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SR7 – a dual-function antisense RNA from Bacillus subtilis
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ABSTRACT
Here, we describe SR7, a dual-function antisense RNA encoded on the Bacillus subtilis chromosome. This 
RNA was earlier described as SigB-dependent regulatory RNA S1136 and reported to reduce the amount 
of the small ribosomal subunit under ethanol stress. We found that the 5ʹ portion of SR7 encodes a small 
protein composed of 39 amino acids which we designated SR7P. It is translated from a 185 nt SigB- 
dependent mRNA under five different stress conditions and a longer SigB-independent RNA constitu-
tively. About three-fold higher amounts of SR7P were detected in B. subtilis cells exposed to salt, ethanol, 
acid or heat stress. Co-elution experiments with SR7PC-FLAG and Far-Western blotting demonstrated that 
SR7P interacts with the glycolytic enzyme enolase. Enolase is a scaffolding component of the B. subtilis 
degradosome where it interacts with RNase Y and phosphofructokinase PfkA. We found that SR7P 
increases the amount of RNase Y bound to enolase without affecting PfkA. RNA does not bridge the 
SR7P-enolase-RNase Y interaction. In vitro-degradation assays with the known RNase Y substrates yitJ 
and rpsO mRNA revealed enhanced enzymatic activity of enolase-bound RNase Y in the presence of 
SR7P. Northern blots showed a major effect of enolase and a minor effect of SR7P on the half-life of rpsO 
mRNA indicating a fine-tuning role of SR7P in RNA degradation.
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Introduction

Although short open reading frames (sORFs) are present in 
all genomes, they have often been missed in annotations. 
Therefore, small proteins comprising less than 50 amino 
acids (aa) are understudied. Nevertheless, a number of small 
proteins involved in different pathways have been identified 
serendipitously and investigated in more detail (rev. in [1–3]). 
Only recently, some focused efforts were made to study whole 
peptidomes (rev. in [4]). Among the few peptides studied so 
far are type I toxins that are often integrated into the mem-
brane (rev. in [5]), chaperones of nucleic acids and metals, 
membrane components, factors stabilizing or disrupting lar-
ger protein complexes and regulatory peptides.

Type I toxins usually encompass <50 aa and either induce 
pores in bacterial membranes, act as RNase or DNase or interfere 
with cell envelope biosynthesis without affecting the membrane 
potential (rev. in [5]), like B. subtilis BsrG [6]. To be inserted into 
the membrane, these peptides carry trans-membrane domains.

RNA chaperones like Hfq (60–100 aa) and CsrA (≈60 aa) 
belong to small proteins and have been studied in much detail 
[7–10]. In addition, in B. subtilis, the small proteins FbpA (59 
aa), FbpB (53 aa) and FbpC (29 aa) were proposed to be 
potential RNA chaperones [11]. Among them, FbpB has 
been shown to be required for the action of the sRNA FsrA 
on certain target mRNAs [12], although no biochemical ana-
lyses have been performed so far to demonstrate its RNA 
binding activity. By contrast, other peptides bind metal ions, 
as e.g. E. coli MntS (42 aa) that binds manganese and delivers 
it to other proteins [13].

SpoVM (26 aa) from B. subtilis [14] whose NMR structure 
has been solved recently [15] is an example for a small protein 
as membrane component. It recognizes – most probably as 
multimer – convex membrane curvature, acts as a cue for the 
deposition of the endospore coat and tethers the endospore 
coat to the developing forespore [16].

An example for a small protein interacting with 
a regulatory protein in B. subtilis is Sda (46 aa) that inhibits 
KinA, the first kinase needed for activation of the key reg-
ulator of sporulation Spo0A [17]. A small protein that dis-
rupts a large complex is the 40 aa comprising B. subtilis MciZ 
[18]. It binds to the C-terminal polymerization interface of 
FtsZ, where it causes shortening of protofilaments and blocks 
the assembly of higher order FtsZ structures [19].

Small regulatory RNAs (sRNAs), the most important post-
transcriptional regulators in all three kingdoms of life, can act 
by base-pairing or by protein-binding [20–23]. Chromosome- 
encoded sRNAs inhibit or activate translation or affect RNA 
stability, although the detailed mechanisms vary. The majority 
of base-pairing sRNAs do not comprise an ORF and are, 
therefore, not translated. However, a handful of trans- 
encoded sRNAs contain an ORF and have two functions, 
a base-pairing and a peptide-encoding. They have been desig-
nated dual-function sRNAs [24]. To date, only one dual- 
function sRNA from Gram-negative bacteria, SgrS [25], is 
known and has been intensively studied, whereas the other 
dual-function sRNAs are encoded in the genomes of Gram- 
positive bacteria: RNAIII (rev. in [26]) and psm-mec RNA 
from Staphylococcus aureus [27], Pel RNA from Streptococcus 
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pyogenes [28] and SR1 from Bacillus subtilis [29–32]. SR1 
encodes a 39 aa protein, SR1P, which interacts with the 
glyceraldehyde-3P-dehydrogenase A (GapA), thereby promot-
ing the interaction of GapA with RNase J1 and increasing 
RNase J1 activity [33]. On a few other sRNAs, small ORFs 
have only been detected, but it has not been elucidated so far 
whether or not they are translated and what their biological 
functions are [24].

We chose ncr2360 RNA that was originally found in 2010 
[34] among 54 newly identified sRNAs from B. subtilis to 
investigate the function of its encoded peptide. In preliminary 
experiments, we could detect the RNA in Northern blots and 
show – using a translational ncr2360-lacZ fusion under con-
trol of the heterologous promoter pIII [35] – that the putative 
ncr2360 SD sequence is recognized in B. subtilis. Here, we 
rename ncr2360 as sr7 and report that sr7 is transcribed from 
a SigB-dependent promoter under five stress conditions. Its 
encoded peptide SR7P (39 aa) is synthesized in B. subtilis 
under different stress conditions and additionally produced 
to a low extent from a longer RNA originating at a SigA- 
dependent promoter located 1.6 kb upstream. We demon-
strate that SR7P directly interacts with the glycolytic enzyme 
enolase which moonlights as scaffolding component in the 
putative B. subtilis degradosome [36]. The SR7P-enolase inter-
action promotes binding of RNase Y to enolase. SR7P does 
not seem to interact with the other scaffolding component, 
phosphofructokinase PfkA. In vitro RNA degradation assays 
and Northern blotting using two known RNase Y substrates 
reveal a contribution of SR7P to RNase Y-dependent RNA 
degradation. Interestingly, in 2015, SR7 was described as SigB- 
dependent antisense RNA S1136, which is convergently tran-
scribed to rpsD RNA and affects the amount of the small 
ribosomal subunit under ethanol stress [37]. However, it 
escaped the authors’ attention that S1136 contains an ORF 
which might code for a small protein. Based on their and our 
data, SR7 is the second dual-function regulatory sRNA found 
in Bacillus subtilis. In contrast to the trans-encoded sRNA SR1 
[30,38], SR7 is a cis-encoded bona-fide antisense RNA.

Results

Two independent RNA species are detectable in the 
intergenic region between tyrS and rpsD

The sr7 gene is located on the B. subtilis chromosome between 
the tyrS and rpsD genes and transcribed convergently to the 
rpsD gene (Fig. 1A, B). As Mars et al. had previously reported 
that S1136 – here renamed as SR7 – is transcribed under 
control of SigB and induced under ethanol stress [37], we 
mapped the transcriptional start site of SR7 under non-stress 
and five stress conditions. To this end, B. subtilis DB104 was 
cultivated at 37°C in TY medium, either induced with 4% 
ethanol, 0.5 M NaCl, 1 mM Mn2+, HCl (pH 5.0) or heat shock 
(transfer to 48°C) for 15 min, RNA prepared, treated with 
DNase and subjected to primer extension. For comparison, 
both an isogenic ΔsigB strain and a strain where the SigB- 
dependent promoter upstream of sr7 was deleted 
[DB104(Δpsr7)] grown under nonstress and ethanol stress 
conditions were used (Fig. 1C). Without treatment, we 

observed an extremely weak transcription start signal at the 
expected position 14 bp downstream of the −10 box of the 
SigB-dependent promoter and a second signal far upstream, 
which most probably originated at an upstream promoter 
(Fig. 1C). Under all stress conditions, we detected strong 
SigB-dependent signals, the strongest of them under ethanol 
stress. These signals were missing in the RNA from the ΔsigB 
strain as well as from DB104(Δpsr7) confirming that they 
originate at the SigB-dependent promoter psr7.

To find out if the bands upstream of the SR7 transcription 
start site in the primer extension experiment were processing 
products or derived from an additional upstream promoter, 
we employed RNA from a Δrny and a Δrnc strain in compar-
ison to the wild-type (Fig. S1). In case of the Δrny strain, the 
signal was strongly reduced and instead a new band appeared 
74 bp upstream, indicating that this band was a processing 
product from a longer RNA originating far upstream. As the 
only SigA-dependent promoter located upstream of psr7 is the 
tyrS promoter, these signals most probably originated there. 
We mapped the processing site of the longer SR7 species 
directly 3ʹ of the tyrS stop codon (see Fig. S1A). In the case 
of the Δrnc strain, the original signal disappeared and no 
upstream signal was detectable. This suggests that RNase III 
might be either involved in cleavage of a duplex formed 
between transcripts originating at the rpsD promoter and 
those originating at the tyrS promoter in the absence of stress 
or, alternatively, in cleavage of a longer double-strand formed 
within the tyrS transcript.

In summary, we conclude that two independent transcripts 
are observable in the intergenic tyrS-rpsD region, one – SR7 – 
originating at the SigB-dependent promoter psr7 and 
a processing product of a transcript from the SigA- 
dependent tyrS promoter.

The small protein SR7P is synthesized in B. subtilis, and 
its amount increases under NaCl, ethanol, acid and heat 
stress

In preliminary experiments, we employed a translational sr7p- 
lacZ fusion expressed under control of the constitutive strong 
promoter pIII [35] to investigate if the putative SD sequence 
of sr7p is recognized in B. subtilis. The results of β- 
galactosidase measurements indicated that this is the case 
(Fig. S2). To determine under which conditions the 39 aa 
protein SR7P is synthesized in Bacillus subtilis, strain 
DBSR7PF encoding a C-terminally FLAG-tagged peptide 
(SR7PC-FLAG) in its native locus was constructed as described 
in Materials and Methods. The SR7 transcriptional terminator 
was replaced by the heterologous BsrF terminator [39]. To 
confirm the synthesis of SR7PC-FLAG, 100 ml of strain 
DBSR7PF were grown in complex TY medium, not induced 
or subjected to different stresses for 15 min (NaCl, ethanol, 
low pH and heat-shock) and crude extracts prepared by 
sonication. After equilibration to the same protein amounts, 
they were passed through M2 anti-FLAG columns, elution 
fractions pooled, precipitated, separated in a 15% SDS-PAA 
gel and subjected to Western blotting using M2 anti-FLAG 
antibodies. In non-stressed DB104, a weak protein band could 
be visualized at ≈ 6.5 kDa (Fig. 2A) corroborating synthesis of 
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SR7PC-FLAG in B. subtilis. Without the column step, a protein 
of nearly the same size that unspecifically interacted with the 
FLAG antibodies masked the SR7P signal. 3.5-fold higher 
amounts of SR7PC-FLAG were detected under ethanol stress, 
and 2.5-fold higher amounts under salt stress and heat shock 
(Fig. 2A). This increase was lower than expected from the SR7 
signals in the primer extension experiment, but most probably 
due to the synthesis of certain amounts of SR7P already under 
non-stress conditions from the processing product of the 
SigA-dependent tyrS mRNA. The very weak SR7P signal 
obtained after acid stress was probably due to a reduced 
binding of SR7PC-FLAG after acid treatment to the anti- 
FLAG column. Therefore, strain DBSR7PS expressing 
C-terminally Strep-tagged SR7P was subjected to HCl stress, 

crude extracts prepared and passed through a Strep-Tactin 
column. Afterwards, a 3.6-fold increase in the amount of 
SR7P was detectable (Fig. 2C).

In an additional experiment, cultures were subjected to 
ethanol stress, time samples taken after 5, 10 and 20 min 
and analysed as above. Already 10 min after ethanol addi-
tion, the highest amount of SR7P was observed (Fig. 2B). 
This is in good correlation with a SigB-dependent response.

Northern blotting confirms the induction of 
SigB-dependent psr7 under five different stress conditions

To analyse all stress conditions under which sr7 is transcribed 
from the SigB-dependent promoter, B. subtilis strain DB104 was 
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TTGACA....TAAAAA TGATATA.....AATAAGAAA.....TCTTTTTGTTTACCGCATAGGAATGAAAGGAAAAGAGTATATTAG
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GATCTTTTTG TTTACCGCAT AGGAATGAAA GGAAAAGAGT ATATTAGATA GGGCAAACAC GACCAATCAC
CTAGAAAAAC AAATGGCGTA TCCTTACTTT CCTTTTCTCA TATAATCTAT CCCGTTTGTG CTGGTTAGTG

-35 -10

CACCTTTTAA ATGAAAGGAG CGCTAAAGCG TGAATCTCAT GTGTACGATT GCAAAAGAAC GGCTGCAGCG
SD start

GGATCATTGG GAGCAGCAGG CGCAAGATAG TGTTGGCCAG CAAGAGGCGA AAGCCGATAA AAAAACCCCG
CCTAGTAACC CTCGTCGTCC GCGTTCTATC ACAACCGGTC GTTCTCCGCT TTCGGCTATT TTTTTGGGGC

stop SR7 term
ACCGCATAGC GGCAGGGGTT TTTAAAACGA TTAACGAGAG TAGAACTCAA CGATAAGCGC TTCGTTAATT
TGGCGTATCG CCGTCCCCAA AAATTTTGCT AATTGCTCTC ATCTTGAGTT GCTATTCGCG AAGCAATTAA
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Figure 1. Location of the sr7 gene and determination of transcription start and processing sites.
(A) Schematic representation of the location of the sr7 locus on the B. subtilis chromosome. The direction of transcription is indicated by arrows. (B) Sequence of the 
sr7/rpsD locus. −35 and −10 boxes of the sr7 promoter is indicated. Start and direction of transcription are indicated by arrows and transcription termination is 
indicated by ‘sr7 term’. Start and stop codons of the sr7 ORF are in bold and the SD sequence is underlined. (C) Mapping of the 5ʹ ends of SR7 under different stress 
conditions. Primer extension was performed with primer SB3182 as described in Materials and Methods. For sequencing reactions with SB3182, pUC19-sr7Pro served as 
template. Below: Sequences of the tyrS promoter and the SigB-dependent sr7 promoter. TSS, transcription start site. Zigzag arrow, mapped RNase Y dependent 
processing site of the tyrS promoter derived transcript. 

106 I. UL HAQ ET AL.



grown in TY, either 4% ethanol, 0.5 M NaCl, 1 mM manganese 
or HCl to pH 5.0 added or the culture shifted from 37°C to 48°C 
(heat shock). After 15 min stress, aliquots were flash-frozen, total 
RNA prepared and subjected to Northern blotting. Upon stress, 
a strong SR7 band of ≈185 nt appeared which was not visible 
under non-stress conditions (Fig. S3). No induction of SR7 was 
observed under oxygen stress or deficiency, vancomycin or iron 
stress (not shown). In a rifampicin experiment, a half-life of 
≈29 min was determined for the 185 nt SR7 under NaCl stress 
conditions indicating that it is very stable (Fig. 3). The same 
stability was observed for SR7 after ethanol stress (Fig. S3B). In 
Fig. S3E Northern blots are displayed with samples from the 
isogenic wild-type, Δrny and Δrnc strains after induction with 
ethanol or NaCl. In all cases, the 185 nt long SR7 is visible under 
NaCl or ethanol stress. In addition – in contrast to primer 
extension which only shows 5ʹ ends of RNAs originating from 
psr7 or the upstream tyrS promoter – Northern blots reveal 

a number of longer sr7 transcripts differing in their 3ʹ ends 
that are due to read-through of the bidirectional terminator 
between sr7 and rpsD.

As sr7 is transcribed from the complementary strand to the 
essential rpsD gene, the entire sr7 gene cannot be simply 
deleted. Therefore, we added the heterologous BsrF termina-
tor [39] to the 3ʹ end of the rpsD gene and simultaneously 
replaced the sr7 gene including its promoter psr7 by the 
chloramphenicol resistance gene. The resulting strain DB104 
(Δsr7) was grown as above and induced with 0.5 M NaCl. 
Northern blotting confirmed that the knockout strain does 
not express the 185 nt SR7 (Fig. S3). Therefore, this strain was 
employed below to analyse the function of SR7P.

SR7P interacts with enolase

To identify potential interaction partners of SR7P, coelution 
experiments were performed. To this end, strain DBSR7PF 
expressing SR7PC-FLAG was grown in 0.8 l complex TY med-
ium. Strain DB104 expressing the untagged SR7P served as 
negative control. Crude extracts from both cultures were pre-
pared (see Materials and Methods), applied to M2 anti-FLAG 
columns and elution fractions analysed on 15% SDS-PAA 
gels. After staining, one band of about 50 kDa was visible in 
elution fractions two and three from DBSR7PF, whereas no 
bands were detected in the negative control (Fig. 4A). The 50 
kDa band was excised, subjected to tryptic in gel-digestion 
followed by mass spectrometry (see Materials and Methods) 
and identified to be enolase. To confirm the SR7PC-FLAG -Eno 
interaction, a reciprocal experiment was performed using 
strain DBSR7PFE encoding both N-terminally Strep-tagged 
enolase (EnoN-Strep) and in addition SR7PC-FLAG from their 
native loci. Cultures were grown under the same conditions as 
above, crude extracts prepared, applied to Strep-Tactin col-
umns, eluted with desthiobiotin, separated on 15% SDS-PAA 
gels and stained (Fig. 4B). Subsequent Western blotting with 
M2 anti-FLAG antibodies revealed a direct correlation 
between the amount of eluted EnoN-Strep and the amount of 
co-eluted SR7PC-FLAG (Fig. 4B).

To rule out that enolase might interact with any FLAG- 
tagged protein, strain DB104 expressing another FLAG-tagged 
small protein of the same abundance and almost the same size 
(38 aa), SP2184 C-FLAG in addition with EnoN-Strep from the 
chromosome was employed in two co-elution experiments. In 
the first experiment, elution fractions were passed through an 
anti-FLAG column, where we detected SP2184 C-FLAG in 
Western blots, but no EnoN-Strep in the Western blot with anti- 
Strep-tag antibodies (Fig. S4A). In the second experiment, 
elution fractions were passed through a Strep-Tactin-column 
and displayed EnoN-Strep on the stained gel, whereas no 
SP2184 C-FLAG was visible in the Western blot (Fig. S4B). To 
exclude a hypothetical interaction of the FLAG-tag with the 
Strep-Tag or the Strep-Tactin column, an additional control 
experiment was performed: The gapAC-Strep gene [33] was inte-
grated into strain DBSR7PF expressing sr7pC-FLAG. After pre-
paring crude extracts as above and separating elution fractions 
from the Strep-Tactin column in SDS-PAA gels, GapAC-Strep 
could be visualized on the stained gel, but no FLAG-tagged 
protein was detectable on the Western blot (Fig. S4C). In 
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Figure 2. SR7P is synthesized in B. subtilis under non-stress and stress 
conditions.
(A) B. subtilis strain DBSR7PF was grown in TY, treated for 15 min with 0.5 M NaCl, 
4% ethanol, 48°C (heat shock), or HCl (pH 5.0) subjected to sonication, crude extracts 
equilibrated to the same total protein amounts and passed through anti-FLAG M2 
columns and concentrated as described in Materials and Methods. Aliquots were 
loaded onto 15% SDS-PAA gels and subjected to Western blotting with anti-FLAG 
antibodies as described in Materials and Methods. Equilibrated crude extracts were 
used as loading control. (A) Comparison of the amounts of SR7P under non-stress 
and stress conditions. (B) Increase of SR7P amounts over time during ethanol stress. 
(C) B. subtilis strain DB104(sr7pC-Strep) was grown as in (A), not treated or treated for 
15 min with HCl (pH 5.0), crude extracts prepared, equilibrated, passed through 
a Strep-Tactin column and concentrated as above. Western blotting was performed 
with anti-Strep-tag antibodies. The Ponceau-red stained blot served as loading 
control. 

5S
rRNA

SR7
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t1/2 29 min
[min]

Figure 3. Determination of the half-life of SR7 under salt stress.
B. subtilis DB104 was grown in TY medium until stationary phase at 37°C, 
induced by 0.5 M NaCl for 15 min, then rifampicin added, time samples taken, 
total RNA prepared and subjected to Northern blotting. SR7 was detected by 
hybridization with a [α-32P]-UTP-labelled riboprobe. The autoradiogram of the 
Northern blot is shown. Loading errors were corrected by reprobing with a -
[γ-32P]ATP-labelled oligonucleotide specific for 5S rRNA. Below, the graph for the 
half-life determination is depicted. 
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addition, we constructed two strains for the expression of 
SR7PC-Strep (DBSR7PS) and SR7PC-His10 (DBSR7PH) which 
could be used for co-elution of enoN-FLAG (Fig. S4E) or native 
enolase (Fig. 6A).

Taken together, these experiments demonstrate that SR7P 
interacts with B. subtilis enolase.

SR7PC-FLAG co-elutes RNase Y bound to enolase but not 
phosphofructokinase PfkA

Recently, we have discovered that B. subtilis GapA binds 
RNase J1 and RNase Y [24,33]. By Western blotting, we 
detected in GapA preparations from B. subtilis DB104 small 
amounts of RNase Y (one molecule RNase Y in 100 molecules 
GapA). Far-Western blotting confirmed that RNase Y can 
bind GapA and vice versa. As enolase has been reported to 
interact with both RNase Y and phosphofructokinase PfkA in 
the B. subtilis degradosome [36,40] we wanted to find out 
whether SR7PC-FLAG co-elutes RNase Y or PfkA bound to 
enolase. To enable detection of PfkA in Western blots, strain 
DBPFC-His encoding PfkAC-His6 and SR7PC-FLAG in their 
native loci was constructed. This strain was used for a co- 
elution experiment as above, followed by Western blotting 
with antibodies against native RNase Y and against the His- 
tag. As shown in Fig. 5, enolase was co-eluted as before 
(Fig. 5A), and RNase Y (58 kDa) could be identified in the 

same elution fractions (Fig. 5B). By contrast, no co-eluted 
phosphofructokinase could be detected (Fig. 5C). Therefore, 
we conclude that SR7PC-FLAG co-elutes enolase carrying 
RNase Y but not phosphofructokinase.

Far-Western blotting confirms the interaction between 
RNase Y or SR7P with enolase but excludes a direct 
SR7P-RNase Y interaction

To confirm the SR7P-enolase interaction by an independent 
method and to exclude a direct SR7P-RNase Y interaction, 
Far-Western blotting was employed. First, we used EnoN-Strep 
isolated from the Δsr7 strain and wild-type enolase isolated 
through SR7PC-His10 as targets and RNase YC-His6 as bait (Fig. 
6A). Detection was performed with antibodies against native 
RNase Y, which proved to be specific (control, central panel). 
RNase Y bound specifically both Eno preparations (right 
panel), indicating that the Strep-tag does not interfere with 
binding. In the second Far-Western blot (Fig. 6B), we used 
RNase YC-His6 as target and EnoN-Strep with or without SR7P 
as bait, and detection was with anti-Strep-tag antibodies, 
which were also specific (control panel). As expected, 
EnoN-Strep and EnoN-Strep/SR7P bound to RNase Y (right). 
To exclude a direct interaction between SR7P and RNase 
Y we run RNase YC-His6 and – as positive control – 
EnoN-Strep on a gel and used SR7PC-FLAG purified from IPTG- 
induced E. coli strain BL21DE3(pDRSR7P), which does not 
contain RNase Y, as bait (Fig. 6C). Whereas a strong signal for 
SR7PC-FLAG bound to enolase was visible, no signal for an 
interaction with RNase Y was detectable.
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36
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DB104A
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64
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6

1 2 3 4 5 M
DBSR7PFE

B

Figure 4. Enolase co-purifies with SR7P.
B. subtilis strains DBSR7PF and DB104 were grown in 800 ml TY, crude protein 
extracts prepared as described in Materials and Methods and passed through 
anti-FLAG M2 columns. Twenty-five microlitres of each 500 μl elution fraction 
was separated on 15% SDS-PAA gels. (A) Coomassie-stained gels with the 
elution fractions from DBSR7PF and DB104. The visible ≈50 kDa band in elution 
fractions 2 and 3 of DBSR7PF gel was cut out, subjected to tryptic digestion and 
identified by LC-ESI-MS/MS mass-spectrometry to be enolase (see Materials and 
Methods) (B) Reverse experiment: B. subtilis strain DBSR7PFE expressing 
EnoN-Strep and SR7PC-FLAG from the chromosome was grown as in (A), crude 
extracts prepared and passed through a Strep-Tactin column. Twenty-five micro-
litres of each 500 μl elution fraction was separated as in (A) and subjected to 
Western blotting with α-FLAG antibodies to detect co-elution of SR7PC-FLAG. 
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Figure 5. SR7P co-elutes RNase Y bound to enolase, but not phosphofructoki-
nase PfkA.
B. subtilis DBPFC-His expressing both His-tagged PfkA and SR7PC−FLAG from their 
native loci was grown in TY medium until stationary phase, crude protein 
extracts prepared as described in Materials and Methods and separated through 
FLAG M2-columns. Elution fractions containing co-eluted enolase were run on 
15% SDS-PAA gels (A) and subjected to Western blotting with anti-RNase 
Y antibodies (B) or anti-His-tag antibodies (C). 
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Taken together, Far-Western blotting corroborated the 
enolase-SR7P and the enolase-RNase Y interactions discov-
ered in co-elution experiments and ruled out a direct SR7P- 
RNase Y interaction.

Enolase co-eluted with SR7PC-FLAG carries significant 
amounts of RNase Y

To investigate if SR7P influences the binding of RNase Y to 
enolase, we performed co-elution experiments with two strains 
both encoding EnoN-Strep at its native locus. One strain contained 
in addition the sr7pC-FLAG gene, in the other strain the entire sr7 
gene was replaced by the cmR gene. EnoN-Strep co-eluted by 
SR7PC-FLAG was compared to EnoN-Strep eluted from the Δsr7 
strain through a Strep-Tactin column. The elution fractions were 
subjected to Western blotting. As shown in Fig. 7A, in the 
presence of SR7P, enolase carried about 10 times more RNase 
Y than in its absence. In fact, an approximately 1:1 ratio of 
enolase and RNase Y was detected in the presence of SR7P. 
These data indicate that SR7P increases the amount of RNase 
Y bound by enolase or promotes the enolase-RNase 
Y interaction.

RNase Y promotes the interaction between enolase and 
SR7P

When we added RNase YC-His6 purified from E. coli to 
a crude-protein extract obtained from a B. subtilis strain 
expressing an IPTG-inducible SR7PC-FLAG before loading it 
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Figure 6. Far-Western blotting.
Representative blots of two independently performed experiments are shown. 
Proteins were separated on 10% or 15% SDS-PAA gels and either stained with 
Coomassie blue or blotted on PVDF membranes as described in Materials and 
Methods. RNase YC-His6 was purified from E. coli, EnoN-Strep was purified from 
B. subtilis and untagged Eno was co-purified with SR7PC-FLAG from B. subtilis. (A) 
After blocking all blots were incubated with PBST gelatine (control) or 10 ml 
PBST-gelatine containing 170 µg RNase YC-His6. RNase Y binding was detected 
with native antibodies against RNase Y. RNase Y was able to bind Eno and 
EnoN-Strep. (B) Far-Western Blot as in (A) except that blots were incubated with 
100 µg EnoN-Strep purified from either B. subtilis GP1215 or B. subtilis DBSR7PFE. 
EnoN-Strep binding was detected with mouse anti-Strep-tag antibodies. (C) 
SR7PC-FLAG purified from E. coli strain BL21DE3(pDRSR7P) was used to confirm 
the SR7P-enolase interaction and to exclude a direct SR7P-RNase Y interaction. 
SR7PC-FLAG binding was detected with anti-FLAG antibodies. 
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(A) Co-elution experiment performed as in Fig. 4 with strains DBSR7PFE and DB104 
(Δsr7, enoN-Strep). Elution fractions were subjected to Western blotting with anti- 
Strep-tag antibodies (for enolase) and mouse antibodies against native RNase 
Y employing chemiluminescence. Two parallels are shown. In lanes 1 and 2, 
identical amounts of enolase were loaded (based on a Coomassie-stained gel). 
Here, only in the presence of SR7P, an RNase Y signal is detectable. In lanes 3 and 4, 
a 9-fold higher amount of enolase had to be loaded from the Δsr7 strain to yield an 
RNase Y signal of the same intensity. (B) Coelution experiment with DB104(Δsr7) and 
DB104 expressing IPTG-inducible SR7PC-FLAG from a single copy in the amyE locus. 
Cells were grown in TY, induced for 30 min with IPTG, crude extracts prepared, 
equilibrated to the same protein concentration and passed through anti-FLAG M2 
columns. +, 100 μg RNase YC-His6 purified from E. coli were added to the crude 
extract before column loading. Elution fractions were separated on a 15% SDS-PAA 
gel and subjected to Western blotting with anti-RNase Y or anti-FLAG-tag antibo-
dies. (C) Role of RNA in the enolase-RNase Y interaction. Co-elution experiments 
were performed as described in Fig. 4, but with DB104 (enoN-Strep, sr7pHis10) and 50% 
of the crude extracts were treated for 10 min with 10 mg/ml RNase A at room 
temperature (*) prior to loading onto Ni-agarose columns. Elution fractions were 
subjected to Western blotting with antibodies against native RNase Y and the Strep- 
tag, respectively. Lanes 1 and 2, EnoN-Strep purified from DB104(enoN-Strep, Δsr7); 
lanes 3 and 4, EnoN-Strep purified from DB104 (enoN-Strep, sr7pHis10); lane 5, 0.5 pmol 
RNase YC-His6 purified from E. coli. 
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onto an anti-FLAG M2 column, we observed in the elution 
fractions a significant increase in the amount of enolase 
bound to SR7PC-FLAG (Fig. 7B, lane 3 vs. 2) although the 
amount of SR7PC-FLAG detected in Western blots was iden-
tical. The background bands in the stained gels above the 
enolase band are due to treatment with IPTG. Since we have 
shown in Far-Western blots (Fig. 6C) that SR7P cannot 
directly bind RNase Y, i.e. does not bridge the enolase- 
RNase Y interaction, this result suggests that RNase 
Y facilitates the binding of enolase to SR7P. To exclude 
that RNase YC-His6 can directly interact with the M2-anti- 
FLAG column (or a Strep-Tactin column), we performed 
a control experiment shown in Fig. S4D.

RNA does not bridge the interaction between SR7P, 
enolase and RNase Y

To investigate if RNA is required for the SR7P/enolase and 
enolase/RNase Y interactions, a co-elution experiment was 
conducted using two B. subtilis strains, both expressing 
enoN-Strep from the chromosome and one lacking the sr7 
gene, the other expressing sr7pC-His10. Crude protein 
extracts – 50% treated with RNase A and 50% untreated – 
were passed through Ni-NTA agarose columns. Afterwards, 
elution fractions were analysed by Western blotting with 
anti-RNase Y antibodies and anti-Strep-tag antibodies (Fig. 
7C). As shown in lanes 3 and 4, identical amounts of enolase 
and RNase Y were co-eluted with SR7PHis10 in RNase 
A-treated and in untreated extracts. This confirmed the Far- 
Western blotting data that SR7P can bind enolase without 
the help of RNA (Fig. 6C). Furthermore, it also corroborated 
that the enolase/RNaseY/SR7P complex forms without the 
help of RNA as scaffold. However, when we purified 
EnoN-Strep from a Δsr7 strain through a Strep-Tactin column 
and assayed co-eluted RNase Y in Western blots (Fig. 7C, 
lanes 1 and 2), we observed about 20% to 30% less RNase 
Y in the RNase A-treated samples. This suggests that 
although enolase interacts with RNase Y in the absence of 
SR7P (Fig. 6A, B, and [40]) the interaction is to a minor 
degree supported by RNA.

In vitro degradation of RNase Y substrates yitJ 5ʹ UTR 
and rpsO mRNA

A number of RNAs have been reported to be substrates of 
RNase Y [41]. Among them is the 5ʹ UTR of the riboswitch 
yitJ, which had been confirmed both in vivo and in vitro to be 
an RNase Y substrate [42]. All other substrates have been 
characterized in vivo in Northern blots, but none of them 
has been analysed in vitro with purified RNase Y. Therefore, 
we set up an in vitro degradation assay with 5ʹ 32P-labelled 
substrate RNA, RNase YC-His6 purified from E. coli and 
EnoN-Strep purified from B. subtilis sr7pC-FLAG or Δsr7 strains. 
EnoN-Strep contains the co-eluted RNase Y. When we used 
enolase carrying SR7PC-FLAG, degradation of yitJ RNA was 
visible with 0.3 pmol EnoN-Strep/RNase Y/SR7P (Fig. 8A, 
lane 4). By contrast, even 12 pmol of EnoN-Strep/RNase 
Y purified from the Δsr7 strain were not sufficient for 
a significant increase in yitJ RNA degradation (Fig. 8A, lane 

10). This result suggests that SR7P does not only enhance the 
binding of RNase Y to enolase but, in addition, it increases the 
enzymatic activity of RNase Y in this triple complex. Previous 
Northern blots showed that rpsO mRNA is also a substrate of 
RNase Y [43]; however, no in vitro cleavage had been studied 
previously and no transcription start site published. Since we 
observed in Northern blots three rpsO RNA species, 
the second of which was the main RNase Y target (see 
below), we determined their 5ʹ ends by primer extension 
(Fig. S5). For our in vitro degradation studies, we used the 
in vitro-synthesized 5ʹ labelled 386 nt rpsO mRNA as substrate 
(Fig. 8B). First, we employed different amounts of RNase 
YC-His purified from E. coli to analyse the degradation pattern 
of rpsO mRNA (lanes 2–4). Then, we used enolase that does 
not contain RNase Y as well as SR7P purified from E. coli as 
negative controls to ensure that they do not have intrinsic 
RNase activities (lanes 5 and 6). When we compared the 
activity of RNase Y in the EnoN-Strep/RNase Y/SR7P complex 
(lanes 12–15) with that in the EnoN-Strep/RNase Y complex 
purified from the Δsr7 strain (lanes 16–18), we found it to be 
significantly more active. Like in the case of yitJ RNA, RNase 
Y bound to 0.3 pmol EnoN-Strep in the triple complex was 
sufficient for complete disappearance of the full-length rpsO 
species whereas no substantial degradation was observed with 
even 3.2 pmol SR7P-free EnoN-Strep/RNase Y. Interestingly, 
when SR7P purified from E. coli (SR7PE) was added after-
wards to 0.8, 1.6 or 3.2 pmol EnoN-Strep/RNase Y (lanes 
19–21) at 3.2 pmol, full-length rpsO RNA was degraded 
almost completely (lane 21), and the same distinct pattern of 
degradation products was observed as with EnoN-Strep/RNase 
Y/SR7P at 0.1 pmol enolase (lane 12). This indicates that even 
the subsequent addition of purified SR7P can improve degra-
dation of rpsO RNA by enolase-bound RNase Y, although the 
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Figure 8. SR7P affects RNA degradation in vitro.
RNA degradation assays with 5‘-labelled 5ʹ UTR of yitJ RNA and rpsO mRNA (386 
nt) were performed as described in Materials and Methods. Protein-free buffer 
was used as negative control and 10 pmol RNase A as positive control. 5‘- 
labelled pBR322xMspI served as size marker. The protein amounts (pmol eno-
lase) used, full-length substrate RNA and degradation products (DP) are indi-
cated. (A) Degradation of yitJ 5‘ UTR (B) Degradation of rpsO mRNA. Left and 
middle: separate gels with controls: Degradation of rpsO mRNA with RNase 
Y (pmol is indicated) purified from E. coli shows the identical degradation 
pattern as on the right side. Degradation with enolase (EnoP) purified via Strep- 
Tactin columns followed by ion exchange chromatography and gel filtration to 
remove bound RNase Y, or with SR7PE purified from E. coli show that neither 
RNase Y-free enolase nor SR7P is able to cleave rpsO mRNA. The addition of 
SR7PE does not affect the cleavage by RNase Y (lanes 8 and 9). Right: cleavage of 
rpsO mRNA by RNase Y copurified with enolase from a B. subtilis strain expres-
sing SR7PC-FLAG (lanes 12–15) and from a Δsr7 strain (lanes 16–21). Lanes 19–21, 
subsequent addition of 3 pmol SR7PE increased the activity of 3.2 pmol enolase- 
bound RNase Y. Eno, EnoN-Strep purified from B. subtilis; Eno-SR7P, EnoN-Strep with 
SR7PC-FLAG co-purified from B. subtilis. 
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complex formed in vivo seems to be more active. Surprisingly, 
1 pmol of RNase Y purified from E. coli (lane 4) was less 
active in degrading rpsO mRNA than the small amount of 
RNase Y present in the complex with 0.1 pmol enolase and 
SR7P (lane 12). This again suggests that SR7P might increase 
the enzymatic activity of RNase Y bound to enolase.

From these in vitro data, we reason that SR7P promotes 
degradation of yitJ and rpsO RNAs by enolase-bound 
RNase Y.

Analysis of effects of SR7P, enolase and RNase Y on rpsO 
mRNA in vivo

To analyse the effects of SR7P, enolase and RNase Y on the 
half-life of rpsO mRNA in vivo, we performed Northern 
blotting experiments with wild-type DB104 and isogenic 
Δrny, Δeno and ΔylbF strains grown in TY until stationary 
phase. The ylbF knockout strain was included, because 
recently the Y-complex composed of YlbF, YmcA and 
YaaT has been discovered to affect the degradation of 
many mRNAs by RNase Y [44]. As expected for an RNase 
Y substrate, the half-life of rpsO mRNA was with ≈29 min at 
least tenfold longer in the absence of RNase Y (Fig. 9A). In 
the absence of enolase, the half-life increased about 2.5-fold, 
and in the absence of the Y complex component YlbF about 
threefold. As we observed 2.5-fold higher amounts of SR7P 
after salt stress (Fig. 2B) we determined the half-life of rpsO 
mRNA in the wild-type and the isogenic sr7p-start-to stop- 
mutant strain DBSR7P-1 after treatment with 0.5 M NaCl. 
We did not employ ethanol stress, because ethanol had also 
an effect on the abundance of some RNase Y targets in vivo 
[45,46]. With 3.25 vs. 4.09 min we observed a slight, but 
reproducibly (with four biological replicates) higher half-life 
in the absence of SR7P (Fig. 9B). Reprobing of the filters 
against SR7 indicates that the abundance and stability of SR7 
were not altered by the mutation, so that the effects observed 
on rpsO mRNA are due to the small protein SR7P and not to 
the RNA SR7 (Fig.s 9B and S6). To corroborate this effect, 
we constructed strain DB104 (amyE::sr7pC-FLAG specR) for 
inducible overexpression of sr7p from the chromosomal 
amyE locus. When we induced this strain with IPTG, the 
rpsO RNA half-life decreased from 4.05 (DB104) to 3.12 min 
(Fig. 9C). This was again a slight effect, which was, however, 
also reproducible with four biological replicates. To corro-
borate that the effect of SR7P is specific for an RNase 
Y target, we reprobed all filters against SR5, a 163 nt RNA 
antitoxin that is neither a substrate of RNase Y nor affected 
by 0.5 M NaCl [46]. As shown in Fig.s 9B and S6, the half- 
life of SR5 was not influenced by SR7P.

Half-life of SR7 in the presence or absence of RNase Y, 
enolase and YlbF

As it is also not excluded that the stability of SR7 itself is 
dependent on RNase Y or the Y complex, we determined the 
stability of SR7 in the isogenic Δrny and ΔylbF strains grown 
in TY until stationary phase. Fig. S3 C shows that the stability 
of SR7 is neither affected by RNase Y nor by YlbF.

SR7P is highly conserved among 10 Bacillus species

To ascertain if the 39 aa SR7P is restricted to Bacillus subtilis, we 
performed a BLAST analysis (both nucleotide and peptide 

Figure 9. Effect of SR7P, RNase Y, enolase and YlbF on rpsO mRNA stability in 
B. subtilis.
B. subtilis strains were grown in TY medium, time samples taken as described in 
Materials and Methods and used for the preparation of total RNA. RNA was separated 
on 6% denaturing PAA gels and blotted onto nylon membrane. Detection of rpsO 
mRNA and reprobing were performed as in Fig. 3. Autoradiograms of the Northern 
blots are shown. (A) The half-life of rpsO mRNA was determined in DB104 and the 
isogenic Δrny, Δeno and ΔylbF strains after rifampicin addition. (B) The half-life of rpsO 
mRNA was determined in wild-type strain DB104 and in DBSR7P-1 (start-to-stop 
codon mutant in sr7p) after 15 min treatment with 0.5 M NaCl followed by rifampicin 
addition. Filters were reprobed for SR5 and SR7. Graphs for the half-life determination 
of SR5 and SR7 are presented in Fig. S6. (C) The half-life of rpsO mRNA was determined 
in wild-type strain DB104 and in DB104(amyE::sr7pC-FLAG specR) (inducible overexpres-
sion of sr7) 30 min after addition of 10 mM IPTG followed by rifampicin addition. All 
calculated half-lives are averages of four independent determinations. Standard 
deviations are shown. 
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sequence) using the B. subtilis SR7 sequence against all known 
genomic sequences followed by a refined BLAST search for all 
found homologues. SR7P homologues were only detected in 
B. subtilis strains and in nine other species belonging to the 
genus Bacillus. Neither in the genomes of other firmicutes nor 
in those of other Gram-positive or Gram-negative bacteria, 
a small protein with a similar primary sequence was found to 
be encoded. From all phylogenetic groups of Bacillus species, our 
hits were restricted to a subdivision of one group. These species 
are closely related and belong to one side arm of the Bacilli. 
Fig. 10 presents an alignment of the aa sequences of the SR7P 
homologues. In all cases, an almost identical stretch of 20 aa is 
present in the N-terminal half of the protein, whereas the 
C-terminal half reveals more differences. In contrast to 
B. subtilis SR7P, all other homologues contain three additional 
hydrophilic aa near their C-termini and are, therefore, 42 aa long. 
When we assume that the SR7P-enolase interaction is conserved, 
the interaction surface is located most likely within the 20 con-
served aa of SR7P.

The peptide is predicted to form an α-helix. However, 
NMR data obtained so far with a purified SR7P (designated 
SP-12 in [47]) indicated that only 20.5% of free SR7P is 
structured and 79.4% is disordered. Interestingly, in predic-
tions with the FuzPred algorithm for the bound form, the 
percentage of structured form increased to 41% compared to 
59% disordered. Both CD and NMR structural analysis indi-
cated a rather molten globule for free SR7P [47].

At DNA level, all homologous sr7 genes are preceded by 
SigB-dependent promoters, and upstream of all peptide 
sequences SD sequences are located (Fig. S7). Only in 
B. amyloliquefaciens and B. velezensis, the distance between 
SD sequence and GTG start codon is with 14 nt rather long, 
but an alternative AG-rich sequence nearer to the start codon 
could also serve as RBS. In all cases, the start codon is GTG. 
In the 5ʹ half of the ORF, nt exchanges are found almost 
exclusively at wobble positions indicating that this is the 
most highly conserved region. All sr7 genes carry Rho- 
independent transcription terminators at their 3ʹ ends. 
Consequently, the SigB-dependent SR7 homologues are also 
conserved at DNA level.

Only in B. halotolerans, B. vallismortis and B. cereus, the 
SR7P encoding genes are located downstream of the tyrS gene 
and convergently transcribed to the rpsD gene as in B. subtilis 
(see Fig. 1). However, not the entire genomes are annotated 
for the other species so far. Therefore, we cannot exclude 
a conserved gene arrangement.

Discussion

The B. subtilis degradosome seems to have a more dynamic 
structure than the E. coli degradosome as it cannot be isolated 
in the absence of cross-linking reagents [48]. Furthermore, 
not only Eno and PfkA, but also a third glycolytic enzyme, 
glyceraldehyde-3P-dehydrogenase A (GapA), affects its com-
position [33]: GapA interacts with RNase J1, and this inter-
action is improved by a small protein, SR1P, which is 
expressed under gluconeogenic conditions when the meta-
bolic function of GapA is not required. Furthermore, the 
enzymatic activity of RNase J1 is enhanced in the GapA/ 
RNase J1/SR1P complex compared to that of the unbound 
enzyme.

Here, we report on the discovery and characterization of 
another small protein in B. subtilis, the 39 aa SR7P. It is 
encoded on two RNAs, a constitutively transcribed and subse-
quently processed one of 259 nt and on a stress-induced SigB- 
dependent 185 nt RNA renamed as SR7 (formerly S1136 [37]). 
SR7P interacts with the glycolytic enzyme enolase. This inter-
action promotes the binding of endoribonuclease RNase Y to 
enolase (see Fig. 11) and significantly increases the degradation 
of two known RNase Y substrates, yitJ RNA and rpsO mRNA, 
in vitro. In addition, rpsO mRNA degradation is also affected 
in vivo about threefold by the presence of enolase and to 
a minor, but reproducibly measurable extent, by SR7P (Fig. 
9). Under salt stress, the 2.5-fold amount of SR7P is synthesized 
and bound by enolase, resulting in an increase of the enolase 
fraction carrying RNase Y and in turn, a slight increase in 
degradation of RNase Y substrates (Fig. 9). These data support 
that the Eno/SR7P-RNase Y interaction has a biological func-
tion. The small effect of inducible overexpression or deletion of 
sr7p might be due to the fact that the bulk of its interaction 
partner enolase is located in the cytosol to fulfil its role in 
glycolysis, and only a small percentage is present in the degra-
dosome where it interacts with RNase Y and PfkA. 
Furthermore, the effect of the enolase deletion is higher than 
that of the sr7p deletion, because enolase moonlights in RNA 
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Figure 10. Alignment of SR7P homologues.
Clustal Omega alignment of SR7P homologues. The SR7P sequences from 10 
species were aligned. Only differences are highlighted; yellow, similar aa; orange, 
aa that differ either by charge or by hydrophobicity. 
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degradation under a variety of conditions and SR7P only mod-
ulates this activity under specific stress conditions.

Binding of SR7P to enolase and formation of the SR7P/ 
enolase/RNase Y complex are independent of RNA. 
Therefore, we can rule out a bridging function of RNA in 
the trimeric complex (Fig. 7C). Unexpectedly, binding of 
enolase to RNase Y in an sr7 knockout strain was to a low 
extent supported by RNA (Fig. 7C). This is in contrast to what 
we found for the GapA-RNase Y or the GapA-RNase J1 
interactions which were independent of RNA [33]. 
Furthermore, we could exclude that SR7P binds directly to 
RNase Y (Fig. 6C). We hypothesize that binding of SR7P 
alters the conformation of enolase and increases its binding 
affinity to RNase Y. In turn, the addition of RNase 
Y promoted the enolase-SR7P interaction (Fig. 7B). SR7P is 
predominantly unfolded free in solution, but bioinformatic 
methods predicted a propensity for structure induction upon 
interaction with proteins [47]. These theoretical predictions 
are in line with our experimental data that propose that the 
formation of a stable trimeric SR7P-enolase-RNase Y-complex 
in the degradosome is coupled to structure induction of SR7P.

Already in 2011, it was reported that citrate alters the 
activity of E. coli PNPase by directly binding to the enzyme 
[49]. When Newman et al. found that citrate also influences 
the activity of B. subtilis enolase, they argued that glycolytic 
enzymes may act as sensors of nutritional stress and coordi-
nate this stress with the RNA degrading machinery [40]. This 
would entail a decrease of global mRNA turnover under 
energy-limiting conditions. Our previous data on SR1P/ 
GapA supported this idea: SR1P is only synthesized when 
glucose is exhausted and might also act as a sensor to link 
RNA degradation to the nutritional state of the cell [33]. 
Similarly, SR7P might act as a sensor to connect RNA turn-
over to different stresses: sr7 transcription was induced under 
five stress conditions, and a 2.5- to 3.5-fold increase of SR7P 
under stress was found (Fig.s2 and S3). Under salt stress, we 
observed a small, but reproducible effect of SR7P on the half- 
life of the RNase Y substrate rpsO mRNA.

The discovery of an impact of two 39 aa proteins, SR1P 
and SR7P, on components of the putative B. subtilis degrado-
some suggests that small proteins might also play a broader 
role in fine-tuning RNA degradation in other bacteria. Like 
SR1P [32], SR7P is restricted to the Bacillales (Fig. 10, Fig. S7). 
Sequence homology could not be found to any other small 
protein in other Gram-positive or in Gram-negative bacteria. 
However, it is not excluded that in degradosomes of other 
bacteria that contain enolase as scaffolding component [50], 
small proteins with a different primary sequence play 
a comparable role under specific stress conditions.

The SigB-dependent RNA encoding SR7P was formerly 
reported as S1136, an antisense RNA whose convergent tran-
scription to rpsD mRNA results in reduced amounts of the 
small ribosomal subunit under ethanol stress [37]. We found 
that this RNA, which we renamed as SR7, has in addition to 
its antisense RNA function an mRNA function: It encodes 
SR7P which – via enolase binding – affects RNA degradation. 
Therefore, SR7 is after SR1 [29,30,33,38] the second dual- 
function regulatory sRNA identified in Bacillus subtilis. All 
dual-function regulatory RNAs reported so far act only in 

trans on their target mRNAs [24]. By contrast, Mars et al. 
found that SR7 acts only in cis – most probably due to 
transcriptional interference [37]. Consequently, the class of 
dual-function regulatory sRNAs can be extended by dual- 
function antisense RNAs.

Future investigations will focus on the structure of SR7P, 
structural alterations of both interacting partners, SR7P and 
enolase, upon binding, and on mapping of the enolase/SR7P 
interaction surface, as initiated already [47]. Moreover, tran-
scriptomics will show whether the abundance of other RNase 
Y substrates is also affected by SR7P.

Materials and methods

Strains, media and growth conditions

E. coli strains DH5α and BL21DE3 and B. subtilis strains 
DB104 [51] were used. TY medium served as complex med-
ium for E. coli [52]. All B. subtilis strains were grown in TY 
medium until OD560 = 4.

Enzymes and chemicals

Chemicals used were of the highest purity available. Q5 DNA 
polymerase, T7 RNA polymerase, CIP and polynucleotide 
kinase were purchased from NEB, Firepol Taq polymerase 
from Solis Biodyne, and sequenase from Affymetrix.

Isolation of chromosomal DNA from Bacillus subtilis

0.5 ml of B. subtilis DB104 stationary phase culture was cen-
trifuged, the pellet washed with 1 ml TES (10 mM Tris-HCl pH 
8.0, 1 mM EDTA, 100 mM NaCl), re-suspended in 750 µl TES 
containing 25 µl lysozyme (10 mg/ml) and incubated at 37°C for 
5 min. Subsequently, 50 µl pronase E and 50 µl 10% SDS were 
added and mixed gently, followed by a 30 min incubation at 
37°C. Afterwards, one phenol/chloroform extraction and one 
chloroform extraction were performed using decapitated 1 ml 
tips, and the final supernatant was added to 2 ml 96% ethanol. 
After one min of gentle shaking the precipitated DNA was 
carefully taken out with a yellow tip, dissolved in 100 µl bidest, 
incubated at 37°C for 30 min followed by 1 h on ice.

Primer extension

Primer extension experiments were carried out as described 
[29] using total RNA from B. subtilis strain DB104, DB104 
(Δrny::specR) and DB104 (Δrnc::cmR) and 5ʹ-labelled primer 
SB3182 (all primers are listed in Table S1).

In vitro transcription, preparation of total RNA and 
Northern blotting

In vitro transcription was performed as described [38]. 
Preparation of total RNA and Northern blotting including 
the determination of RNA half-lives were carried out as 
described previously [29] except that 1 ml time samples 
were taken and directly added to 250 μl RNAprotect 
Bacteria Reagent (Qiagen) or to 250 μl containing 5% phenol 
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and 95% ethanol, vortexed and incubated for 5 min at room 
temperature. After centrifugation, the pellets were flash- 
frozen in liquid nitrogen and stored until use at −20°C.

Strain constructions

All PCRs were performed with Q5 polymerase using 25 cycles 
with an annealing temperature of 48°C. If not stated other-
wise, primers (listed in Table S1) and as template, chromoso-
mal DNA of B. subtilis DB104 were used. All constructed 
recombinant strains were confirmed by sequencing using the 
primers listed in Table S1.

sr7pC-FLAG, sr7pC-His10 and sr7pC-Strep knock-in strains

A 340 bp fragment encoding SR7PC-FLAG was obtained in 
a two-step PCR. In PCR 1 with primer pair SB2963/SB2978, 
a C-terminal FLAG-tag was added at the end of the sr7 ORF. 
In the subsequent PCR with primer SB2843, a stop codon was 
introduced after the FLAG-tag sequence and the native termi-
nator replaced by the heterologous BsrF terminator [39] yield-
ing the sr7pC-FLAG fragment. The chloramphenicol resistance 
(cmR) cassette was amplified from plasmid pINT12 C [46] 
with primer pair SB2938/SB2939. This cassette has 20 bp 
complementarity to the sr7pC-FLAG fragment on its 5ʹ end 
and 20 bp complementarity to the back cassette on its 3ʹ 
end. A 1 kb front cassette that has 20 bp complementarity 
on its 3ʹ end to the sr7pC-FLAG fragment was obtained using 
primer pair SB2964/SB2966. Similarly, a 1 kb back cassette 
was generated with primer pair SB2967/SB2968 which has a 5ʹ 
20 bp complementarity to the cmR gene. The four PCR frag-
ments were purified and joined by a 10-cycles’ primer-less 
PCR. Afterwards, the final 3 kb fragment was produced using 
a 25 cycles’ PCR with primer pair SB2964/SB2968. This 

fragment was used to transform B. subtilis DB104. The result-
ing strain was designated DBSR7PF (all strains are listed in 
Table 1).

A 1 kb fragment with 10 histidine residues at the 3ʹ end of 
the sr7 ORF was obtained using primer pair SB3013/SB3575. 
This fragment has 20 bp complementarity to the 5ʹ primer 
region of the cmR (see above) gene. A 1 kb back cassette with 
20 bp complementarity to the 3ʹ region of the cmR gene was 
generated using primer pair SB2967/SB3156. All three frag-
ments were joined, primer pair SB3013/SB3156 added, a final 
3 kb fragment was amplified and used to transform B. subtilis 
DB104 yielding strain DBSR7PH.

The same approach as above was used to construct strain 
DBSR7PS for the expression of SR7PC-Strep; however, the 
primer pair SB3013/SB3282 was used to generate the 1 kb 
FRONT cassette, while the other fragments were as in the case 
of DBSR7PH.

Construction of the sr7 promoter deletion strain, the Δsr7 
strain and the start- to stop-codon mutant strain

A 40 bp deletion of the sr7 promoter including both −35 and −10 
boxes, but retaining the transcription start site +1 was constructed 
as follows: a 1 kb front cassette upstream of the sr7 gene was 
generated by PCR 1 with primer pair SB3013/SB3014. The 0.8 kb 
spectinomycin resistance (specR) gene was obtained by PCR 2 on 
plasmid pMG16 [46] using primer pair SB3039/SB3040. The 3ʹ 
end of the front cassette has a 20 bp complementarity to the 5ʹ 
region of the specR gene. The 1.14 kb back cassette comprising the 
promoterless sr7 gene together with the rpsD gene located down-
stream on the complementary strand was generated by PCR 3 
with primer pair SB3042/SB3020. It displays a 20 bp complemen-
tarity to the 3ʹ end of the specR gene. As above, the purified 
fragments were joined, a 3 kb fragment obtained with primer 

Table 1. Bacterial strains used in this study.

Strain Genotype Reference

E. coli DH5α fhu2, Δ(argF-lacZ), U169, phoA, glnV44, Φ80, Δ(lacZ)M15, gyrA96, recA1, relA1, endA1, thi-1, hsdR17 [53]
E. coli SSC420 overexpression strain for B. subtilis rnyc-His6 without N-terminal transmembrane domain Harald Putzer, Paris
E. coli BL21DE3 fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 NEB
B. subtilis GP1215 B. subtilis 168 with enoN-Strep at native locus trpC2, eno::kanR Jörg Stülke, Göttingen
B. subtilis BKK33900 Byoung-Mo Koo, San 

Francisco
B. subtilis DB104 His, nprR,2 nprE18, ΔaprA3 [50]
DB104(amyE::gapAStrep) his nprR2 nprE18 ΔaprA3, ΔamyE::pMGG19 [33]
B. subtilis BKK14990 B. subtilis 168 lacking the ylbF gene, KmR Ohio strain collection
B. subtilis DB(ΔylbF) B. subtilis DB104 lacking the ylbF gene, KmR This study
B. subtilis DBE(ΔylbF) B. subtilis DB104 with eno-N-Strep, ΔylbF, SpecR, KmR This study
B. subtilis DBSR7PF B. subtilis DB104 with sr7pC-FLAG, CmR This study
B. subtilis DBSR7PFE B. subtilis DB104 with sr7pC-FLAG and enoN-Strep, SpecR, CmR This study
B. subtilis 

DBSR7PFEΔylbF
B. subtilis DBSR7PFE with ΔylbF, SpecR, CmR, KmR This study

B. subtilis DBSR7PH B. subtilis DB104 with sr7pC-His10 CmR This study
B. subtilis DBSR7PS B. subtilis DB104 with sr7pC-Strep CmR This study
B. subtilis DBSR7PHE B. subtilis DB104 with sr7pC-His10 and enoN-Strep, SpecR,CmR This study
B. subtilis DB104(Δpsr7) B. subtilis DB104 lacking only psr7, SpecR This study
B. subtilis DB104(Δsr7) DB104 with a deletion of the entire sr7 gene, CmR This study
B. subtilis DBE(Δsr7) DB104 with a deletion of the entire sr7 gene with enoN-Strep, SpecR, CmR This study
B. subtilis DBSR7P-1 DB104 with sr7 carrying a start- to stop codon mutation This study
B. subtilis DBPFC-His DBSR7PF with pfkAC-His6 at its native locus, CmR, KmR This study
B. subtilis DBPFC-FLAG DBSR7PF with pfkAC-FLAG at its native locus, CmR, KmR This study
B. subtilis DB104 (Δrny) DB104 with a replacement of the rny by the SpecR gene [46]
B. subtilis DB104 (Δrnc) DB104 with replacement of the rnc by the CmR gene [31]
B. subtilis DB2184F B. subtilis DB104 with sp2184 C-FLAG, CmR Müller, unpublished
B. subtilis DB2184 FE B. subtilis DB104 with sp2184 C-FLAG, and enoN-Strep, SpecR,CmR This study
DB104 (amyE::sr7pC-FLAG) DB104 with IPTG inducible sr7pC-FLAG in amyE locus, SpecR This study
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pair SB3013/SB3020 and used to transform B. subtilis DB104 
resulting in promoter deletion strain DBSR7PΔP.

To delete the sr7 ORF, a 1 kb front cassette was generated 
using primer pair SB3013/SB3014 with 20 bp complementar-
ity to the 5ʹ of the cmR cassette. The 1 kb back cassette was 
amplified using primer pair SB3243/SB3156. The BsrF termi-
nator [39] was added to the rpsD ORF present on the opposite 
strand with 20 bp complementarity to the 3ʹ end of the cmR 

gene. The fragments were joined, a final 3 kb fragment 
obtained as above using primer pair SB3013/SB3156 and 
used to transform B. subtilis DB104 resulting in DB104 (Δsr7).

To construct an sr7 start- to stop-codon mutant strain, a 1 
kb fragment upstream of the sr7 locus was amplified using 
primer pair SB3013/SB3014. This fragment has 20 bp com-
plementarity to the 5´ region of the cmR gene. The sr7 start 
codon was replaced by a stop codon through a PCR with 
primer pair SB3017/SB3227 introducing simultaneously a 20 
bp complementarity to the 3‘ region of the cmR gene. A 1 kb 
back fragment was generated with primer pair SB3226/ 
SB3156. All four fragments were joined, a final 3.2 kb frag-
ment was obtained with SB3013/SB3156 and used to trans-
form B. subtilis DB104 yielding strain DBSR7P-1.

pfkAC-His6 and pfkAC-FLAG knock-in strains

To add a His or a FLAG tag to the C-terminus of the pfkA ORF, 
a 1 kb front cassette encoding 6 His residues or 3x FLAG was 
generated using primer pair SB3269/SB3347 or SB3269/SB3270, 
respectively. The neomycin resistance (kmR) gene was amplified 
from plasmid pMG9 using primer pair SB3039/SB3180. In the 
subsequent PCR with primer SB3267 or SB3167 a stop codon 
and a 20 bp complementarity to the 5ʹ region of the kmR cassette 
were introduced. A 1 kb back cassette with 20 bp complemen-
tarity to the 3ʹ primer region of the kmR gene was obtained using 
primer pair SB3271/SB3272. All fragments were purified, joined 
in a final PCR with SB3269/SB3272 as above to generate a 3 kb 
fragment which was used to transform B. subtilis DBSR7PF 
yielding B. subtilis DBPFC-His or DBPFC-FLAG.

Plasmid constructions

For the construction of a translational ncr2360-lacZ fusion 
(later renamed as sr7p-lacZ fusion) under control of the con-
stitutive heterologous promoter pIII [35] a PCR fragment was 
generated with primer pair SB2816/SB2817, cleaved with 
BamHI and EcoRI and inserted into the BamHI/EcoRI 
pGAB1 vector resulting in pGABP2360. For the construction 
of a plasmid for IPTG-inducible overexpression of 
SR7PC-FLAG a PCR fragment lacking the sr7 promoter was 
obtained on chromosomal DNA using primer pair SB2872/ 
SB2878. In the subsequent PCR, the native stop codon was 
replaced by a 3 x FLAG tag with primer pair SB2872/SB3439. 
The resulting fragment was cleaved with Hind III and SphI 
and inserted into the pDR111 [54] Hind III/SphI vector. Both 
recombinant vectors pGAB2360 and pDRSR7P were ampli-
fied in E. coli DH5α, linearized with ScaI and integrated into 

the amyE locus of B. subtilis strains DB104 and DB104 (Δsr7), 
respectively.

Preparation of protein crude extracts for the detection of 
SR7PC-FLAG, Western Blotting and Far-Western Blotting

Protein crude extracts were prepared by either sonication 
(see below) or DNase I/lysozyme treatment. In the latter 
case, pellets were treated with 10 mg/ml lysozyme/1 mg/ml 
DNase I in PBS for 30 min at 37°C followed by two 5 min 
centrifugation steps (10 min at RT) to obtain the 
supernatant.

Western blotting for the detection of SR7PC-FLAG was 
performed as follows: The pellet from a 100 ml culture 
grown in TY was resolved in 4 ml TBS and sonicated three 
times for 5 min. Supernatants obtained by two 10 min cen-
trifugation steps at 4°C were run through an anti-FLAG M2 
column (bed volume 200 µl), washed 6 times in 200 µl TBS 
followed by 5 elution steps with 200 μl of 100 mM glycine 
HCl pH 3.5. 1 ml of elution fractions was mixed with 1 ml 
50% ice-cold TCA, placed on ice for 30 min and centrifuged 
for 30 min at 13000 rpm. The pellet was washed three times 
with ice-cold acetone (20 min centrifugation), air-dried for 
5 min and dissolved in 50 μl 2x Laemmli buffer. 
Ten microlitres was loaded onto a 15% SDS-PAA gel run at 
35 mA for 75 min and transferred onto PVDF membranes at 
12 V for 40 min by semidry blotting in transfer buffer (5.8 g 
Tris-HCl, 2.9 g glycine, 0.37 g SDS and 200 ml methanol per 
litre). Membranes were blocked for 1 h in PBST [31] with 
0.5% gelatine and incubated for 1 h with M2 anti-FLAG 
antibodies (1:2500) followed by 5 times 8 min washing in 
PBST. Subsequently, membranes were incubated with second-
ary antibodies (horseradish peroxidase conjugated anti- 
mouse) for 1 h followed by 5 washing steps. For development, 
membranes were incubated in 20 ml substrate solution (50 
mM Tris pH 7.5, 0.9 g/ml diaminobenzidine and 20 µl H2O2) 
until bands were visible. The reaction was stopped by washing 
in distilled water. For enolase detection, rabbit against enolase 
antibodies (1:5000) were used as primary and horseradish 
peroxidase conjugated anti-rabbit antibodies (1:2500) as sec-
ondary antibodies.

Detection by chemiluminescence was used for RNase Y, 
PfkAC-His6, quantification of SR7P amounts and RNase Y after 
crude extracts were treated with RNase A: The membrane was 
washed briefly with deionized water and the pH adjusted with 
a solution containing 100 mM NaCl and 100 mM Tris-HCl pH 
9.5. Afterwards, the membrane was incubated with developing 
solution (Invitrogen Novex AP Chemiluminescent substrate) 
for 5 min in the dark and signals were detected with a CCD 
camera (ImageQuant LAS 4000).

For Far-Western blotting, proteins were separated on 10% or 
15% SDS/PAA gels, transferred onto PVDF membranes and 
afterwards blocked for 2 h. Blots were incubated overnight with 
10 ml PBST-gelatine or PBST-gelatine supplemented with either 
100 μg EnoN-Strep purified from wild-type or Δsr7 B. subtilis 
strains or 170 μg RNase YC-His6 purified from E. coli. Binding of 
EnoN-Strep and RNase YC-His6 was detected by incubation with 
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mouse-anti-Strep-tag antibody (1:1000; IBA Göttingen) or 
mouse-anti-His-tag antibody (1:2000; IBA Göttingen), respec-
tively, and subsequently, alkaline phosphatase coupled anti- 
mouse antibody (1:7500; Santa Cruz Biotechnology).

Purification of FLAG-tagged, Strep-tagged and 
His-tagged proteins from B. subtilis

B. subtilis strain DBSR7PF was grown in 0.8 l TY medium till 
onset of stationary phase and harvested by centrifugation at 
4°C and 8000 rpm. Pellets were frozen overnight. 
Subsequently, they were disrupted in 2 ml total volume of 
equilibration buffer (150 mM NaCl, 100 mM Tris-HCl pH 
8.0, 1 mM EDTA) for 1.5 min at 2000 rpm in the Mikro- 
Dismembrator (Sartorius). Resulting crude extracts were 
subjected to sonication in 30 ml buffer and afterwards cen-
trifuged twice at 13.000 rpm and 4°C. Supernatants were 
applied to M2 anti-FLAG (strain DBSR7PF) or to Strep- 
Tactin columns (strain GP1215). Washing, elution and 
regeneration of the 1 ml columns were performed according 
to the manufacturers’ instructions. Six 500 μl elution frac-
tions were collected for each column, and 25 μl of each 
fraction tested on SDS-PAA gels. The purification of 
SR7PC-His10 was performed as described before [31].

Mass spectrometry

Proteins were identified by LC-ESI-MS/MS. Tryptic in-gel 
protein digests were analysed with an LC-ESI-MS equipment 
consisting of an Ettan MDLC™-HPLC (GE Healthcare, 
Munich) and an LTQÔ mass spectrometer (Thermo 
Scientific, Waltham, MA). For protein identification, the 
Thermo Proteome Discoverer 1.0™ software (Thermo 
Scientific) and the B. subtilis protein database were used.

RNA degradation assay

Two μl in vitro transcribed, [γ-32P]-ATP labelled RNA (10.000 
cpm) were incubated with 1 μl 10x reaction buffer (200 mM 
Tris-HCl pH 8.0; 80 mM MgCl2, 1 M NH4 Cl; 0.5 mM DTT 
including 1 U RNasin) and 7 μl diluted protein for 30 min at 
37°C. The reaction was stopped by addition of 10 μl forma-
mide loading dye [29] and 5 min at 95°C. Samples were 
separated on 6% denaturing PAA gels. Dried gels were ana-
lysed by phosphorImaging using Aida Image Analyzer v.4.5.

Abbreviations
aa amino acid
nt nucleotide
bp base pair
ORF open reading frame
PAA polyacrylamide
sRNA small RNA
RBS ribosome binding site.
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