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ABSTRACT

RNase Y and RNase E are disparate endoribonucle-
ases that govern global mRNA turnover/processing
in the two evolutionary distant bacteria Bacillus sub-
tilis and Escherichia coli, respectively. The two en-
zymes share a similar in vitro cleavage specificity
and subcellular localization. To evaluate the potential
equivalence in biological function between the two
enzymes in vivo we analyzed whether and to what ex-
tent RNase E is able to replace RNase Y in B. subtilis.
Full-length RNase E almost completely restores wild
type growth of the rny mutant. This is matched by a
surprising reversal of transcript profiles both of indi-
vidual genes and on a genome-wide scale. The single
most important parameter to efficient complementa-
tion is the requirement for RNase E to localize to the
inner membrane while truncation of the C-terminal
sequences corresponding to the degradosome scaf-
fold has only a minor effect. We also compared the in
vitro cleavage activity for the major decay initiating
ribonucleases Y, E and J and show that no conclu-
sions can be drawn with respect to their activity in
vivo. Our data confirm the notion that RNase Y and
RNase E have evolved through convergent evolution
towards a low specificity endonuclease activity uni-
versally important in bacteria.

INTRODUCTION

The adaptation of gene expression to a changing environ-
ment requires the instability of messenger RNA (mRNA).
In bacteria, mRNA decay generally follows first-order ki-
netics. Control of mRNA degradation, if it is to be efficient,
must thus occur at the generally rate-limiting initiating step
of the process. Most fundamental knowledge in this respect
stems from studies in Escherichia coli and Bacillus subtilis,
two organisms separated by an evolutionary stretch of sev-

eral billion years. For quite some time, mRNA decay in
these two model organisms was thought to be radically dif-
ferent, but now can probably best be summarized by ‘differ-
ent enzymes — similar strategies’. Indeed, the major ribonu-
cleases RNase E (E. coli) and RNase Y (B. subtilis) involved
in the initiation of mRNA decay are completely different
proteins but functionally similar endoribonucleases with re-
laxed sequence specificity. Their crucial role in producing
short-lived decay intermediates is now clearly recognized
(1). First described >40 years ago in E. coli (2,3) RNase E
is a large 1061 residue protein. It is composed of a catalytic
N-terminal domain and a natively unstructured C-terminal
region containing small microdomains that can associate
with the 3’ exoribonuclease PNPase, the DEAD box RNA
helicase RhIB and the glycolytic enzyme enolase to form a
multienzyme complex known as the RNA degradosome (4—
8). A 15 residue membrane targeting sequence (MTS) that
can fold an amphipathic a-helix is located at the beginning
of the non-catalytic region and is necessary for the attach-
ment of RNase E to the inner cytoplasmic membrane (9,10).
This subcellular localization is important for the stability of
the enzyme, optimal rates of global mRNA degradation and
protection of ribosome-free transcripts from premature in-
teractions with RNase E in the nucleoid (11). In live cells
RNase E rapidly diffuses over the inner membrane forming
short-lived foci which have been proposed to arise from the
transient clustering of RNase E into cooperative degrada-
tion bodies (10).

In B. subtilis, RNase Y affects global mRNA stability;
the protein has endonucleolytic activity with an RNase E-
like single strand specific cleavage specificity on preferably
5" monophosphorylated substrates in vitro (12). Similar to
RNase E, RNase Y is tethered to the inner cell membrane
via a single-pass N-terminal helix (13), RNase Y is called
YmdA in this reference) which fits well with the obser-
vation that translating ribosomes are distributed predom-
inantly around the cell periphery (14,15). The intracellu-
lar levels of a majority of transcripts is affected in RNase
Y depleted strains (16-18). A degradosome-like complex
centered on RNase Y has been proposed (19,20) but can-
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not be isolated in the absence of crosslinking agents, unlike
the RNase E-based degradosome in E. coli (4,21). The for-
mation of meaningful interactions between RNase Y and
other ribonucleases in vivo remains an open question (22—
24). However, three small proteins, YIbF, YmcA and YaaT
forming the so-called Y-complex (25,26) were shown to al-
ter RNase Y activity in vivo (27), being notably required for
the efficient maturation of operon mRNAs and affecting the
abundance of certain riboswitches (28).

Similar to RNase E, RNase Y was found to diffuse
rapidly across the membrane in the form of dynamic short-
lived foci but unlike RNase E, formation of RNase Y foci
is not dependent on the presence of RNA substrates; they
become more abundant and increase in size following tran-
scription arrest (29). Y-complex mutations have a similar
but much stronger effect suggesting that the Y-complex can
shift the assembly status of RNase Y towards fewer and
smaller complexes leading to increased cleavage of complex
substrates like polycistronic mRNAs (29).

Considering the evolutionary distance between E. coli
and B. subtilis it is not surprising that, despite a similar enzy-
matic activity in vitro, RNase E and RNase Y are susceptible
to interact with a variety of completely different co-factors
in their respective hosts to tune their activity in vivo. This
might explain why complementation of RNase E by RNase
Y was not very successful; survival of E. coli depleted of
RNase E and expressing RNase Y could only be observed
in special media and growing the cells for up to 2 weeks (30).

We have previously tried to replace RNase Y in B. subtilis
by E. coli RNase E and these earlier experiments encour-
aged us to carry out a comprehensive study on how and to
what extent RNase E might be able to make up for RNase
Y in B. subtilis. We observed a surprisingly efficient com-
plementation of an RNase Y null mutant by RNase E, with
respect to recovering growth as well as restoring transcrip-
tion profiles of individual genes and on a global scale. Full-
length RNase E is clearly the most successful in replacing
RNase Y over shorter forms of the enzyme. However, it is
the membrane localization of RNase E that turned out to be
the single most relevant parameter. Our data provide clear
in vivo evidence for the convergent evolution of RNases E
and Y and support the notion ‘different enzymes - similar
strategies’ characterizing bacterial mRNA degradation and
processing. It will also now be possible to compare major
critical parameters that determine substrate specificity for
both enzymes in vivo.

MATERIALS AND METHODS
Bacterial strains and growth conditions

The B. subtilis strains used in this work are derivatives of
strain SSB1002, a wild-type laboratory stock strain derived
from strain 168. E. coli strain JM109 was used for plasmid
constructions, and E. coli XL1-Blue for site-directed mu-
tagenesis experiments. B. subtilis and E. coli strains were
grown at 37°C in LB medium with aeration. When required,
the following antibiotics were added to the medium: chlo-
ramphenicol (5 wg/ml), spectinomycin (100 wg/ml) for B.
subtilis and ampicillin (200 wg/ml) for E. coli. The B. sub-
tilis rny deletion strain SSB503 was constructed by replac-
ing the rny ORF in phase with the ORF encoding the

chloramphenicol acetyltransferase from the S. aureus plas-
mid pC194. B. subtilis strains SSB500, SSB498, SSB502
and SSB508 contained xylose-inducible copies of wild type
(pHMK?7), aa 1-688 (pHMKJ5) and aa 1-529 (pHMKS) ver-
sions of E. coli RNase E or the empty pDR160T plasmid,
respectively, integrated in single copy at the amyE locus and
were transformed in a second step with chromosomal DNA
of strain SSB503 to delete the rny gene. SSB507 is wild-type
for rny and contains the empty pDR160T vector integrated
at amyE. Expression of E. coli RNase E was induced by the
addition of 50 mM xylose to the medium.

Growth of strains was monitored on solid media (LB or
SMS, containing 50 mM xylose). Fresh overnight colonies
were resuspended in PBS buffer (137 mM NaCl, 10 mM
phosphate, 2.7 mM KCI, pH 7.4) to an OD600 = 0.5 and
spotted on the plates in serial 10-fold dilutions. LB plates
were incubated O/N and SMS plates for at least 48h at
37°C.

Plasmid constructs

pDRI60T. Plasmid pDRI160T is based on pDR160
[amyE::Psweet-xyIR (spec)], an ectopic integration vector
containing the xylose-inducible Psweet promoter (31), D.
Rudner, unpublished). The transcription terminator of the
B. subtilis rnjA gene was inserted at the BamHI site of
pDR160 in order to terminate the transcripts transcribed
from the xylose inducible promoter. The BamHI site up-
stream of the terminator remains functional for cloning.
The inserted sequence at the BamHI site (underlined)
is GGATCCACAGAAAAAGAGGCACTCCCTAAGGG
AGTGCCTCTTTTTATTTGATCC.

pHMKS5. Plasmid pHMKS contains a shortened version
of the E. coli rne gene, encoding a truncated RNase E (aa 1-
688) under the control of the xylose-inducible promoter and
the Shine-Dalgarno sequence of the B. subtilis thrZ gene.
A 2 kb PCR fragment (oligonucleotides HP1568-HP1569)
was cleaved with Pacl and BamHI and inserted into the vec-
tor pDR160T cleaved with Pacl-BamHI.

pHMK?7. Plasmid pHMK7 contains the full-length E. coli
rne gene, encoding wild type RNase E (aa 1-1061) un-
der the control of the xylose-inducible promoter and the
Shine-Dalgarno sequence of the B. subtilis thrZ gene. A 3.2
kb PCR fragment (oligonucleotides HP1568-HP1590) was
cleaved with Pacl and Nhel and inserted into the ectopic
integration vector pDR160T cleaved with Pacl-Nhel.

pHMK7-AMTS. This plasmid corresponds to pHMK?7
but the E. coli rne gene lacks the MTS sequence. Using in-
verse PCR on pHMK7, 16 amino acids (residus 567-582)
were deleted from the rne ORF.

pHMKS. Plasmid pHMKS contains a shortened version
of the E. coli rne gene, encoding a truncated RNase E (aa
1-529) under the control of the xylose-inducible promoter
and the Shine-Dalgarno sequence of the B. subtilis thrZ
gene. A 1.6 kb PCR fragment (oligonucleotides HP1568-
HP1673) was cleaved with Pacl and BamHI and inserted
into the ectopic integration vector pDR160T cleaved with
Pacl-BamHI.



Oligonucleotides

HP857 AGAATTCTAATACGACTCACTATAGGAG
ATTAAGAAAGACACACG

HP1165 AAAACCCCGCCCCCTATGAAAG

HP1568 AATGATTAATTAAACAACAATGAATAAG
GAGTGTTCTAAAATGAAAAGAAT
GTTAATCAACGCAACT

HP1569 GATAGGATCCAATAAAAAGAGGCACTCC
CTTAGGGAGTGCCTCTTTTTCT
GTTTAACGTTTATCATCATTACGGCGGC
GG

HP1590 GATAGCTAGCAATAAAAAGAGGCACTCC
CTTAGGGAGTGCCTCTTTTTCT
GTTTACTCAACAGGTTGCGGACGCG

HP1673 GATAGGATCCTTTACAGCGCAGGTTGTT

CCGGACGCTTACG

Epi-fluorescence microscopy

GFP fluorescent images were taken with the Zeiss Axio
Imager M1 microscope equipped with an AxioCam MRm
camera (Zeiss) using filter set 10 (Zeiss). For the visualiza-
tion of cells from exponentially growing cultures, overnight
cultures in LB medium were diluted to OD%® ~0.1 and
grown at 37°C in fresh LB medium for at least three
generations. Cells were mounted on 1% (w/v) agarose
pads and images acquired by an AxioCam camera MRm
(Zeiss) using a 1.3 NA x100 oil objective on a phase-
contrast/fluorescence microscope (Zeiss Axio Imager M1).

RNase cleavage assays

As substrate we used a 279 nt T7 RNA polymerase in
vitro transcript of the thrS leader mRNA generated from
a PCR template obtained with oligonucleotides HP857
and HP1165. The 3’ end of the transcript corresponds to
the fourth U residue at the end of the leader terminator
structure. Cleavage reactions were carried out in 10 pl re-
actions as described previously (32) using approximately
0.2 pmoles 5" [**P]-end-labeled monophosphorylated thrS
leader mRNA and 10 pmol of the respective enzymes.
RNase Y and RNase J1 were purified as 6xHis-tagged pro-
teins as described previously (32) and unmodified RNase
E (aa 1-528) was purified from a C-terminal intein fusion
construct according to the manufacturer (Biolabs, plasmid
pTYB2). Control reactions were performed by incubating
the substrate with the reaction buffer alone. Samples were
extracted with phenol/chloroform and reprecipitated prior
to gel analysis to avoid retention of RNA by the ribonucle-
ase. The samples were analyzed on 5% denaturing polyacry-
lamide urea gels. Radioactive signals were visualized by a
Typhoon FLA 9500 biomolecular imager (GE Healthcare).
Images were treated with Image J software.

Northern blot

RNA blot analysis was carried out using 5 pg of total RNA
separated either on a 1% formaldehyde-agarose or 10%
acrylamide-urea gels (10% PAA, 0.5 g/ml urea, 1x Tris— bo-
rate) and electroblotted onto Hybond N+ membranes (GE
Healthcare). RNA was cross-linked to the membrane at 120
mJ cm 2 for 1 min. RNA probes were denatured at 80°C for
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3 min, kept on ice for 2 min and then added to the prehy-
bridized membranes (Amersham Rapid-hyb buffer) for hy-
bridization at 70°C for 2 hours. Membranes were washed
at 68°C with washing solutions I (2 x SSC and 0.1% SDS),
IT (1 x SSC and 0.1% SDS) and III (0.5 x SSC and 0.1%
SDS) for 15 min each. The signals were detected with a GE
Healthcare Typhoon FLA 9500 imaging system. 5S rRNA
(5S) was used as loading control.

Western blot

For Western blot analysis, 20 pg of protein extract prepared
as described previously (33) was separated by SDS-PAGE
(10%). After electrophoretic transfer of the proteins, the ni-
trocellulose membrane (GE Healthcare) was stained with
amido black to check for equal transfer across all lanes. The
membrane was blocked for 1 h with 5% BSA in phosphate-
buffered saline (PBS)-Tween buffer (100 mM NaH,PO4—
Na,HPOy, pH 7.4, 100 mM NacCl, 0.1% Tween) and incu-
bated with polyclonal RNase E antiserum or a monoclonal
RNase Y antibody diluted in PBS-Tween for at least 4
h. Signals were detected by ECL chemiluminescence (BIO-
RAD, ClarityTM Western ECL) associated with a CCD
camera (BIO-RAD ChemiDoc XR System+). When neces-
sary, ECL detected proteins were quantified by ImageLab
software (Bio-Rad).

Transcriptome analysis

RNA samples were treated with the Ribo-Zero Kit for
Bacteria to remove ribosomal RNA (rRNAs). Multiplex
RNA-Seq libraries were prepared with the Illumina TruSeq
Stranded Total RNA Sample Preparation and sequenced
(HiSeq2000). The complete genome sequence of the Bacil-
lus subtilis subsp. subtilis str. 168 (NCBI accession num-
ber for chromosome: NC_000964.3) and its annotation were
retrieved from the NCBI: (https://www.ncbi.nlm.nih.gov/
genome/?term=Bacillustsubtilis) and from Subtiwiki (34).
Reads processing, mapping and differential gene expression
analysis were performed according to (35). Briefly, single-
end 100-nt reads were mapped to the reference genome us-
ing bwa and allowing soft-clipping in the alignment param-
eters (bwa mem) (36). Analysis of the mappings used sam-
tools for processing, sorting and indexing of the alignment
files; BEDtools for computing coverage; the IGV browser
for displaying the alignment files (36-38). Reads counts
were normalized either as reads per million (RPM) or as
transcripts for million (TPM). Differential gene expression
analysis between strains was performed with the EdgeR
package (39) using the Trimmed Mean of M-values (TMM)
scaling factor as normalization method. Gene features were
considered as significantly up- or down-regulated in the
mutants versus WT samples if the log2 fold-change (FC)
ratio was >1 or <-1 and the p-value adjusted for multi-
ple testing False Discovery Rate (FDR) calculated using
the Benjamini-Hochberg (BH) method in edgeR was equal
or lower than 5% (FDR < 0.05). Multi-dimensional scal-
ing (MDS) and MA plots (visualizing measurement differ-
ences between two samples by transforming the data onto
M (log ratio) and A (mean average) scales) were generated,
respectively, through the ‘plotMDS.dge’ and the plotSmear
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Figure 1. Domain composition of E. coli RNase E (1061 aa) and B. subtilis RNase Y (520 aa) monomers. RNase E is composed of the N-terminal catalytic
region (NTH, aa 1-529) and the C-terminal noncatalytic region (aa 530-1061). The catalytic region contains a large globular domain which is a composite
of recurrent structural subdomains (50) and a small folded domain (aa 415-529). The C-terminal half (CTH) of the protein is predicted to be unfolded but
contains microdomains that mediate interactions with the inner plasma membrane (MTS) and other components of the degradosome (the helicase RhiB,
enolase, and PNPase). AR1 and AR2 are arginine-rich segments probably involved in RNA binding (51). B. subtilis RNase Y (520 aa) has a completely
different domain structure including an N-terminal transmembrane domain (aa 1-25) anchoring the protein at the inner membrane, followed by a large
region predicted to be disordered (aa ~30-210), an RNA binding KH domain (aa 211-270) and a metal-chelating HD domain (aa 336-429) containing

the conserved His/Asp motif required for RNase activity (1).

functions of the edgeR package. Raw sequencing data are
deposited at the NCBI Sequence Read Archive accession
number (SRA) SUB8491357.

RESULTS
E. coli RNase E can restore growth of a B. subtilis rny mutant

We used a B. subtilis RNase Y knockout mutant to ana-
lyze whether E. coli RNase E can productively replace the
Bacillus enzyme. Since a Arny strain could not be trans-
formed we first inserted genes encoding different versions
of E. coli RNase E under the control of a xylose-inducible
promoter in single copy at the amyE locus. This includes
four gene constructs that express wild type RNase E (1061
amino acids (aa)), a full-length enzyme lacking the mem-
brane tethering sequence (MTS, A567-582), a 688 aa trun-
cated version that retains the MTS sequence but lacks the C-
terminal scaffold required for degradosome formation and
a 529 aa construct that corresponds to the catalytic domain.
A schematic of the RNase E and RNase Y domain struc-
tures is shown in Figure 1. A complete deletion of the rny
open reading frame between the start and stop codons was
introduced in a second step as described in Materials and
Methods.

The B. subtilis Arny strain (SSB503) is viable but has a
severe growth defect. Even in rich medium (LB) at 37°C the
cells reached a maximal cell density of 0.4-0.5 that slowly
decreases upon further incubation and growth in SMS min-
imal medium was difficult to monitor (data not shown).
We therefore compared growth of the various strains on
solid media. Expression of E. coli RNase E from the xylose-
inducible promoter can almost completely alleviate the
growth defect caused by the absence of RNase Y. Indeed,
both wild type RNase E (1061 aa) and the 688 aa trun-
cated version lacking the degradosome scaffold can restore
growth to almost wild type levels (Figure 2A). Even the

shortest tested version of RNase E (529 aa) correspond-
ing to the catalytic N-terminal half of the enzyme can sig-
nificantly restore growth of the Arny mutant. Interestingly,
full-length RNase E lacking the MTS sequence and thus lo-
cated in the cytoplasm (see below) was the least efficient in
compensating for the loss of RNase Y (Figure 2A). Com-
pensation of the rny mutant growth defect depended on the
induced expression of the plasmid encoded RNase E pro-
teins (Figure 2A, compare left and right panels).

The inducible expression of RNase E and the absence of
RNase Y in the B. subtilis strains was verified by Western
blot (Figure 2B/C). Despite expression under identical con-
ditions from the same transcriptional and translational sig-
nals the absolute intracellular levels of the different RNase
E versions varied considerably. The full-length wild type
protein migrating with an apparent MW of 180 kDa was
expressed most strongly including some degradation inter-
mediates similar to what we observed in E. coli (Figure 2B).
The lowest levels of expression were observed for the trun-
cated 688 aa and 529 aa RNase E proteins (Figure 2B) even
if their absolute levels are underestimated by a factor of ~2-
fold (see Discussion and Supplementary Figure S1). We also
measured the transcript levels of the RNase E versions from
RNA-Seq data generated from the mutant strains. Since dif-
ferences in gene length generate unequal read counts for
genes expressed at the same level (e.g. longer gene have more
reads), we normalized read counts for gene length and se-
quencing depth, generating TPM (transcript per million).
The rne (AMTS), rne (688) and rne (529) transcript levels
were about 20, 29 and 30% of that measured for wild type
rne (1061), respectively.

The effective deletion of the rny gene in the comple-
mented strains was confirmed by PCR (data not shown), ab-
sence of rny transcripts as revealed by lack of RNA-Seq cov-
erage (Supplementary Figure S2) and the absence of RNase
Y in total cell extracts as judged by Western blot (Figure
2C).
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Figure 2. Functional complementation of B. subtilis Arny by E. coli RNase
E. (A) Growth of a B. subtilis Arny mutant strain (SSB508) expressing dif-
ferent versions of E. coli RNase E. Cells from fresh colonies were resus-
pended and spotted in serial 10-fold dilutions on SMS medium agar plates
containing 50 mM xylose to induce RNase E expression. Plates were incu-
bated at 37°C for 48 h. (B) In vivo expression levels of RNase E variants
in B. subtilis Arny. A polyclonal antibody directed against E. coli RNase
E was used to estimate expression of the various RNase E proteins from a
xylose inducible promoter in a B. subtilis rny null mutant strain grown in
LB medium with (+) or without xylose (—). E1061 : wild type full-length
RNase E ; E688 : RNase E truncated after aa 688 ; E529 : RNase E trun-
cated after aa 529; EAMTS: full-length RNase E lacking the membrane
tethering sequence (A567-582). The last lane (Ec) is a positive control that
contains a total extract of E. coli strain JM109 grown in LB medium. (C)
Western analysis of RNase Y expression in the B. subtilis wild type and
the Arny strain expressing the various forms of RNase E using an RNase
Y specific antibody. The extracts analyzed were the same as those probed
with anti-RNase E antibodies (panel B). M: marker proteins.

Functional complementation of RNase Y by E. coli
RNase E was not dependent on the medium used to cul-
tivate the bacteria. In defined minimal medium (SMS-
fructose) we observed a very similar pattern of growth re-
covery (data not shown).

The N-terminal transmembrane domain (aa 1-20) an-
chors RNase Y to the inner membrane (Figure 3A). In E.
coli, RNase E tethers to the inner membrane via a 15 amino
acid sequence (MTS) that forms an amphipathic helix. We
wanted to know whether RNase E behaves in a similar way
when expressed in B. subtilis. In order to visualize the pro-
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tein in the cell we fused a green fluorescent protein (GFP)
to the C-terminal end of the four RNase E constructs used
for complementation. As expected, both wild type RNase E
and the 688 aa version located primarily to the cell periph-
ery (Figure 3B and D). In contrast, the catalytic N-terminal
half of RNase E (529 aa) and the full-length enzyme lacking
the MTS are dispersed uniformly in the cytoplasm (Figure
3Cand E). Wild type B. subtilis cells grow as single or divid-
ing cells (Figure 3A) while the Arny mutant formed spirals
interspersed with long chains (Figure 3F). The mutant com-
plemented by RNase E grows as chains whether RNase E is
expressed as a GFP fusion protein or as a wild type protein
(compare Figure 3B and G).

RNase Y and RNase E can cleave at the same site in vitro

Depletion of RNase Y leads to an increase of many 5 UTR
encoded riboswitches including the #4rS leader (17) which
contains the elements required for tRNA mediated antiter-
mination (40). We have previously shown that an E. coli
RNase E degradosome preparation as well as B. subtilis
RNases J1 and J2 can cleave in vitro upstream of the thrS
leader terminator at the same site observed in vivo (41-43).

This prompted us to use the thrS 5’ leader sequence (279
nt) to compare the in vitro cleavage specificity of all three
enzymes, RNase Y, the catalytic N-terminal half of RNase
E (aa 1-529) and RNase J1. As shown in Figure 4, all three
enzymes can cleave at the same site, in a single stranded se-
quence 6-9 nucleotides upstream of the leader terminator
structure (Figure 4B). This corroborates previous observa-
tions that suggested a similar cleavage specificity for RNase
Y and RNase E on the one hand (12) and RNase E and
RNase J on the other hand (35,43).

Transcriptome analysis of Arny mutants expressing different
RNase E versions

In order to obtain a global view of how RNase E expres-
sion might compensate for the altered transcription pat-
terns of an RNase Y null mutant we sequenced the tran-
scriptome of the Arny, WT, Arny + Pxyl-rne(1061), Arny
+ Pxyl-rne(AMTS), Arny + Pxyl-rne(688) and Arny +
Pxyl-rne(529) strains (three replicates for each strain), us-
ing stranded RNA-Seq. A total of ~386 million raw se-
quencing reads was obtained from the transcriptomic anal-
ysis of 18 samples, with an average per sample of ~20-
million reads (Supplementary Table S1) mapped to the B.
subtilis genome.

The presence of reads corresponding to the various E. coli
rne gene constructs integrated at the amyE locus confirmed
the successful expression of the full-length and shortened
versions of RNase E (Figure 5A).

To explore differential gene expression between all
strains, we measured the distance of gene expression val-
ues between any pair of samples. Our datasets included
the analysis of 3932 RNA features including open read-
ing frames (ORFs) and untranslated regions (UTRs, ri-
boswitches, small RNAs) derived from the chromosome
and retrieved from Subtiwiki (34). On a multidimensional
scaling (MDS) plot (Figure 5B), the triplicates within each
group (strain) clustered closely, indicating similar gene ex-
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Figure 3. Localization of E. coli RNase E variants in B. subtilis by fluorescence microscopy. B. subtilis strains expressing GFP fusion proteins of RNase Y
or various RNase E versions expressed from a xylose inducible promoter (panels A-E) were grown in LB medium to mid-log phase and imaged. Panels F
and G show phase contrast images of the Arny mutant (F) and the same mutant expressing wild-type RNase E without the GFP moiety (strain SSB500).

pression patterns and consistency between biological repli-
cates. A certain degree of dissimilarity was instead observed
among the different groups. The Arny and Arny + Pxyl-
rne(529) strains were very close on the MDS plot indicat-
ing similar expression levels (Figure 5B). Together with the
Arny + Pxyl-rne(AMTS) strain they were clearly separated
from the WT samples. By contrast, the Arny mutants ex-
pressing Pxyl-rne(1061) and Pxyl-rne(688) clustered sep-
arately but close to the WT (Figure 5B). This suggested
that localization to the membrane mediated by the MTS
sequence is important for RNase E when substituting for
RNase Y in vivo. These observations are corroborated by
the MA plots of the expression data (Figure 5B) which re-
late the ratio of level counts for each RNA feature between
WT and mutant strains against the average level counts for
each feature from all libraries. We applied a cutoff of log,-
FC>1and <—1ataFDR <0.05 to call for differentially ex-
pressed gene (DEGs) features (red dots above and below the
blue line in Figure 5C) and we categorized them into func-
tional groups according to Gene Ontology (GO) annotation
(Supplementary Tables S2 and S3). Compared to WT, the
Arny and the Arny strains expressing RNase E AMTS or
RNase E 529 had very similar numbers of DEGs (Table I):
1089, 1130 and 1149 upregulated features and 575, 500 and
789 downregulated features, respectively. Among the upreg-
ulated transcripts identified the majority were in common
with the Arny mutant, 73% for RNase E AMTS and 63%
for RNase 529.

By contrast, expression of RNase E 1061 and RNase E
688 strongly reduced the number of upregulated features

caused by the Arny phenotype to 368 and 537, of which 27%
and 54%, respectively, were common to the Arny mutant
(Table 1).

To take subsets of the most relevant genes within this
initial set of DEGs, we focused on the up-regulated genes
of the Arny mutant. An increased mRNA level in the mu-
tant is often an indication of the direct action of the RNase
on the substrate RNA while down-regulated mRNAs are
in large part caused by indirect effects as observed in most
RNase related transcriptome studies. Of the 1089 RNA fea-
tures up-regulated in the Arny mutant, 759 transcripts were
restored to WT levels in the strain expressing E. coli wild
type RNase E (Supplementary Table S1). 43% of them (326
in total) belonged to the GO categories ‘undefined’, “un-
known,” and ‘general function prediction’. Other well repre-
sented functional categories concern ‘amino acids transport
and metabolism’ (~6%), ‘transcription’ (~6%) and ‘cell
wall/membrane’ (~5%). Genes involved in the initiation of
DNA replication (dnaA, dnaB, dnaFE,dnaX), in biosynthe-
sis of teichoic acid (tagG, tagB, tagH, tagO) and in transla-
tion (rpsO, rpsB) were among 52 essential genes that were
upregulated in the Arny mutant. Of these 32, 30, 15 and
13 transcripts were restored to WT levels upon expression
of wild-type RNase E, RNase 688, RNase E AMTS and
RNase E 529, respectively. Even though there is no direct
link, these results are consistent with the capacity of the in-
dividual proteins to restore growth (Figure 2A).

Interestingly, among the ‘complemented’ 759 mRNAs,
the levels of 342 transcripts depended on the presence of
the MTS domain only, since they were up-regulated in the
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AMTS strain and the E529 strain. RNase E (688) which
lacks the degradosome scaffold was also quite efficient in
replacing RNase Y by restoring more than half (553) of the
upregulated RNAs in the Arny mutant. This contrasts with
the two cytoplasmically located RNase E variants (AMTS
and 529) whose global transcript profiles resemble that of
the Arny mutant (Figure 5C and Table 1).

A similar pattern emerged when we analyzed 40 non cod-
ing RNAs, mostly riboswitches and small RNAs, that were
upregulated in the Arny mutant (Supplementary Table S4).
A majority of them (22) were reduced to wild type levels
in the presence of full-length RNase E, among which the
levels of 12 transcripts depended on the presence of the
MTS domain only and 9 on both the degradosome scaf-
fold and the MTS. RNase E 688 and cytoplasmic RNase E
AMTS and 529 restored normal levels only for 14, 9 and
7, respectively, of the upregulated RNAs (Supplementary
Table S4).

The impact of RNase Y depletion on antisense RNAs
was generally less important compared to translated RNAs,
in agreement with previous transcriptomic work (17). When
we examined the RNA-seq coverage of antisense RNAs
(Supplementary Table S5), we found that 211, 217 and 224
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transcripts were increased in the Arny, the RNase E AMTS
and RNase E 529 strains, respectively, but only 89 and 151
antisense RNAs were upregulated in the mutant expressing
membrane bound wild-type RNase E or RNase E 688.

Compensation of RNase Y by RNase E in modulating specific
transcripts levels in vivo

We carried out Northern blots of specific transcripts to con-
firm the RNA-Seq data and to obtain a more precise pic-
ture to what extent E. coli RNase E can restore the pat-
terns and levels of specific transcripts altered by the ab-
sence of RNase Y (Figure 6). In the first example, we looked
at the thrS leader also used for the in vitro activity assays.
As expected, the prematurely terminated leader transcript
is almost undetectable in the wild type strain but accumu-
lated in the Arny strain. In good agreement with the RNA-
Seq profile (Figure 6, right panel) full-length RNase E was
very efficient in compensating RNase Y and reduce the 279
nt leader transcript to a very low level. The other three
RNase E versions tested were also able to reduce the high
thrS leader transcript level caused by the absence of RNase
Y, but less efficiently. Cleavage of the thrS leader mRNA
has previously been used as an assay to identify RNases
J1/J2 (43) and generally RNase J is more efficient in cleav-
ing this substrate in vitro than RNase Y (Figure 4A). We
therefore analyzed which of the two enzymes contributes
most to the cleavage of the prematurely terminated 5 UTR
in vivo. Quantification of the t4rS leader levels showed a
29-fold increase in the Arny mutant compared to a wild
type strain (Figure 6, thrS, lower panel). By contrast, in a
rnj4/rnjB double mutant and a rnjB mutant strain express-
ing no RNase J or only RNase J1 the thrS leader is only
induced 4- and 3-fold, respectively (Figure 6, t4rS). This in-
dicates that in vivo RNase Y is the major enzyme involved in
the decay initiating cleavage of the terminated thrS 5’ UTR
(> 85%).

The znuAd (adcA) gene encodes a zinc-binding lipopro-
tein which together with the products of the two down-
stream genes znuC and znuB constitutes an ABC trans-
porter responsible for zinc uptake (44). The 400 3’ proxi-
mal nucleotides of the znuA mRNA are transcribed as a non
coding RNA from an internal sigma A promoter which, as
a direct substrate of RNase Y, is only detected in the ab-
sence of RNase Y (17). Similarly, to what we observed for
the thrS leader, full-length RNase E can completely replace
RNase Y and restore the transcription pattern of the wild
type strain (Figure 6, znuA). RNase E 688 lacking the degra-
dosome scaffold is also very efficient in cleaving this RNA,
significantly better than the two cytoplasmic RNase E pro-
teins (AMTS and 529).

A similar pattern was also observed for the g/t A-gltB bi-
cistronic mRNA encoding the two subunits of glutamate
synthase (Figure 6, gltA), the tagD mRNA (Figure 6, tagD)
and the SAM riboswitch leader transcript of the yitJ gene
(Figure 6, yitJ). However, the accumulation of the 2.2 kb
cggR-gap A transcript caused by the absence of RNase Y
processing could only be reversed by the full-length cyto-
plasmic version of RNase E and to some extent by the
RNase E 688 construct (Figure 6, gapA4).
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Table 1. Number of up- and downregulated transcripts with a log, fold-
change (FC) > 1 or <-1 (FDR < 0.05) in mutants strains compared to
WT

No.
No. upregulated  downregulated

Strain, relevant genotype transcripts transcripts
SSB508 Arny 1089 575
SSB500 Arny + rne(1061) 368 662
SSB498 Arny + rne(688) 536 537
SSB502 Arny + rne(529) 1130 500
SSB572 Arny + rne(1061-AMTS) 1149 789

DISCUSSION

A principal contribution of this study is the observation that
E. coli RNase E can effectively replace RNase Y in B. sub-
tilis. The extent of this compensation is quite surprising. We
have shown that wild type RNase E can rescue the poor
growth phenotype of a mutant lacking RNase Y. The pres-
ence of the RNase E degradosome scaffold is not crucially
important for the capacity of RNase E to complement for
RNase Y. RNase E 688 restored growth almost as efficiently
as full-length RNase E and while the latter reduced 70% of
the upregulated transcripts in the rny mutant to wild type
levels, RNase E 688 still compensated for RNase Y in over
50% of these transcripts. We do not know whether an E.
coli like degradosome can form in B. subtilis. However, the
high variability and apparently independent acquisition of
microdomains serving as binding sites for e.g. PNPase in
different bacteria (45,46) are not in favor of the formation
of such a complex in B. subtilis.

On the other hand, membrane localization of RNase E
is likely the single most important parameter that deter-
mines the overall efficiency with which the E. coli enzyme
compensates for RNase Y in B. subtilis. RNase E AMTS
and RNase E 529 clearly localize in the cytoplasm indicat-
ing that the amphipathic helix of the MTS is required and
sufficient to tether E. coli RNase E to the inner membrane
in B. subtilis as in E. coli. Full-length RNase E AMTS is
very inefficient in restoring growth of the rny mutant, even
more than RNase E 529 which contains only the catalytic
N-terminal half of RNase E. Corroborating this observa-
tion, almost half of the upregulated transcripts restored to
wild type levels in the presence of RNase E are not respon-
sive to RNase E AMTS. The presence or absence of the
MTS sequence does not significantly impact the enzymatic
parameters of E. coli RNase E in vivo and in vitro (11). The
strong decrease in biological activity of cytoplasmic R Nase
E in vivo is somewhat surprising but reflects a recent sim-
ilar observation made in the natural host E. coli (11). We
also found no correlation between increased mRNA levels
and the function or cellular location of encoded proteins.
In general, upregulation of translated mRNA, non-coding
RNAs and antisense transcripts alike caused by the absence
of RNase Y was less efficiently corrected by the cytoplasmic
versions of RNase E.

In order to compare the functional activity of the dif-
ferent RNase E versions in vivo we took care to express
the genes from identical transcription and translation sig-
nals. Nevertheless, the four RNase E proteins were present
at very different levels in B. subtilis. From the RNA-Seq
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data it appears that the mRNA levels of the AMTS and the
two shorter RNase E forms are significantly lower than for
the full-length enzymes. However, we cannot exclude dif-
ferential protein stabilities in the heterologous host, even in
E. coli cytoplasmic RNase E is unstable compared to the
wild type membrane tethered protein (11). The high levels
of wild-type RNase E that accumulate in B. subtilis could be
related to the clearly visible formation of higher order struc-
tures (foci) that might confer greater stability to the pro-
tein. This accumulation critically depends on the presence
of the C-terminal degradosome scaffold as the membrane
tethered RNase E688 protein appears highly unstable. We
also carried out Western blots comparing anti-RNase E
and anti-GFP antibodies on protein extracts from strains
expressing the various GFP fusion proteins (Supplemen-
tary Figure S1). By comparing the expression levels mea-
sured by probing with RNase E and GFP antibodies, re-
spectively, we could determine that the RNase E antibod-
ies detected the truncated RNase E versions with reduced
efficacy, but less than ~2-fold. The presence of the GFP
moiety greatly affected protein abundance when compared
to the RNase E constructs without GFP. The levels of the
full-length GFP constructs were reduced while those of the
truncated versions were strongly increased (Supplementary
Figure S1). This is not faithfully reflected in the fluorescence
microscopy images which were variably exposed to obtain
images of comparable intensity to better reveal their cellu-
lar localization. Growth of strains containing the GFP con-
structs grew similarly to strains containing constructs with-
out GFP (data not shown). The fluorescence microscopy
images also show that the filamentous phenotype caused by
the rny mutation cannot be reversed by the expression of
wild type RNase E or any of the truncated versions. This
phenotype is not due to the presence of the GFP moiety as
cells expressing wild-type RNase E without GFP also grow
in chains (Figure 3G). Similarly, natural competence lost in
the Arny mutant is not recovered by expressing RNase E
(data not shown).

However, expression levels of RNase E are likely no cru-
cial parameter as the RNase E 688 lacking the degradosome
scaffold is expressed much weaker than the wild type and
also the RNase E 529 protein (see Figure 2B), yet it supports
growth of the Arny mutant almost as efficiently as wild type
RNase E.

Our in vitro data confirm that all three enzymes B. sub-
tilis RNases J1/J2 and Y as well as E. coli RNase E can
cleave the thrS 5 UTR substrate at the same site (Figure
4B). This indicates that common cleavage parameters in-
cluding a low sequence specificity and secondary structure
context have evolved by convergent evolution and are a hall-
mark of the major RNA decay-initiating enzymes. However,
in vivo the situation is likely not so clear-cut. Other factors,
as intracellular localization, interaction with other proteins
or RNAs and the translation process itself provide ample
room to modulate their action in enzyme and/or species-
specific ways.

Interestingly, the RNase E proteins containing the MTS
sequence tether to the B. subtilis membrane as they do in
E. coli and they form foci which appear to be much more
prominent than those observed in E. coli (Khemici et al.,
2008). It remains to be seen whether these foci also re-
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sult from transient clustering of RNase E into cooperative
degradation bodies as has been proposed in E. coli (10). The
efficient replacement of RNase Y by RNase E in B. subtilis
was first of all perceptible by recovering wild type growth of
a Arny mutant. This phenotype is accompanied by a quite
impressive recovery of wild type levels for hundreds of tran-
scripts. We have analyzed more than ten different mRNAs
that are known substrates of RNase Y by Northern analy-
sis. We found that, in almost all cases, induced expression of
wild type RNase E was sufficient to restore the altered tran-
script profile observed in the Arny strain to the wild type
pattern. However, specific constraints exist that differentiate
the accessibility of individual cleavage sites, e.g. the cleav-
age in the cggR mRNA (gapA operon) was only recovered
by expressing full-length cytoplasmic RNase E (AMTS) but
not the membrane tethered wild type enzyme nor the short
cytoplasmic form (see Figure 6).

Small non-coding RNAs and many 5" UTRs containing
riboswitches require cleavage by RNase Y to induce their
turn-over. Wild-type RNase E was clearly the most effi-
cient in replacing RNase Y (22 out of 40) and about 60%

of the restored cleavages required the MTS sequence and
thus membrane localization. It is noteworthy that in general
all the substrates cleaved by the less efficient RNase E ver-
sions AMTS, 688 and 529 are a subgroup of the substrates
recognized by WT RNase E. This suggests that membrane
tethering of RNase E is important for the cleavage of most
untranslated RNAs and that cytoplasmic versions of the en-
zyme cannot recruit additional substrates. A future analysis
of a cytoplasmic version of RNase Y will shed more light on
how far the analogy with RNase E goes.

We have initially identified RNase Y as well as RNase
J1/J2 as endoribonucleases with a cleavage specificity sim-
ilar to E. coli RNase E (12,43). At present, we know that
in B. subtilis RNase Y is undoubtedly the major enzyme
initiating global mRNA decay and bulk mRNA is stabi-
lized in its absence (12). However, this does not exclude a
role for the endonucleolytic activity of RNase J. In order
to directly compare the predicted RNase E-like activity of
RNases Y, E and J we chose the thrS leader mRNA as
a substrate. This allowed to show that all three ribonucle-
ases can indeed cleave at the same site in a single substrate



(Figure 4). We previously found that cyanobacterial or-
thologs of RNase E and RNase J have an endonucleolytic
cleavage specificity that is very similar between them and
also compared to the orthologous enzymes in E. coli and
B. subtilis (35). Together, our in vitro data support the view
that the three totally unrelated ribonucleases Y, E and J have
evolved independently towards a common activity and been
maintained in bacteria throughout evolution. The presence
of more than one of these nucleases in a bacterium obvi-
ously complicates the analysis of the individual contribu-
tion of each enzyme to RNA metabolism. In the case of
the prematurely terminated #4rS leader transcript we could
show that in vivo RNase Y is the principal enzyme initiating
the degradation of this short RNA, whereas RNase J1/J2
accounts for less than 20% of this activity (Figure 6). We
cannot yet conclude on which of the two enzymes is pri-
marily involved in cleaving the same RNA in the context
of the longer #4rS read-through transcript which might oc-
cur in a different structural context, i.e. the antiterminator
conformation.

The simple presence of two or more of the three ma-
jor decay initiating enzymes RNase Y, E and J therefore
does not allow to draw any conclusions on their respec-
tive importance in mRNA metabolism. For example, in
S. aureus the global contribution of RNase Y in mRNA
processing/degradation is much more limited than in B.
subtilis (17,47,48). RNase J has a much greater effect than
RNase Y on mRNA steady state levels in this organism (49).

There exists a variety of parameters that obviously play
a role in coordinating and regulating initiation of mRNA
decay, including RNA secondary structure, formation of
degradosome-like complexes, intracellular localization of
substrates and enzymes. The observation that RNase E can
substitute quite efficiently for RNase Y in B. subtilis paves
the way for further experiments that will allow to study and
compare two completely unrelated key ribonucleases in vivo
in the same cellular context. This should shed light on evo-
lutionarily conserved parameters that govern initiation of
bacterial mRNA decay.
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