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Abstract

RNA polymerase can cleave a phosphodiester bond at the 3" end of a nascent RNA in the presence of
pyrophosphate producing NTP. Pyrophosphorolysis has been characterized during elongation steps of
transcription where its rate is significantly slower than the forward rate of NMP addition. In contrast, we report
here that pyrophosphorolysis can occur in a millisecond time scale during the transition of Escherichia coli
RNA polymerase from initiation to elongation at the psbA2 promoter. This rapid pyrophosphorolysis occurs
during productive RNA synthesis as opposed to abortive RNA synthesis. Dissociation of a’® or RNA
extension beyond nine nucleotides dramatically reduces the rate of pyrophosphorolysis. We argue that the
rapid pyrophosphorolysis allows iterative cycles of cleavage and re-synthesis of the 3" phosphodiester bond
by the productive complexes in the early stage of transcription. This iterative process may provide an
opportunity for the a’° to dissociate from the RNA exit channel of the enzyme, enabling RNA to extend

through the channel.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

RNA polymerases (RNAPs) can shorten the
nascent RNA in a reaction of pyrophosphorolysis,
which requires pyrophosphate (PPi) and leads to
removal of an NMP from the 3’ RNA end. Pyropho-
sphorolysis has also been demonstrated for DNA
polymerases and single-subunit RNAPs [1,2]. Al-
though pyrophosphorolysis by bacterial and eukary-
otic RNAPs is typically much slower than NMP
addition [3-5], its rate is modulated by local DNA
sequence and transcription factors [3-9]. Recent
single-molecule analysis showed that PPi affects
elongation by Escherichia coli RNAP by increasing
dwell times of the elongation complex at many DNA
positions [10], suggesting that pyrophosphorolysis
may globally regulate transcription rate in vivo.

A number of regulatory mechanisms of transcription
have been elucidated by assembling transcription
elongation complexes in vitro using single-stranded
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DNA and RNA oligonucleotides and purified RNAP
protein[11,12]. This approach is based on the ability of
E. coliRNAP holoenzyme to bind to a single-stranded
template DNA hybridized to a complementary ~9-
nucleotides (nt) RNA followed by incorporation of the
non-template DNA strand. The approach generates
an active ternary complex (TC). The major g subunit
(07 is released from the holoenzyme upon binding to
the RNA-DNA hybrid [12]. Notably, the catalytic
properties of the assembled TC are similar to those
obtained from promoter, when the nascent RNA
reaches the length of 20 nt [13].

On the other hand, promoter-initiated TCs carrying
the 9-nt transcript (TC9; where 9 indicates the RNA
length) have been shown to adopt a structurally
heterogeneous state during transition from initiation
to elongation [14—-16]. They have been shown to
adopt productive or nonproductive state called the
moribund complex that can produce only short
abortive RNAs without generating full-length
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Fig.1. A structural model illustrating the transition from initiation to elongation. Panels a—c correspond to the type (i), (ii),
and (iii) complex described in main text, respectively. a”° 3.2 loop is not shown because its location is unidentified when
the nascent RNA length is 9 nt. The entry of 5 RNA end to the RNA exit channel (also termed single-strand RNA binding
channel) begins at the RNA length of ~9-11 nt until the channel is fully filled at the RNA length of ~ 14—16 nt[20-22]. Since
such RNA lengths should further fluctuate among TC molecules during the transition, TC9 may form all the three structural
forms. Murakami and Darst's [23] crystal structures are used as a reference.

products [17—19]. Before escaping from the promot-
er, the productive complexes pass through multiple
structural states characterized by different interac-
tions between ¢’ and the RNAP core complex: (i)
with o fully retained in the complex and with the 5’
RNA exit channel of RNAP occupied by the o region
4 and 3.2 loop (Fig. 1a) [23-26]; or (ii) with g’
partially retained in the TC, and ¢”° regions 4 and
3.2 are displaced from the RNA exit channel (Fig. 1b)
[20]; or (iii) without a”° (Fig. 1c) [17,27]. Transition in
these interactions may depend on the promoter
sequence and the nascent RNA structure [15,28].

Interestingly, previous studies showed that the
type (i) complex has special conformational and
energetic properties: the elongation of the nascent
RNA beyond ~9 ntis prevended due to blocking the
RNA exit channel by a”° regions 4 and 3.2 (Fig. 1a)
[20]. Since a”° region 4 remains bound to — 35 box in
the promoter DNA and to RNAP, the RNAP moving
downstream during RNA synthesis causes DNA
scrunching as the downstream DNA is pulled into
core RNAP [29,30], and distortion energy accumu-
lates within TC during forward translocation [14]. The
more recent crystal structure of the type (i) complex
of E. coliRNAP, which carries PPi, suggests that the
DNA scrunching causes a substantial conformation-
al change around the active site that favors PPi
binding [31]. Taken together, these data raise a
question of whether pyrophosphorolysis is specifi-
cally promoted in TC9 by this type (i) of conforma-
tional scrunching.

Here we demonstrate that the promoter-initiated
TC9 formed by E. coli RNAP holoenzyme, carrying
0%, contains a fraction with a strikingly fast
millisecond pyrophosphorolysis rate [TC9 + PPi =

TC8 + ribonucleoside triphosphate (NTP)] that ex-
ceeds the elongation rate by the same complex
(TC9 + NTP = TC10 + PPi). We further showed
that the rate of pyrophosphorolysis decreases after
o’ dissociates from TC9. We argue that rapid and
iterative conversions between TC8 and TC9 that
occur as a result of rapid pyrophosphorolysis may
play a key role in displacement of a° region 4 from
the RNA exit channel, preventing the arrest of
initiation-to-elongation transition in the productive
complex.

Results

TC with 9-nt RNA has a fraction highly susceptible
to PPi

We prepared TC9 with E. coli RNAP by initiation on
cyanobacterial psbA2 promoter in the presence of
y-32P-labeled ATP, UTP, and CTP (Fig. 2a). The
psbA2 promoter is recognized by E. coliRNAP in vitro
with a similar efficiency to cyanobacterial RNAP [32].
The RNA synthesis ceased at +9C due to the lack of
GTP substrate (iFig. 2a and b). In this promoter-
initiated setup, o Ois stochastically released from the
complex [16], thereby generating a mixture of the
regular TC9 and g "%-associated TC9, which we call p-
TC9 (Fig. 2b). In parallel, TC9 was assembled with the
hybrid composed of the same 5'-labeled 9-nt RNA and
a DNA without transcription. It was previously reported
that a’° was fully released from this complex [12],
thereby producing structurally homogeneous TC9
lacking a”°, which we call assembled TC9 (Fig. 2c).
The assembled TC9 is also different from p-TC9 in
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Fig. 2. Promoter-initiated TC9 (p-TC9) is much more susceptible to PPi than assembled TC9. (a) The sequence of the
non-template DNA strand of the psbA2 promoter from —38 to +18. The putative — 10 and — 35 boxes are underlined, and
the transcribed sequences are indicated in upper-case letters. Position +9 and + 10 are shown in the large bold letter. The
transcribed sequence is modified from the intact genomic sequence. (b and c) In vitro production of TC9 by promoter
initiation (b) and by reconstitution (c). BC represents a binary complex of RNAP and DNA. (d) /n vitro experiments for
pyrophosphorolysis and elongation of p-TC9 (left) and assembled TC9 (right). The capital letter following the number
indicating RNA length represents the nature of the residue of 3" RNA end. Reaction scheme is shown on the top of the gel.

terms of having a monophosphate at the 5’ end, while
p-TC9 has a 5 triphosphate. Both p-TC9 and the
assembled TC9 complexes were purified from non-
incorporated NTPs and excess oligonucleotides.

We tested p-TC9 and the assembled TC9 for their
ability to add GMP or to remove 3'CMP by pyropho-
sphorolysis at various concentrations of PPi (Fig. 2d).
Significant cleavage of the 3' phosphodiester bond
occurred in p-TC9 after 1-min incubation with 0.5 or
1 uM PPi, irrespective of how the holoenzyme was

prepared (Supplementary Fig. S1). We identified CTP
as the cleaved product of p-TC9 in the presence of PPi
as expected from pyrophosphorolytic shortening of
p-TC9 (Supplementary Fig. S2). In contrast, the
assembled TC9 was highly resistant to pyropho-
sphorolysis even after prolonged (10 min) incubation
with PPi (Fig. 2d). Notably, p-TC8, obtained from
incubation of p-TC9 with PPi (Fig. 2d, the 8 U RNA),
and p-TC18 (Supplementary Fig. S3) were also
resistant to PPi. p-TC18 was generated from the



Pyrophosphorolysis by RNA Polymerase

2531

50 uM PPi
(a) 5mMMgCl, 1 MHCI
p-TC9 — A —] (C )
(-Mg?)
100 . . . .
o partially o released
2 gol retained
=
5 &)
S 60} ©
3 slow ‘€
- B S I ——
© o 30ree
o 40 S .
= § 20 ‘\2 h 4
g _____ g | msec 3
O 20 g fast 090 oR4 fully
0.02 0’0,4 0.06 0.08 0.1 ‘ ‘ retained
O‘ ) ) Time, s ) ) v
0 10 20 30 40 50
Time, sec
(b) 500 uM GTP + residual PPi
p-TC9 l‘_ A —
(-Mg2?) (d)
100 . . T T

2
‘j:. oR4 fully
o retained
3]
o
© .
2 o partially
o> retained
[
o
w

0

0 O 02 0. 04 0. 06 0. 08 0.1 o released

Time, sec

Fig. 3. Pyrophosphorolysis (a) and elongation (b) of g -TC9. Reaction scheme is shown on the top of the graph. The

curves represent double-exponential fits of the data (

> 0.98). Y axis represents % of the initial p-TC9. The relative

abundance of each subpopulation of p-TC9 is |nd|cated by an arrow. (c and d) Possible correlations of the three structural
types (see Fig. 1) with kinetic phases observed in pyrophosphorolysis (panel c) and elongation (panel d) of p-TC9. g”°
region 4 is abbreviated as dR4. See Materials and Methods, and also Ref [32] for the full DNA sequence that was used for

obtaining p-TC9.

same promoter in order to test the effect of the
increased RNA length on pyrophosphorolysis. These
results suggest that the high susceptibility of p-TC9 to
PPi is uniqgue among the TCs tested.

Both p-TC9 and the assembled TC9 fully elongat-
ed the RNA by 1 nt after 1-min incubation with

500 pyM GTP (Fig. 2d). Interestingly, in the presence
of 0.5 uM PPi, a significant mis-incorporation of non-
cognate UMP or AMP was observed in the assem-
bled TC9 but was not in p-TC9, indicating that the 9C
was removed by pyrophosphorolysis in p-TC9 faster
than mis-incorporation of UMP or AMP at 10G
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Fig. 4. Pyrophosphorolysis (a) and elongation (b) of the assembled TC9. Reaction scheme is shown on the top of the
graph. The curves represent double-exponential fits of the data (R? > 0.99). Y axis represents % of the initial assembled
TC9. The relative abundance of each subpopulation of the assembled TC9 is indicated by an arrow. (c and d) Possible
correlations of the pre- and post-translocated states with kinetic phases observed in pyrophosphorolysis (panel c¢) and
elongation (panel d) of the assembled TC9. See Materials and Methods for the DNA and RNA sequences that were used

for obtaining the assembled TC.

(Fig. 2d). We analyzed further details about the
effect of pyrophosphorolysis on mis-incorporation by
p-TC9 (Supplementary Figs. S1, S4, and S5), which
are discussed in Supplementary Text.

Next, we analyzed the kinetic homogeneity of p-TC9
and assembled TC9 by examining rapid time courses

of pyrophosphorolysis and elongation in the presence
of physiological concentrations of free GTP and PPi
(500 and 50 uM, respectively) (Figs. 3 and 4). It has
been reported that bacterial cells contain 0.5-1.5 mM
of PPi in complex with biomolecules [33,34], thus
[free PPi] in those cells is expected to be much lower
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Table 1. The apparent rate constants +standard errors for the fast and slow fractions (k; and k) obtained by double-
exponential fitting of the data shown in Fig. 3 (p-TC9) and Fig. 4 (assembled TC9)

Pyrophosphorolysis with 50 mM PPi Elongation with 500 mM GTP

ki (s7) ko (s7) ki (s7) ko (s7)
p-TC9 (7.8 = 1.4) x 10? (8.5+0.9) x 1072 (25 +1.7) x 10 (2.2 +0.5) x 10
assembled-TC9 22+09 (2.7 £0.2) x 1072 (1.3 £ 0.3) x 10? (2.1 £1.3)x 10

We did not present the quantitative differences in the amplitudes of the two kinetic phases that were revealed by the fitting curves shown in
Figs. 3 and 4, since the relative amplitudes of these phases should not perfectly match each other between different experimental setups.
There are multiple possible reasons for these mismatches. For instance, a fraction of RNA might dissociate from RNAP during
manipulation with the complexes or RNAP might partially lose activity by partial denaturation, and so on. However, all these processes do

not affect our major conclusion.

and close to the level of K, (~50 uM) for PPi-
dependent enzymes [35,36]. The analysis revealed
that in a ~30% fraction of p-TC9, pyrophosphorolysis
was 3-fold faster than elongation in the presence of
physiological concentrations of GTP and PPi (Table 1,
ky, and Fig. 3a and b). Consistent with the result
shown in Fig. 2d, this PPi-sensitive fraction was not
observed in the reaction by assembled TC9. In
contrast, all active fractions of the assembled-TC9

were pyrophosphorolyzed at least 60-fold slower than
a rapid fraction of elongation (Table 1, k4, and Fig. 4a
and b).

According to structural analysis, rapid pyropho-
sphorolysis requires a pre-translocated state of
the complex, in which the active site is accessible
to PPi, but not to NTP [37,38]. Indeed, our rapid
kinetic analysis showed that the ~30% fraction of
p-TC9 was very slow in GMP addition (Fig. 3a and b),
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Fig. 5. Retention of 7 is necessary for the enhanced pyrophosphorolysis in p-TC9. (a) The experimental method to
separate p-TC9/holo (+a7°) from p-TC9/core (-a’°). (b) Pyrophosphorolysis by p-TC9 and the slippage product p-
TC9 + 4 in the presence or absence of ”° retention. Reaction scheme is shown on the top of the gel. (c) Quantitative
comparison of the pyrophosphorolysis observed in panel b. The curves represent Michaelis—Menten-type hyperbolic fits of
the data (R® > 0.98) shown in panel b. PPi concentrations at half saturation (C;,) and saturating levels of the PPi-cleaved
fraction +standard errors are shown on the top of the graph and on the right side of the graph, respectively.
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which supports the presence of a substantial pre-
translocated fraction of p-TC9. Due to the same ~30%
fraction size, this very slow elongation fraction can be
interpreted as the rapid fraction of pyrophosphorolysis.
We suggest that both the very slow elongation and the
rapid (Pyrophosphorolysis are caused by the retention
of a”° region 4 within p-TC9 (Fig. 3a and c). In this
context, the ~ 60% fraction undergoing slower pyropho-
sphorolysis (Fig. 3a) might represent a mixture of the
two complexes partially retaining a”° and not retaining
a’® (Fig. 3c), which might also correspond to slow
(~45%) and fast (~15%) elongating fractions, respec-
tively (Fig. 3b and d). Alternatively, the ~30% very slow
fraction might be a backtracked RNAP complex
performing abortive initiation [39,40]. However, this
possibility is unlikely, because this ~30% fraction was
elongated with GTP within 1 min (Fig. 2d), which was
beyond the experimental time scale (Fig. 3b). A GMP
addition by an abortive synthesis is expected to be
much longer than 1 min (see Discussions for further
details) [39,40].

In the assembled TC9, the fractions undergoing fast
and slow pyrophosphorolysis were interpreted as the
fractions slow and fast (alternatively, very slow and
slow + fast) in elongation, respectively (Fig. 4). There
should be no o”°-dependent conformational hetero-
geneity in the assembled TC9 lacking a”°. Based on
the previous rapid kinetic analysis combined with
exonuclease Ill DNA footprinting analysis evaluating
translocation equilibrium of an RNAP [3], the fractions
of the assembled TC9 were interpreted as the relative
abundance of pre- and post-translocated states (Fig.
4c¢ and d). In this context, the ~18% fraction for a very
slow elongation (Fig. 4b and d) may represent pausing
ata post-translocated state [41] or, alternatively, a pre-
translocated state [4] as shown previously.

These conformational assignments to different
kinetic fractions of p-TC9 and assembled-TC9 are
speculative, and hence, alternative interpretations are
also possible. For instance, a’° may allosterically
affect structure of the active site of RNAP, making it
more sensitive to PPi and less responsive to NTP. ltis
also possible that the slow-elongating fraction (~ 30%)
of p-TC9 may be partially attributed to a rapid
conversion of p-TC9 to p-TC8 by the PPi contaminat-
ing GTP (~1/1000; Supplementary Table S1).

o7% is required for the enhanced
pyrophosphorolysis in the TC with 9-nt RNA

To examine whether retention of g”° was respon-
sible for the high sensitivity of p-TC9 to PPi, we
prepared p-TC9 by using native (]untagged) core
RNAP and hexahistidine-tagged a’® (p-TC9/holo).
The binary complex (BC) was obtained at the psbA2
promoter as described in Fig. 5a followed by
immobilization on Ni?*-NTA agarose and incubation
with ATP, CTP, and UTP to form p-TC9. The p-TC9
fraction without a”° (p-TC9/core) was collected in the

supernatant leaving p-TC9/holo attached to the
beads. p-TC9/holo was eluted from the beads by
adding imidazole (see Supplementary Fig. S6 for time
course of p-TC9 release from the beads). Both p-TC9
fractions were additionally purified from NTPs, PPi,
and short abortive RNA.

The major (~80%) fraction of p-TC9/holo was
substantially more sensitive to PPi compared to
p-TC9/core (Fig. 5b and c). Importantly, both p-TC9s
were mostly elongated with 4 NTPs within 5s
(Supplementary Fig. S7). About 20% for p-TC9/core
and 10% for p-TC9/holo could not elongate their RNA
after an incubation for 90 s with 4 NTPs indicating the
presence of a catalytically inactive fraction in both
samples (Supplementary Fig. S7). This 10% inactive
fraction of p-TC9/holo might derive from the moribund
complex performing only slow abortive synthesis
[14,18,19,42,43]. Even if that is the case, such a
10% difference in the inactive fractions cannot
account for the 2-fold difference observed in the half-
saturation constants for pyrophosphorolysis between
p-TC9/holo and p-TC9/core (Cy, Fig. 5¢). Thus, we
concluded that p-TC9 contained little moribund
complex, and retention of g”° in the productive
complex enhanced the pyrophosphorolysis prior to
escape of the complex to elongation.

The holoenzyme used in the experiment shown in
Fig. 5 was a reconstituted preparation and different
from a native and non-reconstituted holoenzyme used
in the experiments shown in Figs. 2—4. The difference
in the elongation rate and pausing properties has
been reported between such preparations [44]. We
showed that such a difference within this study is
limited to an increased inactive fraction in the purified
core RNAP (see Supplementary Discussions and
Supplementary Fig. S1A). It is also notable that the
procedure to isolate p-TC9/holo from p-TC9/core may
affect the population of PPi-hypersensitive intermedi-
ate (see Materials and Methods) as this procedure
required a 2-fold longer incubation time than the
regular procedure for p-TC9 synthesis. Thus, we have
focused on comparing the half-saturation constants,
which are usually considered most reliable. In any
case, such a variation does not affect our qualitative
conclusions about the different PPi-sensitivity of p-
TC9/holo and p-TC9/core originating from one and the
same holoenzyme (Fig. 5).

RNA extension beyond 9 nt eliminates the TC
fraction hypersensitive to PPi

When we generated complexes expected to be
p-TC9 from the psbA2 promoter, we found other TCs
with longer nascent RNAs: the major one was
denoted as p-TC9 + 4 in Fig. 5b. Our interpretation
of the products is reiterative transcription due to
slippage between the transcript and DNA template
[45,46], where AGUU transcribed from +1 to +4 on
the psbA2 promoter slips back to the AGTT template
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Fig. 6. The nascent RNA length affects pyrophosphorolysis and elongation. (a) Pyrophosphorolysis and elongation by
p-TCs and p-TCs with >9-nt RNA (p-TC > 9 s), which were generated on the psbA2 promoter. Lanes 1-4; 1-min
incubation with buffer, 0.1 pM, 0.5 pM, or 1 yM PPi (numerical order). Lanes 5-8; 1-min incubation with GTP, UTA, or ATP
of 500 pM each (numerical order). Any 500 uM NTP contains residual ~0.5 pM PPi (see Supplemental Table S1). (b) The
pyrophosphorolyzed fractions observed in panel A were quantified. (c) A structural model explalnlng the nascent RNA that
is longer than 9 nt decreases PPi susceptibility of p-TC. A fraction of p-TC9 retains a”° region 4 (gR4), which limits motions
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allowing the increased 5’ nascent RNA motions. Pre-translocated state (left, PPi accessible) and post-translocated state
(right, NTP-accessible) are schematically shown. Forward translocation to empty the active site in p-TC > 9 is replaced by
DNA scrunching in p-TC9 due to the association of R4 with DNA at —35 box. In p-TC9, the scrunching free energy is
generated per forward translocation [14], causing the energetically favorable pre-translocated state and the resultant
unfavorable post-translocated state.

sequence from -4 to —1, resulting in an addition of
4-nt extra RNA sequence at the 5 end [32]. Interest-
ingly, such a slippage product p-TC9 + 4/holo was
significantly less susceptible to PPi than the original
p-TC9/holo with the ~ 5-fold Cy 5 of p-TC9/holo (Fig. 5¢).
The Cy, values of p-TC9 + 4/holo and p-TC9 + 4/core
were the same (Fig. 5c), indicating that the PP|
susceptibility was also not affected by retention of g”°

in the presence of the extra RNA. Since the
holoenzyme fraction had lower abundance of

p-TC9 + 4 relative to p-TC9 when compared to the
core RNAP fraction (Fig. 5b, lanes for 0 uM PPi), the
extra RNA synthesis d|d not fully release but
significantly reduced ¢’ that was retained in
RNAP. Taken together, these results indicate that
not only the association of o’ but also the 9-nt
nascent RNA length appear crucial for determining
the high sensitivity of p-TC9 to PPi.

We also found that the TCs generated by the
promoter-directed transcription (p-TCs) had
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following NMP addition is not interfered without an occlusion of the 5’ nascent RNA path by o7° region 4 (oR4), allowing a
productive elongation from TC8 to TC11. Pyrophosphorolysis is negligible compared with elongation and thus is not
shown. (b) Forward translocation is interfered by gR4 occlusion of the nascent RNA path and is replaced by DNA
scrunching. Pyrophosphorolysis becomes significant because of the dominant pre-translocated state. TCs with increased
susceptibility to PPi are generated with progress in DNA scrunching, which are denoted as TC*. During numerous
exchanges between TC*8 and TC*9, gR4 is occasionally displaced from TC*8 to form TC9 leading to productive
elongation (i.e., a shift from the pathway shown in panel b to the corresponding pathway shown in panel a). TCs*>9 rarely
elongate RNA because the longer the nascent RNA is, the more the scrunching free energy is generated (i.e., the more
unfavorable the NTP-accessible post-translocated state is) [14]. The predicted pathways without any supports by

experimental data are indicated by gray letters and arrows.

decreasing sensitivity to PPi as the nascent RNA
was elongated from 9-nt to 13-nt, 21-nt and 26-nt,
while the ability to elongate the RNA with GTP is
retained (Fig. 6a and b, p-TC9 + 4,p-TC9 + 10, and
p-TC9 + 17). This result shows that elongation of
the nascent RNA beyond 9 nt inhibited the high
pyrophosphorolytic activity of p-TC9. Any p-TCs
with RNAs exceeding 9-nt length were elongated
with the substrate preference in the order of GTP,
ATP, and UTP, indicating that those p-TCs shared
the same template sequence at the active site, as
expected from the slippage [45,46]. However, the
patterns of elongation with ATP showed a distinct
difference between p-TC 9 and p-TC>9 + 4 (Fig.
6a, lane 8). This difference may be related to the
sequence-specific pausing identified previously [6(1
in addition to the nascent RNA length and o’
association. We discussed this issue in Supple-
mentary Text.

Discussion

A structural model of the enhanced
pyrophosphorolysis

We demonstrated that pyrophosphorolysis is
enhanced by o”° retention in TC and that this
hypersensitivity to PPi is observed only in the TC
with a 9-nt-long nascent RNA. This observation can
be interpreted by using the currently available x-ray
crystal structures of the transcription initiation
complexes at various reaction stages [23-26] as
well as the results of a fluorescence resonance
energy transfer experiment [29]. TC9 is here found to
be structurally heterogeneous, and the nascent RNA
is interpreted to be too short to expel its 5-end from

the RNA exit channel by releasing o° region 4 from
the —35 segment through all fractions of TC9. Only in
the TCs with RNA longer than 9 nt, the RNA 5" end is
considered to be expelled from the inside of TC
(Figs. 1 and 6c). The a”° region 4 also induces DNA
scrunching because RNAP remains bound to the
promoter DNA at the —35 box by the region 4 [29],
and hence, its displacement from RNAP enables
forward translocation of the enzyme without the
scrunching (Fig. 6¢). In other words, the enhanced
pyrophosphorolysis has two distinct mechanistic
aspects: first, interaction (or immobilization) of the
5’ end of the nascent RNA with g’ region 4 and,
second, DNA-scrunching-dependent conformational
and energetic changes in the TC.

The first aspect of the model is supported by the
observation that 6”° region 4 occludes the path for
the nascent RNA when it becomes longer than ~9-nt
[47]. The a’° region 4 contains a basic patch that
can further strengthen its interaction with the 5’
triphosphate [48]. Indeed, the interaction of ¢”° 3.2
loop with the 5’ triphosphate of the shorter (4- to 6-nt)
nascent RNA has been revealed in the crystal
structure of the E. coli initiation complex [25,47],
and its role for promoter escape has been also
suggested by a more recent study [39,49]. The
difference in PPi susceptibility observed between p-
TC9 and the assembled TC9 (Fig. 2d) might be
related to the absence of the 5’ triphosphate in the
assembled TC9. During the forward translocation of
TCs with 0’°, 1-base-pair DNA is scrunched into
RNAP complex with DNA distortion, which makes
the resultant post-translocated complex less ener-
getically favorable than the regular translocation of
TCs without ¢’ (Fig. 6¢) [14,29]. This energetics
supports the second aspect of the model. Therefore,
the TC that involves DNA scrunching should be
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more susceptible to PPi because of the relatively
favorable pre-translocated state, which is required
for pyrophosphorolysis.

Possible biological significance of the enhanced
pyrophosphorolysis

In this study, we showed that during the initiation-
to-elongation transition, at least one TC, TC9, has a
fraction exhibiting unusually high pyrophosphoroly-
tic rate exceeding the typical rate of phosphodiester
bond formation at physiological concentrations of
PPi and NTP. Therefore, when NTPs and PPi are
present, TC9 and the pyrophosphorolyzed product
TC8 are rapidly and iteratively converted between
each other. Since this is a kind of reverse reaction
and might be disadvantageous, what is its biological
significance? We here propose a mechanistic
model in which multiple TC8-to-TC9 interconver-
sions are essential to keep TCs on the right track of
promoter escape accompanied by the complete
displacement of a”° region 4 (and 3.2 loop) to clear
the RNA exit channel (Fig. 7a and b). The PPi-
sensitive complex stochastically but inevitably
exists in a promoter-directed transcription. This
complex is unstable probably because of its
structural distortion accompanied with the exit
channel blocked by o”° region 4, leading to
preferential pyrophosphorolysis rather than elonga-
tion. In other words, the displacement of ¢”° region
4 prevents pausing or arrest during initiation caused
by the energetically unfavorable forward transloca-
tion via DNA scrunching.

Accordingl\;, we also propose that TC8 and TC9
containing ¢’° (Fig. 7b, TC*8 and TC*9) stochasti-
cally displace a”° region 4 (and 3.2 loop) by itself
during the repetitive TC*8-to-TC*9 interconversions.
In this model, TC*9 decreases in a timescale
necessary for preventing promoter arrest in physio-
logical conditions (Fig. 7b and Supplementary
Discussions): the timescale of TC*9-to-TC10 transi-
tion eliminating the association of g’ region 4 is
likely to be similar to that of TC*9-to-TC*10
elongation retaining ’°. In other words, the rapid
pyrophosphorolysis is a step necessary for convert-
ing the o’%-associated TC*9 into TC10 and more
mature elongation complexes lacking a°. Occlusion
of the nascent RNA path by ”° region 4 may cause
the promoter-proximal arrest [50].

The rapid pyrophosphorolysis of the initiation-to-
elongation intermediate has not been attracted. One
of the reasons is that NTPs are generally contaminat-
ed with PPi (Supplementary Table S1), and pyropho-
sphorolysis unintentionally occurred in experiments
using high concentrations of NTPs, canceling the
existing effects of exogenous PPi. Our preparation
and storage of p-TCs were careful to avoid such
cancelation (see Supplementary Discussions and
Supplementary Fig. S8).

It has been suggested that the o dissociation is
caused by a steric clash between o region 3.2 loop
and the elongating abortive RNA [24,51]. Although
the previously proposed mechanism can explain the
abortive synthesis by a moribund complex, such an
abortive synthesis does not lead to productive
elongation [14,18,19,42,43,49], being unable to
accelerate the promoter escape. We emphasize
that our model based on the rapid and reversible
exchanges of TCs with 9 and 8 nt RNAs under DNA
scrunching is attributed to the productive complex
but not moribund complex; these two different
complexes that are formed in initiation are some-
times confused. Multiple lines of experimental
evidence suggest that the holoenzyme of the
moribund complex backiracks along DNA rather
than involving DNA scrunching for releasing abortive
RNA [14,17,39,40]. During backtracking, the active
site is inaccessible to accept either NTP or PPi.
Thus, the abortive RNA synthesis by the moribund
complex will be much slower (usually, up to 20 min
[43]) than milliseconds-timescale exchanges ob-
served between TC9 and TC8, and iteratively
produce shorter products usually from 2 to ~8 nt. It
is also notable that the conversion of the moribund
complex to the productive complex without binding
of a relevant transcription factor is unlikely because
of the presence of an intrinsically high-energy barrier
between them [17,18]. Therefore, the contribution of
moribund complex in the pyrophosphorolysis is
small, if any, within the timescales of our observa-
tion, that is, a few milliseconds to several tens of
seconds (see Results and Supplementary Fig. S7).
In summary, this study presents the mechanism of
promoter escape by the productive complex in the
context of branched initiation pathway of bacterial
transcription. A checkpoint mechanism that directs
RNAP to productive elongation has been previously
proposed [49], and our study specifies multiple
cycles of try-and-error mechanism, namely, cleav-
age and re-synthesis of the 3’ phosphodiester bond
of the 9-nt RNA.

The highly reversible bond formation during the
initiation-to-elongation transition might play a key role
in maintaining genomic integrity in bacteria. During
the initial stage of elongation, RNAP frequently falls
into paused states [50,52,53], which is further
stabilized by backtracking of RNAP leading to
transcription arrest [54]. Interestingly, a recent genetic
study revealed that collisions between replicating
DNA polymerases and promoter-arrested RNAPs
lead to an elevated level of DNA mutations in
promoter-proximal regions of genes [55]. Retention
of 0’° leads to the enhanced promoter-proximal
pausing [56]. It is likely that the rapid pyrophosphor-
olysis observed in our study is essential for the
efficient promoter escape, preventing RNAP accumu-
lation at the promoter-proximal regions and toxic
collisions with the replication machinery.
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Materials and Methods

Reagents

NTPs and oligonucleotides were purchased from
GE Healthcare and Integrated DNA Technologies,
respectively. Residual concentrations of PPi in all
NTP solutions were measured as approximately 3
orders of magnitude smaller concentrations of NTPs
used (e.g., ~0.5uM PPi exits in 500 yM NTP
solution) by EnzCheck Pyrophosphate assay kit
(Thermo Fisher Scientific), according to the manu-
facturer's method (Supplementary Table S1).

Purification of RNAP

E. coli RNAP carrying the hexahistidine-tag at the
C-terminus of the B’ subunit was purified according to
the original protocol [57]. E. coli cells (strain RL916)
were grown in 700 mL of LB to OD600 0.8—1 and were
collected by a 15-min centrifugation at 5400 g. All the
subsequent steps were performed at 4 °C. Approxi-
mately 1 g of cells was re-suspended in 25 ml of lysis
buffer 1 [300 mM Tris-acetate (pH 7.9), 100 mM
potassium acetate, 10 mM MgCl,, 1 mM EDTA, and
4 mM 2-mercaptoethanol]. The cells were broken by
sonication, and the lysate was clarified by a 35-min
centrifugation at 21,000 g. Imidazole (1 M; pH 7.9)
was added to the supernatant to achieve 10 mM final
concentration, and solid KCl was added to 1 M final
concentration. The solution was loaded at 1 ml/min to
a 1 ml HisTrap HP column (GE Healthcare) pre-
washed with 10 ml of lysis buffer 1 using the AKTA
900 Purifier (GE Healthcare) system. Then the column
was washed with 20 ml of lysis buffer containing 1 M
KCI and with 20 ml of Ni buffer [20 mM Tris—HCI,
5 mM MgCl,, 150 mM KClI, 4 mM 2-mercaptoethanol,
and 1 mM phenylmethylsulfonyl fluoride (PMSF)]
containing 150 mM KCI. RNAP was eluted with a
20-ml linear gradient from 0 to 200 mM imidazole in Ni
buffer. Combined fractions containing RNAP (3—4 ml)
are diluted 2-fold with heparin buffer 20 mM Tris—HCI
(pH 7.9), 5% glycerol, 0.5 mM EDTA, 1 mM dithio-
threitol (DTT), 4 mM 2-mercaptoethanol, and 1 mM
PMSF], and loaded to a 1-ml Heparin HiTrap HP (GE
Healthcare). The column was washed with 15 ml of
heparin buffer containing 300 mM NaCl, and RNAP
was eluted with a 20-mL linear gradient from 300 to
1000 mM of NaCl in heparin buffer. Combined
fractions containing RNAP (2 ml) were diluted 5-fold
with Mono Q buffer [40 mM Tris—HCI (pH 8.3), 5%
glycerol, 5 mM MgCl,, 1 mM DTT, and 1 mM PMSF]
and loaded to a Mono Q 5/50 column (GE Healthcare).
The column was washed with 15 ml of Mono Q buffer
containing 200 mM NaCl, and RNAP was eluted with
a 25-ml linear gradient from 200 to 500 mM NaCl in
Mono Q buffer. RNAP core enzyme was eluted at
around 350 mM NaCl, and the RNAP holoenzyme

peak closely followed the core enzyme peak. For
protein storage, NaCl and glycerol were added to the
protein solution at the final concentrations of 200 mM
and 30%, respectively, which was frozen in aliquots in
liquid nitrogen, and stored at —80 °C. The typical yield
was ~350 pg of RNAP core enzyme and ~200 ug of
RNAP holoenzyme from ~1 g of cells.

Purification of non-tagged RNAP

E. colicell lysate of E. coli (strains MC4100 or DJ138)
was obtained as described for the hexahistidine-tagged
RNAP, except that ~1 g of cells was resuspended in
25 ml of lysis buffer 2 [50 mM Tris—HCI (pH 8.0),
300 mM NaCl, 10 mM MgCl,, 10 mM EDTA, 1 mM
DTT, 5% glycerol, and 0.2% sodium deoxycholate].
Eight percent Polymin-P solution (0.7 ml; pH 7.9) was
slowly added to 22 ml of the lysate with continuous
stirring on ice to achieve 0.25% final concentration of
Polymin-P (modified from Refs. [57, 58]). The precip-
itate was collected at 5000g for 15 min and was
resuspended in 25-30 ml of heparin buffer containing
450 mM NaCl. Polymin-P precipitate was repeatedly
washed with heparin buffer containing 450 mM NaCl
(typically 4—6 times) until the resulting supernatant
contains no detectable protein. RNAP was eluted from
the pellet by 20-25 ml of heparin buffer containing 1 M
NaCl and separated from the pellet by centrifugation
8000 g for 30 min. The remaining pellet was resus-
pended in another 20—25 ml aliquot of heparin buffer
containing 1 M NaCl and centrifuged again. The
eluates were combined, and RNAP was precipitated
by addition of ammonium sulfate to 60% saturation.
The pellet was dissolved in heparin buffer and loaded to
heparin column and then to Mono Q column as
described above. The protein solution was frozen and
stored at —80 °C as described above.

Purification of o”°

E. coli cells (strain AD19275 or DJ420) were
grown in 700 ml of LB medium to OD600 of 0.5-0.7.
IPTG was added to 1 mM final concentration, and
the culture was incubated at 30 °C for additional
3—4 h [59]. The cells were collected by a 15-min
centrifugation at 5400 g. All the subsequent steps
were performed at 4 °C. Approximately 2 g of cells was
suspended in 80 ml of lysis buffer 1 [300 mM Tris-
acetate (pH 7.9), 100 mM potassium acetate, 10 mM
MgCl,, 1 mM EDTA, and 4 mM 2-mercaptoethanol)].
The cells were broken by sonication, and the lysate was
clarified by a 35-min centrifugation at 21,000 g.
Imidazole (1 M; pH 7.9) was added to the supernatant
to achieve 10 mM final concentration, and then solid
KCl was added to achieve 1 M final concentration. The
lysate was loaded at 2 ml/min to a 5 ml HisTrap FF
column (GE Healthcare). Then the column was washed
with 120 ml of lysis buffer containing 1 M KCI and with
75 ml of Ni buffer [20 mM Tris—HCI (pH 8.0), 5 mM
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MgCl,, 150 mM KCI, 4 mM 2-mercaptoethanol, and
1 mM PMSF]. 6”° was eluted at 1 ml/min with a 75-ml
linear gradient of imidazole from 0 to 300 mM in Ni
buffer. Fractions containing ¢’° were combined
and were loaded to Superdex 200 prep grade HiLoad
16/600 column (GE Healthcare) equilibrated with
20 mM Tris—HCI (pH 7.9), 500 mM KCI, 4 mM
2-mercaptoethanol, and 1 mM PMSF. The size exclu-
sion chromatograph)/ was repeated two more times.
The total yield of ”° was about 10-15 mg, and the
purity was ~90%. No RNAP subunits were detected in
the final preparation of o ”°.

Preparation of p-TC

Promoter-initiated TC with 5'-labeled 9-nt RNA on the
psbA2 promoter was generated as described previ-
ously [32]. Briefly, to form the BC, 5-10 pmol of E. coli
RNAP holoenzyme was mixed with 2 pmol linear DNA
template (purified PCR product) containing the psbA2
promoter (228 base pairs: —127to +101, where +1is a
transcription start site) in 10 pl volume of transcription
buffer [TB; 20 mM Tris—HCI (pH 7.9), 5 mM MgCls,
1 mM 2-mercaptoehanol, 0.1 M KCI, and 0.1 mg/ml
bovine serum albumin] and incubated for 10 min at
37 °C. In order to form TC with 9-nt RNA, 5 uM ATP
including [y-*2P] ATP as well as 50 uM each of CTP
and UTP in 10 pl volume of TB was added to the BC
and incubated for 5 min at 37 °C. The TC was purified
from the substrates including [y->*P] ATP as well as
PPiand abortive transcripts that were released from the
complexes by ultrafiliration through a 100-kDa cutoff
membrane (Microcon YM-100; Millipore) [13]. In
particular, the TC in 300 pl TB was concentrated to
10-15 pl by a 20-min centrifugation at 14,000 g. We
repeated this procedure three times by adding TB to the
concentrated sample. Previous our studies revealed
that the concentration of the residual non-incorporated
NTPs after ultrafiltration should be below the limit to be
incorporated into the nascent RNA by RNAP [9,13].
The purified TC was used for experiments by dilution of
the sample with TB (typically ~ 10 fold).

Preparation of the assembled TC9

The assembled TC9 was generated by using
5'-labeled 9-nt RNA 5’ACUUACUUCS’, template
DNA strand 5'CCTTATGTATTTGTCGATGTTCA-
GATTCGAAGTAAGTAAACTTAGTCTAAAG-
GATTAS3' and non-template DNA strand 5’
TAATCCTTTAGACTAAGTTTACTTACTTC-
GAATCTGAACATCGACAAATACATAAGGAATY
as described previously [60]. Briefly, 5-10 pmol of
E. coli RNAP holoenzyme was incubated with
7.5—-15 pmol of the preannealed RNA-DNA hybrid
in 25-50 ml volume of TB for 10 min at room
temperature. Next, 15-50 pmol of the nontemplate
DNA strand was added for 10 min. The assembled
TC9 was incubated with TB containing 1 M KCI for

10 min and was purified from excess RNA and DNA
oligonucleotides (these can be also dissociated from
RNAP during the incubation with 1 M KCI) by
ultrafiltration as described above. The purified
assembled TC9 was used for experiments by
dilution of the sample with TB (typically ~10 fold).

Separation of p-TC9 in the presence or absence
of ¢7°

In order to reconstitute holoenzyme, 5-10 pmol each
of native core enzyme and hexahistidine-tagged o”°
protein was mixed and incubated for 5 min at 37 °C.
The BC with the linear DNA template was formed as
described above, and then was immobilized on Ni%*-
NTA agarose (Qiagen) in TB as described previously
[61]. The immobilized BC was washed intensively with
TB on Ni?*-NTA agarose. p-TC9 was formed as
describe above, with a difference in the incubation
time of 10 min, during which TC9 that was detached
from a”° upon 9-nt RNA synthesis was released into
the supernatant of the resin. The released J)-TCQ was
then collected in a test tube. TC9 with o’° that was
immobilized on the resin was washed with TB and then
was eluted from the resin by adding 100 mM imidazole
as described previously [62]. Each of the TC9s (with or
without 6”°) was purified from NTPs and PPi as well as
abortive transcripts by passing through MicroSpin G50
column (GE Healthcare) equilibrated with TB. We also
described the time course of this procedure in
Supplementary Fig. S6.

In vitro transcription

Details about the experimental setups are de-
scribed in the corresponding main figures or supple-
mentary figures. All reactions were performed in TB at
37 °C. Reactions were stopped by gel-loading buffer
(5 M urea and 25 mM EDTA at final concentrations).
Any reactions for shorter than 5 s were performed
using RQF3 rapid quench-flow instrument (KinTek
Corporation) and were quenched by 1 M HCI, as
described previously [62]. In the rapid quench-flow
measurement, TC9 in TB without MgCl, was mixed
with equal volume of TB containing 10 mM MgCl, and
100 puM PPi (for pyrophosphorolysis) or TB containing
10 mM MgCl, and 1 mM GTP (for elongation). RNA
products were analyzed by polyacrylamide gel elec-
trophoresis using a 20% gel containing 7 M urea.

All the experiments with presented results in this
study were repeated two or more times, and the
represented ones are shown.
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