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ABSTRACT

We previously showed that ribosomes initiating
translation of the B. subtilis hbs mRNA at a strong
Shine-Dalgarno sequence block the 5’ exoribonucle-
ase RNase J1 from degrading into the coding se-
quence. Here, we identify new and previously un-
suspected features of this mRNA. First, we identify
RNase Y as the endoribonuclease that cleaves the
highly structured 5’-UTR to give access to RNase J1.
Cleavage by RNase Y at this site is modulated by a 14-
bp long-range interaction between the 5’- and 3-UTRs
that partially overlaps the cleavage site. In addition to
this maturation/degradation pathway, we discovered
a new and ultimately more important RNase Y cleav-
age site in the very early coding sequence, masked
by the initiating ribosome. Thus, two independent
pathways compete with ribosomes to tightly link hbs
mRNA stability to translation initiation; in one case
the initiating ribosome competes directly with RNase
J1 and in the other with RNase Y. This is in con-
trast to prevailing models in Escherichia coli where
ribosome traffic over the ORF is the main source of
protection from RNases. Indeed, a second RNase Y
cleavage site later in the hbs ORF plays no role in
its turnover, confirming that for this mRNA at least,
initiation is key.

INTRODUCTION

To adapt to their environment, bacteria employ a variety
of mechanisms to regulate gene expression at both tran-
scriptional and post-transcriptional levels. Modification of
mRNA stability is one strategy that allows rapid post-
transcriptional changes in the levels of gene expression. Ri-
bonucleases are the key actors in this process and around
35 RNases have thus far been identified in the two best-
studied model bacteria Escherichia coli and Bacillus subtilis

(1). Remarkably, only eight R Nases are common to both or-
ganisms, highlighting the fact that these two bacteria have
evolved with largely different arsenals with which to tackle
the issue of mMRNA decay. Even more remarkably, the essen-
tial enzymes are generally not conserved between these two
bacteria; for example, in E. coli the main endoribonuclease
involved in initiating mRNA decay is the essential enzyme
RNase E (2), while this function is afforded by the non-
homologous and non-essential enzyme RNase Y in B. sub-
tilis (3-6). Their diverse RNases allow E. coli and B. subtilis
to employ distinct strategies to modulate mRNA stability.
In B. subtilis, mRNAs can be degraded by exoribonucleases
from either their 3’ or 5 extremities, catalysed by 3'-5" ex-
oribonucleases, mainly PNPase, or by the 5-3' exoribonu-
clease complex formed by RNases J1 and J2, respectively
(7). Escherichia coli is limited to 3’-5" exonucleolytic RNA
degradation as a 5’-3’ exoribonuclease activity is not known
to exist in this organism.

The decay of most bacterial mRNAs involves cooper-
ation between endo- and exoribonucleolytic activities, be-
cause exoribonucleolytic degradation requires access to 5
or 3’ extremities. The stem loop of the transcriptional ter-
minator present at the 3’ end of most mRNAs protects them
from 3'-5" exoribonucleases, while 5'-proximal structures
prevent RNA degradation by RNase J1 (8,9). Moreover,
RNase J1 has been shown to require a 5-monophosphate
(or 5 OH) extremity to efficiently degrade RNAs from the
5" end (10). This can be achieved either by prior endori-
bonuclease cleavage (11) or by the action of an RNA py-
rophosphohydrolase, e.g. RppH, that removes the protect-
ing 5’ triphosphate group from primary transcripts (12).

In addition to secondary structures, non-coding RNAs,
RNA binding proteins, and ribosomes have all been shown
to impede mRNA decay from the 5 end in B. subtilis
(9,13,14). A ribosome bound to a strong Shine-Dalgarno
(SD)-like sequence (even without an associated start codon)
is sufficient to promote stability of many kilobases of down-
stream mRNA in this organism (13,15,16), while in E. coli
only translating ribosomes can prevent mRNA degrada-
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tion (17,18). In E. coli, ribosomes generally protect mRNA
from degradation by masking endoribonucleolytic sites in
the coding sequence. Decoupling transcription from trans-
lation of the lacZ transcript promotes instability, and degra-
dation of the rpsO mRNA was shown to be mediated by
endonucleolytic cleavage events that depend on translation
(19,20). In B. subtilis, protection by a ribosome bound to
an SD sequence is related to its ability to block the 5'-3'
progress of RNase J1 (10,21,22). These data raise the ques-
tion of whether naked mRNA is actually a target of endori-
bonucleases in B. subtilis.

In this article, we focus on the model 4bs mRNA, whose
degradation has been shown to be highly sensitive to trans-
lation levels (21). The hbs gene codes for the essential
histone-like protein that shares 58% identity with the HU-1
and HU-2 proteins of E. coli. It is highly expressed (~50 000
molecules per cell), similar to the levels of ribosomal pro-
teins (23). Two primary /bs transcripts possess long highly
structured 5 UTRs that protect the mRNA from direct 5'-
3" attack by RNase J1 (21,24). A third stable transcript was
shown to be the result of mRNA maturation, consisting
of endonucleolytic cleavage about 40 nucleotides (nts) up-
stream of the Abs start codon followed by 5-3’ exonucle-
olytic degradation by RNase J1 until it bumps up against
ribosomes initiating translation at the exceptionally strong
hbs SD sequence (21). A small decrease in the strength of
this SD/anti-SD interaction led to complete instability of
the mature species, suggesting that the same pathway can
be used to degrade the ibs mRNA at lower translation lev-
els. Here, we identify RNase Y as the endoribonuclease that
provides access to RNase J1 by cutting the 2bs mRNA in the
5’-UTR. We also show that a long range interaction (LRI)
between the 5’ and 3" UTRs impacts that efficiency of this
cleavage event. Lastly, our experiments reveal three addi-
tional RNase Y cleavages of the #bs mRNA both within the
coding and non-coding portions of the transcript, which is
remarkable for such a short (<600 nts) mRNA. Two cleav-
age sites within the coding sequence have remarkably differ-
ent impacts on 1bs mRINA stability as a function of trans-
lation, and suggest that for this mRNA at least, initiation
of translation rather than ribosome coverage of the coding
sequence per se is the key stability determinant.

MATERIALS AND METHODS
Strains and constructs

Strains and oligonucleotides used are given in Supplemen-
tary Tables S1 and S2, respectively.

The B. subtilis strains used in this study were derivatives
of W168 (SSB1002; Supplementary Table S1). Two new
strains lacking either RNase J1 or Y in which we could de-
plete the other enzyme, were constructed. Strain CCB637
was obtained by transforming the rnjA::kan mutation from
strain CCB448 (4) into strain CCB338 txpA -10A Pxyl-rny
rny::spe (25). Strain CCB760 was obtained by transforming
the rny::spc mutation from strain CCB441 (4) into strain
CCB034 (26). Overnight cultures of depletion strains grown
in the presence of 1 mM IPTG (CCB760) or 2% xylose
(CCB637) were washed twice in 2xYT medium and inocu-
lated in fresh medium at an ODgg of 0.05, with or without
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IPTG (CCB760), or with either 2% xylose or 2% glucose
(CCB637).

Most plasmids containing the mutant derivatives of
hbsA were obtained using overlapping primer pairs
CC1607/primerl and primer2/CC572 and reamplified with
CC1607/CC572 and then cloned between the Aval/BamHI
sites of plasmid pDGI148 (27). The primers as well
as the DNA templates used to construct these plas-
mids are listed in Supplementary Table S3. Plasmids
pDG148hbsAnoAUG and pDG148/hbsAnoSD were made
by site directed mutagenesis. Note that all pDG148/bsA
plasmids and mutant derivatives used here have an in-
frame stop codon restored at codon 18 compared to those
used in (21), to reconstitute the native ibs 3'-UTR and
allow exploration of 3’-dependent pathways. All plasmids
were verified by sequencing and then transformed into the
wild-type B. subtilis strain SSB1002. Mutant constructs
rny::spe, rnjA::spe or pmp::cm were subsequently intro-
duced by transformation of strains expressing the mutant
hbsA plasmid constructs with chromosomal DNA from
strains CCB441, CCB434 or SSB1030, respectively. Suc-
cessful transfer of chromosomal mutations was verified by
PCR as described (4). Strains are listed in Supplementary
Table S1. CCB1013 (pDG148-hbsA pnp::cm rny::spc) was
obtained by transforming strain CCB755 (pDG148-hbsA
pnp::cm) with chromosomal DNA from strain CCB455
(rny::spc pnp:kan) (4).

The hbsA::gfpSDwt fusion was obtained by three-
fragment overlapping PCR using primer pairs
CC1607/1702 and CC1705/572 with pDG148hbsA as
a template, and CC1703/1704 with pCV0019 as a tem-
plate (gift from Rut Carballido-Lopez). The overlapping
fragment reamplified using primer pair CC1607/572 and
was cloned between the Aval/BamHI sites of plasmid
pDG148 yielding pDG148hbsA::gfpSDwt. The pDG-
148hbsA::gfpSDstrong mutant derivative was obtained
by overlapping PCR (see Supplementary Table S3) and
cloned between the Aval/BamHI sites of plasmid pDG148.
To introduce these fusions into the integrative vector
pHM2 (28), the hbsA::gfpSDwt and hbsA::gfpSDstrong
fusions were amplified from their pDG148 derivatives
using the primer pair CC1607/572 and cloned between
the EcoRI/BamHI sites of pHM2. The hbsA::gfpSDweak
fusion was obtained by overlapping PCR using primer
pairs CC840/1555 with pDG148hbsASDweak as DNA
template, and CC1556/538 with pDG-148hbsA::gfpSDwt
as a template. The overlapping hbsA::gfpSDweak fragment
amplified using the nested primer pair CC1607/572 and
was cloned between the EcoRI/BamHI sites of pHM2.
These three plasmids were linearized with Xbal and trans-
formed into SSB1002 (WT) for integration into the amyE
locus.

RNA isolation and northern blots

RNA was isolated from mid-log phase B. subtilis cells grow-
ing 2xYT medium either by the glass beads/phenol method
described in (29). Northern blots were performed as de-
scribed previously (3).
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GFP measurement

GFP fluourescence measurement was performed using
the ClarioStar monochromator microplate reader (BMG-
Labtech). The SSB1002, CCB822, CCB897 and CCBg898
strains were grown in triplicate in a 96-well microplate (Fal-
con) in 200 wl of 2xYT medium at 37°C with agitation (200
rpm). Optical density was measured every 30 min for 10 h
at 600 nm, with the following parameters for GFP measure-
ment (excitation 470 nm, dichroic filter 491.2 and emission
520 nm).

Primer extension

Primer extension assays on total B. subtilis RNA have been
described previously (26). Primer CC463 was used to map
the 5’ ends of the ~380 nt species and primer CC1924 was
used for the ~123 nt (C3-ter) degradation intermediate.

RESULTS

RNase Y cleaves within the #bs 5 UTR to give access to
RNase J1

The B. subtilis hbs gene is transcribed from two promoters,
P3 and P1, about 210 and 180 nts, respectively, upstream
of the hbs open reading frame (ORF). The 5 untranslated
region (UTR) is highly structured, with two major hair-
pins, hpl and hp2, protecting the 5" end of the shorter P1
transcript and an additional overlapping hairpin protecting
the longer P3 transcript (Figure 1A) (21,24). For both pri-
mary transcripts, the nucleotides at the 5’ end are directly
involved in base-pairing interactions rendering them resis-
tant to immediate attack by the 5'-exoribonuclease RNase
J1. Both transcripts end at a Rho-independent transcrip-
tion terminator about 80 nts downstream of the #bs ORF,
which protects them from 3’-exoribonucleases. We have pre-
viously shown that the P3 and P1 primary transcripts (570
and 540 nts, respectively) are efficiently cleaved by an un-
known endoribonuclease at site (here called C2) between
hp2 and the Shine-Dalgarno (SD) sequence. This gives rise
to a tight cluster of mRNA degradation/maturation inter-
mediates around 400 nts in length that accumulate in cells
depleted for RNase J1 (21). The 5’ monophosphate extrem-
ities of these cleaved intermediates are highly sensitive to
RNase J1, but the 5'-3" exonucleolytic progression of this
enzyme into the Abs coding sequence is blocked by a high
rate of ribosome occupancy of the exceptionally strong SD
sequence (10 canonical Watson-Crick and two G-U base-
pairs with the 3’ end of 16S rRNA), leading to the accumu-
lation of a highly stable mature 380-nt transcript in wild-
type (wt) cells, here referred to as M.

To identify the endoribonuclease that provides RNase J1
access to the 5 UTR at C2, we analyzed the stability of
hbs mRNAs in strains lacking the two main endoribonucle-
ases known to be involved in mRNA turnover in B. subtilis,
namely RNase Y and RNase III, at different times after ri-
fampicin addition to block new transcription (Figure 1B).
We also included a deletion mutant of the endo/exonuclease
RNase J1 in this experiment, as our previous experiments
had employed a more ambiguous depletion strain (21). As
previously observed under RNase J1 depletion conditions,

the deletion of the RNase J1 gene (ArnjA) led to an accu-
mulation of three relatively stable degradation intermedi-
ates 485, ~400 and ~240 nts in size, while the 380-nt mature
species (M) disappeared completely compared to wild-type
(wt) (Figure 1B, compare lanes 19-24 to 1-6). The strong
accumulation of the ~400-nt species rules out RNase J1 as
the endonuclease that cleaves at C2, a formal possibility that
remained if depletion were incomplete in the earlier studies.
The ~240-nt species results from a number of tightly spaced
endonuclease cleavages (C4) that occur within the #bs ORF,
centred around position +122 relative to the start codon,
while the 485-nt intermediate results from an endonucle-
olytic cleavage (C1) that occurs between the hpl and hp2
(21). The endonuclease(s) responsible for the C1 and C4
cleavages is/are also unknown. Deletion of the gene encod-
ing RNase III (Arnc) had no effect on either the accumu-
lation or half-life of any of the Abs transcripts compared to
wt (Figure 1B, lanes 13-18), ruling out a role for this RNase
in any of these three cleavages (C1, C2 or C4). On the other
hand, deletion of the RNase Y gene (Arny) led to an ac-
cumulation the P1 primary transcript and stabilization of
both P3 and P1 (Figure 1B, lanes 7-12).

The stabilization of the primary transcripts in the absence
of RNase Y suggested a possible role for this enzyme in
hbs mRNA turnover and/or maturation. To test this hy-
pothesis, we asked whether we could still detect the sig-
nature RNase J1-dependent degradation intermediates in
cells lacking RNase Y. Since strains completely lacking both
RNase Y and RNase J1 are inviable (4), we made double
mutants lacking either RNase J1 or Y in which we could
deplete the other enzyme (i.e. Arny Pspac-rnjA and ArnjA
Pxyl-rny). Northern blots of these strains grown in the pres-
ence or absence of inducer (IPTG or xylose) showed clearly
that in the absence of RNase Y, depletion of RNase JI no
longer resulted in an accumulation of the ~400-nt species
(Figure 1C, lane 7 compared to lane 2 or 4). Similarly, de-
pletion of RNase Y in cells completely lacking RNase J1
abolished the accumulation of the ~400-nt species normally
seen in a ArnjA strain (Figure 1C, lane 5 compared to lane
2 or 4). The 485 nt and ~240-nt degradation intermediates
were similarly lost in cells lacking RNase Y (Figure 1C,
lane 7 compared to lane 2 or 4) or were strongly reduced
in cells depleted for this enzyme (Figure 1C, lane 5 com-
pared to lane 2 or 4). These experiments clearly show that
RNase J1 access to the zbs mRNA is dependent on RNase
Y cleavages at C1 and C2 in the 5-UTR and C4 in the cod-
ing sequence. Endonucleolytic cleavage at C2 by RNase Y,
followed by 5'-exoribonuclease degradation by RNase J1
appears to be the primary pathway for generating the ma-
ture 380-nt ribosome-protected /bs transcript, judging by
the relative intensities of the C1 and C2 species in the ab-
sence of RNase J1.

The ~380-nt RNAs in wt and Arny strains are generated by
different pathways

In light of these findings, the persistence of a ~380-nt RNA
in strains lacking RNase Y (e.g. Figure 1C, lane 3) was puz-
zling. We therefore asked if this species were identical in wt
and Arny strains, by mapping its 5’ end by primer extension
assay (Figure 2A). In wt cells, the major 5" end of the 380-nt



Nucleic Acids Research, 2017, Vol. 45, No. 19 11389

A ter
P3P ; o c2 c3 c4 C5 C6
I—> ] 1
| 11 | hbs ORF 92 aa
-211 -181 -128 -40 +1 +122 - +279 +360
hpl hp2 ter

OH-3' P1/P3(570/540 nts)
primary transcripts

M (380 nts)
mature transcript

ArnjA
Pxyl-rny
Arny
Pspac-rnjA

wt Arny Arnc ArnjA

rnjA
rny

-

0 510152025 0 510152025 0 510152025 0 5 1015 20 25 (mins) + - + - (ind)

2 < <
HEN 83z SEEsssssssm=- he-ssaas
- - ¥ -C1

- C1(485)
-C2 (~ 400
s ppepm— L L LT ( )M_‘...__ﬁ-cz
-C3
- C4 (~ 240) - 8 -ca
IMRNA - Wy s o o - - S5-Me .-
12 3 456 7 8 9101112131415161718192021222324 1 2 3 45 6 7
| wt Arny Arnc ArnjA
P3 16 (+/-0) stable 13 (n/d) 6 (+/-2)
P1 14 (+/-2) stable 16 (n/d) 6 (+/-2)
M/M+4/C2 stable (M) stable (M+4) stable (M) stable (C2)

Figure 1. Endonucleolytic cleavage of the 5-UTR by RNase Y provides access to the 5'-3" exoribonuclease RNase J1 for #zbs mRNA maturation. (A)
Schematic of the B. subtilis hbs gene and transcripts. The P3 and P1 promoters and transcription terminator (ter) are indicated. C1-C6 refer to endonu-
cleolytic cleavage sites mapped in the course of this and previous studies. Complementary sequences involved in a proposed long-range interaction (LRI)
between the 5" and 3’-UTRs are indicated. Transcripts are shown as wavy lines. Hpl and hp2 refer to 5" hairpin structures. Key endonucleolytic cleavage
events are symbolized by scissors; the -3 exonuclease RNase J1 by a Pacman symbol. The positions of different features are given relative to the transla-
tion start site, designated as +1. (B) Northern blot of total RNA isolated from wild-type (wt), RNase Y (Arny), RNase III (Arnc) and RNase J1 (ArnjA)
mutants at different times after rifampicin addition. Calculated half-lives of the major transcripts are given underneath the blot. Half-lives >30 min are
referred to as stable. Average decay curves are shown in Supplementary Figure S1. (C) Northern blot of total RNA isolated from wt, ArnjA strains, Arny
and ArnjA Pxyl-rny and Arny Pspac-rnjA depletion strains grown in the presence (+) or absence () of inducer (ind). For panels B and C, the migration
positions of the P3 and P1 primary transcripts, the mature species (M) and the degradation intermediates cleaved at C1, C2, C3 and C4 are indicated.
Blots were first probed with oligo CC287 (hbs), shown as a red line in panel A, and then reprobed with oligos CC1444 (tmRNA) or HP246 (5S rRNA) as
a loading control. Number of biological replicates (1) = 2.
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Figure 2. The 5 end of the ~380-nt species that accumulates in a Arny
strain is distinct from that of the mature species (M). Primer extension
of total RNA isolated from wt, Arny, ArnjA strains and the ArnjA Pxyl-
rny depletion strain grown in the presence (+) and absence (-) of inducer
(ind). C2 cleavage sites are shown as red arrows, the mature species (M) as
a black arrow and the Arny specific 5’ end (M+4) as green arrow (n = 2).
The sequence is labeled as its complement to facilitate direct readout.

mature species mapped to -21U, 8 nts upstream of the first G
of the GGAGG SD sequence, as seen previously (21) (Fig-
ure 2). This band corresponds to the upstream border of the
ribosome-protected M fragment, which we refer to as the ri-
bosome heel-print. In cells lacking RNase J1, we detected
the cluster of 5 ends extending from positions -23 to -60
relative to the AUG (Figure 2, red arrows), centred around
strong cleavages at positions -34/35 and -39/40 that account
for most of the ~400-nt signal seen on Northern blots (Fig-
ure 1B and C). Interestingly, most of these cleavages, col-
lectively referred as C2, mapped to A-residues, suggesting
that RNase Y has a preference for this nucleotide. In cells
lacking or depleted for RNase Y, a new 5’ end was observed
4 nts upstream of the ribosome-protected 5’ end seen in wt
cells (Figure 2, green arrow). Thus, the 380-nt ribosome-
protected species observed in wt cells and the 384-nt RNA
(M+4) that accumulates in Arny strains correspond to dis-
tinct RNAs that are generated by different pathways. The ri-
bonuclease responsible for this cleavage remains to be iden-
tified (see Discussion).

The strength of the SD sequence determines the accumulation
level of the mature #bs mRINA but not its apparent stability

We previously showed that mutations that strengthened or
weakened the SD sequence of hbsA were found to have a
major impact on the steady state levels of the mature 380-nt
RNA (21). To get further insight into the role of transla-
tion in determining the /4bs degradation pathway, we exam-
ined the stabilities of the various Abs transcripts in mutants
with stronger or weaker SD sequences, or where translation
was completely abolished. To avoid potential pleiotropic ef-
fects of manipulating the essential /bs gene, these assays
were performed on a plasmid-borne mini-Abs gene (hbsA)
truncated after 17 amino-acids, but containing the native
5" and 3-UTRs (Figure 3A) (21). First, RNA stability as-
says of wt, Arny and ArnjA cells expressing this plasmid
confirmed that the maturation pathway of ibsA with a wt
SD was very similar to the endogenous #bs mRNA (Sup-
plementary Figure S2). In cells lacking RNase Y, we ob-
served stabilization of the primary transcripts, in particular
P1A. In the ArnjA strain, we saw a strong accumulation of
a stable intermediate ~20 nts greater in size than the mature
species (MA), corresponding to the maturation intermedi-
ate cleaved at C2, in addition to the intermediate resulting
from the cleavage between hpl and hp2 at C1 (Supplemen-
tary Figure S2). The deletion in the /4bs coding sequence
abolished the internal cleavage site at C4; we thus did not
see the corresponding species. However, the plasmid-borne
overexpression allowed us to detect a new degradation in-
termediate resulting from cleavage early in the zbsA ORF
that was stabilised in the absence of RNase J1. The map-
ping and the importance of this newly identified cleavage
site (C3) will be discussed below.

The SDstrong mutant was designed to contain 12 per-
fect Watson—Crick base-pairs with the 3" end of 16S rRNA,
while the SDweak mutant has only 7/12 base complemen-
tarity, but still retains the central GGAGG sequence key
to translation initiation (Figure 3A) (21). The stabilities of
the primary transcripts, P3A and P1A, and the ribosome-
protected mature species MA were similar for the wt and
SDstrong constructs (Figure 3B, lanes 1-6 and 13-18), with
the M A species from the SDstrong variant accumulating to
higher levels than wt, as seen previously (Figure 3B, com-
pare zero time points in lanes 1 and 13) (21). In contrast, the
primary transcripts were less stable and the mature species
barely detectable (but nonetheless stable) with the SDweak
construct (Figure 3B, lanes 7-12). Thus, although the levels
of the ribosome-protected RNA (MA) vary between con-
structs in this experiment (Figure 3B, lanes 1, 7, 13), its sta-
bility does not. This suggests that the absolute levels of the
mature species are determined by how quickly ribosomes
are recruited to protect its 5’ extremity from ribonuclease
attack, but that unprotected species are degraded almost in-
stantaneously.

The exceptional strength of the wt 4bs SD sequence and
the SDstrong variant (AG = —17.8 and —18.5 kcal/mol, re-
spectively) raised the question of whether these mRNAs
are translated efficiently, i.e. can the ribosomes easily es-
cape the SD or are they retained at the 5" end of the coding
sequence only protecting it from degradation? To answer
this question, we made hbsA-gfp translational fusions in-
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Figure 3. The efficiency of ribosome recruitment is the primary determinant for the level of mature 41bsA mRNA. (A) Schematic of the B. subtilis hbsA
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in panel A, and then reprobed with oligo HP246 (5S rRNA) as a loading control. Calculated half-lives of the major transcripts are given underneath the
blot. Half-lives >30 min are referred to as stable. Average decay curves are shown in Supplementary Figure S1.

tegrated into the amyE site on the B. subtilis chromosome.
This construct consisted of the two Abs promoters, the 5
UTR, the first 17 codons of the hbs A coding sequence fused
in frame to GFP, followed by the sbs 3’ UTR (Figure 4A).
We observed that the hbsA-gfp primary transcripts are ma-
tured similarly to the 7bsA mRNA to give rise to a stable
mature mRNA (hbsA-gfp M) (Figure 4B). Thus, this region
of hbs is able to confer maturation and stability on a heterol-
ogous mRNA. Moreover, analysis of the steady state mR-
NAs of the fusions with stronger or weaker SD sequences
showed that they behaved similarly to the #bsA construct:
the ribosome-protected transcript (M) from the hbsA-gfp
SDstrong construct accumulated to higher levels than that
with the wt SD (hbsA-gfp SDwt) and was undetectable with
the hbsA-gfp SDweak construct (Figure 4C). Measurement
of GFP activity showed that the translation levels of the
hbsA-gfp SDweak fusion (AG = —11.3 kcal/mol) were ~2-
fold lower than that of SDwt, while translation of the 1bsA-
gfp SDstrong fusion was ~2-fold higher, suggesting that
ribosomes can indeed escape the strong SD sequence effi-
ciently (Figure 4D).

The mature #bs mRNA is fully protected from degradation
even in the absence of ribosome flow over the internal RNase
Y cleavage site

We had previously shown that simply the binding of the ri-
bosome to the SD was sufficient to promote steady state ac-
cumulation of the processed 1bsA mRNA using a construct
in which the AUG start codon was mutated to AAA (hbsA
noAUG; Figure 5A) (21). Here, we confirmed that although
the mature hbs A fragment from the 1bsA noAUG construct
accumulated to slightly lower levels than the wt, it was still
fully stable (Figure 5B; compare lanes 1-6 and 7-12). Thus,
the mature 1bsA mRNA is indeed protected from degra-
dation with a single ribosome bound to the SD. The lower
levels of the ibsA noAUG mature transcript compared to
wt hbsA are likely explained by a lack of initiator tRNA
contribution to initiation complex stability.

The generally accepted model in bacterial mRNA decay
is that translating ribosomes stabilize mRNAs by masking
endonuclolytic cleavage sites within their coding sequences.
We therefore asked whether the #bs mRNA was an excep-
tion to this rule by probing whether translation itself, and
not just the efficiency of ribosome binding to the SD, could
have an impact the 7bsA mRNA degradation. As noted
above, the hbsA construct lacks the internal RNase Y cleav-
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age site at C4 present in the endogenous 4#bs mRNA coding
sequence. To determine whether this internal cleavage site
contributed to the degradation of non-translated sbs mR-
NAs, we made two new hbsA constructs in which this site
was restored. In one, the hbsA noAUG construct was ex-
tended by a further 33 codons (i.e. from 17 to 50 aa) to in-
clude the RNase Y cleavage site at C4 (hbsA-C4 noAUG;
Figure 5A). In the other, we made a variant of hbsA-C4
with a wt start codon and a stop codon in position 18, creat-
ing hbs A-C4 UAA1S that terminates translation at the same
location as in hbsA. Both hbsA-C4 UAA18 and hbsA-C4
noAUG constructs are predicted to allow unrestricted ac-
cess to RNase Y at C4. We compared the mRNA stabili-
ties of transcripts from these two constructs to their shorter
hbsA variants by Northern blot at times after rifampicin
addition to cells (Figure 5B). The results showed that the
mature species (MA-C4) accumulated to relatively high lev-
els and remained fully stable in both hbsA-C4 UAA18 and
hbsA noAUG constructs (Figure 5B, lanes 7-12 and 13-18,
respectively). Thus, the internal RNase Y cleavage site at C4
does not have a major impact on the degradation of the ma-
ture species, even when ribosomes no longer transit over the
cleavage site.

Identification of a new RNase Y cleavage site under the initi-
ating ribosome

The data described above indicate that the efficiency of ri-
bosome recruitment to the SD sequence (and not ribosome
transit) is the key determinant of the stability of the ma-
ture hbsA species. We next asked what would be the effect
of completely abolishing ribosome access to the mRNA,
by mutating the GGAGG sequence of the hbsA SD to
CCCGG (hbsA noSD; Figure 6A). Although the mRNAs

produced by this construct completely lacked the ribosome-
protected species as anticipated (i.e. RNase J1 completely
degrades the unprotected RNA following cleavage at C2),
we were surprised to observe that the levels of both the
P3 and P1 primary transcripts were significantly decreased
compared to wt (Figure 6B, compare lane 7 to lane 1). We
therefore considered possibility that the initiating ribosome
covers yet another destabilizing cleavage site.

The role of RNase Y in the turnover of the #1bsA noAUG
and noSD mRNAs, was investigated by analysis of their sta-
bilities in Arny cells by northern blot. Like the SDwt hbsA
construct, the P1 and P3 transcripts of the ibsA noAUG
and noSD mRNAs were stabilized in the absence of RNase
Y (Figure 6C). Thus, even when the 4bsA mRNA is not
translated, no other endoribonuclease besides RNase Y
seems to make a significant contribution to its degrada-
tion. However, we noticed a much stronger accumulation
of the primary transcripts (in particular P1) in the hbsA
noSD construct in the Arny strain compared to the other
two constructs (Figure 6C, lanes 7-12, compared to 1-6 or
13-18). We therefore asked whether the same pathway was
used for the degradation of 1bsA noSD transcripts that are
incapable of recruiting ribosomes. We performed primer ex-
tension assays in a ArnjA4 background to look for the char-
acteristic cluster of 5 ends resulting from RNase Y cleav-
ages at C2 in the 5 UTR in the context of the hbsA, hbsA
noSD and /hbsA noAUG constructs (Figure 7A). Although
the intensity of signal was significantly reduced compared
to hbsA SDwt and to hbsA noAUG, a cluster of 5’ ends was
clearly visible with the #bs A noSD construct, indicating that
RNase Y still cleaves at C2. More importantly, however, an
intense new band whose 5’ end mapped to position +13 of
the hibs coding sequence was observed primarily in the ibsA
noSD construct (Figure 7A). The fact that the primary tran-
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scripts from the #bsA noSD construct accumulate strongly
and are completely stable in the Arny mutant suggests that
RNase Y is also responsible for this new major cleavage
event (C3). This strong cleavage site at C3 is masked by the
initiating ribosome that protects as far as nt +16 of the ibs
coding sequence in previous toe-print assays (21).

The primer extension assay also suggested that cleavage
at C3 may have a greater impact than C2 for the turnover
of the untranslated #bsA noSD mRNA. We confirmed this
by northern blot; in the ArnjA4 background, the intensity of
the C3 degradation intermediate was significantly greater
than that corresponding to C2 for 4bsA noSD, whereas they

had similar intensities for wt ibsA or hbsA noAUG, each of
which are protected by ribosomes bound to the SD (Figure
7B). This experiment suggests that, of the two major path-
ways for degrading non-translated 1bsA noSD mRNA, i.e.
cleavage at either C2 or C3 by RNase Y, followed in both
cases by degradation by RNase J1, the new cleavage identi-
fied at C3 plays the more significant role.

The hbs mRNA is also cleaved in its 3’ UTR allowing 3'-5'
degradation by PNPase

The experiments performed thus far suggested that most of
the degradation of the 71bsA mRNA occurs from 5 proxi-
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mal cleavage events (C1, C2, C3). To determine whether the
hbsA mRNA could also be degraded in the 3’ to 5 direction
from the 3'-UTR, we measured the accumulation and sta-
bility of degradation intermediates in a strain lacking PN-
Pase activity, the major 3’-5" exoribonuclease in B. subtilis
(Figure 8). Using a probe (c) that overlaps the stop codon
(-18 to +16 relative to UAA), four new degradation inter-
mediates, approximately 275, 240, 110 and 75 nts in size,
were detected in the Apnp strain compared to wt (labeled
in blue in Figure 8B, lane 2 compared to lane 1). A series of
probes (a—f) were used to determine the 5" and 3’ extremities
of these four species (Supplementary Figure S4). Based on
these data and their relative sizes and intensities, the ~240
and ~75-nt species are consistent with transcripts extending
from the P1A promoter and the ribosome-protected 5'-end
(MA) to just downstream of the ibsA stop codon, while the
~275 and ~110-nt intermediates have the same 5’ ends, but
extend about 35 nts further into the 3’-UTR (Figure 8A).

We refer to these new 3’ ends as C5 and C6, respectively.
Half-life experiments show that the MA-C5 and MA-C6
species are highly stable in the Apnp mutant (Figure 8C).
To show these new 3’ ends were the result of endonucle-
olytic cleavages in the 3’-UTR, we performed experiments
designed to detect the downstream cleavage fragments by
hybridising total RNA isolated from a ArnjA4 strain with
probes (e and f) overlapping the transcription terminator.
With these probes, we detected four degradation interme-
diates about 175, 120, 70 and 45 nts in length (labeled in
red in Supplementary Figure S4B). The two larger species
correspond in size to species extending from the C2 and
C3 cleavage sites to the transcription terminator, seen pre-
viously (e.g. Figure 7), while the two shorter species corre-
spond well with the predicted sizes of the downstream frag-
ments of endonucleolytic cleavage at C5 and C6, i.e. ~80
and ~45 nts, respectively. Thus, PNPase gains access to the
hbsA 3’ UTR through two endonucleolytic cleavages, with
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Figure 7. Strong cleavage of the ibsA mRNA at nt +12 by RNase Y in the
absence of initiating ribosomes. (A) Primer extension of total RNA isolated
from ArnjA strains carrying the hbsA SDwt, and ibsA noSD and hbsA
noAUG mutant plasmids (n = 1), using primer CC1924 hybridising to just
downstream of the start codon. C2 and C3 cleavage sites are shown, in ad-
dition to the 5" ends corresponding to the P3A and P1 A transcription start
sites. The sequence is labeled as its complement to facilitate direct readout.
(B) Northern blot of total RNA isolated from ArnjA strains carrying the
hbsA SDwt, and hbsA noSD and hbsA noAUG mutant plasmids (n = 2).
The blot was probed with oligo CC1924 (/bs) and then HP246 (5S rRNA)
as a loading control.

C5 mapping to within a ~10 window downstream of the
stop codon and C6 mapping to around 45 nts from the 3’
end of the 1bsA mRNA.

We next asked whether RNase Y was responsible for the
cleavages in the 3'-UTR by probing RNA isolated from a
Apnp rny double mutant with probe (c¢) which detects all
four degradation intermediates seen in the Apnp single mu-
tant. Although the ~75 and ~110-nt intermediates, corre-
sponding to MA-C5 and MA-C6, essentially disappeared
in the double mutant, the ~275, ~240-nt species, corre-
sponding to P1A-C6 and P1A-C5, did not. These results
clearly indicate that RNase Y is not the endonuclease that
cleaves at C5 and C6. The absence of the MA-C5 and MA-
C6 species in the Apnp rny mutant is most likely explained
by the lack of RNase Y cleavage at C2, required to pro-
duce the ribosome-protected 5 end at MA. It should be
stressed that the essentially full stability of the mature 2bsA

Nucleic Acids Research, 2017, Vol. 45, No. 19 11395

species in wt cells suggests that degradation initiated from
C5 and C6 within the 3’ UTR, like that initiated from C4
within the coding sequence, are minor degradation path-
ways. Nonetheless, cleavage at these three sites may be im-
portant for the slow mechanism by which M A is eventually
degraded.

Basepairing between the 3’ and 5 UTR inhibits endonucle-
olytic cleavages in the hbs leader region

Based on in vitro structure probing data (24), we had pre-
viously proposed the existence of a long-range interaction
(LRI) between the 5 and 3" UTRs of the ibs mRNA,
through a 14 nt sequence lying just downstream of hp2 in
the 5 UTR that can base-pair with a fully complemen-
tary sequence (AG = —19 kcal/mol) just upstream of the
transcription terminator in the 3’ UTR (Figure 9A). Since
this complementarity partially overlaps the C2 cleavage site,
we asked whether it could impact the 5" degradation path-
way in vivo. We mutated the LRI sequence in either the 3’
UTR (LRImut3’), the YUTR (LRImut5’) or a combination
for both to restore complementarity (LRIcomp; AG =17
kcal/mol) in the context of the plasmid-borne hbsA con-
struct (Figure 9B). The ibsA LRImut5’ mRNA showed a
strong accumulation of the mature transcript with a con-
comitant diminution in the stability of the primary tran-
scripts (Figure 9B, compare lanes 13-18 with 1-6), consis-
tent with the idea that disruption of the base-pairing with
the 3’ LRI increases C2 cleavage efficiency in the 5' UTR.
We confirmed that we had not created a new cleavage site
with the LRImut5’ mutation by examining the 5" ends pro-
duced from this construct in a ArnjA strain. Indeed, the 5
ends were qualitatively very similar but significantly more
intense than the wt construct, consistent with increased
cleavage efficiency at C2 (Figure 9C). The accumulation and
stabilities of the primary and mature transcripts were re-
stored to wt levels upon introduction of the compensatory
mutation in the 3’ UTR (#bsA LRIcomp) (Figure 9B), con-
firming that this long-range interaction occurs in vivo and
that it restricts the efficiency of the C2 cleavage.

Mutation of the LRI in the 3’ UTR alone also accelerated
the decay rate of the primary transcripts (Figure 9B, lanes
7-12). However, in this case, we did not observe a concomi-
tant increase in the accumulation of the mature species MA,
but rather a destabilization of this portion of the transcript,
suggesting an acceleration of the 3’ pathway. In the primer
extension assay, the two strongest cleavages in the 5'-UTR
observed with the LRImut3’ construct in the ArnjA4 back-
ground were at positions -44 /45, corresponding to the be-
ginning of the overlap between C2 and the 5’ LRI sequence
(see Figure 9A). In the wt construct, the strongest cleavages
were at -34/35 and -39/40: thus the main cleavage events
are shifted upstream in LRImut3’ (Figure 9A). Therefore, in
addition to accelerating the 3’ pathway, the LRImut3’ mu-
tation also qualitatively affects endonucleolytic cleavages in
the 5-UTR, further evidence that these two elements com-
municate.

The primer extension assay also revealed that, although
the accumulation levels and decay rates of the primary and
mature transcripts were restored in the compensatory mu-
tant 1bsA LRIcomp in Figure 9B, there are also some qual-
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itative differences in the cleavage sites compared to wt (Fig-
ure 9C). Cleavage at C2 is quite weak in this mutant and is
primarily restricted to -34/35, while cleavage at Cl1 is sig-
nificantly increased. Although we do not fully understand
the basis for these qualitative differences, the fact that com-
bining the LRImut3” and LRImut5’” mutations significantly
alters the cleavage pattern seen with the LRImut5’ mutant
alone further confirms that the 5 and 3’ UTR sequences
communicate to modulate #bsA degradation patterns.

DISCUSSION

In this paper, we have identified several distinct zbs mRNA
maturation/degradation pathways, some of which are hy-
persensitive to the translational status of the mRNA. These
pathways involve RNase Y cleavages at four sites (C1 to C4)
in the 5-UTR and %bs coding sequence, followed by the ac-
tion of the 5'-3’ exoribonuclease RNase J1, and cleavages
by unknown endonucleases at two sites (C5 and C6) in the
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3'-UTR, followed by the action of the 3’-5" exoribonuclease
PNPase. The maturation pathway is initiated by RNase Y
cleavages at C1 or C2 (primarily) in the #bs 5’ UTR. RNase
J1 then attacks these newly exposed 5" ends in 5'-3" exonu-
cleolytic mode until it encounters a ribosome bound to the
exceptionally strong ibs SD sequence (21). In the absence of
an initiating ribosome, this maturation pathway becomes a
turnover pathway as RNase J1 continues degrading into the
hbs coding sequence.

The two RNase Y cleavages sites identified within the ibs
coding sequence (C3 and C4) can both potentially inacti-
vate the mRNA, but have different functional relevance. C4,
which is located in the middle of the #bs ORF plays a mi-
nor role, even when ribosomes are prevented from flowing
over this cleavage site. This was particularly evident with the
two hbsA constructs in which the C4 cleavage site was re-
stored, but where ribosome traffic over the site was blocked
either by mutating the start codon (hbsA-C4 noAUG) or
terminating translation early (hbsA-C4 UAA18) in the open
reading frame (Figure 5); the interruption of ribosome flow
over C4 had no impact on the stability or the accumulation
of the mature species (M) in either case.

The newly mapped C3 cleavage site after nt +12 of the
hbsA coding sequence clearly has a more important func-
tional role in mRNA decay. This was revealed by the con-
struct lacking the SD sequence (hibsA noSD) in which no
mature species was visible and the primary transcripts ac-
cumulated to significantly lower levels. We showed previ-
ously that ribosomes bound to the 4bs SD sequence protect
up to nt +16 in toe-print assays (21), thus shielding the ibs
mRNA from RNase Y cleavage at C3 and degradation of
the resulting downstream fragment by RNase J1. In the ab-
sence of an initiating ribosome, C3 is wide open to attack
by RNase Y. It is remarkable that the #bs mRNA has two
apparently redundant pathways to tightly couple a lack of
translation initiation to mRNA decay: cleavage at either C2
or C3 by RNase Y, followed by degradation by RNase J1
in both instances. In one case the initiating ribosome com-
petes directly with RNase J1, while in the other it competes
directly with RNase Y. Our data (Figure 7B), would sug-
gest that the newly discovered C3 site is more frequently
used than C2 to begin the destruction of /bs transcripts
lacking a ribosome bound to the SD, although we cannot
rule out the possibility of sequential cleavages at C2 then C3
(or indeed C1, C2 and then C3) by RNase Y complicating
this interpretation, as has been proposed for RNase E in
E. coli (30,31). Indeed, sequential cleavages might explain
why cleavage at C1 appears to be stronger than C2 in the
LR 1comp mutant (Figure 9C). In any case, these data sug-
gest that, for the 1bs mRNA at least, translation initiation is
key for protection against mRNA decay and that ribosome
traffic over the cleavage site in the middle of the coding se-
quence has little impact on mRNA stability. It remains to
be seen how general this phenomenon may be in B. subtilis,
but numerous other mRNAs have been described where ri-
bosome binding to an SD or SD-like sequence can protect
downstream untranslated mRNA (9,13,32-34). It should be
noted that ribosomes bound to the SD sequence have also
been shown to protect certain mRNAs from degradation in
E. coli (35-37) even though this organism lacks an identi-

fied 5-3" exoribonuclease. However, the generally accepted
model in E. coli is that ribosome flow over the coding se-
quence has the greatest impact on mRNA stability (38).

In the absence of RNase Y, a new 5 extremity located
only four nucleotides upstream of the matured transcript
was identified (Figure 2). The (M+4) transcript has a simi-
lar stability to the mature transcript (M) suggesting that its
5" extremity might also be protected by a ribosome. The hbs
ribosome-binding site contains two overlapping potential
SD sequences (GGAGGAGG; see Figure 3A). It is there-
fore possible that the 5" extremity of the 383 nt RNA (M+4)
is stabilized by sub-population of ribosomes bound to the
upstream GGAGG sequence, predicted to be less optimal in
terms of its global sequence context than the downstream
site. When ribosomes occupy the upstream GGAGG, the
C3 site at +12 would be predicted to be uncovered, which
might account for the high sensitivity of the M+4 transcript
to RNase Y. The identity of the ribonuclease that generates
the 5’ end of the M+4 remains to be elucidated.

It is possible that the principle of ribosome binding
site occupation blocking cleavage by RNase Y can be ex-
tended to other mRNAs in B. subtilis. We have previ-
ously noted that an unusually large proportion of mRNAs
(>20%) in this organism have A-rich lysine codons (AAA
or AAG) just downstream of their initiation codons (34).
Since RNase Y has a preference for single-stranded A-rich
sequences, it is possible that a portion of these are RNase
Y sites protected by initiating ribosomes. Further experi-
ments are required to uncover the full extent of this poten-
tial means to link mRNA decay to translation initiation lev-
els in B. subtilis.

In E. coli, it has been shown that more than 6 nts base-
pairing between the SD and anti-SD sequences can be detri-
mental for translation initiation, the additional stability
making to more difficult for ribosomes to escape the ribo-
some binding site (39). This effect could be partially coun-
teracted by adding AU-rich ribosomal protein S1 recogni-
tion sequences upstream. Our data suggest that B. subtilis
ribosomes behave remarkably differently, having no diffi-
culty escaping the ultra strong (iiber) SD sequence of the
hbs mRNA, despite the lack of a ribosome-associated S1
protein in this organism (40). Indeed, the stronger the base-
pairing, the better the yield of the hbsA-gfp fusion (Figure
4).

The two RNase Y-independent cleavages in the 3’ UTR
(CS5 and C6) appear to have little impact on #bs mRNA sta-
bility in the wt context. However, mutation of the 3" LRI
accelerated the degradation rate of the ribosome-protected
species (Figure 9), suggesting that it is the strength of these
cleavage sites that limits their impact. Indeed, we have re-
cently shown that insertion of an efficient Rael-dependent
cleavage site in the hbsA 3’ UTR strongly reduces the half-
life of the primary transcripts and completely destabilises
the ribosome-protected species (34). Of the two natural
cleavage sites in the hbs 3’ UTR, C5 appears to be signif-
icantly stronger, judging by the levels to which the corre-
sponding degradation intermediates accumulate in Apnp
or ArnjA strains. Intriguingly, of the 6 total cleavage sites
mapped in the zbs mRNA, two occur in each of the 5’ UTR,
coding sequence and 3’ UTR elements, with a strong (C2,



C3, C5) and weak (C1, C4, C6) cleavage site in each case.
This is remarkable redundancy for such a short mRNA
(<600 nts).

Cleavage at C2 by RNase Y leading to the production
of the ribosome-protected species is influenced by the long-
range interaction (LRI) between the 5 and 3’ UTRs. Mu-
tation of either the 5" or 3’ UTR LRI sequence alone de-
creased the half-life of the ibs primary transcripts and a
compensatory mutation restored these to wt levels. In the
case of the 5 LRI mutation, this was attributable to an
opening of the duplex and an acceleration of the C2 cleav-
age, resulting in a strong accumulation of the ribosome-
protected mature species (Figure 9B). The effect of the 3’
LRI mutation was more complex. First, we did not ob-
serve an acceleration of the C2 cleavage linked to accumu-
lation of the mature species as we would have expected if
we were simply opening the duplex in the 5 UTR. Second,
we observed a destabilisation of the mature species, which
no longer has the 5 LRI attached and therefore should not
in theory be sensitive to duplex formation. These observa-
tions suggest that the nucleotide sequence introduced with
the 3’ LRI mutation may have accelerated the 3’ pathway.
Upon introduction of the compensatory mutation in the 5
LRI, the fact that we return to wt transcript stabilities sug-
gests this acceleration due to the 3’ LRI mutation is subor-
dinate to duplex formation, at least as far as the primary
transcripts are concerned. Although the model presented
in Figure 9A suggests that the LRI between the 5 and 3’
UTR occurs in cis, we cannot exclude the possibility that
some of these interactions occur in trans, i.e. with other hbs
mRNA molecules, particularly since this is a very highly ex-
pressed RNA. An interaction between a primary transcript
with a compensatory 5 LRI mutation and a mature tran-
script with a 3’ LRI mutation in trans could contribute to
the re-stabilization of the mature species in the 7bsA LRI-
comp construct compared to ibsA LRImut3’. Interactions
between the 5 and 3’ UTRs that impact RNA degradation
pathways have been seen previously in the icaR mRNA of
Staphylococcus aureus and the hilD mRNA of Salmonella
enterica (41,42).

The hbs LRI duplex is quite long (14 bp), but is mostly
composed of A/U base-pairs with a relatively modest AG
of -19 kcal/mol. We considered the possibility that an RNA
chaperone such as Hfq might be involved in forming or sta-
bilizing the duplex. However, neither the stability nor the
accumulation of any of the zbs mRNAs were affected in a
hfq deletion strain (data not shown). There is currently no
clear function for Hfq of B. subtilis (43), a major player in
sRNA regulation in E. coli (44). As the Hbs protein of B.
subtilis and its ortholog the HU protein of E. coli have been
described to have RNA binding activity in addition to their
roles as a histone-like proteins (45,46), we also considered
the possibility that Hbs might control its own synthesis by
binding to the LRI duplex. However, we were unable to de-
tect any interaction between Hbs and its own mRNA (data
not shown). Thus the question of whether RNA binding
proteins are involved in promoting or stabilising LRI du-
plex formation, and whether this is a regulatory event, re-
mains open.

In summary, this paper shows how multiple complex and
redundant RNA degradation pathways can exist for even
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very short RNAs, and how the coupling of translation to
mRNA decay can be achieved in ways other than ribo-
some transit over cleavage sites within the coding sequence.
Lastly, it reinforces previous observations that show how
some of these processes can be modulated by long-range in-
teractions between complementary elements on either side
of the coding sequence, not just local changes in RNA struc-
ture as is more classically found in the literature.
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