active site. The contributions of the TL and Gre factors to RNA
cleavage reportedly vary between RNAPs from different bacte-
rial species and, probably, different types of transcription com-
plexes. Here, by comparing RNAPs from Escherichia coli,
Deinococcus radiodurans, and Thermus aquaticus, we show that
the functions of the TL and Gre factors in RNA cleavage are
conserved in various species, with important variations that may
be related to extremophilic adaptation. Deletions of the TL
strongly impair intrinsic RNA cleavage by all three RNAPs and
eliminate the interspecies differences in the reaction rates. GreA
factors activate RNA cleavage by wild-type RNAPs to similar
levels. The rates of GreA-dependent cleavage are lower for ATL
RNAP variants, suggesting that the TL contributes to the Gre
function. Finally, neither the TL nor GreA can efficiently acti-
vate RNA cleavage in certain types of backtracked transcription
complexes, suggesting that these complexes adopt a catalytically
inactive conformation probably important for transcription
regulation.

The RNA cleavage reaction is thought to play a crucial role in
correction of transcriptional errors during RNA synthesis by
RNAP? (1-4). Because this reaction is performed by the same
active site of RNAP as nucleotide addition, RNAP must “back-
track” along the DNA template after nucleotide misincorpora-
tion to allow cleavage of internal phosphodiester bonds in RNA.
Long backtracking events can result in permanent stalling of
RNAP in the backtracked state, and RNA cleavage also serves
for reactivation of such “arrested” transcription elongation
complexes (TECs) (5-7). After backtracking, the RNA 3’-end is
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accommodated within the secondary RNAP channel, which
normally serves for NTP entry (Fig. 1). Both nucleotide addition
and RNA cleavage require two divalent metal ions (usually
Mg>") bound in the RNAP active site, which coordinate the
reaction substrates (3, 8). In addition to metal ions, several
other factors were shown to contribute to RNA cleavage. In
particular, the reaction is greatly stimulated by RNA nucleotide
at position +2 relative to the active site through its direct inter-
actions with the second metal ion and the attacking water mol-
ecule (1). The +2 nucleotide was also proposed to stimulate the
second metal ion binding by changing the geometry of the
active site residues involved in metal chelation (“active site
tuning”) (3). Recent crystallographic analysis of a bacterial
backtracked TEC revealed that the +2 RNA nucleotide is
accommodated in an evolutionary conserved RNAP cavity
(“proofreading site”), which facilitates catalysis (Fig. 1, left) (9).
Similarly, interactions of the +2 nucleotide in a backtracked
TEC of yeast RNAP II with a “gating” tyrosine residue in the
secondary RNAP channel likely stabilize the backtracked TEC
conformation (10). As a result, RNA is preferentially cleaved
after one-nucleotide backtracking, resulting in the release of a
2-nt 3'-RNA fragment (illustrated for TEC-2 in Fig. 2), a phe-
nomenon that has been observed in bacterial, eukaryotic, and
archaeal RNAPs (1, 4, 11-15).

Another RNAP element that has been implicated in RNA
cleavage is a mobile trigger loop (TL), which can adopt several
functionally important conformations. During nucleotide addi-
tion, the TL folds into two « helixes and together with the
bridge helix (BH) encloses the NTP substrate within the active
site, with residue His-936/His-1242 (Escherichia coli (Eco)/
Thermus aquaticus (Taq) numbering; Fig. 1) directly involved
in NTP interactions and catalysis (16 —18). In this conformation
the secondary channel is blocked for both the next NTP entry
and RNA backtracking. Thus, during RNA cleavage the TL
must accept a partially open conformation, with the same res-
idue, His-936/His-1242, likely participating in catalysis (in the
available three-dimensional structure of backtracked TEC, the
TL is seen in an inactive conformation as residue His-936/His-
1242 is located too far away from the target RNA bond; shown
in yellow in Fig. 1, left) (9). Substitutions or deletions in this
region of the TL were shown to dramatically impair RNA cleav-
age in mismatched complexes by TagRNAP and, to a lesser
extent, by EcoRNAP (17, 19). At the same time, deletion of the
TL was shown to have little or no effect on RNA cleavage by
EcoRNAP in another type of backtracked TECs (TEC-3p and its
variants; Fig. 24) (18, 20), thus raising uncertainty about the
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Figure 1. Structures of backtracked TEC (PDB code 4WQS, left), elemental paused TEC (PDB code 4GZY, center), and GreA-bound TthRNAP (PDB code
4WQT, right) (9, 28). The TL, BH, and GreA are dark green, violet, and dark red, respectively. The His-936/His-1242 residue in the TL is light green, The Cac atoms
atthe borders of the TL deletions analyzed in our work (A931-1137—3Gly, A1254-1272—3Gly, and A1237-1255—3Alain E. coli, D. radiodurans, and T. aquati-
cus RNAPs, respectively) are shown with black spheres. The position of the SI3 insertion in ECORNAP is shown as a gray sphere. RNA is red, the 3’-nucleotide in the
backtracked TEC is black, the sites of RNA cleavage are indicated with red arrows, and the attacked phosphorus atom is yellow. Mg>" ions in the RNAP active site
are shown with carmine spheres (note that no Me?" atoms were resolved in the backtracked TEC, and only the first ion is visible in the paused and Gre-bound
RNAPs). Acidic residues at the tip of the GreA NTD (Asp-41, Glu-44) are pink. In the paused TEC structure, the central part of the TLis disordered, and the ultimate

RNA phosphodiester bond is shifted upstream of the active center (28).
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Figure 2. TECs analyzed in this study. A, schematics of nucleic acid scaffolds used for TEC assembly. RNA oligonucleotides are red. The scaffolds are aligned
by the positions of RNA cleavage (indicated with red arrows). The position of the hisP pause site in TEC-3p is indicated. B, representative kinetics of RNA cleavage
in the three TECs by wild-type E. coli, D. radiodurans, and T. aquaticus RNAPs at 37 °C. The non-reactive fraction of RNA corresponds to oligonucleotides that

were not bound by RNAP during in vitro TEC assembly.

actual role of the TL in RNA cleavage. In particular, recent
models of RNA cleavage by EcoRNAP did not consider at all the
TL as a participant of the cleavage reaction (3) or suggested that
its contribution to cleavage is limited to TECs containing cer-
tain +2 RNA nucleotides (20).

Gre factors (GreA in most bacteria, GreA and GreB in E. coli)
stimulate RNA cleavage by binding within the secondary chan-
nel of RNAP, which allows them to reach the active site and
coordinate the catalytic magnesium ions (21, 22). Transcription
factors TFIIS and TFS play similar functions in eukaryotic
RNAP II and archaeal RNAP, respectively (11-13). The stimu-
lation of RNA cleavage requires the TL to be open (Fig. 1, right);
accordingly, the TL was proposed to have little or no contribu-
tion to GreA-dependent RNA cleavage by TagRNAP (23). In
contrast, deletion of the SI3 domain inserted within the TL in
EcoRNAP (Fig. 1) was shown to make RNAP completely resist-
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ant to the action of the GreB protein, suggesting that this part of
the EcoTL is essential for Gre binding and/or function (18).
Together, these observations suggested that the details of Gre-
dependent stimulation of RNA cleavage may significantly differ
between RNAPs.

To resolve the existing controversies on the mechanisms of
the cleavage reaction, we analyzed the requirements for the TL
and Gre factors during RNA cleavage by three RNAPs: meso-
philic E. coli, mesophilic Deinococcus radiodurans (Dra), and
thermophilic T. aquaticus. E. coli and T. aquaticus RNAPs
were previously used as main models in studies of RNA proof-
reading by bacterial polymerases (3, 18, 19), but their direct
comparison was complicated because of different temperature
optima of activity and different reaction conditions used in the
assays. Recently, we demonstrated that DraRNAP, which is
more closely related to TagRNAP but operates at the same
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Table 1
Rates of RNA cleavage by EcoRNAP and DraRNAP in various TECs

Reactions were performed at 37 °C in transcription buffers containing 40 mm Tris-HCl (pH 7.9 at 25 °C), 40 mm KCl, and 10 mm MgCl, for TEC-2 and TEC-9 or 40 mm
Tris-HCI (pH 8.5 at 25 °C), 40 mm KCl, and 20 mm MgCl, for TEC-3p. ND, not determined. Means and S.D. from 3-5 independent experiments are shown. The numbers
in bold indicate -fold differences in the reaction rates relative to WT RNAPs in the same TEC.

Kobs
TEC-2 TEC-3p TEC-9
RNAP E. coli D. radiodurans E. coli D. radiodurans E. coli D. radiodurans
st st st st st st
WwWT 0.017 = 0.001 0.27 £0.10 0.00034 = 0.00007 0.00048 = 0.00008 0.00057 = 0.00018 0.00097 = 0.00013
1 1 1 1 1 1
ATL 0.00016 *= 0.00001 0.000085 = 0.000017 0.00031 = 0.00008 0.00014 = 0.00001 0.00065 = 0.00005 0.00012 *= 0.00003
0.01 0.0003 0.9 0.3 1.1 0.12
WT + GreA 213+ 3.6 304 £ 55 0.0014 = 0.0003 0.0023 = 0.0007 0.00038 * 0.00008 ND
1280 110 4.2 4.9 0.7
ATL + GreA 0.67 £ 0.17 0.75 £ 0.01 0.00049 = 0.00001 0.0016 = 0.0009 0.00018 = 0.00007 ND
40 2.8 1.5 3.3 0.3

temperatures as EcORNAP, displays much higher RNA cleavage
rates than the latter (24). In this work we directly compared
RNA cleavage by these three RNAPs at various temperatures
and in TECs of different structures. We revealed interspecific
variations in RNA cleavage but concluded that the general reac-
tion pathway is identical for different RNAPs, with the TL and
Gre proteins serving as alternative activators of catalysis (23,
25). We also demonstrated that certain backtracked TECs are
resistant to the action of either TL or Gre factors, thus explain-
ing why previous studies arrived to different conclusions on the
role of the TL in RNA cleavage.

Results
TECs used for analysis of RNA cleavage

We analyzed RNA cleavage in TECs of distinct architectures
that were used in previous studies, (see the Introduction). In
particular, the complexes differed in the structures of the RNA
3'-ends, resulting in different translocation registers of the
RNAP active site relative to the RNA transcript, and their sen-
sitivity to RNA cleavage (Fig. 24).

The first complex, TEC-2, contained a single noncomple-
mentary adenine nucleotide at the RNA 3’-end (+2A) and cor-
responded to mismatched TECs that are formed during tran-
scription after nucleotide misincorporation. This complex and
its variants are highly prone to intrinsic RNA cleavage, which
releases a 2-nt 3'-RNA fragment (Fig. 2) (1, 19, 24). We also
analyzed two variants of TEC-2 with changes in the RNA
3'-end: TEC-2U containing a single noncomplementary uri-
dine nucleotide at the RNA 3’-end and TEC-2+1 contain-
ing an additional unpaired 3’ residue and giving rise to 3-nt
cleavage products (see below and Fig. 7).

The second complex, TEC-3p (for “paused”) contained two
unpaired uridine nucleotides at the RNA 3’-end, resulting in
the cleavage of a 3-nt RNA fragment (Fig. 2) (18). The reported
rates of RNA cleavage by EcoORNAP in this complex (18) were
much lower than the rates measured for other mismatched
TECs (19). It was also demonstrated that RNA cleavage in
TEC-3p was not affected by the TL deletion and was only mod-
erately stimulated by the GreB factor (18). Other variants of this
complex containing a single unpaired 3'-nucleotide were also
characterized by low RNA cleavage rates and only weak depen-
dence of the reaction on the TL (20). We note that the nucleic
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acid sequence and the position of RNA cleavage in this complex
(Fig. 2) precisely correspond to the elemental pause site found
in the hisP pause signal (Fig. 1, center) (26—29), a feature not
discussed in previous studies (18, 20).

The third complex, TEC-9, contained eight noncomplemen-
tary nucleotides at the RNA 3’-end, resulting in a 9-nt RNA
cleavage product (Fig. 2). This complex was previously used to
characterize structural transitions of Thermus thermophilus
(Tth) RNAP during backtracking using Cys-pair cross-linking
(9). The long RNA segment in this backtracked complex was
proposed to induce transition of RNAP into a “ratcheted” state
with the open main channel, kinked BH, and open TL, a con-
formation that may be similar to the paused complex (9, 28).
This complex was shown to be insensitive to GreA-dependent
stimulation of RNA cleavage by TthRNAP, but the role of the
TL in the reaction was not tested (9).

Interspecific variations in RNA cleavage

We first focused on reactions in TEC-2, which mimics natu-
ral misincorporated complexes that are preferred substrates for
RNA cleavage by RNAP (see the Introduction). For this TEC,
we measured the RNA cleavage rates for wild-type (WT) and
ATL E. coli, D. radiodurans, and T. aquaticus RNAPs in the
temperature range between 10 and 40 °C both in the absence
and in the presence of corresponding GreA factors.

We observed huge variations in the rates of RNA cleavage in
different reactions (k,,,, from ~0.000002 s * for ATL DraRNAP
at 20°C to 50 s~ ! for WT TagRNAP+GreA at 40 °C, a 25-million
time difference) (Table 1 and supplemental Table S1). In accord-
ance with the Arrhenius equation, we revealed linear depen-
dences of the logarithms of cleavage rates on reverse temper-
ature for reactions performed with WT RNAPs both in the
absence and in the presence of GreA (Fig. 3). The slopes of
these plots were used to calculate activation energies (E,) of the
reactions, which illustrate the heat dependences of RNA cleav-
age for each RNAP (Fig. 3, supplemental Table S2).

Mesophilic DraRNAP was significantly faster in RNA cleav-
age than mesophilic EcoORNAP at all temperatures (from 43 to
16-fold difference at 10 °C and 37 °C, respectively; Fig. 3 and
supplemental Table S1), which is in agreement with our recent
findings (24). Thermophilic TagRNAP revealed a much stron-
ger temperature dependence of the reaction rates than the
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Figure 3. Arrhenius plots of the rates of RNA cleavage in the TEC-2 for WT (left) and ATL (right) E. coli, D. radiodurans, and T. aquaticus RNAPs. The
reactions were performed at 4 different temperatures (10, 20, 30, and 37 °C for E. coli and D. radiodurans RNAPs or 40 °C for TagRNAP) in transcription buffer
containing 40 mm Tris-HCl (pH 7.9 at 25 °C), 40 mm KCl, and 10 mm MgCl,. The plots show the dependence of the logarithm of reaction rates on reverse absolute
temperature (log(k,,,) versus T~ ") (see supplemental Table S1 for k., values). The Arrhenius equation is shown on the upper right.

mesophilic polymerases. At 10 °C, the rate of RNA cleavage by
TagRNAP was comparable to EcoRNAP, whereas at 40 °C, it
was equal to the rate of DraRNAP. The steeper Arrhenius plot
for TagRNAP corresponded to a much higher E, value of the
reaction (190 kJ/mol for TagRNAP in comparison with 148 and
115 kJ/mol for E. coli and D. radiodurans RNAPs, respectively;
supplemental Table S2).

Most experiments in this study were performed in transcrip-
tion buffers containing Tris-HCI, equilibrated to pH 7.9 at
25 °C, to facilitate comparison with previously published works,
all of which also used Tris-based buffers (with reaction temper-
atures varying between 20 and 40 °C) (3, 18 -20, 30). However,
temperature-dependent changes in the pH values of Tris buf-
fers (~0.026 pH decrease per 1 °C temperature increase) could
by themselves affect the rates of RNA cleavage in this and other
studies. We, therefore, performed control experiments on RNA
cleavage by wild-type E. coli and T. aquaticus RNAPs in tran-
scription buffers calibrated for the temperature-dependent
change so that the reaction pH was exactly 7.9 at each temper-
ature. We found that this indeed resulted in a certain shift in the
cleavage rates (supplemental Fig. S1). In particular, the rates
became lower at low temperatures (2.5-fold change at maxi-
mum), because the buffer equilibrated to pH 7.9 at 25 °C had
higher pH at 10 °C, which stimulated RNA cleavage (15). How-
ever, the observed differences in most cases were within the
sum of standard deviations of the two values, and the ratio of
the cleavage rates of E. coli and T. aquaticus RNAPs at each
temperature remained almost the same in both buffers (supple-
mental Fig. S1). Thus, we conclude that temperature-depen-
dent pH changes do not strongly affect the relative rates of RNA
cleavage by various RNAPs.

The differences between E. coli and D. radiodurans RNAPs
completely disappeared in the presence of the corresponding
GreA factors, which more strongly activated EcoORNAP than
DraRNAP with more efficient stimulation at low temperatures
for both RNAPs (23,200/1,300- and 580/110-fold increase in
the reaction rates at 10 °C and 37 °C, respectively; supplemental
Table S1). This corresponded to significantly lower E,, values in
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comparison with GreA-less reactions (69 and 78 kJ/mol for
E. coli and D. radiodurans RNAPs, respectively, supplemental
Table S2). Thus, GreA minimizes the temperature-dependent
rearrangements of the active site required for RNA cleavage
(probably, by alleviating the need for TL restructuring).

GreA also strongly activated RNA cleavage by TagRNAP, but
this RNAP retained the stronger temperature dependence of
the reaction, with little changes in the E,, value (177 kJ/mol). As
aresult, the rates of Gre-dependent cleavage at 10 and 20 °C by
TaqRNAP were significantly lower than the rates of E. coli and
D. radiodurans RNAPs, whereas at higher temperatures all
three RNAPs had comparable rates of cleavage in the presence
of GreA (Fig. 3, supplemental Table S1). Thus, the TagRNAP
active site requires more extensive heat-dependent rearrange-
ments during both intrinsic and Gre-dependent RNA cleavage
reactions.

The observed differences between RNAPs can be further
illustrated by comparison of the corresponding values of free
energy of activation (AG”). According to the activation theory
of catalysis, the AG* values correspond to the difference in free
energies (“energetic barrier”) between the ground state and
activated enzyme-substrate complexes (see Fig. 4 and Refs. 31
and 32 for details). In the absence of GreA, these values for
TagqRNAP were higher than for DraRNAP but lower than for
the EcoRNAP, which corresponded to lower and higher ener-
getic barriers of the reaction for D. radiodurans and E. coli
RNAPs, respectively (negative and positive AAG” differences
relative to TagRNAP) (Fig. 4; supplemental Table S2). The
addition of GreA significantly lowered the AG” values for all
three RNAPs, but the values for TagRNAP remained higher
than those for E. coli and D. radiodurans RNAPs at low temper-
atures (10-20 °C).

Interplay between the TL and GreA factors in RNA cleavage

We then analyzed RNA cleavage by ATL RNAPs. Deletions
strongly impaired activity of all three RNAPs. Remarkably, the
rates of cleavage at each temperature became comparable for all
RNAPs (Fig. 3, supplemental Table S1), suggesting that the dif-
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Figure 4. Temperature dependence of the AAG* values for RNA cleavage in TEC-2 by various RNAPs relative to TagRNAP. Shown are the differences in
the free energy of activation for each reaction relative to the reaction performed with TagRNAP in the absence of GreA at the same temperature
(AAG" = AG", — AG",,). The AG"/,,, values for WT and ATL T. aquaticus RNAPs were used for compansons with WT and ATL RNAP variants, respectively (see
supplemental Table S2 ?or primary data). The upperleftlmage illustrates the meaning of the AG* value in terms of “reaction coordinates”: E, enzyme; S, substrate;
ES, ground-state enzyme-substrate complex; ES*, activated enzyme-substrate complex; P, product (31). The AG* and AAG* values were calculated according to

the formulae shown on the upper right as described in Refs. 31 and 32.

ferences observed for WT RNAPs depend on the presence of
the TL in the active site (24).

For the mutant RNAPs, we could not accurately measure
RNA cleavage at 10 °C due to extremely low rates of the reac-
tion (the half-times of several days). Although the remaining
three temperature points (20, 30, and 37/40 °C) were insuffi-
cient for reliable calculation of the E,, values, we used these data
for comparison of the corresponding AG” values. We found
that the AG” values were highly similar for all three mutant
RNAPs and were much higher than the values for WT RNAPs
at all the tested temperatures (Fig. 4, supplemental Table S2).
Thus, in WT RNAPs the TL significantly lowers the energetic
barrier for the cleavage reaction.

GreA factors activated RNA cleavage by all three ATL
RNAPs to comparable levels (5,000 -20,000-fold activation in
various reactions), making them significantly faster than WT
RNAPs in GreA-less reactions (Fig. 3, supplemental Table S1).
This corresponded to a significant decrease in the AG” values
and lowering of the energetic barriers of the reaction (Fig. 4,
supplemental Table S2). Remarkably, all three GreA factors
acted similarly on their cognate ATL RNAPs; in contrast, the
activity of E. coli GreB was shown to strictly depend on the
presence of the SI3 insertion in the TL of EcoORNAP (18) (which
was deleted in our ATL EcoRNAP).

At the same time, the rates of RNA cleavage by all three ATL
RNAPs remained significantly lower than the rates for WT
RNAPs in Gre-containing reactions (20—400X for various
reactions, supplemental Table S1), suggesting that the TL con-
tributes to GreA-dependent RNA cleavage. The TL also likely
determines the difference in the cleavage rates in GreA reac-
tions between TaqRNAPs and EcoRNAP/DraRNAPs, which
was observed for WT but not for ATL RNAP variants (see
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above). To determine whether the TL deletion could affect
GreA affinity to the TEC, we analyzed RNA cleavage by wild-
type and ATL EcoRNAPs at different GreA concentrations (Fig.
5). GreA titration suggested that it binds both RNAPs with the
same affinities (apparent K, values of 4.6 = 0.9 and 3.6 = 0.8 uMm
for WT and ATL RNAPs, respectively).

Variations in RNA cleavage between TECs

We next compared the roles of the TL and GreA factors in
RNA cleavage in the mismatched TECs of different structures
(Fig. 2). To facilitate direct comparisons of the reaction rates,
we performed these experiments with RNAPs from mesophilic
E. coli and D. radiodurans, which belong to diverse bacterial
phyla but have similar temperature optima (24, 33).

The rates of intrinsic RNA cleavage by WT RNAPs in
TEC-3p and TEC-9 were dramatically lower than the rates of
cleavage in TEC-2 (~50/30X and 550/300X in TEC-3p/TEC-9
for E. coli and D. radiodurans RNAPs, respectively). Moreover,
these rates were comparable to the rates of the ATL RNAPs
measured in the same TECs (Fig. 6 and Table 1). This suggested
that the TL has no role in intrinsic RNA cleavage in paused or
long-backtracked TECs, represented by TEC-3p and TEC-9,
respectively.

It was recently proposed (20) that the TL may be important
for RNA cleavage in only a subset of TECs containing adenine
nucleotide at the RNA 3'-end (such as TEC-2, Fig. 2A). Indeed,
adenine-containing TECs are characterized by the highest rates
of RNA cleavage in comparison with other nucleotide variants
(1, 3, 20). We, therefore, measured RNA cleavage in TEC-2U
containing uridine instead of adenine at the +2 position (Fig.
7A). The rate of RNA cleavage by EcoRNAP in this TEC was
~7X lower than in TEC-2. However, deletion of the TL still
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Figure 5. Comparison of apparent GreA affinities to WT and ATL Eco
RNAPs. The reactions were performed in TEC-2 at 0 °C (to make the measure-
ments possible by manual mixing) for 1 min for WT RNAP and for 10 min for
ATL RNAP; under these conditions the reactions did not go to completion,
and <20-30% of active TECs reacted even at maximal GreA concentration.
For each RNAP, the data were normalized relative to the maximal RNA cleav-
age measured at high GreA concentration. The data were fitted to a hyper-
bolic equation.
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Figure 6. Kinetics of RNA cleavage by WT and ATL E. coli and D. radio-
durans RNAPs in the absence and in the presence of GreA in various TECs.
The reactions were performed at 37 °C, and the data were normalized by the
maximal efficiencies of RNA cleavage in each reaction. The data for TEC-2
correspond to Fig. 3 and supplemental Table S1.

greatly reduced the cleavage rate in this complex (~17-fold; Fig.
7, B and C). Similarly, TL deletion severely affected RNA cleav-
age by TagRNAP in another non-paused TEC-containing uri-
dine residue at the +2 position (19). We further note that the
low rate of RNA cleavage in TEC-3p was not due to the pres-
ence of two noncomplementary nucleotides at the RNA
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3’-end, as similar noncomplementary RNA ends did not
compromise RNA cleavage and did not change its depen-
dence on the TL in non-paused mismatched TECs (see Ref.
19 and our data for TEC-2+1 in Fig. 7).

We further measured the rates of Gre-dependent RNA cleav-
age in TEC-3p and TEC-9. In contrast to TEC-2, GreA could
not efficiently activate the reaction in TEC-3p by both E. coli
and D. radiodurans RNAPs (5-fold stimulation at maximum)
(Fig. 6 and Table 1). Notably, E. coli GreB also had a much
weaker stimulatory effect on RNA cleavage in TEC-3p (18) than
the effects of Gre factors in non-paused complexes (e.g. Ref. 23
and this work).

TEC-9 was also resistant to GreA-dependent stimulation of
RNA cleavage by EcoRNAP (Fig. 6 and Table 1). It was sug-
gested that the presence of along RNA segment in this complex
might prevent GreA binding to RNAP (9). However, because
TEC-9 is similarly resistant to the TL- and Gre-dependent acti-
vation of RNA cleavage (Fig. 6), we propose that its low reactiv-
ity could also result from the specific ratcheted RNAP confor-
mation, which may be similar to the paused state and require
significant RNAP rearrangements before catalysis (9).

Discussion

From our experiments we can draw several conclusions on
the mechanism of RNA cleavage.

First, bacterial RNAPs may significantly differ in the rates of
intrinsic RNA cleavage but share the same reaction pathway.
Among RNAPs that were analyzed in this study, RNAP from
the highly stress-resistant D. radiodurans has the highest rate
of intrinsic RNA cleavage in mismatched TECs at all tempera-
tures. As was proposed previously, this might help it to cope
with high RNA error rates and increased levels of TEC back-
tracking resulting from increased DNA damage under stress
conditions (24). In its turn, thermophilic TagRNAP has the
strongest temperature dependence of the RNA cleavage activ-
ity, which parallels the strong temperature dependence of RNA
synthesis by this RNAP (32). This likely results from a decrease
in the conformational mobility of the active site, which thus
requires more heat energy for restructuring during catalysis.
This property is likely related to thermal adaptation and is nec-
essary for stabilization of the protein structure at high temper-
atures (31, 32, 34).

Second, most of the observed interspecific differences in
both intrinsic and Gre-dependent RNA cleavage between
E. coli, D. radiodurans, and T. aquaticus RNAPs depend on the
TL and disappear when the TL is deleted (see also Ref 24). The
drastic decrease in the reaction rates in the ATL RNAPs con-
firms that the TL plays an essential role in the cleavage reac-
tion in mismatched TECs in all RNAPs. Previously, tempera-
ture-dependent differences in both RNA synthesis and RNA
cleavage between thermophilic T. aquaticus and mesophilic
D. radiodurans RNAPs were proposed to depend on the F-loop,
a B’ subunit region near the active site (32). During nucleotide
addition, the F-loop directly contacts the folded TL, thus
explaining its influence on RNA synthesis (35). Recent struc-
ture of the backtracked complex revealed that the F-loop is
re-oriented and accommodated between the open TL and the
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Figure 7. Comparison of RNA cleavage rates in TEC-2, TEC-2+1, and TEC-2U. The reactions were performed at 37 °C with E. coli and D. radiodurans RNAPs
and their ATL variants in transcription buffers containing 40 mm Tris-HCl (pH 7.9 at 25 °C), 40 mm KCl, and 10 mm MgCl,. A, TEC structures. B, representative plots
of RNA cleavage kinetics in TEC-2+1 and TEC-2U. The data were normalized to the maximal RNA cleavage observed in each reaction. C, comparison of the k,,
values for RNA cleavage by EcoRNAP in TEC-2 and its variants. The numbers in bold indicate -fold differences in the reaction rates between WT and ATL RNAP

variants for each TEC.

RNA 3’-end (9), which explains how it could also affect RNA
cleavage through the TL refolding.

Interestingly, the TL seems to have little role in both intrinsic
and factor-dependent RNA cleavage by archaeal RNAP and
eukaryotic RNAP II, and consistently, the reported rates of
intrinsic RNA cleavage by these RNAPs are much lower than
the rates measured for bacterial RNAPs (30, 36 -38) At the
same time, the TL can be “recruited” to activate the reaction in
RNAP II by certain amino acid substitutions (30), suggesting
that the underlying architecture of the active site is conserved in
all RNAPs.

Third, in all three analyzed RNAPs, both the TL and GreA
can efficiently stimulate RNA cleavage in non-paused mis-
matched TECs, and GreA-dependent cleavage is partially de-
pendent on the physical presence of the TL. Based on available
data we propose that the role of the TL in Gre action is inde-
pendent of its role in intrinsic RNA cleavage. Indeed, the TL
must be unfolded to allow GreA binding (Fig. 1) (9), and sub-
stitutions of the catalytic residue His-1242 in TagRNAP were
shown to have little effect on GreA-dependent cleavage (23).
Furthermore, GreA reorients the RNA 3'-end from the proof-
reading site to another cavity, which is only formed after GreA
binding and is inaccessible for the TL (9). Therefore, the TL
might indirectly participate in Gre-dependent RNA cleavage in
mismatched TECs by interacting with GreA and positioning it
for catalysis.

Fourth, previously reported interspecific variations in RNA
cleavage (1, 3, 18 —20) mainly resulted from the use of different
types of TECs, which differed in their sensitivity to TL- and
Gre-mediated cleavage. In contrast to short-backtracked mis-
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matched TECs, neither the TL nor GreA can activate RNA
cleavage in specific types of transcription complexes, ie.
paused-backtracked and long-backtracked TECs. Previous bio-
chemical and structural analyses of hisP-paused complexes
revealed a specific RNAP conformation with a partially open
main channel, distorted BH, and unfolded TL (Fig. 1, center)
(26-29). Furthermore, depending on the secondary RNA
structure, the RNA 3’-end in the paused complex (correspond-
ing to the third nucleotide from the RNA 3'-end in TEC-3p)
was shown to fluctuate between distorted post-translocated
and frayed pre-translocated conformations, both of which are
unfavorable for RNA cleavage (26, 28, 39). We, therefore, pro-
pose that the paused RNAP conformation is preserved in TEC-
3p, which is based on the 4isP sequence, thus making the target
phosphodiester bond inaccessible for the TL action. In support
of this notion, other variants of this TEC with substitutions in
the RNA 3'-end are also characterized by significantly lower
RNA cleavage rates in comparison with our measurements for
TEC-2 and its variants (k. of 0.0025/0.0005 s~ * versus 0.017/
0.0024 s~ ' for +2A/+2U complexes; Ref. 20 and Fig. 7). The
resistance of TEC-3p to Gre-induced cleavage suggests that
RNAP conformation in this complex is also incompatible with
the Gre action. In particular, the kinked BH may prevent cor-
rect positioning of the RNA transcript and GreA in the active
site (Fig. 1, center).

Recent studies demonstrated that long backtracked RNA
induces similar changes in TEC-9 (RNAP ratcheting) (9), prob-
ably explaining the low reactivity of this complex. Thus, both
paused and long-backtracked complexes likely adopt an inac-
tive conformation with distorted active site in which the TL or
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GreA cannot activate RNA cleavage. Interestingly, the rates of
TL/Gre-independent RNA cleavage are comparable for differ-
ent RNAPs and different types of transcription complexes (Figs.
6 and 7 and Table 1), suggesting that they correspond to an
“unactivated” state of the active site. In addition, the presence of
a long RNA segment in the secondary RNAP channel may
directly prevent GreA binding (9). The GreB factor has likely
evolved to specifically activate RNA cleavage in such exten-
sively backtracked TECs, but its existence is limited to E. coli
and related bacteria (40, 41). Thus, RNAP stalling at genomic
pause sites or long backtracking events, which make it resistant
to both intrinsic and Gre-dependent RNA cleavage, might have
important consequences for transcription regulation, resolu-
tion of the transcription-replication conflicts, and coordination
of transcription with translation (42—44).

Experimental procedures
DNA and proteins

DNA and RNA oligonucleotides used for site-directed mu-
tagenesis and for TEC assembly were purchased from Syntol and
DNA Synthesis (Moscow). Mutant variants of rpoC genes with
deletions of the TL-encoding segments (A931-1137—3Gly,
A1254-1272—3Gly, and A1237-1255—3Ala in E. coli, D. radio-
durans, and T. aquaticus RNAPs, respectively) were obtained by
site-directed mutagenesis. Wild-type and mutant E. coli, D. radio-
durans, and T. aquaticus core RNAPs and corresponding GreA
factors were purified as previously described (24, 32, 45, 46).

Analysis of RNA cleavage

Analysis of RNA cleavage was performed in TECs assembled
from RNAP core enzymes and synthetic oligonucleotides as
described (24). In all cases, RNA oligonucleotides were 5'-la-
beled with y-[**P]ATP and T4 polynucleotide kinase. Most mea-
surements were performed in transcription buffer containing
40 mm Tris-HCI (pH 7.9 at 25 °C) and 40 mm KCL. The samples
were incubated at different temperatures (10, 20, 30, and 37 °C
for E. coli and D. radiodurans RNAPs or 40 °C for TagRNAP),
and the reactions were started by the addition of 10 mm MgCl,.
For experiments presented in supplemental Fig. S1, the buffers
were equilibrated at 25 °C using correction coefficients so that
their pH values at 10, 20, 30, and 37/40 °C were 7.9. For TEC-3p,
the reactions were performed in buffer containing 40 mm Tris-
HCI (pH 8.5 at 25 °C) and 40 mMm KCl in the presence of 20 mm
MgCl, (18). GreA factors were added to 3 um 3—5 min before
the addition of MgCl,, when indicated. The reactions were ter-
minated after increasing time intervals by the addition of stop
solution containing 8 m urea, 1 X Tris borate-EDTA and 0.5 M
EDTA. In the case of very fast kinetics, the measurements were
performed in a rapid quench-flow instrument (QFM-400,
BioLogic). RNA products were separated by 23% (acrylam-
ide:bisacrylamide = 20:3) denaturing PAGE. The data were
fitted to the single-exponential equation, and the observed
reaction rates (k,,,) were calculated as previously described
(24, 32). All experiments were independently repeated 3-5
times, and mean values and standard deviations were deter-
mined. The E_, AG*, and AAG” values were derived from the
kops values using the formulae shown in Figs. 3 and 4 as
described (31, 32). The apparent K, values for GreA were
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determined from the GreA titration curves using the hyper-

bolic equation,
P = Ppax X [GreAl/(Kyap, + [GreAl) (Eq. 1)

where P is the amount of cleaved RNA product at a given GreA
concentration, and P, ,, is the maximal cleavage at saturation.

Author contributions—N. M., D. E.,and A. K. designed the study and
analyzed the data. N. M. and D. E. performed the experiments. A. K.
wrote the manuscript with input from the other authors.
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