Bacillus subtilis 6S-2 RNA serves as a template for short
transcripts in vivo

PHILIPP G. HOCH,1 JULIA SCHI_ERETH,1 MARCUS LECHNER, and ROLAND K. HARTMANN
Institut fiir Pharmazeutische Chemie, Philipps-Universitdt Marburg, 35037 Marburg, Germany

ABSTRACT

The global transcriptional regulator 6S RNA is abundant in a broad range of bacteria. The RNA competes with DNA promoters for
binding to the housekeeping RNA polymerase (RNAP) holoenzyme. When bound to RNAP, 6S RNA serves as a transcription
template for RNAP in an RNA-dependent RNA polymerization reaction. The resulting short RNA transcripts (so-called product
RNAs = pRNAs) can induce a stable structural rearrangement of 6S RNA when reaching a certain length. This rearrangement
leads to the release of RNAP and thus the recovery of transcription at DNA promoters. While most bacteria express a single 6S
RNA, some harbor a second 6S RNA homolog (termed 6S-2 RNA in Bacillus subtilis). Bacillus subtilis 6S-2 RNA was recently
shown to exhibit essentially all hallmark features of a bona fide 6S RNA in vitro, but evidence for the synthesis of 6S-2 RNA-
derived pRNAs in vivo has been lacking so far. This raised the question of whether the block of RNAP by 6S-2 RNA might be
lifted by a mechanism other than pRNA synthesis. However, here we demonstrate that 6S-2 RNA is able to serve as a template
for pRNA synthesis in vivo. We verify this finding by using three independent approaches including a novel primer extension
assay. Thus, we demonstrate the first example of an organism that expresses two distinct 6S RNAs that both exhibit all

mechanistic features defined for this type of regulatory RNA.
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INTRODUCTION

6S RNA is a small noncoding RNA involved in transcription-
al regulation in bacteria (Wassarman and Storz 2000; Wehner
et al. 2014). It binds to the housekeeping RNA polymerase
(RNAP) holoenzyme by mimicking an open promoter struc-
ture (Wassarman 2002; Barrick et al. 2005). Escherichia coli 6S
RNA reaches its highest cellular levels when cells enter sta-
tionary growth, where the RNA is thought to contribute to
the economical utilization of nutrients and metabolites
(Cavanagh and Wassarman 2013; for review, see Steuten
et al. 2014). Most bacteria have a single 65 RNA, such as
E. coli, where the function of 6S RNA as a transcriptional reg-
ulator was first described (Wassarman and Storz 2000).
In contrast, some species were reported to harbor two or
even more 65 RNA homologs (Wehner et al. 2014), among
them Bacillus subtilis expressing 6S-1 (bsrA) and 6S-2
(bsrB) RNA (Ando et al. 2002; Suzuma et al. 2002; Barrick
et al. 2005; Trotochaud and Wassarman 2005). At present,
the regulatory role of the paralogous 6S-2 RNA is poorly un-
derstood. While 6S-1 RNA levels peak upon entry into sta-
tionary phase, 65-2 RNA was reported to reach highest
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steady-state levels between early and mid-exponential phase.
Its levels were described to either decrease toward stationary
phase (Ando et al. 2002; Barrick et al. 2005; Beckmann et al.
2011) or to remain largely constant over the entire growth
period (Trotochaud and Wassarman 2005; Cavanagh et al.
2012), possibly depending on the strain background (Steuten
et al. 2014).

While bound to 6S RNA, RNAP is able to use 6S RNA as a
template for transcription of so-called product RNAs
(pRNAs) in an RNA-dependent RNA polymerization reac-
tion (Wassarman and Saecker 2006). For 6S-1 RNA, thought
to be the canonical 6S RNA in B. subtilis, RNA-seq of station-
ary phase cells combined with pRNA in vitro transcription
analyses identified pRNAs with a length of 8—9 nt to be abun-
dant; pRNAs shorter than 8 nt are detectable in vitro as well
(Beckmann et al. 2011, 2012; Burenina et al. 2014), but their
abundance in vivo could not be assessed owing to uncertain
assignment of such short reads to the 6S-1 RNA locus. Upon
nutritional upshift when stationary cells reenter exponential
growth, the total number of pRNA transcripts and
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In vivo 6S-2 pRNA synthesis in B. subtilis

particularly the fraction of longer pRNAs (>14 nt) were found
to increase (Beckmann et al. 2011, 2012). While shorter
pRNAs (approximately <10 nt) are thought to be abortive
transcripts that dissociate from 6S-1 RNA during idling cycles
of abortive transcription (Beckmann et al. 2012), longer
pRNAs remain stably bound and are able to cotranscription-
allyinduce arearrangement of the 6S-1 RNA structure. The re-
sulting structural change of 6S-1 RNA then triggers the release
of RNAP from its sequestration (Wassarman and Saecker
2006; Beckmann et al. 2012). Subsequently the released and
now accessible 65-1 RNA:pRNA hybrid is assumed to be de-
graded, possibly initiated by endonucleolytic cleavage in the
apical loop of 6S-1 RNA (Beckmann et al. 2011).

Bacillus subtilis 6S-2 RNA has been studied as well in recent
years and was shown to possess all hallmark features of a
bona fide 6S RNA in vitro, including the ability to serve as
a template for pRNA transcription (Supplemental Fig. S1;
Burenina et al. 2014). However, previous 454 RNA-seq and
Northern blot analyses failed to prove the presence of 6S-2
RNA-derived pRNAs in RNA fractions extracted from B. sub-
tilis cells (Beckmann et al. 2011; Cavanagh et al. 2012). This
may be attributed to the fact that B. sub-
tilis RNAP initiates 6S-2 pRNA synthesis
with ATP (Beckmann et al. 2011), which
is less efficient than 6S-1 pRNA initiation
with GTP (Cabrera-Ostertag et al. 2013).
These findings fostered the idea that 6S-2

by serving as a template for pRNA synthesis analogous to
6S-1 RNA. However, regulation of the 6*~-RNAP holoenzyme
by 6S-2 RNA seems to be less dynamic than the enzyme’s
functional interplay with 6S-1 RNA.

RESULTS

6S-2 pRNAs are detectable by Illumina-based
RNA-seq

So far, 6S-2 RNA-derived pRNAs could not be detected in
B. subtilis, neither by 454 RNA-seq nor by Northern blotting
(Beckmann et al. 2011; Cavanagh et al. 2012). However, here
we show that 6S-2 RNA-derived pRNAs are observable in li-
braries enriched for small primary transcripts (<50 nt; Table
1) when using Illumina-based RNA-seq. We also included
B. subtilis 6S RNA deletion strains in this analysis to verify
the specific nature of pRNA reads. The parental B. subtilis
PY79 strain is termed wild type (wt), and the respective dele-
tion strains are abbreviated as AbsrA (deletion of the 6S-1
RNA gene), AbsrB (deletion of the 6S-2 RNA gene),

TABLE 1. Overview of the pRNA length species identified by RNA-seq in wild type (wt)
and deletion/complementation strains AbsrA (AA), AbsrB (AB), AbsrAB (AAB), AbsrAB+A
(AAB+A), and AbsrAB+B (AAB+B) for 6S-1 RNA-derived pRNAs (upper part) and 6S-2
RNA-derived pRNAs (lower part).

1 6S-1 pRNA
RNA may not serve as a template for pRENiE] ? stationary
: : : o & & o & &
PRNA synthesis under physiological con- M| & F PR Y e s 0 s 2 | & R |
ditiOIlS (Cavanagh et al‘ 2012, Cabrera_ 22-25| - - 6 - B] - | 5-GUUCGGUCAAAACUAGGUGUA...[ 6 4 8 -
2 : 20-21 7 13 19 - 5'-GUUCGGUCAAAACUAGGUGU(A) 5] 4 8
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tal approaches: (i) RNA-seq of cellular 0.110 |<0.001| 1.995 | 0.007 | 3.820 | 0.002| %o PRNA, reads > 7nt | 0.300 [<0.001 27.357 | 0.024 | 7.427 | <0.001
RNA extracts enriched for short primary ol o 65-2 pRIA ol e
transcripts using Illumina technology to M| s vl ¢ | LIL |E | 5 0 1 sy e |fISL S
obtain high read numbers, (ii) applica- 2841 24 | 2 | - 2 22 | 5-AAAGGUUAAAACUUAAU... 2 | 53 | - - - | 103
tion of a Northern blot procedure with L7 L -
. 14-16 | 17 1" 5'-AAAGGUUAAAACUU(AA) 2 - - - - 1
RNA fractions prepared by the TRIzol o
. . 13| 44 79 5 5-AAAGGUUAAAACU o o o - - 4
method for efficient extraction of small IRTEET T TPV P T B —
RNAs (Damm et al. 2015), combined 7-11| 1815 | 2366 256 | 5-AAAGGUU(AAAA) 20 | 28 | - - - | 84
with a probe that confers enhanced 2078| 2725| 0 | 0 | 0 | 301 | X pRNA.,reads =7nt 46 [ 93| o | o [ o [oa2m
. e e . ees . oo =7nt
deteCthIl SenSltIV‘lty, and (111) a l’lOVCI prl‘ 0.098 | 0.293 0 0 0 0.031 %o PRNA,, reads =7 n 0.002 | 0.004 0 0 0.010
. . . 21.0M 93M|{82 M |84M|83M |99M total reads = 7 nt 224M|223M| 85M |9.3M | 88M |20.9M
mer extension assay which utilizes the 26.9M|20.6M| 86M |88M|8.7M [209M total reads 23.3M|24.2M| 8.8M [10.0M| 9.3M [236M

6S-2 pRNAs as primers on a complemen-
tary DNA template. The novel insight
gained here indicates that 65-2 RNA is a
fully functional 6S RNA homolog with
the ability to inhibit RNAP activity and
to release RNAP from its sequestration

Note that the numbers of total reads in the last two rows are rounded, while the exact read
numbers were used to calculate the numbers above bars in Figure 1; M, million; nt, nucle-
otide(s); 3’-terminal A residues of pRNAs in parentheses: 3'-terminal A residues could not
be unequivocally assigned to the respective pRNAs because poly(A)-tailing was used for
library construction. (Exponential) RNA extracted from cells at ODggp=0.9; (stationary)
RNA extracted from cells at ODggo = 7 (before death phase).
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AbstAB (AbsrA/AbsrB, deletion of both 6S RNA genes),
AbsrAB+A (bsrA reintegrated into the AbsrAB strain at the
amyE locus under control of the native 65-1 RNA gene pro-
moter), and AbsrAB+B (bsrB reintegrated into the AbsrAB
strain at the amyE locus under control of the native 6S-2
RNA gene promoter) (Hoch et al. 2015). 6S-2 RNA-derived
PRNA reads were exclusively detected in strains expressing
6S-2 RNA (wt, AbsrA and AbsrAB+B), but not in those
with a deletion of the bsrB gene (AbsrB and AbsrAB+A;
Table 1; Fig. 1A). This finding verified that the detected reads
indeed represent genuine 6S-2 pRNAs. Based on the library
from exponentially growing wt cells (Table 1, first column
on the left), it appears that roughly equal numbers of 6S-1
and 6S-2 pRNAs are synthesized in this growth phase.
Moreover, 6S-2 pRNAs were much more abundant in librar-
ies of cellular RNA prepared from exponentially growing cells
relative to RNA preparations from stationary phase cells. This
is in line with 6S-2 RNA levels being higher in exponential
than stationary phase and with the presence of low levels of
the rivaling 65-1 RNA during exponential growth (Ando
et al. 2002; Barrick et al. 2005; Beckmann et al. 2011).

With respect to 6S-1 pRNA reads, substantial read num-
bers were also linked to the presence of the bsrA gene
encoding 6S-1 RNA (Table 1). In line with our previous
454 RNA-seq analysis (Beckmann et al. 2011), pRNAs <12
nt prevailed and more reads were identified in libraries
from stationary relative to exponential phase cells, consistent
with 6S-1 RNA levels peaking toward stationary phase (Ando
et al. 2002; Barrick et al. 2005; Beckmann et al. 2011).
Interestingly, the fraction of 6S RNA-derived very long tran-
scripts (including runoffs in the case of 6S-2 pRNAs) was
higher for 6S-2 than 6S-1 RNA, and this was even more pro-
nounced for stationary cells. The lack of any 6S-1 pRNA run-
offs (40-mers) may not necessarily indicate their lack of
synthesis, as they might not have entered the cDNA libraries
owing to resisting dissociation of 6S-1 RNA:pRNA hybrids
because of increased duplex stability (~43% G/C of 6S-1 run-
offs relative to ~29% G/C of 6S-2 runoffs).

Compared with the wt strain, more 65-1 pRNA reads were
detected in libraries from strains lacking 6S-2 RNA (illustrat-
ed in Fig. 1B). This difference gains even more weight when
considering that the wt libraries had the highest total num-
bers of reads (Table 1). A similar but less pronounced and
not fully consistent trend was seen for 65-2 pRNA reads
in bsrA deletion strains relative to the wt strain (Table 1;
Fig. 1B; see Discussion).

6S-2 pRNAs are detectable by Northern blotting

In a preceding study (Beckmann et al. 2010) we succeeded in
visualizing very small RNA species (~14 nt) by Northern
blotting, combining (i) the highly efficient EDC [1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide ~ hydrochloride]
crosslinking for immobilization of short RNAs on nylon
membranes (Pall et al. 2007), (ii) 5'-digoxigenin-labeled
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FIGURE 1. (A) cDNA reads mapping antisense to 6S-1 RNA (left) and
6S-2 RNA (right) visualized using the Integrated Genome Browser
(IGB). (Red) No reads expected because the corresponding 6S RNA
gene is deleted; (blue): reads expected due to the presence of the corre-
sponding 6S RNA gene. 3'-terminal A residues could not be unequivo-
cally assigned to the respective pRNAs because poly(A)-tailing was used
for library construction; since these A residues were nevertheless includ-
ed in the mapping, we have marked those positional coverages in light
blue. RNAs extracted from the following strains were analyzed: wt, the
parental B. subtilis PY79 strain; AbsrA; AbsrB; AbsrAB (AbsrA/AbsrB);
AbsrAB+A, bsrA reintegrated into the AbsrAB strain at the amyE locus
under control of the native 65-1 RNA gene promoter; AbstrAB+B, bsrB
reintegrated into the AbsrAB strain at the amyE locus under control of
the native 6S-2 RNA gene promoter; exp., RNA extracted from expo-
nentially growing cells at ODgqq = 0.9; stat., RNA extracted from station-
ary cells at ODggo =7 (before death phase). For more details, see text.
Canonical pRNAs were found in all strains expressing the respective
6S RNA, but not (or at least in negligible amounts) whenever the
gene was deleted, indicating that these are actually 65 RNA-templated
PRNA transcripts. (B) Normalized read levels (per 10 million reads >
7 nt) of 65-1 and 6S-2 RNA-derived pRNAs in exponential and station-
ary growth phase on a logarithmic scale. Example calculation to illus-
trate how we arrived at the read numbers: for “wt exponential, 6S-1
pRNAs” in Table 1, we had 21,086,349 sequence reads after filtering,
which were rounded to 21.0 M in Table 1. We then divided the number
of 6S-1 pRNA reads (2303) by 21,086,349 and multiplied with 10 M to
normalize the pRNA reads to the total number of reads: 2303/
21,086,349 x 10,000,000 = 1092.18 (rounded to 1092) reads per 10 M
reads.



In vivo 6S-2 pRNA synthesis in B. subtilis

probes containing DNA and a few locked nucleic acid (LNA)
(Vester and Wengel 2004) residues—which increase affinity
for complementary sequences—and (iii) native PAA gel sys-
tems to avoid EDC reaction with the amino groups of the
urea denaturant instead of the primary amino groups of
the membrane. Although 6S-1 pRNAs were detected with
this technique (Beckmann et al. 2010), a detection of 6S-2
pRNAs was unsuccessful so far (RK Hartmann, unpubl.).
With the following modifications we were able to detect
6S-2 pRNAs (Fig. 2): We used RNA/LNA mixmer probes
with a high LNA content (up to 10 out of 14 nt), a double
digoxigenin label at the 5'- and 3’-end (to increase signal in-
tensity), and applied the TRIzol RNA extraction method to
enrich for small RNAs (Damm et al. 2015). In Northern blots
of the type shown in Figure 2B, we detected signals for 6S-2
pRNAs in the range of ~14-25 nt for RNA preparations from
wt and AbsrA bacteria, but not for those originating from
AbsrB and AbsrAB bacteria lacking the 6S-2 RNA gene. This
indicates that the signals in lanes 1 and 2 of Figure 2B in the
size range below ~25 nt indeed represent genuine 6S-2
pRNAs. The main pRNA signals in lanes 1 and 2 in Figure

2B represent a higher length range compared with the
PRNA length distribution in Table 1 (6S-2 pRNA reads for
the wt and AbsrA strain in exponential phase). An explanation
could be the decreasing Northern blot detection efficiency at
decreasing pRNA length.

Detection of 65-2 pRNAs by a primer
extension assay

For detection of 6S-2 pRNAs in total cellular RNA, we devel-
oped a novel primer extension-based approach. The central
idea was to detect 6S-2 pRNAs via their ability to function
as RNA primers in a primer extension reaction (see scheme
in Fig. 3A). For this purpose, we designed a DNA oligonucle-
otide complementary to 6S-2 pRNAs in its 3’'-portion (the 3'-
terminal DNA nucleotide matching the initiating pRNA nu-
cleotide). All pRNA length variants up to the 41-nt runoff
pRNA transcript could potentially anneal to this oligonucle-
otide. After addition of radiolabeled dNTPs and Avian
Myeloblastosis Virus (AMV) reverse transcriptase, which

A ’ cu
Probe 2 5 5 Probe 1 /DIGS. G G
§ DIG 75 A u
big 6, pe : SR A_50
g0 5-GLlarctal  yyuGuiceTALYG aéA?G‘f‘fTTAaC\\ga\UU} gf S
- ; T PTG T | Vo 60 AU 70
. K B4a08 aeateigcaiiaca auy)fbutzansiualy A A %0 pg TSR s b g
UCGGAAAU-3  "GCUAC UUUGU CGUA"UGU UAA  AAGUUUU AACC GGG GUUU UA GAAGC  UGUC —ccuc- Ay’
U Trainn TERLD LT0T TT0n 110 100 trriinn il CB  7iT iritor rriol iril Iiil U
UYCCUUUA, 1807,CGAUG. GAACG GCAU ACG & AUU_ UUCAAAA UUGG ACCC CAAAGU CUUUG  ACAG . GGAG
10 G A A iho A LY uge ¢ A U 10’c, ¢ GA AcS
G,A P1 160 p2 0 ¢ g P3 P4 "A% P5100 P6
S AGU\130
B. subtilis 6S-2 RNA GG

1.2 3 4 5 6 7

FIGURE 2. Detection of 6S-2 pRNAs by Northern blotting. (A) Secondary structure of B. subtilis 6S-2 RNA (Trotochaud and Wassarman 2005).
The pRNA initiation site is indicated by the red arrow and the maximal (runoff) pRNA sequence by small blue letters along the 6S-2 RNA sequence.
6S RNA helix P2, disrupted at the beginning of pRNA synthesis, is marked in purple. CB, central bulge. The two RNA/LNA mixmer probes labeled
with digoxigenin (DIG) at the 5'- and 3'-ends are depicted as red letters on top of the pPRNA sequence; capital letters indicate LNA residues and lower
case letters RNA residues of the probes. (B) Representative Northern blot experiment for the detection of 6S-2 pRNAs in total RNAs prepared by the
TRIzol procedure from B. subtilis PY79 strains grown to mid-exponential phase (ODgo = 0.7). (Lanes 1—4) Total RNAs prepared from wild type (wt),
AbsrA, AbsrB, and AbsrAB cells, respectively; (lane 5) a chemically synthesized 6S-1 pRNA 14-mer loaded as negative control; (lanes 6,7) chemically
synthesized RNAs representing the first 14 nt (lane 6) or nt 17-39 (lane 7) of 6S-2 pRNAs, used as positive controls. The membrane was simulta-

neously incubated with both probes depicted at the top of A.
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FIGURE 3. 6S-2 pRNA detection by pRNA extension on a DNA template strand. (A) Scheme of the detection setup: (1) 6S-2 pRNAs are able to
hybridize to the 3’-end of the DNA template strand to serve as primers for elongation. (2) After addition of AMV reverse transcriptase, the
PRNAs are elongated by incorporation of a-*?P-dNTPs. (3) The extension is limited by the length of the DNA template (72 nt). Thus, 65-2
PRNA 3’ length variants are extended to a product of identical length (72 nt) resulting in one distinct band in denaturing PAA gels. (B, lanes 1-4)
RNA extracts from B. subtilis wt, AbsrA, AbsrB, and AbsrAB cells used as primer source in the primer extension assay; (lanes 5,6) chemically synthesized
6S-1 pRNA (lane 5) or 6S-2 pRNA 14-mers (lane 6) used as RNA component. (C) As in panel B, except that cellular RNAs (lanes I—4) were pretreated
with TEX to degrade RNAs with 5'-monophosphates, thus enriching for pRNA primary transcripts with 5'-triphosphate termini. 6S-2 pRNA specif-
icity of primer extension was further shown by use of a mismatch control DNA template oligonucleotide carrying three nucleotide exchanges in the 3'-
region complementary to 6S-2 pRNAs (for details, see Materials and Methods). No specific primer extension signal was obtained in this case (data not

shown).

has the ability to extend an RNA primer annealed to a DNA
template strand, all pRNA length species that hybridized to
the template should be elongated until the polymerase falls
off the template DNA at its 5-end. Thereby, the highly
diverse 6S-2 pRNA length species are channeled into one sin-
gle elongation product which can be detected by autoradiog-
raphy after denaturing PAGE.

Using this assay, four different total cellular RNA extracts
were screened for the presence of 65-2 pRNAs, including
RNA isolated from the wt, AbsrA, AbsrB, and AbsrAB strains.
A distinct primer extension product was exclusively observed
with RNA fractions from the wt and AbsrA strains (Fig. 3B,
lanes 1,2). The extension product had the same gel mobility
(72 nt) as in lane 6, where we added a synthetic 6S-2 pRNA
14-mer, indicating that endogenous pRNAs indeed annealed
to the 3’-portion of the DNA template oligonucleotide as il-
lustrated in Figure 3A. As control, a synthetic 14-meric 6S-1
PRNA was used as RNA component. Since no extension prod-
uct was detectable here (Figure 3B, lane 5), unspecific primer
annealing could be ruled out.

To further support our conclusion that cellular 6S-2 pRNA
primary transcripts with 5'-triphosphate ends are the prim-
ing RNA species, we performed the same experiments as
shown in Figure 3B, but using cellular RNA extracts pretreat-
ed with terminator 5'-phosphate-dependent exonuclease
(TEX) before primer extension. TEX specifically degrades
RNAs carrying 5-monophosphate ends (Sharma et al.
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2010) and thus enriches for primary transcripts. This primer
extension experiment (Fig. 3C) showed a similar result as the
one in Figure 3B, yet even with a somewhat improved signal-
to-background ratio. In conclusion, the primer extension
assay provided the third evidence in support of 65-2 pRNA
synthesis in B. subtilis cells.

DISCUSSION

6S-2 RNA is a template for pRNA synthesis
in exponentially growing cells

Using Illumina-based RNA-seq, we were able to identify sub-
stantial amounts of 6S-2 pRNA reads in RNA preparations
from exponentially growing B. subtilis cells (Table 1; Fig. 1).
Detection of these pRNA reads depended on the presence of
the respective 6S-2 RNA gene, supporting their identity as gen-
uine pRNA reads. This finding, additionally supported by two
other independent approaches (Figs. 2, 3), clarifies a central
question in the field, i.e., how B. subtilis o*-RNAP can escape
from sequestration by 6S-2 RNA. Evidently, RNAP does so by
6S-2 RNA-directed pRNA transcription, which complements
previous in vitro results demonstrating that all functional hall-
marks of 6S RNAs also apply to 65-2 RNA: The RNA (i) serves
as a template for pRNA transcription, (ii) binds with similar
affinity as 6S-1 RNA to ¢"-RNAP, (iii) is capable of competi-
tively inhibiting transcription from DNA promoters, and (iv)
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forms 6S RNA:pRNA complexes that (v) disrupt binding to
o*-RNAP (Burenina et al. 2014).

Only very low numbers of 6S-2 pRNA reads were detected
in RNA libraries from stationary cells. A reverse correlation
was observed for 6S-1 pRNA reads that are more abundant
in stationary phase libraries (Table 1; Fig. 1). These findings
are basically in line with the differential expression profiles of
the 6S-1 and 6S-2 template RNAs: 65-2 RNA peaks in expo-
nentially growing cells and tends to thin out toward station-
ary phase, whereas 6S-1 RNA accumulates in stationary
phase, but has low expression levels during early exponential
growth (Beckmann et al. 2011). We infer from the data in
Table 1 and Figure 1 that more RNAP molecules form a com-
plex with 6S-2 RNA in early exponential phase than in sta-
tionary phase where the levels of the competing 65-1 RNA
are particularly high.

The detection of only weak 6S-2 pRNA Northern blot sig-
nals in Figure 2B is not surprising, for the following reason:
We previously obtained very weak Northern blot signals for
65-1 pRNAs in late exponential/early stationary phase
(ODggo = 4-5; Beckmann et al. 2011), where 6S-1 RNA levels
are much higher than in the RNA fractions used in Figure 2B
(mid-exponential phase; ODggo = 0.7). Since roughly equal
numbers of 6S-1 and 6S-2 pRNA reads were detected in
RNA preparations from mid-exponential growth phase
(Table 1, exponential phase, wt cells), we would not only
expect very weak signals for 6S-1 pRNAs but also for 6S-2
PRNAs.

Based on Northern blots using T7 transcripts of 6S RNAs
as quantitative standards, we recently estimated 6S-2 RNA
levels to be roughly threefold higher than 65-1 RNA levels
during exponential phase (ODggo ~0.9; Hoch et al. 2015).
In view of the RNA-seq data (Table 1) suggesting roughly
equal numbers for 6S-1 and 6S-2 pRNAs for wt cells during
exponential phase, this may be taken as evidence that o*-
RNAP less actively synthesizes pPRNAs on 6S-2 RNA com-
pared with 6S-1 RNA. This would be in keeping with the
finding that initiation of 6S-1 pRNA transcription with
GTP is more efficient than initiation of 6S-2 pRNAs with
ATP (Cabrera-Ostertag et al. 2013). One should note that
all considerations on 6S-1 and 6S-2 pRNA synthesis dis-
cussed here are based on the detection of pRNA steady-state
levels. At present, it is unclear whether 6S-1 and 6S-2 pRNA
are degraded at different rates.

The current picture is that 6S-1 and 6S-2 pRNA levels are
low but measurable in exponential phase. 6S-1 pRNA levels
increase and 6S-2 pRNA levels decrease when cells enter sta-
tionary phase (Table 1; Fig. 1). 6S-1 pRNA levels accumulate
during extended stationary phase (death phase when optical
density decreases; Beckmann et al. 2011), where 6S-2 pRNA
levels are low. During early outgrowth from stationary phase,
there is a burst of 6S-1 pRNA synthesis (Beckmann et al.
2011; Cavanagh et al. 2012) that largely exceeds 65-2 pRNA
synthesis at any of the conditions analyzed, in line with the
notion that 6S-1 RNA is more intensely utilized as transcrip-

tion template by B. subtilis 6™ -RNAP than 6S-2 RNA. In view
of the burst of 65-1 pRNA synthesis during outgrowth, 6S-1
RNA may also be considered as a more dynamic regulator of
RNAP function than 6S-2 RNA, at least as long as no specific
conditions (e.g., stresses) are known at which 6S-2 RNA
might give rise to a similar burst of pRNA synthesis. It also
appears that the regulatory function of 6S-1 RNA is specifi-
cally in growth adaptation, while 6S-2 RNA may impact on
other cellular functions yet to be pinpointed. Another issue
is whether 6S-1 and 6S-2 RNAs have differential capacities
to bind to RNAP holoenzymes with other sigma factors
than o Such a capacity could be largely excluded for
E. coli 6S RNA where specific 6S RNA binding was exclusively
observed with 6’°-RNAP, but neither with ¢° or ¢°> holoen-
zymes nor with core RNAP or ¢’ alone (Trotochaud and
Wassarman 2005). However, this specificity issue needs to
be investigated for the B. subtilis system.

While a 65-2 RNA deletion resulted in no measurable
growth phenotype under standard laboratory conditions
(Cavanagh et al. 2012), or only in a minor phenotype under
alkaline stress conditions (Hoch et al. 2015), this does not
necessarily imply that 65-2 RNA is functionally silent. We ob-
served that deletion of the 6S-2 RNA gene leads to an up-reg-
ulation of numerous proteins involved in metabolism and
stress responses, and for exponentially growing cells, this ef-
fect was stronger for a 6S-2 than a 6S-1 RNA deletion (Hoch
et al. 2015). Several of the identified proteins were also up-
regulated in the 6S-1 RNA deletion strain (in stationary
phase), suggesting that there is functional overlap between
the two 6S RNAs.

Differences in 6S-1 and 6S-2 pRNA length patterns
and mechanistic implication

6S-1 pRNAs are more G/C-rich than 6S-2 pRNAs. As a
consequence, 65 RNA:pRNA hybrid structures are estimated
to be stable enough to cause RNAP release when 6S-1 pRNAs
have a length of >13 nt, whereas 6S-2 pRNAs have to be ~20
nt in length to attain the same hybrid stability (Burenina et al.
2014). This may imply that essentially only the longest 6S-2
PRNA transcripts (Table 1) result in persistent dissociation
of 65-2 RNA from RNAP, whereas the same function is exert-
ed by 6S-1 pRNAs >13 nt. As the fraction (not necessarily the
absolute number) of 6S-2 pRNAs that are close in length to
runoffs largely increases in stationary phase (Table 1), a high-
er fraction of 6S-2 pRNA transcription cycles is predicted to
lead to irreversible 6S-2 RNA:RNAP dissociation in this
growth state.

We saw a trend toward higher proportions of very long
pRNA transcripts (including runoff transcripts) in the case
of 6S-2 RNA relative to 6S-1 RNA (Table 1). This propensity
was also observed in pRNA transcriptions in vitro at lower
NTP concentrations (20 pM; Burenina et al. 2014, Fig. 9
therein). There is evidence that those 6S RNAs that form
less rigidly rearranged structures in the central bulge (CB)

www.rnajournal.org 619



Hoch et al.

region upon pRNA synthesis give rise to longer pRNAs. For
example, a B. subtilis mutant 6S-1 RNA with a destabilized
hairpin in the 3’-CB and thus increased conformational
flexibility, had a lower affinity for c*-RNAP and yielded a
pRNA length pattern shifted to longer transcripts relative
to the wt 6S-1 RNA (Beckmann et al. 2012). Likewise, in the
Escherichia coli system, a 6S RNA mutant unable to form the
extended hairpin in the 3’-CB upon pRNA synthesis yielded
pRNAs of 14 and 18-28 nt in length compared to 9- and
13-mers obtained with the wt 6S RNA (Panchapakesan and
Unrau 2012). Finally, for B. subtilis 6S-2 RNA, formation
of a central bulge collapse (CBC) helix upon pRNA-induced
disruption of helix P2 is less stable and thus less favored than
in the case of 65-1 RNA (Beckmann et al. 2012).

Potential interplay of 6S-1 and 6S-2 RNA

The RNA-seq results indicate that the expression of 6S-1
pRNAs increases in the absence of 65-2 RNA (Fig. 1B, left,
strains AbsrB and AbsrAB+A). In exponential phase, 18- to
35-fold more 6S-1 pRNA reads were detected than in the
wt strain (blue bars in Fig. 1B, left part). For RNA samples
from stationary phase cells this difference further increased
to 24- to 92-fold even (red bars in Fig. 1B, left part). This ob-
servation suggested an influence of the presence of 6S-2 RNA
on the utilization of 6S-1 RNA as template for pRNA tran-
scription. We considered the possibility that the less efficient
PRNA transcription on 6S-2 RNA, resulting in more effective
sequestration of RNAP by this RNA, may normally restrict
6S-1 RNA access to RNAP and thus 6S-1 RNA utilization
as a template for pRNA transcription. To validate this trend
seen in the RNA-seq data, we performed 6S-1 pRNA-specific
Northern blot analyses using total RNA extracted from the wt
and mutant strains. However, with about 10 independent
RNA extracts prepared from wt and AbsrB bacteria in paral-
lel, either using the hot phenol or TRIzol method (Damm
et al. 2015), no consistent results were obtained. With RNA
prepared by the hot phenol method (as done in the RNA-
seq experiment), we could see higher pRNA levels for the
AbsrB relative to the wt library in most experiments, but
not all. This was also observed for total RNAs prepared by
the TRIzol method enriching for small RNAs, but here
only in less than half of the preparations. On the other
hand, in neither RNA preparation we saw a more intense
6S-1 pRNA signal for RNA prepared from the wt compared
with the AbsrB strain. One possibility is that the transcrip-
tomes of AbsrB cell populations are less stable than those of
the wt strain and often (but not always) undergo a shift man-
ifesting as increased 6S-1 pRNA levels.

Concluding remarks

The majority of bacteria encode a single 6S RNA which, ac-
cording to present knowledge, acts as a growth phase-depen-
dent global regulator of the housekeeping RNA polymerase
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holoenzyme. Surprisingly, a minority of bacteria, mainly
those belonging to the firmicutes but also some others like
the y-proteobacterium Legionella pneumophila, express at
least two different 6S RNAs (for review, see Wehner et al.
2014; Burenina et al. 2015). In the case of B. subtilis—the ma-
jor model system for the study of bacteria expressing two 6S
RNA paralogs—the available data suggest differential as well
as overlapping roles of 6S-1 and 6S-2 RNAs (Cavanagh et al.
2012, 2013; Cabrera-Ostertag et al. 2013; Hoch et al. 2015).
Further investigations are required to better understand the
biological reasons why a second 6S RNA paralog with a dif-
ferent expression profile has evolved in B. subtilis and related
bacteria. This concerns the question whether 65-2 RNA may
have specialized functions under so far unidentified environ-
mental conditions or if the RNA may affect physiological
conditions that are relevant to the survival of real wild-type
strains rather than the so-called laboratory “wild-type”
strains, such as B. subtilis 168 or PY79. Regardless of such
possibilities, we have added here an important mechanistic
piece of the jigsaw by demonstrating the ability of 6S-2
RNA to direct pRNA synthesis in vivo as a prerequisite to
release 0*-RNAP from its transcription block. This feature
of 6S-2 RNA qualifies the RNA as an authentic 6S RNA
and disfavors possible scenarios according to which 6S-2
RNA simply sequesters ¢"-RNAP as a static inhibitor that
may only be removed from RNAP by competing RNAP li-
gands or by RNases attacking the RNA when bound to the
RNAP holoenzyme. The capacity of 65-2 RNA to direct
PRNA synthesis in vivo as a means to release RNAP equips
the second 6S RNA paralog with an important dynamic func-
tional feature specific to this type of riboregulator.

MATERIALS AND METHODS

Strains and cell growth

For total RNA isolation, exponential phase cells were prepared as
follows. Single colonies were picked from LB agar plates (containing
the appropriate antibiotic for selection of mutant strains) to inocu-
late 3 mL of lysogeny broth (LB) (Bertani 1951). Cultures were
grown overnight at 37°C, 220 rpm, in a shaking (warm air) incuba-
tor (GFL 3033). Of note, 1 mL of these overnight cultures was used
to inoculate 300 mL LB medium in a 1000-mL baffled Erlenmeyer
flask. Cell growth was performed at 37°C at 180 rpm in a water
bath shaker (Infors AG, Infors HT, Aquatron). Growth was moni-
tored until an ODgyy between 0.6 and 0.9 (exponential growth
phase) was reached. Cells were harvested by centrifugation at 4°C
and 4000 rpm for 15-20 min and the cell pellets were snap frozen
in liquid nitrogen and stored at —80°C until further use. For the con-
struction and phenotype of the B. subtilis PY79 6S RNA deletion
strains, see Hoch et al. (2015).

Isolation of total RNA from Bacillus subtilis cells

Cellular total RNA used for deep sequencing (RNA-seq) was isolated
using the hot phenol method (Mattatall and Sanderson 1996;
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Beckmann et al. 2010). Cellular total RNA for Northern blotting and
primer extension was prepared using the TRIzol (Ambion) method.
For this purpose, pelleted B. subtilis cells were resuspended in an ap-
propriate amount of TRIzol reagent (for a pellet deriving from 50
mL LB culture, 4 mL TRIzol were used) by vortexing and incubated
for 5 min on ice, followed by the procedure described in Damm et al.
(2015). The purity of the RNA preparation was determined by UV
spectroscopy. If the 260/280 nm absorbance ratio of the RNA (dis-
solved in 20-100 pL ddH,0O) was below 1.7, the RNA was precipi-
tated again using isopropanol. The quality of the RNA preparation
was analyzed by 5% denaturing (8 M urea) PAGE. For RNA quality,
see Supplemental Figure S2.

RNA-seq procedure

Total cellular RNA was first enriched for RNAs smaller than 200 nt
using the mirVana miRNA isolation Kit (Ambion) according to the
protocol supplied by the manufacturer. Then the library was en-
riched for primary transcripts by treatment with terminator 5'-
phosphate-dependent exonuclease (TEX; Biozym/Epicentre), which
specifically degrades RNAs carrying a 5'-monophosphate, but leaves
primary transcripts carrying a triphosphate at their 5'-end intact.
Subsequently, a 50-nt internal size marker was added to the RNA,
followed by preparative 10% denaturing PAGE. RNAs with a length
below 50 nt were extracted from the gel by electro-elution, precipi-
tated with ethanol and dissolved in RNase-free water. RNAs were
subsequently treated with Tobacco Acid Pyrophosphatase (TAP,
Epicentre) to convert 5'-triphosphates to 5'-monophosphates for
linker ligation. Thereafter, RNA samples were poly(A)-tailed using
poly(A) polymerase, and the 5'-adapter oligonucleotide was ligated
to the 5'-monophosphate end. Next, first-strand cDNA synthesis
was performed using an oligo(dT) primer and Moloney Murine
Leukemia Virus Reverse Transcriptase (M-MLV reverse transcrip-
tase). The generated cDNA was amplified by PCR with 17-20 cycles
until a DNA yield of ~20-30 ng/uL was reached. The PCR reaction
mixtures containing the ¢cDNA libraries were purified using the
Agencourt AMPure XP Kit (Beckmann Coulter Genomics) and
pooled. Library construction was carried out at vertis Biotechnolo-
gie AG (Freising, Germany). The sequencing reaction was conduct-
ed using an Illumina sequencer. Sequencing reads were cropped at
the first poly(A) stretch (at least six consecutive A residues) and
assigned to the respective 6S-1 or 6S-2 pRNA length species when-
ever the sequence matched perfectly. Given the very short length of
PRNA sequences, reads with any mismatches as well as reads < 7 nt
were discarded to avoid random contamination by other very short
RNAs or RNA fragments. For visualization of the mapping to both
6S RNA loci, see Figure 1A and Supplemental Figure S1.

Northern blotting and hybridization

Fifteen micrograms of total cellular RNA (prepared by the TRIzol
method) or chemically synthesized control pRNAs (0.33 pg 6S-1
pRNA 14-mer, 0.33 pg 6S-2 pRNA 14-mer, or 0.165 pg 6S-2
pRNA nt 17-39) were mixed with 1 volume of 2x denaturing load-
ing buffer (0.02% (w/v) bromophenol blue, 0.02% (w/v) xylene cya-
nol, 2.6 M urea, 66% (v/v) formamide) and heated to 95°C for 2—
3 min, followed by rapid cooling on ice. RNAs were separated on
a20% native PAA gel using 1x TBE as running buffer. After electro-
phoresis, RNAs were transferred by semidry electroblotting (over-

night) onto a positively charged nylon membrane (Roche) with
~0.25 mA/cm? using 0.5x TBE as transfer buffer. The RNA was im-
mobilized on the nylon membrane by crosslinking with 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) fol-
lowed by hybridization as described in Beckmann et al. (2010). In
brief, after EDC crosslinking, membranes were transferred to a glass
tube and incubated with ~15 mL of “DIG Easy Hyb” (Roche) hy-
bridization solution (prepared as indicated by manufacturer) for
2 h at 50°C under slow rotation using a Biometra CV 3 hybridization
oven. After 2 h, the hybridization solution was exchanged with an-
other 15 mL of hybridization solution containing two double digox-
igenin-labeled RNA/LNA mixmer probes complementary to 6S-2
pRNA, 300 pmol each (Probe 1: 5'-DIG-TAa Guu TTA aCC TT-
DIG-3'; Probe 2: 5'-DIG-GCu aCu uuG uGC GTA uuG-DIG-3;
Ribotask; DIG indicates 5'- and 3'-terminal digoxigenin labels,
LNA residues are indicated by capital letters). Beforehand, the
mixmer probes were heated to 95°C for 1 min to disrupt internal
structures and probe oligomers, followed by rapid cooling on ice.
After hybridization, membranes were washed as follows to remove
excess amounts of the probes: 2 X 5 min in 50 mL stringency buffer
1 (2x SSC, 0.1 % SDS) followed by two washing steps, 15 min each,
in 50 mL stringency buffer 2 (0.1x SSC, 0.1% SDS). Immunological
detection was carried out using the DIG northern starter Kit
(Roche) according to the manufacturer’s recommendations. For
RNA quality, see Supplemental Figure S2.

Enrichment for primary transcripts prior
to primer extension

For removal of processed and/or degraded RNAs, the cellular RNA
extracts were treated with terminator 5 -phosphate-dependent exo-
nuclease (TEX; Biozym/Epicentre). TEX specifically degrades RNAs
carrying a 5’-monophosphate, while RNAs with a 5'-triphosphate, a
5'-cap structure, or a 5'-hydroxyl group are not affected. The TEX
treatment was performed according to the protocol recommended
by the supplier (Epicentre), with minor changes. In brief, 2 pL of
Terminator 10X reaction buffer A (Biozym/Epicentre) were added
to 10 pg of total cellular RNA in a 0.2 mL tube and supplemented
with ddH,O to a volume of 15 pL. Then 5 puL of TEX (1 U/uL)
were added and the reaction mixture was incubated for 90 min at
30°C in a thermocycler with a heated lid (50°C) to avoid condensa-
tion. Thereafter, the reaction mixture was adjusted to a volume of
200 pL with ddH,O, transferred to a 1.5-mL tube, and the reaction
was terminated by addition of 1 volume of acidic phenol. The
mixture was vortexed thoroughly and centrifuged for 5 min at
maximum speed in a tabletop centrifuge (20,000g) for phase sepa-
ration. The aqueous phase was transferred to a new tube and the
RNA was precipitated for at least 30 min with 1 volume of iso-
propanol at —20°C. After centrifugation at 17,000g at 4°C for at least
30 min, the supernatant was discarded and the RNA pellet was
washed with 75% ice-cold ethanol. The RNA pellet was dried for
5 min in a vacuum centrifuge at 35°C and redissolved in 5 pL
ddH,0.

Primer extension using 6S-2 RNA-derived pRNAs
as primers

For elongation of pPRNAs by AMV reverse transcriptase, a chemically
synthesized DNA oligonucleotide (5'-GACGCAGTGACACCAATG
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TACTAGTAGGGTCgaagctactttgtgcgtattgttaattaagttttaaccttt-3'; small
letters indicate complementarity to 6S-2 pRNAs, underlined nucle-
otides indicate the annealing region of the 65-2 pRNA 14-mer),
whose 3'-terminal nucleotide matched the 5'-terminal 6S-2 pRNA
nucleotide, such that all 6S-2 pRNA 3’-length variants were able
to anneal to the DNA template in the same register. A template
DNA oligonucleotide with three mutations in the 3'-terminal part
(... taagAtttTaccAtt-3") was used as a mismatch control. For 6S-2
PRNA extension, 2.3 pg total cellular RNA prepared by the TRIzol
method were mixed with the DNA template (f.c. 0.1 pM), a->*P-
dNTPs (f.c. 83 nM each, 3000 Ci/mmol; Hartmann Analytic),
1x AMYV reaction buffer (New England Biolabs) and supplemented
with ddH,O to a total volume of 9.3 pL. The mixture was incubated
for 10 min at 80°C, followed by 2 min at 4°C and 5 min at 25°C, then
0.7 uL AMV Reverse Transcriptase (10 U/uL; New England Biolabs)
were added. After an additional 15 min at 25°C, the mixture was in-
cubated for 60 min at 42°C and finally the reaction was stopped by
heat inactivation of the enzyme (70°C, 10 min). For reference reac-
tions, synthetic pRNAs (f.c. 10 nM each) instead of total cellular
RNA were used: a 6S-1 pRNA 14-mer (5-GUUCGGUCAAAA
CU-3") or a 6S-2 pRNA 14-mer (5-AAAGGUTAAAACUU-3)
(both from Integrated DNA Technologies). Samples were finally
mixed with 1 volume of 2x denaturing loading buffer (see above)
and heated to 95°C for 3 min. For the analysis of extension products,
samples were subjected to denaturing 15% PAGE and visualized
by autoradiography for 0.5-2 h using a Fuji FLA-300 R
Phosphorimager (Fujifilm).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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