4352-4359
doi:10.1093/nar/gkq1359

Nucleic Acids Research, 2011, Vol. 39, No. 10

Published online 25 January 2011

Controlled interplay between trigger loop and
Gre factor in the RNA polymerase active centre

Mohammad Roghanian, Yulia Yuzenkova and Nikolay Zenkin*

Centre for Bacterial Cell Biology, Institute for Cell and Molecular Biosciences, Newcastle University,
Baddiley-Clark Building, Richardson Road, Newcastle upon Tyne, NE2 4AX, UK

Received November 16, 2010; Revised December 27, 2010; Accepted December 28, 2010

ABSTRACT

The highly processive transcription by multi-subunit
RNA polymerases (RNAP) can be interrupted by
misincorporation or backtracking events that may
stall transcription or lead to erroneous transcripts.
Backtracked/misincorporated complexes can be
resolved via hydrolysis of the transcript. Here, we
show that, in response to misincorporation and/or
backtracking, the catalytic domain of RNAP active
centre, the trigger loop (TL), is substituted by tran-
scription factor Gre. This substitution turns off the
intrinsic TL-dependent hydrolytic activity of RNAP
active centre, and exchanges it to a far more effi-
cient Gre-dependent mechanism of RNA hydrolysis.
Replacement of the TL by Gre factor occurs only in
backtracked/misincorporated complexes, and not
in correctly elongating complexes. This controlled
switching of RNAP activities allows the processivity
of elongation to be unaffected by the hydrolytic
activity of Gre, while ensuring efficient proofreading
of transcription and resolution of backtracked
complexes.

INTRODUCTION

The reactions performed by RNA polymerase (RNAP)
were proposed to be catalysed by two distinct entities of
the active centre: the two Mg>" ions and a flexible domain
of the active site, the trigger loop (TL). The two Mg”" ions
of the active centre [one of which (Mg®'I) is chelated by
the invariant aspartate triad, and another (Mg”'II) is
chelated by a substrate] are thought to catalyse
phosphotransfer reactions via a general two Me*" ion
mechanism (1-3). The TL is involved in donating amino
acids that directly participate in catalysis (4-9). Amino
acids p'R1239 and B'H1242 (Thermus aquaticus number-
ing) of the TL of bacterial RNAP were proposed to

stabilize the transition state of phosphodiester bond for-
mation (and, presumably, of pyrophosphorolysis) (4,8).
During phosphodiester bond hydrolysis by bacterial
RNAP, B'H1242 of the TL participates in the reaction
as a general base, though f'H1242 may also be required
to orient the 3’-end NMP of the transcript that assists
hydrolysis (9). The magnitude of effects of the deletion
of the TL on catalysis by bacterial RNAP (4,8-10) is
close to that of substitutions in the aspartate triad which
chelates Mg®'1 (11), pointing out the central role of the
TL, along with the Mg*" ions, in RNAP activity. The TL
of eukaryotic RNAP II is also essential for phosphodiester
bond synthesis, though the mechanism by which the TL
participates in catalysis may be different from that of bac-
terial RNAPs (6,12). The role of the TL of RNAP II in
hydrolysis has not been investigated.

Taken together, the existing data indicate that the Mg*"
ions and the TL together form the active centre of RNAP.
However, while the configuration of the aspartate triad
remains constant, the TL may exist in a catalytically com-
petent, folded state and in an inactive, unfolded state
(4,5, 7). In the unfolded state, the catalytic residues
F'R1239 and P'H1242 are too far from the reactants
to participate in catalysis (Figure 1A). Folding of the TL
brings them to a catalytically active position (Figure 1A).
Such an ability to bring and remove one of the two parts
of the active centre may serve as a mechanism to provide
fidelity for RNA synthesis (4), adaptation and possibly
regulation of RNAP catalytic activities (13).

Hydrolysis of RNA by bacterial RNAP is known to
be stimulated by the transcription factor Gre (note that
T. aquaticus used below has only one Gre factor; in
contrast, Escherichia coli has two Gre factors: GreA
and GreB) (14-19). Two acidic residues, D42 and E45
(T. aquaticus numbering), of the Gre coiled-coil domain
which was proposed to protrude through RNAP’s second-
ary channel, are thought to fix the second catalytic Mg>"
ion in the active centre (17,18,20). Given that the TL and
Gre factor both assist RNA hydrolysis, they have to either
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cooperate or compete with each other in the process.
Recently, it was proposed that the TL of E. coli RNAP
was not required for Gre assisted hydrolysis (8). However,
in the same study, the TL was also dispensable for
factor-independent intrinsic hydrolysis (8). In a more
recent work, the TL was shown to be essential for
phosphodiester bond hydrolysis by 7. aquaticus and
E. coli RNAPs on both, assembled backtracked complexes
and complexes that undergone ‘natural’ backtracking
through misincorporation (9), suggesting that the experi-
mental system used by Zhang et al. (8) was unsuitable for
investigating RNAP hydrolytic reactions. In a different
study, mutants of E. coli GreB, deficient in cleavage,
were shown to inhibit some intrinsic activities of RNAP
(17), suggesting that GreB may somehow interfere with
the arrangement of the active centre. Thus, the mechan-
isms of collaboration between the TL and Gre in the sec-
ondary channel remain unclear. Furthermore, Gre factor
is thought to always accompany RNAP as a transient
catalytic component (17). This raises a question of how
the polymerase activity of the RNAP active centre and the
Gre assisted RNA hydrolysis co-exist, and how their
exchange is regulated during transcription elongation to
allow efficient and highly accurate RNA synthesis.

Here, we show that Gre factor can substitute for the TL
in the active centre thus switching off the TL catalysed
hydrolytic activity and instead remodelling the active
centre into a highly efficient nuclease. Such replacement
of active centres takes place only in response to backtrack-
ing or misincorporation events, thus explaining how
activity of Gre factor is regulated.

MATERIALS AND METHODS
Mutant RNAP construction and purification

Thermus aquaticus RNAPs lacking the TL (' residues
1238-1245) or bearing alanine substitution of H1242 of
the TL were constructed as described (4,10). WT and
mutant core RNA polymerases were purified as described
(9,21). The plasmid expressing 7. aquaticus Gre factor
(pET28A derivative) was a gift from L. Minakhin.
Mutant Gre factor bearing alanine substitutions of D42
and E45, GreP*?AEBA ywas obtained by site-directed mu-
tagenesis. WT and the mutant Gre factors were purified as
described (19).

Transcription assays

Elongation complexes were assembled with RNA radio-
actively labelled at the 5'-end as described (14), except for
complexes were immobilized on streptavidin agarose
beads (Fluka) through biotin of the 5-end of DNA
template strand. Sequences of oligonucleotides used
for the elongation complexes assembly are shown in
Figure 1B. cEC15 was obtained from cEC13 by walking
RNAP by two positions by the addition of 10 uM ATP,
10 uM GTP and 10mM MgCl, (final concentration) and
their subsequent removal by washing of immobilized
complexes with transcription buffer. Transcription buffer
contained 40mM KCI and 20mM Tris—=HCI pH 7.9,
unless otherwise specified. Reactions were started by the

Nucleic Acids Research, 2011, Vol.39, No. 10 4353

addition of 10mM MgCl, (final concentration) with or
without NTP (final concentration specified in figures
and ﬁ%lre leégends) or 0.5mM pyrophosphate. Gre
or GreP*AE4A were added prior to the start of the
reaction for 1min. All reactions were performed at
40°C, apart from Gre catalysed cleavage which was per-
formed at 20°C to reduce rate of cleavage for manual
measurements. The reactions were stopped by addition
of loading buffer containing formamide. Products were
resolved in denaturing 23% PAGE (8 M Urea), revealed
by Phosphorlmaging (GE Healthcare) and analysed using
ImageQuant software (GE Healthcare). Kinetic data were
fitted to a single or double exponential equation using
non-linear regression in SigmaPlot (9,14). To determine
K [Mg>"] for cleavage in mECI5 the reaction rates
obtained in various MgCl, concentrations were fitted to
the Michaelis—Menten equation (9,14).

Exonuclease III footprinting

Exonuclease III (Exo III) footprinting of the front edge
of RNAP was performed as described (10). cEC13 and
cEC15 were obtained as above with the only exception
that the downstream DNA was 14bp longer and the
non-template strand was >P labelled at the 5-end. RNA
was also 2*P labelled at the 5'-end. ExollII (1, 10 or 100 U)
(New England Biolabs) were added to reactions together
with SmM MgCl, final concentration, followed by 1 min
incubation at 40°C before addition of stop solution.
Products were analysed as above.

RESULTS

The TL and Gre catalyse phosphodiester bond hydrolysis
via distinct mechanisms

To investigate how the TL and Gre cooperate to catalyse
phosphodiester bond hydrolysis we used wild-type
T. aquaticus RNAP (WT RNAP) and a mutant RNAP
lacking the TL (ATL RNAP) (4,9,10). Intrinsic phospho-
diester bond hydrolysis by the active centre of RNAP
proceeds at the second phosphodiester bond from the
3’-end of the transcript, and is assisted by the NMP at
the 3’-end of the RNA (14). However, the rate of the
reaction also depends on the translocation state of the
clongation complex (14). Therefore, we analysed
cleavage reactions in the misincorporated elongation
complex ‘mEC15 of which the 3’ NMP of the RNA was
non-complementary to the corresponding template base
(Figure 1B) (9,14). These complexes are stabilized in
1bp Dbacktracked conformation, thus eliminating
possible translocation effects on the rate of phospho-
diester bond hydrolysis. These constructs have been
shown to be indistinguishable in hydrolytic reactions
from complexes brought to 1 base pair backtracked state
via ‘natural’ misincorporation (9).

As expected, deletion of the TL had a drastic effect on
intrinsic cleavage (Figure 1C), supporting our previous
conclusions that the TL is essential for this reaction (9).
The effect of the TL deletion on intrinsic cleavage was
not due to the altered affinity of RNAP to Mg®" (Figure
1E) which is chelated by the 3’-end NMP of the RNA
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Figure 1. (A) Upon folding the TL forms part of the RNAP active centre. The TL of 7. thermophilus RNAP [PDB 2BES5 and 205J, respectively
(7,34)], which has complete conservation with the active centre amino acids of 7. aquaticus RNAP used in our study, in unfolded and folded states is
coloured green and cyan, respectively. The amino acids of the TL that form the “TL active centre’ upon TL folding (M 1238, R1239, H1242, T1243)
are shown in space fill in both folded and unfolded states of the TL. The amino acids (not belonging to the TL) that surround catalytic Mg>" ions
and the incoming NTP are shown in grey spacefill. The aspartate triad is shown as purple sticks. Mg>* ions of the active centre are shown as spheres.
Incoming NTP, RNA 3’-end and DNA template bases are shown as orange, red and black sticks, respectively. The N-terminal coiled-coil domain of
Gre factor (structure of E. coli GreA was used; PDB 1GRJ) which, according to our results, substitutes for the TL upon misincorporation or
backtracking (see main text), was positioned to reach the active centre of RNAP without significant clashes with surrounding structure, and is shown
as yellow ribbons. (B) Elongation complexes used in this study. Shown are the sequences of RNA, template strand (T DNA) and non-template
strand (NT DNA) used to assemble elongation complexes (see ‘Materials and Methods’ section). (C) Gre-catalysed hydrolysis is independent of the
TL. Kinetics of the cleavage reaction (also schematically shown above the plots) in mEC15 (Figure 1B) by WT RNAP (red) and ATL RNAP (blue),
in the absence (left) or presence (right) of Gre factor. Solid curves are the single exponential fits of the kinetics data (see ‘Materials and Methods’
section). The grey arrows represent the contributions of the TL and Gre to the rate of the reaction. Representative gels for cleavage by WT and ATL
RNAPs in the absence or the presence of Gre are shown below the plots. Note that the kinetics of Gre catalysed reactions were measured at 20°C to
reduce the rate of the reaction to allow it to be measured manually. (D) Gre-catalysed hydrolysis is independent of the H1242 of the TL. Kinetics of
the cleavage reaction in mEC15 (as in panel C) by H1242A RNAP with and without Gre, and WT RNAP with Gre. Solid curves are the single
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(9,14). Unexpectedly, in the presence of Gre, the cleavage
was only slightly affected by the deletion of the TL (Figure
1C). Furthermore, alanine substitution of ' H1242 of the
TL (H1242A RNAP), which solely determines TL function
in hydrolysis (9), had almost no effect on Gre assisted
cleavage (Figure 1D). These results indicate that Gre
assisted cleavage does not require presence of the TL,
and suggest that Gre assisted cleavage proceeds via a mech-
anism different to that of TL-catalysed cleavage. The
slightly slower rate of Gre assisted cleavage by ATL
RNAP can be explained by minor structure disturbance
caused by the deletion of the whole TL.

To test if the TL and Gre participate in phosphodiester
bond hydrolysis via different mechanisms we examined
the pH dependence of non-assisted (by ATL RNAP),
TL-catalysed (WT RNAP) and Gre-catalysed (WT
RNAP+Gre; ATL RNAP+Gre) cleavage reactions
(Figure 1F). As expected, the TL increased the rate of
non-assisted hydrolysis at all pH tested, and slightly
changed the pH profile of the reaction (Figure 1F) (9).
However, the pH profiles of Gre-catalysed cleavage by
both WT and ATL RNAPs were similar to each other,
and different from either non-assisted or TL-catalysed
cleavage reactions (Figure 1F). The difference between
the pH profiles of intrinsic and Gre assisted cleavage by
WT RNAP is consistent with previous observations, and
can be attributed to stabilization of the attacking hydroxyl
by amino acids of the Gre N-terminal domain (19). We
therefore conclude that Gre imposes its own mechanism
of cleavage to the active centre which is independent of
the TL, and that the TL does not participate in the
Gre-catalysed hydrolysis.

Gre substitutes for the TL in the active centre

The above results suggest that, while acting in the active
centre, Gre should switch off the TL catalysed cleavage.
This may happen through physical blocking of TL folding
upon Gre binding in the secondary channel. To test this
hypothesis we used a mutant Gre factor that had two of
the residues essential for catalysis [D42 and E45 (17,18)]
changed to alanines, GreP***/E%A A seen from Figure
2A, addition of GreP**A/E43A strongly inhibited the intrin-
sic cleavage (~30-fold). Cleavage by ATL RNAP was not
affected by GreP**E¥A (Figure 2A). We cannot exclude
the possibili;[iy that the deletion of the TL affects binding
of GreP#AESA t6 ATL RNAP. However, only slightly
unaltered activity of the wild-type Gre with ATL RNAP
argues that binding of the mutant Gre to ATL RNAP ina
functional conformation is not affected significantly (see
previous section). The results, therefore, indicate that,
upon binding, Gre factor indeed inactivates the TL and
thus turns off the intrinsic cleavage activity of the RNAP.
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The lack of full inactivation of TL dependent hydrolysis
by GreP*#AESA (16 the level of hydrolysis rate by ATL
RNAP) can be explained by temporary dissociation of
GreP#AESA from the elongation complex during long
incubations, which presumably allows the TL to assist hy-
drolysis. Since the folded TL, along with Mg”" ions, forms
the active centre of RNAP, Gre substitution of the TL
leads to exchange of the amino acid content and, as a
result, of the catalytic properties of RNAP active centre.
Therefore, this can be considered a substitution of the
active centres of RNAP (see schemes in Figures 1A and 3).

Gre action in the active centre is controlled by the
conformation of the elongation complex

As we have shown previously, all activities of RNAP
depend on the TL (4.,9). Since Gre binding switches off
one of them (intrinsic hydrolytic activity), Gre might also
switch off other TL dependent activities. If so, addition of
GrePPAESA (4 reactions catalysed by WT RNAP should
inhibit them. To test this, we analysed single NTP addition
in a correct elongation complex (cEC15, which was
identical to mEC15 but had the 3’-end of the transcript
correctly paired with template DNA; Figure 1B).
Interestingly, GreP***/F4A inhibited NTP addition only
in a fraction of complexes, while the rest of the complexes
were unaffected (Figure 2B). Partial inhibition of the
complexes was not due to the altered affinity to NTP
since the same fractionation of complexes was observed
with a higher NTP concentration (Figure 2B, right panel).

As a result of thermal oscillation of elongation complex
between translocation states cEC15 may occasionally
backtrack. We hypothesized that Gre brings its activity
only in elongation incompetent, backtracked, complexes
and in the active complexes it does not interfere with the
active centre. This would explain why NTP addition is
inhibited by GreP**/F4 only in a fraction of cECI5.
To test this hypothesis, we analysed the effects of
GreP#PAESA o the addition of NTP in an elongation
complex stabilized in the transcriptionally active
post-translocated conformation (cEC13 in Figure 1B).
The relative translocational distribution in cEC13 and
cECI5 was confirmed by measuring the rates of
pyrophosphorolysis and second phosphodiester bond hy-
drolysis in these complexes and by Exo III footprinting
(Figure 2C and D). Rates of pyrophosphorolysis and
second phosphodiester bond hydrolysis directly depend
on the shift of the translocation equilibrium of the elong-
ation complex to pre-translocated and 1bp backtracked
states, respectively. cEC13 was very slow in both reactions
indicating that it is stabilized in the post-translocated state
(Figure 2C). In contrast, cEC15 underwent relatively fast
pyrophosphorolysis and second phosphodiester bond

Figure 1. Continued

exponential fits of the kinetics data (see ‘Materials and Methods section). (E) The TL is not involved in Mg>" chelation during phosphodiester bond
hydrolysis. Dependence of kops on the Mg>" concentration during intrinsic cleavage (as in panel C) by WT (red) and ATL (blue) RNAPs. The values
of apparent K,[Mg>'] are shown below the plots. The values of kop, at different Mg”>" concentrations were calculated by single exponential fitting of
the kinetics data (as in panel C) and Kn[Mg”'] values were calculated as described in ‘Materials and Methods® section. (F) pH profiles of the
reactions described in panel C in the absence and the presence of Gre. The values of ks at different pH were calculated by single exponential fitting
of the kinetics data (see panel C and ‘Materials and Methods’ section). Note that reactions with Gre were performed at 20°C (as in panel C).
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Figure 2. Substitution of the TL by Gre depends on the state of the elongation complex. (A) Kinetics of the cleavage reaction (schematically shown
above the plots) in mEC15 (Fi%;.lre 1B) by WT RNAP (left) and ATL RNAP (right) in the absence (red) or presence (blue) of the catalytically
inactive mutant Gre factor, GreP**/E4A Solid curves are the single exponential fits of the kinetics data (see ‘Materials and Methods’ section). (B)
Kinetics of single nucleotide addition (1 uM and 1 mM CTP; reaction schematically shown above the plots) in cEC15 (Figure 1B) by WT RNAP in
the absence (red) or presence (blue) of GreP#AESA Qolid curves are the single (without GreP*E4AY or double (with GreP***/F454) exponential fits
of the kinetics data (see ‘Materials and Methods’ section). Blue vertical lines in the left plot show the inhibited (slow) and non-inhibited (fast)
fractions of elongation complexes. (C) Kinetics of pyrophosphorolysis and second phosphodiester bond hydrolysis in cEC13 and cEC15. RNAs
longer than 13 nt in lanes 24 originate from incorporation of NTPs, which are the result of pyrophosphorolysis. (D) Exo III footprinting of the front
edge of RNAP in cEC13 and cEC15. Non-template DNA strand (NT DNA) and RNA were labelled with P?? at the 5'-end (asterisks in the scheme
on the left). Three different concentrations of Exo III were used for accurate comparison of relative distribution of translocation states in cEC13 and
cECI15. The lower panel originates from the same gel as the top panel, and shows the transcripts in the complexes. Black vertical lines in both panels
separate lanes originating from the same gel that were brought together. (E) Kinetics of single nucleotide addition (1 uM GTP, reaction schematically
shown above the plots) in cEC13 (Figure 1B) by WT RNAP in the absence (red) or presence (blue) of the GreP*A/E¥A Solid curves are the single
exponential fits of the kinetics data (see ‘Materials and Methods’ section).

hydrolysis (Figure 2C), indicating that oscillation of this
complex frequently brings it to pre-translocated and to
one base pair backtracked states. Note, however, that hy-
drolysis in cEC15 proceeded slower than in mECIS5
indicating that cECI15 is not stabilized in the 1bp back-
tracked state-like mEC15. For footprinting of the front
edge of RNAP in cEC13 and cEC15, we used three differ-
ent concentrations of Exo III. This is analogous to the
analysis of the kinetics of Exo III digestion, which is es-
sential for comparison of distribution between transloca-
tion states in different complexes (22,23). If cEC13 and
cECI15 were in similar translocation states, one would

expect a 2bp shift of the Exo III footprint in these
complexes. However, as seen from Figure 2D, the front
edge of RNAP in cECIS is shifted backwards, which is
consistent with the idea that cEC15 oscillates between
post-translocated and backtracked states. Together with
the data on the rates of the reactions in cECI3 and
cECI15, this result suggests that cEC15 does occasionally
backtrack, while <cECI3 is stabilized in the
post-translocation state.

In agreement with the hypothesis that Gre inhibits TL
dependent functions only in backtracked complexes,
GreP*?AESA did not inhibit NTP addition in cECI3
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Figure 3. Two models of switching of the active centres, the “TL active centre’ (red) and ‘Gre active centre’ (blue), in the RNA polymerase catalytic
site (yellow circle). Gre does not interfere with the TL during productive elongation. However, in response to misincorporation or occasional
backtracking Gre substitutes for the TL in the active site where it activates the hydrolytic activity to efficiently resolve backtracked complexes.
After resolution of backtracked complex is accomplished, Gre is replaced back by the TL allowing continuation of elongation. Switching may take
place without (A) or with (B) dissociation of Gre from the elongation complex.

even at a low (1 uM) NTP concentration (Figure 2E).
Therefore, only in response to misincorporation and/or
backtracking events does Gre substitute for the TL in
the active centre, thus modifying RNAP hydrolytic
activity to efficiently resolve such dead end complexes.
Active elongation complexes, however, lack the signal
for substitution of the ‘TL active centre’ with the ‘Gre
active centre’. Therefore, in active elongation complexes
Gre neither turns off TL-dependent catalysis, nor imposes
cleavage activity, thus allowing continuous efficient tran-
script elongation. We cannot distinguish if the interplay
between Gre and the TL takes place without dissociation
of Gre from elongation complex or Gre has a higher
affinity for backtracked than for correct complexes.
Though it was proposed that Gre stays permanently
bound to RNAP as its catalytic domain (17), these
authors did not investigate binding to -elongation
complexes. We present two models, schematically shown
in Figure 3, which are consistent with our results.

DISCUSSION

In this study, we show that during misincorporation and/
or backtracking, the TL of the active centre is substituted
by Gre factor, which ‘turns off” TL-dependent hydrolytic
activity and ‘turns on’ a much more efficient Gre-
dependent hydrolytic activity. Substitution of the TL by
Gre leads to reversible replacement of the amino acid
content of the active centre, and this can be regarded as
an ‘exchange’ of a part of the active centre. The exchange
of RNAP ‘polymerase’ (TL) and ‘nuclease’ (Gre) active
centres occurs in the single site of the enzyme without
shifting of reactants in space, which is different from
DNA polymerase (DNAP) proofreading activity. DNAP
can switch between its ‘polymerase’ and ‘proofreading’
activities by moving the DNA product for a distance of
up to 40 A between two individual domains (24).

Second principal finding of our study is that the switch
between the TL and Gre in the active centre takes place in
a controlled manner in response to specific signals: back-
tracking and/or misincorporation and their resolution.

The signal for replacement of the active centres in
RNAP is presumably based on a conformational change
of the protein that allows Gre to change its orientation
and enter the secondary channel of RNAP. The main
binding site of Gre is the ' coiled coil situated at the
entrance of the secondary channel, where C-terminal
domain of Gre binds (25). A possible change in the orien-
tation of this coiled coil, which may be dependent on the
conformation of the TL, may drag Gre in and out of the
secondary channel. This idea is supported by crystallo-
graphic studies that revealed small conformational
changes in the vicinity of the active centre in various
states of the elongation complex (7,26,27). Alternatively,
the conformational change may occur in Gre. This idea
may be supported by findings that a Gre homologue Gfhl
changes the orientation of its coiled-coil domain relative
to the C-terminal domain, in a pH-dependent manner
(28,29).

The controlled manner of switching of the TL and Gre
active centres (only in response to misincorporation or
backtracking) allows Gre-catalysed RNA cleavage to be
as rapid as RNA synthesis catalysed by the TL. Indeed,
the rate of Gre-catalysed hydrolysis (0.17 s~ at 20°C)
is close to the rate of phosphodiester bond formation
in saturating NTP concentrations (0.61s™" at 20°C). As
was proposed previously (17), Gre always accompanies
RNAP in the cell (17). Therefore, if Gre activity is not
controlled, and Gre is allowed to act in correct elongation
complexes, inhibition of synthesis via inactivation of the
TL and fast Gre-catalysed hydrolysis would lead to a
rapid degradation of nascent transcripts, thus inhibiting
transcription. This controlled manner of proofreading is
different to the one used by DNAP, whose proofreading
relies on the slowing down of chain extension upon
misincorporation, which provides time for exonuclease
domain to excise the erroneous nucleotide (24). Our
results also reveal the principal difference between
Gre-catalysed and transcript-assisted mechanisms of
proofreading. The latter, as in the case of DNAP, also
depends on the delay in the transcript extension after
misincorporation event, allowing sufficient time for cor-
recting a mistake (14).
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Inhibition or activation of enzymatic activity by
interfering with amino acid contents of their active
centres by other proteins is a common way of regulation
of proteinaceous enzymes (30,31). However, the
controlled exchange of the activities via substitution of a
part of an active centre may be a unique property of
multi-subunit RNAPs. The abundance of factors (and po-
tential factors) and small molecules that bind to RNAP in
the secondary channel (GreA, GreB, Gfhl, DksA, Rnk,
TraR, ppGpp, Tagetitoxin, Streptolydigin, Microcin
J25—in bacteria; TFIIS, RNAP II subunit BI12.2,
RNAP 1 subunit Al12.6, RNAP III subunit CI1,
o-amanitin—in eukaryotes) suggests that the on/off
switching and exchanging of the activities via substitutions
of a part of the active centre might be a common way
of regulating RNAP activities. This idea is supported by
the crystal structures of the elongation complexes with
eukaryotic cleavage factor TFIIS (27,32) and RNAP in-
hibitor o-amanitin (5,26), in which the TL is in the
unfolded conformation, and is being substituted by the
factor or antibiotic, respectively. Recently, in analogy
with the results of our study, it was shown that mutant
TFIIS deficient in cleavage inhibits RNAP II activity (33).
Our results suggest that this happens due to substitution
of the TL by the mutant factor and, as a result, inhibition
of the TL-catalysed reactions.
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