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Abstract
Transcription initiation is a key event in the regulation of gene expression. RNA polymerase
(RNAP), the central enzyme of transcription, is able to efficiently locate promoters in the genome,
carry out promoter opening, and initiate RNA synthesis. All the sub-steps of transcription
initiation are subject to complex cellular regulation. Understanding the molecular details of each
step in the promoter-opening pathway is essential for a complete mechanistic and quantitative
picture of gene expression. In this mini-review, primarily using bacterial RNAP as an example, I
briefly summarize some of the key recent advances in our understanding of the mechanisms of
promoter search and promoter opening.
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Introduction
Transcription is the basis for decoding genetic information stored in DNA. Core RNAP
(subunit composition α2ββ’ω) is responsible for all cellular transcription in bacteria.1

Specific transcription initiation at promoter sites requires an additional σ-subunit.
Association of core and σ yields the holoenzyme capable of locating promoter sequences,
opening DNA to form a transcription bubble, and initiating RNA synthesis.2–4 The primary
σ-factors (σ70 in Escherichia coli) feature four structural domains and direct core RNAP to
the majority of promoters active during log-phase growth, while alternative σ-factors control
specialized promoters activated in response to environmental and intracellular signals.5

RNAP holoenzyme binds DNA along an extensive, positively charged interface formed by
various regions of all RNAP subunits (except ω) (Fig. 1A). Some parts of the interface are
engaged in non-specific DNA binding, primarily with the sugar–phosphate DNA backbone,
while others ensure specific readout of the DNA sequence by interacting with the bases. The
overall shape of RNAP resembles a crab claw: the two pincers form the active site cleft with
the catalytic Mg2+ located deep in the cleft.6 The backside of the holoenzyme where the σ-
subunit is bound features patches of positively charged surface carrying out promoter
recruitment through non-specific interactions as well as read-out of dsDNA (double stranded
DNA) shape and sequence. After the initial positioning of RNAP on promoter DNA is
achieved, a sharp kink (possible after nucleation of melting) brings the downstream DNA in
contact with the active site cleft. The cleft is too narrow to accommodate dsDNA, so in
order to reach the active site, DNA must unwind. The melting is achieved through
interactions of DNA strands with the positively charged surface of the cleft, through both
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non-specific contacts to the DNA backbone and specific interactions with individual bases
in the ssDNA (single stranded DNA).

Analysis of promoter sequences revealed several conserved elements important for RNAP
binding. The most common and most highly conserved are two hexamers centered 35 and 10
bp upstream of the transcription start site (+1): the −10 element (TATAAT) and the −35
element (TTGACA)7––recognized by domain 2 and 4 of σ, respectively.8,9 Additional
promoter elements include the extended −10 element (TG)10 and the discriminator
(GGGA),11,12 also recognized by σ-subunit (domain 3 and 2, respectively).13,14 Core
subunits also provide DNA-binding specificity and are involved in recognition of the UP-
element (upstream promoter element), Z-element and core recognition element
(CRE)14–16(Fig. 1C).

With the exception of the indispensable −10 element, other promoter elements may or may
not be present. Each element plays its role at a certain step(s) of the promoter-opening
pathway as it is recognized by RNAP: some in dsDNA form as they recruit RNAP to the
promoter region, while others in ssDNA form concurently with melting. In fact, sequence-
specific ssDNA recognition in the region undergoing melting initiates and drives promoter
opening. The DNA-binding surfaces of RNAP, therefore, can be viewed as a collection of
DNA-binding sites with different roles and DNA-specificities that come into play in a
concerted fashion. In the following, I will review recent advances in our understanding of
how RNAP finds promoters in the vastness of the genome and how promoter melting
occurs, leading to initiation of RNA synthesis.

Promoter search
DNA-binding proteins are able to locate their target sites in an overwhelming excess of non-
target DNA. The impressive speed and efficiency of this search, given the size of the
macromolecules involved, cannot be explained by simple diffusion in the cytoplasm.17 This
needle-in-the-haystack problem has puzzled molecular biologists for decades, and the
mechanisms utilized by proteins in search of their target sites on genomic DNA are still
being elucidated. To explain this paradox, Berg, Winter, and von Hippel suggested that
DNA-binding proteins first use their non-specific DNA-binding affinity to arrive at any
binding site on the DNA and in the next step search for their target site by means of thermal
diffusion along DNA (reduced available volume for this search explains fast target
location).18,19 Along a short DNA stretch, a protein can slide freely or translocate through a
series of microscopic dissociation–reassociation events, whereas for larger DNA lengths the
search could be manifested through intersegment transfer.

In the case of RNAP, the location of its binding site (promoter search) is perhaps the most
enigmatic step in transcription initiation, due to the short-lived nature of the search
intermediates. For the bacterial RNA-polymerase (RNAP), the task of locating promoters
within an average-sized genome translates into finding a fraction of sequences comprising
just a few percent of the available DNA in the cell.20 Evidence for 1D sliding of RNAP
along DNA has been obtained both in bulk biochemical assays21,22and in single-molecule
experiments.23 More specifically, RNAP has been shown to track a DNA groove as it moves
along in search of a promoter site.24 Time-resolved scanning force microscopy revealed that
both 1D sliding and 3D hopping accompany RNAP movement along DNA,25 while recent
in vivo fluorescent microscopy studies suggest that both mechanisms may operate in living
cells.26 Despite the ample evidence that RNAP can slide along the DNA while searching for
the promoter site, the observed promoter-association kinetic parameters are perfectly
explained by a 3D-diffusion mechanism alone, and a recent study argued that 3D collisions
may indeed be the only mechanism operating in the cell, given the high in vivo
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concentrations of RNAP holoenzyme.27 It is still possible that low-copy transcription factors
or RNAPs with alternative σ-factors (with just a few tens of molecules per cell) resort to
facilitated diffusion in order to reach their target sites.

The structure of the bacterial nucleoid and the distribution of RNAP are dynamic and can be
influenced by environmental conditions.28 Similar to transcription factories in eukaryotes,
bacteria can organize promoters in specific cellular locations, which in turn can modulate
promoter strength.29 Active promoters often reside within regions of the bacterial genome
containing multiple overlapping promoter-like sequences, which could play roles in
channeling RNAP into the promoter region.30 For eukaryotic transcription factors, a
mechanism was proposed that would rapidly engage a “treadmilling” transcription factor
(i.e., in a state of continual binding and dissociation from its target site) and convert it to a
more stable binding state, allowing for a clutch-like genomic response to developmental or
environmental cues.31 The latter work also introduced an important methodology to study
the binding dynamics of a transcription factor as a true predictor of its strength. Studies of
how the presence of additional promoter-like sequences affect RNAP binding turnover
dynamics at true promoter sites could shed light on their role and explain the abundance of
such sequences in bacterial genomes.

Base excision repair (BER) proteins, a classic model for the studies of target site search
process, are able to locate isolated damaged bases in the genome with an efficiency that
cannot be explained even by facilitated diffusion in a restricted volume. It was proposed that
redox-active [4Fe–4S] clusters present in some DNA repair proteins are able to sense
charge-conducting properties of DNA (electron propagation along an intact base stack that
would be disrupted in the case of a DNA lesion) and dramatically improve the efficiency of
damage detection via this mechanism.32 In addition to DNA repair factors, Fe–S clusters
were found to be essential components of various nucleic acid processing enzymes such as
DNA polymerases, helicases, glycosylases, primases, nucleases, and transcription factors.33

RNAPs from some archea, plants, and protozoa contain a Fe–S cluster that is required for
RNAP assembly and has been proposed to play a role in sensing redox state of the cell.34

The location of the cluster near DNA in the modeled RNAP–promoter complex and its high
conservation among several evolutionary distant RNAPs suggest the attractive but, at this
point, speculative possibility that it may be involved in DNA-mediated redox signaling
either directly or via a transcription factor.

The initial phase of promoter search by the bacterial RNAP may involve indirect readout of
DNA (shape recognition). Variations in DNA sequence create unique conformational
signatures with distinct geometrical helix parameters and deformability depending on local
patterns of interactions between stacked bases. Whole-genome analyses argue that the
topographical landscape of DNA molecular shape formed as a result of these interactions is
conserved and can be subject to evolutionary selection35 much like protein shape. This can
provide an efficient means for fast shape readout.36 For example, RNAP binding to UP-
element involves recognition of a narrow minor groove,15,37 while −10 hexamer DNA was
proposed to have altered structure even in the absence of DNA-binding proteins.38,39

While the quest for the characterization of the elusive promoter search intermediates is
ongoing, one should keep in mind the highly mobile nature of the DNA helix, in which base
flipping and non-canonical base pairing occur frequently and can be recognized by proteins.
The detection of transient Hoogsteen base pairs forming within duplex DNA40 points to the
possibility for multiple layers of a protein–DNA readout code in addition to simple linear
sequence.
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In many cases, the promoter search by RNAP is modulated by the actions of activators and
repressors (reviewed in Ref. 41). These protein factors can modify the RNAP DNA-binding
surface by either supplying it with additional DNA-recognition determinants or by blocking
existing surfaces. Alternatively, the modulating factors can change the conformation of the
promoter DNA by either making it more attractive to RNAP or by obstructing existing
promoter sites. The majority of activators and repressors act early in the initiation pathway
(usually at the promoter recruitment phase), although recent studies of the bacteriophage T7
Gp2 inhibitor and the Mycobacterium tuberculosis transcriptional modulator CarD argue
that these factors affect the promoter-opening step.42,43

Promoter opening
Following the recruitment phase of the promoter search, involving recognition of DNA
shape and dsDNA sequence, RNAP unwinds about 1.3 turns of the DNA (from −11 to +3),
forming the open promoter complex. At this stage, RNAP specifically recognizes individual
bases in the non-template strand of the promoter DNA––this activity underlies the melting
capabilities of RNAP since the contacts with ssDNA bases can only be established during or
after DNA unwinding.

Promoter melting is triggered by the recognition of the −10 element, which occurs as the
two most conserved bases of the element (A–11 and T–7) are flipped out of the double-
stranded DNA and into complementary protein pockets of the σ2 domain.9,14,44 Structural
modeling and biochemical data suggest a hypothetical timeline of this key event in promoter
opening (Fig. 2): directed by upstream sequence-specific promoter–RNAP contacts and
electrostatic interactions with the sugar–phosphate backbone, the −10 element DNA is
loaded in a shallow positively charged trough formed by the surface of σ2, σ3 and parts of
the β subunit. A prominent Trp residue (σ W433 in E. coli) located at the bottom of the
trough precludes binding of an intact B-form DNA helix, acting as a wedge disrupting the
−11 base pair and initiating the flipping of −11A into its pocket.9,45 This absolutely
conserved Trp may be acting, therefore, as a functional analog of the “interrogating residue”
of DNA-binding proteins that recognize flipped-out bases.46,47

Remarkably, even though dsDNA recognition elements recruit RNAP to the promoter and
align the −10 element with the recognition surface of σ2, specific recognition of the −10
element and initiation of melting (at least in vitro) has been shown to occur in their absence.
Promoter fragments having only the −10 and discriminator elements (both recognized in
ssDNA form) support transcription in vitro,11 and DNA fragments with only the −10
element are recognized by RNAP through specific interaction with the nt-strand.9,48 These
examples suggest that RNAP distorts the DNA helix as it searches for the −10 element
within dsDNA. The prominent position of Trp433 at the cusp of the protein–DNA interface
at the origin of the melting suggests that as the dsDNA is threaded through the trough during
the search process, the Trp wedge can flip bases out to be sampled in the A–11 pocket (Fig.
2).

Using structural modeling along with biochemical evidence, Feklistov and Darst9

challenged the previous concept of sequence-specific recognition of the double-stranded −10
element in the closed promoter complex, suggesting that binding of RNAP to the −10
element DNA may involve an intermediate with locally distorted duplex where the DNA
helix is pre-opened to facilitate readout of the flipped bases. The early intermediates of
promoter opening observed on various promoters have been termed closed on the basis of
their non-reactivity toward MnO4

– treatment (an assay used to reveal unstacked, solvent-
exposed thymine bases). This technique fails to detect opening in cases where the thymines
in the melted region remain stacked and/or protected by contacts with the protein. Therefore,
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new methods for assessing the state of the DNA helix in early melting intermediates need to
be developed.

After initiation of melting at the A-11 position, the promoter bubble grows in the
downstream direction. Sequence specific recognition of additional ssDNA elements
(discriminator, −6 to −4; and core recognition element, −4 to +2) at some promoters may
facilitate promoter opening at this stage (Fig. 1C). Therefore, the checkpoints in the process
of promoter search do not stop at the recruitment phase but continue all the way to the
formation of the fully open promoter bubble. Even when the bubble is fully formed,
sequence-dependent conformational fluctuations of the open complex can fine-tune the
choice of the transcription start site.49

The exact sequence of events leading to the formation of the open promoter bubble is
currently a subject of debate. Data obtained at the bacteriophage λ PR promoter at sub-
physiological temperatures (used to slow down the opening reaction) argue that after
establishing upstream promoter contacts, RNAP readily bends promoter DNA (at about 90°)
at the −10 element and inserts the downstream duplex in the active site cleft.50 In the next
slow step, RNAP opens the DNA and readjusts contacts with emerging stretches of ssDNA
as well as with the downstream DNA duplex.51–53 Real time X-ray–generated hydroxyl-
radical footprinting data at the bacteriophage T7A1 promoter under physiological
temperatures suggests that DNA opening originates outside of the cleft while DNA bends
and enters the cleft later in the pathway.54,55 It is not impossible that even for a particular
promoter both pathways may coexist. It is also possible that, depending on promoter
sequence, one or the other pathway may prevail, which could present an opportunity for
differential regulation in vivo. Notably, even for the same promoter sequence, DNA opening
pathway can go through different structural intermediates depending on the experimental
temperature.55

Overall, promoter melting is driven by RNAP affinity toward the final state (i.e., the
conformation of promoter DNA existing in RPo). At the opening step, RNAP can be
envisioned as an isomerization machine utilizing binding free energy to bend promoter DNA
around its surface and unwind about 13 base pairs of the dsDNA, placing the t-strand near
the active site ready for coding of the transcript sequence.50 Opening of the promoter DNA
is accompanied by closing of the RNAP clamp,56 allowing RNAP to acquire a tight grip on
the downstream DNA to assure processivity of transcription. This process may involve
refolding of several structural domains of RNAP at the downstream parts of the cleft.50,53

The driving force of this dramatic rearrangement is supplied by electrostatic and steric
complementarity between the positively charged surface of RNAP and the negatively
charged DNA backbone, while the accuracy ensuring precise register of transcription comes
from sequence-specific contacts to the dsDNA and ssDNA promoter elements (Fig. 1B).

Conclusions
Between the moment of association of RNAP core enzyme with one of the cellular σ-factors
and the moment of synthesis of the first phosphodiester bond, RNAP is engaged in a
complex multi-step process of promoter search. Each sub-step of this process can be
modulated by regulatory protein factors or small molecules.46,57 The transcriptional output
of a promoter is determined not just by how efficiently it is located and melted by RNAP,
but also by the ease of promoter escape. Mechanistic understanding of the role of individual
promoter elements in determining promoter output is a prerequisite for building a detailed
quantitative model of bacterial gene expression. Recent structural and biochemical studies
have advanced our understanding of the open promoter complex organization, although
many important promoter search/opening intermediates still await characterization.
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Figure 1.
Model of the open promoter complex. (A) View showing electrostatic surface potential of
RNAP in the open promoter complex (red = negative, blue = positive charge). DNA
(golden) is bound across a positively charged path on RNAP. RNAP engages the upstream
region of promoter DNA (left) in sequence-specific recognition of dsDNA promoter
elements. The melted part of the promoter bubble (right) is recognized through sequence-
specific contacts with ssDNA. (B) View showing sequence-specific promoter elements and
parts of RNAP recognizing them. RNAP shown as a gray transparent surface, except patches
involved in sequence specific recognition of promoter DNA. DNA backbone is outlined
(non-template strand = blue, template strand = gray). Model was created by combining
coordinates from PDB 4G7H, 3UGO, 1LB2, and 1L9Z. (C) Promoter motifs recognized by
RNAP holoenzyme with primary σ–factors. Blue circles represent nucleotides of the non-
template DNA strand, light gray = template strand. W = A or T. The position with respect to
the transcription start-site (+1) is denoted below.
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Figure 2.
Structural modeling of −10 element recognition as the first step in promoter opening. (A)
Schematic comparison of closed (RPc) and open (RPo) promoter complexes and suggested
wedge role for W433 as an initiator of promoter melting. RNAP shown as a gray semi-
transparent surface. DNA in RPc is shown black, downstream portion of promoter DNA
after the melting (RPo) is green. The wedge W433 is highlighted in red. Catalytic Mg2+ =
purple sphere. −35 and −10 promoter elements are labeled. (B) Schematic close-up of the
first step in −10 element recognition. DNA directed in the shallow trough on RNAP surface
(green) via a steric and electrostatic fit. Non-template strand is shown in blue, template
strand is gray. The helix invasion by W433 disrupts one of the base pairs and flips out the
non-template base into A-11 pocket, thereby making the upstream neighboring template-
strand base accessible for H-bonding with Q437 (this amino acid residue was implicated in
−12 base pair recognition in genetic screens.58,59 Following the recognition of the T–12A–11
step, DNA untwisting will proceed downstream, accompanied by T–7 flipping out into the
respective σ-pocket (shown by red dashed arrow).
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