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Abstract

In bacterial transcription initiation, RNA polymerase (RNAP) selects a transcription start site
(TSS) at variable distances downstream of core promoter elements. Using next-generation
sequencing and unnatural-amino-acid-mediated protein-DNA crosslinking, we have determined,
for a library of 419 promoter sequences, the TSS, the RNAP leading-edge position, and the RNAP
trailing-edge position. We find that a promoter element upstream of the TSS, the “discriminator,”
participates in TSS selection, and that, as the TSS changes, the RNAP leading-edge position
changes, but the RNAP trailing-edge position does not change. Changes in the RNAP leading-
edge position but not the RNAP trailing-edge position are a defining hallmark of the “DNA
scrunching” that occurs concurrent with RNA synthesis in initial transcription. We propose that
TSS selection involves DNA scrunching prior to RNA synthesis.
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During bacterial transcription initiation, RNA polymerase (RNAP) holoenzyme binds to
promoter DNA through sequence-specific interactions with core promoter elements,
unwinds a turn of promoter DNA to form an RNAP-promoter open complex (RPo) with an
unwound “transcription bubble,” selects a transcription start site (TSS), and aligns the TSS
template-strand nucleotide with the RNAP active center (1). There is variability in the
position of the TSS relative to core promoter elements (2—6). The mechanistic basis for this
variability has remained unclear. In addition, although DNA-sequence determinants for TSS
selection within the TSS region have been defined (2), it has remained unclear whether there
also are DNA-sequence determinants for TSS selection outside the TSS region.

To investigate whether there are sequence determinants for TSS selection outside the TSS
region, we applied a next-generation-sequencing approach that enables comprehensive
analysis of sequence determinants during transcription: “massively systematic transcript end
readout” (MASTER; 2). MASTER entails generating transcripts from a library of bar-coded
randomized sequences and sequencing transcript ends (Fig. S1; 2). In previous work, we
defined TSS-region sequence determinants for TSS selection using a library containing all
47 (~16,000) sequences at positions 4-10 bp downstream of the -10 element of a consensus
bacterial promoter (MASTER-N7; Figs. 1A, S1; 2). Here, to define effects on TSS selection
of sequences outside the TSS region, we analyzed a template library containing all 410
(~1,000,000) sequences at positions 1-10 bp downstream of the -10 element, extending the
randomized sequence to include the “discriminator” (7—10), located between the TSS region
and the -10 element (MASTER-N10; Figs. 1A, S1). Results of MASTER-N10 analysis
reveal that the discriminator affects TSS selection (Figs. 1B-D, S2-S4, Table S1). Changes
in the discriminator change TSS selection by up to ~3 bp (Figs. 1D, S4) and change the
mean TSS, averaged over the ~16,000 templates analyzed for each of the 64 discriminator
sequences, by ~1 bp (Fig. 1B). Discriminators having a purine at each position (RRR),
particularly GGG, favor TSS selection at upstream-shifted positions, whereas discriminators
having a pyrimidine at each position (YYY), particularly CCT, favor TSS selection at
downstream-shifted positions (modal TSS for RRR, 7 bp downstream of -10 element; modal
TSS for YYY, 8 bp downstream of -10 element; Figs. 1B-C, S2B). Results from MASTER-
N10 where the discriminator is GTG match results from MASTER-N7 where the
discriminator is GTG, demonstrating the reproducibility of the approach (Figs. 1C-D, S2B).
We conclude that the discriminator is a determinant of TSS selection.

A conserved region of transcription initiation factor o, “o region 1.2” (01 2), makes
sequence-specific protein-DNA interactions with the nontemplate-strand of the
discriminator in the transcription bubble in RPg (7-8). These interactions confer specificity
for GGG (7-9). To determine whether sequence-specific o1 o-discriminator interactions
affect TSS selection, we used MASTER-N10 to compare wild-type o to a o derivative
having alanine substitutions that disrupt sequence-specific discriminator-o4 » interactions:
01.2-mut (7,11). The results show that disrupting o1 »>-discriminator interactions markedly
alters TSS selection for templates containing a GGG discriminator, resulting in a
downstream shift in mean TSS (Fig. 1E). We conclude that o4 »-discriminator interactions
are a determinant of TSS selection.
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The results in Figs. 1 and S2-S4 show that TSS selection can occur at any of five positions
downstream of the -10 element--i.e., positions 6-10, with position 7 generally being
preferred--and that discriminator sequence affects TSS selection. These results imply that
RPo can accommodate ~17 A (5 bp x 3.4 A/bp) variation in the position of the TSS, and that
discriminator sequence affects the ability to accommodate this variation. It has been
hypothesized that TSS selection at positions downstream of the modal TSS (generally
position 7; Figs. 1C, S2A) involves transcription-bubble expansion (“scrunching”; Fig. S5),
and TSS selection at positions upstream of the modal TSS involves transcription-bubble
contraction (*“anti-scrunching”; Fig. S5; 2, 12). According to this hypothesis, RPo generally
contains a 13 bp transcription bubble that places position 7 in the RNAP active-center
initiating NTP site (“i site”) and position 8 in the RNAP active-center NTP addition site (“i
+1 site”; Fig. S5, TSS = 7). In order for TSS selection to occur at positions 8, 9, or 10, it is
hypothesized that the downstream DNA duplex is unwound by 1, 2, or 3 bp; the unwound
DNA is pulled into and past the RNAP active center, and the unwound DNA is
accommodated as bulges within the transcription bubble, yielding a scrunched complex (Fig.
S5, TSS =8, 9, or 10). In order for TSS selection to occur at position 6, it is hypothesized
that the opposite occurs: downstream DNA is rewound by one bp, downstream DNA is
extruded from the RNAP active center, and the extrusion of DNA is accommodated by
stretching DNA within the transcription bubble, yielding an anti-scrunched complex (Fig.
S5, TSS = 6). Two lines of evidence support this hypothesis: single-molecule FRET results
suggest transcription-bubble size in RPo can vary (12); and negative supercoiling, which
provides a driving force for transcription-bubble expansion, favors TSS selection at
downstream positions (2). However, direct evidence for this hypothesis has not been
reported.

Transcription-bubble expansion (scrunching) occurs in initial transcription, where it is
coupled to RNA synthesis (13-15; Fig. S5). A hallmark of scrunching during initial
transcription is that the RNAP trailing edge remains stationary relative to DNA while the
RNAP leading edge moves relative to DNA (13-15; Fig. S5). Here, we investigated whether
this hallmark of scrunching is a feature of TSS selection. We used unnatural-amino-acid-
mediated protein-DNA photocrosslinking to define the RNAP trailing-edge position and
RNAP leading-edge position in RPo on a MASTER-N10 library (MASTER-N10-XL, Figs.
2A, S6). To perform MASTER-N10-XL, we incorporated the photoactivatible unnatural
amino acid p-benzoyl-L-phenylalanine (Bpa; Fig. S6; 15-16) at specific sites at the RNAP
trailing edge and RNAP leading edge, we formed RPg between the Bpa-containing RNAP
derivatives and the MASTER-N10 library, and we UV-irradiated complexes to induce
crosslinking between Bpa and adjacent DNA nucleotides (Figs. 2A, S6). We then mapped
positions of crosslinks on each of the 410 sequences by primer extension and high-
throughput sequencing (Fig. 2A). The method defines the mean RNAP trailing-edge
position, the mean RNAP leading-edge position, and the mean distance between them
(RNAP trailing-edge/leading-edge distance; Fig. 2, Table S2).

The results show that changes in the discriminator change the RNAP trailing-edge/leading-
edge distance in the same manner that changes in the discriminator change TSS selection
(Figs. 1-2, S7). Changes in the discriminator change the RNAP trailing-edge/leading-edge
distance by up to ~3 bp (Fig. S8) and change the RNAP trailing-edge/leading-edge distance,
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averaged over the ~16,000 templates analyzed for each of the 64 discriminator sequences,
by ~1 bp (Figs. 2B, S7). The RNAP trailing-edge/leading-edge distance is shortest for RRR,
especially GGG, discriminators and longest for YY'Y, especially CCT, discriminators (Fig.
2B-D). Disruption of g4 »-discriminator interactions results in a marked increase in RNAP
trailing-edge/leading-edge distance for templates containing a GGG discriminator (Fig. 2E).

We next compared effects of discriminator sequence on TSS selection (Fig. 1) to effects of
discriminator sequence on RNAP trailing-edge position and RNAP leading-edge position
(Figs. 2-3, S9). The results show that, as the position of the TSS changes by 1 bp, the RNAP
leading-edge position changes by 1 bp (Figs. 3A, S9, right), but the RNAP trailing-edge
position does not change (Figs. 3A, S9, left). Thus, TSS selection exhibits a defining
hallmark of scrunching: namely, the RNAP leading edge moves, while the RNAP trailing
edge does not move (Fig. 3B). The results provide support for the hypothesis that flexibility
in TSS selection is mediated by scrunching/anti-scrunching, and that the discriminator
affects TSS selection by modulating the extent of scrunching/anti-scrunching.

To define the path of the DNA nontemplate-strand in RPg having an RRR discriminator and
a nontemplate-strand length corresponding to its modal TSS at position 7, and to define the
path of the DNA nontemplate-strand in RPg having a YY'Y discriminator and a
nontemplate-strand length corresponding to its modal TSS at position 8, we determined
crystal structures of representative initiation complexes of each: RPo-GGG-7 and RPo-
CCC-8 (Figs. 4, S10-11; Table S3). For RPo-GGG-7, the first nucleotide of the
discriminator is unstacked and inserted into a pocket in o1 », and the next six nucleotides of
the nontemplate-strand form a continuous stack (Fig. 4A, S10) (8). In contrast, for RPo-
CCC-8, the third nucleotide of the discriminator occupies a different position, being
unstacked, rotated by ~180°, and inserted into a pocket in o region 2 (o; Figs. 4B, S10-
S11). As a result of the difference in the position of the third nucleotide of the discriminator,
the distance between the third nucleotide of the discriminator and the downstream duplex is
~4-5 A greater in RPo-CCC-8 than in RPo-GGG-7, and the DNA segment between the third
nucleotide of the discriminator and the downstream duplex accommodates an additional
nucleotide (Figs. 4B, S10). Two factors account for the difference in the position of the third
nucleotide of the discriminator in the RPo-CCC-8: (i) weak stacking between YY, as
compared to RR, at the second and third nucleotides of the discriminator (Figs. 4B, S10);
and (ii) the ability of Y at the third nucleotide of the discriminator to fit in a pocket in o, that
has size and hydrogen-bonding character specific for Y (Figs. 4B, S11).

Our results indicate that flexibility in TSS selection occurs through changes in scrunching/
anti-scrunching in RPo. We propose that RPo uses thermally driven DNA fluctuations to
access an ensemble of transcription-bubble sizes (Figs. 3, S5). Transcription-bubble
expansion (scrunching) places downstream DNA in contact with the RNAP active center,
facilitating downstream TSS selection, and transcription-bubble contraction (anti-
scrunching), places upstream DNA in contact with the RNAP active center, facilitating
upstream TSS selection. According to this model, the discriminator alters TSSs selection by
altering the energy landscape describing the ensemble of transcription-bubble sizes in RPo
(Fig. 4). The scrunching that occurs in TSS selection is mechanistically analogous to the
scrunching that occurs during initial transcription (13-15; Fig. S5). However, scrunching in
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TSS selection occurs before NTP binding and nucleotide incorporation and, in the absence
of an additional energy source, is driven by energy available from the thermal bath and
therefore limited to ~1-3 bp--rather than occurring after NTP binding and nucleotide
incorporation, being driven by a combination of thermal energy, NTP binding, and
nucleotide incorporation, and being able to span tens of bp. We suggest that, in the presence
of an additional energy source, scrunching in TSS selection could access a larger range of
TSS positions, and, in particular, we speculate that this occurs with TFIIH-dependent ATP
hydrolysis as the additional energy source in the long-range “TSS scanning” observed with
eukaryotic RNAPII in some species (17).
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(A) Promoter sequences analyzed in MASTER-N7 (2) and MASTER-N10. Promoter -35,

-10, and discriminator elements are indicated. Green, randomized nucleotides.
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(B) Effect of discriminator on position of TSS (numbered in bp downstream of -10 element).
Data show means and 99.9% confidence intervals for each of the 64 discriminator sequences
(~16,000 templates analyzed for each discriminator). Green, GGG and other RRR
discriminators; blue, CCT and other YYYY discriminators; red, GTG discriminator.
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(C) Mean and modal TSS. *, GTG data from MASTER-N7; **, GTG data from MASTER-
N10.

(D) Upstream and downstream shifts in TSS selection with the ~16,000 GGG and ~16,000
CCT discriminators (green and blue, respectively) relative to the ~16,000 GTG
discriminators (red).

(E) Effect of 01 o-discriminator interactions on TSS selection (downstream shift in mean
TSS for ~16,000 GGG-discriminator templates on replacement of o by o1 » mutant).
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Fig. 2. Sequences upstream of TSSregion affect RNAP trailing-edge/leading-edge distance
(A) MASTER-N10-XL.

(B) Effect of discriminator on RNAP trailing-edge/leading-edge distance in RPo (symbols as

in Fig. 1).

(C) RNAP trailing-edge/leading-edge distances.
(D) Decreases and increases in RNAP trailing-edge/leading-edge distance with the ~16,000
GGG- and ~16,000 CCT-discriminator templates (green and blue, respectively) relative to
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the ~16,000 GTG-discriminator templates (red). Dashed lines indicate mean trailing-edge/
leading-edge distances.

(E) Effect of 01 »-discriminator interactions on RNAP trailing-edge/leading-edge distance
(increase in RNAP trailing-edge/leading-edge distance for ~16,000 GGG-discriminator
templates on replacement of o by o1 » mutant).
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Fig. 3. As TSS changes, RNAP leading-edge position changes, but RNAP trailing-edge position

does not change

(A) RNAP trailing-edge position (left; slope ~0) and RNAP leading-edge position (right;
slope ~1) as a function of mean TSS for each of the 64 discriminator sequences (~16,000

templates analyzed for each discriminator).

(B) Interpretation: changes in TSS selection result from changes in DNA scrunching. Gray,
RNAP; yellow, o; blue, -10 element nucleotides; purple, discriminator nucleotides; i and i
+1, NTP binding sites; red, Bpa and nucleotide crosslinked to Bpa; boxes, DNA nucleotides
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(nontemplate-strand nucleotides above template-strand nucleotides; nucleotides downstream
of -10 element numbered). Scrunching is indicated by bulged-out nucleotides. Anti-
scrunching is indicated by a “stretched” nucleotide-nucleotide linkage.
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Fig. 4. Crystal structures define paths of DNA nontemplate-strandswith representative RRR
and YYY discriminators

(A) Crystal structure of an initiation complex with RRR discriminator and nontemplate-
strand length corresponding to TSS at position 7 (RPo-GGG-7). Left, simulated annealing |
Fo-Fc| omit map contoured at 2.30 and atomic model for interactions of RNAP with DNA
nontemplate-strand. Right, schematic path of DNA. Gray, RNAP; yellow, o; purple,
discriminator nucleotides; pink, nontemplate-strand nucleotides downstream of
discriminator; green, simulated annealing |Fo-Fc| omit map contoured at 2.30. Red box,
third nucleotide of discriminator.

(B) Crystal structure of an initiation complex with YY'Y discriminator and nontemplate-
strand length corresponding to TSS at position 8 (RPo-CCC-8; symbols as in A).

(C-D) Interpretation: The different position of the third nucleotide of the discriminator in
the structure with a YY'Y discriminator increases the distance between the third nucleotide
of the discriminator and downstream duplex DNA, accommodating an additional nucleotide
in the connector.
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