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Summary

Bacterial RNA polymerase-promoter open complexes can exist in a range of states in which the
leading edge of the enzyme moves but the trailing edge does not, a phenomenon we refer to as
“open complex scrunching”. Here we describe how open complex scrunching can determine the
position of the transcription start site for some promoters, modulate the level of expression, and
potentially could be targeted by factors to regulate transcription. We suggest that open complex
scrunching at the extraordinarily active ribosomal RNA promoters might have evolved to initiate
transcription at an unusual position relative to the core promoter elements in order to maximize the
rate of promoter escape.
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Introduction

Transcription, translation, and replication each go through initiation, elongation, and
termination phases. There is a lot of information about each of these steps in bacterial
transcription, but our understanding of the transitions between the various steps in the
transcription cycle is in its infancy. Furthermore, why transcription initiates at different
positions at different promoters has long been a mystery. Some recent publications from our
group have provided insights into these problems and more generally about the role of
specific promoter sequences in the mechanism of transcription initiation [1, 2].

Transcription initiation is a multistep process that involves initial binding of RNA
polymerase (RNAP) to double-stranded promoter DNA followed by a series of
conformational changes of the complex that ultimately result in selection of a transcription
start site and RNA formation [3-6]. The standard view of the transcription initiation reaction
is that promoter DNA initially interacts with RNAP to form a “closed complex™. This is
followed by a series of intermediates that culminate in the formation of an “open complex”
in which approximately one turn of DNA is melted, and the template DNA strand is placed
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into the active center of RNAP. The open complex is then competent to bind NTPs and
synthesize an RNA transcript.

Every promoter has its own Kinetic properties, leading to its own individual activity.
Ultimately, promoter sequence determines the extent of interaction with a series of different
RNAP sub-domains (see Box 1), and the combined effects of these interactions result in
promoter strengths that vary over at least three orders of magnitude [3]. Not only the overall
promoter activity but also the rates of formation and decay of each initiation intermediate are
functions of the DNA sequence. Although sequences closer to consensus generally form
open complexes faster, the rate of open complex formation does not always correlate with
the amount of RNA transcript production. For example, promoters with perfect -10 and -35
elements for binding to RNAP, spaced the perfect distance apart, have lower activity than
promoters that deviate slightly from the perfect sequence elements with optimal spacing
between the elements[11].

To understand the molecular interactions responsible for promoter escape, the transition
between open complex formation and transcription elongation has been examined in more
detail. Synthesis of the first 8-15 nt of RNA occurs without release of promoter contacts to
RNAP, resulting in formation of a “scrunched” complex [12, 13]. Energy stored in this
scrunched complex either allows the promoter-bound RNAP to go back to the open
complex, releasing the nascent RNA as an “abortive” transcript, or the stored energy causes
RNAP’s contacts with the promoter to break, allowing RNAP to escape from the promoter
to form a productive elongation complex.

This article focuses on a phenomenon we call “open complex scrunching”. We discuss how
open complex scrunching can affect the selection of the transcription start site (TSS), and we
hypothesize that some promoters, namely those responsible for making ribosomal RNA, use
this mechanism to improve the efficiency of promoter escape. We then discuss the potential
regulatory role of open complex scrunching and start site selection more broadly in bacteria
and eukaryotes.

Scrunching occurs during initial transcription

The term scrunching was initially used to describe the change in DNA conformation during
initial transcription (Fig. 2A) [12-14]. During this step, some promoter interactions with
RNAP that were established in the initial binding step are retained. The trailing edge of
RNAP is stationary on promoter DNA, while the leading edge of RNAP moves downstream,
1 bp for each nt added to the growing RNA. Movement of the leading edge of RNAP
without corresponding movement of the trailing edge results in expansion of the number of
single-stranded nucleotides in the complex (i.e. the transcription bubble) to form a
“scrunched” complex. These scrunched complexes are unstable and provide the driving
force for either breaking promoter contacts and escaping from the promoter or for relaxing
the complex back to an open state and releasing the RNA to form what is called an abortive
RNA. During initial transcription, scrunching is driven by nucleotide addition. Below, we
describe evidence for formation of a scrunched state not only in initiating complexes, but
also before nucleotide addition, i.e. in the open complex at certain promoters.
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Evidence that scrunching can occur prior to nucleotide addition and is a
determinant of the TSS

Transcription initiates most frequently 7 nt downstream from the end of the -10 promoter
element, but it can start in a window 6-9 nt downstream, depending on the promoter [15-19].
Variability in transcription start site (TSS) selection suggested that the template strand DNA
can be positioned in several different configurations in the open complex [20]. To determine
the mechanism of variability in TSS selection, we took a similar approach in each of two
studies: we identified promoter sequences that affected TSS selection and determined how
the promoter DNA was positioned in complexes with different TSSs. In one study, we
analyzed the ribosomal RNA promoter rrnB P1, which has an unusual TSS position 9 bp
downstream from the -10 element [1]. We mapped transcription start sites from a library of
promoter mutants to identify mutations that shifted the start site. Intriguingly, mutations in
several discrete locations in the promoter affected TSS selection. Substitutions in the region
immediately downstream of the -10 hexamer, the discriminator element, increased
interactions with o4 », substitutions in the extended -10 element increased interactions with
03,0, and several 1 bp insertions in the spacer between the -10 and -35 elements each
resulted in an upstream shift of the TSS. To determine if these mutations affected the
positioning of DNA in open complexes, we introduced the crosslinkable amino acid p-
benzoyl-L-phenylalanine (Bpa) at 14 different positions in RNAP and mapped the locations
of the resulting crosslinks to DNA at nt resolution [21]. We also mapped the position of the
template strand of the promoter relative to the active site by replacing the active-site Mg2*
with Fe2* to generate hydroxyl radicals that cleaved promoter DNA.

Together, the data indicated that the upstream part of the transcription bubble, as well as the
double-stranded DNA upstream, were positioned identically on each of the promoters tested,
regardless of the TSS. However, the downstream part of the bubble, as well as the double-
stranded DNA downstream, were pulled into RNAP, past the active site in the wild-type rmB
P1 complex, correlating with an increased distance of the TSS from the -10 element. These
data suggested that rRNA promoters form a “scrunched open complex”, similar to the
scrunched complex that forms at most promoters following RNA synthesis. rRNA promoters
thereby start further downstream than standard promoters.

In a second study (with the Nickels and Ebright labs), we generated transcripts from a
library of promoter templates containing more than one million variants of the 10 bp
sequence immediately downstream from the -10 element [2]. By mapping the TSS from this
transcript library, we showed that the discriminator element sequence affects the position of
the TSS and that purine-rich discriminator sequences favor TSSs further upstream of those
formed by promoters with pyrimidine-rich discriminators. We then used the crosslinking
approach to map the trailing and leading edges of the open complexes formed by RNAP and
the more than one million promoter variants. The trailing-edge position did not change with
discriminator sequence or TSS, but the leading edge position and TSS correlated with the
discriminator element sequence. Since movement of the leading edge without movement of
the trailing edge is one of the defining hallmarks of scrunching, we concluded that TSS
selection is a function of DNA scrunching.
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Together, the two studies showed that the transcription bubble in open complexes formed by
different promoter sequences is not identical, that some promoters favor scrunching more
than others, and that open complex scrunching is dependent on weak discriminator element
interactions with oy », weak extended -10 promoter element interactions with o3 g, and with
non-consensus -10 / -35 element spacing. Another study showed that the Core Recognition
Element (CRE; see Box 1) can also affect TSS selection; it was proposed that the effects of
the CRE also resulted from open complex scrunching [22].

Does open complex scrunching facilitate escape at ribosomal RNA
promoters?

In E. coli, each of the 7 ribosomal RNA P1 promoters initiates transcription 9 bp
downstream from the -10 element [1]. Furthermore, although rrnP1 TSS position has not
been examined extensively in other species and the rRNA promoter sequences themselves
have diverged greatly, transcription still initiates 9 bp downstream from the -10 element in
species other than £. coli[23]. Conservation of TSS position while TSS region sequence
identity has diverged suggests that initiating from a scrunched open complex has been
selected for at rRNA promoters in evolution, at least in fast-growing -y-proteobacteria. Why
have rRNA promoters evolved to initiate transcription from a scrunched state?

During fast growth, transcription of rRNA can account for up to 70% of the total
transcription in the cell [24], and rRNA promoters have to be extremely efficient. It has been
proposed that rRNA promoters approach the theoretical limit for initiation rate during fast
growth [3]. This has been visualized in so-called “Miller spreads” generated from
exponentially growing E. coli, in which it appears that RNAP molecules completely cover
rRNA genes with essentially no gaps between them [25]. Several properties of rRNA
promoters account for their fast transcription initiation rates. First, rRNA promoters recruit
RNA polymerase very effectively because they have excellent UP elements [7], they are
stimulated by interactions of their a-subunit C-terminal domains with the transcription
factor Fis [26], and they have near consensus -35 elements and consensus -10 elements.
However, rRNA promoters differ from consensus in their spacing between the -35 and -10
elements, and they have poor discriminator and extended -10 element sequences. We suggest
that they compensate for these deviations from consensus in part by having evolved an
extremely efficient mechanism for promoter escape.

Most promoter complexes go through multiple rounds of transcription initiation, in each
round relaxing back to the open complex and releasing a short RNA transcript [27]. These
released products are termed abortive RNAs. Escape from this cycle of binding and abortive
product formation is rate-limiting at some promoters. In contrast, rRNA promoters bypass
the abortive cycling step, escaping from the promoter without making abortive products [1].

Consistent with our hypothesis, we found that neither the wild-type rRNA promoter nor a
variant that also initiated 9 nt downstream of the -10 element made abortive RNAs, whereas
variants that initiated 6 nt downstream of the -10 element produced abortive products [1].
Thus, it appears that escape from the promoter without production of abortive RNAS
correlates with initiation further downstream of the -10 hexamer in a scrunched state.
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We hypothesize that initiating transcription from a scrunched open complex facilitates rapid
RNA synthesis by “priming” the promoters for escape. Whereas scrunching in most
promoter complexes is driven by RNA synthesis and results in formation of a “stressed
intermediate” required for promoter escape, we propose that promoters that form scrunched
open complexes can enter the intermediate state without the associated stress. Entry into this
scrunched state, like entry into the other states on the pathway to formation of standard open
complexes, is driven by binding free energy and does not require energy derived from
nucleotide addition.

If promoter efficiency is the goal, why haven’t rRNA promoters just evolved to have better
-35 hexamers, extended -10 elements, discriminator sequences, or better spacing between
the -10 and -35 hexamers? Presumably evolution could have picked some other sequence
combinations that maximized activity without impeding escape. We suggest another
explanation, however.

Protein synthesis is the major consumer of energy in the cell. Cells have to down-regulate
the rate of rRNA synthesis (and thus ribosome synthesis) when nutritional resources are
scarce and growth slows down so as not to over-invest their resources in ribosome synthesis.
They do this in two ways: (1) by producing increased concentrations of ppGpp, a non-
canonical nucleotide that binds directly to RNAP and reduces the synthesis of rRNA (and
some 400 other transcripts) [28], and (2) by reducing the concentrations of the NTPs needed
for initiation at the 7 rrnP1 promoters, ATP and GTP, to inhibit rRNA promoter activity
[29].

ppGpp inhibits rRNA promoters by binding to two sites on £. col/i RNAP, reducing the
lifetime of the open complex and thereby shifting the equilibrium between the closed and
open complex back towards the closed complex [30-31]. Only promoters that are already
rate-limited at this kinetic step by virtue of forming relatively unstable open complexes are
subject to the inhibitory effects of ppGpp [32]. The same weak interactions of rRNA
promoters with a4 », and o3 g, along with their non-optimal -10 and -35 element spacing,
that result in open complex scrunching also make these promoters susceptible to the
inhibitory effects of high levels of ppGpp and reduced levels of NTPs. rRNA promoters are
more sensitive to low initiating NTP concentrations than most promoters because they
require high NTP concentrations to drive the closed complex — open complex equilibrium
towards the open complex [29]. We suggest that rRNA promoters have evolved sequences
that result in open complex scrunching as a means of facilitating promoter escape while at
the same time employing non-consensus interactions with RNAP that allow regulation by
high ppGpp and low initiating NTP concentration.

Is transcription start site selection regulated through effects on

scrunching?

We have argued above that rRNA promoters have evolved to use open complex scrunching
as a means of facilitating promoter escape for high activity without compromising regulatory
capacity. That is, the 9 bp spacing between the -10 hexamer and the TSS can be considered a
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consequence of selection for a promoter with Kinetic properties that result in rapid escape
and at the same time regulation by small molecules.

However, there are other cases where changes in TSS more directly affect the level of gene
expression. For example, Turnbough and coworkers found that changes in nucleotide
concentrations shift the start sites of the pyrCand pyrD promoters in E. coli, thereby
regulating pyrimidine biosynthesis. The TSS-dependent 5 ends of these RNAs result in
alternative secondary structures that are translated with different efficiencies [33]. Changes
inthe 5” ends of RNAs can also result in alternative RNA structures that either favor or
disfavor transcription attenuation or affect RNA stability.

Several studies in eukaryotic cells have also found that mRNAs derived from genes with
alternative transcription start sites can be differentially terminated or translated [34-38]. In
these cases, the start sites can vary over 100s of bp, instead of the 3-4 bp observed with
bacterial promoters. The mechanism by which eukaryotic RNA polymerases select different
transcription start sites as well as the sequence determinants of TSS selection are still
unclear, but these results highlight the role that alternative RNA 5 ends could play in
modulating gene expression in all organisms.

Conclusion

Although changes in TSS can have consequences for expression of the final product, the
frequency of such regulation by alternative TSS selection remains unclear. Global changes in
TSSs have been mapped under a few different environmental or nutritional conditions in E.
coli[39-41] and in a range of bacterial species. Other than the concentrations of the
initiating NTP [33] and small RNA products referred to as nano RNAs [40-41], trans-acting
factors affecting TSS selection have not yet been reported. However, the finding that open
complex scrunching is dependent on promoter sequence and can cause shifts in TSS
provides a mechanistic basis for how such a regulatory factor could potentially alter TSS
selection.

How could a regulatory factor affect open complex scrunching? Since movement of the
clamp domain of RNAP is thought to open the main channel in an early transcription
initiation intermediate and to re-close the channel in a late intermediate [42], we speculate
that a factor that acted on the clamp might facilitate open complex scrunching by allowing
more DNA to be accommodated within the main channel. Closing of the channel in the late
stages of open complex formation would then decrease the available room in the active site
channel, inhibit open complex scrunching, and tighten RNAP-promoter interactions.
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Box 1

Modular elements in promoters make sequence-specific interactions with distinct regions
of the RNAP o subunit or with core RNAP (a2pp’w). The primary determinants of
promoter strength are the -35 and -10 elements which bind o region 4 (o4) and o region 2
(o9), respectively (Fig. 1) [6]. Several additional promoter elements can also interact
sequence-specifically with RNAP, thereby affecting the kinetics of the initiation reaction
and influencing the strength of the promoter. These include the UP element (which binds
the carboxyl-terminal domain of the a subunit of RNAP, aCTD) [7], the extended -10
element (which binds a3 o)[8]; the discriminator element (which binds o4 5) [9]; and the
core recognition element (CRE; which binds the § subunit of RNAP)[10]. The strength of
each of these interactions ultimately determines the kinetic properties of the promoter.
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DNA 4 UP element

B UP element -35 Ext -10 Dis CRE
rmB P1 TTGTCA—— 11 ———CTCCnTATAATGCGH5—AC
T e Il (RRRRRI r
o'® consensus : TTGACAII— 12 —|TGT(—fnf‘ATAP\TJGGG|—3—|1I§G
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Figurel.
Promoter elements and RNA polymerase regions responsible for recognition of each

promoter element. A: Regions of core (aCTD and B) and o0 that make sequence-specific
interactions with promoter DNA are indicated above the DNA elements with which they
interact. The transcription start site (TSS) is shown as a bent arrow. aCTD (carboxyl-
terminal domain of a subunit; -35 (-35 hexamer), Ext (extended -10 element), -10 (-10
hexamer), Dis (discriminator element), CRE (core recognition element). B: rrmBP1 and
consensus sequence for o’0-dependent promoters. rrnB P1 bases identical to the consensus
sequence are indicated. Promoter elements are colored as in (A). W=A or T, n= any base.
Spacing between -35 and extended -10 and between discriminator element and TSS are
indicated by brackets. The number of bp separating elements is indicated.
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Figure 2.
Scrunching during transcription start site selection and initial transcription. RNAP is gray.

Promoter DNA nucleotides (nt) are drawn as circles. The numbering is from wild-type rrmB
P1. +1 is 9 bp downstream from the -10 hexamer. The -10 hexamer is shown as filled orange
circles. Positions of two alternative transcription start sites are indicated as filled circles on
the template strand, blue for the TSS 6 bp downstream from the end of the -10 element and
red for the wild-type TSS 9 bp from the -10 element. The active site Mg2* is shown as a
filled purple circle. A: Scrunching during TSS selection. Two different forms of the open
complex are shown. Top, non-scrunched complex results in a TSS 6 bp downstream from the
-10 hexamer [1, 21]. Bottom, 3 nt of DNA are pulled into RNAP past the active site,
resulting in a scrunched open complex and a TSS 9 bp downstream from the -10 hexamer.
B: Scrunching during initial transcription. The proposed change in the DNA path during the
transition from RPq (top) at an rrnB P1 promoter variant with a TSS of +6 with respect to
the end of the -10 hexamer [21], to an initial transcribing complex with a 5 nt RNA (RPtcs,
bottom). RNA nt are shown as filled green circles. Similar structural changes occur during
initial transcription and during TSS selection. In each case, interconversion between the
scrunched and unscrunched forms is likely to occur.
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