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The torpedo effect in Bacillus subtilis: RNase J1
resolves stalled transcription complexes
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Abstract

RNase J1 is the major 50-to-30 bacterial exoribonuclease. We
demonstrate that in its absence, RNA polymerases (RNAPs) are
redistributed on DNA, with increased RNAP occupancy on some
genes without a parallel increase in transcriptional output. This
suggests that some of these RNAPs represent stalled, non-tran-
scribing complexes. We show that RNase J1 is able to resolve these
stalled RNAP complexes by a “torpedo” mechanism, whereby
RNase J1 degrades the nascent RNA and causes the transcription
complex to disassemble upon collision with RNAP. A heterologous
enzyme, yeast Xrn1 (50-to-30 exonuclease), is less efficient than
RNase J1 in resolving stalled Bacillus subtilis RNAP, suggesting that
the effect is RNase-specific. Our results thus reveal a novel general
principle, whereby an RNase can participate in genome-wide
surveillance of stalled RNAP complexes, preventing potentially
deleterious transcription–replication collisions.
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Introduction

Ribonucleic acids (RNAs) are indispensable for living organisms.

They are transcribed from DNA and function as templates for trans-

lation into proteins, while also serving regulatory, catalytic, and

structural roles (Jimenez et al, 2015; Radhakrishnan & Green, 2016;

Gimpel & Brantl, 2017; Sikova et al, 2018). The amount of any RNA

in the cell is determined by the ratio between its synthesis and

degradation rates (Arraiano et al, 2010).

Synthesis of RNA in bacteria is dependent on RNA polymerase

(RNAP) that recognizes promoter DNA sequences where transcrip-

tion begins (Ruff et al, 2015). After initiation, RNAP forms the elon-

gation complex (EC) and proceeds in a step-wise manner,

functioning as a Brownian ratchet (Bar-Nahum et al, 2005). During

elongation, RNAP may encounter obstacles, such as thymidine

dimers or DNA-binding proteins that make it pause or even back-

track, and subsequently stall (He & Zalkin, 1992; Tornaletti & Hana-

walt, 1999; Kireeva & Kashlev, 2009). These stalled complexes can

be resolved by various factors that either allow RNAP to proceed

with transcription or liberate RNAP from the stalled complex

(Toulme et al, 2000; Peters et al, 2009; Epshtein et al, 2014; Fan

et al, 2016). These factors include (i) the termination factor Rho

(Epshtein et al, 2010), (ii) the transcription–repair coupling factor,

Mfd, that recognizes stalled RNAPs and which recruits UvrA to initi-

ate nucleotide excision repair (Le et al, 2018), and (iii) GreA, a trans-

lation elongation factor that induces hydrolysis of RNA by RNAP in

backtracked complexes (Kusuya et al, 2011). These factors are vital

for physiologically appropriate gene expression as well as for genome

integrity (Nadkarni et al, 2016). At the ends of genes, transcription is

terminated in a manner dependent on RNA hairpins and/or auxiliary

proteins such as Rho (Larson et al, 2008; Epshtein et al, 2010).

Degradation of RNA is carried out by various ribonucleases

(RNases) that can cleave RNA either endo- or exonucleolytically.

Exoribonucleases can function either in the 30-to-50 or in the 50-to-30

direction (Lehnik-Habrink et al, 2012). Until relatively recently,

50-to-30 exoribonucleases were believed to be exclusively eukaryotic.

However, a bacterial 50-to-30 exoribonuclease, RNase J1, was discov-

ered in the model soil-dwelling organism Bacillus subtilis (Mathy

et al, 2007) and shown to be widespread in bacteria and archaea

(Phung et al, 2013; Condon et al, 2018). RNase J1 is a member of

the b-lactamase family of ribonucleases that also possesses endori-

bonucleolytic activity, at least in vitro (Even et al, 2005). In

B. subtilis, RNase J1 associates with its paralog RNase J2 in the cell

and although these two RNases act synergistically, formation of this

complex is not necessary for its enzymatic activity (Mathy et al,

2010). RNase J1 is not essential, but its depletion results in signifi-

cant changes in the transcriptome (Durand et al, 2012).
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Here, using the B. subtilis model system, we describe a new

phenomenon, the ability of RNase J1 to disassemble stalled tran-

scription complexes, preventing transcription–replication collisions.

Our initial goal was to determine the effect of the absence of RNase

J1 on the transcriptome using an rnjA (encodes RNase J1) deletion

strain, as previously this effect had been determined with a strain

that allowed only incomplete depletion of this enzyme (Durand

et al, 2012). We performed RNAseq and ChIPseq experiments and

detected massive changes both in the levels of individual transcripts

and in the distribution of DNA occupancy by RNAP, where RNAP

accumulated on genes that have low transcript levels, suggesting

the presence of stalled transcription complexes. Subsequently, we

demonstrated that RNase J1 is close to, and physically linked to,

RNAP through RNA in the cell. We present a model supported by

experimental evidence in which RNase J1 resolves stalled RNAP

complexes by degrading nascent RNA and disassembling the stalled

complex after colliding with it, thereby likely acting as a “torpedo”

in a manner analogous to a particular mode of eukaryotic transcrip-

tion termination (Luo & Bentley, 2004).

Results

The absence of RNase J1 affects the transcriptome and DNA
occupancy by RNAP

To characterize the global effects of a complete absence of RNase J1,

we first created a B. subtilis 168 tryptophan prototrophic strain

(BaSysBio; Nicolas et al, 2012) with a deletion of the rnjA gene. As

previously reported for rnjA deletions, this strain displayed a markedly

decreased growth rate (Fig EV1A) and altered cell morphology (Figaro

et al, 2013; Cascante-Estepa et al, 2016)—both with respect to cell

shape and length (Fig EV1B; see Fig EV1C for distribution of non-

spiral cell lengths). We also measured the overall RNA synthesis rate,

and, in agreement with the decreased growth rate of the ΔrnjAmutant,

it displayed a strongly decreased RNA synthesis rate (Fig EV1D).

Next, using RNAseq we determined the effects of the absence of

RNase J1 on individual gene expression. The DrnjA mutant showed

altered RNA levels for 1,740 genes (at least a twofold difference), of

which 879 were upregulated (↑) and 861 were downregulated (↓)
with respect to wt (Tables EV1 and EV2). Thirteen selected differen-

tially expressed genes were validated by RT–qPCR (Appendix Fig S1).

The similar distribution of up- and downregulated mRNAs applied to

five out of six major gene ontology categories; the exceptions were

mRNAs from prophages and mobile genetic elements where the gene

expression was preferentially downregulated (Appendix Fig S2).

Among the most upregulated mRNAs was mreBH (~ 16× ↑) that

encodes a protein whose physiologically correct level is required for

cell shape determination (Kawai et al, 2009). We have shown previ-

ously that the upregulation of the mreBH mRNA is primarily due to

the strong stabilization of a non-functional degradation intermediate

whose 50 end lies within the mreBH ORF (Durand et al, 2012). The

perturbed expression of this and several other mRNAs encoding

proteins involved in cell-wall synthesis possibly explains, at least in

part, the “spiral” phenotype [see (Figaro et al, 2013)].

Several alternative sigma factor-encoding mRNAs, especially sigD

[~ 8× ↓] but also sigB, sigM, sigW, sigX, and sigY were downregu-

lated in cells lacking RNase J1 (Fig 1C and D). While most of the

upregulated mRNAs are likely due to the direct stabilization of

either full-length mRNAs or long degradation intermediates (Durand

et al, 2012), we anticipate that most of the downregulated mRNAs

are due to indirect transcription effects. This is because stabilizing

effects of RNase J1 50-to-30 exoribonuclease activity, the primary

in vivo activity of this enzyme, are expected to be rare (if any). The

downregulation of sigD expression likely explains the loss of motil-

ity as expression of the flagellar machinery is controlled by this

sigma factor (Mirel et al, 1992). The long filaments of the DrnjA
strain might be related to downregulation of the gene responsible

for cell separation—cwlS (~ 18× ↓; Fukushima et al, 2006).

A comparison with the previously reported transcriptome data

based on the depletion strain (Durand et al, 2012) revealed that the

effect of the complete absence of RNase J1 significantly overlapped

with the effect of its depletion. The depletion strain displayed

changes in RNA accumulation of 1,261 genes (at least a twofold dif-

ference). 239 out of the 385 downregulated mRNAs (62%) in the

RNase J1 depletion strain were also downregulated in the RNase J1

null strain. 504 out of the 876 upregulated mRNAs (58%) in the

RNase J1 depletion strain were also upregulated in the RNase J1 null

strain (Fig EV2). Nevertheless, using the deletion strain we identi-

fied ~ 1,000 new genes whose expression was affected by RNase J1

(Table EV3).

To see whether we could correlate the changes in gene expres-

sion with RNAP occupancy of the affected genes, we conducted

ChIPseq experiments, comparing wt and RNase J1-null strains,

where we sequenced the DNA associated with RNAP in the cell.

Surprisingly, we observed a major redistribution of RNAPs over the

genome. Figure 1A and B shows an overall comparison of the

RNAseq and ChIPseq data for wt and DrnjA.
For comparisons of RNAseq and ChIPseq data, we had antici-

pated and subsequently detected two types of effects: (i) correlated

effects—the more or less occupied a gene with RNAP, the higher or

lower the respective RNA level (classes I and II, showing transcrip-

tional up or down effects, respectively), and (ii) effects where genes

with increased RNA levels in the mutant displayed unchanged or

possibly decreased occupancy with RNAP, reflecting an increased

stability of these RNAs because they are direct targets of RNase J1

(class III, representing primarily post-transcriptional effects).

Indeed, the averaged effects of the rnjA deletion on both RNA abun-

dance (RNAseq) and DNA occupancy with RNAP (ChIPseq) showed

mRNAs belonging to these three classes (Fig 2).

Remarkably, we also detected another effect—a reciprocal

phenomenon to class III, i.e., an increased RNAP occupancy and an

equal or decreased mRNA level (Fig 2). This occurred especially in

the case of genes with less abundant transcripts, although some

genes, such as veg (Lei et al, 2013), with highly abundant tran-

scripts were identified as well (Fig EV3, class IV). These genes were

shifted to the right (in the ChIPseq dimension) in the graph in Fig 1,

unlike highly expressed genes in the upper part of the graph. The

increased occupancy of RNAP within these genes without a parallel

RNA output suggests the presence of non-productive or stalled elon-

gation complexes. Genes of classes I–IV represented three quarters

of all B. subtilis genes; a quarter of all genes was relatively unaf-

fected or not detected by RNAseq (Fig 2). The list of genes sorted

according to classes I–IV is provided in Table EV4. Examples of indi-

vidual genes from these classes are shown in Fig EV3. Validations

of the ChIPseq data (by qPCR) are shown in Appendix Fig S3.
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We checked whether the increased occupancy of DNA with

RNAP on class IV genes might be explained by an elevated concen-

tration of RNAP in the mutant; we determined the level of RNAP in

both wt and DrnjA cells. In fact, we detected a lower level of RNAP

in cells lacking RNase J1 (Fig EV4A–C). This correlated with the

decreased levels of transcripts of the rpoA, rpoB, and rpoC RNAP
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Figure 1. Global changes in DrnjA compared to wt.

A, B Comparisons of RNAseq and ChIPseq data. Wt strain (A) and DrnjA (B). The x-axis shows the relative RNAP occupancy at a given gene (normalized ChIPseq
coverage). The y-axis shows the relative abundance of the transcript (normalized RNAseq coverage; each dot is one gene). The genes are color-coded, ranging from
yellow (low RNA abundance) to red (high RNA abundance) in wt. The DrnjA strain has higher RNAP occupancy mainly among the genes with less abundant
transcripts. The color coding in (B) reveals no dramatic overall changes in the vertical direction (RNA abundance). If anything, some of the low abundance
transcripts decreased further in level in the mutant strain. The main difference (mostly among the low abundance transcripts) is their shift in the horizontal
direction to the right (toward higher occupancy with RNAP). Data represent mean values of three independent experiments.

C Relative expression of all sigma factors in wt (LK1371) vs. DrnjA (LK1381). Wt levels of each sigma factor were set as 1 (indicated with the horizontal line).
D Sigma-dependent genes and correlation with expression of sigma factors (significantly changed) in DrnjA (LK1381). The most downregulated sigma factor was sigD,

and almost all sigD-dependent genes were downregulated. A similar trend is visible for the rest of sigma factors and their respective dependent genes. The x-axis
shows expression of each sigma factor, and the y-axis shows expression of genes for each sigma regulon. The violet (dark blue) line: regression line.

Source data are available online for this figure.

ª 2019 The Authors The EMBO Journal 39: e102500 | 2020 3 of 17

Michaela �Siková et al The EMBO Journal



subunit-encoding genes, observed in the RNAseq experiments

(Fig EV4D). Thus, the redistribution of RNAP over the genome in

the rnjA mutant was not due to an increased abundance of RNAP.

These results prompted the following question: Could RNase J1

directly affect gene occupancy by RNAP? A possible scenario was

that it might contribute to removing stalled RNAP complexes from

the DNA. Hence, in the absence of RNase J1, the occupancy of some

genes with RNAP would increase as they would contain more

stalled RNAPs. To remove these stalled RNAPs, we speculated that

RNase J1 might act on the RNA extruding from RNAP and degrade

it in the 50-to-30 direction. Upon encountering RNAP, the resulting

interaction would cause the transcription complex to disassemble.

RNase J1 and RNAP co-localize in vivo and are associated
through RNA

If our hypothesis is correct, it would require RNase J1 and RNAP to

interact in the cell. However, RNase J1 has been reported to be

localized either in the polar regions of the cell (Cascante-Estepa

et al, 2016) or associated with ribosomes (Even et al, 2005), and

generally not present around/in the nucleoid. To resolve this issue,

we used super-resolution microscopy (SIM) and strain bearing

RNase J1-GFP and RNAP-mCherry. Figure 3A shows that RNase J1

was present in other regions of the cell besides the poles. Moreover,

the strong overlap of the two fluorophores, especially on the periph-

ery of the nucleoid, supports the idea that these two enzymes could

encounter each other in the cell. To view a larger number of cells,

see Appendix Fig S4.

To test more directly whether RNase J1 is associated with RNAP,

we pulled down RNase J1 via a His-tag and used an antibody

against the b subunit of RNAP to detect its presence in complex with

RNase J1. Figure 3B shows that RNase J1 associates with RNAP in

both exponential and stationary phases (lanes 1 and 2), although

we retrieved larger amounts of RNase J1 in the latter. In a reciprocal

experiment with His-tagged RNAP, we detected RNase J1 in station-

ary phase only (lane 4). In a control (using a strain without His-

tagged proteins), neither RNase J1 nor RNAP was detected (lanes 7

and 8).

Figure 2. Class I, II, III, and IV genes.

Average gene profiles of normalized RNAseq and RNAP ChIPseq coverages fromwt (solid lines) andDrnjA (dashed lines) strains were plotted for gene classes I–IV (n = 762, 315,
553, and 1,654 genes, respectively). Open reading frames were rescaled to 1 kb; upstream and downstream regions of 0.2 kb were also included in the plots. Data represent
mean values of three independent experiments. For the definition of class I–IV genes, see text and Materials and Methods section “Gene classification (classes I–IV)”. The pie
chart shows the overall distribution of classes I–IV and other genes.

Source data are available online for this figure.
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We next asked whether the observed complexes between RNase

J1 and RNAP represented a direct protein–protein interaction, or

whether this association depended on RNA. Figure 3C shows that

RNase A treatment abolished the association (lanes 9 and 10),

suggesting that RNase J1 and RNAP were linked via RNA.

RNase J1 dissociates transcription elongation complexes

To address directly whether RNase J1 is able to resolve stalled tran-

scription complexes, we set up an in vitro system with purified

components (Fig 4A). We assembled B. subtilis RNAP transcription

elongation complex on a DNA scaffold with a 30-nt RNA. The

complex was attached to streptavidin beads via biotinylated DNA.

Then, we utilized the enzymatic activity of RNAP to label the RNA

with three consecutive Us (encoded in the DNA), by adding radioac-

tive UTP to the complex (Fig 4B). Subsequently, we washed off the

unincorporated UTP and added either RNase J1 or RNase R, a 30-to-
50 exoribonuclease, as a negative control. Figure 4B (lane 2) shows

that RNase J1 was able to degrade the extruding RNA up to RNAP,

leaving 17–18 nt long stubs, consistent with the length of the RNA

channel that protects the exiting RNA (~ 16 nt; Fig EV5A). Impor-

tantly, smaller RNA fragments, 1–5 nt in length, also appeared in

the gel. RNase J1 is known to have processive 50 exoribonuclease
activity until RNA fragments are chewed down to < 5 nts in size,

after which the enzyme behaves distributively (Dorleans et al,

2011). The fragments released in the in vitro degradation assay thus

correspond to the expected sizes of the distributive products of RNA

digestion by RNase J1, after the RNA was released from RNAP into

the buffer. That these short RNA products are no longer associated

with RNAP was confirmed by showing that they disappeared upon

washing the beads after RNase J1 treatment (lane 6). The 17–18 nt

long fragments, however, remained tightly associated with the

beads after the wash step showing they were still in complex with

RNAP and suggesting that not all RNAP complexes reached by

RNase J1 release their RNAs immediately.

The 30 exoribonuclease RNase R was unable to digest the RNA,

as expected, since the 30 RNA end is protected inside RNAP (Fig 4B,

lane 3). This control was important to show that no free RNA was

present in the reaction and that the complexes did not sponta-

neously dissociate during the incubation period. Lanes 4 and 5 show

reactions where the elongation complexes were heat-denatured

prior to nuclease treatment to show the patterns of free RNA

digested with the two RNases. As expected, no 17–18 nt long frag-

ments were detected with either RNase J1 or RNase R. Rather, the

1–5 nt distributive products of RNase J1 digestion were observed.

The experiments clearly show that RNase J1 can digest RNA in

stalled transcription complexes until it reaches RNAP and then trig-

ger the release of the 17–18 nt RNA stub to digest it further to 1–5 nt

end products.

Next, we wished to determine to what extent the effect of RNase

J1 was specific. We assembled elongation complexes and treated

them with either RNase J1 or the eukaryotic 50-to-30 exoribonuclease
Xrn1 (Sun et al, 2013). Figure 5A–C shows that RNase J1 was signif-

icantly more efficient at degrading full-length RNA than Xrn1, which

was stopped more frequently by RNAP, as indicated by the greater

quantities of RNA stubs still associated with RNAP. We also note

that Xrn1-generated stubs were more diverse than RNase J1-gener-

ated stubs (Fig 5A—asterisks), likely reflecting differences in the

behavior of these two RNases as they approach RNAP (Fig EV5B

and C).

As in the previous experiments we used the degradation of RNA

in its entirety as an indirect indicator that the EC had been dissoci-

ated, we asked whether RNase J1 truly dissociates RNAP from DNA.

We assembled ECs as in the previous experiment and challenged

them either with buffer (mock treatment), RNase J1, or Xrn1. By

Western blotting with anti-b (subunit of RNAP) antibody, we then

detected the amounts of RNAP retained on beads (in complex with

DNA) and released in the buffer (dissociated). Figure 6A shows that

RNase J1 was able to dislodge RNAP from DNA and was more effi-

cient in this regard than Xrn1, consistent with the results from the

previous experiment.
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Figure 3. RNAP and RNase J1 may interact in the cell.

A SIM of exponential Bacillus subtilis cells. RNase J1 was fused to GFP (green),
RNAP to mCherry (red). The graph shows relative fluorescence intensities at
the cell midsection (along the long axis); SIM of the cell is below. Yellow
indicates colocalization of the two proteins.

B Pull-down with RNase J1-8xHis tag and RNAP-10xHis tag and detection of
the proteins with antibodies. Lanes 1 and 2—RNase J1-8xHis was used to
pull down RNAP; lanes 3 and 4—RNAP-10xHis was used to pull down
RNase J1; lanes 5 and 6—purified proteins were used as markers; lanes 7
and 8—strains without His-tagged proteins were used as negative controls
to demonstrate the specificity of the interaction. M, molecular size marker;
EX, exponential phase; STA, stationary phase.

C Pull-down with RNase J1-8xHis tag from stationary phase cells—the same
conditions as in (B). The samples then either were (lane 9) or were not (lane
10) treated with RNase A to detect whether the interaction was via RNA.
Lanes 11 and 12—purified proteins were used as markers. The experiment
was performed three times (biological replicates) with the same result.

Source data are available online for this figure.
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To further pursue the question of specificity, we asked whether

RNase J1 and Xrn1 would function similarly with RNAP from Escher-

ichia coli. We performed the same experiments as in Fig 5 and

obtained similar results (Fig 6B and C), suggesting that the effects of

these two RNases are relatively non-specific with respect to RNAP.

Finally, we tested whether e (encoded by rpoY), a small, non-

essential subunit of B. subtilis RNAP, which is organized in a two-

gene operon with rnjA (Keller et al, 2014), had an effect on dissocia-

tion of ECs in the in vitro assay, but did not detect any impact (data

not shown).

Effect of Rho

Of the factors involved in the resolution of stalled RNAP

complexes, Rho was significantly downregulated in DrnjA (Fig 7B).

A decreased level of Rho could conceivably contribute to the

observed effect found in class IV genes. Another factor whose

activity significantly changed (fivefold ↑) was HelD. HelD is a heli-

case-like protein that associates with RNAP and helps with tran-

scription recycling, possibly helping with RNAP release from DNA

(Wiedermannova et al, 2014). This increased expression may help

the cell to compensate for the absence of RNase J1. To address a

possible role for Rho or HelD, we compared wt cells with single

and double deletion mutants in RNase J1 and Rho or HelD under

normal conditions and after UV irradiation. UV irradiation

increases RNAP stalling as it creates changes in DNA (e.g.,

cyclobutane pyrimidine dimers and 6,4 pyrimidine–pyrimidones;

Goodsell, 2001) that form obstacles to transcription. Consistent

with the role of RNase J1 in disassembly of stalled RNAP

complexes, the DrnjA mutant displayed increased sensitivity to UV

irradiation compared to wt although the result was not statistically

significant (P = 0.06; Fig 7). Interestingly, the absence of neither

Rho nor HelD alone negatively impacted cell viability in response
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Figure 4. RNase J1 disassembles stalled transcription complexes (TC).

A Schematic representation of the flow of the experiment. TCs were
assembled on DNA-RNA scaffolds (DNA was biotinylated); RNA was labeled
at 30 with radioactive UTPs (asterisks). The RNA length (including label) was
33 nt.

B Representative primary data—polyacrylamide gel (the experiment was
performed 3× with the same results). Lane 1, the full-length (33 nt) labeled
RNA; lane 2, the same as lane 1 but it included also incubation with RNase
J1 (J1), 17–18 nt long fragments (RNase J1 stopped by RNAP; indicated with
asterisks) and < 5 nt fragments (RNA released from TC into buffer—
indicative of TC disassembly) are shown; lane 3, the same as lane 1 but
included also incubation with RNase R (R); lanes 4 and 5, TCs were
denatured by heat prior to RNase addition to demonstrate the activity and
cleavage patterns of both enzymes; lanes 6 and 7, the same as lanes 2 and
3 but the buffer was washed off (TCs were retained by streptavidin beads)
to demonstrate which RNA fragments were associated with TC; lanes 8 and
9 (M1, M2) Mw marker generated by treating the 30 nt RNA with alkali and
formamide (M1—4-min treatment, M2—7-min treatment). As reported in
Costanzo et al (2016) (and references therein), the cleavage by alkali or
formamide leaves the phosphate group of the attacked phosphodiester
bond bound at 30 , initially in the 20 ,30 cyclic form (upper band in the band
couples). This successively opens (lower band in the band couples) yielding
a double-banded pattern for short oligoribonucleotides.

Source data are available online for this figure.
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to UV treatment. In combination with the ΔrnjA mutation, the

absence of Rho, but not HelD, appeared to lead to a further exacer-

bation of the UV-sensitive phenotype (Fig 7).

Discussion

In this study, we have characterized the effect of the absence of

B. subtilis RNase J1 on the transcriptome and DNA occupancy with

RNAP. Moreover, we identified a novel concept linking RNA tran-

scription and degradation: a 50-to-30 exoribonuclease (RNase J1 in

B. subtilis), in addition to its canonical role in mRNA turnover,

helps disassemble stalled transcription complexes, thereby

contributing to the smooth functioning of the transcription machin-

ery, and preventing transcription–replication collisions (Fig 8).

Parallels can be drawn to the effects of prokaryotic RNA/DNA

translocases such as Rho and Mfd, and even more closely to eukary-

otic 50-to-30 exonucleases (see the second part of Discussion).
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A Primary data—polyacrylamide gel—a representative result. The experimental setup was the same as in Fig 4. For the description of bands/fragments, see next panel
legend. Asterisks indicate STUBS (16–19 nt).

B A schematic representation of quantitation of fragments. OUTSIDE (16–30 nt) are RNA fragments that originated by digestion of the full-length RNA by RNases that
were stopped either before reaching or at the point of reaching RNAP; STUBS (16–19 nt) are RNA fragments that originated by digestion of the full-length RNA that
were stopped at the point of reaching RNAP; INSIDE (< 16 nt) are RNA fragments (oligonucleotides) that could be only generated after the disassembly of the
complex by the torpedo mechanism. The red color indicates parts of RNA that were digested.

C Quantitation of three independent experiments. “Full length“indicates the remaining undigested RNA. “OUTSIDE” and “INSIDE” are fragments as explained in (B) and
indicated in (A). The bars represent 100% (all fragments). The black-gray-white boxes indicate the percentage of each fragment group (in %). The error bars
indicate � SEM for each group of fragments calculated from three biological replicates.

Source data are available online for this figure.
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Effect of the absence of RNase J1 on the transcriptome

More than one-third of all genes were affected in the B. subtilis

DrnjA mutant compared to wt, a moderately more pronounced

effect than the one observed previously with an RNase J1 depletion

strain (1,740 vs. 1,261 affected genes; Durand et al, 2012). In our

previous study with an RNase J1-depletion strain, we showed that

most upregulated mRNAs were due to an increase in RNA stability,

as one would expect for a loss of RNase activity, while most down-

regulated RNAs predicted to be due to indirect transcriptional effects

(Durand et al, 2012). Although more genes belonged to class I

(showing transcriptional up effects) than class III (post-transcrip-

tional up effects) in this study (Fig 2), some class I genes could have

both increased transcription levels and increased stability. It is also

important to note that “upregulated” mRNAs may not necessarily

result in upregulated protein levels. In many cases, only non-func-

tional RNA fragments, corresponding to the 30 products of endonu-

cleolytic cleavages that are normally degraded by RNase J1, are

overexpressed (Durand et al, 2012). Since the RNAseq reads were

averaged over the whole open reading frame, if the degradation

intermediate was reasonably long, it would result in an “overex-

pressed” candidate mRNA but not in more protein. For the following

discussion, we will therefore only consider upregulated mRNA

candidates whose full-length, and presumably functional, mRNAs

accumulate.

Transcription and translation machineries
We detected lower amounts of mRNAs encoding the core RNAP

subunits (a, b, b0), which may be correlated with the slower growth

rate of the ΔrnjA mutant. We did not detect a difference in the

amount of the primary sigma factor mRNA, sigA (Nicolas et al,

2012; Ramaniuk et al, 2017). However, we observed differences (in

both directions) for most alternative sigma factors (Fig 1C). Sigma

factors involved in sporulation were generally upregulated as was

the master regulator for entry into sporulation, spo0A (Molle et al,

2003). It should be noted, however, that the ΔrnjA mutant fails to

sporulate (Figaro et al, 2013). On the other side of the spectrum,

SigD, required for the motility of the cell (Helmann et al, 1988;
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Serizawa et al, 2004; Cozy & Kearns, 2010), was the most downreg-

ulated sigma factor, followed by extracytoplasmic function sigma

factors, SigW (Turner & Helmann, 2000; Zweers et al, 2012) and

SigM (Jervis et al, 2007; Eiamphungporn & Helmann, 2008). The

upregulation/downregulation of sigma factors correlated to various

degrees with upregulation/downregulation of the genes in their

respective regulons, with the best correlation observed for SigD

(Fig 1D). In general, the altered expression of sigma factors, espe-

cially those that were downregulated, appears to have contributed

to the shaping of the transcriptome in the mutant strain. Interest-

ingly, transcription elongation factors that stimulate pausing, NusA

and NusG (Ma et al, 2015; Yakhnin et al, 2016), were downregu-

lated (Fig 7B), which might be beneficial for the cell in light of the

already high number of RNAPs stalled over the genome.

Many mRNAs transcribed from genes encoding the translation

machinery were also downregulated, especially translation elonga-

tion factors (Appendix Fig S6), including tufA, encoding the most

abundant protein in exponentially growing cells (Krasny et al,

2000). This might reflect the decreased growth rate of the DrnjA
strain and may result in an increased stalling of ribosomes which

could in turn increase stalling of RNAPs through uncoupling of the

transcription–translation machineries (Nudler, 2012; Buskirk &

Green, 2017).

RNases
Out of 22 RNases, half of them changed gene expression in the rnjA

mutant. mRNAs for six RNases were upregulated (including rny,

yhaM) and five RNases were downregulated. Of the upregulated

RNases, RNase Y (rny) is a key RNase that is involved in maturation

of RNase P RNA, small cytoplasmic RNA, and many mRNAs

(Durand et al, 2012; Gilet et al, 2015). Upregulation of these RNases

may be the result of the cell attempting to increase RNA turnover in

the absence of RNase J1. The most downregulated RNase was rnhB,

encoding RNase HII which is responsible for removing incorporated

rNMP from DNA strand during replication (Randall et al, 2017). An

absence of this RNase increases mutation rate in B. subtilis

(Schroeder et al, 2017) and this could cause replication pausing,

leading to replication–transcription collisions. Overall, alteration of

expression of these RNases suggests that some of the effects of the
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A Exponential cells of indicated strains (below the bars) were plated onto LB
agar and either were or were not UV-irradiated. After overnight incubation,
CFU were counted. UV sensitivity of the mutant strains (KO) was then
calculated as the ratio between irradiated vs. non-irradiated cells and
normalized to this ratio from the wt strain. As a consequence, the wt ratio
is 1. The experiment was conducted 4× (biological replicates), and the bars
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B Relative expression (mRNA) of helD, mfd, rho, greA, nusA, nusB, and nusG in
the DrnjA strain [normalized to wt (set as 1)].

Source data are available online for this figure.
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absence of RNase J1 on RNA accumulation may be indirect, medi-

ated by other RNases.

DNA repair and replication
A number of proteins involved in DNA repair were upregulated in the

mutant strain (23 genes Table EV5), which may, at least in part, stem

from feedback mechanisms increasing the amount of these proteins to

help the cell cope with increased number of transcription–replication

collisions with mutagenic/DNA damaging effects. These upregulated

genes included genes for mismatch repair mutS, mutL (Liu et al,

2016; LeBlanc et al, 2018), nucleotide excision repair pcrA (Sanders

et al, 2017), base excision repair mutM, mutT, ung, processing of

abasic sites yqfS, exoA, yshC (Lenhart et al, 2012), and genes for

restart after replication–transcription collision addA, addB, recA

(Shepanek et al, 1989; Krajewski et al, 2014). Interestingly, genes

involved in DNA repair after UV damage (UvrABC; Lenhart et al,

2012) were either unchanged or upregulated.

Genes involved in DNA replication were either up- or downregu-

lated (see Table EV6). Conceivably, this imbalance in their expres-

sion could have contributed to the slow growth of the RNase J1-null

strain. Interestingly, ts (thermosensitive) mutants in the downregu-

lated mRNAs DnaE/G/C form long filaments similar to the pheno-

type observed in the DrnjA strain (Janniere et al, 2007; Figaro et al,

2013). This phenotype is induced, e.g., when perturbations in DNA

chain elongation lead to the generation of ssDNA.

RNase J1 and its role in disassembly of transcription complexes

The ChIPseq experiments revealed that genes, especially those with

relatively low expression, displayed increased accumulation of

RNAP in the ΔrnjA mutant, without a concomitant increase in RNA

levels. This indicates an increase in the number of stalled RNAP

complexes at these loci. Such complexes create obstacles for the

replication machinery, and their collision may result in mutations in

DNA and have an adverse effect on genome integrity. Pausing and

stalling of RNAP is widespread and affects gene expression (Kang

et al, 2019). The observed accumulation of RNAP on weakly tran-

scribed genes is consistent with the finding that trailing RNAPs on

heavily transcribed genes help the translocation of leading RNAPs,

allowing them transcribe through regions that are more pause-

prone, or through possible obstacles on the DNA. On weakly tran-

scribed genes, this phenomenon is absent (Epshtein & Nudler, 2003)

and correlates with increased accumulation of RNAP on these genes

in the absence of RNase J1.

Collectively, the experiments presented in this study reveal

that RNase J1 is present in the cell in the vicinity of DNA, associ-

ates with RNAP, and is able to disassemble stalled transcription

complexes.

Transcription and translation are often coupled when the leading

ribosome helps push RNAP forward (Kohler et al, 2017). However,

if these two processes become uncoupled, RNAP may be more

prone to pausing and possibly backtracking, remaining in an inac-

tive form (Zhang et al, 2014). RNase J1 access to primary transcripts

is known to be inhibited by the presence of the 50 triphosphate

group (Mathy et al, 2007). We envision that either deprotection of

the 50 end by RNA pyrophosphohydrolase (RppH) activity (Hsieh

et al, 2013; Frindert et al, 2018) or prior endonucleolytic cleavage

allows RNase J1 access to the mRNA to degrade it to the outer edge

of the RNA exit channel. Subsequently, the remaining part of RNA,

initially protected by RNAP, becomes available for degradation by

action of RNase J1. The action may be mediated by the “torpedo”

effect. The torpedo effect was first described in eukaryotes, and it is

mediated by the 50-to-30 exonucleases Rat1/Xrn2 or CPSF-73 acting

on eukaryotic RNAP II to terminate its transcription (Kim et al,

2004; Yang et al, 2009; Pearson & Moore, 2013; Baejen et al, 2017).

This occurs after the nascent RNA has been cleaved at the

polyadenylation signal when RNAP continues synthesizing non-

coding RNA and needs to be stopped. The mechanistic details of the

torpedo effect are poorly understood. We do not know whether

RNase J1 first dissociates RNAP and then degrades the RNA, or if it

degrades the RNA first, which would cause collapse of the transcrip-

tion bubble and subsequent dissociation of RNAP. Alternatively,

shortening the RNA may induce backtracking and destabilize the

complex, resulting in its disassembly. However, the fact that Xrn1

was also capable of shortening RNA to the RNAP-protected stubs

but unable to degrade the remaining RNA as efficiently as RNase J1

argues against this possibility.

We also considered the possibility that the endoribonuclease activ-

ity of RNase J1 might contribute to the results observed in this study,

but a number of arguments favor the idea that the torpedo effect is

primarily related to its 50-exoribonuclease activity. First, while RNase

J1 does have endoribonuclease activity in vitro, it is primarily thought

to act as an exoribonuclease in vivo. Indeed, most of the endonucle-

olytic cleavage sites previously ascribed to RNase J1 in vivo are now

thought to be performed by RNase Y, which has a similar specificity

(Condon, 2010). The enzyme’s preference for exonucleolytic activity

has been further confirmed by the crystal structure of RNase J1 bound

to RNA (Dorleans et al, 2011). While RNA can easily be threaded

through an entry channel to reach the catalytic site in exonucleolytic

mode, endonucleolytic cleavage requires dissociation of dimers and

then additional separation of the b-CASP from the b-lactamase

domain to allow the RNA to lie across the catalytic site. This likely

explains why endonuclease activity is only observed in the presence

of a large excess of enzyme over RNA, i.e., by simple probability, only

a few isolated RNase J1 molecules are likely to be in a conformation

capable of performing endonucleolytic cleavage. Lastly, RNase J1 acts

more processively as an exoribonuclease with increasing length of

RNA (Dorleans et al, 2011). Thus, if RNase J1 were to first shorten

the RNA endonucleolytically before acting as an exoribonuclease in

our torpedo assay, this would likely decrease the efficiency of degra-

dation of the short RNA (< 5 nts) buried within RNAP and an under-

estimate the torpedo effect.

The length of the stubs and the path of RNA in RNase J1 and RNAP

(Fig EV5A and B) suggest that RNase J1 and RNAP are likely in

contact at this point in the process. The region on the surface of RNAP

around the RNA exit channel contains elements important for the

stability of RNAP complexes. These elements include the x subunit

(Weiss & Shaw, 2015) and the b-flap helix that interacts also with

other proteins, such as NusA (Twist et al, 2011; Tagami et al, 2014;

Ma et al, 2015; Guo et al, 2018). Whether and how RNase J1 interacts

with these elements is currently unknown, and the details of the

RNase J1-RNAP contacts will be studied in future experiments.

Regardless of the mechanistic details, it appears that the effi-

ciency of the effect is RNase-specific as RNase J1 and Xrn1 acted

with different efficiencies to provoke the release of the RNA and

dissociate the EC. Therefore, different 50-to-30 RNases likely
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possess different abilities to disassemble stalled transcription

complexes. This is consistent with the previously reported observa-

tion that yeast Rat1/Rai1 does not terminate E. coli RNAP, probably

due to the divergent structure of the yeast enzyme (Park et al,

2015). In contrast, the effect does not appear to discriminate

between E. coli and B. subtilis RNAPs as both RNase J1 and Xrn1

exerted similar effects on complexes assembled with these enzymes.

We stress, however, that despite the large phylogenetic distance

between these two species, the relevant regions (RNA exit channel

region) in b and b0 are highly homologous. It is possible that more

divergent RNAPs, such as single-peptide enzymes (e.g., E. coli T7

phage RNAP) may behave differently toward RNase “torpedoes”.

Other prokaryotic proteins that function in a “torpedo”-like

manner are Rho and Mfd. These factors are ATP-dependent (Epsh-

tein et al, 2010; Le et al, 2018). Their mechanisms of dissociating

the transcription complex differ from each other and are likely also

different from that of RNase J1. Rho was reported to decrease non-

specific, pervasive transcription (Bidnenko et al, 2017), and its

mRNA level was decreased in the DrnjA strain. We tested the

effect of its absence in UV sensitivity assay. While deletion of the

rho gene alone had no negative effect, deletion of rho and rnjA

appeared to exacerbate the phenotype, consistent with the hypoth-

esis that these two proteins function in an analogous manner, but

in different pathways. We compared RNAseq data from a

B. subtilis Drho strain (Nicolas et al, 2012) with our RNAseq data

from DrnjA, focusing on class IV genes. Appendix Fig S5 reveals

virtually no correlation between these two datasets, indicating that

RNase J1 and Rho act on different sets of genes.

50-to-30 exoribonucleases are widely present in eukaryotes where

transcription and replication also clash (Hamperl & Cimprich,

2016). Therefore, we envision that in eukaryotic cells 50-to-30 exori-
bonucleases may also be involved in the resolution of stalled RNAP

complexes to prevent transcription–replication clashes that could

result in mutations in DNA with undesirable consequences. This

could be linked to diseases, such as polyglutamine diseases (neu-

rodegenerative diseases) where, e.g., 50-to-30 exoribonuclease Xrn1

is sequestered and inactive in nuclear inclusions, a characteristic of

the pathological state of the cell (Mori et al, 2018).

Materials and Methods

Cloning and strain construction

To prepare a DrnjA strain in a widely used B. subtilis genetic back-

ground, chromosomal DNA from a DrnjA strain (LK1191 = CCB434

in Figaro et al, 2013) was transformed into B. subtilis BaSysBio

(Nicolas et al, 2012), yielding strain LK1381. Strains DrnjA Drho
(LK2082) and DrnjA DhelD (LK2336) were prepared with transfor-

mation of chromosomal DNA from the DrnjA strain (LK1190) into

B. subtilis Drho (LK2058) (Bidnenko et al, 2017) or DhelD (LK2329)

strain (Wiedermannova et al, 2014).

To prepare a strain for pull-out experiments, RNase J1 was first

amplified by PCR from gDNA of B. subtilis (LK566) and primers

#1647/#1648 with Expand High Fidelity PCR System (Roche) and

ligated into the expression vector pMUTIN4 (LK957) encoding a N-

terminal 8xHis-tag via HindIII (Takara) and BamHI (Takara) restric-

tion sites and transformed into E. coli DH5a (RLG6911), yielding

strain LK1647. The plasmid was isolated with Wizard Plus Midipreps

DNA purification system (Promega), verified by sequencing, and

transformed into B. subtilis BaSysBio, resulting in strain LK1651.

To prepare strains for super-resolution microscopy (SIM), chro-

mosomal DNA from B. subtilis expressing GFP-RNase J1

(LK1728 = 3,565 in Hunt et al, 2006) and plasmid from E. coli

mCherry-RNAP (LK2320 = pNG622 in Doherty et al, 2010), a gift

from P. Lewis] were transformed into B. subtilis BaSysBio.

For a complete list of strains (and their sources), see Table EV7.

Media and antibiotics

All experiments were performed in the rich LB medium, unless indi-

cated otherwise. When required, the medium was supplemented with

antibiotics: ampicillin 100 lg/ml (for E. coli), kanamycin 5 lg/ml,

lincomycin 12.5 lg/ml, erythromycin 0.5 lg/ml, chloramphenicol

5 lg/ml, spectinomycin 100 lg/ml, and phleomycin 2 lg/ml (for

B. subtilis). The expression of GFP and mCherry fusion proteins was

induced with 0.5% xylose (final concentration).

3H incorporation

This experiment was conducted as described previously (Panova et al,

2015). Wt and DrnjA strains were grown in defined MOPS medium to

OD600 0.3 (early exponential phase). RNA in cells was labeled with 3H-

uridine (1 lCi/ml), and cold uridine was added to a final concentration

of 100 lM. At 0, 10, 20, 30, 40, 50, and 60 min, 100 ll and 250 ll of
cells were withdrawn to measure cell density and determine 3H incor-

poration, respectively. The 250 ll of cells was mixed with 1 ml of 10%

trichloroacetic acid (TCA) and kept on ice for at least 1 h. Thereafter,

each sample was vacuum-filtered and washed twice with 1 ml of 10%

TCA and three times with 1 ml of ethanol. The filters were dried, scin-

tillation liquid was added, and the radioactivity was measured. The

signal was normalized to cell density.

Scanning electron microscopy

Exponential cultures of B. subtilis WT and DrnjA strains (OD600 0.5)

were prefixed with 1.5% glutaraldehyde for 1 h at room temperature.

The cells were then washed with cacodylate buffer (Thermo Fisher

Scientific) and fixed with 3% glutaraldehyde in cacodylate buffer

overnight at 4°C. The extensively washed cells were allowed to sedi-

ment overnight at 4°C onto poly-L-lysine-treated circular glass cover-

slips. The coverslips were dehydrated in a graded ethanol series (25,

50, 75, 90, 96, 100, and 100%) followed by absolute acetone and criti-

cal point dried in a K850 Critical Point Dryer (Quorum Technologies

Ltd, Ringmer, UK). The dried samples were sputter-coated with 3 nm

of platinum in a Q150T Turbo-Pumped Sputter Coater (Quorum Tech-

nologies Ltd, Ringmer, UK). The final samples were examined in a FEI

Nova NanoSEM scanning electron microscope (FEI, Brno, Czech

Republic) at 5 kV using ETD, CBS, and TLD detectors.

Pull-down of RNase J1 and RNAP and Western blotting

Bacillus subtilis RNAP with a His10-tagged b0 subunit (LK1275) or

His8-RNase J1 (LK1651) was pulled out from exponential and

stationary phase cells (EXP, OD600 0.5; STA OD600 ~ 3; 2 h after entry

into STA) via Ni-NTA beads. RNase A (200 ng/ml) was or was not
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added to the lysates. To determine the amount of RNAP, exponen-

tially growing wt and DrnjA cells were sonicated and 5 lg of proteins
was analyzed by sodium dodecyl sulphate–polyacrylamide gel elec-

trophoresis (SDS–PAGE) and detected by Western blotting using

mouse monoclonal antibodies against the b subunit of RNA poly-

merase (clone name 8RB13) or rabbit polyclonal antibodies against

RNase J1 and secondary antibodies conjugated with a fluorophore

dye [WesternBrightTM MCF-IR, Advansta, 700 nm anti-rabbit (RNase

J1) or 800 nm anti-mouse (RNAP) antibody], and the interactions

were quantified with an Odyssey reader (LI-COR Biosciences).

Purification of proteins

Bacillus subtilis RNAP from wild-type strain with a His10-tagged b0

subunit (LK1275), rA (LK1365), and RNase J1 was purified. The

purification of RNAP was performed as described previously (Qi &

Hulett, 1998), and rA was purified as described previously (Chang

& Doi, 1990; Juang & Helmann, 1994). Purification of RNase J1 was

performed as in Condon et al (2008).

Super-resolution microscopy

One milliliter of exponentially growing cells (OD600 0.5) with GFP-

RNase J1 and mCherry-RNAP (LK2328) was washed and resus-

pended in 1× PBS. To measure the cell length, exponentially growing

wt and DrnjA cells (OD600 0.5) were incubated with membrane dye

NileRed (5 lg/ml, Sigma-Aldrich) for 10 min at RT, washed, and

resuspended in 1× PBS. Strains were analyzed with super-resolution

microscopy DeltaVision OMXTM equipped with a 60 × 1.42, PlanApo

N, oil immersion objective, and softWoRxTM Imaging Workstation

software. GFP-tagged proteins were imaged using 488 nm excitation;

mCherry-RNAP and NileRed were imaged using 568 nm excitation.

3D-SIM resolution in XY was 130 � 5 nm; 3D-SIM resolution in Z

was 340 � 10 nm. Cell length was analyzed with Fiji ImageJ.

Chromatin immunoprecipitation, ChIPseq, and qPCR validation

Bacillus subtilis wt (LK1371) and DrnjA (LK1381) cells were grown at

37°C in LB to exponential phase (OD600 0.4–0.5). The culture was

crosslinked with formaldehyde at a final concentration of 1%

(30 min, 37°C). Then, 150 mM glycine was added and the cultures

were incubated for additional 5 min at 37°C to stop the crosslinking

process. Subsequently, cells were collected by centrifugation, washed

with lysis buffer A (20 mM Tris–HCl, 150 mM NaCl, pH 8), resus-

pended in lysis buffer B (50 mM HEPES, 150 mM NaCl, 1 mM EDTA,

1% Triton X-100, 0.1% natrium deoxycholate, protease inhibitor

cocktail, Calbiochem), and sonicated to obtain 200–500 bp long DNA

fragments. Concentrations of proteins were measured with the Brad-

ford method (Bradford, 1976). 20 ll of DynaBeads protein A (Thermo

Fisher Scientific) was incubated with 3 lg of antibody against the b
subunit of RNAP (8RB13, Santa Cruz) for 2 h at 4°C. Cell lysates

(1 mg of proteins) were then mixed with the complex of antibody-

DynaBeads and incubated overnight at 4°C. The beads were then

washed 2× with lysis buffer B, 2× with lysis buffer 500 (50 mM

HEPES, 1 mM EDTA, 500 mM NaCl, 1% Triton X-100, 0.1% natrium

deoxycholate, pH 7.6), 1× with LiCl buffer (10 mM Tris–HCl, 1 mM

EDTA, 250 mM LiCl, 1% Triton X-100, 1% natrium deoxycholate, pH

8), and 1× with TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8).

DNA–protein complexes were eluted from the beads with elution

buffer (50 mM Tris–HCl, 10 mM EDTA, 1% SDS, pH 8) for 10 min at

65°C, dissociated at 65°C for 6 h in the presence of 200 mM NaCl and

treated with 20 lg of proteinase K for 30 min at 37°C. Finally, DNA

was purified by QIAquick Nucleotide Removal Kit (QIAGEN).

Sequencing libraries were prepared in EMBL Heidelberg with

NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (BioLabs)

according to the manufacturer’s instructions. Pooled barcoded

libraries (two samples in biological triplicates) were sequenced in a

single lane at Illumina HiSeq 2000 in the 50 bp single-end regime at

EMBL Genomics Core Facility (Heidelberg, Germany). Read quality

and potential adapter contamination were checked with FastQC

v0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fa

stqc/). Reads were aligned to the B. subtilis subsp. subtilis strain 168

genome (NCBI Nucleotide acc. no. NC_000964) using HISAT 2.0.5

(Kim et al, 2015)] and SAMtools 1.4 (Li et al, 2009). Only uniquely

mapped reads (MAPQ ≥ 10) were kept. Alignment quality was

checked visually using IGV 2.6.3 (Thorvaldsdottir et al, 2013). Read

statistics for each sample can be found in Table EV8. Using deepTools

3.3.0 (Ramirez et al, 2016), sample data were first normalized to

library size; then, IP sample coverage was normalized to the corre-

sponding input samples, and finally, mean coverage from the three

independent replicates was calculated. Per-gene coverage values were

then obtained using genome annotation obtained from NCBI

(GCF_000009045.1; downloaded 15/Nov/2015), and coverage for

each gene was also normalized to gene length. The ChIPseq data are

available from the ArrayExpress database (www.ebi.ac.uk/arrayexpre

ss) under accession number E-MTAB-5659. The scripts used for

ChIPseq data processing and analysis are available from https://

github.com/mprevorovsky/krasny-torpedo. To validate the ChIPseq

data, we used quantitative PCR (qPCR) in a LightCycler 480 System

(Roche Applied Science) containing LightCycler� 480 SYBR Green I

Master and 0.5 lM primers (each). Primers were designed with

Primer3 software, and their sequences are in Table EV7. The data

were normalized to input.

RNAseq and RT–qPCR validation

Two milliliters of exponentially growing cells [wt (LK1371), DrnjA
(LK1381); OD600 0.5] was treated with RNAprotect Bacteria Reagent

(QIAGEN), pelleted, and immediately frozen. RNA was isolated with

RNeasy Mini Kit (QIAGEN). Finally, RNA was DNase-treated

(TURBO DNA-free Kit, Ambion). Five micrograms of total RNA was

rRNA-depleted with Ribo-Zero Magnetic Kit; Gram-positive bacteria

(Epicentre) and strand-specific libraries were then prepared with

Illumina compatible NEXTflex Rapid Directional RNA-Seq Kit (Bioo

Scientific) according to the manufacturer0s instructions. Pooled

barcoded library (two samples in biological triplicates) was

sequenced in a single lane at Illumina HiSeq 2000 in 50 bp single-

end regime at EMBL Genomics Core Facility (Heidelberg, Germany).

Read quality and potential adapter contamination were checked with

FastQC v0.11.8 (https://www.bioinformatics.babraham.ac.uk/pro

jects/fastqc/). Reads were aligned to the B. subtilis subsp. subtilis

strain 168 genome (NCBI Nucleotide acc. no. NC_000964) using

HISAT 2.0.5 (Kim et al, 2015) and SAMtools 1.4 (Li et al, 2009).

Only uniquely mapped reads (MAPQ ≥ 10) were kept. Alignment

quality was checked visually using IGV 2.6.3 (Thorvaldsdottir et al,

2013). Reads mapping to 30 ribosomal RNA genes (BSU_rRNA_1 –
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BSU_rRNA_30) amounted to only < 0.14% of total reads for each

genotype, confirming a high efficiency of rRNA depletion. Read

statistics for each sample can be found in Table EV8. Using deep-

Tools 3.3.0. (Ramirez et al, 2016), sample data were first normalized

to library size, and mean coverage from the three independent repli-

cates was calculated. Per-gene coverage values were then obtained

using genome annotation obtained from NCBI (GCF_000009045.1;

downloaded 15/Nov/2015), and coverage for each gene was also

normalized to gene length. The analysis of differential gene expres-

sion was performed using unnormalized BAM files and the

GenomicAlignments and DESeq2 packages in R/Bioconductor, with

FDR set to 0.05 (Love et al, 2014). RNAseq data are available in the

ArrayExpress database (www.ebi.ac.uk/arrayexpress) under acces-

sion number E-MTAB-5660. The scripts used for RNAseq data

processing and analysis are available from https://github.com/mpre

vorovsky/krasny-torpedo. Gene Ontology terms are according to

SubtiWiki (Zhu and Stulke, 2018). For Figs 1C, D, 7B, EV3, and EV4

and Appendix Figs S1 and S5, the log2(fold change) gene expression

values determined by DESeq2 are shown. Since DESeq2 only reports

wt-normalized relative expression values, normalized gene coverage

values determined by deepTools are shown in Figs 1A and B, and 2

to visualize gene expression levels separately for wt and the rnjA

mutant. The two methods of calculating gene expression levels were

in good agreement (Pearson’s R = 0.95). Validation of RNAseq data:

First, new RNA purifications were performed under identical condi-

tions as those for RNAseq experiments. Prior to RNA extraction,

recovery marker RNA was added [a fragment of 16S rRNA from M.

smegmatis (amplified by primers #1281 and #1282, see Table EV7)]

and total RNA was then extracted. 2 lg of total RNA was reverse-

transcribed to cDNA with reverse transcriptase (SuperScriptTM III

Reverse Transcriptase, Invitrogen). This was followed by qPCR, as

described for ChIPseq validation. The data were then normalized to

the recovery marker and the amount of cells.

Gene classification (classes I–IV)

Based on comparisons of mean normalized RNAP occupancy

(ChIPseq) and transcript differential expression (DESeq2 results)

between the rnjA mutant (DrnjA) and wt, 3,288 B. subtilis genes

were assigned into four classes (I–IV). Class I: ≥ 120% RNAP occu-

pancy and significantly upregulated in the rnjA mutant; class II: 0–

80% RNAP occupancy and significantly downregulated in the rnjA

mutant; class III: 0–120% RNAP occupancy in wt and significantly

upregulated in the rnjA mutant; and class IV: ≥ 120% RNAP occu-

pancy, and no significant change or significantly downregulated in

the rnjA mutant. Average gene analyses of ChIPseq and RNAseq

coverage for each class were performed using deepTools 3.3.0.

(Ramirez et al, 2016).

In vitro effect of RNases J1/R/Xrn1 on elongation complexes

Transcription-competent ECs, containing a fully complementary

transcription bubble, were assembled with wild-type RNA poly-

merase (RNAP) from B. subtilis (LK1275) as described before

(Komissarova et al, 2003). DNA and RNA oligonucleotides were

purchased and are listed in Table EV7. The RNA (#-pRNA) was

monophosphorylated at the 50 end by the manufacturer. A twofold

molar excess of RNA was mixed with template DNA (#632) in water

and annealed in a cycler (45°C 2 min, 42–27°C: T decreasing by 3°C

every 2 min, 25°C 10 min). RNAP (2 pmol per sample) was incu-

bated with a twofold molar excess of the annealed hybrid in 10 ll of
reaction buffer (40 mM Tris–HCl pH 8.0, 10 mM MgCl2, 1 mM

dithiothreitol) for 15 min at room temperature while shaking. A

fourfold molar excess of non-template DNA (#631), containing

biotin at the 50-end, was added, and the mixture was incubated at

37°C for 10 min.

Streptavidin-coated magnetic beads (25 ll per sample; Sigma S-

2415) were washed with 500 ll of binding buffer (20 mM Tris, pH

8.0, 0.15 M NaCl) and resuspended in the same volume of fresh

binding buffer. Assembled elongation complexes were then mixed

with washed beads, and this was followed by incubation for 30 min

at RT with continuous gentle shaking. Unbound complexes were

removed by subsequent washing with 500 ll of binding buffer,

500 ll of washing buffer (20 mM Tris–HCl pH 8.0, 0.5 M NaCl,

2 mM MgCl2, 1 mM dithiothreitol), and 500 ll of reaction buffer

(Dengl & Cramer, 2009). Beads were resuspended in 10 ll of reac-
tion buffer with 150 mM final concentration of KCl and 0.1 mg/ml

BSA. RNA in the elongation complex was labeled at the 30-end by

RNAP (E. coli (BioLabs) or B. subtilis) activity by adding 0.1 ll of
[a32P] UTP (10 mCi/ml) per reaction, followed by incubation at 37

°C for 15 min. Unincorporated nucleotides were washed off by

applying 500 ll of reaction buffer, two times 500 ll of washing

buffer. Beads with bound ECs were resuspended in RNAse R reac-

tion buffer (20 mM Tris–HCl, pH 7.0; 100 mM KCl, 1.1 mM MgCl2),

and 80 pmol of RNase J1 or 1U of RNase Xrn1 (New England

Biolabs) or 1U of RNase R (Epicentre Biotechnologies) was added to

the reaction. Samples were incubated for 20 min at 37°C. When

indicated, samples were denatured for 3 min in 95°C and cooled

down prior to the addition of RNases, or the cleavage products were

washed off with 500 ll of binding buffer and 2 × 500 ll of washing

buffer and resuspended in 10 ll of RNase R buffer after the cleav-

age. All the reactions were stopped by adding 10 ll of 2× loading

buffer [95% formamide and 20 mM EDTA (pH 8.0)].

The RNA ladder was generated as follows: We phosphorylated a

30 nt RNA (the same as #-pRNA but without the 50 phosphate) with
32P by T4 polynucleotide kinase following the manufacturer’s

instructions. This RNA was then subjected to alkaline hydrolysis

(15 ll reaction containing: 1 lg of yeast RNA, 0.1–1 lg of radiola-

beled RNA, 1× alkaline hydrolysis buffer: 50 mM sodium carbonate

pH 9.2; 1 mM EDTA; incubated at 95°C for 4 or 7 min, and then,

equal amounts of 2× loading buffer [95% formamide and 20 mM

EDTA (pH 8.0)] were added.

Samples were resolved on 20% polyacrylamide sequencing gels,

and radioactively labeled RNA was detected by exposing the gels to

a storage phosphor screen (Fujifilm) overnight. Scanning of the stor-

age screens was done with a Molecular Imager FX (Bio-Rad). In

quantitative analyses, background of the appropriate lane was

subtracted from the specific signal.

RNAP release assay

Transcription elongation complexes were assembled, and the reac-

tion conditions were as described in the previous in vitro experi-

ment. TCs were bound to magnetic streptavidin-coated beads,

divided into three tubes, and treated with either buffer (mock treat-

ment) or 80 pmol RNase J1 or 1 U Xrn1 (New England Biolabs) for
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20 min at 37°C. The bound (in complex with DNA) and released

(free in buffer) RNAPs were separated by using a DYNAL Invitrogen

bead separation device. Subsequently, the fractions were analyzed

with SDS–PAGE, and RNAPs were detected by Western blotting

using mouse monoclonal antibodies against the b subunit of RNA

polymerase (clone name 8RB13) and secondary antibodies conju-

gated with a fluorophore dye (WesternBrightTM MCF-IR, Advansta,

800 nm anti-mouse antibody) and scanned with an Odyssey reader

(LI-COR Biosciences). The analysis was done with the Quantity One

software (Bio-Rad). The experiment was conducted in two biologi-

cal replicates.

In silico models

Figures were created using the ICM Molsoft software package (ICM

Molsoft (http://www.molsoft.com/icm_browser.html). The PDB

codes are in the Figure legends.

UV sensitivity phenotype

Exponential cells of wt (LK1371), DrnjA (LK1381), Drho (LK2058),

DhelD (LK2329), DrnjADrho (LK2082), and DrnjADhelD (LK2336)

strains (OD600 ~ 0.5) were serially diluted (10-fold dilutions) and

plated (100 ll) on duplicate LB agar plates (two sets of plates) with-

out antibiotics. One set of plates was irradiated by UVT-20M (Hero-

lab) at 312 nm for 15 s (0.12 W/cm2); the other set was not

irradiated. Plates were incubated at 37°C overnight. Plates were

then analyzed: Colony-forming units (CFU) were counted. UV sensi-

tivity of the mutant strains (KO) was then calculated as the ratio

between irradiated vs. non-irradiated cells and normalized to this

ratio from the wt strain. As a consequence, the wt ratio is 1. The

experiment was conducted 4× (biological replicates). All analyses

were done on the log scale. The P-values were computed using two-

tailed unpaired t-test.

Data availability

The datasets produced in this study are available in the following

databases:

• RNAseq data: E-MTAB-5660 (www.ebi.ac.uk/arrayexpressexpe

riments/E-MTAB-5660)

• ChIPseq data: E-MTAB-5659 (www.ebi.ac.uk/arrayexpressexpe

riments/E-MTAB-5659)

Expanded View for this article is available online.
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