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Abstract

Cellular RNA polymerase is a multi-subunit macromolecular assembly responsible for gene transcription, a
highly regulated process conserved from bacteria to humans. In bacteria, sigma factors are employed to med|ate
gene-specific expression in response to a variety of environmental conditions. The major variant o factor, g

has a specific role in stress responses. Unlike ¢’
proceed to initiation, o°

-dependent transcription, which often can spontaneously
“*_dependent transcription requires an additional ATPase protein for activation. As a resullt,

structures ofa number of distinct functional states during the dynamic process of transcription initiation have been

captured using the o

4 system with both x-ray crystallography and cryo electron microscop % furthering our
understanding of g dependent transcription initiation and DNA opening. Comparisons with o

and eukaryotic

polymerases reveal unique and common features during transcription initiation.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Introduction

Transcription must be tightly controlled to ensure an
adequate and efficient response to growth and
environmental changes. The strict regulation of gene
expression is controlled in a number of ways with
bacteria relying on sigma (o) factors as the primary
regulatory factors. These factors confer gene specificity
by directing RNA polymerase (RNAP) to a selective set
of genes under their control. Subsequent regulations
are imposed during the distinct stages of transcription,
with the majority executed during initiation, the stage
involving the conversion from the initially closed
complex, where DNA remains double stranded and
outside of RNAP, to the transcriptionally competent
open complex, where the transcription bubble has
opened up and the template (T-) strand has been
delivered into the active centre.

Cellular RNAP is conserved from bacteria to humans
with the bacterial enzyme containing the minimal core
of five subunits: 3, ', two a, and w subunit [1,2]. A
number of g factors exist in bacteria ranging from seven
in Escherichia and Shigella to 65 in Streptomyces

0022-2836/© 2019 The Author.
(http://creativecommons.org/licenses/by/4.0/).

coelicolor [3,4]. o factors can be broadly classified into
two famlhes based on their functions and mechanisms.
The a° class comprises the primary g factor (g7 in
Escherichia coli), which regulates housekeeping
genes, and alternat|ve o factors involved in the stress
response [5]. 0’° can be further divided into four
groups, which are characterized by varying degrees of
conservation in the four structural domains [6]. o°
recognizes the —35 and — 10 promoter sites (upstream
from the transcription start site, TSS at +1) and can
spontaneously isomerize from a closed complex into
an oopen promoter complex [6].

(or a™), which is involved in a range of different
stress responses, has no srgnmcant sequence similar-
ity to g’ and instead recognizes —24 and -12
promoter sites [7]. Unlike a”°, the a>* closed complex
(RPc) is unable to spontaneously isomerize to an open
complex (RPo). Instead it requires ATP dependent
activator proteins bound remotely upstream from the
promoter srte in order to activate transcription.

The o°* activator proteins, termed bacterial
enhancer-binding proteins (bEBPs), contain a con-
served ATPase domain that belongs to the large
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ATPase associated with various cellular activities
(AAA +) protein family [8]. Initially, bEBPs interact with
upstream DNA (the enhancer-binding sites), approxi-
mately 100—150 base pairs (bp) upstream of the
promoter region termed the upstream activating
sequence [9]. bEBPs then oligomerize, often aided by
nucleotide binding to the AAA+ domain, and use its
ATPase activity to remodel the closed complex. AAA +
domains contain the highly conserved AAA-specific
motifs for nucleotide binding and hydrolysis as well as
the highly conserved GAFTGA motlf WhICh was shown
to be involved in interacting with 0>* through a direct
contact [10]. Most bEBPs contain a single polypeptide
chain that forms a homohexamer. As an exception two
bEBPs, HrpR and HrpS from Pseudomonas syringae
need to form a hetero-hexameric complex (HrpRS) in
order to activate transcription [11]. Although HrpR and
HrpS show high-sequence similarity and possess all
conserved bEBP central domain regions and all
characteristic motifs, HrpR and HrpS functions are
highly co-dependent and are completely incapable of
activating transcription on their own, suggesting
individual subunits within the bEBP hexamers play
unique roles during open complex formation.

Most bEBPs are regulated by stress-related signals
in cis (such as NtrC, NorR and NifA), through their
N-terminal regulatory domains [10]. Like PspF, both
HrpR and HrpS lack a cis-regulatory domain, and
therefore, HrpRS hetero-hexameric activity is nega-
tively regulated in trans by HrpV which specifically
binds HrpS [12], whereas PspF is negatively regulat-
ed by PspA. As the upstream activating sequence
region is not in close froximity to the promoter region,
where the RNAP-g** holoenzyme awaits, DNA loop-
ing is required, which often is assisted by the
integration host factor, in order to bring the bEBPs
into the vicinity of the promoter (Fig. 1) [13-15].

Isomerization of closed to open promoter complexes
involves opening up the double-stranded (ds) DNA into
a transcription bubble in the span of 13-15 bp

RPc

just upstream of the TSS (between —-12 and +1).
The T-strand is then orientated into the RNAP active
site where transcription is carried out. However, until
recently, the exact mechanisms involved in the
initiation process were poorly understood due to the
dynamic and transient nature of this process. As the
RPc cannot spontaneously proceed to transcr|pt|on in
the absence of ATPase activity, the °* system has
been particularly useful for characterising distinct
functional states and has recently led to the capture
of not only the closed and open complexes, but also
two intermediate states, providing valuable insight into
the key stages of bacterial transcription [16—18].

The o°* system is a fascinating system to study the
initiation process due to its unique properties in
controlling transcription as well as the coupling of
cellular signals to transcription initiation through the
bEBPs. Furthermore, a°* activators represent a unique
class of AAA+ proteins. A number have recently been
shown to act through a sequential mechanism by
threading substrates through its hexameric central pore
[19-23]. However, it is unknown how other AAA+
proteins including bEBPs, which do not actively thread
substrates through their central pores, couple nucleo-
tide activities to their functions.

Much progress has been made in the last 30 years
in our understanding of molecular mechanisms of the

54.dependent transcription regulation blochemlcally
and genetically. However, unlike the ”° system,
which has had a number of high-resolution structures
since early 2000 including the holoenzyme, the
complex with fork junction DNA, and more recently
the open complex and initial transcrlptlon complex
[24—29], high-resolution structures of the a°* holoen-
zyme, and subsequent DNA complexes were only
available from 2015 oownward. This review will thus
focus on the recent structural data and summarize our
current understanding of the molecular basis of
transcription initiation in o°*-dependent transcription
and the role of ATPase activator proteins. In particular,

RPo

Fig. 1. Schematic of the basic mechanism of >*-mediated transcription initiation between the closed (RPc) and open
(RPo) DNA complex. The  subunit of RPo is shown in transparent in order to visualize the open transcription bubble.
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we will detail our mechanistic model on transcription
bubble formation and DNA loading, captured recently
in a®*-dependent intermediate states. Furthermore,
here we discuss the structural features that define
the unique properties of a°* in comparison to a”° and
provide a structural basis on why o°* is unable to
spontaneously isomerize to the open complex.

Molecular Basis of Transcription
Inhibition by o**

E. coli 3°* consists of three main functional regions
based on sequence alignments, denoted regions I-llI
(RIHI1), shown in Fig. 2a and b. N-terminal RI, between
residues 1-56, is responsible for the interaction with
the activator proteins as well as having an inhibitory
role in formation of the RPo [30]. RlI, located at residues

(a) 1 56 85 105 120

57-120, is poorly conserved, whereas Rlll contains the
major RNAP binding domain, the core binding domain
(CBD), as well as major DNA binding domain RpoN,
which recognizes the —24 promoter DNA (Fisg. 2b
and e) [31-35]. The crystal structure of RNAP-c~" and
the cryo electron microscopy (cryoEM) structure of the
RNAP-0**-DNA closed complex, RPc, revealed a
number of structural domains (Fig. 2). Rl consists of two
helices forming a hook. RIl can be further divided into
RII.1, RIl.2 and RII3. RIII consists of the CBD followed
by loops that lead to the extra-long helix (ELH), a 55-A-
long helix whose N-terminal portion forms an interact-
ing domain with RI, whereas its C-terminal region is part
of the helix-turn-helix (HTH) motif, before finally leading
to the RpoN domain (Fig. 2b) [16].

The role of a* Rl in transcription inhibition was first
recognized through mutagenesis of the leucine and
glutamine-rich patch, as these mutations permitted

250 385 477

RTINS -2 (R3] cBD

[ ELH-HTH [ RPoN

(d)

RIl.1 domain (e)
blocks dsDNA
channel

¥ 80,
g §QO°

Rl interacts with
RIII-ELH to block
upstream DNA
entry

RIl.2 domain

interferes with T
strand and CBD
blocks RNA exit

Fig. 2. The inhibitory action of 3> on RNAP. RNAP (aBp'w) is shown in gray, with key interaction sites highlighted in blue
boxes. (a) Primary structure of g>*. (b) Structural components of 6°*. (c) The upstream T-strand site is blocked by the
interaction between Rl and RIII-ELH. (d) RIl.1 occupies downstream dsDNA channel. (e) RII.2 restricts T-strand entry, while
RII.3 occupies the RNA path and the CBD blocks the RNA exit channel. Images created in PyMOL v1.8.4.0 with PDB ID:

5BYH (a, ¢, d) and 5NSR (b).
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activator-independent transcription [36]. Four random
point mutations within this region were proficient in
bypassing NtrC, the bEBP required for nitrogen
metabolism [36]. Interestingly, a number of other
activator bypass mutants have been identified in
regions outside RI, including R336A in RIII-ELH
[32,37]. These findings suggested a network of
interactions within ®* acted to maintain RPc and
prevent its isomerization.

Earlier low-resolution cryoEM reconstructions of
RNAP-g** holoenzyme identified a domain in g
capable of blocking the entrance of DNA into the
RNAP active channel and this domain was hypothe-
sized to be RI [38]. However, the detailed molecular
basis of inhibition was only revealed when the 3.8-A
structure of RNAP-g®* was resolved using x-ray
crystallography [16]. The cryoEM structure of the
RPc provides further insights into the mechanism of
inhibition by a°* [17].

These structures show that the interacting Rl and
RIII-ELH of o* stably block DNA access to the RNAP
active site by occupying the B and B’ cleft (Fig. 2c),
which is also too narrow to accommodate double-
stranded DNA in the holoenzyme and RPc [16,17,38].
These structures explain how Rl inhibits transcription
and why mutations in or deletion of the Rl or mutation of
the R336 residue within the ELH domain of Rilll, the
specific region shown to interact with Rl (Fig. 2a-b),
removed the requirement for an activator protein,
provided the transcription bubble is preformed
[16,32,37].

In addition, RIl and its three subdomains (RIl.1-3)
were shown to occupy a number of sites within the
RNAP known to be essential for DNA binding (RII.1,
Fig. 2d), DNA T-strand organization (RIl.2, Fig. 2e), as
well as the channel designated to newly synthesized
RNA (RII.3), thus suggesting functional importance for
this highly variable and previously unassigned region
[16]. Interestingly, in the closed complex solved by
cryoEM, the density is weak within this region,
suggesting the dynamic nature of RIl. These regions
are connected by flexible linkers, thus likely to permit
greater flexibility and movement.

The CBD of 0°* is shown to interact with a number of
key regions in RNAP and blocks the RNA exit channel.
Thus, it is suggested that 0>* would need to move
position or be released upon synthesis of a certain
length of RNA (15-17 nt) prior to elongation. Kinetic
studies indeed showed that o** is released from
polymerase upon elongation [39]. This is potentially in
contrast with a”°, in which a significant fraction (~ 30%&
of elongation complexes were shown to retain g’
during elongation [40—43]. Interestingly, the CBD also
interacts with the C-terminal domain of the RNAP
alpha subunit (a-CTD) in the x-ray structure of the
RNAP-g°* holoenzyme (PDB ID: 5SNWT [16]) and RPo
(PDB ID: 6GH5 [18]). However, there is no clear
density for a-CTD in the other complexes such as RPc
(PDB ID: 5NSR), the intermediate complex RPi (PDB

ID: 5NSS), the partially loaded complex RPip (PDB ID:
6GHS), or the initial transcribing complex RPitc (PDB
ID: 6GFW), suggesting that this interaction is transient
and dynamic. a-CTD has been shown to play many
key roles, including promoter recognition through
interactions with activator, repressor proteins and
DNA, as well as coupling mRNA from RNAP to
ribosomes during transcription—translation coupling
[44-46]. There is no evidence so far that a-CTD
interacts with bEBPs, but whether a-CTD and CBD of
o°* might play a coordination role in mRNA transfer is
an intriguing idea that requires further investigation.

In summary, the 0> domains block the DNA entry to
the active site and occupy the downstream DNA
channel, as well as the T-strand DNA and RNA exit
channels, thus explaining the tight inhibition o>
imposes on RNAP. In order for transcription to proceed
to the open complex, for RNA synthesis and elonga-
tion, these domains need to be relocated. However,
these domains are topologically constrained with
polypeptide chains snaking back and forth. Rl interacts
with RIlI-ELH. In between RI and RIII-ELH is RII.1,
which occupies the downstream DNA site (Fig. 2d) and
is connected to RII.2 and RII.3, embedded well into the
DNA/RNA binding channel before exiting through the
RNA exit channel to connect to the CBD, which then
snakes back along a shallow groove to connect to RIII-
ELH (Fig. 2e). The relocation of these several domains
is thus unlikely to be a frequent spontaneous process,
instead requiring substantial coordinated conforma-
tional changes within o> and RNAP, presumably
driven by AAA + activator proteins.

Mechanisms of o °>*-Dependent
Transcription Initiation

Activator proteins utilize their ATPase activities to
remodel the stable closed complex and assist isom-
erization into the RPo state. The isomerization process
is common to all transcriptional systems and is highly
dynamic, involving short-lived intermediate states
that are difficult to capture. Using the a°* system and
the activator protein trapped by an ATP transition
state analogue, along with the advanced technology
of cryoEM in separating structural states, a number
of functional states, including two intermediates, have
been captured. These structures now provide a
detailed molecular basis for a>*-dependent transcrip-
tion initiation with some aspects that are likely to be
shared with other systems.

Initial DNA separation and transcription bubble
formation

A recent cryoEM structure of RPc reveals the mode
of promoter recognition by g®*. Following RNAP
recruitment, the DNA is bound at the two consensus
sites, —24 and -12, by the RpoN box and RIlI-HTH,
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respectively [17]. Significant distortions in DNA were
observed downstream of —12. Specifically, the minor
groove around —12 is widened significantly. This
correlates with the positioning of the alpha helical Rl
of a4, which contacts both DNA strands downstream
of —12, alongside the RIII-HTH domain which interacts
with the non-template strand [17]. The structural
constraints between RI and RIII-HTH, which is
connected by the ELH, thus contribute to the widening
of the DNA minor groove [18].

Although the DNA distortion and opening are
initiated in RPc, an activator is required for further
transcription bubble opening, as ¢°* mutants that
bypass the requirement of an activator can only initiate
transcription with a pre-opened transcription bubble
[32,47]. In order to understand how the activator is
engaged in DNA opening and assists the release of
the o>*-inhibition on the RNAP holoenzyme, structures
of activator bound RNAP-g®*~DNA complexes
are required. Using cryoEM, and the ATPase domain
of activator PspF (PspFi_»75), which is sufficient to
activate transcription in vitro [48], a structure of PspF;_
275 trapped with ADP.AIF, in complex with RNAP-g>*—
promoter DNA, termed RPi, was obtained [17]. In
support of previous data, it is evident from the cryoEM
density that the interactions between the asymmetric
PspF hexamer and g>* are via two surface loops (L1
and L2 loops) of PspF and Rl of g°* [17,38,49-51].
Indeed, the interactions between RI and the L1/L2
loops form a wedge at —12/-11 and separates ~5-
6 bp, thus committing and promoting strand separation
and transcription bubble formation [17]. Furthermore,
the Rl and RIII-ELH domains, which occupy the entry
site for DNA into the RNAP cleft in RPc, have moved
upstream in RPi, thus partially removing the inhibitory
effect of 0°* on DNA loading. This is consistent with
data showing that the RPi state can support short
transcript synthesis using a dinucleotide primed RNA
with a pre-opened transcription bubble template [52].
Rl and RIII-ELH thus act as a retractable gate for DNA
loading [17]. This movement also coincides with a
widening of the RNAP cleft, again in preparation for
DNA entry into the RNAP cleft.

Initial DNA loading

In both RPc and RPo, the clamps are in a closed
conformation, unable to accommodate a double-
stranded DNA. However, in the intermediate complex
RPi, the B’ clamp opens up, signifying the importance
of capturing intermediate states of transcription initia-
tion complexes in order to understand the mechanisms
of the dynamic transcription initiation. It is clear
from these structures that further conformational
changes are required for DNA loading and to fully
open the transcription bubble. A recent structure of
another intermediate complex, when DNA is partially
loaded into the RNAP cleft, shed light into these
processes [18].

In the process of obtaining the open complex (RPo)
structure, which was formed by using a a°* activator-
bypass mutant (R336A) along with a preformed
transcription bubble containing a mismatch between
—-10 and -1 on the NT strand, and the initial
transcribing complex (RPitc) structure, which was
formed by adding a dinucleotide primer and selected
nucleotides to the open complex, another conforma-
tional state was obtained and solved using cryoEM to
4.1-A resolution.

In this structure, DNA was held at the RNAP cleft
instead of being fully inserted, as expected in RPo or
RPitc [18]. Instead, DNA exhibits a 30° kink toward
the RNAP cleft at the —12/-11 position, signifying
the point at which DNA may turn and enter into the
active site during loading [18]. The B’ clamp is wide
open in this structure compared to RPc (~22 A/20°
rotation), allowing loading of the dsDNA into the cleft
(Fig. 3). Importantly, the DNA between —10 and +1
is held by the proline/glycine loop of the 8 pincer at
residues 372-375, along with the positively charged
B’ coiled-coil loop between residues 305-325 on the
opposing side of the clamp, thus stopping dsDNA
from being fully loaded [18]. This structure was thus
proposed to represent an intermediate state where
dsDNA is partially loaded into the cleft and has been
termed RPip (Fig. 3).

Interestingly, a range of DNA conformations have
been captured for eukaryotic RNAPII closed com-
plex, where the dsDNA sits closer to the RNAP cleft
compared to the closed complex of RNAP-g**. In
the human RNAPII closed complex structure, the
DNA has a 10° kink around —12/-11 toward the
RNAP channel. This is accompanied by a slightly
more open clamp [53,54]. Recent work on the yeast
RNAP Il closed complex reveals a possible confor-
mation with slightly distorted DNA [55]. The trajec-
tory of DNA toward the RNAP cleft correlates with
the widening of the cleft, thus supporting a model
that initial DNA loading is accompanied by the clamp
opening. The largest opening was captured in RPip,
which correlates with DNA being furthest into the
cleft. Although it cannot be ruled out that RPip is a
collapsed RPo or RPitc state or an off-pathway
intermediate, a number of arguments support the
view that RPip might be an on-pathway intermediate.
First of all, the RPip structural features agree with
earlier DNA footprinting studies of RNAP-g° inter-
mediate state |4 [56,57]. Second, the clamp confor-
mation and DNA path (including the 30° kink) in the
RPip structure are in agreement with the conforma-
tional trajectory based on those observed in RNAPII.
Third, the wide opening of the clamp, as in RPip, was
observed in RNAP clamp conformations using fluo-
rescence resonance energy transfer experiments [58],
which revealed a distribution of several conformational
states for holoenzymes, although only closed clamps
were observed in RPo. However, further investigation
is required to correlate the exact clamp conformations
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Fig. 3. The known states of 0°*-mediated bacterial transcription. Arrows indicate the cleft width at each stage, with the
cleft outlined in yellow. Images were constructed using Chimera v1.9 with RNAP-g®* (PDB ID: 5NWT), RPc (PDB ID:
5NSR), RPi (PDB ID: 5NSS), RPip (PDB ID: 6GH6), RPo (PDB ID: 6GH5) and RPitc (PDB ID: 6GFW).

in solution with the functional and structural states
during initiation.

A coupled load and unwind model

How DNA is loaded and unwound is at the core of
the transcription initiation process and has been
extensively studied. Earlier footprinting data indicat-
ed protected regions within the promoter, implying
interacting sites with proteins or regions enclosed by
proteins. Specifically, the interactions made at —12
by a>* were shown to be important in DNA distortion
in the closed holoenzyme complex [59]. Potassium
permanganate probing, combined with ortho-copper
phenanthroline and diethylpyrocarbonate footprints,
which preferentially interact with thymines on single-
stranded DNA, was used to identify the selective
interaction of 0>* with the single-stranded T-strand at
this — 12 proximal promoter region [59]. These data first
indicated a role for °* in transcription bubble initiation/
stabilization.

Two intermediate states preceding the open com-
plex of the o’°-RNAP holoenzyme, named |y and Iy,
were also identified with footprinting and low-
temperature equilibrium kinetic studies [56]. Analysis
of both states suggests that binding of the DNA in |4

triggers a conformational change in the RNAP 3 and '
jaws, which in turn results in their closure in I, thus
leading to opening of the DNA [56]. In |4, a sharp 90°
kink in the DNA at — 10 is proposed in order to permit
RNAP-DNA contacts downstream of -5, likely to
guide DNA into the active site cleft [57]. It is possible
that the |4 state derived from early footprinting in the
o’° system relates to RPip in the o holoenzyme
complex. A 90° bend in DNA was detected in the |4
state, while a 30° bend was observed in a°*. This could
reflect the different paths of their upstream promoter
regions (see the Comparisons with g’ section and
Fig. 5¢). I is a short-lived state where DNA is opened
up, but not yet stabilized by RNAP as observed in RPo
[18,56]. Time-resolved footprinting demonstrated that
the entire transcription bubble between —11 and + 2
was opened up in a single step between |, and |, [60].

The molecular details on how DNA is finally loaded
and the transcription bubble opened up have recently
been proposed by comparing the structures of RPip
and RPo, where DNA is opened up and the T-strand
stably delivered into the active site for RNA synthesis.
Interestingly, like RPo for 6”° and eukaryotic RNAPs,
the clamp in o>*-dependent RPo is also in a closed
conformation [18,53,54,61]. The transition between
RPip to RPo occurs by a 22° rotation of the B’ clamp,
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pivoted around the base of the clamp, resulting in a
downward push of the clamp toward the active site.
Double-stranded DNA is held in place upstream by the
RpoN, RI and ELH-HTH domains of ¢°* and
downstream by the RNAP ' jaw. The downward
push of the ' coiled-coil, with which DNA strands
interact, would force the DNA strands to unwind, while
it is being loaded into the active cleft due to the
structural constraints imposed.

The data presented thus support a “coupled load
and unwind” model of transcription initiation. The
“coupled load and unwind” model suggests that
loading of the dsDNA into the cleft prompts the
transcription bubble opening in a single step, in support
of previous kinetic data showing that the transcription
bubble is J)ened up in a single step between Iy and I,
[60]. As 0 ’° spontaneously isomerizes, it has not yet
been possible to capture a range of intermediate states
to directly visualize the order of the DNA opening and
loading events. Recently, a partially opened transcrip-
tion bubble (between — 11 and —4) was captured using
Mycobacterium tuberculosis RNAP and a special AP3
promoter [62]. In this structure, the DNA is loaded into
the cleft and the transcription bubble is not fully opened
yet. But unlike in RPo, the cleft is not fully closed. It was
suggested that this state was stabilized by the
narrowing cleft between the 8 fork loop 2 (FL2) and
' switch region 2 (SW2) and as such that the clamp
must open for the final loading/melting stage before itis
closed down again. This structure was thus suggested
to be a true intermediate state due to intrinsic structural
barriers within RNAP, representing I, [61]. Interesting-
ly, the AP3 promoter is GC rich in the transcription
bubble region and indeed the transcription bubble
captured in the structure stopped at A/T followed by
three G/C pairs. It is thus not possible to rule out that
the state captured is due to the promoter melting
energetics of AP3. Indeed, promoter energetics play
key roles in DNA melting as shown in the genome-wide
analysis of promoter sequences in yeast systems [55].
Interestingly. when the M. tuberculosis RNAP structure
is superimposed on RPo, clamp closure also causes
an upstream movement of the clamp and thus could
pull the downstream DNA into the RNAP channel,
helping with the DNA melting. It is thus plausible that
although this state does not necessarily represent a
general intermediate state, this structure could repre-
sent a conformation en route from |, (or RPip) to RPo,
captured here by the use of the AP3 promoter. This
structure is thus not inconsistent with the coupled load
and melt model whereby the clamp closure causes the
final loading and melting of the DNA (Fig. 3).

A multi-step transcription initiation process

In summary, recent structural data suggest that
transcrrptron bubble formation and DNA loading in
54.dependent transcription initiation can be divided
|nto a number of distinct steps: (1) DNA distortion

and initiation of strand separat|on/weaken|ng, which
occurs in RPc in the a®* system: Kinetic data on the
o> system are also suggestive of the existence of two
closed complex states, with the second one being
more stable, possibly due to DNA distortion and
melting at —11. This state is consistent with the closed
complex structure captured with cryoEM [17,39].
Whether this step occurs in other systems awaits
further studies that are able to capture RPc. (2) Further
strand separatlon and weakening, observed in RPiand
specific for the g° system could be due to the highly
stable nature of a®* promoters. This step also involves
the release of the inhibition imposed by . (3) Initial
loading of DNA into the cleft: This involves a large
opening of the cleft and DNA is partially loaded and
stabilized by interactions with 3’ coiled-coil loops, as in
RPip. This step also involves partial unwinding of the
dsDNA when it kinks at —12/-11. (4) The coupled load
and unwind step: This step involves the closure of the
cleft, which leads to the loading of the DNA into the cleft
as well as melting out the DNA, completing the loading
and unwinding process. (5) Finally, the transcription
bubble is stabilized by RNAP interactions as observed
in RPo. It is plausible that other transcription systems
utilize similar mechanisms for the latter steps and
recent work on RNAP Il are in agreement with this
model [55,61].

What drives these conformatlonal changes? Earlier
steps are driven by o°* and activator interactions, but
once the inhibition is released, the conformational
changes could be driven by the intrinsic clamp
dynamics as fluorescence resonance energy transfer
studies have shown the clamp to be highly dynamic
[58,63,64]. Alternatively interactions between RNAP, o
and DNA might drive the conformational changes. For
example, once the actlvator proteln removes the
inhibition imposed by Rl of a°*, 3°* relocates, leading
to new structural arrangements of the complex.
Initially, clamp opening leads to initial DNA loading,
which is then paused by interactions between DNA
and B/B’, as captured in RPip. Subsequent clamp
closure leads to the final DNA loading and melting
(coupled load and unwind model).

Roles of Activator Proteins

The ATPase activity of bEBPs is essential for
isomerization of the RNAP-0°* closed complex into
the open complex [65]. The conserved GAFTGA
signature motifs of bEBPs are within L1 of the AAA+
domain and are shown to contact Rl of a** (Fig. 4a),
conformahonallg coupling the ATPase domain of the
bEBP to the 0" complex [66-69]. In particular, the
central threonine residue at position 86 in PspF L1 was
identified as an important component for the detection
of the DNA conformation downstream of — 12, playing
a major role during energy coupling [47,66,70]. In fact,
each of the six residues within this motif has been
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sequence on L1 in RPi (PDB ID: 5NSS) using ChimeraX v0.1. (b) The ELH swings into the cleft, resulting in a kink in the
DNA of 30° in RPip (PDB ID: 6GHS). (c) The ELH stabilizes the open bubble in RPo (PDB ID: 6GHS5).

identified as essential for RPo formation through
mutagenesis studies within a variety of bEBPs
including PspF, NtrC, NifA, DctD and DmpR, the
effects of which are well summarized in Bush and
Dixon [8]. In particular, the phenylalanine residue has
been consistently identified as essential for transcrip-
tion activation, although in a small number of
instances, a tyrosine residue is present at this position
instead, suggestive of a role for aromatic rings in
transcription activation [8].

The exact interactions that occur between the L1/L2
loops and RI have been characterized using cryoEM
and small-angle x-ray scattering for a number of
activator proteins including NtrC and PspF [51,68,69].
A 1.75-A resolution crystal structure of PspFi_o7s5
showed that the L1 and L2 loops protrude from the
AAA+ o/f sub-domain [51]. This structure was

compared to that of NirC1, a bEBP from Aquifex
aeolicus with 47% similarity to PspF's AAA+ domain,
which revealed a number of differences in loop
positioning. In the 3.1-A crystal structure of ADP-
bound NtrC1 (PDB ID: 1NY6), the L1 loop protrudes
into the lumen of the heptamer, with a hydrophobic
cluster of residues (L263, F216 and A206) positioned to
lock the GAFTGA in a buried conformation, which is
therefore most likely unable to form a stable interaction
with o [71]. These hydrophobic interactions are
disrupted within ATP-bound PspF. The L1 and L2
become flexible and are hypotheS|zed to be in a
conformation amenable for engaging with o [48,51].
Detailed comparisons of structures of PspFi_s75 in
complex with ATP and ADP showed that the Walker B
motif residue E108 adapts different conformations in a
nucleotide dependent manner and that this change is
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sensed by N64 and subsequently relayed to the L1 and
L2 loops [48,72]. The E108-N64 pair, conserved in
most AAA+ proteins, is termed the glutamate switch
and is proposed to link substrate binding sites with
nucleotides [73]. )

More recently, the cryoEM structure of RPiat 5.8 A
revealed valuable details regarding the role of the
GAFTGA region of PspF. The density corresponding
to hexameric PspF was clearly oriented above the
DNA, with both L1 and L2 not only facing the DNA
and RNAP-g®*, but also interacting with DNA [17].
The ¢®* Rl is in close proximity to L1/L2 and DNA
[17], in support of previous data that identified Rl as
the main contact site for bEBPs [38]. The electron
density map indicates a connection between RI
and the two loops, forming a wedge-like structure
downstream of —11/-12 promoter site, proposed
to stabilize DNA strand separation during transcrip-
tion initiation [17]. These interactions also cause
a slight relocation of Rl and RIII-ELH from its
positions in RPc (Fig. 4a). The glutamate switch
model strongly suggests that nucleotide hydrolysis-
driven conformational changes are propagated
through these loop regions, which would in turn
relocate R, thus removing Rl's inhibitory effects on
isomerization.

The roles of activator proteins in relieving the
inhibition placed on transcription by a°* are predict-
ed to be 3-fold. Initially, as indicated with the
activator bypass mutants, which only permit tran-
scription upon addition of a preformed bubble [32],
bEBPs are required to stimulate DNA melting [17].
This is achieved by the interactions of L1/L2 with RI
forming a wedge in separating DNA strands.
Second, the activator must remodel the a** Rl in
order to remove the blockage within the RNAP p—f'
cleft that prevents DNA entry [16,17,38]. This is
accompanied by the relocation of Rl and RIII-ELH.
Finally, DNA must be moved into the active site
of RNAP. RI and RIII-ELH act as a rigid crowbar
linking the B and B’ subunits. Removal of Rl by the
activator protein thus releases these constraints,
permitting the opening of the cleft required for DNA
entry. It is worth noting that bEBP subunits do not
obey 6-fold symmetry, in agreement with the NtrC1
crystal structure [74]. Importantly, bEBP subunits
directly interact with DNA and make extensive
interactions with phospho-backbones between —20
and —12. Furthermore, strand separation is stabi-
lized by the interaction between the L1/L2 loops
and Rl of g®*. Apart from forming a direct interaction
with RI, the L1/L2 loops, especially the highly
conserved GAFTGA motif, are also positioned to
directly interact with DNA bases. However, higher-
resolution structural information is required to
precisely dissect the exact roles of these features
of the transcription complex as well the nucleotide
requirement and actions of individual subunits within
the hexamer.

Comparisons with ¢”°

07° and o®* differin a number of ways, with the most
notable and important difference being the former's
ability to spontaneously isomerize in the absence of
an activator protein. Thus, o ’° activators largely act to
increase the association of RNAP with the promoter
region via interaction with promoter DNA and with the
a-CTD of RNAP [75,76]. In addition, o’° recognizes
-35 and -10 consensus sequences, whereas o°*
recognizes —24 and —12.

Sequence analysis combined with functional and
structural studies has revealed that g ° consists of four
main domains, 1—4, in which region 4 contacts the —35
promoter site and region 2.4 the — 10 site [5,77]. Despite
the lack of sequence conservation to g%, these four
domains contact similar sites on RNAP [16,78]
(Fig. 5a). However, the equivalent functional domains
of a”° and o are located completely differently on
RNAP. o”° region 1.1 (residues 1-94) has been
proposed to play an inhibitory role and thus is functionally
similar to RI of a°* [6]. However, structurally it is located
similarly to RIL.1 of g, which has high-sequence
variability [16]. RI of a®* forms a structural domain with
RII-ELH and interacts with the (' subunit, located
broadly similarly to region 2 of °, which is the main
RNAP interaction domain. On the other hand, the main
RNAP binding domain, CBD of g**, is located at the '
side blocking RNA exit. Interestingla/, this region of
RNAP is occupied by region 4 of 0", thus contacting
—35 onthe B’ side, as opposed to the RpoN box, which is
located on the {3 side contacting the —24 region [16,18].
These differences in DNA binding domains confer the
different promoter recognitions, especially the spacing
between conserved g DNA recognition elements and
define the different promoter paths (Fig. 5b). Region 3 of
a’°, which is in close proximity to the —10 consensus
sequence, is located on the 8 side, similarly to RIII-HTH
of a>*, which interacts with the — 12 region (Fig. 5b). As a
result, the —12/-10 site of promoter DNA is brought
within close proximity within both ** and o”° com-
plexes. This is not surprising as the transcription bubbles
for both the °* and 0 ”° systems are almost identical in
the open complexes, both consisting of ~15 nt (-12to
+3), which can be overlaid despite the different
upstream promoter paths (Fig. 5¢) [18].

As mentioned above, one of the key differences
between the two systems is a”%'s ability to spontane-
ously isomerize into an open complex. Within region
2.3 are a number of highly conserved Trp residues that
interact with the non-template strand and stabilize the
opened bubble [79]. As a result, base flipping that is
subsequently stabilized by these Trp residues has
been proposed to be key in nucleating DNA melting
and transcription bubble stabilization [27,79]. Within
o®, Rl and RII-ELH have a limited number of
conserved aromatic residues, and therefore, it was
hypothesized and since demonstrated that promoter
melting requires bEBP activity, as discussed above.
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RNAP (PDB ID: 6C9Y), 0°*-RPitc (PDB ID: 6GFW), and o’°-RPitc (PDB ID: 4YLN).

Sequence similarity has been observed between
RII.3 of a°* and region 3.2 of a”°, both of which have
been shown to occupy the RNA exit channel and have
a number of acidic residues proposed to guide RNA
exit [16], with the latter also involved in initial
transcription pausing [80,81]. DNA bases are flipped
at —4/-3 in order to contact these residues, and when
the 5' triphosphate end of RNA reaches the acidic
residues of this region, the tip of region 3.2 becomes
disordered and is eventually pushed out as the RNA

extends [82]. As a result of their homology, it is
hypothesized that RIl.3 may impart a similar function.

Unique Features of o>* Define
Its Functions
Why is ¢’° able to spontaneously isomerize,

whereas o cannot? There are a number of reasons,
of which many have been discussed above. The
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coupled load and unwind model suggests that clamp
closure is sufficient to load and unwind the transcription
bubble. However, this is only sufficient for those
promoters that are easy to melt, thus having a lower
energy barrier to overcome for strand separation. In
fact, recently it has also been shown in RNAPII that
mutating promoter regions can bypass the require-
ment of TFIIH, the eukaryotic ATPase required for
transcription initiation, supporting the idea that intrinsic
clamp dynamics in RNAP are sufficient to drive
promoter opening up to +1, provided the promoter
has a low-energy barrier to melt [55].

We thus focus here on the differences of °* and
0% in terms of their abilities to melt promoter DNA
and in stabilizing the transcription bubble. In the
absence of structural information on the closed and
intermediate complexes for o’°, some of the
comparisons are speculative. (1) First of all, c° is
proposed to use the aromatic Trp residues to initiate
and stabilize a flipped out base at the upstream
transcription bubble around -12/-11 [27,79]. ¢®*
lacks equivalent conserved aromatic residues in Rl
and RIlI-ELH, which are proximal to the —12 region.
In fact, structural data show that initial DNA distortion
occurs in RPc but is unable to proceed further.
Activator proteins are required to further initiate
formation of the transcription bubble. Work so far
suggests that activator proteins actively promote
strand separation by opening up to 5-6 base pairs
(Fig. 4a) [17]. (2) Second, apart from the structural
features in g®* that prohibit DNA melting, it is also
highly likely that some o°* promoters are more
difficult to spontaneously melt, similarly to those
recently reported in RNAP II [55]; thus, some
activator assisted pre-opening is required. (3)
Third, o’ initiates the strand separation in cohort
with region 2 and region 3, arranged in a V-shape
(Fig. 5¢), to stabilize the two strands, thus capturing
and stabilizing partially opened segments, which can
occur more readily. a°*, on the other hand, uses a
single structural element, the ELH, which swings into
the cleft before separating the two strands (Fig. 4b
and c). An extensively opened-up section in the
promoter DNA is thus required in order for the ELH to
stably insert and separate the two strands. This
process thus has a significantly higher-energy
barrier, which speaks to the involvement of ATP in
driving the conformational changes needed for the
isomerization step. (4) Finally, our current under-
standing shows that conformational changes in
RNAP play key roles in DNA loading and unwinding.
o’ region 2 and region 3, linked by a flexible linker,
interact with 8 and ' subunits separately and thus
permit the large conformational changes required in
RNAP (Fig. 5a). a®*, on the other hand, when Rl is
present, contains a rigid crowbar formed by Rl and
ELH between 3 and B’ (Figs. 2c and 5a), thus limiting
conformational flexibility, blocking DNA loading and
unwinding.

Future Perspective

Our understanding of o°*-dependent transcription
has seen a significant advance over the last few
years with the availability of structures for the
holoenzyme, the closed and activator-bound inter-
mediate complexes, the partially loaded intermedi-
ate complex and the open and the initial transcribing
complex. This set of structural data, combined with
earlier structural data on the activator proteins as
well as biochemical and kinetic data, has provided
significant insights into how the transcription bubble
opens, DNA is loaded, and RNA is synthesized.
Furthermore, we also have a wealth of information
on how o®* inhibits transcription and how activator
proteins act to first relieve this inhibition and then
drive DNA opening. However, these structures only
capture snapshots and are under conditions that
facilitate trapping of intermediates (such as pre-
melted bubbles and nucleotide analogues). It is
therefore imperative that further studies using wild-
type promoters that are driven by activators are
employed to corroborate these findings. More
importantly, real-time single-molecule kinetic studies
are extremely powerful in elucidating transition state
kinetics, such as those shown for pausing and initial
transcription for a”° system [80,81]. Similar studies
will be invaluable to capture the transition kinetics in
different promoter and holoenzyme complexes, as
well as to identify multiple reaction pathways and
their respective on and off-pathway species, in order
to fully extract mechanistic insights. For g°*-
dependent transcription, we still do not know exactly
how nucleotide binding and hydrolysis drive activa-
tor-mediated conformational changes within the
hexamer and the particular molecular details in-
volved in the relocation of Rl and driving of DNA
melting by these activators. Furthermore, we do not
know how activator-bound upstream DNA is en-
gaged within the transcription complexes as they
isomerize and, in many cases, how activator pro-
teins are regulated by upstream signals. To further
develop our understanding of these mechanisms,
additional structural, kinetic and functional studies
are required in order to capture meaningful function-
al complexes.

Acknowledgment

Work in X.Z.'s group is funded by the UK Bioscience
and Biotechnology Research Council (BB/NO07816
and BB/R018499 to X.Z. and M.B.), the Medical
Research Council (MR/N000188, MR/P007503) and
the Wellcome Trust (098412/2/12/Z, 210658/2/18/Z).

Declaration of Interest: None.

Please cite this article as: A. E. Danson, M. Jovanovic, M. Buck, et al., Mechanisms of 6®*-Dependent Transcription Initiation and
Regulation..., Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2019.04.022



https://doi.org/10.1016/j.jmb.2019.04.022

12

Review: o°*-Dependent Transcription Initiation

Received 6 February 2019;

Received in revised form 16 April 2019;
Accepted 16 April 2019

Available online xxxx

Keywords:

RNA polymerase;

sigma factors;

bacterial enhancer-binding proteins;
transcription bubble;

transcription regulation

Abbreviations used:

bEBPs, bacterial enhancer-binding proteins; ELH, extra-
long helix; HTH, helix-turn-helix; RNAP, RNA polymerase;

RPc, closed promoter complex; RPi, intermediate pro-

moter complex; RPip, intermediate complex with partially
loaded DNA; RPo, open promoter complex; RPitc, initial

transcribing complex; T-, template strand.

References

[1] C. Sutherland, K.S. Murakami, An introduction to the

[2]

3

[4

5

6

[7

8

structure and function of the catalytic core enzyme of
Escherichia coli RNA polymerase, EcoSal Plus 8 (2018)
https://doi.org/10.1128/ecosalplus.ESP-0004-2018.

F. Werner, D. Grohmann, Evolution of multisubunit RNA
polymerases in the three domains of life, Nat. Rev. Microbiol.
9 (2011) 85-98, https://doi.org/10.1038/nrmicro2507.

S.D. Bentley, K.F. Chater, A.-M. Cerdefio-Tarraga, G.L.
Challis, N.R. Thomson, K.D. James, D.E. Harris, M.A. Quail,
H. Kieser, D. Harper, A. Bateman, S. Brown, G. Chandra, C.
W. Chen, M. Collins, A. Cronin, A. Fraser, A. Goble, J.
Hidalgo, T. Hornsby, S. Howarth, C.-H. Huang, T. Kieser, L.
Larke, L. Murphy, K. Oliver, S. O'Neil, E. Rabbinowitsch,
M.-A. Rajandream, K. Rutherford, S. Rutter, K. Seeger, D.
Saunders, S. Sharp, R. Squares, S. Squares, K. Taylor, T.
Warren, A. Wietzorrek, J. Woodward, B.G. Barrell, J. Parkhill,
D.A. Hopwood, Complete genome sequence of the model
actinomycete Streptomyces coelicolor A3(2), Nature. 417
(2002) 141-147, https://doi.org/10.1038/417141a.

H. Cook, D.W. Ussery, Sigma factors in a thousand E. coli
genomes: genomics update, Environ. Microbiol. 15 (2013)
3121-3129, https://doi.org/10.1111/1462-2920.12236.

M.J. Kazmierczak, M. Wiedmann, K.J. Boor, Alternative
sigma factors and their roles in bacterial virulence, Microbiol.
Mol. Biol. Rev. 69 (2005) 527-543, https://doi.org/10.1128/
MMBR.69.4.527-543.2005.

M.S.B. Paget, J.D. Helmann, The 070 family of sigma factors,
Genome Biol. 4 (2003) 203https://www.ncbi.nim.nih.gov/
pmc/articles/PMC151288/, Accessed date: 8 October 2018.
A. Feklistov, B.D. Sharon, S.A. Darst, C.A. Gross, Bacterial
sigma factors: a historical, structural, and genomic perspective,
Annu. Rev. Microbiol. 68 (2014) 357-376, https://doi.org/10.
1146/annurev-micro-092412-155737.

M. Bush, R. Dixon, The role of bacterial enhancer binding
proteins as specialized activators of g54-dependent tran-
scription, Microbiol. Mol. Biol. Rev. 76 (2012) 497-529,
https://doi.org/10.1128/MMBR.00006-12.

9]

[10]

1]

2]

[13]

[14]

(18]

[16]

7

(18]

[19]

[20]

[21]

[22]

(23]

M. Buck, S. Miller, M. Drummond, R. Dixon, Upstream
activator sequences are present in the promoters of nitrogen
fixation genes, Nature. 320 (1986) 374378, https://doi.org/
10.1038/320374a0.

T. Ghosh, D. Bose, X. Zhang, Mechanisms for activating
bacterial RNA polymerase, FEMS Microbiol. Rev. 34 (2010)
611-627, https://doi.org/10.1111/j.1574-6976.2010.00239.x.
M. Jovanovic, E.H. James, P.C. Burrows, F.G.M. Rego, M.
Buck, J. Schumacher, Regulation of the co-evolved HrpR
and HrpS AAA+ proteins required for Pseudomonas syr-
ingae pathogenicity, Nat. Commun. 2 (2011), 177. https://doi.
org/10.1038/ncomms1177.

M. Jovanovic, E. Lawton, J. Schumacher, Interplay among
Pseudomonas syringae HrpR, HrpS and HrpV proteins for
regulation of the type Il secretion system, FEMS Microbiol.
Lett. 356 (2014) 201-211, htitps://doi.org/10.1111/1574-
6968.12476.

T.R. Hoover, E. Santero, S. Porter, S. Kustu, The integration
host factor stimulates interaction of RNA polymerase with
NIFA, the transcriptional activator for nitrogen fixation
operons, Cell. 63 (1990) 11-22http:// www.ncbi.nim.nih.gov/
pubmed/2208275, Accessed date: 1 February 2019.

P.A. Rice, S. Yang, K. Mizuuchi, H.A. Nash, Crystal structure
of an IHF-DNA complex: a protein-induced DNA U-turn, Cell.
87 (1996) 1295-1306, https://doi.org/10.1016/S0092-8674
(00)81824-3.

G. Bertoni, N. Fujita, A. Ishihama, V. de Lorenzo, Active
recruitment of sigma54-RNA polymerase to the Pu promoter
of Pseudomonas putida: role of IHF and alphaCTD, EMBO J.
17 (1998) 5120-5128, https://doi.org/10.1093/emboj/17.17.
5120.

Y. Yang, V.C. Darbari, N. Zhang, D. Lu, R. Glyde, Y.-P.
Wang, J.T. Winkelman, R.L. Gourse, K.S. Murakami, M.
Buck, X. Zhang, TRANSCRIPTION. Structures of the RNA
polymerase-ag54 reveal new and conserved regulatory
strategies, Science. 349 (2015) 882-885, https://doi.org/10.
1126/science.aab1478.

R. Glyde, F. Ye, V.C. Darbari, N. Zhang, M. Buck, X. Zhang,
Structures of RNA polymerase closed and intermediate
complexes reveal mechanisms of DNA opening and
transcription initiation, Mol. Cell 67 (2017) 106-116.e4,
https://doi.org/10.1016/j.molcel.2017.05.010.

R. Glyde, F. Ye, M. Jovanovic, I. Kotta-Loizou, M. Buck, X.
Zhang, Structures of bacterial RNA polymerase complexes
reveal the mechanism of DNA loading and transcription
initiation, Mol. Cell 70 (2018) 1111-1120.e3, https://doi.org/
10.1016/j.molcel.2018.05.021.

A. Martin, T.A. Baker, R.T. Sauer, Pore loops of the AAA+
ClpX machine grip substrates to drive translocation and
unfolding, Nat. Struct. Mol. Biol. 15 (2008) 1147-1151,
https://doi.org/10.1038/nsmb.1503.

T.M. Franzmann, A. Czekalla, S.G. Walter, Regulatory circuits
of the AAA+ disaggregase Hsp104, J. Biol. Chem. 286 (2011)
17992-18001, https://doi.org/10.1074/jbc.M110.216176.

S. Bar-Nun, M.H. Glickman, Proteasomal AAA-ATPases:
structure and function, Biochim. Biophys. Acta - Mol. Cell
Res. 1823 (2012) 67-82, https://doi.org/10.1016/J.BBAMCR.
2011.07.009.

N. Monroe, H. Han, P.S. Shen, W.Il. Sundquist, C.P. Hill,
Structural basis of protein translocation by the Vps4—Vtal AAA
ATPase, Elife. 6 (2017)https:/doi.org/10.7554/eLife.24487.

Y. Dong, S. Zhang, Z. Wu, X. Li, W.L. Wang, Y. Zhu, S.
Stoilova-McPhie, Y. Lu, D. Finley, Y. Mao, Cryo-EM
structures and dynamics of substrate-engaged human 26S

Please cite this article as: A. E. Danson, M. Jovanovic, M. Buck, et al., Mechanisms of a°*-Dependent Transcription Initiation and
Regulation..., Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2019.04.022



https://doi.org/10.1128/ecosalplus.ESP-0004-2018
https://doi.org/10.1038/nrmicro2507
https://doi.org/10.1038/417141a
https://doi.org/10.1111/1462-2920.12236
https://doi.org/10.1128/MMBR.69.4.527-543.2005
https://doi.org/10.1128/MMBR.69.4.527-543.2005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC151288/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC151288/
https://doi.org/10.1146/annurev-micro-092412-155737
https://doi.org/10.1146/annurev-micro-092412-155737
https://doi.org/10.1128/MMBR.00006-12
https://doi.org/10.1038/320374a0
https://doi.org/10.1038/320374a0
https://doi.org/10.1111/j.1574-6976.2010.00239.x
https://doi.org/10.1038/ncomms1177
https://doi.org/10.1038/ncomms1177
https://doi.org/10.1111/1574-6968.12476
https://doi.org/10.1111/1574-6968.12476
http://www.ncbi.nlm.nih.gov/pubmed/2208275
http://www.ncbi.nlm.nih.gov/pubmed/2208275
https://doi.org/10.1016/S0092-8674(00)81824-3
https://doi.org/10.1016/S0092-8674(00)81824-3
https://doi.org/10.1093/emboj/17.17.5120
https://doi.org/10.1093/emboj/17.17.5120
https://doi.org/10.1126/science.aab1478
https://doi.org/10.1126/science.aab1478
https://doi.org/10.1016/j.molcel.2017.05.010
https://doi.org/10.1016/j.molcel.2018.05.021
https://doi.org/10.1016/j.molcel.2018.05.021
https://doi.org/10.1038/nsmb.1503
https://doi.org/10.1074/jbc.M110.216176
https://doi.org/10.1016/J.BBAMCR.2011.07.009
https://doi.org/10.1016/J.BBAMCR.2011.07.009
https://doi.org/10.7554/eLife.24487
https://doi.org/10.1016/j.jmb.2019.04.022

Review: 0°*-Dependent Transcription Initiation

13

[24]

(28]

[26]

(27]

[28

[29

130

[31]

[32

(33]

(34]

(35]

(36]

[37]

(38]

proteasome, Nature. 565 (2019) 49-55, https://doi.org/10.
1038/541586-018-0736-4.

K.S. Murakami, S. Masuda, E.A. Campbell, O. Muzzin, S.A.
Darst, Structural basis of transcription initiation: an RNA
polymerase holoenzyme—DNA complex, Science. 296 (2002)
1285-1290, https://doi.org/10.1126/science.1069595.

K.S. Murakami, S. Masuda, S.A. Darst, Structural basis of
transcription initiation: RNA polymerase holoenzyme at 4 A
resolution, Science. 296 (2002) 1280-1284, https://doi.org/
10.1126/science.1069594.

D.G. Vassylyev, S. Sekine, O. Laptenko, J. Lee, M.N.
Vassylyeva, S. Borukhov, S. Yokoyama, Crystal structure
of a bacterial RNA polymerase holoenzyme at 2.6 A
resolution, Nature. 417 (2002) 712-719, https://doi.org/10.
1038/nature752.

Y. Zhang, Y. Feng, S. Chatterjee, S. Tuske, M.X. Ho, E.
Arnold, R.H. Ebright, Structural basis of transcription
initiation, Science (80-. ) 338 (2012) 1076—1080, https:/doi.
org/10.1126/science.1227786.

Y. Zuo, T.A. Steitz, Crystal structures of the E. coli
transcription initiation complexes with a complete bubble,
Mol. Cell 58 (2015) 534-540, https://doi.org/10.1016/].
molcel.2015.03.010.

B. Bae, A. Feklistov, A. Lass-Napiorkowska, R. Landick, S.A.
Darst, Structure of a bacterial RNA polymerase holoenzyme
open promoter complex, Elife. (4) (2015)https://doi.org/10.
7554/eLife.08504.

Y. Tintut, J.T. Wang, J.D. Gralla, A novel bacterial transcrip-
tion cycle involving sigma 54, Genes Dev. 9 (1995)
2305-2313, https://doi.org/10.1101/gad.9.18.2305.

J.C. van Slooten, E. Cervantes, W.J. Broughton, C.H. Wong,
J. Stanley, Sequence and analysis of the rpoN sigma factor
gene of Rhizobium sp. strain NGR234, a primary coregulator
of symbiosis, J. Bacteriol. 172 (1990) 5563—-5574, https://doi.
org/10.1128/jb.172.10.5563-5574.1990.

J.T. Wang, A. Syed, J.D. Gralla, Multiple pathways to bypass
the enhancer requirement of sigma 54 RNA polymerase:
roles for DNA and protein determinants, Proc. Natl. Acad.
Sci. U. S. A. 94 (1997) 9538-9543https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC23213/.

E. Southern, M. Merrick, The role of region Il in the RNA
polymerase o factor oN (a54), Nucleic Acids Res. 28 (2000)
2563-2570https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC102712/, Accessed date: 25 October 2018.

M. Doucleff, J.G. Pelton, P.S. Lee, B.T. Nixon, D.E. Wemmer,
Structural basis of DNA recognition by the alternative sigma-
factor, g4, J. Mol. Biol. 369 (2007) 1070-1078, https://doi.
org/10.1016/J.JMB.2007.04.019.

E. Hong, M. Doucleff, D.E. Wemmer, Structure of the RNA-
polymerase core binding domain of g54 reveals a likely
conformational fracture point, J. Mol. Biol. 390 (2009) 70-82,
https://doi.org/10.1016/j.jmb.2009.04.070.

J.T. Wang, A. Syed, M. Hsieh, J.D. Gralla, Converting
Escherichia coli RNA polymerase into an enhancer-
responsive enzyme: role of an NH2-terminal leucine patch
in sigma 54, Science. 270 (1995) 992-994.

M. Chaney, M. Buck, The sigma 54 DNA-binding domain
includes a determinant of enhancer responsiveness, Mol.
Microbiol. 33 (1999) 1200—1209http://www.ncbi.nlm.nih.gov/
pubmed/10510234.

D. Bose, T. Pape, P.C. Burrows, M. Rappas, S.R.
Wigneshweraraj, M. Buck, X. Zhang, Organization of an
activator-bound RNA polymerase holoenzyme, Mol. Cell 32
(2008) 337—346, https://doi.org/10.1016/j.molcel.2008.09.015.

(39]

[40]

[41]

[42]

(43]

(44]

(48]

[46]

[47]

(48]

[49]

[50

[51]

L.J. Friedman, J. Gelles, Mechanism of transcription initiation
at an activator-dependent promoter defined by single-
molecule observation, Cell. 148 (2012) 679-689, https://doi.
org/10.1016/j.cell.2012.01.018.

T.T. Harden, C.D. Wells, L.J. Friedman, R. Landick, A.
Hochschild, J. Kondev, J. Gelles, Bacterial RNA polymerase
can retain 70 throughout transcription, Proc. Natl. Acad. Sci.
U. S. A. 113 (2016) 602-607, https://doi.org/10.1073/pnas.
1513899113.

G. Bar-Nahum, E. Nudler, Isolation and characterization of
sigma(70)-retaining transcription elongation complexes from
Escherichia coli, Cell. 106 (2001) 443-451http://www.ncbi.
nim.nih.gov/pubmed/11525730.

J. Mukhopadhyay, A.N. Kapanidis, V. Mekler, E. Kortkhonijia,
Y.W. Ebright, R.H. Ebright, Translocation of sigma(70)
with RNA polymerase during transcription: fluorescence
resonance energy transfer assay for movement relative to
DNA, Cell. 106 (2001) 453—-463http://www.ncbi.nlm.nih.gov/
pubmed/11525731.

A.N. Kapanidis, E. Margeat, T.A. Laurence, S. Doose, S.O.
Ho, J. Mukhopadhyay, E. Kortkhonjia, V. Mekler, R.H.
Ebright, S. Weiss, Retention of transcription initiation factor
a70 in transcription elongation: single-molecule analysis,
Mol. Cell 20 (2005) 347-356, https://doi.org/10.1016/].
molcel.2005.10.012.

R. Kohler, R.A. Mooney, D.J. Mills, R. Landick, P. Cramer,
Architecture of a transcribing-translating expressome, Sci-
ence (80-. ) 356 (2017) 194—-197, https://doi.org/10.1126/
science.aal3059.

T. Gaal, W. Ross, E.E. Blatter, H. Tang, X. Jia, V.V.
Krishnan, N. Assa-Munt, R.H. Ebright, R.L. Gourse,
DNA-binding determinants of the alpha subunit of RNA
polymerase: novel DNA-binding domain architecture,
Genes Dev. 10 (1996) 16-26, https://doi.org/10.1101/
GAD.10.1.16.

R.L. Gourse, W. Ross, T. Gaal, UPs and downs in bacterial
transcription initiation: the role of the alpha subunit of RNA
polymerase in promoter recognition, Mol. Microbiol. 37
(2000) 687—-695, https://doi.org/10.1046/j.1365-2958.2000.
01972.x.

W. Cannon, M.-T. Gallegos, P. Casaz, M. Buck, Amino-
terminal sequences of gN (g54) inhibit RNA polymerase
isomerization, Genes Dev. 13 (1999) 357-370https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC316430/.

M. Rappas, J. Schumacher, H. Niwa, M. Buck, X. Zhang,
Structural basis of the nucleotide driven conformational
changes in the AAA+ domain of transcription activator
PspF, J. Mol. Biol. 357 (2006) 481-492, https://doi.org/10.
1016/J.JMB.2005.12.052.

P.C. Burrows, J. Schumacher, S. Amartey, T. Ghosh, T.A.
Burgis, X. Zhang, B.T. Nixon, M. Buck, Functional roles of
the pre-sensor | insertion sequence in an AAA+ bacterial
enhancer binding protein, Mol. Microbiol. 73 (2009) 519-533,
https://doi.org/10.1111/j.1365-2958.2009.06744.x.

N. Zhang, N. Joly, P.C. Burrows, M. Jovanovic, S.R.
Wigneshweraraj, M. Buck, The role of the conserved
phenylalanine in the o54-interacting GAFTGA motif of
bacterial enhancer binding proteins, Nucleic Acids Res. 37
(2009) 5981-5992, https://doi.org/10.1093/nar/gkp658.

M. Rappas, J. Schumacher, F. Beuron, H. Niwa, P. Bordes,
S. Wigneshweraraj, C.A. Keetch, C.V. Robinson, M. Buck, X.
Zhang, Structural insights into the activity of enhancer-
binding proteins, Science. 307 (2005) 1972—1975, https://doi.
org/10.1126/science.1105932.

Please cite this article as: A. E. Danson, M. Jovanovic, M. Buck, et al., Mechanisms of 6®*-Dependent Transcription Initiation and
Regulation..., Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2019.04.022



https://doi.org/10.1038/s41586-018-0736-4
https://doi.org/10.1038/s41586-018-0736-4
https://doi.org/10.1126/science.1069595
https://doi.org/10.1126/science.1069594
https://doi.org/10.1126/science.1069594
https://doi.org/10.1038/nature752
https://doi.org/10.1038/nature752
https://doi.org/10.1126/science.1227786
https://doi.org/10.1126/science.1227786
https://doi.org/10.1016/j.molcel.2015.03.010
https://doi.org/10.1016/j.molcel.2015.03.010
https://doi.org/10.7554/eLife.08504
https://doi.org/10.7554/eLife.08504
https://doi.org/10.1101/gad.9.18.2305
https://doi.org/10.1128/jb.172.10.5563-5574.1990
https://doi.org/10.1128/jb.172.10.5563-5574.1990
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC23213/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC23213/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC102712/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC102712/
https://doi.org/10.1016/J.JMB.2007.04.019
https://doi.org/10.1016/J.JMB.2007.04.019
https://doi.org/10.1016/j.jmb.2009.04.070
http://refhub.elsevier.com/S0022-2836(19)30229-3/rf0180
http://refhub.elsevier.com/S0022-2836(19)30229-3/rf0180
http://refhub.elsevier.com/S0022-2836(19)30229-3/rf0180
http://refhub.elsevier.com/S0022-2836(19)30229-3/rf0180
http://www.ncbi.nlm.nih.gov/pubmed/10510234
http://www.ncbi.nlm.nih.gov/pubmed/10510234
https://doi.org/10.1016/j.molcel.2008.09.015
https://doi.org/10.1016/j.cell.2012.01.018
https://doi.org/10.1016/j.cell.2012.01.018
https://doi.org/10.1073/pnas.1513899113
https://doi.org/10.1073/pnas.1513899113
http://www.ncbi.nlm.nih.gov/pubmed/11525730
http://www.ncbi.nlm.nih.gov/pubmed/11525730
http://www.ncbi.nlm.nih.gov/pubmed/11525731
http://www.ncbi.nlm.nih.gov/pubmed/11525731
https://doi.org/10.1016/j.molcel.2005.10.012
https://doi.org/10.1016/j.molcel.2005.10.012
https://doi.org/10.1126/science.aal3059
https://doi.org/10.1126/science.aal3059
https://doi.org/10.1101/GAD.10.1.16
https://doi.org/10.1101/GAD.10.1.16
https://doi.org/10.1046/j.1365-2958.2000.01972.x
https://doi.org/10.1046/j.1365-2958.2000.01972.x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC316430/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC316430/
https://doi.org/10.1016/J.JMB.2005.12.052
https://doi.org/10.1016/J.JMB.2005.12.052
https://doi.org/10.1111/j.1365-2958.2009.06744.x
https://doi.org/10.1093/nar/gkp658
https://doi.org/10.1126/science.1105932
https://doi.org/10.1126/science.1105932
https://doi.org/10.1016/j.jmb.2019.04.022

14

Review: o°*-Dependent Transcription Initiation

(52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

(63]

(64]

P.C. Burrows, N. Joly, M. Buck, A prehydrolysis state of an
AAA+ ATPase supports transcription activation of an
enhancer-dependent RNA polymerase, Proc. Natl. Acad.
Sci. U. S. A. 107 (2010) 9376-9381, https://doi.org/10.1073/
pnas.1001188107.

Y.He, C.Yan,J. Fang, C. Inouye, R. Tjian, |. Ivanov, E. Nogales,
Near-atomic resolution visualization of human transcription
promoter opening, Nature. 533 (2016) 359-365, https:/doi.
org/10.1038/nature17970.

C. Plaschka, M. Hantsche, C. Dienemann, C. Burzinski, J.
Plitzko, P. Cramer, Transcription initiation complex structures
elucidate DNA opening, Nature. 533 (2016) 353-358,
https://doi.org/10.1038/nature17990.

C. Dienemann, B. Schwalb, S. Schilbach, P. Cramer,
Promoter distortion and opening in the RNA polymerase I
cleft, Mol. Cell (2018) 0, https://doi.org/10.1016/j.molcel.
2018.10.014.

M.L. Craig, O.V. Tsodikov, K.L. McQuade, P.E. Schlax, M.W.
Capp, R.M. Saecker, M.T. Record, DNA footprints of the two
kinetically significant intermediates in formation of an RNA
polymerase-promoter open complex: evidence that interac-
tions with start site and downstream DNA induce sequential
conformational changes in polymerase and DNA, J. Mol. Biol.
283 (1998) 741-756, https://doi.org/10.1006/jmbi.1998.
2129.

R.M. Saecker, O.V. Tsodikov, K.L. McQuade, P.E. Schlax,
M.W. Capp, M. Thomas Record, Kinetic studies and
structural models of the association of E. coli d70 RNA
polymerase with the APR promoter: large scale conforma-
tional changes in forming the kinetically significant interme-
diates, J. Mol. Biol. 319 (2002) 649671, https://doi.org/10.
1016/S0022-2836(02)00293-0.

A. Chakraborty, D. Wang, Y.W. Ebright, Y. Korlann, E.
Kortkhonjia, T. Kim, S. Chowdhury, S. Wigneshweraraj, H.
Irschik, R. Jansen, B.T. Nixon, J. Knight, S. Weiss, R.H. Ebright,
Opening and closing of the bacterial RNA polymerase clamp,
Science (80-. ) 337 (2012) 591-595, https://doi.org/10.1126/
science.1218716.

L. Morris, W. Cannon, F. Claverie-Martin, S. Austin, M. Buck,
DNA distortion and nucleation of local DNA unwinding within
sigma-54 (sigma N) holoenzyme closed promoter complexes,
J. Biol. Chem. 269 (1994) 11563—-11571http://www.jbc.org/
content/269/15/11563, Accessed date: 3 December 2018.

T.J. Gries, W.S. Kontur, M.\W. Capp, R.M. Saecker, M.T.
Record, One-step DNA melting in the RNA polymerase cleft
opens the initiation bubble to form an unstable open complex,
Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 10418-10423,
https://doi.org/10.1073/pnas.1000967107.

M.K. Vorlander, H. Khatter, R. Wetzel, W.J.H. Hagen, C.W.
Muller, Molecular mechanism of promoter opening by RNA
polymerase lll, Nature. 553 (2018) 295-300, https://doi.org/
10.1038/nature25440.

H. Boyaci, J. Chen, R. Jansen, S.A. Darst, E.A. Campbell,
Structures of an RNA polymerase promoter melting interme-
diate elucidate DNA unwinding, Nature. 565 (2019) 382—385,
https://doi.org/10.1038/s41586-018-0840-5.

D. Duchi, K. Gryte, N.C. Robb, Z. Morichaud, C. Sheppard, K.
Brodolin, S. Wigneshweraraj, A.N. Kapanidis, Conformation-
al heterogeneity and bubble dynamics in single bacterial
transcription initiation complexes, Nucleic Acids Res. 46
(2018) 677—-688, https://doi.org/10.1093/nar/gkx1146.

D. Duchi, A. Mazumder, A.M. Malinen, R.H. Ebright, A.N.
Kapanidis, The RNA polymerase clamp interconverts dynam-
ically among three states and is stabilized in a partly closed state

[65]

[66]

[67]

[68]

(69]

[70]

(71

[72]

[73]

[74]

[75]

[76]

[77]

by ppGpp, Nucleic Acids Res. 46 (2018) 72847295, https://doi.
org/10.1093/nar/gky482.

D. Popham, D. Szeto, J. Keener, S. Kustu, Function of a
bacterial activator protein that binds to transcriptional
enhancers, Science (80-. ) 243 (1989) 629-635, https://doi.
org/10.1126/science.2563595.

M. Chaney, R. Grande, S.R. Wigneshweraraj, W. Cannon, P.
Casaz, M.-T. Gallegos, J. Schumacher, S. Jones, S.
Elderkin, A.E. Dago, E. Morett, M. Buck, Binding of
transcriptional activators to sigma 54 in the presence of the
transition state analog ADP—aluminum fluoride: insights into
activator mechanochemical action, Genes Dev. 15 (2001)
2282-2294, https://doi.org/10.1101/gad.205501.

P. Bordes, S.R. Wigneshweraraj, M. Chaney, A.E. Dago, E.
Morett, M. Buck, Communication between Eag54, promoter
DNA and the conserved threonine residue in the GAFTGA
motif of the PspF a54-dependent activator during transcrip-
tion activation, Mol. Microbiol. 54 (2004) 489-5086, https://doi.
org/10.1111/j.1365-2958.2004.04280.x.

S. De Carlo, B. Chen, T.R. Hoover, E. Kondrashkina, E.
Nogales, B.T. Nixon, The structural basis for regulated
assembly and function of the transcriptional activator NtrC,
Genes Dev. 20 (2006) 1485-1495, https://doi.org/10.1101/
gad.1418306.

B. Chen, M. Doucleff, D.E. Wemmer, S. De Carlo, H.H.
Huang, E. Nogales, T.R. Hoover, E. Kondrashkina, L. Guo,
B.T. Nixon, ATP ground- and transition-states of bacterial
enhancer binding AAA+ ATPases support complex forma-
tion with their target protein, o54, Structure. 15 (2007)
429-440, https://doi.org/10.1016/j.str.2007.02.007.

A.E. Dago, S.R. Wigneshweraraj, M. Buck, E. Morett, A role
for the conserved GAFTGA motif of AAA+ transcription
activators in sensing promoter DNA conformation, J. Biol.
Chem. 282 (2007) 1087-1097, https://doi.org/10.1074/jbc.
M608715200.

S.-Y. Lee, AD. La Torre, D. Yan, S. Kustu, B.T. Nixon, D.E.
Wemmer, Regulation of the transcriptional activator NtrC1:
structural studies of the regulatory and AAA+ ATPase
domains, Genes Dev. 17 (2003) 2552-2563, https://doi.org/
10.1101/gad.1125608.

N. Joly, P.C. Burrows, M. Buck, An intramolecular route for
coupling ATPase activity in AAA+ proteins for transcription
activation, J. Biol. Chem. 283 (2008) 13725-13735, https://doi.
org/10.1074/jbc.M800801200.

X. Zhang, D.B. Wigley, The “glutamate switch” provides a link
between ATPase activity and ligand binding in AAA+
proteins, Nat. Struct. Mol. Biol. 15 (2008) 1223-1227,
https://doi.org/10.1038/nsmb.1501.

T.A. Sysoeva, S. Chowdhury, L. Guo, B.T. Nixon, Nucleotide-
induced asymmetry within ATPase activator ring drives a54—
RNAP interaction and ATP hydrolysis, Genes Dev. 27 (2013)
2500-2511, https://doi.org/10.1101/gad.229385.113.

H. Chen, H. Tang, R.H. Ebright, Functional interaction between
RNA polymerase alpha subunit C-terminal domain and sigma70
in UP-element- and activator-dependent transcription, Mol. Cell
11 (2003) 1621-1633http://www.ncbi.nlm.nih.gov/pubmed/
12820974, Accessed date: 1 February 2019.

L. Minakhin, K. Severinov, On the role of the Escherichia coli
RNA polymerase sigma 70 region 4.2 and alpha-subunit
C-terminal domains in promoter complex formation on the
extended —10 galP1 promoter, J. Biol. Chem. 278 (2003)
29710-29718, https://doi.org/10.1074/jbc.M304906200.

M. Lonetto, M. Gribskov, C.A. Gross, The sigma 70 family:
sequence conservation and evolutionary relationships,

Please cite this article as: A. E. Danson, M. Jovanovic, M. Buck, et al., Mechanisms of a°*-Dependent Transcription Initiation and
Regulation..., Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2019.04.022



https://doi.org/10.1073/pnas.1001188107
https://doi.org/10.1073/pnas.1001188107
https://doi.org/10.1038/nature17970
https://doi.org/10.1038/nature17970
https://doi.org/10.1038/nature17990
https://doi.org/10.1016/j.molcel.2018.10.014
https://doi.org/10.1016/j.molcel.2018.10.014
https://doi.org/10.1006/jmbi.1998.2129
https://doi.org/10.1006/jmbi.1998.2129
https://doi.org/10.1016/S0022-2836(02)00293-0
https://doi.org/10.1016/S0022-2836(02)00293-0
https://doi.org/10.1126/science.1218716
https://doi.org/10.1126/science.1218716
http://www.jbc.org/content/269/15/11563
http://www.jbc.org/content/269/15/11563
https://doi.org/10.1073/pnas.1000967107
https://doi.org/10.1038/nature25440
https://doi.org/10.1038/nature25440
https://doi.org/10.1038/s41586-018-0840-5
https://doi.org/10.1093/nar/gkx1146
https://doi.org/10.1093/nar/gky482
https://doi.org/10.1093/nar/gky482
https://doi.org/10.1126/science.2563595
https://doi.org/10.1126/science.2563595
https://doi.org/10.1101/gad.205501
https://doi.org/10.1111/j.1365-2958.2004.04280.x
https://doi.org/10.1111/j.1365-2958.2004.04280.x
https://doi.org/10.1101/gad.1418306
https://doi.org/10.1101/gad.1418306
https://doi.org/10.1016/j.str.2007.02.007
https://doi.org/10.1074/jbc.M608715200
https://doi.org/10.1074/jbc.M608715200
https://doi.org/10.1101/gad.1125603
https://doi.org/10.1101/gad.1125603
https://doi.org/10.1074/jbc.M800801200
https://doi.org/10.1074/jbc.M800801200
https://doi.org/10.1038/nsmb.1501
https://doi.org/10.1101/gad.229385.113
http://www.ncbi.nlm.nih.gov/pubmed/12820974
http://www.ncbi.nlm.nih.gov/pubmed/12820974
https://doi.org/10.1074/jbc.M304906200
https://doi.org/10.1016/j.jmb.2019.04.022

Review: 0°*-Dependent Transcription Initiation

15

(78]

[79]

(80]

J. Bacteriol. 174 (1992) 3843-3849http://www.ncbi.nim.nih.
gov/pubmed/1597408, Accessed date: 1 February 2019.
K.B. Decker, D.M. Hinton, Transcription regulation at the
core: similarities among bacterial, archaeal, and eukaryotic
RNA polymerases, Annu. Rev. Microbiol. 67 (2013) 113-139,
https://doi.org/10.1146/annurev-micro-092412-155756.

A. Feklistov, S.A. Darst, Structural basis for promoter —10
element recognition by the bacterial RNA polymerase o
subunit, Cell. 147 (2011) 1257-1269, https://doi.org/10.1016/
J.CELL.2011.10.041.

D. Duchi, D.L.V. Bauer, L. Fernandez, G. Evans, N. Robb, L.
C. Hwang, K. Gryte, A. Tomescu, P. Zawadzki, Z. Morichaud,
K. Brodolin, A.N. Kapanidis, RNA polymerase pausing during

(81]

(82]

initial transcription, Mol. Cell 63 (2016) 939, https://doi.org/
10.1016/J.MOLCEL.2016.08.011.

D. Dulin, D.L.V. Bauer, A.M. Malinen, J.J.W. Bakermans, M.
Kaller, Z. Morichaud, |. Petushkov, M. Depken, K. Brodolin,
A. Kulbachinskiy, A.N. Kapanidis, Pausing controls branch-
ing between productive and non-productive pathways during
initial transcription in bacteria, Nat. Commun. 9 (2018), 1478.
https://doi.org/10.1038/s41467-018-03902-9.

R.S. Basu, B.A. Warner, V. Molodtsov, D. Pupov, D. Esyunina,
C. Fernandez-Tornero, A. Kulbachinskiy, K.S. Murakami,
Structural basis of transcription initiation by bacterial RNA
polymerase holoenzyme, J. Biol. Chem. 289 (2014)
24549-24559, https://doi.org/10.1074/jbc.M114.584037.

Please cite this article as: A. E. Danson, M. Jovanovic, M. Buck, et al., Mechanisms of 6®*-Dependent Transcription Initiation and
Regulation..., Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2019.04.022



http://www.ncbi.nlm.nih.gov/pubmed/1597408
http://www.ncbi.nlm.nih.gov/pubmed/1597408
https://doi.org/10.1146/annurev-micro-092412-155756
https://doi.org/10.1016/J.CELL.2011.10.041
https://doi.org/10.1016/J.CELL.2011.10.041
https://doi.org/10.1016/J.MOLCEL.2016.08.011
https://doi.org/10.1016/J.MOLCEL.2016.08.011
https://doi.org/10.1038/s41467-018-03902-9
https://doi.org/10.1074/jbc.M114.584037
https://doi.org/10.1016/j.jmb.2019.04.022

	Mechanisms of σ54-Dependent Transcription Initiation and Regulation
	Introduction
	Molecular Basis of Transcription Inhibition by σ54
	Mechanisms of σ54-Dependent Transcription Initiation
	Initial DNA separation and transcription bubble formation
	Initial DNA loading
	A coupled load and unwind model
	A multi-step transcription initiation process

	Roles of Activator Proteins
	Comparisons with σ70
	Unique Features of σ54 Define Its Functions
	Future Perspective
	Acknowledgment
	References


