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Description of end-enriched RNA-seq (Rend-seq)

End-enriched RNA sequencing (Rend-seq), recently developed in our lab®®, allows for the simultaneous
measurement of RNA-levels and single nucleotide mapping of transcripts 5’ and 3’ ends. In a sparsely
fragmented pool of RNA, fragment ends are much more likely (inversely proportional to per base
fragmentation probability) to originate from ends initially present in the RNA sample. This end-
enrichment provides the basis of Rend-seq’s readout. Size selection of short fragments (15-45 nt) prior to
cDNA conversion allows retrieval of information for both 5’ and 3’ ends from a short single read
sequencing run. Following sequencing of a quantitatively generated cDNA library and mapping to the
genome, the 5° and 3’-mapped read counts of fragments are summed in separate channels (displayed in
orange and blue, respectively). The resulting signal from a simple transcript is then a single-nucleotide
wide peaks (with around 50 increase in signal relative to the transcript body) in 5° and 3’-mapped
channels at respective ends, and largely uniform read coverage across the transcript body (example
schematically shown in Extended Data Fig. 6a). Lalanne et al*® contains detailed experimental methods,
mathematical derivations, and description of the computational pipeline used for the analysis of Rend-seq

data.



Note on previous computational approaches for intrinsic terminator identification

Given the rich primary sequence features of intrinsic transcription terminators, numerous previous
studies have designed algorithms to computationally identify intrinsic terminators from genome

70-73, While these previous terminator identification strategies attempted to balance false

sequences, €.g.,
positives and false negatives, our current approach is focused on being stringent at the expense of
possible false negatives. Our approach is based on rigorous thermodynamic RNA secondary structure
prediction®® and relies on looking for canonical intrinsic terminator structures (long stretch U residues
preceded by a strong hairpin). Importantly, thresholds were selected on a species-by-species basis by
generating a null set of RNA secondary structures from folding randomly selected regions in the genome.
This provides a species-specific stringent cutoff on hairpin parameters used to call putative intrinsic
terminators, mitigating possible difficulties with different genome properties, for example varying GC
content. Additionally, an advantage of the current work is that we used transcriptomics data (Rend-seq)
in five diverse species to directly benchmark the fraction of false positive of our computational pipeline,
demonstrating the false discovery rate at 1% or lower.

Our bioinformatic pipeline searches for canonical terminator features deemed critical for function
in model organisms such as E. coli and B. subtilis, which might miss some terminators in more diverse
bacteria given potential mechanistic differences®!. Indeed, some clades have few identified terminators
per genome, using the approach here and with other computational methods’"’+7 (e.g., Actinobacteria,
Mycoplasma, Campylobacterota). It will be an important avenue of future research to validate

conclusions derived from proximity of terminator hairpin stems to coding sequences once reliable and

experimentally validated in silico classification schemes are developed in these species.



On the possibility of translation initiation on nascent mRNAs

Our observations of the delay between mRNA and protein synthesis raise an interesting question of
whether ribosomes can even initiate translation on nascent mRNAs in B. subtilis. In this model, the delay
may be primarily due to slow translation initiation on mRNAs within the nucleoid, instead of due to slow
translation elongation. Several lines of evidence suggest that this model is unlikely.

First, we can estimate the translation initiation time for pycA-lacZo using data for the truncated
construct (Fig. 1e, Extended Data Fig. 2c). We found that it takes 64 s longer to synthesize the full-length
construct than the truncated one (1000 aa shorter). These constructs are expected to have similar
translation initiation rates because they share the same UTR and 5’ CDS. The time difference can
therefore be attributed to the time it takes to translate the 1000 aa region that is absent from the truncated
version, giving a translation elongation rate of 16 aa/s. Based on this elongation rate, the elongation time
for the full-length pycA-lacZa would be 1255 aa/(16 aa/s) = 78 s, which is only 1 s shorter than the
observed first appearance time of proteins (Fig. 1d). Compared to the first appearance time of full-length
mRNA (45 s, Fig. 1d), the estimated translation initiation time of 1 s indicates that ribosome can still
engage in translation on nascent mRNA for this gene.

Second, if translation initiated only after the full-length mRNA were transcribed, translation
elongation would need to complete in 34 s, i.e. the first appearance time difference between pycA-lacZa
mRNA and protein (Fig. 1d). This would require a translation elongation rate of 1255 aa/34 s =37 aa/s
for pycA, which is much faster than the 16 aa/s measured as described above, and is nearly twice as fast

2576 and unlikely to be

as any translation elongation rate measured to date, e.g., references
physiologically possible for the following reasons. First, given the number of ribosomes relative to

protein mass per cell, the translation elongation rate would need to be 18 aa/s for B. subtilis doubling



every 20 min (estimated using the method in reference ?° with the ribosomal proteins proteome fraction
estimated from the ribosome profiling data in reference 3°). Having a much higher elongation rate would
imply a wasteful situation such that a large fraction of ribosomes is not participating in protein synthesis.
Second, work in E. coli has shown that the translation elongation rate is limited by binding of ternary
complexes to the ribosome,?® which is close to being diffusion limited”’. As the concentrations of
translation elongation factors (EF-Tu, EF-G, tRNAs, etc) is very similar between E. coli and B. subtilis

doubling every 20 minutes,>>4!:78

it is unlikely that the translation rate in B. subtilis would be much faster
than in E. coli. All of this is not to rule out the possibility that for some transcripts, full length mRNA is

synthesized completely before translation begins (especially for shorter transcripts with low translation

efficiency), but rather to demonstrate that translation of nascent mRNAs does still occur.



Transcription rates in mutant backgrounds

To assess the contribution of various non-essential transcription factors and RNAP subunits to the
transcription rate, we measured the induction kinetics of our pycA-lacZe construct in different knockout
backgrounds (Agred, AnusG, ArpoZ, AykzG). greA encodes the transcription factor GreA, which helps
resolve stalled transcription complexes.” nusG encodes the transcription factor NusG that stimulates
RNAP pausing.?231:8%81 ypoZ encodes the accessory RNAP @ subunit, a universally conserved protein
that, although well characterized in E. coli for its roles in RNAP assembly and stringent response, has
remained largely unstudied in gram-positive bacteria.®? ykzG encodes the accessory RNAP ¢ subunit,
which is specific to gram-positive bacteria, but its role is still poorly understood.?? The time of first
appearance of pycA-lacZa mRNA in these mutants was not substantially different from that observed in
WT (Extended Data Fig. 3), and not slow enough to promote coupling. Therefore, these factors alone are

not sufficient to explain the much faster transcription elongation rate in B. subtilis.



Phylogeny of domain architecture of proteins implicated in coupling

The mechanistic basis of transcription-translation coupling has been a very active area of research*
8.10.11.83-88 Tnitially proposed to be mediated through binding of the transcription termination factor NusG
to ribosomal protein S10°, additional structural characterizations are now highlighting that multiple
different coupling states likely exist®!%86, These states may correspond to different transcripts and/or
stages of transcription, and may also illustrate mechanistic differences underlying coupling in different
species!!. While residues involved in the NusG/S10 bridge are widely conserved®, lineage-specific
domains of essential proteins (e.g., C-terminal domain of NusA in M. pneumonia'!, sequence insertion
BSI2 in B subunit of RNAP in E. coli'’) have recently been implicated in coupling. Multiple sequence
alignments of NusA, NusG and RpoB (Extended Data Fig. 4, S10 did not have a diverse domain
architecture and is thus not included) from species shown in Fig. 4 of the current work show the
relationship between presence/absence of domains in these proteins and proximity of intrinsic
terminators from coding sequences. Specifically, the C-terminal domain of NusA (orange box in NusA
alignment in Extended Data Fig. 4) is missing in a large number of Gram-positive bacteria® (partly
present in Mollicutes, which includes Spiroplasmas and Mycoplasmas, red brace in NusA alignment in

10.68 ' sequence insertion BSI2 (green

Extended Data Fig. 4) and Campylobacterota. In addition, as noted in
box in RpoB alignment in Extended Data Fig. 4) is largely absent in Gram-positive bacteria. No single
structural domain in these proteins perfectly overlaps with the bioinformatic signature of runaway

transcription (high fraction of ORF-proximal intrinsic terminators), suggesting a complex landscape of

mechanisms for translation-coupled transcription.
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rRNA agarose gel staining (GelStar)
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Supplementary Figure 1. Uncropped Northern blot raw data for ORF extension experiment. Left
blot is with probe to the long (readthrough) mRNA isoform. Right blot is with the probe upstream of the
pupG terminator. Strain corresponding to each sample is indicated. Top and bottom show the same blot
at two levels of contrast. Pink rectangles indicate cropping regions for Fig. 2b-c. Position of non-specific
bands from rRNA (as determined by staining of gel prior to transfer) are indicated in yellow. For B.
subtilis samples, terminator T2 was from sodA4. The band corresponding to the putative sodA transcript is
indicated in cyan. rRNA bands from staining of agarose RNA gels prior to transfer are shown at bottom.
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