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Open complex scrunching before nucleotide addition
accounts for the unusual transcription start site of
E. coli ribosomal RNA promoters
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Most Escherichia coli promoters initiate transcription with a purine
7 or 8 nt downstream from the —10 hexamer, but some promoters,
including the ribosomal RNA promoter rrnB P1, start 9 nt from the
-10 element. We identified promoter and RNA polymerase deter-
minants of this noncanonical rrnB P1 start site using biochemical
and genetic approaches including mutational analysis of the pro-
moter, Fe?* cleavage assays to monitor template strand positions
near the active-site, and Bpa cross-linking to map the path of open
complex DNA at amino acid and nucleotide resolution. We find
that mutations in several promoter regions affect transcription
start site (TSS) selection. In particular, we show that the absence
of strong interactions between the discriminator region and ¢ re-
gion 1.2 and between the extended —10 element and ¢ region 3.0,
identified previously as a determinant of proper regulation of rRNA
promoters, is also required for the unusual TSS. We find that the
DNA in the single-stranded transcription bubble of the rrnB P1 pro-
moter complex expands and is “scrunched” into the active site chan-
nel of RNA polymerase, similar to the situation in initial transcribing
complexes. However, in the rrnB P1 open complex, scrunching
occurs before RNA synthesis begins. We find that the scrunched
open complex exhibits reduced abortive product synthesis, sug-
gesting that scrunching and unusual TSS selection contribute to
the extraordinary transcriptional activity of rRNA promoters by in-
creasing promoter escape, helping to offset the reduction in pro-
moter activity that would result from the weak interactions with ¢.

RNA polymerase | transcription start site selection |
open complex scrunching | ribosomal RNA promoters | promoter escape

o initiate transcription, RNA polymerase (RNAP) and pro-
moter DNA participate in a multistep binding reaction that
results in unwinding of at least one turn of DNA and placement
of the template strand into the active site. Once positioned, the
initiating nucleoside triphosphate and the second NTP pair with
the template, and the first phosphodiester bond is catalyzed.
There is considerable information about the structure of open
complexes and the position of the transcription start site (TSS)
for consensus promoters and engineered scaffolds. However,
perfect consensus promoters are not actually found in wild-type
Escherichia coli cells, and little is known about TSS selection on
native promoters and about how variation in promoter sequence
affects TSS position. Comparison of the TSS for natural and syn-
thetic Ec’’-dependent promoters indicates that a purine 7-8 bp
downstream from the last base in the —10 element is typically used
for initiation, and in some cases, two or more adjacent positions in
an individual promoter are used (1-3). A pyrimidine at non-
template strand position —1 is preferred (Fig. 14), because the
corresponding purine on the template strand makes favorable
stacking interactions with the initiating NTP (4). Transcripts initi-
ating as far as 12 bp downstream from the —10 hexamer have been
reported but are very uncommon (5, 6). Changes in nucleotide
concentrations alter the TSS at some promoters, and the identity
of the 5" end of the transcript can affect transcription attenuation,
reiterative transcription, translation efficiency, or RNA stability,
regulating gene expression (7).
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A recent single-molecule fluorescence resonance energy trans-
fer study showed there can be heterogeneity in transcription
bubble size in open complexes, even for an individual promoter
(8). Thus, spontaneous bubble expansion and contraction can
account for multiple start sites at some promoters. The variation
in TSS from an individual promoter implies there is flexibility in
the placement of template strand DNA by RNAP relative to the
active site of the enzyme.

After formation of the first phosphodiester bond during tran-
scription initiation, the next 5-12 nucleotide addition steps pro-
ceed through a scrunching mechanism in which the trailing edge of
RNAP does not move with respect to DNA and 1 bp of down-
stream DNA is pulled into RNAP for every nucleotide added to
the growing RNA chain (9, 10). Strain generated during initial
transcription leads to formation of a high-energy state, and this
energy can be released by either breaking promoter contacts to
form an elongation complex or by releasing the nascent RNA as
an abortive transcript. At most promoters, multiple rounds of
synthesis and release of abortive transcripts take place before
promoter contacts are broken, and this can be a rate-limiting
step at some promoters (11).

Here we use the E. coli ribosomal RNA promoter rnB P1 to
investigate the promoter sequences and interactions with RNAP
responsible for its unusual TSS (Fig. 1). RNAP initiates tran-
scription from 7mB P1 in vitro and in vivo predominantly at an
adenine 9 bp downstream from the end of the —10 hexamer
rather than at the adenine 6 bp downstream from the —10 hex-
amer (12-14), the TSS position predicted from the TSSs at other
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Fig. 1. Nucleotide concentration does not affect TSS selection of rrnB P1.
(A) Sequence-specific contacts between RNAP (E6’® and promoter DNA
(adapted from ref. 15). UP element-aCTD interaction, blue; -35 hexamer-c
region 4.2 interaction, red; extended -10 element—c region 3.0 interaction,
green; —10 hexamer—c regions 2.3-2.4 interaction, orange; discriminator-c
region 1.2 interaction, yellow. Transcription typically initiates with a purine
7 bp downstream from the -10 element (1). (B) Comparison of the rrnB P1
promoter with consensus Ec’® promoter elements. Matches to consensus
hexamers are indicated. Promoter numbering is with respect to the wild-type
TSS, designated as +1. Alternative numbering for start site region, 1-9 bp
downstream of the —10 element, is indicated. (C) Start sites of rrnB P1 tran-
scription determined by primer extension mapping of 5-ends of transcripts
generated in vitro at the indicated NTP concentrations. Extension products
were separated on a denaturing acrylamide gel with a DNA sequence ladder
generated using the same primer.

promoters (1). Using a library of 38 »nB P1 promoter variants,
we find that mutations at a variety of positions can alter TSS
selection, implicating several specific RNAP-promoter interac-
tions in the selection mechanism. Site-specific RNAP-DNA
cross-linking indicates that the wild-type mnB P1 TSS results
from open complex DNA scrunching, in which downstream
DNA is pulled into RNAP before nucleotide addition, allowing
initiation of transcription farther downstream from the —10 ele-
ment than is typical. Promoter mutations that shift the position
of the TSS reduce open complex scrunching and increase abor-
tive product formation, indicating there is a correlation between
scrunching and the position of the wild-type TSS and that
scrunching may facilitate promoter escape.

Results

The TSS of rrnB P1 Is Not Dependent on Relative Nucleotide
Concentrations in Vitro. Although mnB P1 is a very strong pro-
moter, it differs from consensus in the —35 hexamer, has sub-
optimal spacing between the —10 and -35 hexamers, lacks a
consensus extended —10 element or discriminator sequence (Fig.
1 A and B), and forms very unstable open complexes (15, 16).
These promoter features result in a requirement for higher ini-
tiating NTP concentrations for transcription initiation than at
most promoters, allowing regulation of rRNA production by
changing NTP levels when they are not saturating (17-19). To
investigate whether the NTP concentration contributes to the
unusual TSS at rmB P1, we carried out in vitro transcription at a
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range of NTP concentrations and mapped the TSS by primer
extension (Fig. 1C). When a high concentration of all four NTPs
(500 pM A, G, C, U) was used, wild-type rnB P1 initiated pre-
dominantly with ATP 9 bp from the downstream end of the -10
hexamer (referred to as +9A), with minor percentages initiating
at +8C (17%), +7C (12%), or +6A (8%) (Fig. 14 and C, lane 9).
A similar distribution of TSSs was observed when any single NTP
was used at 10-fold higher concentration than the others (500 pM
versus 50 pM; Fig. 1C, lanes 5-8). These data suggest that although
the efficiency of initiation at rrnB P1 is unusually dependent on the
NTP concentration, TSS position at this promoter is relatively in-
sensitive to the ratio of NTP concentrations available.

Mutations Throughout rrnB P1 Alter the TSS. To determine how
promoter sequence influences TSS selection, we examined a
preexisting library of 38 nB P1 promoter variants for those that
displayed an altered TSS in vitro. This library included some site-
directed mutations in rrnB P1, as well as mutations isolated in an
in vitro selection for promoters that formed more stable rnB P1-
RNAP complexes and in screens for loss of regulation (16, 19).

Of the 38 promoter mutants tested, 18 displayed an altered
TSS, in most cases shifting the majority of starts from +9A to
+6A (Fig. 2 B and C). (TSSs at +7 or +8 were much less fre-
quent, because pyrimidines are disfavored for initiation, whereas
+9A and +6A TSSs are preceded by a preferred pyrimidine).
Several mnB P1 variants exhibited pronounced shifts from +9A
to +6A, including three previously characterized mutations
C-7G, C-16G/C-17T, and insC-18. Of these variants, the one with
the most complete shift was the C-7G promoter (Fig. 2B, lane 6).
(Promoter positions are numbered with respect to the wild-type
TSS, referred to as +1; Fig. 24 and B.) The C-7G substitution
creates a consensus G at this discriminator position, improving
promoter interactions with o1, (16); the C-16G/C-17T mutation
creates a consensus extended —10 element (promoter referred to
as Ext —10), improving interactions with o3 (20); and the insC-
18 mutation increases the spacing between the —10 and -35
hexamers to the consensus 17 bp (Fig. 1 4 and B).

All three of these promoter mutations greatly increased the
lifetime of open complexes (16). In contrast, two promoter var-
iants also made very stable open complexes but did not shift the
TSS, rmB Dis = C-5A/G-6T/C-7A, and T-33A (Fig. 2B, lane 7,
and Fig. 2C). mmB Dis creates a more A+T-rich discriminator,
and T-33A creates a consensus —35 hexamer. These promoters
initiated at +9A, like the wild type (Fig. 2B, lane 7, and Fig. 2C),
indicating that open complex stability per se is insufficient to
explain the change in TSS (16).

Other nnB P1 mutations also shifted the TSS from +9A to
+6A, including several that increased the length between the —10
and —35 hexamers to 17, 18, or 19 bp or that weakened the -35
element interaction with o4 (e.g., G-34A, T-35C, or T-36C). Five
TSS-altering mutations mapped to the start site region of the
promoter, creating tranversions at 7, 8, or 9 bp downstream of
the —10 element. Some of these changes in TSS correlated with
creation or disruption of a favored pyrimidine—purine sequence
at —1/4+1. For example, the C-1A mutation created a preferred
purine preceded by a pyrimidine at a more preferred start po-
sition (5'-CA-3’, 7 and 8 bp downstream from the —10 hexamer)
and disrupted the 5’-CA-3’ sequence 8 and 9 bp downstream
from the —10 element, switching the TSS from +9 to +8.

The Template Strand Is Positioned Differently in rrnB P1 Promoter
Complexes That Initiate at +6 Rather than +9. To investigate the
mechanism(s) responsible for TSS selection, we monitored the
position of the template strand with respect to the RNAP active
site using representative mutant or wild-type promoters with
different TSSs: rrnB C-7G (+6A), wild-type rrnB P1 (+9A), and
rmB Dis (+9A). Open complexes were formed with radiolabeled
promoter fragments and RNAP in which the active site Mg*" was
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Fig. 2. Some rrnB P1 promoter variants shift the TSS. (A) rrnB P1 promoter
sequence. Positions of insertion mutants shown in C are indicated below the
sequence. The —35 and -10 elements are in bold, and the TSS is indicated
with an arrow. (B) TSSs from wild-type or the indicated mutant rrnB P1
promoters determined by primer extension of in vitro transcripts. A repre-
sentative gel is shown. TSS positions at +9A or +6A are indicated. Lanes 8
and 9 are from the same gel as lanes 1-7, but some intervening lanes have
been omitted for clarity. (C) Heat map depicting the TSS distribution of rrnB
P1 variants. Promoter names are indicated. Columns represent unique TSS
positions 6, 7, 8, or 9 bp downstream of the —-10 hexamer, and color intensity
represents the fraction of total transcription initiating at each position (key
is at the bottom). Values are the average of three independent experiments.
Differences in overall promoter activity are not depicted. Color-coded ar-
rows indicate variants discussed in other figures. Black arrows indicate mu-
tations (A-10C, A-11C) that were used to test for potential utilization of an
alternative —10 hexamer.

replaced with Fe®". Hydroxyl radicals, generated by the Fe’*
RNAP, cleaved template strand DNA positions in close prox-
imity to the active site. The majority of strand cleavage in

Winkelman et al.

complexes with the wild-type and rmmB Dis promoters occurred 7
or 8 bp downstream from the —10 hexamer. However, with mnB
P1 C-7G, there was a pronounced shift in cleavage distribution to
include positions 5-8 bp downstream from the —10 element (Fig.
3 A and B). We conclude that the C-7G mutation affects the
position of the template strand with respect to the RNAP active
site and that strand placement occurs before, and is independent
of, the addition of NTPs during initiation.

Interactions Between ¢’° Region 1.2 and the Discriminator Nontemplate
Strand Contribute to Positioning the Template Strand. To identify
whether the nontemplate strand G or the template strand C (or
both) was responsible for repositioning the template strand and
shifting the TSS of the C-7G promoter, start sites were de-
termined for promoter templates with a single bp mismatch at
-7 (Fig. 3C). The start site distribution for a bubble template
with a nontemplate strand G and a template strand A (G/A
bubble) was similar to that for the C-7G promoter, whereas the
distribution for the A/C bubble template was similar to that of
wild-type rnB P1 (Fig. 3 D and E). These data support the model
that the nontemplate strand G rather than the template strand
C accounts for the TSS shift with the C-7G promoter and in-
dicate that the identity of the —7 position on the nontemplate
strand, not the G+C content of the discriminator, is responsible
for these effects.

We showed previously that the nontemplate strand G of the
C-7G promoter interacts with o7, (16), and subsequent genetic
studies (21) and structural studies (22) showed that ¢ residues
M102 and R103 contribute to this interaction. We therefore
compared the TSSs produced by the wild-type RNAP and o
M102A/R103A mutant RNAP and by the C-7G and rnmB P1 Dis
promoters (Fig. 3 F and G and Fig. S1). Consistent with the
hypothesis that the oy, interaction with the nontemplate strand
G at -7 is important for TSS selection, the C-7G mutation largely
prevented shifting of the TSS when the promoter was transcribed
with the ¢ M102A/R103A RNAP. Individual substitutions in
several neighboring residues in oy, also reduced shifting of the
TSS on the C-7G promoter (Fig. S1). In contrast, the start site
distribution for the mnB Dis promoter was not affected by the
61, M102A/R103A substitutions, consistent with the lack of
a consensus G residue at nontemplate strand position -7 in
this promoter.

Models for Template Strand Positioning. We considered several
possible mechanisms to account for the differences in template
strand position observed with the wild-type and mutant 77nB P1
promoters, including recognition of an alternative —10 hexamer,
“sliding” of promoter DNA downstream of the -35 hexamer
relative to RNAP, and “scrunching” of additional downstream
DNA into RNAP in the open complex.

An alternative —10 hexamer sequence TAATGC (-12 to -7 in
wild-type mB P1 numbering) is spaced 18 bp downstream from
the -35 hexamer. Recognition of this element by RNAP rather
than the TATAAT (-14 to -9) would allow transcription to
initiate at the observed +9A position (wild-type promoter
numbering) at a distance of 7 bp from the end of the —10 hex-
amer. If this alternative —10 hexamer were used by RNAP, then
substitution for the A at —11 (Fig. 2C, black arrow), the critical
second position in the —-10 hexamer, would be expected to
eliminate stable recognition. However, this was not observed: An
A-11C (or an A-10C) substitution did not prevent initiation at
+9A and had no effect on TSS distribution, strongly suggesting
the alternative —10 hexamer explanation for the +9A TSS is
incorrect.

In the sliding model, strain in the wild-type mnB P1 open
complex, imposed by the short (16 bp) spacing between the —10
and -35 recognition elements, destabilizes o interactions with the
—10 element region, resulting in an open complex anchored only
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Fig. 3.

Interactions between the nontemplate strand of the discriminator and 1 alter template strand position in the open complex. (A) Active site-specific

Fe?*-mediated DNA cleavage in open complexes at the wild-type, C-7G, or Dis promoters (Materials and Methods). A+G sequence ladder labeled lane 1 is the
same as gel lane 2 but at a lower signal intensity. (B) Traces of lanes 3-5 in gel shown in A. (C) Nontemplate (NT) and template (T) strand DNA sequences from

—14 to +1in rrnB P1 promoters used in panels D and E. Bubble templates contain

a G/A or an A/C mismatch at position —7. (D) TSSs from fully paired wild-type

or C-7G promoter templates or from bubble templates with a =7 mismatch, determined by primer extension from transcripts generated in vitro. Identity of
the -7 position on each strand is indicated. (E) Heat map (as in Fig. 2C) representing the TSS distribution of fully paired or bubble templates in D. Values are
the average of three independent experiments. (F) Start sites of transcription from the rrnB Dis or C-7G promoters with wild-type RNAP or M102A/R103A
RNAP determined by primer extension of transcripts generated in vitro. (G) Heat map representing TSS distributions in F.

by o4, interactions with the -35 element. Promoter DNA
downstream of the —35 element then “slides” with respect to
RNAP, repositioning the 13 bp open complex bubble down-
stream (i.e., shifting the register of the DNA with respect to the
active site of the enzyme), explaining why transcription initiates
at position +9A rather than +6A (wild-type »nB P1 numbering).

Effects of all of the 7mB P1 promoter mutations on TSS se-
lection are consistent with the sliding model. For example, spacer
insertions that would relieve the strain imposed by the 16 bp
spacer and increase —10 region interactions, preventing sliding,
shifted the TSS to +6. Mutations in the —35 hexamer that would
disrupt interactions with sigma 4.2, thereby relieving the strain
imposed by the 16 bp spacing, also shifted the TSS to +6. How-
ever, the loss of critical —10 hexamer interactions with the non-
template strand (23) in the hypothetical shifted complex predicted
by the sliding model would be expected to result in DNA bubble
collapse rather than bubble reformation downstream, making this
model an unlikely explanation for the +9A TSS. Furthermore, this
model is inconsistent with the results of cross-linking experiments
(see rnB P1 Open Complexes Are Scrunched).

The third model, open complex scrunching, proposes that the
extra DNA length in the »nB P1 transcription bubble between
the TSS and the —-10 element is accommodated within the RNAP
main channel, as has been observed in initial transcribing com-
plexes (24). In contrast to the situation in initial transcribing
complexes, however, scrunching of the open complex would
occur before NTP addition, driven by binding free energy in-
stead of by NTP hydrolysis, and effects of promoter mutations
that changed the TSS from +9A to +6A would derive from
strengthening of contacts with ¢ and prevent open complex
scrunching. We suggest below that weakening, but not elimi-
nating, interactions with the —10 region results in scrunching
and the unusual nB P1 TSS.

E1790 | www.pnas.org/cgi/doi/10.1073/pnas.1522159113

rrnB P1 Open Complexes Are Scrunched. We tested these models by
using a cross-linking approach (24) to map the path of DNA at
amino acid and nucleotide resolution in open complexes formed
on promoters with different TSSs (r7nB P1, nuB Dis, nnB Ext
-10, and rrmB C-7G). The photoactivatable amino acid Bpa (25)
was incorporated into RNAP one residue at a time at amino acid
locations chosen because they were shown previously to cross-
link to DNA in promoter complexes (24). After formation of
rmB P1 promoter complexes and UV irradiation, the resulting
open complex cross-links to DNA were mapped to nucleotide
resolution using primer extension.

Each of the models predicted that Bpa incorporated at the
leading edge of RNAP would make cross-links to DNA further
downstream on the promoters that initiated at +9A than on the
promoters that initiated at +6A. Consistent with this prediction, and
with the hydroxyl radical cleavage patterns shown in Fig. 34, the
major cross-links from residues f’R1148-Bpa and f’K1170-Bpa
(which interact with the downstream duplex) were 2-3 bp further
downstream on the wild-type and rrnB Dis promoters than on the
rmB Ext-10 and rmB C-7G promoters (Fig. 44, panels 3 and 4;
summarized in Fig. 4B).

In contrast, the models predicted different results for cross-
links from RNAP to positions in the spacer and —10 hexamer
regions of the promoter. The sliding and alternate —10 hexamer
models predicted that these cross-links would be at different
positions for promoters with different TSSs, whereas the open
complex scrunching model predicted that the positions of these
cross-links would not change for promoters with different TSSs.
As shown in Fig. 44, panels 1 and 2, in both sets of promoters the
major cross-link from p'T48-Bpa was to —23/-24 in the template
strand spacer, and the major cross-link from cR465-Bpa was to
position —12, at the upstream edge of the —10 hexamer. These
results are consistent only with the open complex scrunching

Winkelman et al.
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rrnB P1 forms scrunched open complexes. (A) Cross-links from p'T48-Bpa or cR465-Bpa to the template strand or from p'R1148-Bpa or p’K1170-Bpa to

the nontemplate strand in open complexes formed with the wild-type rrnB P1 (lanes 5), Dis (lanes 6), Extended —10 (lanes 7), or C-7G (lanes 8) promoters.
Cross-link positions were determined by comparison of primer extension products from cross-linked complexes to GATC sequence ladders generated from
rrnB Dis (lanes 1-4) using the same strand-specific primers. Traces of lanes 5-8 are shown at the right of the gel images. Bpa-containing RNAPs were tested to
ensure Bpa incorporation did not affect TSS (Fig. S4). (B) Schematic of DNA strands in open complexes at the extended —10 and C-7G promoters (Top;
nonscrunched) or the wild-type and Dis promoters (Bottom; scrunched). Positions of cross-links or sites of template strand cleavage by Fe?* in the RNAP active
site (*OH) from data in Figs. 3A and 4A and Figs. S2 and S3 are indicated. The —10 hexamer positions are in red, and template strand thymines at +6 and +9 are
in cyan. Promoter numbering is for wild-type rrnB P1. Colored bars above and below each strand represent the most highly cross-linked position or range of
positions for each promoter (wild-type rrnB P1, blue; Dis, orange; Ext —10, pink; C-7G, green). Cross-link positions in the downstream duplex are shifted farther
downstream, and the downstream edge of the bubble region is expanded in the scrunched open complexes relative to the nonscrunched complexes (Bottom
panel vs. Top panel). Note that 'T48-Bpa cross-links to both the template strand (Fig. 4A) and the nontemplate strand (Fig. S2).

model, in which an increase in the number of nucleotides in the
bubble results from pulling extra DNA into the enzyme in pro-
moter complexes initiating at +9, and DNA positions upstream
of the nucleotides in the expanded part of the bubble do not shift
relative to RNAP.

To determine the locations of specific DNA positions in the
four promoter complexes more precisely, we mapped cross-links
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from seven additional Bpa-containing RNAPs that cross-linked
to the nontemplate strand (cT552, p'T48, cW434, BR394,
pR180, p’K1311, and f'M1189) and from five additional Bpa-
RNAPs that cross-linked to the template strand (6R436, c6R397,
oN461, pA1263, and p’K118) (Figs. S2 and S3). Cross-links from
RNAP to positions upstream of —11 on the template strand
and —4 on the nontemplate strand generally mapped to the
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Fig. 5. Discriminator interactions with o, inhibit scrunching. Cross-links
from p'T48-Bpa to the template strand (A) or from f’'R1148-Bpa to the
nontemplate strand (B) in open complexes formed with wild-type RNAP or
6M102A/R103A RNAP and either the Dis or C-7G promoters. Cross-link po-
sitions were determined by primer extension from strand-specific primers
(lanes 5-8) and are compared with GATC sequencing ladders (lanes 1-4)
generated from the Dis promoter with the same primers. Traces for lanes 5-8
are shown next to the gel.

same positions on the four promoters, whereas cross-links from
residues in RNAP to DNA downstream of the bubble were
generally shifted downstream on the wild-type promoter and
rnB Dis compared with cross-links to rnB Ext —10 and nnB
C-7G. The magnitude of these downstream shifts is similar to
those observed previously in an initial transcribing complex that
contained a 5-mer RNA (24).

61 Interactions with -7G on the Nontemplate Strand Prevent Open
Complex Scrunching. The C-7G promoter mutation, which im-
proves interactions with ¢;, (16, 21), exhibited the most pro-
nounced shift in TSS (to +6A; Fig. 2), and mutations in o,
reduced the efficiency of this shift (6M102A/R103A; Fig. 3 F and
G). These results predicted that the cM102A/R103A RNAP
would show open complex scrunching even on the C-7G pro-
moter by weakening the —7G interaction with o ;.

Mapping of cross-links in the open complex confirmed the
prediction. The template strand p'T48-Bpa cross-link to r7nB Dis
and C-7G was similar for RNAPs with wild-type ¢ or oy,
M102A/R103A (to -23, -24; Fig. 54), indicating that the in-
terface between RNAP and the upstream duplex DNA was not
altered by the cM102A/R103A substitutions. In contrast, the
downstream cross-link between the p'R1148-Bpa and the C-7G
promoter shifted from +4 with wild-type RNAP to include +6
and +7 with the cM102A/R103A RNAP. Thus, despite the
presence of the consensus nontemplate strand G in the C-7G
promoter, the cM102A/R103A substitutions weakened the dis-
criminator-o; , interaction, increasing the fraction of scrunched
complexes in which +9A on the template strand is adjacent to
the active site in RNAP.

Abortive RNA Production Is Reduced from Promoters That Form
Scrunched Open Complexes. We proposed previously that the
template strand bulge caused by scrunching during initial
transcription increases the rate of promoter escape (24). We
addressed the potential relationship between open complex
scrunching and productive transcription by measuring the level
of abortive RNA products synthesized and the productive
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RNA-to-abortive ratio by the wild-type, nnB Dis, nnB Ext -10,
and rmB C-7G promoters in the presence of all four NTPs (Fig.
6A4). High levels of abortive RNAs (RNAs shorter than ~12 nt)
generally reflect inefficient promoter escape (11). The abortive
RNA level was much lower, and the productive-to-abortive RNA
ratio was much higher for the promoters that made scrunched
open complexes, wild-type rnB P1 and rmB Dis, compared with
the promoters that did not make scrunched open complexes, nnB
Ext —-10 and nnB C-7G (Fig. 64), consistent with the model that
initiating transcription from a scrunched state increases promoter
efficiency (Fig. 6B).

Discussion

We took advantage of the unusual TSS of 7mnB P1 to study the
determinants of TSS selection. First we identified a set of »mB
P1 mutations that led to a shift in TSS from +9A to +6A. Then
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Fig. 6. Role of open complex scrunching in promoter escape. (A) RNAs
generated by transcription in the presence of Y[>2P]ATP from the wild-type
rrnB P1, Dis, Ext -10, or C-7G promoters were electrophoresed on a 20%
acrylamide gel to resolve abortive transcripts. Panels show full-length (pro-
ductive) and abortive transcripts (estimated as 4-8 nt in length) from the
same gel, but the region of the image between the long and short RNAs
has been eliminated to save space. The ratio of productive (full-length) to
abortive transcripts is indicated below each lane. Relative levels of pro-
ductive transcripts for each promoter are as follows: lane 2 wild-type, 1.0;
lane 3 Dis, 1.8; lane 4 Ext -10, 1.6; lane 5 C-7G, 1.1. (B) Open complex
scrunching increases promoter efficiency. Positions in the —10 hexamer are
indicated by filled red circles. The positions of the two alternative start sites
(at +6A or +9A from the -10 hexamer) are shown as filled cyan circles. The
active site in RNAP adjacent to the TSS is indicated by a red arrowhead. (Top)
C-7G or Ext —10 promoter, with the TSS at +6 (arrow); the nonscrunched
configuration leads to abortive transcripts. (Bottom) Wild-type or Dis pro-
moters with the TSS at +9 (arrow); the scrunched configuration leads to
fewer abortive transcripts.
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we used a cross-linking approach to compare the paths of DNA
with respect to RNAP in open complexes that initiate pre-
dominantly at +9A versus +6A and found the TSS position was
diagnostic of the presence/absence of open complex scrunching.
Finally, we examined the effects of representative mutations
from the two promoter classes on abortive product formation as
an indicator of their effects on promoter escape.

Promoter Properties Leading to a Scrunched Open Complex. The
wild-type nnB P1 promoter makes unstable open complexes,
likely because the shorter than consensus spacing between the —10
and -35 hexamers creates strain that reduces interactions be-
tween o and promoter DNA in and around the —10 element. rnB
P1 promoter mutations that led to stronger interactions between
612 Or o3 (with the discriminator region or extended —10 ele-
ment, respectively) resulted in a shift from a +9 TSS (WT) to +6
(mutants), a signature of the loss of scrunching. We therefore
suggest that open complex scrunching requires weak sigma
interactions; strong contacts with the —10 region constrain
scrunched open complex formation.

Not only mutations in the vicinity of the —10 region itself (e.g.,
in the discriminator or the extended —10 element) but also well
upstream of the —10 region shifted the TSS to +6 and reduced
scrunching. We suggest that mutations that increase —10/-35
spacer length (to 17, 18, or 19 bp), or mutations away from con-
sensus in the —35 element, shift the TSS and reduce scrunching by
reducing the strain imposed by the 16 bp spacing between the —10
and -35 elements, thereby stabilizing ¢ interactions with the pro-
moter in the vicinity of the —10 element.

We note that the rrnB Dis promoter also forms a more stable
complex, but it creates an A+T-rich sequence downstream of
the 10 that likely facilitates strand opening rather than strengthens
interactions with o1 ,. This is consistent with the observation that it
does not interfere with scrunching.

We suggest that weakening —10 region contacts (or a subset of
contacts) alters the local environment in the main channel,
allowing for accommodation of a longer than usual transcription
bubble within the channel. Our cross-linking data support the
presence of an expanded bubble within the channel, with extra nt
accommodated between the downstream duplex and position —4
on the nontemplate strand and between the downstream duplex
and —11 on the template strand (Fig. 4). Cross-links to positions
upstream of the scrunched region were the same for promoters
with TSSs at +6 and +9, distinguishing the scrunched open
complex model from the sliding model described in Results.

In separate studies in which all possible DNA sequences be-
tween the —10 hexamer and the TSS were examined in vitro, as
well as the distance between the leading edge and trailing edge of
the promoter complex, it was concluded that TSS position cor-
relates with scrunching state and is dependent on the absence of
a 61, interaction with the discriminator (26, 27). These data are
consistent with the results reported here.

Open Complex Intermediates and Open Complex Scrunching. There
are multiple kinetically significant intermediates on the path to
open complex formation, and the relative occupancy of those
intermediates depends on the overall promoter sequence. At
least two different promoter open complexes have been char-
acterized in studies of the APr promoter, an initial unstable
complex, called I,, and the more familiar stable open complex,
RPo (28, 29). In the unstable APg open complex, the DNA
strands are melted from —11 to +2, and the template strand is
positioned in the active site, but the nontemplate strand is not
yet in its final position. In the stable APg open complex, addi-
tional RNAP—promoter contacts are made: The nontemplate
strand is positioned in the cleft, and downstream DNA contacts
with the p’ jaw and clamp region are established (28, 29).
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rRNA promoters do not form a long-lived complex corre-
sponding to the stable open complex formed by most other
promoters (16, 30). Record and colleagues (28, 29) noted that
there may be some similarities between the scrunched rnB P1
open complex and the I, intermediate formed by APgr. Our
findings suggest that because of its less stable contacts with o, the
B P1 scrunched complex, like APr I,, might be more flexible
than the more stable RPo characterized at other promoters.
Binding of the initial NTP to the scrunched »nB P1 open com-
plex not only would lead to a TSS at +9 but also would result in
an RNA synthesizing conformation without prior population of
the more stable conformation that characterizes standard open
complexes.

Open Complex Scrunching and Abortive Product Formation. The
previously described scrunched complex, formed during initial
RNA synthesis, is a high-energy intermediate requiring NTP
addition that is thought to contribute to the energy needed to
break interactions between RNAP and the promoter, facilitating
promoter escape and productive RNA synthesis (9, 10). In com-
plexes containing ~5 nt of RNA, we proposed that scrunched
template strand DNA could play a direct role in promoter escape
by helping displace o3, from the RNA exit channel, either by
impinging on o3, directly or by destabilizing the complex indirectly
by disruption of interactions between o3, the p’ clamp, and the
flap (24).

In contrast, our data indicate that the scrunched open complex
at rmB P1 is not a high-energy intermediate. Although it is not
kinetically stable, it is energetically favored relative to the non-
scrunched complex. There might be a lower energetic cost as-
sociated with scrunching an open complex than an initial
transcribed complex, because there is no need to accommodate a
growing RNA chain, making more space available in the main
channel for the expanded bubble. The lack of a large energetic
barrier would reduce abortive synthesis, thereby facilitating the
transition to the elongation phase of transcription. In this way,
the scrunched open complex might already be on the path to
displacement of o3,, “primed” to release RNAP from the pro-
moter, bypassing the requirement for creating strain during early
RNA synthesis.

A scrunched open complex that initiated at +9 (2 bp further
downstream from the —10 hexamer than a standard promoter
complex) would have more scrunched DNA in its main channel
during initial transcription than a standard complex. Therefore,
during initial RNA synthesis, for a given RNA length, the extra
scrunched DNA in rRNA promoters might generate more force
on the RNA exit channel, better inhibit abortive product formation,
and facilitate escape more efficiently than standard promoters.

Implications for rRNA Promoter Evolution. At high growth rates,
rRNA synthesis accounts for the majority of RNAP activity in
the cell to keep up with the high demand for ribosome synthesis
(31). The extraordinary strength of 7n P1 promoters derives
from an extremely high association rate with RNAP (32-34) but
also from making few or no abortive transcripts—that is, a high
productive-to-abortive RNA ratio. Our data are thus consistent
with a model in which open complex scrunching contributes to
rRNA promoter efficiency (Fig. 6).

Promoter mutations that affect »nB P1 interactions with c
strongly affect open complex formation, complicating assump-
tions about promoter escape from measurements of promoter
activity alone. For example, kinetic measurements of the nnB P1
C-7G promoter indicated that it associates ~11-fold faster with
RNAP than the wild-type »nB P1 promoter in vitro (16). How-
ever, the C-7G and wild-type promoters make approximately the
same amount of full-length RNA in vitro (Fig. 64), and the C-7G
promoter is less than twofold more active than the wild-type
promoter in vivo at high growth rates (i.e., when they are not
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being inhibited by regulatory factors) (16). These results are
consistent with the model that scrunching during open complex
formation and initial transcription helps compensate for the
weak interactions with o in the wild-type promoter complex.

Regulation of rRNA synthesis by small molecule transcription
factors (NTP concentration, ppGpp, DksA) is dependent on
weak interactions of the promoter with ¢ regions 1.2 and 3.0 (15,
16). As we have proposed previously (15, 35), to compensate for
weak core promoter interactions, rRNA promoters have evolved
alternative mechanisms to help recruit RNAP, namely UP ele-
ment interactions with the a subunit C-terminal domain (33) and
activation by the transcription factor Fis (36). Here we suggest
that by reducing abortive product formation, open complex
scrunching also contributes to high rRNA synthesis without
compromising promoter regulation. Our results thus fully agree
with the model that promoter strength and regulation are the
result of an optimization process, with tradeoffs involving mul-
tiple kinetic parameters (37).

Materials and Methods
Details for all procedures are provided in S/ Materials and Methods.

Plasmids and Oligonucleotides. Plasmids are listed in Table S1 and oligonu-
cleotides in Table S2.

Purification of RNAPs. Native E. coli RNAP holoenzyme and core enzyme were
purified as described (38). Wild-type or mutant His-tagged ¢’° subunits were
purified from BL21DE3 containing pET28-derived overexpression plasmids by
Ni-agarose affinity chromatography. Bpa-containing core RNAPs were pu-
rified from BL21DE3 containing multisubunit overexpression plasmids
encoding TAG codons at specific sites and a Bpa-specific suppressor tRNA/
tRNA synthetase plasmid (25) as described (24). Bpa-containing 67 subunits
were similarly purified from DH10B containing pBAD24 derivatives encoding
o’° with TAG codons at specific sites.

In Vitro Transcription and Primer Extension Mapping of TSSs. Multiple-round in
vitro transcription of the rrnB P1 promoter or promoter variants was carried
out with supercoiled plasmid DNA templates and wild-type or ¢’ M102A/
R103A E. coli RNAP. TSSs were determined by primer extension with Moloney

. Liu J, Turnbough CL, Jr (1994) Effects of transcriptional start site sequence and posi-
tion on nucleotide-sensitive selection of alternative start sites at the pyrC promoter in
Escherichia coli. J Bacteriol 176(10):2938-2945.

. Lewis DE, Adhya S (2004) Axiom of determining transcription start points by RNA
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3. Han X, Turnbough CL, Jr (2014) Transcription start site sequence and spacing between
the -10 region and the start site affect reiterative transcription-mediated regulation
of gene expression in Escherichia coli. J Bacteriol 196(16):2912-2920.

4. Basu RS, et al. (2014) Structural basis of transcription initiation by bacterial RNA po-

lymerase holoenzyme. J Biol Chem 289(35):24549-24559.
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Res 15(5):2343-2361.
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. Turnbough CL, Jr, Switzer RL (2008) Regulation of pyrimidine biosynthetic gene expres-
sion in bacteria: Repression without repressors. Microbiol Mol Biol Rev 72(2):266-300.
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A primary transcript containing 23S, 16S, and 55 sequences. J Biol Chem 250(14):
5647-5654.
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Murine Leukemia Virus (M-MLV) reverse transcriptase using a 32p 5'end-
labeled primer annealing ~100 nt downstream of the RNA 5'-end, and prod-
ucts were separated on 11% (wt/vol) acrylamide-urea gels. Sequence markers
were generated by ThermoSequenase Cycle Sequencing using the same
primer. Linear bubble templates (171 bp) for in vitro transcription (Fig. 3)
contained a single base mismatch at promoter position -7 and were created by
denaturation and annealing of biotinylated and nonbiotinylated PCR products
generated from wild-type and mutant promoters and separation of the fully
nonbiotinylated from biotinylated products (16). Templates for analysis of
short abortive products (Fig. 6) were linear wild-type or mutant rrnB P1 pro-
moter fragments, and transcripts generated in the presence of y[>P]JATP were
analyzed on 20% acrylamide-urea gels.

Hydroxyl Radical Cleavage of Template Strand DNA in Open Complexes. Open
complexes were formed with linear rrnB P1 wild-type or mutant promoter
fragments 32P-labeled at the 5’-end of the template strand. Strand cleavage
was initiated by replacement of Mg?* in the RNAP active site by Fe** and
generation of hydroxyl radicals at the bound Fe?, as described (39). Cleavage
products were separated on 11% acrylamide-urea gels.

Cross-Linking and Primer Extension Mapping of Cross-Links. Open complexes
were formed with Bpa-containing RNAPs and wild-type or mutant rrnB P1
promoter-containing plasmids at 37 °C and then irradiated with 365 nM UV
light. Promoter positions cross-linked to RNAP were determined by primer
extension with template or nontemplate strand-specific end-labeled pri-
mers, as described (24). Primers anneal to the strand complementary to the
cross-linked strand, and extension of the primer terminates at the cross-
linked position. Cross-linked positions were identified by comparison with
sequence ladders generated with the same primers after electrophoresis on
9.5% acrylamide-urea gels.
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