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Abstract

Multi-subunit DNA-dependent RNA polymerases synthesize all classes of cellular RNAs, ranging from short
regulatory transcripts to gigantic messenger RNAs. RNA polymerase has to make each RNA product in just
one try, even if it takes millions of successive nucleotide addition steps. During each step, RNA polymerase
selects a correct substrate, adds it to a growing chain, and moves one nucleotide forward before repeating the
cycle. However, RNA synthesis is anything but monotonous: RNA polymerase frequently pauses upon
encountering mechanical, chemical and torsional barriers, sometimes stepping back and cleaving off
nucleotides from the growing RNA chain. A picture in which these intermittent dynamics enable processive,
accurate, and controllable RNA synthesis is emerging from complementary structural, biochemical,
computational, and single-molecule studies. Here, we summarize our current understanding of the
mechanism and regulation of the on-pathway transcription elongation. We review the details of substrate
selection, catalysis, proofreading, and translocation, focusing on rate-limiting steps, structural elements that

modulate them, and accessory proteins that appear to control RNA polymerase translocation.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Multi-subunit DNA-dependent RNA polymerases
(RNAPs) play the central role in a flow of biological
information. These enzymes transcribe the genomic
DNA into a diverse array of RNA molecules, which
can play catalytic or regulatory roles, serve as
templates for protein synthesis by the ribosome, or
comprise pervasive transcriptional noise. Each
RNA molecule is synthesized in its entirety by the
same RNAP molecule, starting at a promoter and
ending at a terminator. This uninterrupted, proces-
sive mode of synthesis demands that the transcrip-
tion elongation complex (TEC) remains stable for
many thousands, or even a million, of nucleotide
addition cycles (NAC; Fig. 1). Soon after its
discovery in 1960 [1], Escherichia coli RNAP
became the focus of genetic and biochemical
studies by many research groups, providing semi-
nal insights into the mechanism and regulation of
RNA synthesis that are broadly conserved in all
domains of life. These early studies demonstrated

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

that RNA synthesis by E. coli RNAP was not
monotonous, with rapid transcription interrupted by
distinct pauses [2—4]. Drastic differences in struc-
tures of TECs inferred from in vitro footprinting
analyses suggested that RNAP translocation along
the DNA is driven by major conformational changes
referred to as inchworming by Chamberlin and
colleagues [5]. An alternative thermodynamic
model developed by von Hippel and colleagues
posited that sequence-dependent changes in the
nucleic acid components of the TEC determine its
properties, with RNAP making a largely invariant
contribution as it moves along the DNA [6].
Biochemical studies from the Goldfarb and Kashlev
groups revealed that the observed inchworming
was due to backward sliding (backtracking) of a
relatively rigid RNAP along the DNA and the
nascent RNA, disengaging the 3 end of the
transcript from the RNAP active site [7,8]. Although
retrograde translocation could be unexpected from
a highly processive enzyme, backtracking has been
observed in vitro, in vivo, and in crystallo, and is
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Fig. 1. The nucleotide addition and proofreading cycle. In the TEC, the RNA:DNA hybrid is separated from the
downstream DNA, a duplex of the template (t; black) and non-template (nt; blue) DNA strands, by a 90° bend near the
active site (indicated by the position of the catalytic MG1 ion) and the ' bridge helix (BH; orange). The substrate NTP
complexed with the low-affinity MG2 ion binds to the post-translocated TEC (@) to form an inactive, preinsertion
intermediate (®). Upon folding of the tip of the [’ trigger loop (TL; cyan) into the trigger helices (TH), the NTP is repositioned
to form the catalytically competent insertion TEC, in which the active site is closed (®). During catalysis, a cognate NMP is
added to the RNA 3’ end (®). The release of pyrophosphate (PP;) and the reverse TH — TL transition reset the cycle, with
the transcript extended by one nucleotide. If an incorrect NMP is added to the growing chain (®), RNAP backtracks by one

nucleotide and removes two nucleotides from the mismatched 3’ terminus to restore the 3’ end in the active site.

essential for the high fidelity of information proces-
sing in the cell (reviewed in Ref. [9]).

Subsequent studies, expanded to include
archaeal and eukaryotic enzymes and utilizing
biochemical, computational, and structural
approaches capable of assessing dynamics of the
TEC revealed that, far from being rigid, RNAP
consists of many moving parts that undergo sig-
nificant conformational changes in the course of
catalysis, translocation, and isomerization into off-
pathway states. Here, we will summarize our current
understanding of the mechanism of transcription
elongation, focusing on bacterial RNAPs and draw-
ing parallels to other systems when necessary. We
will review the mechanisms of substrate selection,
nucleotide addition, proofreading, and translocation
and the effects of accessory factors therein, placing
the emphasis on the rate limiting step(s). We will
focus on the mechanisms of on-pathway elongation
and error avoidance since mechanisms of pausing
and termination will be discussed in other chapters in
this issue.

The Structure of the TEC

During initiation, RNAP holoenzyme composed of
the a,Bp'w core and a promoter-specificity ¢ factor
binds to promoter DNA and undergoes a series of
conformational changes that culminate in the forma-

tion of an active transcription complex [10]. In this
complex, ¢ interacts with the non-template DNA
strand (ntDNA) and separates it from the template
DNA strand (tDNA) to form a 13- to 15-nucleotide (nt)
transcription bubble, in which the tDNA + 1 base can
pair with the incoming nucleoside triphosphate (NTP)
substrate, and the  and ' subunits clamp on the
duplex DNA in front of the active site to stabilize the
complex. During initial rounds of RNA synthesis, the
upstream segment of the melted ntDNA is held by ¢
and the bubble expands downstream, via scrunching
of the DNA strands, to accommodate the growing
RNA chain[11]. After promoter escape and G release,
the bubble contracts to 10 nt, the tDNA is base-paired
to the nascent RNA in a 9- to 10-base-pair (bp)
RNA:DNA hybrid, and the ntDNA strand is draped
overthe surface of RNA[12,13]. As RNA extends by 1
nt, one DNA bp at the front edge of the bubble is
melted and a new bp at the rear edge is formed,
displacing the nascent RNA from the tDNA. Based on
structural probing of the E. coli TEC [14], three sets of
RNAP-nucleic acid interactions have been proposed
to be essential for the TEC stability and processivity.
The RNA:DNA hybrid, a principal determinant of the
TEC stability [8,15,16], spans between the down-
stream and upstream DNA duplexes; the RNAP
sliding clamp encircles 13—15 bp of the downstream
DNA duplex, whereas the upstream duplex reforms
near the enzyme surface and is relatively uncon-
strained [12]. RNAP elements at the edges of the
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transcription bubble were compared to zip locks that
slide in unison to maintain the nucleic acid scaffold
structure [14]. Free sliding of these elements during
translocation depends on the lack of strong
sequence-specific interactions between RNAP and
the nucleic acids; a core recognition element (CRE)
[17] described below is an exception. While the
downstream contacts remain relatively static
throughout elongation, the upstream edge of the
bubble is more dynamic, requiring stabilization by
accessory factors for pause-free elongation [17—19].

High-resolution structures of the Thermus thermo-
philus TEC identified structural elements that corre-
spond to these key functional determinants [13,20].
All cellular RNAPs resemble a crab claw and consist
of the core, shelf, clamp, and jaw-lobe modules
[21,22]. The core and shelf modules surround two
channels, which are separated by the ' F helix and
the B’ G loop [better known as the bridge helix (BH)
and the trigger loop (TL), respectively] into two
separate channels near the RNAP active site. The
primary channel binds the nucleic acid chains and
the catalytic Mg?" ion, which is chelated by a triad of
invariant Asp residues. The smaller secondary

channel (a.k.a. pore) serves as a conduit for entry
of NTP substrates [23] and exit of pyrophosphate
product [24], as well as the binding site for the 3’
RNA segment extruded during backtracking [25].
The clamp and jaw-lobe modules extend from the
shelf and core, respectively, and complete the
primary channel to encircle the RNA:DNA and the
downstream DNA duplex [13]. In the bacterial
RNAP, the ' BH, B Fork loop 2, and the active site
comprise the front zip lock, and the B’ rudder and lid
loops—the rear zip lock (Fig. 2). The nascent RNA
exits through a narrow channel walled by the J flap
domain on one side and the B’ Zn-finger and dock
domains on the other.

Two conserved elements of the ' subunit, the BH
and the TL, are perhaps the most easily identifiable
structural features of RNAP. These elements reside
near the active site, have been implicated in all
RNAP activities and captured in different conforma-
tions proposed to underlie their functions. The BH
has been observed in straight and bent states
[21,22,27,28], initially suggesting a role in transloca-
tion (see the Translocation section). Saturation
mutagenesis of the BH from an archaeon

Helices ™%

RNA:DNA MG1

hybrid

Fig. 2. Key structural features of RNAP. The nucleic acid strands, catalytic Mg®* ions, the substrate NTP, and the f' BH
and TL elements are colored as in Fig. 1. The 3 Fork loop 2 (green) and the ' BH are positioned near the downstream
edge of the transcription bubble. The TL resides on top of two a-helices (TL base, yellow) and alternates between a loop
conformation (ordered in some and disordered in other structures) and a helical conformation called trigger helices (TH;
cyan). TH form triple helical bundle with BH and interact with F-loop (FL, purple). The N-terminal arm of TH contacts NTP
(green) in the active site. In some bacterial lineages, the C-terminal arm of TL contains a large insertion called SI3 (not
shown). The B’ lid (yellow) and rudder (magenta) are placed at the junction of the upstream DNA duplex and the bubble.
The figure was prepared from PDB ID 205J using PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC; the
upstream DNA and the single-stranded ntDNA modeled in as described previously [26].
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Methanocaldococcus jannaschii [29] identified helix-
breaking substitutions that increased activity and led
to a model in which two hinges may be required for
helix dynamics; the functional importance of the N-
terminal hinge was supported by studies of Sacchar-
omyces cerevisiae and E. coli enzymes [30,31].
Quite surprisingly, the phenotypes of BH mutations
were quite mild, with only two residues critical for
growth in E. coli [30].

By contrast, the TL is an essential catalytic module
whose extreme dynamics was first revealed in the
structures of T. thermophilus TEC [13,20]. The tip of
the TL is disordered in the ligand-free TEC but folds
into trigger helices (TH) and approaches the active
site in the NTP-bound TEC [13,20]. The TH form a
three-helix bundle (THB) with the BH, closing the
active site and increasing the nucleotide addition rate
~10* by positioning the NTP substrate for catalysis
[20,32]. The highly dynamic TL can attain a range of
conformations observed in structures [13,20,33—38]
and inferred from biochemical analyses [39,40]; the
TL dynamics have been proposed to underpin the
mechanisms of pausing, termination, substrate
selection, translocation, and so on. [38,41—44].
Different classes of antibiotics inhibit transcription
by altering the BH and TL mobility [20,35,45—50].

Several elements that surround the THB mod-
ulate its effects on transcription elongation. The N-
terminal end of the BH is enclosed in a cap module
composed of three flexible loops: f§ fork loop 2, B D
loop II, and B’ F-loop. Substitutions in these loops
alter the dynamics of the BH and the TL and, in turn,
the catalytic properties of RNAP [31,51—54]. The
C-terminal end of the BH is surrounded by an
anchor module, which consists of flexible switch 1
and 2 elements [27] and connects the B’ clamp
domain to the body of RNAP; movements of the
clamp domain [55] would be expected to affect the
THB formation. The F-loop, which directly contacts
the tip of the folded TH, is thought to stabilize the
closed active site conformation; substitutions in the
F-loop have dramatic effects on RNAP activities
that are similar to those conferred by the TL
deletion [52—54] and suppress defects of muta-
tions in the BH [56]. In some bacterial lineages,
including E. coli, the TL contains a large insertion
called SI3, or i6, which interacts with the B’ jaw
domain [57]. The deletion of SI3 reduces pausing in
vitro [58], an effect explained by the SI3 ability to
directly inhibit the TH formation and nucleotide
addition [59].

The Nucleotide Addition Mechanism

During each NAC (Fig. 1), RNAP selects a correct
NTP substrate, catalyzes the NMP addition to the
growing RNA chain, releases the pyrophosphate
product, and moves one nucleotide forward.

Catalysis

All catalytic reactions of RNAP are mediated by the
Sn2 mechanism [60], which relies on two Mg?" ions
coordinated by the catalytic triad composed of the
three invariably conserved Asp residues ([ Asp460,
Asp462, and Asp464) and BGIlu813 (Fig. 3); note that
throughout this review, we use the E. coli RNAP
residue numbers for consistency. Catalysis of NMP
incorporation comprises S\2 attack of the 3' OH group
of the RNA 3’ end, which binds in the P-site (a.k.a. the i
site) on the a-phosphate of the substrate NTP bound in
the A-site (a.k.a. the i+ 1 site) [20]. The 3’ OH group is
positioned and activated by the high affinity Mg?" ion
(MG1) that is bound to the Asp triad in most RNAP
structures. The coordination with MG1 lowers the pK,
of the 3’ OH group, making it a stronger nucleophile.
Interactions of the PP; moiety of the substrate NTP
with BArg1106, 'Arg731 and the second, lower
affinity Mg®" ion (MG2) make it a better leaving
group. MG2 enters the active site together with the
NTP substrate, interacts with the triphosphate moiety
of the NTP and, when in the active site, is additionally
coordinated to f'Asp460 and BGIu813 (via a water
molecule). Some studies argue that both MG1 and
MG2 need to slightly alter their positions relative to
those observed in x-ray structures to efficiently
catalyze the nucleotide incorporation [61]. MG2
almost certainly needs to change it position to catalyze
other reactions carried out by the RNAP active site,
such as the endonucleolytic cleavage of the nascent
RNA [61,62].

The role of acid—base catalysis in nucleotide
addition

As will be evident from the following discussion, the
available data support the dominant role of the
positional (entropic) catalysis in multi-subunit
RNAPs, whereas the significance of the contribution
of the acid—base catalysis remains uncertain. The
chemistry of the nucleotide addition obligatory
requires deprotonation of the RNA 3'OH group prior
to or during the formation of the S\2 pentacoordinate
transition state for the phosphodiester bond formation,
a mechanism proposed to be shared by all poly-
merases [60]. While the role of MG1 in lowering the
pK, of RNA 3 OH is commonly accepted, relative
contributions of the activation of the RNA 3'OH and the
positioning of the reactants by MG1 are unknown.
Since pyrophosphate in a complex withaMg?* ionis a
good leaving group in dianionic form, the protonation
of pyrophosphate in the transition state is not a priori
expected to be required for efficient catalysis. How-
ever, based on their analysis of isotope effects on the
single turnover nucleotide addition reactions, Castro
etal. [63] argued that the nucleotide addition by single-
subunit nucleic acid polymerases involves the proto-
nation of pyrophosphate by Lys or Arg residue in the



Review: The mechanism of transcript elongation

3979

P-site

A-site

BASE

OH 2'
OH 2 OH 3
0
4
o
- Aaldo
Oo------- B O
—C \\WIID_\JCE)\Pé) HN
\ O, = C;\ 2 ~;~C-—l/;,NH—
| § //////////, g s @\\\. ,’I 4
o\ 080 9 i PR731
C" et >C<0 \ NH
— \{\@ v @\ )P'Y 2
o P B'D460 ~0“" N\ N
p’D464 \\ @ c§ @O @/"l'\ BR1106
O\@— 0 N~ O HZN:/'"XNH_
\C/ 0.® @/
\5_}00“
'D462
pD814 BE813

Fig. 3. The Sy2 mechanism of nucleotide addition. In the post-translocated TEC, the RNA 3’ hydroxyl (red) is bound in
the P-site and the incoming substrate NTP (green) is bound to the A-site through base pairing with the acceptor template

base and interactions of basic residues (BR1106 and B’'R731) with the B- and y-phosphates. Two Mg?*

ions (cyan

spheres) are required for catalysis. The high-affinity Mg1 is coordinated by the catalytic triad residues (' Asp460, Asp462,
and Asp464; blue). The low-affinity Mg2 ion bound to the B- and y-phosphates of the NTP is coordinated by 3’Asp460 and
[’ Asp462 and PGIu813; BAsp814 (gray) is likely dispensable for NMP addition but could be involved in RNA cleavage. The
electron transfers occurring during the Sy2 nucleophilic substitution are indicated with magenta arrows.

pentacoordinate transition state. This concept was
later expanded to include the multi-subunit RNAPs
based on the structural considerations [64], yet the
functionality of f'His936 as a general acid was refuted
by subsequent biochemical experiments [32,42] (see
below). While the search for the general acid
continues, it is plausible that the acid—base catalysis
plays a minor role in accelerating the nucleotide
addition by the multi-subunit RNAPs. For example,
aminoacyl-tRNA-synthetases produce pyropho-
sphate during adenylylation of the amino acids but
do not use acid—base catalysis [65,66]. Many
phosphoryl transfer enzymes that utilize easy sub-
strates such as NTPs rely predominantly on the
positional catalysis [67] and the multi-subunit RNAPs
appear to adhere to the same general principle [32].

This view resonates well with the idea that multi-
subunit RNAPs were evolutionary optimized for the
substrate selectivity and the ability to respond to
regulatory inputs that dynamically modulate the rate of
RNA synthesis, rather than the sheer catalytic
efficiency. Accordingly, these enzymes may not
need to use all available means to speed up the
reaction and instead rely on positional catalysis that is
arguably the easiest to fine-tune.

The substrate NTP poses in the active site

Upon initial binding in the active site, the a- and -
phosphates of the substrate NTP adopt a range of
conformations incompatible with the Sy2 attack of
the RNA 3 OH group on the a-phosphate (Fig. 4)
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Fig. 4. The TL folding into TH biases the substrate NTP from a pre-insertion (left panel) to the insertion pose (right panel)
thereby repositioning the a-phosphate and aligning the PP; moiety inline for the attack of the 3' OH group (right panel, red
arrow). The fully closed active site depicted in both panels is drawn using the atomic coordinates of the T. thermophilus
TEC with the ATP analogue AMPCPP in the insertion site (PDB ID 205J). In the left panel, the insertion pose of the
AMPCPP was replaced with AMPCPP from T. thermophilus TEC where the active site closure is inhibited by streptolydigin
(PDB ID 2PPB) and four CMPCPPs from partially closed active sites of the de novo initiation complexes (PDB IDs 40I0,
4Q4Z, 5X22). In the right panel, the insertion pose of the AMPCPP was supplemented with two PP; molecules, one from
the fully closed initially transcribing complex of E. coli RNAP (PDB ID 5IPL) and the other from the reiterative transcription
complex of T. thermophilus RNAP (PDB ID 5V08). Selected active site residues are shown as sticks; fArg1106 is colored
blue, and ' residues are colored yellow or cyan. The figure was prepared using PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC. The heterologous ligands (NTP analogues and PP;) were positioned in the closed active

site using B subunits as anchors and “super” command of PyMOL.

[20,45,68,69]; this NTP pose was referred to as the
preinsertion state in the T. thermophilus TEC [20].
Folding of the TL into TH repositions the a-
phosphate closer to the 3' OH group and aligns the
PP; moiety inline for the attack of the 3' OH group on
the a-phosphate in the insertion conformation [20].
While it is commonly assumed that the active site-
bound NTP stabilizes the TL in the helical conforma-
tion, only ['GIn929—Met932 segment uniformly
turns helical in the presence of NTP in the A-site.
The B'GIn929—Met932 segment does not interact
with the triphosphate moiety and is stabilized in the
helical form by the ribose interaction with f’GIn929
and the nucleobase stacking with (’'Met932
[45,68,69]. The TL tip (p’'Arg933—I11e937) is fully
helical only in one [20] out of several [20,45,68,69]
NTP-bound structures of bacterial RNAPs. At the
same time, the TL tip is completely folded in several
structures of the o-stabilized pre-translocated RNAP
[57,70] and in the structure of T. thermophilus RNAP
with the nucleoside analogue pseudouridimycin that
lacks the triphosphate moiety [45]. These observa-
tions demonstrate that neither partial nor complete
folding of the TH requires the triphosphate moiety or
PP;. Instead, in the majority of the NTP-bound
structures of bacterial RNAPs [45,68,69], the a-
phosphate is positioned to clash with the p'His936
residue located at the tip of the TH and the

triphosphate moiety apparently destabilizes the
folding of the TL tip.

That said, the triphosphate moiety can also
stabilize the helical TL tip via interactions with the
[’ Arg933 and ['His936 residues when the a- and B-
phosphates are repositioned deeper into the active
site to achieve the insertion conformation of the NTP
substrate observed in one NTP-bound structure of
bacterial RNAP [20] and several NTP-bound struc-
tures of S. cerevisiae RNAP Il [37]. Collectively,
these observations suggest that the role of ' Arg933
and PB'His936 is to bias the TL tip toward the helical
state in the presence of the triphosphate moiety, but
the net effect of the latter is uncertain, and it is
premature to conclude that the entire TL readily and
stably folds into the TH upon the NTP binding in the
active site. Instead, it has been long anticipated that
some steps in the folding of TL into TH limit many
catalytic activities of the RNAP [20,42].

The currently available structural and biochemical
evidence suggests that folding of the
B'GIn929—Met932 segment is likely very rapid,
heavily biased toward the helical state in the
presence of the nucleoside in the A-site, and is
responsible for the rapid sequestration of the
cognate NTP in the active site [44,71]. The folding
and unfolding of the f'GIn929—Met932 segment is
also likely involved in the thermodynamic control of
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RNAP translocation, as described below. In contrast,
the folding of the B’Arg933—I11e937 segment and the
accompanying interconversion of the pre-insertion
and insertion conformations of the substrate NTP
may limit the rate of nucleotide incorporation [72].
This hypothesis is fully consistent with the modula-
tory effect of the substitutions of the F-loop, an
element which contacts the TL tip, on the catalytic
rate [52].

The interconversion of the substrate NTP states
could limit the rate of nucleotide addition kinetically,
meaning that the conversion is slow relative to the rate
of reaction of the insertion conformation such that all or
nearly all insertion conformation reacts as soon as it
forms. In this case, the observed rate of nucleotide
incorporation equals the rate of the interconversion
from the pre-insertion to insertion conformation.
Alternatively, the rate limitation could be thermody-
namic, meaning that the two conformations may
fluctuate back and forth many times before reaction
occurs and the overall rate is modulated by the fraction
of insertion conformation that exists at equilibrium. In
this case, the observed rate of nucleotide incorpora-
tion equals the product (= multiplication) of the fraction
of insertion conformation and the rate of reaction of the
insertion conformation.

The role of the TL in nucleotide addition

The dramatic, 10* activation of catalysis by the TL
[20] has been initially proposed to involve acid—base
chemistry [37]. Two residues at the tip of the TH,
'R933 and ['His936, are located within ion-pairing
distance of the substrate NTP phosphates [20,37]
and could protonate the leaving pyrophosphate. The
Arg residue is conserved only in Bacteria and is
replaced with Asn in RNAP Il, whereas the His
residue is invariant in all RNAPs and has been
proposed to act as a general acid based on the
S. cerevisiae RNAP Il TEC structure [37]; consis-
tently, PP; was bound to }'His936 in a structure of an
E. coli ¢ initiation complex [57]. Arguing against the
critical role of f'His936, many substitutions (e.g., GIn
and Leu) are viable in yeast [73]. An Ala substitution,
which is lethal in yeast [73], leads to modest defects
in catalysis by the E. coli RNAP [42], but strongly
inhibits RNA hydrolysis by T. thermophilus RNAP
[74]. To elucidate the role of f'His936, and thus the
TL in catalysis, Mishanina et al. [32] analyzed the
effects of a GIn substitution of E. coli f'His936. They
found that, although GiIn cannot participate in
acid—base chemistry, the f'H936Q RNAP was as
fast as the wild-type RNAP in the single- and multi-
nucleotide transcription assays. Similarly, f’R933Q
or a double GIn substitution was at worst only half
slower than the wild-type RNAP. These results
strongly argue that the TL acts as a positional
catalyst, aiding in optimal alignment of the incoming
NTP for the Sy2 attack of the 3’ hydroxyl [32].

Pyrophosphate release

The rate of the PP; release following the NMP
incorporation is difficult to determine experimentally
because it requires employment of a coupled
enzymatic system to generate a measurable optical
signal. Using a high concentration of yeast inorganic
pyrophosphatase (10 uM) to convert PP; to P; and a
coumarin-labeled phosphate-binding protein to
detect P;, Malinen et al. [75] estimated the PP;
release rate at 60—200 s~ '. At the same time,
Johnson et al. [76] determined the rate at ~3 s~
using a low concentration of pyrophosphatase (0.03
U, 1—-2 nM) and a purine ribonucleoside phosphor-
ylase, an enzyme with a turnover number of only 40
s~ and K., of 26 mM [77] to detect P;. In our view,
the coupled system used by Johnson et al. limited
the overall rate of the optical signal generation
resulting in a gross underestimation of the PP,
release rate. In contrast, the detection system used
by Malinen et al. has been extensively validated for
use in a stopped-flow setup [78] and had a latency of
~6 ms that was taken into account during the
estimation of the PP, release rate [75]. That said, it
cannot be ruled out that the rate reported by Malinen
et al. still underestimates the PP; release rate due to
the hitherto unidentified and therefore unaccounted
effects of the detection system or because it may
take additional time for PP; to travel outside the
RNAP secondary channel and become available for
the detection. For example, molecular dynamics
(MD) simulations suggest that RNAP releases PP; at
the microsecond time scale [79,80].

Biochemical data suggest that the release of PP;
precedes or coincides with translocation [75], but the
causative relationships between the PP; release and
translocation are not well understood. Increasing PP;
concentration slows down the rate of processive
transcript elongation up to 2-fold at 1 mM PP; [81]
and by about 20% at 100 uM PP; [82]. The active
site-bound PP; can interact with the f’Arg933 and
B'His936 residues of the TH tip, thereby stabilizing
the TH and delaying translocation of bacterial RNAP
to some extent. Consistently, crystallographic stu-
dies suggest that the release of PP; causes modest
conformational changes of the TH tip [57]. However,
RNAP Il enzymes universally possess an Asn
residue in the position corresponding to 'Arg933,
whereas the homologue of f’His936 can be replaced
with Leu in yeast without causing a noticeable
phenotype [73]. Also, while the TH < TL transition
modulates the translocation rate, the TL stabilized in
a folded conformation with the disulfide crosslink still
allows RNAP to translocate forward, albeit with a
reduced rate [59]. Overall, it is conceivable that PP;
may modulate the translocation rate in bacterial
RNAP by stabilizing the TH but is less likely to do so
in RNAP 1. Itis also highly unlikely that PP; release is
required for the forward translocation in multi-subunit
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RNAPs, and the two processes likely occur in
parallel with only a moderate crosstalk.

All multi-subunit RNAPs can use PP; as a
substrate to catalyze the reverse reaction, pyropho-
sphorolysis of the nascent RNA. The pyrophosphor-
olysis reaction is typically at least tenfold slower than
the forward reaction [18,83,84] and, similarly to the
nucleotide addition reaction, requires folding of the
TL into TH [42]. There are two possible reasons
behind the slowness of the pyrophosphorolysis
reaction. First, the fraction of the pre-translocated
RNAP that catalyzes pyrophosphorolysis is typically
low, so the observed rate is only a fraction of the true
pyrophosphorolysis rate [47,75,84,85]. Another fac-
tor maybe the substantial conformational heteroge-
nicity of the active site-bound PP; so that only a small
fraction is properly aligned for the attack on the
penultimate phosphate. Liu et al. possibly captured
an equilibrium between the nucleotide addition and
pyrophosphorolysis in a structure of the ¢-stabilized
pre-translocated RNAP with bound PP; [57]. This
result is conceivable considering that the true
pyrophosphorolysis rate may be on par with, if not
higher than, the rate of the nucleotide incorporation.
However, in our view, the structure can also be
interpreted as containing PP; and NMP that origi-
nates from the exonucleolytic cleavage of the
nascent RNA. Interestingly, in contrast to bacterial
RNAP, human RNAP Il can use PP; to induce
cleavage of internal phosphodiester bonds as far as
17 nt from the 3’ end to rescue arrested backtracked
complexes [86].

NTP selection

When selecting the substrate for incorporation into
the nascent RNA, RNAP chooses NTP that has (i) the
nucleobase that is complementary to the tDNA
acceptor base and discriminates against three non-
cognate NTPs, (ii) the ribose and discriminates
against 2’ dNTPs, and (iii) the triphosphate moiety
and discriminates against NMPs and NDPs. This
suggests that RNAP should anchor the NTP in the
active site preferentially relying on the Watson—Crick
pairing with the tDNA, contacts made by the vy-
phosphate, and those made by the 2 OH group of
the ribose. As we describe below, the former two
theoretical predictions are largely fulfilled whereas the
ribose-deoxyribose selection appears to involve a
more complex mechanism than anchoring the ribose
by direct contacts with the 2’ OH group.

The selection for the cognate base is primarily
mediated by the tDNA nucleobase: NTPs that form
the Watson—Crick base pair are retained in the
active site and positioned for the efficient catalysis,
whereas other non-cognate NTPs rapidly leave the
active site. That said, the protein pocket that
accommodates the NTP—tDNA base pair is very
important for the proper discrimination against the

non-cognate NTPs. This pocket is walled by
'Pro427 from the active site floor, f'Thr790 from
BH and ’Met932 from TH [20,45,68,69], suggesting
that both BH and TL play a role in NTP selection.
Indeed, it is relatively firmly established that active
site closure contributes to fidelity kinetically, by
selectively accelerating incorporation of the cognate
NTPs [37,42,73,87,88]. Yuzenkova et al. [87] further
proposed that [’Met932 contacts with the NTP
nucleobase account for most of the TH contribution
to the selection against the non-cognate NTPs.
However, the overall effect of the active site closure
on fidelity is complex. It has been widely reported
that fidelity of RNAP variants increases if TH is less
stable and decreases if TH is more stable than in the
wild-type enzyme [42,44,71,72,88]. The depen-
dence of transcription fidelity on the TH stability is
therefore likely bell-shaped, with the wild-type TH
stability on the downward slope beyond the fidelity
optimum. The suboptimal in terms of fidelity TH
stability is presumably due to the need to maintain
the balance between achieving the optimal fidelity
and preserving the high catalytic efficiency that
keeps increasing as TH becomes more stable
[42,44,71,72,88]. The balance between fidelity and
catalytic efficiency can be further tuned by transcrip-
tion factors that bind near the active site. For
example, DksA moderately increases fidelity [89]
and marginally reduces transcription rate [90],
possibly by slightly destabilizing the TH.

In contrast to DNA polymerases, which use bulky
steric gates to exclude a larger 3' OH group from the
active site [91], RNAP faces a greater challenge in
discrimination against 2' dNTPs, which are sub-
structures of the desired NTP substrates. Although
this difficulty may be partially alleviated in the cell
because the levels of INTPs exceed those of the
corresponding dNTPs more than ten fold [5],
infrequent incorporation of dNTPs could not only
compromise the RNA but also lead to draining of the
dNTP pools, necessitating some degree of sugar
selectivity. The 2 OH group of the NTP ribose is
positioned in-between ['Arg425, (’Asn458, and
B'Pro427 of the active site floor [20,42,45,68].
['Asn458 approaches 2’ OH to the distance of a
hydrogen bond in some structures [20] but is
typically better positioned to interact with the 3' OH
group [42,45,68]. B'Arg425 approaches 2' OH group
to a distance of less than 3 A and possibly forms a
strong hydrogen bond in some structures [68] but is
more likely to interact with the ring oxygen of the
ribose than the 2’ OH group in other structures [20].
In some structures, f'Q929 from TH approaches
ribose hydroxyl groups to the distance of a weak
hydrogen bond (~3.5 A) but is also more likely to
interact with the 3’ rather than the 2’ OH group [45].
Consistently, biochemical data suggest that
[’Asn458 and Q929 take part in sensing 2’ and
3’ OH groups [37,87,92].
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The role of 'Arg425 in the selection against 2’
dNTPs has not been experimentally tested. The
absence of persistently strong interactions of RNAP
with 2/ OH (’Arg425 closely approaches 2’ OH only
in a subset of structures) is surprising and suggests
that preference for ribose versus deoxyribose relies
on some additional principles. For example, a 3’
endo pucker of ribose may favor selection for NTPs
by positioning the 3" OH group for interactions with
B'Q929 and ('Asn458 and the ring oxygen for
interaction with 'R425. At the same time, the 2
endo pucker of deoxyribose may bias 2’ dNTPs to
adopt a pose that is (i) not favorable for incorporation
and (ii) inaccessible for NTPs due to steric clashes of
the 2’ OH group with the side chains of TH {’Met932,
B'GIn929, or both in the closed active site. Similarly
to its contribution to discrimination against non-
cognate NTPs [87], f'Met932 may be important for
discrimination against 2’ dNTPs.

To select for the presence of the triphosphate
moiety, RNAP is expected to bind the y-phosphate
and avoid strong interactions with (i) the B-phos-
phate that is also present in NDPs and (ii) the o-
phosphate that is also present in both NDPs and
NMPs. In the structures of bacterial RNAPs, the y-
phosphate of the non-hydrolysable NTP analogues
AMPCPP and CMPCPP is always bound to
BArg1106 and P'Arg731 from the active site wall
[20,42,45,68]. Moreover, one of the phosphates of
PP; is also bound to the same arginine residues in
two x-ray structures featuring the active site-bound
PP; [57,93]. It is therefore highly likely that BArg1106
and ’'Arg731 are critical for selecting NTPs against
NDPs and NMPs. At the same time, the positions of
the a- and B-phosphates differ significantly in
different structures (Fig. 4). The heterogeneity in
the conformation of a- and B-phosphates may result
from several non-mutually exclusive reasons. First,
the heterogeneity may reflect the necessity to avoid
strong interactions with the a- and B-phosphates,
thereby selecting against NDPs and NMPs. Second,
the heterogeneity may reflect the evolution of the
pre-insertion and insertion poses for NTPs (see
above) that differ almost exclusively by the con-
formation of the «- and - phosphates and contribute
to the overall fidelity of NTP selection. Third, the
conformation of the a- and f-phosphates is expected
to be strongly influenced by MG2 ion and MG2-
bridged interactions with the acidic patch residues in
the active site (the Asp triad and the pGlu813 and
Asp814; Fig. 4). Accordingly, the substitution of an
oxygen connecting o- and PB-phosphates with a
methylene group may alter MG2 chelating properties
and prevent the NTP analogues to adopt conforma-
tions characteristic for the native NTPs, thereby
contributing to the observed heterogeneity in the
conformations of the a- and B-phosphates. Notably,
NTPs adopt markedly different poses than - non-
hydrolysable NTP analogues in RNAP Il active site

[37]. However, the NTP-bound structures contain an
RNA primer lacking the 3’ OH group that causes the
RNA 3’end to detach and veer away from MG1 and
the Asp triad, freeing the coordination valences of
MG1 and the space around it. This apparently
causes the NTP triphosphate moiety to penetrate
deeper into the active site and establish more
extensive contacts with MG1. In conclusion, the
native conformation of the «- and B-phosphates of
the triphosphate moiety in the RNAP active site
remains arguably uncertain despite being visualized
in several crystal structures.

Finally, both structural [37,94] and biochemical
[95,96] evidence exists that NTP can bind to the TEC
in the so-called E-site in a template-independent
manner, by placing the triphosphate moiety deep in
the active site to interact with BArg678 and BArg1106
and with the acidic patch (via bridging Mg?* ions),
whereas the sugar and the base remain loosely
bound at the entrance into the active site and point
outwards into the secondary channel. The loading of
the NTP into the active site may potentially help
improving the selection for the triphosphate moiety
and discriminate against the NDPs and NMPs, but
this hypothesis is very difficult to test experimentally.
The major interactions anchoring the NTP in the E-
site involve the highly conserved inner core or the
active site, making it practically impossible to
selectively disable the E-site.

Proofreading the Product

Accurate transfer of genetic information is believed
to be essential for the cell function and species
continuity. Indeed, only one wrong nucleotide is
incorporated per 108—10"'° nt during DNA replica-
tion [97]. By contrast, syntheses of RNA and protein
are associated with at least three orders of magni-
tude higher error frequencies (reviewed in
Refs. [98,99]). The high error rates of the ribosome
(104 could be due to the different nature of its
substrates, which are recognized indirectly, but DNA
and RNAPs use the same substrates and should, in
principle, achieve the same selectivity. A shortfall in
transcription accuracy, estimated to be 107° in the
final product after proofreading [100—102], is typi-
cally explained by assuming that while errors in RNA
synthesis can lead to a loss or change in function of
catalytic and regulatory RNAs and proteins, these
effects are transient. However, recent studies
suggest that, rather than being a tolerable by-
product of evolving a complex allosterically con-
trolled machine, transcription errors may confer
important physiological benefits. First, misincorpora-
tion-induced RNAP pausing [103,104] may favor
coupling of transcription to RNA folding, translation,
and other processes. Second, RNAP backtracking,
which is triggered when the enzyme makes an error
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or encounters a DNA lesion, stimulates repair of
double-stranded DNA breaks by promoting RecBCD
pausing and subsequent RecA loading [99]. Deletion
of E. coli greA compromises transcription fidelity
[105] but dramatically increases resistance to DNA
damage [99], arguing that transcription errors may
underpin genome integrity. Third, errors increase
molecular noise and generate phenotypic diversity in
a population [106], thereby providing means to
survival in periods of stress and adaptation to
changing environments [107]. For example, popula-
tion heterogeneity contributes to long-term persis-
tence of human pathogens such as Pseudomonas
aeruginosa [108]. A need for an optimal balance
between the immediate deleterious effects of errors
(if not corrected during RNA synthesis) on the cell
function and their longer-term benefits for genome
stability and evolution leads to a situation where
transcription errors are significantly more frequent
than replication errors and can be regulated in
response to cellular conditions.

Replicative polymerases achieve high fidelity by (i)
sensing the correct base pair geometry, (ii) slowing
down catalysis after a mismatch, and (iii) nucleolytic
removal of the mismatched terminus; the last two
steps, termed proofreading, increase the overall
fidelity of DNA synthesis by a factor of 102—10° [97].
Multi-subunit RNAPs use the same three-step
quality-control mechanism with one key difference:
unlike DNA polymerases, which transfer the mis-
matched 3’ to a separate exonuclease active site,
RNAP uses the same active site to carry out both
nucleotide addition and mismatch excision [95];
however, the relative reaction rates can be tuned
by the RNAP elements and dissociable cleavage
factors (see below). Quantitative modeling suggests
that proofreading can lead to an error reduction of
over two orders of magnitude under conditions when
the rates are properly balanced to allow for efficient
high-fidelity synthesis of RNA [109].

The mechanism of RNA hydrolysis

The RNAP active site can catalyze two types of
RNA hydrolysis [95], which differ principally in the
mechanism of the MG2 delivery into the active site.
In an exonuclease mode, a single 3’ terminal NMP is
cleaved in a pre-translocated TEC; this reaction is
stimulated by non-cognate NTPs [95] and by
inorganic P; [110], which can coordinate MG2. In
an endonuclease mode, cleavage occurs in back-
tracked TECs and is dramatically stimulated by Gre
factors, which chelate MG2 via carboxylate side
chains [111,112]; a dinucleotide is cleaved in a TEC
backtracked by 1 bp [96,113] and long 3' RNA
fragments can be efficiently cleaved in extensively
backtracked TECs in the presence of GreB, but not
GreA [111]. While the biological role of the exonu-
cleolytic cleavage remains to be ascertained, the

endonuclease activity is responsible for proofread-
ing of RNA after misincorporation. Upon misincor-
poration, the 3’ end of the RNA cannot base pair with
the tDNA strand and the active site is distorted,
reducing the rate of NMP addition [114]; the extent of
the catalytic defect varies depending on the identity
of the mismatch [96]. In contrast, backtracking is
thermodynamically allowed and misincorporated
TECs translocate back by 1 nt in vitro [96,113] and
in vivo [101,115].

Backtracked complexes are halted because the
nascent RNA is threaded through the active site, but
can be reactivated by reverse translocation, return-
ing the same wrong nucleotide to the active site, or
upon cleavage of the nascent RNA that restores the
optimal geometry of the active site, including the
RNA:DNA base pairing. In structures of the 1-bp
backtracked TEC, the second phosphodiester bond
is positioned in the active site for hydrolysis, which
removes a 3’ dinucleotide from the RNA [36,116].
The RNA cleavage reactions are mediated by two
Mg?" ions (Fig. 3) coordinated by the B’ Asp triad
and BGIu813 and/or PAsp814 [61,62]. The MG2 ion
has low affinity for the active site and requires
additional coordination by the Gre proteins [112] or
by noncognate NMP/Pi [95,110]. During hydrolysis,
MG2 activates the attacking water, whereas MG1
promotes release of the leaving group, a reversal of
their roles as compared to those during RNA
synthesis.

While the cleavage proficiencies of the TECs are
often interpreted in terms of the increased or
decreased occupancy of a single binding site
harboring MG2 (see below), MG2 has been
observed in several adjacent locations in the
RNAP active site (near BGIu813 or BAsp814,
reviewed in Ref. [62]). At the same time, the RNA
cleavage reaction is expected to be very sensitive to
the exact position of MG2. Specifically, MG2 must be
positioned to place the activated water molecule
close enough to the attacked phosphorus atom and
to align the water molecule with the P—O bond
leading to the leaving group (RNA:DNA hybrid).
Therefore, the differences in the cleavage efficiency
between different RNAPs and different transcribed
sequences, as well as the effects of amino acid
substitutions and Gre factors on the RNA cleavage
activity may be in part or entirely due to the different
positions of MG2 in the RNAP active site, as
opposed to changes in occupancy of a single
MG2-binding site. The potentially critical effect of
MG2 positioning was brought forward in several
studies [61,62] but is often ignored when interpreting
variations in the RNA cleavage activity.

The mismatched NMP facilitates proofreading

A direct role of the mismatched 3’ NMP in the
hydrolysis reaction has been proposed by Zenkin
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et al. [96] based on their analysis of Thermus
aquaticus misincorporated TECs. The authors
found that TECs in which A, G, or U was
incorporated in place of C displayed significant
differences in the rate of cleavage; the k.4 values
observed with 3 AMP (0.14 s ') were 10-fold faster
than those with 3' UMP. Analysis of the effects of
chemical modifications in the phosphate, sugar, and
base moieties of the 3' NMP on the rate of cleavage
and Mg binding supported a mechanism in which the
mismatched 3' NMP facilitates its removal through
activation of the attacking water and coordination of
MG2 [96]. In contrast, the exonuclease reaction is
not activated by the mismatched NMP [61,96],
arguing against its role in proofreading.

Studies in misincorporated E. coli TECs supported
the involvement of the 3 NMP in the cleavage
reaction: structure-based modeling and mutational
analysis suggested that the mismatched 3’ base
binds to a pocket formed by invariant B subunit
residues Lys1073, Arg678, Arg1106, and Asp814
and the catalytic ' Asp triad [61]. Substitutions of
key residues led to 10- to 20-fold defects in
cleavage, supporting the functional role of this
hypothetical B (base) site [61]. In this pocket, the
adenine base can form hydrogen bonds with three 3
residues and the endocyclic oxygen of the ribose
sugar could position the attacking water. The
preferential binding of the mismatched AMP, sup-
porting ~30-fold more efficient cleavage, was con-
sistent with findings of Zenkin et al., but the effects of
base alterations and other determinants of the
cleavage reaction were distinct [61]. These differ-
ences illustrate variations in transcription regulation
among mesophilic and thermophilic RNAPs and
were attributed in part to apparent differences in
binding of MG2. Higher affinity for MG2 in the
Thermus enzymes was supported by affinity mea-
surements [96].

The TL contribution to proofreading

The above structure-based models did not con-
sider direct effects of TL on RNA cleavage because
the TL was open and positioned far from the active
site in the structures of backtracked TECs
[25,36,116]. Consistently, the TL deletion did not
affect cleavage of backtracked E. coli TECs [42].
However, the TL deletion impaired cleavage in
T. aquaticus TECs [74] and moderately decreased
cleavage of different E. coli TECs [46]. The apparent
species-specific effects of the TL and the 3’ NMP on
RNA cleavage supported a conclusion that proof-
reading mechanisms differ significantly among
RNAPs [61]. While this is not impossible, the
universal conservation of the RNAP active site and
similar effects of TL on nucleotide addition prompted
Miropolskaya et al. [117] to ask whether the apparent
differences in cleavage could be attributable to the

TEC structures instead. The authors showed that
while E. coli RNAP cleaved the 3' AMP mismatched
TEC ~ 15-fold slower than Deinococcus radiodurans
RNAP, deletions of the TL dramatically (100-fold in
the case of E. coli TECs) reduced k.5; and eliminated
the differences between the two enzymes. The
authors also showed that RNA cleavage was
significantly reduced in TECs backtracked by 3 or
more nucleotides, with rates similar between the two
enzymes and independent of the TL [117]. However,
the physiological relevance of these observations is
uncertain because in vivo analysis argues that 1-nt
backtracked TECs constitute the main target of the
proofreading pathway [101,115].

In support of the key role of the TL in RNA
cleavage, Mishanina et al. [32] and Turtola et al. [62]
concluded that the TL acts as a positional catalyst
during cleavage of backtracked E. coli TECs. Their
results support a model in which the folded TH
stabilizes the backtracked TEC, with B'His936
contacts to the 3’-most phosphodiester bond facil-
itating RNA backtracking. Mishanina et al. [32]
observed that the B'H936Q substitution did not
inhibit the cleavage activity, but the variant RNAP
cleaved predominantly from the pre-translocated
state and failed to stabilize the 1 nt backtracked
TEC. These observations cast doubts on the
proposed role of ’H936 as a general base during
the RNA cleavage reaction, but reaffirm the position-
ing effect proposed earlier by Yuzenkova and Zenkin
[74]. Turtola et al. used a 1-nt backtracked TEC, in
which a weak 3’ terminal 2AP-dT base pair mimics
an NMP mismatch, to determine the mechanism of
cleavage. They found that substitutions in different
structural elements of RNAP (the F-loop B'P750L,
the BH 'F773V, and the TL f'G11368) that stabilize
the closed active site [47] also stabilized the back-
tracked state, whereas substitutions that impair TH
folding or antibiotic streptolydigin that traps the
unfolded TL [20] had opposite effects. These results
suggested that the folded TH stabilizes the back-
tracked conformation by contacts with the penulti-
mate RNA nucleotide, despite the structural
evidence that the TL is unfolded and the backtracked
nucleotide would clash with f’'His936 if the TH were
folded [116]. In search of an alternative pose, the
authors built a model in which the nucleobase of the
backtracked nucleotide was bound to the E-site site,
proposed to serve as a transient loading site for the
incoming NTP [94]. The E-site overlaps with the
binding site of tagetitoxin that may coordinate an
inhibitory Mg?" ion [118], suggesting that the back-
tracked nucleotide and fGIlu813 could jointly coordi-
nate MG2. This model is supported by deleterious
effects of the E-site substitutions [62] and an ATP
analog thought to bind to the E-site [96] on cleavage
and explains the observed dependence on a loosely
bound Mg?", but is markedly different from the
models proposed by Sosunova et al. [61] and Zenkin
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et al. [96]. Most importantly, Turtola et al. hypothe-
size that the backtracked nucleobase facilitates
hydrolysis indirectly, by stabilizing the backtracked
state and positioning the penultimate RNA nucleo-
tide, and that the same closed TH conformation
promotes both nucleotide addition and hydrolysis.

Stimulation of RNA cleavage by the Gre factors

The latter findings raises a question of the
mechanism of action of bacterial GreA and GreB or
eukaryotic TFIIS proteins, which dramatically stimu-
late endonucleolytic RNA cleavage in backtracked
TECs, whether or not the 3 NMP is correctly
matched. The extended domains of these proteins
reach into the secondary channel and coordinate the
MG2 ion [33,112,119,120]. Since the folded TH
sterically occludes the channel, the TL is expected to
be irrelevant for factor-stimulated cleavage, as
reported for T. aquaticus GreA [121]. Similarly,
Miropolskaya et al. [117] showed that GreA factors
from E. coli, D. radiodurans, and T. aquaticus
stimulated cleavage of 1-nt backtracked RNA by
their cognate RNAPs lacking the TL several thou-
sand fold, consistent with the model in which the TL
is not required for cleavage. However, these rates
were 30- to 60-fold lower than the rates observed for
GreA-stimulated cleavage in wild-type TECs, reveal-
ing a significant (and similar) contribution of TL to
proofreading, and GreA-facilitated cleavage in 1-nt
backtracked 2AP-TECs [62]. While the details of
functional interactions between the TL and the
cleavage factors remain to be elucidated, it is
notable that, in contrast to extensively backtracked
TECs which are incompatible with the folded TH, the
1-nt backiracked TEC is a unique paused state with
the closed active site, a view supported by single-
molecule experiments [122,123].

Cellular estimates of misincorporation rates

While reporter analyses [100,102] gave estimates
of less than 0.1% error, direct assessment of errors
using in vivo sequencing of the nascent RNAs
revealed that a surprisingly large fraction of active
TECs, 1%—3%, contained a wrong nucleotide at the
3’ end in E. coli and S. cerevisiae [103,124]. These
measurements match the expected error rates
(1:400) determined solely by the free energy cost
of nucleotide mismatches in RNA:DNA duplexes in
solution, ~6 kgT [109,125], although a lower esti-
mate was suggested by another in vivo study [101].
These observations are consistent with a view that in
the cell RNAP often incorporates a wrong nucleo-
tide, stalls, and proofreads the RNA before going
forward, reducing the final error frequency by two
orders of magnitude. In vivo and in vitro analyses
reveal a strong bias toward misincorporation of AMP
instead of GMP, particularly following a C residue, in

both E. coli and yeast [87,101,103,114]; this bias
could be due to increased flexibility of the CpG dimer
in the tDNA strand that may interfere with its
alignment with the incoming NTP in the post-
translocated state [115,126] or +1G interactions
with the B CRE pocket [127]. Perhaps not surpris-
ingly, the active site has apparently evolved toward
fixing the most common errors: the rate of cleavage
of misincorporated AMP was significantly faster than
that of other wrong NMPs [61,96]. In support of
pleiotropic effects of transcription errors, deletions of
gre genes have been linked to defects in fidelity
[105,115], an increase in phenotypic diversity [106],
and increased genome stability [128].

The use of the same active site for the nucleotide
addition and endonucleolytic cleavage reactions
poses a unique challenge of balancing the compet-
ing demands of speed and fidelity of RNA synthesis.
High fidelity can be achieved by setting a high RNA
cleavage rate relative to the elongation rate or
through stabilizing the backtracked state [109].
Conversely, suppressing backtracking translates
into rapid RNA synthesis but at a cost of errors.
Quantitative modeling suggests that experimentally
determined rates of elongation, entry into the back-
tracked state, and cleavage are balanced to yield
long transcripts with error frequencies observed in
vivo [109].

Translocation

To synthesize RNA, RNAP needs to translocate
along the DNA template. RNAP translocates forward
in single steps: following the nucleotide incorpora-
tion, NTP in the active site turns into the RNA 3’ end
and the 9-bp RNA:DNA hybrid converts into the 10-
bp hybrid. At this point the length of the RNA:DNA
hybrid equals the size of the transcription bubble and
there are no unpaired bases in the TEC. The
complete forward translocation along the DNA
obligatory involves melting of the DNA:DNA base
pair downstream of the active site and melting of the
RNA:DNA base pair at the upstream edge of the
RNA:DNA hybrid. Melting of the downstream
DNA:DNA base pair allows the unpaired tDNA
nucleotide to migrate into the active site and become
an acceptor base for pairing with the next incoming
substrate NTP (Fig. 5). Melting of the upstream
RNA:DNA bp frees a template DNA base and allows
a formation of a DNA:DNA bp upstream of RNAP.
The upstream DNA reannealing is not an obligatory
event in translocation but it reduces the ultimate
energetic cost of translocation; the persistent lack of
DNA reannealing over several positions may sig-
nificantly slow down transcription [130] and promote
formation of R-loops that threaten genome stability
[131]. The ultimate outcome of a complete synchro-
nous translocation accompanied by the upstream
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Fig. 5. Schematics of half and complete translocations. In the pre-translocated TEC (left), the 3" hydroxyl is bound in the
A-site and the TL is folded into TH, forming the THB. Translocation by one nt generates the post-translocated TEC (right) in
which the 3" OH is bound in the P-site, the tDNA acceptor base (magenta) is positioned in the A-site to pair with the
incoming NTP substrate, and the TL is unfolded. In some TECs structures, RNA is fully translocated but tDNA translocates
only partially [129] or not at all [38]; in both cases, the acceptor base has not moved to the A-site, blocking substrate
binding (center). The tDNA The asynchronous translocation lengthens the RNA:DNA hybrid and changes its tilt,
necessitating shifting the B’ lid (yellow) and possibly stabilizing an altered state of the TL (TL*).

DNA reannealing is melting of two base pairs and
formation of one base pair. Thus, in terms of nucleic
acid energetics, the post-translocated state is almost
always energetically unfavorable relative to the pre-
translocated state.

Nucleic acids- and the 3’ end-centric models of
translocation

Predating the availability of atomic resolution TEC
structures, Yager and von Hippel [16] pioneered a
sequence-dependent thermodynamic analysis of
RNA chain elongation by E. coli RNAP. In this
model, the TEC stability is determined by free energy
changes involved in the formation of the DNA bubble
and the RNA:DNA hybrid, which can be calculated for
each TEC sequence, whereas the contribution of
RNAP interactions with the DNA and RNA (for which
experimental data were unavailable) was treated as a
sequence-independent constant. In their analysis, the
authors pointed out that a complete description of the
elongation process would require kinetic analysis
[16,132], an approach later undertaken by Bai and
colleagues [133,134], who combined the TEC stability
calculations with a kinetic model of translocation in
which 1-nt steps of RNAP are thermally driven and
forward biased by the nucleotide incorporation. This
model focused exclusively on the transcription bubble
energetics, with the RNAP contribution set to 0, and
the TEC was found to predominantly reside in the pre-
translocated state, as expected [133]. A more elabo-
rate modular kinetic model in which off-pathway
branches could be individually introduced into a linear

elongation pathway as needed, constructed by Greive
et al. [135], also allowed for TEC desynchronization
observed in bulk experiments. These models pre-
dicted experimentally observed RNAP behavior in
many cases, but discrepancies were also apparent.
We speculate that limitations of these and other
nucleic acid-centric models are due to their failure to
consider a significant and, in our view, decisive
contribution of the binding preferences of the RNA 3’
end to the translocation bias and kinetics.

The alternative, RNA 3’ end-centric model postu-
lates that the translocation state is predominantly
determined by the binding preferences of the RNA 3’
end rather than the bubble energetics [75,83,136].
Following the nucleotide incorporation, the RNA 3’
end has a high affinity for the closed (by the folded
TH) active site because it retains a subset of
interactions made by the NTP from which it
originates: the ring oxygen of ribose and the 3" OH
group interact with f’Arg425 and [’Asn458 of the
active site floor, whereas both the 2’ and 3' OH
groups interact with the TH ['GIn929 and the
nucleobase stacks with the TH B’'Met932 [68].
Biochemical data suggest that both 2’ and 3
hydroxyls, as well as stacking of f’Met932 with the
3’ nucleobase are critical for the stability of the
closed pre-translocated state [75]. Following the PP;
release and TH unfolding, interactions with §'GIn929
and B'Met932 are lost, thereby significantly reducing
the binding affinity of the RNA 3’ end for the pre-
translocated register (A-site). Consequently, in the
resulting open active site, the RNA 3’ end affinity for
the post-translocated register (P-site) is higher than
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for the pre-translocated register (A-site). In other
words, opening of the active site unlatches the RNA
3’ end from the A-site and allows the nucleic acids to
translocate forward and attain the post-translocated
register. In the post-translocated state, the 3’ and 2’
OH group of the 3' NMP are anchored to the ['Asp
triad via interaction with MG1, whereas the 2’ OH
group also interacts with 'Arg425 [13,20]. Biochem-
ical data suggest that the 3’ OH group is critical,
whereas the 2’ OH group is largely dispensable for
the stability of the post-translocated state [75]. The
interaction of the 3' OH group with MG1 appears to
be exceptionally strong and important for positioning
the RNA 3’ end. This single interaction appears to be
stronger than two or three hydrogen bonds that the 2’
and 3’ OH groups can form with f’Asn458 in the pre-
translocated state; as a result, RNAP predominantly
occupies the post-translocated state in resting TECs
following the nucleotide incorporation [44,75,85]. At
the same time, removal of Mg®" or the 3’ hydroxyl
eliminates the translocation state bias [75].

The TL state in the control of translocation

Given that the RNA 3’ end preferences are dictated
by the active site conformation, the TL < TH refolding
that accompanies the open < closed active site
transition emerges as the central step controlling the
translocation rate. Indeed, many reports have shown
that RNAP variants with the stabilized TH have slower
forward translocation rate and display elevated frac-
tions of the pre-translocated states [44,47,62,85,88],
firmly establishing the role of the TL-TH transition in
modulating the forward translocation rate. However,
the key question is whether this transition controls the
translocation rate kinetically or thermodynamically.

PRE-TL
modulated . .
by TH stability IRCO0S 1L 2000s"
—> PRE-TH
NMP addition

and PP, release

The kinetic control model implies that the rate of
TH unfolding is slow relative to the rate of nucleic
acid translocation that follows. TH unfolding is then
the sole rate-limiting step in the forward translocation
process and the measured forward translocation
rate is assumed equal to the rate of TH unfolding.
This model largely rules out the contribution of the
bubble energetics to modulating the forward translo-
cation rate. In contrast, the thermodynamic control
model (Fig. 6) postulates that the TH folds and
unfolds many times before the translocation occurs
and the observed forward translocation rate is the
product (=multiplication) of the fraction of the open
pre-translocated state and the forward rate of nucleic
acid translocation. The significant modulation is only
possible if the TH—TL equilibrium is strongly shifted
toward the TH in the pre-translocated state and the
fraction of the pre-translocated state with the
unfolded TH is small. The latter prediction is
confirmed by the x-ray structures of the o-stabilized
pre-translocated states where the TL adopts com-
pletely [57] or partially [68] folded conformations,
both compatible with all possible stabilizing contacts
between the TH and the RNA 3’ end, that is, the 2/
and 3’ OH groups interactions with ’GIn929 and the
nucleobase stacking with ’Met932 in the folded TH.

The critical advantage of the thermodynamic
control model is that it natively integrates the inputs
of the TH—TL transition and the transcription bubble
energetics: the fraction of the open pre-translocated
state is determined by the former, whereas the
elemental rates of the nucleic acid translocation may
be modulated by the energy of the DNA:DNA and
RNA:DNA base pairs that undergo melting during
translocation. In the most general case, the translo-
cation kinetics and thermodynamics likely integrate

binding of
500 s’ the next NTP
— POST-TL | ——>
20s”
10000s"§, 2 000 s"

10 s

= POST-TH

20s”

the apparent forward translocation rate = 500 s" x 200s" /2 000s' =50 s

Fig. 6. A thermodynamic model integrating the contributions of TH—TL transition and base pair energies to the rate of
the forward translocation along the DNA. Rates of the TH—TL transition and the forward translocation of the nucleic acids
in the open active site are chosen semi-arbitrarily to result in an apparent forward translocation rate of 50 s~ '. The
equalities of (i) TL folding rates for pre- and post-translocated states and (ii) backward translocation rates in the closed and
open active site are not coincidental. The backward translocation rates correspond to the largest reported estimate and
sequence-dependent variations by several fold are conceivable [47].
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the contributions of the TH stability, the 3’ end
binding preferences, and the base pairing energies
at the upstream edge of the downstream DNA and
the RNA:DNA hybrid.

For the sake of simplicity, we so far assumed in our
discussion that the forward translocation absolutely
requires the unfolding of the TH, yet this is not the
case. Windgassen et al. [59] reported that RNAP with
the TH stabilized by a disulfide crosslink is capable of
processive transcript elongation (albeit at reduced
rate), which obligatory involves moving along the
template DNA. Accordingly, the complete model of
translocation (Fig. 6) incorporates an additional slow
translocation route that does not involve unfolding of
the TH. The flux through the slow rote is likely
insignificant for the wild-type RNAP, whereas
RNAPs with the TH stabilized by a disulfide crosslink
or amino acid substitutions such as f'F773V and
'P750L may predominantly follow the slow route.
Interestingly, staying on a slow translocation route
seems to render RNAP resistant to pausing [59], but
the causative relationships between the slow translo-
cation and pausing are uncertain as both phenomena
may be independent consequences of the stabilized
TH. In addition, some pause-resistant RNAPs do not
display translocation defects [47].

In quantitative terms, single-nucleotide addition
studies estimated the apparent forward translocation
rate (at 25 °C) of 50—100 s " for E. coli RNAP [71,75]
and 90—140 s~ for D. radiodurans RNAP [137]. The
post-catalytic relaxation involving various transloca-
tion-related processes may therefore account for up to
a half of a total half-life of a nucleotide addition cycle
and is partially rate limiting for transcript elongation
[75,84]. Single-molecule studies of S. cerevisiae
RNAP Il estimated the forward translocation rate at
110430 s~ ' and also concluded that translocation
rate is partially rate limiting [122]. The forward
translocation rate decreases to 7-10 s~ ' in E. coli
RNAPs variants with the stabilized TH [47,71],
exposing the slow apparent backward translocation
rate of 5-20 s ~ ' [47,62]. We favor a hypothesis that the
backward translocation rate observed when the TH is
stabilized by substitutions [47] is also characteristic for
the wild-type RNAP [62]. Indeed, the backward
translocation rate is the property of the post-translo-
cated state and thus is likely independent of the
TH—TL equilibrium. The recent single-nucleotide
addition studies performed by several research
group that utilize different methodologies overwhel-
mingly suggest that the apparent backward transloca-
tion rate is several fold slower than the forward
translocation rate in the wild-type RNAPs
[44,47,62,75,85]. At the same time, single-molecule
studies differ in conclusions about the translocational
bias: Larson et al. [88] inferred an overall post-
translocated bias consistent with the slower backward
rate, whereas Dangkulwanich et al. [122] inferred the
overall pre-translocated bias.

Next, it is important to realize that the translocation
rates discussed above represent the apparent rates
of post-catalytic relaxation into the next post-
translocation state and are highly unlikely to corre-
spond to the elemental rates of the nucleic acids
translocation. The forward translocation rate is
heavily modulated by the TH—TL transition which,
in turn, is likely additionally modulated by the post-
catalytic release of PP;. For the sake of simplicity and
brevity, we disregard the potential delay caused by
the PP; release and consider only the thermody-
namic model of translocation control by TH—TL, the
model that we strongly favor. Then, the elemental
rate of the forward translocation of the nucleic acids
in the open active site is likely 5—10 times the
apparent forward rate observed in the single-
nucleotide addition experiments with the wild-type
RNAP (Fig. 6). To arrive at the above value, we first
assumed that the slow translocation without TH
unfolding (bottom route in Fig. 6) approximately
corresponds to the observed rates in RNAP variants
with the largest known translocation defects (forward
translocation rates of 5—10 s~ ') [47]. We then
assumed that the TH stabilizes the pre-translocated
state by ~2-3 kcal/mol considering that it only
contributes a weak hydrogen bond (’Q929-RNA 3’
OH) and a van der Waals contact (f’M932-nucleo-
base). If so, the TH is expected to slow translocation
50-100 fold, leading to an estimate of 200—500 s '
for the elemental rate of the forward translocation of
nucleic acids in the open active site (top row in
Fig. 6).

Silva et al. [138] studied translocation of RNAP Il
using all-atom MD simulations and reported timings
of ~20 ps for the rate-limiting transitions during the
forward and backward translocation (considering the
timescale of the simulations and the article text we
assume that the values reported in Fig. 5 in Silva
et al. are in ps rather than in ms as shown). Half-life
of 20 s translates into a rate constant of 35,000 s ',
which is 700 times the observed forward transloca-
tion rate [18,47,75] and 70 times our estimate for the
elementary rate of the forward translocation of the
nucleic acid in the open active site (Fig. 6, top row).
The differences in the backward translocation rate
estimated from the biochemical experiments (5—20
s ' reported by Malinen et al. [47], although
sequence-dependent variations by several fold are
conceivable) and the MD simulations (~35,000 s ")
are even larger. However, Silva et al. [138] noted that
their estimates should be treated as the upper limits
for the translocation rates because their simulation
was performed using an incomplete scaffold without
the upstream DNA, with partially pre-melted DNA
downstream of the active site, without the single-
stranded ntDNA linking the upstream and the
downstream DNA duplexes and without Mg®" ions
in the solution. The meaningful comparison of the
translocation rates inferred from computational
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simulations and biochemical experiments awaits
simulations of the complete TECs in the solvent
matching the conditions of the biochemical experi-
ments. In addition, it remains to be seen what
translocation rates are inferred when the entire
translocation process is visualized in a single
simulation as opposed to being constructed from
the nested short simulations seeded along the low-
energy path predicted by a morphing algorithm.

The role of bubble energetics

While we emphasize the key contribution of the 3’
end interaction with RNAP and the TH—TL transition
to determining the translocation bias and the kinetics
of forward translocation, there is little doubt that the
overall energetics of the transcription bubble are also
important. For example, it has been widely reported
that the sensitivity to pyrophosphorolysis and thus
the fraction of the pre-translocated state increases
as the RNA:DNA complementarity is increased from
nine to ten base pairs [83,139]. While Hein et al.
questioned the conclusion of Kashkina et al. that the
length of the RNA:DNA hybrid is the only factor
determining the TEC sensitivity to pyrophosphoro-
lysis, both studies agree that the 10-bp RNA:DNA
hybrid is needed for the maximal reactivity toward
PP;. Similarly, the occupancy [62] and the apparent
cleavage activity [62,140,141] of the backtracked
TECs are strongly dependent on the presence of the
11-bp RNA:DNA hybrid and the proper reannealing
of the downstream DNA. At the same time, antisense
oligonucleotides can inhibit backtracking by anneal-
ing to the nascent RNA immediately adjacent to
RNAP [7,142,143]. Finally, the prohibitively large
increase in the overall energetics of transcription
bubble is the only conceivable explanation for the
fact that RNAP does not hyper-translocate as readily
as it backtracks [85]. Indeed, antisense oligonucleo-
tides that anneal to the nascent RNA and presum-
ably facilitate hyper-translocation can dissociate the
TEC only slowly [144].

The energy of the base pairs that melt during
translocation likely also modulates the forward
translocation rate. The sequence-dependent models
of transcription elongation build on the bubble
energetics [133,135,145,146] have good prediction
power despite, in our opinion, overestimating the
prevalence of the pre-translocated state. Kireeva
et al. convincingly demonstrated that pre-melting of
the base pair at the upstream edge of the RNA:DNA
hybrid speeds up the sequestration of the next
incoming NTP and thus likely the forward transloca-
tion of RNAP along the DNA [84]. Pre-melting of the
upstream DNA has also been shown to speed up the
backward translocation [62,84].

Now as we introduced the preferences of the RNA
3’ end and the bubble energetics as the main players
determining the translocation bias and kinetics, we

turn to discussing other interactions between the
RNAP and transcription bubble that may affect
translocation and the fine mechanics of the nucleic
acid translocation within the RNAP.

Titled hybrid states

From a structural perspective, it has been long
established that the RNAP cannot slide freely along
the DNA because the downstream DNA is approxi-
mately perpendicular to the RNA:DNA hybrid
[13,27]. For this reason, translocation is more
accurately described as movement of nucleic acids
through RNAP rather than translocation of RNAP
along the DNA. Both the RNA:DNA hybrid and the
downstream DNA form multiple contacts with RNAP
and these contacts account for the exceptional
stability of the TEC [15,147]. However, it is com-
monly assumed that the interactions between the
RNAP and the nucleic acid backbone (except for the
RNA 3’ end, see above) do not significantly impede
the lateral movements of the RNA:DNA hybrid and
the downstream DNA along their helical axes. The
interactions of the nucleic acids with RNAP pre-
dominantly constitute contacts between phosphates
and the flexible sidechains of Arg, Lys and Gin
residues [13] that can swing into intermediate
positions between the pre- and post-translocated
registers during translocation [129]. It is also thought
that the contacts between RNAP and nucleic acids
can break and reform individually so that only a
fraction of contacts is simultaneously broken. In
addition, extensive structural evidence suggests that
the RNA:DNA hybrid can translocate partially inde-
pendently from the downstream DNA and the
nascent RNA can translocate partially independently
from the tDNA strand, resulting in the so-called tilted
states (Fig. 5) [25,34,38,49,129,148—150]. The
semi-independent translocation of the nucleic acid
segments may reduce the activation energy barrier
and speed up translocation, but may also trap the
RNAP in unproductive states [38,129,148]. Thus,
most of the documented tilted states correspond to
pauses of some kind and it is uncertain whether
sequential/asynchronous translocation of the nucleic
acids within the RNAP is a part of a normal
translocation process or is an initial step in branching
off the major elongation pathway into pause states
[38,129,151]. Finally, Bochkareva et al. [140]
reported an apparent on-pathway slowdown of
transcript elongation possibly caused by jamming
of the RNA:DNA hybrid within the RNAP main
channel, triggering pausing in vivo and in vitro. A
recent study by Saba et al. [148] found that the
unusual strength of this pause element was due in
large part to the shortened downstream DNA duplex
in the nucleic acid scaffold used by Bochkareva et al.
Saba et al. [148] observed pause bypass under
saturating GTP concentrations and in TECs with a
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long DNA duplex, thus demonstrating that pausing at
this sequence was due to TEC isomerization into an
off-pathway intermediate. This conclusion highlights
the difficulty in studying highly efficient pauses that
may appear to represent on-pathway states.

Next, translocation requires a tDNA nucleotide to
cross a ~90° kink between the downstream DNA and
the RNA:DNA hybrid and such movement may, in
principle, be rate limiting for the translocation
process. Consistently, MD simulations of
S. cerevisiae RNAP |l TEC suggested that the
stacking of the nucleobase of the translocating
tDNA nucleotide with the BH B'Tyr795 is important
for lowering the overall energy barrier for transloca-
tion [138]. This result is plausible considering that
B'Tyr795 is universally conserved in multi-subunit
RNAPs. However, the favorable contribution of
B'Tyr795 to translocation process is apparently
insignificant for the overall kinetics of transcript
elongation because the Y795A variant of E. coli
RNAP is viable [30] and is only marginally slower than
the wild-type RNAP in vitro [152]. Crystallographic
studies revealed that cytidine base can get stuck in
the intermediate conformation when crossing the
kink [49,149,153] and “pair’ with BArg542 [93].
These intermediate conformations arise due to
partially independent translocation of the RNA:DNA
hybrid and the downstream DNA; in our view, they
correspond to one-register translocation of RNA and
half-register translocation of the tDNA [151]. Similarly
to the tilted states in general, the impact of these
intermediate states is not a priori certain: they could
potentially lower the activation energy required for
translocation and speed up the process, but may also
have the opposite effect if excessively stable. The
currently available evidence suggests that the states
where the acceptor DNA base unpairs from the
ntDNA but does not translocate into the active site are
specific for pyrimidines (only cytidine has been
observed in the intermediate state but uridine can
form same interactions with BArg542) and are more
likely inhibitory than favorable [115,127,148,154].

The ntDNA interactions in control of transloca-
tion

In the TEC, the tDNA strand is held tightly within
the 9-bp RNA:DNA hybrid [12], whereas the ntDNA
is very flexible and unresolved in most TEC
structures, but is well resolved in o- and RfaH-
stabilized bacterial transcription complexes
[17,68,155,156]. Accumulating evidence suggests
that the ntDNA contacts to core RNAP and
accessory factors can modulate transcription elon-
gation. We and others hypothesized that excessive
flexibility of the ntDNA could inhibit processive
elongation by diverse RNAPs [26,157]. We pro-
posed that tripartite interactions between the
subunit gate loop (residues 365—380), the ntDNA,

and transcription processivity factors from the NusG
family stimulate elongation by restricting the ntDNA
flexibility [26,130]. Modeling suggests that five
ntDNA nucleotides can be deleted without compro-
mising the TEC structure [130]. Consistently, struc-
tures of the E. coli RfaH bound to the TEC reveal that
the ntDNA strand residues at the upstream part of
the transcription bubble form a short hairpin which is
recognized and stabilized by RfaH [17,158]. Our
model that RfaH promotes pause-free elongation, in
part, by constraining the ntDNA is supported by
observations that a 5-nt deletion in the ntDNA
mimicked the RfaH effects on the TEC structure
and pausing [130]. RfaH interactions with the 3 gate
loop observed in the structure [17] are required for
the anti-pausing activity of RfaH [159], likely by
inhibiting RNAP swiveling [17,38]. E. coli RfaH [160],
Bacillus subtilis NusG [161], and S. cerevisiae Spt5
[157] directly contact the ntDNA. No direct contacts
with DNA are observed in TEC structures bound to
yeast Spt5 [162] and E. coli NusG [17], but these as-
yet undetected direct contacts could depend on
unknown DNA sequence motifs; for example, RfaH
[160] and B. subtilis NusG [161] recognize specific
ntDNA elements.

Structural studies of T. thermophilus promoter
complexes revealed interactions of the downstream
segment of the ntDNA with the B subunit [155,156].
Five bases spanning the —4—+2 region of the
ntDNA strand (termed a CRE) interact with 10 B
residues. The +1T base is rotated and stacked
against BTrp183, and the +2G base is flipped out
and inserted into a pocket composed of B residues
440—455 and 535—555 (the latter segment corre-
sponds to P fork loop 2), making base-specific
contacts to Asp446 and Arg451 [156]. Substitutions
of these and other CRE pocket residues inhibit
transcription [156]. Interactions between E. coli
RNAP and the ntDNA +1G residue were also
inferred from footprinting analyses of roadblocked
TECs [163], and in a cryo-EM structure of the E. coli
TEC, the +1G was bound in the B pocket [12], as
observed in initiation complex structures [156,164].
Based on the well-established preference of a YG
motif in diverse pause elements [142] and its effects
on translocation equilibrium [83], the CRE-f contacts
were proposed to aid translocation and inhibit
pausing [156]. Subsequent biochemical and RNA
sequencing analyses demonstrated that the fD446A
substitution increases pausing at most sites
[127,165] but inhibits pausing and termination at
hairpin signals [165]. Effects of BD446A on pyropho-
sphorolysis argue that the -G contacts stabilize the
post-translocated state of the TEC [127]. Studies of
S. cerevisiae RNAP Il suggested that defects of the
fork loop 2 mutations were due to the loss of direct
interactions with the ntDNA [51].

Together, these results support a model in which
the ntDNA contacts with structurally conserved
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elements of the core RNAP and with universally
conserved NusG/Spt5 transcription factors modulate
elongation across all life. The existing data demon-
strate that these interactions could be either inhibi-
tory or stimulatory. As noted above, CRE
interactions have opposite effects on RNAP pausing
at different types of signals [127,165]. Similarly,
NusG-like proteins can promote or inhibit transcrip-
tion. While E. coli NusG and RfaH inhibit RNAP
pausing at most sites [159,166], B. subtilis NusG and
E. coli RfaH delay RNAP escape from their recruit-
ment sites [160,167], and mycobacterial and Ther-
mus NusGs inhibit elongation [168,169], plausibly
through sequence-specific contacts with the ntDNA.

Mechanochemical coupling

RNAP translocation can also be viewed from a
mechanical perspective. All molecular motors convert
chemical energy of NTP hydrolysis into mechanical
work, and two classes of mechanochemical coupling
mechanisms are described [170]. In a Brownian
ratchet mechanism, the enzyme rapidly fluctuates
between adjacent n and n + 1 positions, driven by
thermal energy (~1 kgT or 0.5 kcal/mol) of Brownian
motion of neighboring molecules. When the enzyme is
located atn + 1, a “pawl” in the ratchet is activated to
block backward translocation to the n position. In a
power stroke mechanism, a structural element in the
enzyme undergoes a conformational change during
the catalytic cycle, directly pushing the enzyme one
step forward. Because the stroke directly triggers
displacement instead of rectifying random thermal
motions, power-stroke motors are thought to be more
powerful and more efficient, and thus better suited to
operate against high opposing mechanical force [170].
RNAP is able to transcribe against >20 pN of
opposing load [81,171], suggesting that it could utilize
power stroke to transcribe through roadblock or under
torsional stress. At the same time, RNAP uses NTP
hydrolysis to power its movement along the DNA and
to extend the nascent chain; thus, the NTP substrate
also functions as a pawl that biases forward transloca-
tion, befitting the ratchet mode.

T7 RNAP translocation: passive sliding
versus active power stroke

Biochemical analysis of the single-subunit T7
RNAP supported a Brownian ratchet model, wherein
RNAP oscillates between the pre-translocated and
post-translocated positions [172,173]. This model
assumes that translocation and NTP binding follow
rapid equilibrium kinetics, and that the catalytic step
occurring after NTP binding is rate-limiting. The
substrate NTP rapidly binds to, and locks, the post-
translocated state; following the bond formation,

RNA is extended by 1 nt to establish new equili-
brium. Numerous bulk biochemical studies demon-
strated oscillations between the post-and pre-
translocated states in multi-subunit TECs
[44,75,83,174—177], and thermal equilibrium
extended over 2+ steps can also explain back-
tracking [7] and hyper-translocation [85] motions.
By contrast, structural studies of T7 RNAP
supported a power stroke model [178]. In the T7
RNAP complexes representing four steps in the
NAC [178,179], the active site is observed in an
open, semi-open, and closed states. As is the case
in multi-subunit RNAPs, the active site closure is
required for the NTP accommodation in the cataly-
tically productive conformation and is associated
with conformational changes of two helices, O and
O'. The O-helix interacts with the base and phos-
phates of the NTP substrate; in the closed state, the
PP; moiety acts as a bridge between the O-helix and
the Mg?" ions bound to the catalytic Asp residues
[178,179]. Both the substrate-bound and product-
bound T7 TECs were captured in the closed state
with the O-helix anchored in the active site,
suggesting that the phosphoryl transfer reaction
does not promote translocation. By contrast, follow-
ing the release of PP;-Mg, the O-helix pivots to open
the active site, the RNA 3’ end translocates to the P-
site, and 1 base pair of the downstream DNA duplex
is concomitantly unwound [178]. This pivoting
motion places the Tyr639 residue located at the tip
of the O-helix into the A-site, a 3.4-A translocation
that mirrors the 1-nt shift in the RNA:DNA hybrid. In
the resulting post-translocated pre-insertion TEC,
Tyr639 prevents both the incoming NTP and the
tDNA acceptor base from entering the A-site, and
subsequent reverse pivoting of the O-helix to close
the active site is required for productive NTP binding
and catalysis [179]. Based on these results and
energy calculations, Yin and Steitz [178] proposed
that the PP;-driven conformational change in the O-
helix actively pushes the 3’ end from the A-site to the
P-site in a power stroke. Notably, the authors also
pointed out that Tyr639 could work as a pawl that
blocks access of a rapidly oscillating RNA:DNA
hybrid to the A-site, with the relative rates of the
hybrid translocation and the O-helix pivoting deter-
mining the mechanism [178]. In the ratchet model,
the NTP substrate, which interacts with Tyr639 in the
pre-insertion TEC [179], could act as a second pawl.

E. coli RNAP: the swing-gate and two-
pawl ratchet models

How is translocation powered in structurally dis-
tinct multi-subunit RNAPs? Early studies of bacterial
and yeast TECs suggested that the BH is involved in
DNA translocation [21,27] and could be the func-
tional equivalent of the O-helix [179]. Two states of
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the BH have been observed: the helix was straight in
yeast TECs or bent in the DNA-free Thermus RNAPs
[21,22,27,28]. In the bent BH, the f'Thr790 and
B'Ala791 were predicted to clash with the acceptor
base [27] and B'Lys789 could push the 3' RNA end
to the P-site, a role analogous to that of Tyr639 in the
O-helix [180]. A swing-gate model, in which the bent
BH competes with the substrate NTP and the 3’ end
of RNA for binding to the A-site was proposed to
control translocation and substrate loading in con-
cert with the TL [180].

Building on this model, Bar-Nahum and collea-
gues [43] proposed that a two-pawl Brownian ratchet
modulates elongation by E. coli RNAP, with the BH
and substrate NTP acting as pawls. Bar-Nahum
et al. isolated two substitutions in the TL that had
opposite effects on elongation: a fast f'G1136S
RNAP paused and terminated less than the wild-
type enzyme, whereas the slow B'I1134V had an
opposite effect on elongation. These substitutions
altered the equilibria between the two BH states and
between different translocation states: the 11134V
enzyme formed backtracked TECs with a predomi-
nantly bent BH, whereas the G1136S TECs were
stabilized in the post-translocated state relative to
the wild-type TECs, with a straight BH. A mathema-
tical model developed by Bar-Nahum et al. intro-
duced three rates to describe hypothetical
movements of the BH, NTP and the 3’ end of the
RNA, and is thus better described as a kinetic ratchet
rather than Brownian ratchet [181]. Although the two-
pawl ratchet model is attractive in integrating the
roles of the substrate binding and conformational
changes in RNAP in rectifying the forward transloca-
tion of the TEC, the BH effects on hybrid transloca-
tion appear to be indirect. First, a deletion of the two
residues proposed to compete with the 3’ end did not
compromise transcription by archaeal RNAP [29].
Second, a large body of evidence supports a view in
which 11134V and G1136S substitutions directly
alter the TL dynamics, hindering and favoring the TH
folding, respectively [72]. The folded TH interacts
with RNA to stabilize both the pre-translocated and
1-nt backtracked TEC states [62,75], an observation
at odds with G1136S and 11134V phenotypes
reported by Bar-Nahum et al. but consistent with
other findings, including the report that the TEC
formed by the TL B'T934A variant is post-translo-
cated, yet the equilibrium is shifted toward the bent
form [180]. Third, MD simulations support a view in
which the B'Arg780 and p'Lys781 residues located in
the N-terminal BH hinge [29] modulate translocation
through contacts with the TL and the 3 fork loop 2
[182].

Single RNAP molecules ratcheting along

Further support of the ratchet model came from
analyses of force—velocity (F—v) relationships in

single-molecule optical trap experiments. Fitting
these data to a Boltzmann equation returns a
distance parameter, 9, which reflects the position of
the transition state along the translocation coordi-
nate. In the Brownian ratchet model, 0 represents the
distance between pre- and post-translocated states
(=1 nt) because the release of the chemical energy
simply rectifies a thermal motion that has already
occurred. In the power stroke model, the chemical
energy is stored as an enzyme deformation and
released during the translocation step, and 0 is
necessarily <1. Experimental measurements
showed that =1 for E. coli RNAP, supporting the
ratchet model [133,183]. The Brownian ratchet and
power stroke models also predict diametrically
opposite effects of NTP concentrations on F—v
curves. The simplest ratchet model predicts that
the opposing force competes with NTPs [184]: the
elongation rate should be sensitive to force at low,
but not at high NTP concentrations when the
enzyme is biased toward the force-insensitive post-
translocated state. By contrast, the power stroke
model in which translocation is driven by the PP;
release predicts an opposite F—v trend as a function
of NTPs. Consistent with the simple linear ratchet
model, elongation by T7 RNAP became force-
independent at high NTPs [184]; this study con-
cluded that translocation is only slightly biased in
favor of the post-translocated state, ~ 1.3 kgT.

However, the elongation rate of multi-subunit
RNAPs was significantly affected by force even at
saturating NTPs [88,183], necessitating use of a
modified branched model, in which NTP also binds
to a different site on RNAP in the pre-translocated
state [183]. While the existence of secondary NTP-
binding sites is consistent with structural observa-
tions [20,94], biochemical studies [95,96,174,185],
and MD simulations [186], it remains unclear which
of these sites can mediate NTP binding en route to
catalysis. More importantly, the branched model
does not provide a unique solution of the observed
F—v relationship. A sequence-dependent ratchet
model developed by Wang and colleagues predicts
both force dependence at high NTPs and experi-
mentally-observed pauses and identifies a new type
of paused TECs in which translocation is inhibited,
sensitizing them to force [133,134]. Bustamante and
colleagues showed that the branched ratchet data
[88] can be fitted by a simple linear model if one
assumes that both forward translocation and cata-
lysis can constitute rate-limiting steps in the NAC
[122].

On complex biological templates, the free energy
difference between the individual translocation
states is expected to vary with sequence. Transloca-
tion is accompanied by breaking and reforming the
DNA base pairs at both ends of the transcription
bubble, a shift in the RNA:DNA hybrid, and folding of
the nascent RNA. In addition, the binding and
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Secondary
channel

hybrid

Active TEC

Active TEC

Backtracked TEC

Fig. 7. General transcription factors GreB, NusA, and NusG bind to different sites on the TEC to modulate elongation.
The NTDs (N) of NusA and NusG interact with RNAP, whereas their CTDs (C) establish interactions with the nascent RNA
and S10/Rho, respectively. The GreB CTD interacts with the ' rim helices domain in active and backtracked TECs; the
NTD swings into the secondary channel and activates RNA cleavage in backtracked TEC.

incorporation kinetics are dependent on the identity
of the NTP substrate [133,187,188]. Indeed, bio-
chemical analyses suggest that translocation is not
always rapid in comparison to catalysis
[47,75,85,175—177,189]. While models of elonga-
tion take the sequence contribution into account
[16,133,146], the contribution of RNAP interactions
with the nucleic acid scaffold to the TEC properties is
ignored, in part because it is more difficult to assess.
As discussed above, RNAP interactions with the 3’
NMP, ntDNA strand [127,165], and RNA:DNA hybrid
[140] may also alter translocation.

Although E. coli RNAP sliding on the DNA during
promoter search can be adequately explained by
thermal ~0.5 kgT motions [190], the RNAP translo-
cation during elongation cannot be. Consequently,
the two-pawl model of translocation [43] represents a
kinetic rather than a purely thermal Brownian ratchet
which lacks activation barriers and cannot be treated
by the transition state theory [181]. In the kinetic
ratchet, activation barriers exceeding 2—3 kgT are
invoked, blurring the distinction between the power
stroke (>>kgT) and thermal ratchet (~kgT) models.
In fact, recent studies of complex biological motors
suggest that a rigid distinction between the power
stroke and thermal ratchet mechanisms may not
accurately reflect their function, as some motors can
use either of these regimes under different condi-
tions, with additional kinetic barrier steps compound-
ing simple motor behavior [170,191]. Multi-subunit
RNAP, in which movements of many modules that
occur during the NAC could be partially rate-limiting,
easily meets the criteria of a complex motor.

Regulators of RNAP Translocation

A panoply of accessory factors have been
reported to modulate RNA chain synthesis. In most
cases, it remains unclear whether these factors exert
their effects during on-pathway elongation, the topic
of this review, or act on pause and termination
intermediates. The current evidence suggests that

three types of regulators, NusA, NusG and Gre
proteins, which are known to regulate pausing,
arrest, and termination, can modulate the pause-
free RNA synthesis. These proteins bind to distinct
and compatible sites on the TEC (Fig. 7) and should
be able to exert their effects on elongation indepen-
dently, as shown to be the case with E. coli NusA
and NusG [192]. Chromatin immunoprecipitation
analyses demonstrate that NusA, NusG and GreA
bind to elongating RNAP across most transcription
units in E. coli and B. subtilis [193—195]. While nusA
is essential in all bacteria, husG and greA are
partially dispensable in many phyla including E. coli,
suggesting that redundant cellular pathways can in
part compensate for defects in transcription termina-
tion [196] and fidelity [105] conferred by their
deletions, respectively, particularly under optimized
laboratory conditions.

NusG inhibits backward translocation of RNAP

Among numerous regulators of transcription, NusG
stands out as the only factor present in all domains of
life [197]. E. coli NusG is composed of two domains
connected by a flexible linker; the NTD binds to the
clamp helices of the ' subunit and is sulfficient for alll
NusG effects on elongation [198], whereas the C-
terminal domain (CTD) interacts with either Rho to
promote transcription termination [199] or with
ribosomal protein S10 to couple transcription and
translation [200] or mediate antitermination [201].

Based on the results of single-round transcription
assays, several groups concluded that E. coli NusG
accelerates elongation [192,202], most likely by
inhibiting backtracking [142,203]. A model in which
NusG acts at an earlier step, by favoring the post-
translocated TEC state to promote NTP binding, has
also been proposed [43]. Identifying the exact
mechanism of elongation-promoting activity using
standard transcription assays on complex natural
templates is challenging because NusG could
increase the rate of elongation between pauses,
inhibit RNAP isomerization into a paused state, or
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facilitate escape from the pause. Furthermore, NusG
effects have been shown to vary at different types of
pause elements [142]. These challenges can be
overcome by utilizing structurally homogenous
TECs assembled on synthetic scaffolds. Using this
approach, Turtola and Belogurov [18] carried out a
detailed analysis of NusG effects on the NAC, RNAP
translocation, and the structure of the transcription
bubble. Their results demonstrate that NusG inhibits
backtracking by stabilizing the upstream DNA
duplex, which has to be melted during reverse
translocation, but does not affect the on-pathway
elongation in non-paused TECs.

This model has received support from the recent
cryo-EM structures of E. coli paused TEC bound to
NusG and its paralog RfaH [17]. Both factors bind to
the upstream fork junction of the TEC, stabilizing the
first base pair of the upstream DNA duplex, which is
distorted in a factor-free TEC [12,18]. The duplex-
stabilizing effect of RfaH and NusG has been
confirmed by DNA crosslinking [17,18,130] and
provides a simple explanation for their anti-pausing
activity. However, single-molecule studies of E. coli
NusG suggested a more complex mechanism [166].
These experiments showed that, in addition to inhibit-
ing entry into long-lived backtracked pauses, NusG
increased the pause-free elongation rate of E. coli
RNAP by up to 20%, a result consistent with a model
that NusG favors the post-translocated state [43].

We speculate that this discrepancy is due to the
limited temporal resolution of the optical tweezer
single-molecule assays, which could not detect
pauses shorter than 1 s (but longer than ~0.1 s non-
paused TEC) or precisely determine the translocation
register of a paused complex [166]. Thus, the non-
paused TEC population that gives rise to the “pause-
free” rate necessarily includes a fraction of short-lived
paused complexes that evade detection. These
complexes may comprise pre-translocated, half-
translocated, and 1-nt backtracked TECs; the latter
cannot be detected even with improved resolution
[123], but are obligatory precursors of more exten-
sively backtracked TECs, which are readily observed
in single-molecule experiments [204]. Given that
NusG is expected to inhibit backtracking even by a
single nt [18], a very modest NusG effect on pause-
free elongation is likely due to the elimination of the 1-
nt backtracked population from the ultra-short 0.1-1 s
TEC:s. If this interpretation were correct, the observed
NusG effect argues that while the majority of short
pauses are independent of backtracking [205], a
fraction of pauses arise when E. coli RNAP backtracks
by a single nucleotide [206]. We note that the relative
distribution of alternative paused states may vary
among multi-subunit RNAPs which display different
propensities to backtrack, as illustrated by a compara-
tive analysis or RNAPs | and Il [207].

Interestingly, structures of the paused E. coli TEC
suggest a hypothetical on-pathway action of NusG-

like proteins [38]. The RNAP assumes a swiveled
conformation when a pause hairpin structure forms
in the RNA exit channel, or a pre-swiveled con-
formation in the absence of the hairpin, a state that
may correspond to the translocation intermediate.
RfaH, which binds to the same site on the TEC with
higher affinity, inhibits RNAP swiveling, whereas
NusG does not [17]. These results are consistent
with observations that, in contrast to NusG which
inhibits pausing only at the backtrack-stabilized sites
[142], RfaH accelerates transcription through
diverse pause signals [152].

NusA reduces the rate of RNA chain elongation
by hindering translocation

NusA is universally conserved in bacteria and
archaea, and has been implicated in transcription
pausing, termination and antitermination, as well as
co-transcriptional RNA folding [197]. E. coli NusA
associates with core RNAP during promoter escape
[198,208], is present in sufficient numbers to bind
every TEC [209], and reduces the elongation rate of
RNAP on diverse templates [4,210,211]. In vitro
studies demonstrated that NusA was much more
effective at some sites [192,211], particularly those
associated with regulatory hairpins, such as the his
pause hairpin [212]. Stabilization of weak nascent
RNA hairpins by NusA is thought to underlie its
potent effects on pausing at selected sites [212] and
on intrinsic termination [213,214], steering most
mechanistic studies of NusA toward hairpin-contain-
ing signals. However, early in vitro studies revealed
that NusA also inhibited RNAP elongation on
synthetic hairpin-less poly[dA—dT] templates [210].
Inhibition on poly[dA—dT] was simply competitive
with NTPs, in contrast to mixed inhibition on phage
T7 DNA that could not be completely overcome at
saturating substrate concentrations, with the latter
mode exhibiting an order of magnitude lower K.

Single-molecule optical tweezers experiments
suggested that E. coli NusA hinders on-pathway
elongation by inhibiting RNAP translocation. NusA
reduces the pause-free velocity similarly to an
opposing 19 pN force [215], an effect equivalent in
magnitude to the ~1.5 kgT translocation barrier of
RNAP 1l [122]. In these experiments, NusA
increased the pause frequency without affecting
the pause duration, consistent with shifting the TEC
equilibrium toward the pre-translocated state.
Observations that NusA effects were most pro-
nounced at the his pause site and minimal at a
pause site b, which was subsequently shown to be
backtracked [123], are at a first glance consistent
with the results from bulk biochemical assays [142].
However, the lack of NusA effect on pause duration
is apparently at odds with its well-documented role in
delaying RNAP escape from the his pause site [216].
This discrepancy is likely due to a failure to observe
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pause stabilization in the optical trap experiments
[217]; thus, this analysis is limited to short ubiquitous
pauses and long backtracked pauses, neither of
which are affected by NusA.

Zhou et al. [215] argued that NusA, which did not
significantly alter V.« in their experiments, has to
hinder translocation in a mechanical fashion. Recent
cryo-EM structures of E. coli NusA bound to the TEC
[129,201] suggest possible modes of action. NusA is
comprised of the N-terminal RNAP-binding domain,
three RNA-binding domains, and C-terminal acidic
regulatory regions [218]; the N-terminal domain
(NTD; residues 1—137) mediates most NusA effects
on transcription, if present at increased concentra-
tions [196,215,216].

The NusA NTD binds to the o subunit CTD, the P
flap domain, which constitutes one wall of the RNA
exit channel, and the RNA hairpin that forms within
this channel [129]; the importance of these interac-
tions for the pause state stabilization has been
supported by biochemical data [129,212,216]. The
CTDs of NusA are flexibly tethered to the NTD,
enabling context-dependent interactions with the
nascent RNA, the w subunit of RNAP, and the
components of the phage A N antitermination
complex [129,201]. While the exact roles of these
contacts in modulating pausing, termination, and
antitermination remain to be established, they could
also affect RNAP translocation.

NusA can affect translocation by acting on the
nascent RNA or by altering the TEC conformation.
NusA remodels the RNAP exit channel composed of
the B flap and B’ Zn-finger and dock domains by
contributing several conserved positively charged
residues that directly bind RNA [129,201]. By
stabilizing the nascent RNA contacts within the exit
channel, NusA could hinder its movement during
translocation, as proposed in Ref. [215]. NusA could
also stabilize diverse RNA structures formed within
and outside the channel; some of these structures
have been shown to promote pausing [216],
whereas others could inhibit pausing by blocking
backtracking [219] or through interactions with the
pre-translocated state of the TEC [123]. In contrast
to its well-documented pause- and termination-
promoting effects, stimulation of RNA synthesis by
NusA acting alone has not been demonstrated.

Cryo-EM structures of paused E. coli TECs
[38,129] suggest that NusA may also favor con-
formational changes in the TEC that accompany its
transition into a paused state. TECs bound to the his
pause hairpin, to NusA, or to both NusA and the
hairpin appear to capture an asymmetric transloca-
tion intermediate (Fig. 5) in which many RNAP
domains are repositioned. The clamp and shelf
rotate (swivel) relative to the core module and the lid
loop moves to accommodate the tilted 10-bp hybrid.
The B’ switch 2, which is proximal to the lid loop and
has been proposed to interact with the ' BH to

control translocation [30], is locked in a pre-
translocated position. The B flap-tip helix is pulled
away from the RNA exit channel, a shift that is
thought to be allosterically linked to changes in the
TL [38], which can affect translocation as well as the
rate of catalysis. Guo et al. also suggested that
remodeling of the TEC by NusA could promote
interactions between the p SI1 and the p' SI3
domains, in turn leading to changes in the TL
dynamics. It remains to be determined whether the
observed half-translocated intermediate is formed
during on-pathway transcription or is induced by the
consensus pause element present in both com-
plexes [38,129] and which of the changes that
accompany NusA binding mediate its effects. Test-
ing the effects of NusA on transcription in structurally
defined TECs formed by variant RNAP enzymes
with altered BH, TL, or Switch-2 would be
informative.

Secondary channel factors inhibit elongation in
active TECs

During cellular transcription, RNAP can stall after
incorporation of a non-cognate nucleotide into a
growing RNA or upon encountering a roadblock, for
example, a DNA-associated protein or a DNA lesion.
The stalled RNAP backtracks [7], threading the 3
segment of the nascent RNA into the secondary
channel [9], and becomes arrested. As described
above, the backtracked TEC can be reactivated
upon cleavage of the nascent RNA, a reaction
catalyzed by the RNAP active site but requiring
accessory factors to occur on physiologically rele-
vant timescales [95]. Transcript cleavage factors
(GreA/B proteins in bacteria, TFIIS in eukaryotes)
bind in the RNAP secondary channel and stimulate
the nascent RNA hydrolysis by remodeling the
RNAP active site [33,112]. Arrested RNAPs impede
progression of other macromolecular complexes,
including replisomes, threatening chromosome sta-
bility and requiring genome-wide surveillance by the
transcript cleavage factors to identify and reactivate
the stalled TECs.

GreA is present in almost all bacteria, whereas the
closely related GreB and more distant Gfh paralogs
are found in only some bacterial lineages. Gre
factors consist of two domains. A long N-terminal
coiled-coil that extends toward the RNAP active site
through the secondary channel and is essential for
the RNA cleavage activity; the acidic residues at the
tip chelate the MG2 ion [119]. A globular CTD
interacts with the B’ rim helices domain located at the
entrance into secondary channel [120,220]. In vivo
studies in E. coli demonstrated that Gre factors
restore the active RNAP register [221] and increase
transcription fidelity, with GreA implicated as the
principal fidelity factor [105]. In contrast to GreA,
GreB can promote RNA cleavage in extensively
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backtracked TECs [111] and has larger effects on
transcription in vitro.

Since Gre factors reconfigure the active site into
the cleavage mode, their continual association with
the TEC could be expected to inhibit the normal RNA
synthesis mode. This view is supported by structural
modeling, which shows that a fully-folded TL is
incompatible with Gre-mediated cleavage [20,116],
and by findings that Gfh or cleavage-deficient Gre
mutants inhibit RNAP [119,222]. Surprisingly
though, inhibition by wild-type Gre factors was not
readily apparent in bulk experiments [119,121].

These and similar observations suggest that
transcription elongation factors specifically target
subsets of TECs, binding to only those complexes
that are in need of their regulatory action [223]. For
example, Gre factors were proposed to displace the
TL in backtracked but not in active TECs, ensuring
that RNA proofreading and arrest resolution do not
interfere with facile transcription [121]. Structural
changes observed in some arrested complexes, for
example, ratcheting associated with extensive back-
tracking or factor binding [34,116], could in principle
underpin this conformational selection. Preferential
binding to an inactive TEC conformation has been
proposed to explain pause-promoting activities of
Deinococcus Gfh factors [224].

However, a recent study using single-molecule
fluorescence microscopy approach, which enables
one to single out actively transcribing TECs, refutes
this model [225]: E. coli GreB rapidly, at nearly
diffusion-limited rates, associated with elongating
TECs, as well as with stalled TECs locked in active
or backtracked states; in fact, GreB preferentially
associated with non-backtracked complexes. Once
bound, GreB stayed on only for a fraction of a
second, the time period comparable to a nucleotide
addition step. T. aquaticus GreA was also found to
bind to active TECs in gel shift assays [226]. These
results suggest that Gre proteins and other second-
ary channel regulators, at least five of which are
known in E. coli [227], could actively patrol the cell to
look for transcription complexes in need of rescue.
Interestingly, Tetone et al. [225] also found that, in
support of the conformational selection model, 20%
of the ECs were unable to bind GreB. These GreB-
resistant complexes were only marginally (< 1.2-fold)
slower than GreB-sensitive TECs. While the reason
for this heterogeneity was not investigated, an
altered conformation of the TL/SI3 module could
explain the resistance of TEC to GreB. Although TL
and Gre factors have been viewed as alternative
catalytic elements, the transcript-cleavage activity of
E. coli GreA is potentiated by the TL [117] and GreB
function is absolutely dependent on SI3 [42].

In line with the expectations of its inhibitory effect
on the NAC, wild-type GreB reduced the rate of RNA
synthesis ~2-fold [225]. An observation that D41N
substitution, which strongly inhibits cleavage and

transcription in GreA and GreB [119,220], signifi-
cantly increases GreB residence time on the TEC
[225] could suggest that GreB inhibits nucleotide
addition when bound to RNAP and allows the
enzyme to proceed in bursts when GreB dissociates.
However, modeling of the dwell-time distribution is
inconsistent with this hypothesis, arguing instead
that a GreB-bound TEC is inherently slower, with
D41N substitution additionally stabilizing an inactive
TEC state [225].

These findings, together with recent optical twee-
zers experiments [123], suggest that GreB, which is
commonly viewed as an anti-arrest off-pathway
regulator, is able to modulate on-pathway elonga-
tion. However, a modest reduction in the elongation
rate by the bound GreB is puzzling because, when
positioned inside the secondary channel, the coiled-
coil domain would be expected to prevent folding of
the TH [116], which is critical for catalysis [20]. A
likely possibility is that GreB interacts with the
moving TEC nonproductively, with its coiled-coil
domain located outside of the secondary channel
and the globular CTD engaged in high-affinity
contacts with the B’ rim helices [220]. This model is
supported by studies of eukaryotic RNAP | and Ill, in
which transcript cleavage is mediated by integrated
core subunits A12.2 and C11, respectively, rather
than by dissociable transcription factors. The clea-
vage-stimulating zinc ribbon domains of A12.2 and
C11 are structurally homologous to that of TFIIS,
including the positions of the catalytic acidic resi-
dues, and are flexibly connected to domains located
on the RNAP surface [228]. Structural studies
revealed that A12.2 and C11 enter the secondary
channel only transiently [228,229]. Cryo-EM struc-
tures of yeast RNAP | show that the A12.2 zinc
ribbon domain occupies the channel in the absence
of nucleic acids, but is expelled from actively
elongating TECs in which the channel is contracted
[229]. Together, these results suggest that in all
multi-subunit RNAPs, widening of the secondary
channel, which accompanies formation of back-
tracked [25,116] or otherwise inactivated transcrip-
tion complexes [34,229], permits an (integrated or
dissociable) extended domain to enter the channel
and trigger nucleolytic cleavage of the nascent RNA.

The ad hoc recruitment to the altered secondary
channel suggests that GreB inhibits elongation
allosterically, acting from the RNAP surface, an
idea supported by findings that its globular domain
hinders elongation when present alone [230]. What
could be a molecular mechanism of this inhibition
and is it shared by other factors acting through the
secondary channel? Yeast RNAP Il Rpb9 subunit,
which stimulates intrinsic RNA cleavage similarly to
C11 [228], and yeast TFIIS promote transcriptional
pausing [207,231]. Similarly, E. coli DksA, a struc-
tural mimic of GreB which also binds in the
secondary channel [232], modestly inhibits
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elongation [90]. Functional interactions between
these regulators and the TL likely underlie their
effects on elongation. Deletion of rpb9 is syntheti-
cally lethal with rpb7-E1103G [231], a substitution in
the TL that stabilizes its closed conformation [44].
The B’ rim helices-bound GreB and DksA are located
near the SI3 domain [233], and their functions are
strongly dependent on SI3 [42,234]. This insertion is
absent in most bacteria and in eukaryotes, but Rpb9
position on the TEC is similar to that of SI3 and Rpb9
has been proposed to modulate TL folding similarly
to SI3 [231].

Does GreB's ability to bind to every TEC establish
it as a bona fide general transcription factor in
E. coli? An answer to this question awaits a careful
analysis of GreB concentrations in the cell. Unlike
NusA and NusG, which are sufficiently abundant to
bind every TEC, published estimates of RNAP:GreB
ratios vary from 1 to >1000 [209,235]. DksA and
GreA, which promote transcriptional fidelity, are
more abundant in E. coli [89,105]; it is possible that
other secondary channel regulators, including GreB,
may become upregulated under certain conditions.

Bacteriophage proteins that control RNAP elon-
gation/termination decisions

In addition to host-encoded transcription elonga-
tion factors, many bacteriophage-encoded factors
have been shown to modulate RNA chain elonga-
tion. Short and prolific life cycles of phages rely on
their ability to express their genes efficiently, sub-
verting the host transcription. Phages achieve fast
transcription by using a streamlined enzyme, such
as the single-subunit T7 RNAP, or by employing
antitermination factors that bind at the RNA exit
channel, most frequently through contacts with the f3
flap domain, and modify the host RNAP into a pause-
and termination-resistant state [236]. Phage A N and
Q proteins, the first identified and the best-studied
antiterminators, appear to act exclusively during
elongation, reducing pausing and additionally stabi-
lizing the TEC. Other phage antiterminators double
as inhibitors of initiation, by blocking c-flap contacts
that are required at canonical — 35 hexamer-contain-
ing promoters [237,238].

Studies of phage antiterminators suggest that they
favor forward RNAP translocation, although the
molecular details remain to be elucidated. A cryo-EM
structure of the A N-antitermination complex reveals
that N inhibits backtracking and modifies the RNA exit
channel through remodeling NusA/ flap interactions
[201]. P7 from Xanthomonas oryzae phage Xp10
stabilizes the upstream DNA duplex to inhibit back-
tracking [239] and inhibits termination, an effect that
depends on NusA and the w subunit [238], which
interacts with NusA [129], suggesting that p7 may also
remodel NusA and prevent RNAP swiveling, and thus
hairpin-induced termination. Gp39 from a

T. thermophilus phage also binds to the 3 flap, but its
antipausing action is independent of NusA and is
proposed to entirely account for antitermination, with-
out added contributions to the TEC stability [237].

In contrast to proteins that promote elongation,
bacteriophage HK022 Nun arrests RNAP and
appears to act solely to prevent superinfection by A
by competing with N [240]. Nun is an intrinsically
disordered protein that sneaks into the preexisting
gaps in the TEC and locks RNAP on the DNA [12],
precluding translocation in either direction [241]. Nun
binding does not appear to be readily compatible
with the active TEC structure [12], prompting a
suggestion that Nun can only bind to swiveled/
ratcheted TECs. Consistently, Nun action appears
restricted to paused TECs [240], a trend that may be
common among phage regulators of elongation,
judging from the published data.

Concluding Remarks

Despite recent advances in structural, functional,
and computational studies of RNAPs, our under-
standing of the mechanism and regulation of transcript
elongation is incomplete. During the last decade,
many Xx-ray structures of transcription complexes
captured in different states of the nucleotide addition
cycle deepened our understanding of the catalytic
mechanism. At the same time, the advances in cryo-
EM techniques revealed the overall organization of
RNAP complexes with the transcription factors and
provided insights into the mechanism of translocation.
However, most RNAP structures feature resolutions
above 3 A and the fine details of catalysis and
mechanisms of elongation factors are lacking.
Improvements in spatial resolution of the existing
and development of new structural approaches, such
as radiation-damage-free serial femtosecond crystal-
lography using x-ray free electron laser [242], hold
bright promise. In a foreseeable future, structural
studies may deliver the comprehensive timeline of
atomic resolution snapshots depicting conformational
rearrangements that accompany nucleotide addition
cycle and branching events.

Similarly, we are still far from the complete
quantitative dissection of transcription. While models
describing processive transcription emerged over a
decade ago and have been refined in each successive
iteration, the recent models proposed by different
teams differ in the key aspects and there is no
consensus in the field on which model is right. On
the technical side, the single-molecule studies of
processive transcription using optical or magnetic
tweezers still have an insufficient spatio-temporal
resolution to visualize the single-nucleotide addition
steps at physiological NTP concentrations and princi-
pally cannot individually resolve the translocation and
the nucleotide addition steps. At the same time, the
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ensemble studies of the single-nucleotide addition
reactions provide important quantitative details of the
individual steps in the transcription cycle such as
substrate binding and translocation, but survey only a
very limited set of sequence positions. A radically new
approach, single-molecule picometer resolution nano-
pore tweezers, holds promise to complement defi-
ciencies of the current techniques by achieving the
resolution exceeding a single base pair step at a
millisecond timescale [243].

Finally, our understanding of the cellular context is
cursory at best. Most in vitro assays are carried out
on naked linear DNA templates, with RNAP alone or
in the presence of one or two accessory proteins,
whereas the cellular DNA is bound to many proteins
that may hinder RNAP progression directly, as Lacl
[244] or topologically, as nucleoid-associated pro-
teins (NAPs) H-NS, StpA, and Hha [245]. Transcrip-
tion also generates topological stress, as moving
RNAP overtwists the downstream and undertwists
the upstream DNA [246]. While positive supercoils
ahead of RNAP may displace protein roadblocks
[247], thereby aiding RNA synthesis, unwound DNA
behind the enzyme promotes the formation of R-
loops [131] and excessive torsional stress triggers
backtracking [248]. Proteins that constrain the DNA
may topologically trap RNAP [249], whereas those
that alleviate backtracking help RNAP to overcome
topological barriers [250]. Numerous proteins that
affect DNA structure or chromosome organization
into topological domains (such as helicases, topoi-
somerases, and diverse NAPs) may modulate
transcript elongation, giving rise to observed differ-
ences in RNA synthesis rate across the genome
(see Ref. [251] and references therein), but their
effects on RNA synthesis and even their identities
are yet unknown. The rate of RNA synthesis is also
tuned by cellular signals, with transcription deceler-
ating during slow growth and under stress [252,253].
This effect that can be explained by increased levels
of the alarmone ppGpp, which promotes pausing
[254], changes in supercoiling [255], altered levels of
NAPs [209], and so on. All these inputs must be
coordinated to yield the optimal RNAP speed in
every gene at every condition, a task that cells
accomplish with ease, but we have only a few
glimpses into. Integrative modeling of genome-wide
distribution and abundance of RNAP and regulatory
factors, transcript levels, chromosome organization,
and metabolite concentrations will be required to
build a holistic picture of transcription.
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