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ABSTRACT

Translocation of RNA polymerase (RNAP) along
DNA may be rate-limiting for transcription elonga-
tion. The Brownian ratchet model posits that RNAP
rapidly translocates back and forth until the post-
translocated state is stabilized by NTP binding. An
alternative model suggests that RNAP translocation
is slow and poorly reversible. To distinguish between
these two models, we take advantage of an obser-
vation that pyrophosphorolysis rates directly corre-
late with the abundance of the pre-translocated frac-
tion. Pyrophosphorolysis by RNAP stabilized in the
pre-translocated state by bacteriophage HK022 pro-
tein Nun was used as a reference point to deter-
mine the pre-translocated fraction in the absence
of Nun. The stalled RNAP preferentially occupies
the post-translocated state. The forward transloca-
tion rate depends, among other factors, on melting
of the RNA-DNA base pair at the upstream edge of
the transcription bubble. DNA-DNA base pairing im-
mediately upstream from the RNA-DNA hybrid sta-
bilizes the post-translocated state. This mechanism
is conserved between E. coli RNAP and S. cerevisiae
RNA polymerase Il and is partially dependent on the
lid domain of the catalytic subunit. Thus, the RNA-
DNA hybrid and DNA reannealing at the upstream
edge of the transcription bubble emerge as targets
for regulation of the transcription elongation rate.

INTRODUCTION

Translocation is the one-base-pair (bp) movement of RNA
polymerase (RNAP) along the DNA template between
formation of two consecutive phosphodiester bonds (1).
Translocation leaves a vacant active center at the RNA 3’

end to allow binding of the next NTP substrate (2). It has
been suggested that faster translocation decreases transcrip-
tion fidelity (3). Translocation is accompanied by confor-
mational changes in the bridge helix and the trigger loop,
the catalytic subunit domains located close to the RNAP ac-
tive site (2,4,5). RNA-DNA hybridization at the upstream
end of the RNA-DNA hybrid has been implicated in regu-
lation of Thermus thermophilis RNAP translocation (6).

A ternary elongation complex (TEC) consists of RNAP
core enzyme, nascent RNA and double-stranded DNA en-
compassing the transcription bubble. The TEC is stabilized
by the RNA-DNA hybrid formed between template strand
of the bubble and 3’-proximal 9-10 bases of the RNA (7).
An extensive structural and biochemical analysis of TECs
stalled on DNA by NTP deprivation or assembled on syn-
thetic RNA-DNA scaffolds showed that the bubble starts
1-2 nucleotides beyond the 3’ end of the RNA with the
two DNA strands reannealing immediately after the last
base pair of the RNA-DNA hybrid (8). This structure is
shared by bacterial and eukaryotic RNAPs. NMP incor-
poration by the post-translocated TEC extends the hybrid
to 10 base pairs at the RNA 3’ end. Forward translocation
restores the original 9 base pair hybrid length by melting
one RNA-DNA base pair at the opposite end of the hy-
brid. In this scenario, the 9-bp and 10-bp RNA-DNA hy-
brids are characteristic for the post-translocated and pre-
translocated TECs. Translocation also involves melting and
reforming of a single DNA base pair at the downstream
and upstream ends of the transcription bubble, respectively.
Melting of the RNA-DNA hybrid and the downstream
DNA occurs shortly after the phosphodiester bond forma-
tion, and has been proposed to be coordinated with RNAP
translocation (9,10). The dynamics of the upstream dsDNA
reannealing remains less clear.

Translocation represents a target for transcription regula-
tion at the post-initiation level (1). Backward translocation
is the key step in the development of the pauses caused by
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backtracking of RNAP (11). The strong hairpin-dependent
regulatory pauses in the leader sequences of the Ais and trp
biosynthetic operons in Escherichia coli (12) were long be-
lieved to be caused by the improper alignment of the 3’
RNA base with its complementary DNA base in the i+/
site. The misalignment prevents translocation of this RNA—
DNA base pair to the more spatially constrained i site (re-
viewed in (10)). The most recent cryo-EM structures of the
TECs paused in a hairpin-dependent manner suggest that
pausing is caused by the asymmetric (13), partial (14), or
asynchronous (15) translocation of RNAP, when the RNA
3’ end occupies a post-translocated state, but the i+/ DNA
base fails to translocate and is not available for base pairing
with the next incoming NTP.

Although some strong sequence-specific pauses of E. coli
RNAP do not appear to involve a translocation block (16),
slow translocation at intrinsic signals in DNA is often im-
plicated in RNAP pausing (17). The sequence Logo identi-
fied for pause sites of E. coli and B. subtilis RNAPs deter-
mined by NET-seq reveals two separate sequence elements
involved in transcription pausing in vivo. First, pausing ap-
pears to depend on the enhanced interaction of RNAP with
a single DNA base in the non-transcribed DNA strand at
the leading edge of transcription bubble. This base is lo-
cated just beyond the active center of RNAP. Second, paus-
ing appears to involve an interaction of RNAP with the
RNA-DNA base pair (or the non-template DNA base) 10-
bp from the RNA 3’ end. It has been proposed that inter-
action of RNAP with the RNA and/or DNA bases (typi-
cally with guanines) at both sites causes a problem with for-
ward translocation of the enzyme along DNA (18,19). Al-
though the role of these interactions has been firmly estab-
lished for a transcription pause site, it is not clear if they also
limit forward translocation during pause-free transcription
where the elongation rate may reach up to a hundred nu-
cleotides per second (17,18). Although slow translocation
contributes to sequence-specific pauses over a broad range
of dwell times, little is known about whether translocation
also limits the >10 s~! NMP incorporation rate character-
istic for pause-free transcription (20,21).

The Brownian ratchet model of translocation suggests
that, for the vast majority of template positions, translo-
cation is rapid and reversible. This reversible translocation
enables RNAP to equilibrate between the post-translocated
and pre-translocated states prior to NTP binding (22,23).
This model appears consistent with some, but not all in
vitro observations (24). It seemed consistent in that mul-
tiple mutations in RNAP subunits induce changes in the
RNAP footprints on the DNA, suggesting shifts in translo-
cation equilibrium (25-27). Similar changes may be caused
by specific sequences in the template near the active site
or 9-10 bp upstream from the active site (16,28-30). Also,
shifts in RNAP translocation equilibrium often correlate
with the changes in NMP incorporation and pyrophospho-
rolysis, the catalytic activities uniquely specific to the post-
translocated and the pre-translocated states, respectively
(25,31,32). Pyrophosphorolysis was previously used to as-
sess the translocation equilibrium of the TECs formed by
different RNAPs (6,17,30,33).

However, the Brownian ratchet model of translocation
did not explain well the results of the pre-steady-state anal-
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yses of transcription elongation, which were more con-
sistent with a slow and poorly reversible translocation
(10,24,26,34). It does not explain the properties of the rpb1-
E1103G mutation in Saccharomyces cerevisiae RNA poly-
merase II (Pol II) that, according to footprinting results,
stabilizes the pre-translocated state, but, paradoxically, pro-
motes NTP binding, increases transcription rate, and de-
creases fidelity of NTP selection (25). More recent single-
molecule analyses of transcription elongation also best fit
a kinetic model with a slower translocation that is partially
rate-limiting for the pause-free transcription by wild-type
Pol II and fully rate-limiting for the rpbI-E1103G mutant
Pol II (35). Finally, dynamics of the RNA-DNA base pair-
ing at the rear edge of the transcription bubble and the DNA
base pair melting at the downstream edge of the transcrip-
tion bubble suggest that translocation is rate-limiting for
transcription and poorly reversible (10).

A study of translocation equilibrium in elongation com-
plexes deprived of NTPs is technically challenging due to
the lack of conditions that would selectively inhibit translo-
cation as opposed to NTP binding and catalysis. For in-
stance, known translocation inhibitors a-amanitin (for Pol
IT) and tagetitoxin (for bacterial RNAPs) affect catalysis in
addition to interfering with translocation (36-39). Thus, the
basic characteristics of the pre-translocation state of RNAP
such as the rate of pyrophosphorolysis and NTP binding are
essentially unknown, and can only be indirectly determined
in a mixture of the pre-translocated and post-translocated
states of the same TEC. In this work, we solved this tech-
nical problem by placing RNAP in a pre-translocated state
on a non-pausing sequence using Nun protein of HK022
phage to stabilize that state. The recent cryo-EM analy-
sis of Nun bound to E. coli TEC showed that Nun in-
hibits translocation by binding to the upstream end of the
RNA-DNA hybrid and to RNAP catalytic cleft, which an-
chors RNAP to DNA and prevents both forward or back-
ward translocation of the enzyme along DNA (8). Nun ap-
pears to anchor RNAP to DNA by forming multiple con-
tacts with the RNA-DNA hybrid, DNA template and 3
subunit of RNAP (8). Importantly, Nun binding does not
alter the overall architecture of TEC including the active
center, or the degree of DNA clamping and interaction of
RNAP with the DNA-RNA hybrid. This property distin-
guishes Nun from all other known inhibitors of phospho-
diester bond formation such as tagetitoxin, streptolydigin,
and a-amanitin. Thus, Nun acts as a bona fide translocation
inhibitor of RNAP with no direct impact on catalysis. This
unique feature makes Nun an ideal tool for stabilization of
a pre-translocated state of RNAP.

We generated TECs carrying the intact transcription bub-
ble and RNA-DNA hybrids of altered length and sequence
in the presence and the absence of Nun. A stably pre-
translocated E. coli TEC obtained in the presence of Nun
protein (28,40) was used as a reference point for deter-
mining the basal biochemical characteristics of the pre-
translocated state as opposed to its post-translocated coun-
terpart. We were able reconcile what appeared to be con-
tradictory results of Exo 111 footprinting, pyrophosphoroly-
sis, and NMP incorporation by demonstrating that translo-
cation is poorly reversible, relatively slow [compared to
the previously proposed Brownian ratchet model (22)], and
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rate-limiting during pause-free elongation. Furthermore,
we show that translocation is regulated by the switching
from RNA-DNA to DNA-DNA base pairing at the rear
end of the transcription bubble.

MATERIALS AND METHODS
Protein purification

Purification of E. coli RNAP core enzymes carrying a
hexahistidine-tagged 8’ subunit as described in Supplemen-
tal Text. Nun was purified as described in (28). The 12-
subunit core enzyme of S. cerevisiae Pol 11 was purified as
described in (41).

TEC assembly and purification

The TECs were assembled from RNAP core enzyme or
Pol IT and synthetic RNA and DNA oligonucleotides as in
(7) on the previously characterized sequence of cre gene of
P1 bacteriophage (42). TECs C8 and C9 (the capital letter
followed by the number indicate the 3’-terminal residue in
the RNA and the length of RNA complementary to the
template DNA) are assembled using RNA C8 and RNA
C9, respectively, and walked 1 bp downstream by adding
UMP. A typical assembly reaction was performed in 50
wl transcription buffer (TB) (20 mM Tris—HCI, pH 7.9, 5
mM MgCl,, 20 uM ZnSO4, 1 mM 2-mercaptoethanol)
containing 40 mM KCI (TB40) with 10 pmol of RNA-
DNA hybrid, 10 pmol RNAP, and 15 pmol non-template
DNA strand. The 5 to 3’ sequences of the RNA primers
RNA C8 and RNA C9 are CCCCCCCCUCAUGAAC
and CCCCCCCCGUCAUGAAC, respectively; of the
non-template strand NDS57 — GGCTGGACCAATGT
AAATATTGTCATGAACTGTATCCGTAACCTGG
ATAGTGAAACA, and of the template strand TDS57
— TGTTTCACTATCCAGGTTACGGATACAGTTCA
TGACAATATTTACATTGGTCCAGCC. NDS57C .,
(GGCTGGACCAATGTAAATATTCTCATGAACTG
TATCCGTAACCTGGATAGTGAAACA, dC,y is un-
derlined) was used for the assembly of TECs carrying
the dC-dC.jp mismatch in the DNA. The RNA oligonu-
cleotides were labeled at the 5 end with fluorescein. The
resulting TECs C8 and C9 were purified by three rounds of
dilution with 450 pl TB40 containing 0.2 mg/ml acetylated
BSA (Sigma) and concentration to 25 pl in the Amicon
Ultra centrifuge filters with a 100 kDa molecular weight
cutoff (Millipore) (43).

The TECs U9 and U10 were derived from the C8 and
C9 TECs by a 5 min incubation with 20 wM UTP (puri-
fied as described in (44)) and treated as described above, but
a wash buffer (WB) containing 20 mM Tris—-HCIL, pH 7.9,
1 mM EDTA, and 1 mM 2-mercaptoethanol was used in-
stead of TB for purification of E. coli RNAP TECs. MgCl,
was removed from the buffer used for purification of the
TECs U9 and U10 because of a high susceptibility of TEC
U10 to pyrophosphorolysis, which leads to partial cleavage
of the RNA in the TEC U10 by trace amounts of the py-
rophosphate in the buffer solutions. For some experiments,
the TECs were immobilized on Ni-NTA agarose (Qiagen)
using 20 wl of 50% Ni-NTA agarose suspension per 1 pg (2

pmol) of RNAP after the assembly. The immobilized TECs
U9 and U10 were purified by five washes with 1 ml WB.

Exo III footprinting

The assay was performed as in (16), and the complete scaf-
folds used in the Exo I1I assay are in Supplementary Figure
S1. The DNA products were analyzed by fluorescent imag-
ing set up for Cy3 or Cy5 detection using the Typhoon Trio
instrument (GE).

Transcription elongation assay

Equal volumes of TECs C8 and C9 in TB or TECs U9 and
U10 in WB were mixed with 2 mM each GTP and UTP
in TB containing 10 mM MgCl, to achieve 1 mM GTP
and UTP and 5 mM MgCl, final concentrations. The re-
actions were stopped by addition of 1 M HCl or 0.5 M
EDTA using the Rapid Quench Flow instrument RQF-3
(Kintek). The samples were processed as described in (43).
The RNA products were analyzed by fluorescent imaging
set up for fluorescein detection using the Typhoon Trio
instrument (GE). The NMP incorporation rate constants
were obtained by fitting the data with single or double ex-
ponential function.

Pyrophosphorolysis time course analysis

Pyrophosphorolysis time courses were taken at 5 s—12 min
intervals by mixing TEC U9 or Ul0 in WB containing
2.5 units of apyrase (NEB) with inorganic pyrophosphate
(PPi), and the reaction was started by addition of MgCl,.
The final [PPi] was 2.5 mM, and the final [MgCl,] was 5
mM. For the Vi« and K, determination, the final [PPi]
was varied from 10 pM to 2.5 mM. The time points shorter
than 5 s were obtained using the RQF-3 instrument. Equal
volumes of TEC U10 in WB containing 1 wM Nun (where
indicated) and 5 mM PPi and TB containing 10 mM MgCl,
were mixed and the reaction was stopped with 1 M HCL
The samples were processed and the RNA products were
analyzed as described for the elongation assay.

RESULTS AND DISCUSSION

Altering translocation equilibrium by changing the length of
RNA-DNA hybrid in the TEC

The crystallographic data on bacterial RNA polymerases
assembled on the RNA-DNA scaffolds strongly argue that
the post-translocated and pre-translocated TECs contain 9-
bp and 10-bp RNA-DNA hybrids, respectively (45). The
precise coordination of NMP incorporation and melting of
the —10th RNA-DNA base pair (9,10) suggests that RNA-
DNA hybridization at the —10th position might regulate
RNAP translocation (Figure 1A). To test if the change in
the RNA-DNA hybrid length influences translocation in
the regular non-paused TECs, we compared the elonga-
tion complexes with the 9- and 10-bp RNA-DNA hybrids
obtained on the RNA-DNA scaffold within the otherwise
identical sequence context. To obtain these complexes, we
first assembled TECs C8 and C9 using RNA C8 and RNA
C9, respectively, and walked them 1 bp downstream by
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Figure 1. RNA-DNA o base pairing at the upstream end of the RNA-DNA hybrid in RNAP affects pyrophosphorolysis and translocation, but not
NMP addition in a non-paused TEC. (A) Cryo-EM structure (PDB: 6ALG) of the rear end of transcription bubble in the post-translocated TEC by E.
coli RNAP arrested by Nun protein (8). The non-transcribed DNA strand (NS, yellow), template strand (TS, cyan), and nascent RNA (R, green) in the
RNA-DNA hybrid are shown. The lid domain in the B’ subunit of RNAP (249-265 aa) is shown as a tube model (gray). The cartoon on the right illustrates
RNA-DNA rearrangement at the upstream edge of the bubble during forward 1-bp translocation of RNAP (Pre— Post transition). Melting of the —10th
RNA-DNA base pair in the hybrid is coupled with re-annealing of the —10th DNA-DNA base pair at the rear end of the bubble are shown as shaded
boxes with the arrows indicating movement of the corresponding bases. (B) Exonuclease mapping of the front boundary of RNAP. The C8 and C9 TECs
were assembled with RNA C8 or RNA C9 hybridized to TDS57 carrying three phosphothioate bonds at the 3’ end, and NDS57 labeled at the 5" end by
Cy3 (Supplementary Figure S1). The RNAP footprint is shown by a light grey oval. Two possible outcomes, UMP incorporation followed by translocation
and UMP incorporation without translocation, are illustrated. The TECs were incubated with Exo III for 10, 20, 40 and 90 s before (C8 and C9) or after
(U9 and U10) addition of 10 oM UTP. The RNA was detected in the same gel as the DNA to confirm UMP incorporation. GMP incorporation (C) and
pyrophosphorolysis (D) were analyzed in TECs U9 and U10. The cartoons depict the apparent relative abundance of the pre- and post-translocated states
in the TECs U9 and U10.
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adding UMP to obtain TECs U9 and U10 (the letters in-
dicate the 3’ residue in the RNA and the numbers stand for
the length of the RNA-DNA hybrid). The derivatives of
TECs C8 and C9, TECs U9 and U10, contain the 9- and the
10-bp RNA-DNA hybrid, respectively. In TEC U10, the —
10th rG base pairs with the template dC; the —10th rC in
TEC U9 is not complementary to the template dC, limiting
the RNA-DNA hybrid to 9-bp length (Figure 1 and Sup-
plementary Figure S1). This approach produces two pairs
of TECs, C8/C9 and U9/U10 stalled at the two adjacent
template positions and each carrying 8 or 9-bp and 9 or 10-
bp RNA-DNA hybrids, respectively. These two TECs have
identical sequence context in the immediate proximity of the
RNA 3" end, suggesting that the active site rearrangements,
including the trigger loop opening and closure (46), as well
as phosphodiester bond formation or pyrophosphorolysis,
should not be affected by this change in the RNA-DNA
hybrid length.

First, we assessed the translocation state of these TECs
using Exolll footprinting (Figure 1B). Exolll is broadly
used to measure a dynamic of the front-end boundary of
RNAP (translocation) in TECs deprived of NTPs (3,16,25).
The footprint of TEC CS8 shifts 1-bp downstream as a result
of the 3’ RNA extension with UMP and formation of TEC
U9. In contrast, extension of RNA C9 with UMP and for-
mation of TEC U10 did not cause the characteristic 1-bp
shift of the front-end boundary indicating that RNAP in
TEC U10 has a problem with forward translocation after in-
corporation of UMP. Because both U9 and U10 complexes
are identical except for a single RNA-DNA mismatch at
the —10th position of the RNA-DNA hybrid, we conclude
that the —10th base pair in the hybrid interferes to some
extent with forward translocation. Note that footprinting
by ExolllI provides a qualitative assessment of transloca-
tion equilibrium in TECs without providing information on
the translocation rate and concentrations of the pre/post-
translocated states [(3,28); Supplementary Figures S2 and
S3]. Next, the catalytic rate for the next GMP incorpora-
tion by TECs U9 and U10 was determined (Figure 1C). Al-
though ExollI footprinting shows a significant difference in
the translocation equilibrium in these complexes, they both
represent the catalytically active state of RNAP, because
the GMP incorporation at 1 mM GTP occurs at 60 s~! in
TECs U9 and U10 (Figure 1C). In contrast, these TECs are
dramatically different in pyrophosphorolysis (Figure 1D).
TECs U9 and U10 are identical except for a single —10th
base in their nascent RNA located at a large distance from
the active site (Figure 1A). Thus, the direct effect of this
change on chemistry of pyrophosphorolysis or pyrophos-
phate binding was unlikely. Because pyrophosphorolysis oc-
curs in the pre-, but not the post-translocated TEC (Fig-
ure 1D) we argue that the RNA/DNA mismatch at the —
10th position in TEC U9 dramatically decreases the pre-
translocated fraction, which is also consistent with the Ex-
olll data (Figure 1B). We further hypothesized that the pre-
translocated state represents only a minor fraction in the
mostly post-translocated TEC U10. This notion would ex-
plain why the effect of the —10th mismatch has no impact
on elongation, but dramatically reduces pyrophosphoroly-
sis. The limitations of the time-resolved ExollI footprinting

for analyses of RNAP translocation are discussed in Sup-
plemental Materials.

Quantitative analysis of translocation equilibria in TECs U9
and U10 using Nun protein

To explore the translocation state of RNAP in TECs U9 and
U10 quantitatively, we analyzed pyrophosphorolysis rates
in these TECs relying on interesting conclusions published
by Hein et al. (30). A simple kinetic model of pyrophos-
phorolysis reaction, suggesting that PPi binds exclusively
to the pre-translocated TEC, predicts that the K, for PPi
should be lower in the more pre-translocated TEC, and py-
rophosphorolysis Viax should not depend on the RNAP
translocation state. However, Hein et al. (30) reported that,
paradoxically, in the TECs formed by E. coli and T. ther-
mophilis RNAPSs, V. of pyrophosphorolysis, rather than
K., for PPi, depends on the TEC translocation state. They
explained their observations by proposing that PPi binds
equally well to the post-translocated and pre-translocated
TECs (30). In this case, Viax of pyrophosphorolysis should
be directly proportional to the size of the pre-translocated
fraction in the TECs exposed to PPi. Therefore, pyrophos-
phorolysis rate at saturating [PPi] can be used as an indi-
cator of the pre-translocated fraction abundance. However,
to determine the absolute size of the pre-translocated frac-
tion, a reference parameter—the pyrophosphorolysis rate
of a stably pre-translocated TEC—should be determined.

To solve this problem, we used the translocation inhibitor
Nun (28,40). Nun prevents exchange between the pre- and
post-translocated states in the TEC deprived of NTPs (28).
Nun inhibits transcription elongation by TEC U10 (Sup-
plementary Figure S4), providing an excellent opportu-
nity for kinetic analysis of the stably pre-translocated TEC
U10. The apparent pyrophosphorolysis rate of TEC U10 in-
creased ~10-fold from 0.21 to 2.4 s~! after pre-incubation
with Nun (Figure 2A). Thus, the 2.4 s~! rate represents the
pyrophosphorolysis rate in the pre-translocated TEC U10.
We assumed that pyrophosphorolysis rate is directly pro-
portional to the abundance of the pre-translocated state
(30) and calculated the pre-translocated fraction of TEC
U10 in the absence of Nun by using the equation

Pre — translocated fraction = [kpre-post/kpre | x 100%

where Kpre+post 18 pyrophosphorolysis rate in the absence
of Nun, and kp. is pyrophosphorolysis rate in the presence
of Nun.

For TEC U10, the pre-translocated fraction is (0.21/2.4)
x 100% = 8.8%. Additional experiments to determine the
pre-translocated fraction of TEC U10 are described in the
Supplemental Text and Supplementary Figure S5.

It cannot be completely ruled out that Nun changes
the equilibrium concentration of the pre- and post-
translocation states by preferential binding and stabiliza-
tion of one of them. This possibility is exemplified by the
inhibitory effect of Nun on pyrophosphorolysis of TEC U9
(Figure 2B). The Exolll footprint of TEC U9 (Figure 1B,
lanes 5-8) and the slow rate of pyrophosphorolysis of TEC
U9 (Figure 1D) indicate that this complex is predominantly
post-translocated. Addition of Nun inhibits pyrophospho-
rolysis by TEC U9 (Figure 2B) indicating that Nun stabi-
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lizes the post-translocated state of TEC U9, which suggests
that the pre-translocated state of TEC U9 is poorly acces-
sible to Nun. The strong inhibition of pyrophosphorolysis
suggests that Nun binding stabilized the post-translocated
fraction of TEC U9. Therefore, the pyrophosphorolysis rate
of the stably pre-translocated TEC U9 cannot be measured
directly by using Nun. However, the pyrophosphorolysis
rate strongly depends on the local sequence context around
the RNA 3’ end (30). We prove that substitutions in the —
10th position do not affect pyrophosphorolysis of the stably
pre-translocated TEC by analyses of a pair of TECs with

rG-dC_jy and rU-dA_ o formed in the otherwise identical
sequence context (19). These TECs show identical suscepti-
bility to PPi in the presence of Nun (Supplementary Figure
S6), while in the absence of Nun the TEC with rU-dA g
is significantly less susceptible to PPi than the TEC carry-
ing rG-dC_jj [(19) and Supplementary Figure S6]. There-
fore, the unknown pyrophosphorolysis rate of the stably
pre-translocated TEC U9 should be the same as the py-
rophosphorolysis rate of the stably pre-translocated TEC
U10-Nun complex (2.4 s~!). Based on this conclusion, the
pre-translocated fraction of TEC U9 can be determined by
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Table 1. Kinetic parameters of pyrophosphorolysis reaction. Susceptibil-
ity of TEC U10 to PPi was determined in the absence and in the presence
of Nun. TECs U9 and U10 were incubated with [PPi] varying from 10 pM
to 2.5 mM. For the TEC U0, the experiment was also performed in the
presence of 1 wM Nun. The pyrophosphorolysis rate constants were ob-
tained by single exponential fits of the averaged data points, plotted versus
[PPi], and the K, and V. values were obtained by fitting the data to a
Michaelis—Menten equation

TEC Km, mM Vimax, min~!
U9 0.39 + 0.09 0.5 + 0.03
U10 0.32 + 0.14 157 £ 1.9
U10 + Nun 0.24 + 0.02 160 + 3

dividing pyrophosphorolysis rate of TEC U9 (8.4 x 1073
s~!) by the pyrophosphorolysis rate in the pre-translocated
TEC U10-Nun complex (2.4 s~!), which yields not more
than 0.5% of TEC U9 being pre-translocated at any given
moment.

Next, we measured pyrophosphorolysis rates in TEC U9,
and TEC U10, and in the TEC U10 complex with Nun at
different [PPi], and determined the apparent kinetic con-
stants, Ky, and Vi, (Table 1). The apparent Ky,s for PPi
are similar for all the TECs tested. The apparent maximum
pyrophosphorolysis rate (Vmax) for TEC U10 is 30 times
higher than that for TEC U9, and pre-incubation of TEC
U10 with Nun results in an additional 10-fold increase in
Vinax. The K and Vi, measurements support the assump-
tion that the pyrophosphorolysis rate at 2.5 mM PPi (the
concentration significantly higher than Ky, for PPi) is di-
rectly proportional to the fraction of the pre-translocated
state in the TEC and are fully consistent with the pre-
viously reported effects of RNAP translocation state on
pyrophosphorolysis (30). The pyrophosphorolysis rates re-
ported by Hein et al. (30) are the same or slower than those
we observe for TEC U9 and TECs C8 and C9 (Supple-
mentary Figure S2E and F). Taken together with our ob-
servations, those slow rates of pyrophosphorolysis might
suggest that all the TECs characterized in (30) are pre-
dominantly post-translocated, and the differences in the py-
rophosphorolysis rates and Exo III footprints reported in
that work are explained by the change in the size of the
minor pre-translocated fraction. Another report describes
a TEC with an 8-bp RNA-DNA hybrid, which predomi-
nantly dwells in a pre-translocated conformation (6). How-
ever, that work employed TECs, which lacked the upstream
part of the RNA-DNA hybrid. According to our findings,
that region is essential for translocation control. The sta-
ble post-translocated state of TECs with 9-bp or shorter
RNA-DNA hybrids is consistent with the conclusions that
RNAP undergoes forward translocation immediately after
NMP incorporation and remains in the post-translocated
state, which is based on the Exo III footprinting (26) and
the stop-flow analyses of RNA-DNA hybrid melting (10).

Lid domain in RNAP promotes forward translocation

In a cryo-EM structure, the lid domain of E. coli RNAP
is positioned next to the —9th base pair of the RNA-DNA
hybrid in the post-translocated TEC (Figure 1A). It was
shown that this domain is involved in separation of the

RNA and template DNA strands at the rear end of the tran-
scription bubble (45). It is plausible that the lid may also
stimulate forward translocation by interfering with forma-
tion of the RNA-DNA |y base pair. To test this hypothe-
sis, we compared pyrophosphorolysis rates at 2.5 mM PPi
in TECs U9 and U10 assembled with the wild type (WT)
and Alid RNAP (Figure 2C and Supplementary Figure S2).
While the pyrophosphorolysis by WT RNAP is ~20-fold
faster in the TEC U10 than in TEC U9, pyrophosphorolysis
by Alid RNAP is much less sensitive to the RNA-DNA hy-
brid length. Specifically, the lid deletion results in an §-fold
increase in pyrophosphorolysis rate for TEC U9. The ef-
fect of the lid deletion on pyrophosphorolysis for TEC U10
is much less pronounced (~1.5-fold). This result indicates
that the lid domain promotes forward translocation and/or
inhibits the reverse translocation by interfering with RNA—
DNA |y base pairing. The much stronger negative effect of
the lid deletion on translocation of TEC U9 than TEC U10
argues that the lid poorly competes with the stable rG-dC_jg
base pair, but its effect on translocation might be stronger
for the complexes lacking the —10th base pair (TEC U9)
or carrying weak rU-dA_jy or rA-dT_jy base pairs. The lid
may also have a stronger effect on forward translocation in
TECs containing hairpin in nascent RNA immediately up-
stream from the 9-bp RNA-DNA hybrid. These hairpins
have been shown to promote melting of the upstream part
of the RNA-DNA hybrid (47), which may facilitate access
of the lid to the —10th RNA-DNA base pair.

Interestingly, S. cerevisiae Pol 11 showed a significant de-
crease of pyrophosphorolysis rate in response to RNA-
DNA hybrid shortening from 10 to 9 bp, similar to WT
E. coli RNAP (Figure 2C and Supplementary Figure S7).
This result indicates that the mechanism for regulation of
forward translocation by the length of the RNA-DNA hy-
brid is shared by these two RNA polymerases.

Base pairing of the template and non-template DNA bases at
the —10th register slows down reverse translocation

The majority of the TECs subjected to high resolution
structural analyses were assembled on incomplete nucleic
acid scaffolds. These scaffolds contained the RNA-DNA
hybrid, but lacked the upstream DNA duplex (45,48,49) or
carried the non-template DNA strand and the RNA up-
stream from the RNA-DNA hybrid that are not fully com-
plementary to the template DNA strand (50,51). Recently
published cryo-EM structures of the mammalian Pol IT and
E. coli (Figure 1A) TECs show that the two DNA strands
form a duplex immediately upstream from the end of the
RNA-DNA hybrid (51). Here we present functional evi-
dence that DNA reanneals as close as 10 bp upstream from
the RNA 3 end in E. coli RNAP, consistent with recent the
report by Turtola and Belogurov (34).

When dG_jy in the non-template DNA of TEC U10
is replaced with dC_j, creating a dC/dC_jy mismatch,
the pyrophosphorolysis rate (and, by inference, the pre-
translocated fraction) of TEC U10 increases about two-fold
(Figure 3A). When the same dC/dC_y mismatch is intro-
duced to TEC U9 (a version of TEC U10 lacking rG-dC_j
base pair), it’s very slow pyrophosphorolysis rate also in-
creases about three-fold (Figure 3B). Therefore, it appears
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that the rG-dC_y and dG-dC_jy hybridization affect the
frequencies of forward and reverse translocation, respec-
tively. Effects of all possible combinations of RNA, tem-
plate DNA, and non-template DNA bases at —10 on py-
rophosphorolysis are summarized in Supplementary Figure
S8. In most sequence contexts, DNA-DNA base pairing at
the rear edge (the —10th position) of the transcription bub-
ble stabilizes the post-translocated state.

The clearly pronounced effect of the non-template DNA
strand on translocation of the TEC with a weak rU-dA g
base pair (Figure 4A, WT RNAP) might be important for

the E. coli RNAP function in vivo. The previously proposed
model for intrinsic transcription termination suggests that
the upstream part of the bubble collapses to a DNA duplex
as an essential step in termination (47). Our findings sug-
gest that dT in the non-template DNA strand successfully
competes with rU base pairing to the dA_jy template base
(Figure 4A). dT-dA_ | reannealing might serve as a nucle-
ation step for bubble collapse during intrinsic transcription
termination.

We also observed some potentially important differences
in the mechanisms of RNA-DNA hybridization and the ef-
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fects of the DNA-DNA base pairing at —10 between E. coli
RNAP and S. cerevisiae Pol 11. Translocation of Pol II ap-
pears less sensitive to the RNA-DNA hybrid length. Specif-
ically, pyrophosphorolysis of Pol Il TEC U10 is slower than
that of E. coli RNAP TEC U10 (Figure 2C). At the same
time, Pol IT TECs C9 and C8 pyrophosphorolize faster than
their E. coli RNAP counterparts (compare Supplementary
Figure S7 and Supplementary Figure S2E and F), suggest-
ing that translocation of Pol II is less sensitive to RNA-
DNA base pairing at the —10th position compared to E. coli
RNAP. The opposite process, reannealing of the DNA du-
plex upstream from the RNA-DNA hybrid, appears to have
a slightly different sequence specificity in Pol II compared
to E. coli RNAP. For example, the dC_jy template base is
more accessible to reannealing with the dG_jp non-template
base (Figure 4B and Supplementary Figure S9) in TEC U9
formed by Pol II. At the same time, the dA/dC mismatch
at the —10th position has a less pronounced effect in Pol 11
TEC than in the WT E. coli RNAP TEC (Figure 4B and
Supplementary Figure S9). Interestingly, Pol II TECs, but
not E. coli RNAP TECs are structurally unstable as they
slowly decay in the absence of Mg>*. These Pol I1 TECs are
significantly stabilized by a single DNA-DNA mismatch at
the —10th position (Supplementary Figure S10). We con-
cluded that displacement of the upstream end of the RNA-
DNA hybrid by the non-template DNA strand may suggest

a Pol II termination mechanism at the intrinsic pause sites
localized downstream from polyadenylation signals (52).

Translocation during processive transition from one phospho-
diester bond formation to another

The predominance of the post-translocated state in TECs
U10 and U9 is fully consistent with the high GMP incor-
poration rates at 1| mM GTP (Figure 1C). The question
arises whether the effect of the RNA-DNA_jy base pair-
ing on the translocation equilibrium bears any physiological
significance, if it hardly has any effect on transcript elonga-
tion by the TECs stalled by NTP deprivation outside the
intrinsic pause sites in DNA. We note that when transcrip-
tion is artificially stalled it is different from processive tran-
scription when transition from one bond to another occurs
without any interruption except a potential delay caused by
slow forward translocation. To address this principal dif-
ference, we analyzed the properties of the TECs U9 and
U10 during processive transcription — monitoring forma-
tion of two consecutive phosphodiester bonds accompanied
by the translocation step between the bonds. We took ad-
vantage of the two-bond double-quench protocol originally
developed by Burton and co-authors for characterization
of transcription by human Pol II (53,54). Time courses of
the first bond formation (escape from the stall) and the sec-
ond bond formation (processive synthesis) are obtained us-
ing either hydrochloric acid or EDTA to stop the reactions.
While the acid quench stops the reaction instantly, quench-
ing with EDTA allows for completion of the bond forma-
tion in the TECs that have stably sequestered the substrate
NTP but did not complete the bond formation when ex-
posed to EDTA (25,43) (Figure SA).

In the experiment of Figure 5, TECs C8 and C9 were
used to monitor the escape from the stall by UMP incor-
poration (TECs U9 and U10 formation) and the processive
synthesis by the subsequent GMP incorporation to U9 and
U10. TECs C8 and C9 were incubated with a mixture of 1
mM each UTP and GTP. The time courses of UMP incor-
poration (first bond) were obtained from the acid quench
experiment and showed dynamics of the actual bond for-
mation. The time courses of GMP incorporation (second
bond) are from the EDTA quench parallels. Note that the
time course of GTP sequestration by the newly formed TEC
U9 coincides with the time course of UMP incorporation
that precedes the GTP sequestration (Figure 5B). It means
that, as soon as the first bond with UTP is formed, the new
TEC binds and sequesters the next substrate NTP (GTP),
making it inaccessible to quenching with EDTA. If we rea-
sonably assume that only post-translocated TEC is capa-
ble of NTP sequestration, this result indicates that translo-
cation of the TEC U9 is not rate-limiting for GMP incor-
poration. Remarkably, while the rates of UMP incorpora-
tion by the TECs C8 and C9 are also identical (54 s~!; Fig-
ure 5B and C), GTP sequestration by the newly formed
TEC U10 (after UMP incorporation to TEC 9C) occurs
slower than UMP incorporation (38 s~!; note the gap be-
tween the black and red traces in Figure 5C). This obser-
vation suggests that translocation of TEC U10 is at least
partially rate-limiting for GTP sequestration and GMP in-
corporation during the processive synthesis (Figure 5D).



Nucleic Acids Research, 2018, Vol. 46, No. 11 5773

A Phosphodiester bond Translocation and Phosphodiester bond
formation with UMP GTP sequestration formation with GMP
C C CU CU
| E— | —_ |l —_— ||
GAC UTP GAC GAC GIP GAC
HCI (U) EDTA (G)
B C
1004 = U9and longer, HCI 1004 ™ U10 and longer, HCI
X e G10 and longer, EDTA o L ® G11and longer, EDTA
oc oc
c 5801 c & 8-
£, 23
© 4 . © .
£ g £ g 60
8 ?';40 - = §' 40 4
2o 2o
on - -1 on
@ E 201 kUMP incorporation 42385 @ E 207 ® I(UMP incorporation =54+65s"
0 KGTP sequestration = 47 £ 4.4 571 0 - KGTP sequestration = 38 * 3.9 87
000 002 004 006 008 0.10 000 002 004 006 008 0.10
Time with 1 mM UTP and GTP, s Time with 1 mM UTP and GTP, s

PPi
D 10 [
—G G
I
ITTTTTITIR e o7 e &
A’ p uTp transcripiton begins

-10
—G G
I

/:J— TEC U10 pretranslocated
A
-10 ? PPi
G
U@: TEC U10 post-translocated
KOTTTTIT g
AC

UMP incorporation

~0.03s (1/kGTP sequestration )

Translocation

~ Transcription continues

E
Pre-translocated _1¢? G—
&
A
) -10
I cf e
. o %jjjIDIE?;
~03s o
Post-translocated /

Figure 5. Translocation in real time: the double-bond double-quench assay. (A) The cartoon shows the active site region of RNAP and the reaction
intermediates detected by the two types of quenchers. (B) and (C) Dynamics of the first phosphodiester bond formation (HCI quench, black) and the
NTP sequestration for the second bond formation (EDTA quench, red) by TEC C8 (B) and TEC C9 (C). Results of two independent experiments are
combined in each panel (double dots). (D) The scheme depicts a ~0.03 s delay detected in forward translocation of TEC U10 after UMP incorporation,
which is caused by the rG-dC.j¢ hybridization. (E) The model shows that the RNA-DNA_jp and the DNA-DNA_j( base pairing decreases the frequency
of forward and reverse translocation in TEC U10, respectively. The model is based on the coupling of disruption of the RNA-DNA_|( base pair and its
replacement with the corresponding DNA-DNA ¢ base during forward translocation. In this scenario, the RNA-DNA_j¢ base pair prevents forward
translocation, whereas the subsequently formed DNA-DNA |y base pair inhibits the reverse translocation.



5774 Nucleic Acids Research, 2018, Vol. 46, No. 11

Consistent with fast pyrophosphorolysis, translocation ap-
pears rate limiting in both TECs U9 and U10 formed by the
Alid RNAP (Supplementary Figure S11). The rate-limiting
translocation is in agreement with the previously proposed
kinetic models of the nucleotide addition cycle (35). The
two-bond double-quench assay for translocation appears to
have significant potential for understanding physiological
aspects of translocation and its regulation.

CONCLUSIONS AND PERSPECTIVES

Here we provide a strong evidence that the RNA-DNA
base pairing at the rear end of transcription bubble (the
10th, and the last, RNA-DNA base pair) inhibits forward
translocation of RNAP, and causes translocation to become
fully or partially rate-limiting for NMP incorporation dur-
ing pause-free transcription. DNA-DNA base pairing at
this end of the hybrid inhibits reverse translocation (Fig-
ure 5E). In the context of the two sequences that we char-
acterized, RNAP does not undergo frequent forward and
reverse translocations in sub-millisecond time-scale posited
by the original Brownian ratchet model (22,55,56). Instead,
forward translocation occurs in milliseconds and is poorly
reversible. Our observations are consistent with the single
molecule data (35) and with the stop-flow analysis of up-
stream RNA-DNA and downstream DNA-DNA base pair
melting during the translocation step (10,34).

The two-bond double-quench assay further revealed that
translocation is partially rate-limiting during pause-free
transcription. The fully active (non-paused) TECs stalled
on the template by substrate NTP deprivation exist in equi-
librium having minor pre-translocated and major post-
translocated conformations. The bona fide translocation in-
hibitor, Nun protein of bacteriophage HK022, was a valu-
able tool that enabled isolation of a stable pre-translocated
fraction and its biochemical characterization (28). Using
Nun protein, we successfully demonstrated that shorten-
ing of the RNA-DNA hybrid to 9 bp promotes forward
translocation of RNAP, which is stabilized by the reanneal-
ing of the —10th template base and its non-template DNA
base, leading to the disappearance of the pre-translocated
fraction. We further demonstrated that different bases at
the —10th position of the RNA have a capacity to stimu-
late or inhibit forward translocation. This regulatory sig-
nal is shared by bacterial and yeast RNA polymerases de-
spite a significant difference in architecture of their respec-
tive DNA/RNA /protein interactions at the upstream edge
of the transcription bubble. Analyses of the regulatory ef-
fect of transcription elongation factors (e.g. NusG for E.
coli RNAP, and Spt4/5, and TFIIF for Pol IT) on the RNA—
DNA hybridization and DNA reannealing at the upstream
edge of the transcription bubble warrant further investiga-
tion. Although the effect of base pairing at the —10th po-
sition on transcription pausing at hairpin-dependent and -
independent intrinsic pause sites is beyond the scope of our
work, these interactions at the upstream edge of the bubble
may contribute to various types of transcription pausing,
including those associated with the pre-translocated and the
post-translocated forms of RNAP (11,12,16,57).
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