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Abstract

Transcription initiates at promoters, DNA regions recognised by a DNA-dependent RNA
polymerase. We previously identified horizontally acquired Escherichia coli promoters where the
direction of transcription was unclear. Here, we show that more than half of these promoters

are bidirectional. Using genome-scale approaches, we demonstrate that 19% of all transcription
start sites detected in £. coliare associated with a bidirectional promoter. Bidirectional promoters
are similarly common in diverse bacteria and archaea and have inherent symmetry: specific

bases required for transcription initiation are reciprocally co-located on opposite DNA strands.
Bidirectional promoters enable co-regulation of divergent genes and are enriched in both
intergenic and horizontally acquired regions. Divergent transcription is conserved among bacteria,
archaea and eukaryotes, but the underlying mechanisms for bidirectionality are different.

Introduction

Promoters are sections of duplex DNA that interact with RNA polymerase (RNAP)

to stimulate transcription initiationl. In most organisms, promoters consist of ordered

core elements with distinct roles?3. For instance, the bacterial -10 element (consensus
5°-TATAAT-3’) is usually indispensable and interacts with the housekeeping RNAP o0
subunit (o in some bacteria). The second and sixth positions of -10 elements are most
critical; non-template strand bases interact with o/0 to stabilise DNA unwinding®?®. Position
one is also important, and defines the upstream boundary of DNA melting®. Less conserved
ancillary sequences can aid RNAP recruitment. For instance, the -35 element (consensus
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5"-TTGACA-3) also contacts o’0. Following initiation, 70 is evicted from the elongation
complex. In many eukaryotes and archaea, the TATA box functions analogously to the
bacterial -10 element; TATA binding protein (TBP) facilitates DNA unwinding and serves as
a scaffold for recruiting the transcriptional apparatus®.

It has long been assumed that promoter sequences are directional, driving transcription

in a single orientation determined by promoter element arrangement27. This view

has been challenged in eukaryotes8-11, In addition to driving the production of a
canonical sense mMRNA, many RNAP Il promoters simultaneously stimulate antisense
transcription!2. Permissive chromatin plays a key role; nucleosome-depleted DNA allows
fortuitous binding of transcriptional activators that permit divergent transcription2-15,
Thus, permissive sections of eukaryotic chromatin, not core promoters per se, give

rise to bidirectionality®-12:13.16 The phenomenon is particularly prevalent for recently
evolved promoter regions suggesting that, if beneficial, selection can fix mutations that
favour unidirectional transcription8. In prokaryotic organisms, particularly the bacteria,
chromosomes are not folded into structures reminiscent of eukaryotic chromatinl’.

The consensus view remains that transcription from bacterial promoter sequences is
unidirectional8. Here, we show that bidirectional prokaryotic promoter sequences, resulting
in divergent transcription, are in fact commonplace. However, the underlying molecular
mechanisms are fundamentally different to those in eukaryotes.

Identification of bidirectional promoter sequences in horizontally acquired Escherichia coli

genes

Transcription start sites (TSSs) in Escherichia colihave been mapped by detecting
triphosphorylated RNA 5’ ends1®. These can be assigned to o’ binding events identified
using ChIP-seq®. We noticed that not all o7 binding was associated with detectable

RNA synthesis. This was particularly evident for horizontally acquired genes silenced by
histone-like nucleoid structuring (H-NS) protein (Extended Data Fig. 1). We reasoned that
RNAP might initiate transcription, but produce unstable RNAs, at these sites; similar to
cryptic unannotated transcripts in eukaryotes!2. To test this, we transcriptionally fused 33
such o0 targets, derived from H-NS silenced genes, to /acZ. Translation prevents Rho
mediated transcription termination. Hence, any RNAs produced should be stabilised and
detectable?0. As transcription orientation cannot be directly inferred from 7% ChIP-seq data,
DNA sequences were cloned in both directions (Fig. 1a). Over half of the fragments were
transcriptionally active (= 2-fold above the background control) regardless of orientation
(Fig. 1b). We designated the direction of highest /acZexpression as “forward”. On

average, “reverse” transcription neared half the “forward” activity (Fig. 1c). We repeated

the experiment with 25 well-characterised promoter DNA fragments21. Importantly, we
selected only promoters that did not contain a detectable TSS on the opposite DNA
strand19:22.23 such DNA fragments could only drive /acZ expression in the “forward”
orientation (Extended Data Fig. 2). For an arbitrary subset of TSS pairs, we mapped RNA 5’
ends (Fig. 1d). This allowed annotation of promoter elements (Fig. 1e). For the y76A2 DNA
fragment, TSSs were convergent. For all other DNA fragments, TSSs were divergent. Hence,
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promoter elements for oppositely oriented transcripts mapped, partially or completely, to the
same section of DNA (Fig. 1e and Extended Data Fig. 3). Mutation of these shared promoter
sequences (Fig. 1le and Extended Data Fig. 3) reduced expression in both orientations (Fig.

1f).

Bidirectional promoter sequences are widespread and obey precise organisational rules

To understand global patterns of divergent transcription we analysed TSSs mapped by RNA
5’ polyphosphatase sequencing (PPP-seq), dRNA-seq or cappable-seq1®22.23, Oppositely
orientated TSSs tended to co-locate (Fig. 2a). To increase sensitivity, we merged the datasets
(Fig. 2a, combined). This identified 5,292 divergent TSSs, defined as being separated by
between 25 and 7 bp; 19 % of all detected TSSs in £. coli (Table S1). We refer to the
associated promoter sequences as “bidirectional” and the corresponding TSSs as “divergent
TSS pairs”. The most common distance between divergent TSS pairs was 18 bp (Fig. 2a, top
expansion). This corresponds to transcription initiation, on opposite DNA strands, either side
of the same promoter -10 region (Fig. 2a, top expansion). Presumably, promoter element
symmetry must play a major role in creating bidirectional promoter sequences. To test this,
we made a position weight matrix (PWM) describing all £. coli promoter sequences. The
PWM was aligned with its reverse complement across a range of spacings (i.e. altered
stagger between forwards and reverse PWM). We then calculated a symmetry score for

each spacing. If the PWM resembled the same section of DNA in both orientations, the
symmetry score increased. There was strong correlation between experimentally detected
divergent TSS pairs and those predicted on the basis of symmetry score (RZ = 0.85; Fig.

2a bottom expansion). Consistent with this, a DNA sequence logo generated by aligning
divergent TSSs, separated by 18 bp, was symmetrical (Fig. 2b). Contrastingly, TSSs with no
divergent transcript generated an asymmetrical motif (Fig. 2c). Recall that the second and
sixth positions of o/0 promoter -10 elements are crucial®. Non-template strand bases at these
positions, relative to the orientation of RNAP binding, are sequestered by o0 to stabilise
initial duplex melting®. At divergent TSS pairs offset by 18 bp, these key bases reciprocally
coincide on opposite DNA strands. Hence, these positions are strongly conserved (Fig. 2b).
An example of a -10 element with such symmetry is shown in Fig. 2d; the critical bases at
positions two and six are underlined. Divergent transcription was also enriched for TSS pairs
offset by 23, 12, 10 or 7 bp (Extended Data Fig. 4a). These configurations also correspond
to reciprocal base pairing between key -10 element nucleotides and TSSs (Extended Data
Fig. 4b). We note that, of the divergent TSS pairs detected within horizontally acquired
sequences, two match one of the common configurations (Fig. 1). For instance, the
divergent TSSs within yigG are 7 bp apart. To test whether the symmetrical sequences

were intrinsically able to drive divergent transcription we used /n vitro transcription assays.
Bidirectional promoter sequences were cloned, in either the forward or reverse orientation,
upstream of the Aogp terminator in plasmid pSR. Transcripts terminated by Aogp have

a defined length and can be detected using electrophoresis. In all cases, regardless of

the cloning orientation, bidirectional promoter sequences produced detectable transcripts
terminated by Aoop (Extended Data Fig. 4c¢,d). Since /n vitro transcription assays use no
protein factors other than RNAP, divergent transcription must be an intrinsic property of
bidirectional promoter DNA sequences.
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Molecular basis for promoter sequence bidirectionality: a dual role for transcription start
sites

In E. colitranscription preferentially initiates at an adenine (Fig. 2c). For divergent TSSs 18
bp apart, the +1 nucleotide corresponds to position -18 on the opposite DNA strand. Hence,
-18 is most often a thymine (Fig. 2b). A thymine at position -18 can increase transcription
by altering DNA bending?4. This change in DNA conformation enhances the interaction
between the nearby o0 residue R451 and the DNA backbone?* (Fig. 3a). Importantly, this
can negate the need for a -35 element2°. We speculated that the +1/-18 overlap could explain
why this configuration is most frequently detected. To test this, we cloned a bidirectional
promoter sequence, with 18 bp between TSSs, in both orientations upstream of the Aoop
transcriptional terminator (Fig. 3bi). We also made derivatives where the AsT at each +1/-18
necessary because transcription directed away from Aogp is not precisely terminated. Hence,
a discrete transcript is not produced. As expected, altering the TSS reduced production of
the associated RNA (Fig. 3c, compare lane 1 with 5 and 3 with 11); the same mutations also
reduced transcription in the opposite direction (compare lane 1 with 9 and 3 with 7). Though
o’9 RA451 was defective at the bidirectional promoter sequences (even lane numbers to 12)
it was unimpaired at a control promoter not requiring this contact (lanes 13-14).

Bidirectional promoter sequences are overrepresented at sites of mRNA synthesis

Of all divergent TSS pairs, 48% located to intergenic DNA (Fig. 2e). Of the resulting
transcripts, 75 % are expected to be mMRNAS, based on the orientation of the flanking genes.
By comparison, only 29 % of directional TSSs were in intergenic regions, near a gene

5’ end, with 89 % of associated transcripts expected to be mMRNAs (Extended Data Fig.

5d). This suggests many bidirectional promoter sequences control gene expression. Hence,
we determined if divergent TSS pairs mapped to well-characterised promoters, known to
control mRNA production, listed in RegulonDBZ8. First, we examined the RegulonDB

set of 317 mRNA TSSs identified by 5° RACE?’. Of these TSSs, 311 were in our
combined TSS dataset; a 156-fold enrichment compared to random genome co-ordinates.
Enrichment was significantly more pronounced for divergent TSS pairs (252-fold) than
directional TSSs (136-fold) (P= 0.002, Fisher’s exact test). RegulonDB lists a further
3,330 mRNA TSSs, identified using numerous approaches, according to RNAP o factor
specificity26. The majority are o’? dependent2®. Of the 1,994 ¢’0 dependent TSSs, 1,410 are
in our combined TSS dataset (a 113-fold enrichment). Moreover, o’° dependent TSSs are
significantly overrepresented amongst divergent TSS pairs (133-fold enrichment) compared
to directional TSSs (108-fold enrichment) (P = 0.032, Fisher’s exact test). Conversely,
RegulonDB described promoters for alternative o factors do not preferentially map to
divergent TSS pairs (Table S2). This is consistent with divergent TSS pairs mapping to
sequences resembling the o’ -10 element (Fig. 2b and Extended Data Fig. 4b).

Length and stability of transcripts arising from bidirectional promoter sequences

To investigate length and stability of transcripts from bidirectional promoter sequences we
used RNA-seq. We focused on divergent TSS pairs in non-coding regions; overlapping
MRNA synthesis confounds analysis of intragenic promoters. After grouping intergenic loci
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according to adjacent gene orientation, we generated aggregate RNA coverage plots (Fig. 3d
and 3e). At bidirectional promoter sequences between co-oriented genes, RNAs generated in
each direction had different properties (Fig. 3d). Whilst non-coding antisense transcripts
were detectable, coding transcripts were more abundant and longer. For bidirectional
promoter sequences between divergent genes, two coding RNAs are expected. Hence,
transcript abundance and length was similar in both directions (Fig. 3e). Fig. 3f illustrates
examples of RNAs derived from divergent TSS pairs. Note that cappable-seq detects only
RNA 5’ ends whilst RNA-seq detects all RNA sequences.

Bidirectional promoter sequences are widespread in bacteria

Widespread divergent transcription from bacterial promoters has not been reported
previously. However, a prior study did identify a modest number of divergent TSS

pairs offset by 18 bp in Pseudomonas aeruginosa?8. To determine the prevalence of
bidirectional promoter sequences across the bacterial kingdom we analysed TSS maps for
proteobacterial®22:23.28-31 actinobacteria32-33, and a firmicute34. We also mapped TSSs in
an additional firmicute, Bacillus subtilis, using cappable-seq (Extended Data Fig. 5 and
Table S3). Co-localised divergent TSSs were abundant in all bacteria analysed (Fig. 4a).
Proteobacteria and actinobacteria were most similar; divergent TSS pairs were usually offset
by 18 or 19 bp as in £. coli (Extended Data Fig. 6). Firmicutes used the same range of

-10 element configurations illustrated in Extended Data Fig. 4 for £. coli but with little
preference for a single arrangement (Extended Data Fig. 6).

Bidirectional promoter sequences in archaea and bacteria are analogous

Archaeal transcription is closely related to that of eukaryotes; promoters have a TATA box
and B recognition element (BRE; 5’-CGAAA-3’), located a narrow range of distances from
the TSS32. Previously, Griinberger and co-workers noted divergent transcription from sites
either side of a shared TATA box in Pyrococcus furiosus38. This resembles the scenario
presented here for bacteria. We speculated that bidirectional promoter sequences should be
widespread in archaea with multiple spacing preferences evident. We analysed TSS maps for
the archaea Thermococcus kodakarensis and Haloferax volcanii 3738, We observed strong
signatures of promoter sequence bidirectionality (Fig. 4a). In 7. kodakarensis, divergent TSS
pairs were predominantly offset by 52 bp, and located either side of a shared TATA box
element (5’-TTATAAA-3’) (Fig. 4b,c and Extended Data Fig. 7a). Less frequently, divergent
TSS pairs were offset by 36 bp (Fig. 4b and Extended Data Fig. 7a). In this situation, the
BRE is positioned so the initial CeG bp can also act as the TSS on the opposite DNA strand
(Fig. 4c). Similar observations were made for H. volcanii despite the unusual TATA box
consensus (5’-TTWT-3’) of haloarchaea (Extended Data Fig. 7b,c).

Promoter sequences acquired by horizontal gene transfer are more frequently
bidirectional

In eukaryotes, bidirectional promoters occur more frequently in recently acquired DNA1S.
We have shown that horizontally acquired bacterial genes, by virtue of their high AT-content,
are enriched for promoter -10 elements and TSSs9:3%. We reasoned that many such sites
could represent bidirectional promoter sequences. Indeed, our initial analysis of 33 70
binding events, within horizontally acquired DNA, is consistent with this view (Fig. 1). As
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predicted, detection of divergent TSS pairs using PPP-seq, increased in cells lacking H-NS;
a protein that suppresses transcription at horizontally acquired DNA (Extended Data Fig.
8a). Parallel DNA sequence analysis demonstrated elevated promoter symmetry in foreign
genes (Extended Data Fig. 8b). To understand other bacteria we utilised the TSS datasets
described above. For both directional and bidirectional promoter sequences we determined
the percentage of associated TSSs mapping to horizontally acquired sections of the cognate
genome. Bidirectional promoter sequences were enriched in horizontally acquired regions
for 6 of the 8 genomes analysed (Extended Data Fig. 8c).

Bidirectional promoter sequences allow coordinated regulation of divergent operons

The widespread occurrence of bidirectional promoter sequences has implications for

our understanding of gene regulation. In the bacterium Vibrio cholerae, the genes

VC1303 and VC1304 encode a para-aminobenzoate synthetase and a fumarate hydratase
respectively. The divergent coding sequences share the same gene regulatory region (Fig.
5a). Examination reveals a divergent transcription start site pair with 23 bp spacing; the
second most common configuration in both £. coliand V. cholerae (Fig. 5a and Extended
Data Fig. 4). Here, reciprocal base pairing is observed between -10 element positions

one and two (underlined in Fig. 5a). The intergenic region is also a target for the cyclic-di-
GMP responsive transcription factor VpsT (identified using ChlP-seq, data to be presented
elsewhere). Binding of VpsT was confirmed using DNAsel footprinting. As expected, in
the absence of cyclic-di-GMP, VpsT was unable to bind the regulatory DNA (Fig. 5b, lanes
1-5). Conversely, in the presence of cyclic-di-GMP, VpsT protected a ~50 bp section of
DNA from digestion (Fig. 5b, lanes 6-10). The expansion in Fig. 5a illustrates that the
VpsT footprint overlaps the bidirectional -10 element. To investigate the impact of VpsT
on transcription in each orientation, we first used /n vitro transcription assays. We cloned
the regulatory DNA, in either orientation, upstream of the Aogp terminator in plasmid pSR.
In the absence of VpsT, transcripts of the expected size were detected in each orientation
(Fig. 5¢, lanes 1 and 3). When VpsT was added, production of both transcripts was greatly
reduced (Fig. 5c¢, lanes 2 and 4). To understand the effect of VpsT J/n vivowe cloned the
same promoter DNA fragment, in either orientation, upstream of /acZin plasmid pRW50T.
In both orientations, promoter activity was significantly reduced in V. cholerae expressing
VpsT (Fig. 5d).

RNA polymerase complexes compete at bidirectional promoter sequences

At bidirectional promoter sequences RNAP can bind the same section of duplex DNA in two
possible orientations. This binding cannot be simultaneous; structural constraints preclude
this?0. Instead, RNAP molecules likely compete to access the DNA duplex. We hypothesised
that increased RNAP binding in one orientation would reduce transcription in the opposite
direction. Since the promoter -35 element stabilises RNAP binding we introduced this
sequence either side of a bidirectional -10 region. Our initial attempts to clone such DNA
fragments in plasmid pSR failed. Specifically, we could not isolate recombinants with DNA
inserts expected to generate high levels of reverse transcription. We reasoned that such
transcription might interfere with expression of the upstream b/a gene. Hence, we utilised

a derivative of pSR with a Aogp terminator positioned upstream, as well as downstream,

of the cloned DNA. The DNA constructs generated are shown in Fig. 5e. The presence of
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two transcriptional terminators allowed simultaneous detection of both forward and reverse
RNA products following i vitro transcription (Fig. 5f, lane 1) dependent on 70 side

chain R451 (lane 2). Addition of a -35 element upstream of the -10 sequence increased
transcription in the forward direction (lane 3, lower band). Concurrently, transcription in the
reverse direction was reduced (lane 3, upper band). The inverse result was obtained if the
-35 element was introduced downstream of the -10 region (compare lanes 3 and 5). When
both -35 elements were present levels of divergent transcription increased in both directions
(lane 7). However, increases were smaller than those detected with individual -35 elements
(compare lanes 3, 5 and 7). Note that promoter -35 elements removed the requirement for
0’0 residue R451 (compare lane 2 with lanes 4, 6 and 8). Indeed, the o’% R451A derivative
was moderately more active in such instances. Most likely, the R451-DNA contact hinders
escape from near consensus promoters.

Discussion

We demonstrate that divergent transcription from promoter sequences is a process conserved
in all domains of life. The phenomenon is similarly frequent in diverse prokaryotes
(Extended Data Fig. 9) and superficially resembles the situation in eukaryotes. However,
the mechanistic basis is fundamentally different (Fig. 6). In eukaryotes, chromosomal
regions associated with divergent transcription are large; bidirectionality is generated by
nucleosome-depleted DNA and fortuitous binding of transcriptional activators12-15, Hence,
divergent transcripts initiate from easily distinguishable sites separated by hundreds or
thousands of base pairs, with no distance optimal. Accordingly, each TSS is associated
with a distinct RNAP binding event involving non-overlapping DNA regions®1213.16 By
contrast, bidirectional promoter sequences in bacteria have inherent symmetry. Hence,
RNAP can bind the same section of duplex DNA in either orientation. Our global

TSS analysis shows that symmetrical -10 elements are the main driver of divergent
transcription (Fig. 2). This is consistent with the unique role of this promoter motif. Thus,
whilst other promoter sequences stabilise RNAP binding, the -10 element also facilitates
DNA opening and transcription initiation. Accordingly, ancillary promoter sequences are
ineffective without an appropriately positioned -10 motif. We show that -10 elements, with
inherent symmetry, can function independently to drive divergent transcription (Fig. 3¢
and Extended Data Fig. 4c). In the most common situation, the +1 and -18 positions on
opposite strands align. This enhances the ability o0 side chain R451 to stabilise RNAP
binding. Interestingly, one example of a bidirectional -35 element was identified within the
horizontally acquired ygaQ gene (Fig. 1e). We speculate that such configurations are more
likely to arise in foreign DNA; the high AT-content ensures many potential -10 sequences
are available. As in bacteria, divergent TSS pairs in archaea are separated by preferred
distances, corresponding to key bases for transcription initiation overlapping on opposite
DNA strands (Fig. 4c and Extended Data Fig. 7). The separation of TSSs by 34 bp and 36
bp in H. volcaniiand T. kodakarensis respectively corresponds to alignment of the BRE
(important for RNAP binding) and the +1 site of initiation on the opposite DNA strand. This
is similar to alignment of positions -18 and +1 in bacteria.

Remarkably, despite the differences between prokaryotes and eukaryotes, our data suggest
divergent transcription is often a property of newly acquired DNA in both kingdoms. Thus,
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nascent promoters can be inherently bidirectional. In bacteria, this is likely a consequence
of both the DNA motif for divergent transcription, and horizontally acquired loci, having
a high AT-content!®, The abundance of non-canonical promoter elements is also likely to
play a role*!. Most sites of transcription within horizontally acquired genes are associated
with non-coding RNA production. However, bidirectional promoter sequences elsewhere
drive mRNA synthesis. Indeed, compared to directional promoters, divergent TSS pairs
are more frequently found in intergenic regions, particularly between divergent genes (Fig.
2e and Extended Data Fig. 5d). Hence, divergent transcription must also have important
implications for gene expression. For instance, we show that transcriptional repressors
can co-regulate divergent operons by binding sites that overlap a bidirectional promoter
sequence (Fig. 6). We also show that frequency of transcription in a given orientation
impacts divergent RNA synthesis (Fig. 5f). Hence, bidirectional promoter sequences have
inbuilt regulatory properties. Speculatively, divergent transcription could also displace
adjacently bound transcription factors or generate asRNAs impacting adjacent genes. In
conclusion, the widespread occurrence of bidirectional promoter sequences has important
implications for understanding gene regulation in all prokaryotes.

Materials And Methods

Strains, plasmids and oligonucleotides

All strains plasmids and oligonucleotides used are listed in Table S4. Standard procedures
for strain and DNA manipulation were used throughout. All bacterial cultures were grown in
LB media.

B-galactosidase assays

Assays were done according to the method of Miller#2. Cells were grown in LB media
supplemented with appropriate antibiotics to mid-log phase. Values shown are the mean
of three independent experiments. Error bars represent the standard deviation of three
independent experiments. Promoters were characterised as active if they stimulated p-
galactosidase activity >2-fold over background levels generated by promoterless /acZ.

Identification of transcription start sites by primer extension

Transcript start sites were mapped for individual promoters using primer extension as
described by Haycocks and Grainger#3. The RNA was purified from indicated £. coli strains
carrying different DNA fragments cloned in pRW50. The 5’ end-labelled primer D49724,
which anneals downstream of the HimdlI1 site in pRW50, was used in all experiments.
Primer extension products were analysed on denaturing 6% polyacrylamide gels, calibrated
with size standards, and visualized using a Fuji phosphor screen and Bio-Rad Molecular
Imager FX.

Genome-wide identification of divergent transcription start site pairs

Divergent TSS pairs at bidirectional promoter sequences were identified by calculating the
distance between each TSS on the top and bottom DNA strands. The TSS were classified as
divergent pairs if the bottom strand TSS was between 7 and 25 bp upstream of the top strand
TSS. If a TSS on a given DNA strand could couple with multiple TSSs on the opposite DNA
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strand these were each counted as separate TSS pairs. Similarly, if directional promoter
sequences were associated with multiple TSSs these also were individually counted. To
compare TSSs in wild type E. coli, and the Ahns derivative, we used our previously
generated datal® and remapped TSSs. This was done using TSSpredator (version 1.06)%
with the following settings: step height 0.1, step height reduction 0.09, step factor 1.5,

step factor reduction 0.5, enrichment factor 3, normalisation percentile 0.9, enrichment
normalisation percentile 0.5, UTR length 300 and antisense UTR length 100. Cluster method
was set to HIGHEST and all other parameters were set to 0. For all other datasets, we used
TSS locations provided by the original studies. We designated TSSs as likely to drive mRNA
synthesis if they were intergenic and in the correct orientation upstream of a gene. Note that
previous PPP-seq analysis!® was done according to the protocol of Singh and Wade*®.

Promoter symmetry scoring

To determine symmetry scores, we derived a PWM corresponding to sequences from -100 to
+50 bp relative to each TSSs for each species test. We refer to this as the “forward PWM”.
(Note that for the heatmap in Fig. 2a, the forward PWM was derived from sequences from
-100 to +100 to facilitate analysis over a longer range of spacings; importantly, this does
not impact the calculated scores). We then made a “reverse PWM?” that corresponds to

the reverse complement of the forward PWM, but was limited to sequences from -37 to

+5 relative to the TSSs, since this is the range that includes all key promoter elements

for all species tested. We aligned the forward and reverse PWMs across all possible
spacing combinations. For each spacing, we calculated a symmetry score by (i) multiplying
the fraction of each of the four nucleotides at each position of the forward PWM with

the fraction of each of the complementary nucleotides at the overlapping position of the
reverse PWM, and (ii) multiplying this value by 4, taking the log (base 2), and summing
for all positions within the overlapping PWM positions. Stated R? values are Pearson
product-moment correlation coefficients generated by comparing symmetry scores with TSS
spacing abundance across the spacing range shown. Symmetry scores were also calculated
for individual £. coli promoter sequences, to compare promoter sequences in horizontally
acquired versus non-horizontally acquired regions, and to compare promoter sequences

in H-NS-bound versus unbound regions. In these cases, we analysed individual promoter
regions from position -100 to +50 relative to the TSS. We aligned the reverse PWM for £.
colf (derived as described above) with each promoter sequence across all possible spacings.
For each spacing, we determined the frequency of the nucleotide found in the promoter
with the corresponding nucleotide frequency in the reverse PWM. We then multiplied these
values for every position within the PWM. The final symmetry score for each promoter
sequence was calculated as the maximum score across all possible spacings multiplied by a
constant (to avoid extremely small numbers).

Promoter sequence analysis

To determine the distance between TSSs and promoter -10 elements we searched for the
sequence 5’-TANNNT-3’ in the 17 bp region upstream of the TSS. If this sequence did not
occur, or occurred multiple times, the TSS was excluded to avoid ambiguities. To generate
DNA sequence motifs we used Weblogo?8. For directional £. coli promoters we created
two alignments, anchored by either the position of the TSS or -10 element, that were then
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spliced together in the intervening DNA. This was required because the spacing between the
+1 and -10 entities is variable (Extended Data Fig. 5a) and results in improper alignment
unless taken into account (compare Fig. 2c and Extended Data Fig. 5b). This adjustment
was not required for bidirectional promoters with TSSs separated by 18 bp (Fig. 2b). In this
situation, juxtaposition of the TSSs and -10 elements are “locked” in place in accordance
with Fig. 3 and the associated description.

The V. cholerae RNAP holoenzyme was purified as described previously*’. To facilitate
overexpression, vps7 was cloned in pET28a and the resulting construct used to transform T7
express cells. Resulting transformants were used to inoculate 20 ml of LB media that was
incubated overnight with shaking at 37 °C. Subsequently, this culture was used to inoculate
2 L of fresh LB media. The resulting culture was incubating at 37 °C with shaking until the
ODggg reached 0.8. Overexpression of the encoded His6-VpsT fusing was induced with 1
mM IPTG for 16 hours at 18 °C. Cells were then recovered by centrifugation, resuspended
in 25 mM Tris-HCI pH 7.5, 550 mM NaCl, 20 mM Imidazole, and lysed by sonication. The
cleared lysate was applied to a HisTrap (Amersham) column and bound proteins eluted with
an imidazole concentration gradient up to 500 mM. Fractions containing VpsT were pooled
and transferred into 25 mM Tris-HCI pH 7.5, 100 mM NaCl, 5 % (v/A) glycerol by dialysis.
Contaminating proteins were removed using a HiTrap heparin HP (Amersham) column

and pure His6-VpsT was eluted with concentration gradient up to 1 M NaCl. Fractions
containing the pure protein were pooled and concentrated to 1 mg/ml using a Vivaspin
(Sartorius) concentrator. Precipitated protein was removed by filtration and the His6 tag
removed by thrombin digestion. The cleaved tag was separated from VpsT in a final HisTrap
chromatography step. The pure VpsT was concentrated to 1 mg/ml and glycerol added to a
final concentration of 50 % (v/V) for storage.

in vitro transcription assays

In vitrotranscription reactions used the method of Kolb et a/. 8 as described by Savery et
al. 9. Plasmid template DNA was isolated from £. colitransformed with pSR containing
the appropriate promoter DNA fragment. Reaction buffer contained 20 mM Tris pH 7.9, 200
mM GTP/ATP/CTP, 10 mM UTP, 5 uCi (a32P) UTP, 500 mM DTT, 5 mM MgCl,, 100 ug
ml-1 BSA and 0.2 mM cAMP. Template DNA (at a final concentration of 16 ug ml-1) was
incubated with RNAP holoenzyme, derived from either E. coli or V. cholerae as appropriate,
to start the reaction.

Comparison with mRNA transcription start sites listed by RegulonDB

Matches between the combined TSS list, and TSSs listed in RegulonDB, were identified
using the COUNTIF function in Microsoft Excel. When matching TSSs in RegulonDB

to the combined list of £. coli TSSs we allowed a +/- 2 bp leeway. This was done

because positions of equivalent TSSs, identified using different methods, often vary slightly.
Additionally, RNAP can initiate transcription from a single promoter at one of several
adjacent nucleotides. To calculate fold enrichment we first determined how many known
TSSs listed in RegulonDB matched TSSs in our combined dataset. We then determined
how many matches were identified if the positions of TSSs in our combined dataset were
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randomised to any position in the genome. To calculate the stated fold enrichment the
former result was divided by the latter. We used the same approach with subsets of the
combined TSS dataset corresponding to directional or bidirectional promoter sequences.
We note that, in all cases, similar results were obtained if the positions of TSSs in our
combined dataset were instead randomised to equivalent genomic contexts (i.e. intragenic
and intergenic promoters to coding and non-coding regions respectively). This was expected
because 19 % of TSSs in the combined list were in intragenic regions. This is comparable to
the 12 % of the £. coli genome annotated as non-coding. To test for significant enrichment
of different TSSs groups in RegulonDB, amongst the combined list of TSSs presented

here, we used a hypergeometric test. For this test, the number of successful draws was

the number of RegulonDB TSSs identified amongst the set of divergent 5,292 TSSs or

the set of 23,813 directional TSSs (i.e. the total number of draws). The population size

was 4,639,675 (i.e. the number of bp in the £. ¢o/i U00096.2 genome) and the number

of successes in the population was the number of TSSs in the RegulonDB group being
tested. To determine if there was a significant difference between the number of RegulonDB
TSSs found in the lists of divergent TSSs and directional TSSs we used Fisher’s exact test.
Our null hypothesis was no difference in enrichment. To determine the expected number of
RegulonDB promoters amongst the bidirectional TSSs, we calculated the relative frequency
of RegulonDB promoters in the set of 23,813 directional TSSs. We then multiplied the
relative frequency value by 5,292 (the number of divergent TSSs). These values were then
compared to the experimental data.

Mapping global transcript abundance by RNA-seq

Duplicate cultures of £. colistrain MG1655 were grown until mid-exponential phase in

LB media with shaking at 37 °C. Cells were harvested by centrifugation, flash frozen

in liquid nitrogen, and lysed by RNAsnap®C. Total RNA was then purified from lysates
using the Qiagen Mini RNeasy Kit. Library preparation and sequencing was done by Vertis
Biotechnologie AG. Briefly, RNA molecules were fragmented by sonication before ligation
to oligonucleotide adapters at their 3’ end. First-strand cDNA synthesis was done using M-
MLV reverse transcriptase and the 3’ adapter as primer. The first-strand cDNA was purified
and the 5” lllumina TruSeq adapter was attached at the 3’ end. After PCR amplification the
cDNA was purified using the Agencourt AMPure XP kit (Beckman Coulter Genomics) and
analysed by capillary electrophoresis. Libraries were sequenced on an Illumina Nextseq 500
system with a read length of 75 bp. Fastq files were deposited in Array Express (accession
number E-MTAB-9655). Individual sequence reads were mapped using Bowtie251. The
reference genome for £. coliwas that assigned Genbank accession number U00096.3.
Resulting Binary Alignment Map (BAM) files were used to generate wiggle plots using
bam2wig.py®2:53, These data, were used to generate the aggregate plots shown in Fig. 3. For
each dataset, we calculated the 10 % trimmed mean of the read depth, in 10 bp bins, across
all 3 kb regions centred on selected TSSs. We focused our analysis on TSSs in non-coding
regions to avoid confounding signals from overlapping mRNA transcripts.

Identification of transcription start sites by cappable-seq

To map TSSs globally we used cappable-seq. Duplicate cultures of B. subtilis strain 168
ca were grown until mid-exponential phase in LB media with shaking at 37 °C. Cells
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were harvested and flash frozen in liquid nitrogen. Total RNA was isolated as described
previously with the exception that RNA concentration and quality was determined on an
Agilent 2200 Tapestation following the manufacturer’s instructions®*. Library preparation
and sequencing was done by Vertis Biotechnologie AG according to the protocol described
by Ettwiller et a/22. Briefly, 5 triphosphorylated RNA was capped with 3'-desthiobiotin-
TEG-guanosine 5' triphosphate (DTBGTP) using Vaccinia capping enzyme (New England
Biolabs). Biotinylated RNA was captured and eluted from streptavidin beads to obtain

5’ fragments of primary transcripts. These transcripts were poly(A) tailed with poly(A)
polymerase before conversion of the 5 CAP moiety to a 5° monophosphate using CAP-clip
Acid pyrophosphatase (Cellscript). An RNA adapter was ligated to the 5 monophosphate
and cDNA synthesis was done with an oligo(dT)-adapter primer and M-MLV reverse
transcriptase. cDNAs were amplified by PCR to a final concentration of 10-20 ng pl-L.

Full length cDNAs were fragmented and immobilised with streptavidin magnetic beads

for blunting and ligation of the 3’ Illumina sequencing adapter. The immobilised cDNA
fragments were amplified via PCR. The sample libraries were mixed in equimolar amounts
200-500 bp fragments were purified from an agarose gel after electrophoresis. The libraries
were sequenced on an Illumina Nextseq 500 system with a read length of 75 bp. Individual
sequence reads were mapped using Bowtie2%1. The B. subtilis reference genome was that
assigned Genbank accession numbers NC_000964.3. Resulting Binary Alignment Map
(BAM) files were used to generate wiggle plots using bam2wig.py®2:53, For each strand

of the chromosome, we assigned TSSs to base positions where the read depth increased
more than 3-fold, compared to the previous base, in both experimental replicates.

DNAse | footprinting

DNA fragments were excised from pSR using Aat// and Hirdlll. After end-labelling using
v32-ATP and T4 PNK (NEB), footprints were done as previously described in buffer
containing 40 mM Tris acetate pH 7.9, 50 mM KCI, 5 mM MgCl,, 500 uyM DTT and 12.5
pg/ml Herring Sperm DNA*'. Resulting DNA fragments were analysed on a 6 % denaturing
gel. Subsequently, dried gels were exposed to a Biorad phosphorscreen that was scanned
using a Biorad Personal Molecular Imager.

Assignment of transcription start sites to horizontally acquired DNA

To identify horizontally acquired genomic regions in different bacteria we used DarkHorse
with genus level phylogenetic granularity®®. Sections of DNA with high or low H-NS
binding were identified using the ChlP-seq analysis of Kahramanoglou et a/ 5.
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Extended Data

1 kb
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ChlP-seq
WT cryptic 67° binding sites m
TSSs

Extended Data Fig. 1. Not all o0 binding sites align with an RNA 5’ end.
Binding patterns for H-NS (peach) and o’? (purple or green) are derived from ChIP-seq

assays'®. The RNA 5’ ends associated with o7 binding (purple or green) were identified by
PPP-seql®. Genes are shown as red block arrows. Each ChIP-seq dataset is plotted on a scale
of 0 to 360 reads on each strand. The TSS data show a read depth of between 0 and 100 on
each strand. The AT-content fluctuates between 30 % and 75 %.
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Extended Data Fig. 2. Directional transcription from canonical promoters.
a) -galactosidase activity derived from canonical promoters listed by Ecocyc?! and not

having a transcription start site in the reverse orientation detectable by any of three separate
RNA-seq studies1922.23 Data are presented as mean values (n = 3 independent experiments)
+/- SD and individual data points are overlaid as dot plots. b) Direction of transcription from
cloned DNA fragments. c) Average forward or reverse p-galactosidase activity of all DNA
fragments.
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yibA2 in “a” orientation*
-35 -10
gggttttatctgttttatgcgatgagttaaaaaaaaatactgtttatgatgatatcattyg

cccaaaatagacaaaatacgctactcaatttttttttatgacaaatactactatagtaac

aagctgcgggtgaattaggtgataaaacgctacttectgttttagatactatgttgtaca

ttcgacgcccacttaatecactattttgegatgaaggacaaaatctatgatacaacatgt
-10 -35

agtttgatgacaatgaaattataacttccg

tcaaactactgttactttaatattgaaggc y

D49724 (oligo for primer extension)

y jt tcaacgacctgctgaaaaactatgeccgggegtecaace

2 37
5

wzxB in “a” orientation*
-35

5’ acgttactttatctttactatctgctgctttggcaatactctgagttgctgtgagattga

3’ tgcaatgaaatagaaatgatagacgacgaaaccgttatgagactcaacgacactctaact

-10

999
aaccatattcaacaaacattatcatatatagcatagtcgcttggcaaaaaccgaatatac

ttggtataagttgtttgtaatagtatatatcgtatcagcgaaccgtttttggettatatg
ccc|-10 -35

cgaaattttcaggaccaagtgttcttacaaag

gctttaaaagtcctggttcacaagaatgtt t y

D49724 (oligo for primer

ttcaacgacctgctgaaaaactatgccgggegtccaace

3
5

ygaQl in “a” orientation*
-35

5’ cggttacacaatactaacttatttaacccaaaatatcataaaaaagccgttatgaattac

37 gccaatgtgttatgattgaataaattgggttttatagtattttttcggcaatacttaatg

-10 -35
-10
atggaatatctggtaacttgtcagttggatgaacaacaaatgtcatcactgctttatgaa

taccttatagaccattgaacagtcaacctacttgttgtttacagtagtgacgaaatactt

agagatgatttaagcgccattgatttttcaagg

tctctactaaattcgeggtaactaaaaagt gaa g y
D49724 (oligo for primer ion)

13 caacgacctgctgaaaaactatgccgggegtccaace

3
5

* For the “b” orientation read the reverse complement sequence of the bases in black. The
sequences in grey remain unchanged

5

3

5
3
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yigG in “a” orientation*
-35 -10
cattgcctgaacaggcaaaatcttcggetatcattgtgatgatagagatgatatatactg

gtaacggacttgtccgttttagaagccgatagtaacactactatctctactatatatgac

cc

ctaatgtaccaaaaacataagtttttatatagatgaaaccactatcacggagtcgctgge

gattacatggtttttgtattcaaaaatatatctactttggtgatagtgcctcagcgaccg
99 -10 =

aattcatgttgatgacgagataatggagta

ttaagtacaactactgctctattacctcat of

D49724 (oligo for primer ion)

ttcaacgacctgctgaaaaactatgccgggegtecaacey

a3/
5

ygiI2 in “a” orientation*
gaatattttatgaatgttttctgtaataatgcactaccaggcccatctccaggagaagaa
cttataaaatacttacaaaagacattattacgtgatggtccgggtagaggtectcttett
_35 A -10
tacccatctgcatgggcaaatataatgatgttgttagcatcaggtcaagacttttataat
atgggtagacgtacccgtttatattactacaacaatcgtagtccagttctgaaaatatta
-10 _35
caaaactcttatactttcggtgtaacttat t )y
gttttgagaatatgaaagccacattgaata

D49724(0Iig0 for primer ion)

caacgacctgctgaaaaactatgccgggegtcecaace

3
5

Extended Data Fig. 3. Sequences of cryptic RNA polymerase binding sites associated with

divergent transcription.

The figure shows promoter DNA sequences (black typeface) and part of the plasmid DNA
backbone (grey typeface). The promoter -10 (red) and -35 (green) elements are highlighted
on each DNA strand and transcription start sites are denoted by a bent arrow. Sites of
mutations and deletions (A) are boxed. The sequences are in the “a” orientation as indicated
in Figure 1. When in the “b” orientation the DNA sequence encompassed by black typeface
is the reverse complement. Oligonucleotide D49724, used in primer extension analysis, is
indicated by a half arrow and binds to the corresponding sequence in grey bold typeface.
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Extended Data Fig. 4. Spacing optima between divergent transcription start sites.
a) The graph shows the number of divergent TSSs separated by different distances. The

majority of bottom strand transcription start sites occur 18 bp upstream of top strand RNA
initiation sites. However, peaks in the occurrence of divergent TSSs also occur elsewhere.
These positions are denoted by green data points. The red data point indicates a sharp
decrease in the occurrence of divergent TSSs. The symmetry score increases at spacing
intervals where the promoter PWM identifies matching sequences overlapping on each DNA
strand. b) DNA sequence motifs associated with each preferred spacing between divergent
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% of TSSs

d

TSSs. Motifs were generated by aligning sequences according to the top strand TSS. The
configuration of promoter —10 elements and TSSs, indicated by each motif, is shown
below the respective sequence logo. Key positions within the - 10 elements, and TSSs,

are underlined. ¢) Products of /n vitrotranscription using the illustrated DNA templates.
The RNAI transcript is derived from the replication origin of the plasmid DNA template.
A representative example of two independent experiments is shown. d) Products of /n
vitro transcription from the intragenic y7gG promoter. Note that products produced /n vitro
match those produced /n vivo (Figure 1d). A representative example of two independent
experiments is shown.
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Extended Data Fig. 5. Properties of transcription start sites in Bacillus subtilis.
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We mapped transcription start sites globally in Bacillus subtilis using cappable-seq. The
general properties of B. subtilis promoters were compared with those identified in £. coli. a)
Distances between promoter -10 elements and transcription start sites (TSSs) in Escherichia
coliand B. subtilis. b,c) DNA sequence motifs associated with unidirectional TSSs in £. coli
and B. subtilis. d,e) Positioning of TSSs with respect to coding DNA sequences in £. coli
and B. subtilis.
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Extended Data Fig. 6. Properties of bidirectional promoters in different bacteria.
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The figure shows the number of divergent transcription start sites separated by different
distances (black line in graph). The data point in each graph, corresponding to the preferred
configuration of divergent start sites, is green. The pale blue data indicate predicted
promoter overlap (i.e. symmetry) derived from a position weight matrix (PWM) search

of each DNA strand. The R? values indicate the degree of correlation between computational
prediction and experimental data shown. The DNA motifs adjacent to each graph were
generated by aligning promoter -10 hexamer sequences. For V. cholerae, P. aeruginosa,

A. baumanii, M. tuberculosis, and S. coelicolourwe aligned -10 elements from start sites
separated by 17, 18 and 19 bp. In the case of H. pylori, we aligned -10 elements from

those start sites 15, 16 or 17 bp apart. Note that all of these distances typically involve

the same configuration of -10 elements because the distance between the -10 hexamer and
transcription start site is variable (see Figure S4). For B. subtilisand B. amyloliquefaciens
we aligned start sites separated by 10, 11 or 12 bp.
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Extended Data Fig. 7. Bidirectional promoters in the archaea Thermococcus kodakarensis and
Haloferax volcanii have a shared TATA box.

a,b) The figure shows the number of divergent transcription start sites separated by different
distances (black line in graph). The data points in each graph, corresponding to the preferred
configurations of divergent start sites, are green. The pale blue data indicate promoter

sequence symmetry. The R? values indicate the degree of correlation between computational
prediction and experimental data shown. b) DNA sequences associated with divergent TSSs
in Haloferax volcanii separated by 62, 53 or 34 bp were aligned according to the position of

Nat Microbiol. Author manuscript; available in PMC 2021 November 30.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Warman et al.

Page 21

the TSS on the top DNA strand. The inferred configuration of key elements is shown above

each motif.
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Extended Data Fig. 8. Bidirectional promoters are enriched in horizontally acquired genes.
a) Detection of directional and bidirectional promoters by PPP-seq 1° The pie charts show

the fractions of each promoter type detected in H-NS bound or H-NS free regions of the £.
coli genome in the presence and absence of H-NS. b) Distribution of position weight matrix
(PWM) scores for bidirectional promoters in different sections of the £. coligenome. Higher
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scores indicate a better match to the PWM describing bidirectional promoters. The bounds
of the box represent the first and third quartiles and the centre line is the median. Whiskers
extend to 1.5 times the interquartile range.
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Extended Data Fig. 9. The ratio of directional to bidirectional promoters is similar in different
bacteria.

We used multiple Escherichia coli TSS maps to identify bidirectional promoters
(corresponding to divergent TSSs promoters is similar in different bacteria. separated by
between 25 and 7 bp). We noticed that the proportion of TSSs from bidirectional promoters
was much smaller in datasets with fewer total TSSs. We reasoned that this was logical; the
chance of detecting both transcripts from a given bidirectional promoter is much smaller
for less complete TSS maps. For instance, 19 % of TSSs in the combined £. coli TSS map
(28,107 TSSs in total) were derived from a bidirectional promoter. In contrast, this value
was only 5 % for TSSs identified by PPP-seq 19 (4,846 TSSs in total). The number of total
and divergent TSSs, for each £. coli TSS map, is plotted in orange; the relationship is not
linear. For comparison, we generated a probability model using a mock TSS map for £.
coli. The artificial map consisted of 28,107 randomly selected £. co/i genome co-ordinates
as TSSs. Of these, 19 % of positions on the bottom strand were set to be between 7 and 25
bp upstream of a top strand co-ordinate (i.e. the mock data exactly emulated the combined
TSS composition of the genuine experimental data for £. coli). We then randomly selected
sub-populations of genome co-ordinates from the mock TSS map and determined how many
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pairs of top and bottom stand positions remained separated by between 7 and 25 bp. These
data are plotted in pale blue. Consistent with our logic, the relationship was not linear and
resembled the real experimental data in orange. We also determined the number of divergent
TSSs pairs amongst those TSSs detected by both dRNA-seq and cappable-seq (5,593 TSSs
in total). This data point also fell precisely on the trend line generated by the individual and
combined data sets. Hence, excluding TSSs not identified by multiple methods does not alter
the frequency at which divergent TSS pairs are detected. Finally, we plotted experimentally
determined TSS maps for different bacteria (all TSS numbers were normalised for genome
size). Crucially, these organisms have been subject to much less scrutiny than £. coli. Hence,
the total number of TSSs identified for each bacterium is comparatively small. Even so, it is
clear that all data points fall close to the orange and pale blue trend lines. Hence, the fraction
of promoters that are bidirectional must be broadly similar in different bacterial species.
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Figure 1. Transcription start site pairs within horizontally acquired genes.
a) p-galactosidase activity derived from cryptic RNAP binding sites. Data are presented

as mean values (n = 3 independent experiments) +/- SD and individual data points are
overlaid as dot plots. b) Direction of transcription from cloned DNA fragments. c) Average
forward or reverse B-galactosidase activity of all DNA fragments. d) Start sites mapped

by primer extension for selected DNA fragments (orientations labelled a or b). Primer
extension products in lanes 1 to 10, sizes in nucleotides (nt). Lanes 11-14 are sequencing
reactions for calibration. €) Schematic representation of transcription start site pairs. Core
promoter element sequences in the forward or reverse orientation are indicated by solid

or open rectangles respectively. Speckled shading indicates converge of promoter elements
on the same section of DNA. Transcription start sites shown as bent arrows. The positions
of mutations (x) or deletions (A) are indicated. f) Effect of mutating shared core promoter

elements. Data are presented as in panel a.
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Figure 2. Widespread divergent transcription from bidirectional promoter sequences in
Escherichia coli.

a) Heatmaps made using global transcription start site (TSS) data 192223 or position weight
matrix analysis. TSSs on the top chromosome strand are aligned at the centre of the
heatmap (bent arrow, labelled +1). Heatmap colour indicates abundance of bottom strand
TSSs at that position. The expansion shows the occurrence of bottom strand TSSs in a 50
bp window either side of all top strand promoters. b) Predominant DNA sequence motif
associated with bidirectional or c) directional promoters. The x-axis break indicates the
variable distance between -10 element and TSS at directional promoters. Each sequence
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motif was generated from 638 aligned promoters. d) a bidirectional promoter sequence
between the E. coli pfsand dgtgenes. TSSs are in uppercase. Promoter -10 elements are
bold. Key sites of -10 element symmetry are underlined and correspond to the strongly
conserved bases in panel b. The non-template strand bases at these positions, relative to

the direction of transcription, are sequestered by 70 to stabilise initial DNA unwinding®.

e) Categorisation of bidirectional £. coli promoters according to nearby gene organisation.
Percentages indicate the proportion of bidirectional promoters in each genomic context. For
comparison, 89 % of the £. coligenome is coding whist 6 %, 3 % and 2 % is intergenic
DNA between co-directional, divergent and convergent genes respectively.
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Figure 3. Reciprocal stimulation between divergent transcription start sites.
a) Structure of RNAP bound to DNA (PDB: 6CA0)>’. Relevant features labelled. b)

DNA templates used for /n vitro transcription. Sequences of promoter -10 elements
(labelled) and TSSs (bent arrows) are shown. Plasmid vector DNA is shown by black
lines and opposing DNA strands of the cloned bidirectional promoter sequence are shown
by teal or grey lines. Interaction of o/% R451 and the DNA backbone is indicated

by dashes. Note that only transcription towards the Aoogp terminator produces an RNA
of defined length, detectable as a discrete band, following electrophoresis. Hence, to
detect transcription in the opposite direction, it was necessary to invert the orientation
of the cloned DNA sequence. ¢) Products of 7 vitro transcription (using templates in
panel b) using either o’0 or the R451A derivative. The RNAI transcript is derived from
the replication origin of the plasmid DNA template. The transcript of interest/RNAI
signal intensity is 0.16, 0.05, 0.56, 0.11, 0.12, 0.06, 0.17, 0.09, 0.06, 0.05, 0.15, 0.06,
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1.24 and 1.30 for lanes 1 to 14 respectively. The control promoter has the sequence
5-TTGGCATATGAAATTTTGAGGATTATACTACACTTA-3’. A representative example of
two separate experiments is shown. d,e) Aggregate profiles of transcription detected by
genome-wide RNA-seq experiments. Each plot illustrates averaged sequence read depth
across all 3 kb regions centred on bidirectional promoter sequences in non-coding DNA.
Shaded areas of plots indicate signals above the background level f) A 17.5 kb section of

the E£. coli genome aligned with cappable-seq and RNA-seq reads mapping to the top (teal)
or bottom (grey) DNA strands. Genes are denoted by red block arrows. Transcription start
sites (TSSs) are denoted by gridlines and bent back arrows. Double arrow heads indicate
divergent TSS pairs at bidirectional promoter sequences.
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Figure 4. Bidirectional promoter sequences are widespread in prokaryotes.
a,b) Heatmaps indicate abundance and position of TSSs on the bottom DNA strand, relative

to the nearest top strand promoter (bent arrow). Species and phylogenetic relationships are
indicated to left of heatmaps. ¢) DNA sequence motifs derived from divergent TSSs in 7.

kodakarensis.
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Figure 5. Coordinated regulation of divergent transcription units from bidirectional promoter

sequences.

a) Organisation of the region between VC1303 and VC1304 in Vibrio cholerae.
Transcription start sites are shown by bent arrows (+1) and the region footprinted by VpsT
is underlined. The bidirectional promoter -10 region is bold with key positions of symmetry
underlined. Position numbers indicate distances from the downstream end of the cloned
DNA fragment subsequently used. b) Pattern of DNAse | digestion with or without VpsT
(2, 3, 4 or 5 uM) and cyclic-di-GMP (50 uM). The gel is calibrated with a Maxam-Gilbert
GA ladder. The region protected by VpsT marked by a blue bar (triangles indicate VpsT
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induced DNAse | hypersensitivity). A representative example of three experiments is shown.
c) Transcripts generated from the VC1303-VC1304 intergenic region by RNA polymerase /n
vitro with or without 2 uM VpsT and 50 uM cyclic-di-GMP. The transcript of interest/RNAI
signal intensity is 0.11, 0.02, 0.18 and 0.05 for lanes 1 to 4 respectively. A representative
example of two separate experiments is shown. d) B-galactosidase activity derived from the
VC1303-VC1304 intergenic region cloned in either orientation upstream of /acZ. Cells were
supplied with VpsT from plasmid pAMNF. Empty plasmid was used as a control. Bars are
mean values (n = 3 independent experiments) +/- SD with individual data points overlaid as
dot plots. Pwas derived from a two-sided paired student’s £test e) DNA templates to assess
competition between RNA polymerase molecules during transcription /n vitro. Promoter

-10 and -35 elements are shown by black rectangles. TSSs are indicated by bent arrows.
Plasmid vector DNA shown as black lines and opposing DNA strands of cloned bidirectional
promoter sequences as teal or grey lines. f) Products of /n vitro transcription using templates
in panel e. The RNAI transcript is derived from the replication origin of the plasmid DNA
template. The 134 nt RNA/129 nt RNA signal intensity is 0.68, not detectable, 0.09, 0.09,
4.48,5.96, 0.39 and 0.32 in lanes 1 to 8 respectively. A representative example of two
separate experiments is shown.
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Figure 6. Promoter bidirectionality has a different basis in prokaryotes and eukaryotes.
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