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ABSTRACT

Adaptation of the transcriptome to nutrient limitation and resup-
ply is a fundamental process in bacteria, particularly in natural
habitats. Bacterial 65 RNA, an ubiquitous and growth phase-
dependent regulator of transcription, binds to RNA polymerase
(RNAP) and inhibits transcription during stationary growth.
Upon nutrient resupply, RNAP acts as an RNA-dependent RNA
polymerase by transcribing large amounts of short RNAs (pRNAs)
from 65 RNA as template, leading to dissociation of 6S RNA-
RNAP complexes. Whereas the majority of bacteria express a
single 65 RNA species, Bacillus subtilis encodes two 65 RNAs
(65-1 and 65-2) of similar secondary structure, but with different
expression profiles.

In this work, we investigated the two 65 RNAs of B. subtilis,
focusing on pRNA synthesis and its role for the function of 65
RNA. Concurrently, we identified pRNA transcription from 6S-1
RNA in vivo using high-troughput sequencing techniques and we
developed a novel Northern hybridization protocol for detection
of pRNAs in bacterial total cellular extracts.

Our results show that the release of RNAP from 65-1 RNA,
the functional homolog of the well investigated E. coli 6S RNA,
is regulated by stable pRNA binding. Additionally, we found
structural changes of 65-1 RNA, induced by differences in pRNA
length in different growth phases. This specific structural change
of 6S RNA seems to be conserved among bacteria. Furthermore,
we are able to show that the two processes of RNAP release and
65-1 RNA degradation are coupled in vivo. Taken together, our
results expand the current understanding of 6S RNA function
and provide insight into the mechanism of RNAP release from
6S RNA in bacteria.
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ZUSAMMENFASSUNG

Die Anpassung des Transkriptoms an verdnderte Nahrungsbedin-
gungen ist ein grundlegender Prozess in Bakterien, ganz beson-
ders in nattirlichen Lebensrdaumen. Die bakterielle 65 RNA, ein
universeller und wachstumsphasenabhidngiger Transkriptions-
regulator, bindet an die RNA Polymerase (RNAP) und verhin-
dert die Transkription im stationdren Wachstum. Nach erneuter
Verfligbarkeit von Nahrstoffen, fungiert die RNAP als RNA-
abhidngige RNA polymerase und transkribiert grofse Mengen
einer kurzen RNA (pRNA), wobei sie die 6S RNA als Templat be-
nutzt. Dieser Vorgang fiihrt zur Dissoziation des 6S RNA-RNAP
Komplexes. Wahrend in der Mehrheit der Bakterien nur eine
einzelne 6S RNA exprimiert wird, gibt es zwei 6S RNAs in Bacil-
lus subtilis (6S-1 und 65-2), die zwar die gleiche Sekundarstruktur
einnehmen, aber unterschiedliche Expressionsprofile haben.

Im Rahmen dieser Arbeit haben wir die beiden 65 RNAs aus
B. subtilis untersucht, wobei ein Fokus auf der Synthese der
pPRNA und deren Funktion lag. Wir begannen unsere Unter-
suchungen mit zwei Ansédtzen: Wir identifizierten zunachst Tran-
skription von pRNA mit 65-1 RNA als Templat in vivo durch
Hochdurchsatz-Sequenzierung und entwickelten aufSerdem ein
neues Northern-Hybridisierungsprotokoll, das es uns erlaubte,
pRNAs in bakteriellen Extrakten zu detektieren.

Unsere Ergebnisse zeigen, dass die Dissoziation der RNAP und
6S-1 RNA, dem funktionellen Homolog der gut untersuchten 65
RNA aus E. coli, durch stabile Bindung der pRNA reguliert wird.
Wir fanden zusitzlich heraus, dass dieser Vorgang zu struk-
turellen Verdnderungen in der 65-1 RNA fiihrt; ausgelost durch
Unterschiede in der Lange der pRNA in den verschiedenen Wach-
stumsphasen. Diese spezifische strukturelle Anderung der 6S
RNA scheint aufierdem ein Merkmal der 6S RNA in Bakterien
generell zu sein. Dartiber hinaus konnten wir zeigen, dass die
Dissoziation der RNAP und der Abbau der 65-1 RNA in vivo
verkniipft sind. Zusammenfassend erweitern unsere Ergebnisse
das momentane Verstdndnis der Funktion der 6S RNA und geben
Einsicht in den Mechanismus der Dissoziation der RNAP von 6S
RNA in Bakterien.
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There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.
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INTRODUCTION

"To Start Press Any Key'.
Where’s the ANY key?

— Homer Simpson

1.1 NON-CODING RNA IN BACTERIA

Regulatory non-coding RNAs (ncRNAs) are a heterogenous
group of short RNAs that act by diverse mechanisms to regulate
the bacterial cell physiology. The majority of ncRNAs enable the
cell to adjust to environmental changes by affecting transcription
initiation, post-transcriptional regulation, translation initiation,
membrane modulation and a variety of other functions (Waters
and Storz, 2009; Repoila and Darfeuille, 2009). Recently, a group
of RNA regulators, known as CRISPR RNAs, have been shown
to form a basic adaptive immune system of bacterial cells by in-
terfering with plasmid and phage infections (Karginov and Han-
non, 2010). Some ncRNAs form chimeras with protein-coding
sequences like riboswitches or RNA thermometers, while oth-
ers act in cis as antisense transcripts of their target RNA. Many
ncRNAs are described from independent genes and therefore
work in trans when binding to target transcripts. Finally, some
few ncRNAs directly bind to proteins which they regulate.

Although the sequences of many ncRNAs have been known for
decades (Brownlee, 1971; Mizuno et al., 1984), their contributions
to cellular responses to environmental changes were not appre-
ciated until the beginning of the millenium (Wassarman et al.,
1999). Beginning from the year 2001, diverse groups reported
the identification of RNAs originating from intergenic regions in
E. coli (Livny and Waldor, 2007) and started to investigate their
function. Nowadays, more than 140 ncRNAs have been identi-
fied using diverse approaches (Vogel and Wagner, 2007) such as
computational predictions (Livny et al., 2008), deep sequencing
(Gittka et al., 2008; Sharma et al., 2010) and tiling arrays (Landt
et al., 2008).

"Small” and
"regqulatory’ ncRNA
are often used
synonymously.

CRISPR = clustered
regularly interspaced
short palindromic
repeats

The first
chromosomally
encoded small RNA
requlator MicF was
identified in E. coli
in 1984.

In E. coli alone, ~80
ncRNAs have been
found.
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Figure 1: Functionality of diverse types of ncRNAs. (A) Example of a
riboswitch: a masked ribosomal binding site (RBS) becomes
accessible to the ribosome after binding of a ligand to the
riboswitch aptamer. (B) Example of a cis-encoded ncRNA.
Binding of the fully complementary ncRNA prevents bind-
ing of the ribosome and blocks initiation of translation. (C)
Example of a trans-encoded ncRNA. A masked RBS becomes
accessible after binding of the ncRNA, resulting in increased
translation efficiency.

1.1.1 Riboswitches & RNA thermometers

Riboswitches and RNA thermometers are simplified regulatory

2% of B. subtilis modules located at the 5’-end of mRNAs. Riboswitches are leader
genes are Teglfl“te‘i sequences consisting of two parts: the aptamer region which
by riboswitches. yinds a ligand with usually high specificity and the expression
platform which regulates the expression of the downstream gene

(Mandal and Breaker, 2004). The respective mRNA is usually

directly involved in the metabolism or intracellular control of the
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(ligand-) metabolite.

Thermometers are complex RNA structures usually located in
the 5"-UTR of protein encoding genes that change their confor-
mation in response to temperature. This mechanism regulates
transcription of genes involved in heat- or cold-shock as well as
expression of virulence factors upon successful intrusion in host
organisms (Narberhaus et al., 2006).

1.1.2 Base pairing ncRNAs

The majority of characterized ncRNAs regulate gene expression
by base pairing with mRNAs. Cis-encoded ncRNAs are encoded
on the antisense strand of their target RNA and therefore have
extensive potential for base pairing. Many of these ncRNAs origi-
nate from bacteriophages, plasmids and transposons and play a
role in maintaining the number of these mobile elements (Brantl,
2007). Cis-encoded ncRNAs expressed from chromosomes often
control mRNAs that are toxic at high levels (Gerdes and Wagner,
2007).

The other ncRNAs acting by base pairing are trans-encoded,
which means that they are synthesized as discrete transcripts
with dedicated promoter and terminator sequences (Aiba, 2007;
Gottesman, 2005). In many cases, ncRNAs bind to the 5-UTR, es-
pecially the RBS, and thereby block translation initiation (Bouvier
et al., 2008). These interactions are often facilitated by the Hfq
protein, at least in Gram-negative bacteria. A single ncRNA can
bind to multiple mRNA targets. On the other hand, one protein
coding transcript can be regulated by diverse ncRNAs. Both can
be found in the regulation of proteins of the outer membrane in
Gram-negative bacteria (Guillier et al., 2006; Vogel and Papenfort,
2006). One of the most versatile ncRNAs is RNAIII in Staphylococ-
cus aureus (Huntzinger et al., 2005; Novick and Geisinger, 2008).
It binds to a variety of mRNAs, thereby regulating virulence of
this important human pathogen, and it also encodes for a small
protein.

1.1.3 NcRNAs modulating protein activity

To date, three ncRNAs are known that directly bind to proteins
and regulate their function: CsrB, GImY and 6S RNA. They all
act by mimicking other nucleic acids. In E. coli, CsrB and CsrC
regulate the RNA-binding protein CsrA which is important for
carbon usage and motility (Babitzke and Romeo, 2007).

Sugar metabolism of E. coli is under control of GImY, a ncRNA
that sequesters GImS. GImY mimics another RNA, GImZ, which
normally binds to GImS (Gorke and Vogel, 2008).

Finally, 6S RNA has been shown to bind to the housekeeping

Regulation of most
of the trans-encoded
ncRNAs is negative.

RBS = ribosomal
binding site

Hfq = Sm-like RNA
chaperone

csr = carbin storage
requlator

GImS = glucosamine-
6-phosphate
synthase
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RNA polymerase (RNAP) in E. coli, thus inhibiting transcrip-
tion from certain promoters upon entry into stationary phase
(Willkomm and Hartmann, 2005; Wassarman, 2007).

1.2 6S RNA IN BACTERIA

As many other ncRNAs, 65 RNA had been found decades before
its function was revealed. The first description of 65 RNA as a
distinct cellular RNA was reported in the late 1960’s (Hindley,
1967) in E. coli; the RNA’s sequence was revealed 4 years later
(Brownlee, 1971). However, the role of 6S RNA remained com-
pletely nebulous for the following 30 years. One of the reasons
for this might be the fact that cells lacking 6S RNA did not show
a notable phenotype (Lee et al., 1985).

u
5 Ay
& ) “ pRNA g 45
3

{

A A ]

T ucucuaAsAUeY tac " scacad

[l 1 el

LUV ABAGECUCUACE BCG o CEUSCEE, "
¢ 180 160 G, U

Escherichia coli 65 RNA 140 a, gl

Figure 2: The secondary structure of E.coli 65 RNA. The typical 65 RNA
features are a mainly rod-shaped, double stranded structure
with a large central bulge. 65 RNA also serves as template for
transcription of 10-20nt pRNAs, initiating from U 44.

1.2.1 6S RNA in E. coli

In 2000, Wassarman and Storz (2000) revealed the function of
6S RNA in E. coli. They found that 65 RNA coimmunoprecipi-
tated with the 67° RNA polymerase holoenzyme (Gruber and
Gross, 2003), forming the hitherto unidentified 11S RNA-protein
complex. However, 6S RNA bound to the 067°-holoenzyme but
not to the RNAP core or to the 67° factor alone. Also, RNA poly-
merase holoenzymes containing the 03> factor (a factor involved
in diverse stress responses) were not subject to 65 RNA binding
(Wassarman and Storz, 2000; Trotochaud and Wassarman, 2005),
whereas binding to 6°-holoenzymes (¢° = cofactor for transcrip-
tion of stationary phase-specific genes) was detectable, but much
weaker than to the 67°-holoenzyme (Gildehaus et al., 2007).

The structure of 65 RNA (Fig. 2) is highly conserved among
bacteria and was hypothesized to be the key for RNAP binding as
it resembles a DNA open promoter (Trotochaud and Wassarman,
2005; Barrick et al.,, 2005). 6S RNA is a rod-shaped RNA with a
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large unstructured central bulge. Promoter regions of DNA adopt
a similar shape after melting and forming the open promoter
structure (Fig. 3).

6S RNA
Central bulge

— 23/22 nt —4— 15/14 nt—4

|
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Pel 01 1TH0e 10H1 | L GGRMNR
GGYNN _NRYG GCR 4 Lifiad
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UGRN[EC ECC
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RCUNGG|

Open promoter
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extended ~——
-10 element -10 box

Figure 3: Comparison of the bacterial 6S RNA consensus with an open
promoter. Black: regions of sequence conservation; the central
bulge of 6S RNA is ‘clamped’ by GC base pairs (adapted from
Willkomm and Hartmann (2005).

This promoter mimic hypothesis was further endorsed by stud-
ies on E. coli promoters, showing that region 4.2 of the 67° cofactor
binds to 6S RNA as well as to promoter DNA. Using microarray
experiments, expression of hundreds of genes has been identified
to be altered in a 6S RNA-dependent manner (Cavanagh et al.,
2008). However, only a subset of 67°-dependent promoters was
affected; the strength of the -10 and -35 elements obviously deter-
mines if a promoter is regulated by 6S RNA-mediated inhibition
of RNAP in stationary growth phase (Cavanagh et al., 2008). In
a subsequent study using a series of 67° mutants Klocko and
Wassarman (2009) showed that the binding sites of 65 RNA and
the -35 element of promoter DNA do not coincide in the 4.2
region (Fig. 4) but are overlapping. They therefore concluded
that competition between 6S RNA and the -35 region of promoter
DNA is the mechanism underlying 65 RNA-mediated inhibition
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ATP = adenosine-
triphosphate

Rifampicin =
antibiotic blocking
transcription
initiation by RNAP.
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of transcription.

A region 4.1 region 4.2 C-tail
N A4 A
560 570 580 590 600 610
.. .RMRFGIDMNTDYTLEEVGKQFDVTRERIRQI EAKALRKLRHPSRSEVLRSFLDD
O D

Figure 4: Differences in binding of 6S RNA and DNA to the C-terminal
region of 07°. (A) The amino acid sequence of regions 4.1, 4.2
and the C-tail; alanine substitutions are shown in red. The
relative effects on 65 RNA binding (B) or DNA binding (C)
for alanine substitutions are indicated by color: Red, strong
defect in binding; yellow moderate defect in binding and
green increased binding (adapted from Klocko and Wassar-
man (2009)).

Another breakthrough in understanding the mechanism of 65
RNA came in 2006 when it became clear that 6S RNA can bind
at the active site of RNAP and may serve as a template for the
synthesis of de novo RNA products (pRNAs) (Wassarman and
Saecker, 2006; Gildehaus et al., 2007). Similar to transcription from
promoter DNA, pRNA synthesis starts at a defined nucleotide
within the central bubble, demonstrated by ATP being the only
nucleotide able to initiate pRNA transcription (Fig. 5). Synthesis
of these short transcripts was found mainly in outgrowth from
stationary phase. Analysis of cellular extracts and gel retardation
experiments revealed that pRNAs form hybrids with their tem-
plating 6S RNA. Furthermore, addition of rifampicin prevented
PRNA synthesis as well as hybrid formation (Wassarman and
Saecker, 2006; Wurm et al., 2010).

Upon synthesis of pPRNA, RNAP is released from the complex,
an event that can also be prevented by addition of rifampicin or
by deprivation of NTPs (Wurm et al., 2010). Measuring the half-
life of 6S RNA resulted in the conclusion that pRNA synthesis
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Figure 5: Synthesis of pRNA in E. coli. 6S RNA templates transcription
by o7°-RNAP in vitro in the presence of NTPs and «-3*P
CTP. An inactive 65 RNA mutant (M5), lacking the central
bulge, was no template for pRNA transcription (adapted from
Wassarman and Saecker (2006)).

and hybrid formation trigger the degradation of 65 RNA during
outgrowth (Wassarman and Saecker, 2006; Wurm et al., 2010).

1.2.2 6S RNA in other bacteria

In 2005, homologs of E. coli 65 RNA were identified in more than
100 bacteria. First, Trotochaud and Wassarman (2005) found 6S
RNA homologs in 3-proteobacteria by biochemical means and
identified two 6S RNAs in Bacillus subtilis by co-immunoprecipita-
tion with RNAP. In Aquifex aeolicus, 6S RNA was found to be one
of the most abundant small RNAs (Willkomm et al., 2005). Finally,
Barrick et al. (2005) used computer searches based on trained
covariance models to predict 6S RNA homologs among bacteria
(Fig. 6). All 6S RNAs identified so far share a highly conserved
secondary structure: a largely double-stranded rod with a central
bulge. However, despite some few conserved nucleotides near
the central bulge (Fig. 3), the sequence conservation is very low
(Willkomm and Hartmann, 2005).

Next to mere bioinformatic prediction, identification and veri-
fication of 65 RNA homologs by biochemical and genetic means
have been performed in a variety of bacterial organisms. Syne-
chococcus sp. 6S RNA, although found very early by (Watanabe
et al., 1997), was initially not recognized for what it was. 65
RNA of Salmonella typhimurium (Sittka et al., 2008), Sinorhizobium
meliloti (Schliiter et al., 2010), Staphylococcus aureus (P. Romby, per-
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Figure 6: The phylogenetic tree of 6S RNA homologs shows the pres-
ence in all branches of the bacterial kingdom. The symbols
represent the taxonomic classification of the genomes con-
taining each a 65 RNA sequence (adapted from Barrick et al.

(2005)).

sonal communication) and Helicobacter pylori (Sharma et al., 2010)
were analyzed in the course of deep sequencing approaches. H.
pylori 6S RNA was shown to serve as template for two different
PRNA species; transcription of the two pRNAs is initiated at one
side of the central bulge, ~ 7ont apart. Microarray experiments
in Legionella pneumophila revealed that 65 RNA is important for
virulence as knockout strains were impaired in intracellular mul-
tiplication in both protists and mammalian cells (Faucher et al.,
2010).

Generally, there is one copy of 65 RNA per microbial genome. In
low-GC Gram-positive bacteria, however, two different 6S RNAs
are present (Barrick et al., 2005). Moreover, two distinct types of
6S RNA have been reported in Prochlorococcus (Axmann et al.,
2007).

1.3 THE TWO 6S RNA SPECIES OF BACILLUS SUBTILIS

Ando et al. (2002) and Suzuma et al. (2002) identified two abun-
dant RNAs in B. subtilis, one 19ont (with a 201 nt precursor)
and the second 203nt in length, respectively. They were rec-
ognized as 6S RNAs by Trotochaud and Wassarman (2005) in
co-immunoprecipitation experiments with RNAP. Interestingly, a
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third RNA was co-purified, but its sequence could not be deter-
mined. The two RNAs were renamed to 65-1 RNA (201/190nt)
and 6S-2 RNA (203nt). Secondary structure prediction of both
RNAs and structure probing experiments of 6S-1 RNA (Tro-
tochaud and Wassarman, 2005; Barrick et al., 2005) indicated that
both have the typical 65 RNA “shape” (Fig. 7). Intriguingly, the
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Figure 7: Secondary structure of the two 65 RNAs of B. subtilis, 65-1
RNA and 65-2 RNA. The triangle denotes the cleavage site of
the 201 nt 65-1 RNA precursor resulting in the mature 19ont
65-1 RNA.

expression patterns of both RNAs diverge. 65-1 RNA levels peak,
as for E. coli 6S RNA, in stationary phase, whereas 65-2 RNA is
most abundant during exponential growth and its levels drop
upon entry into stationary phase (Barrick et al., 2005), which
suggested that 65-1 RNA is the ortholog of E. coli 6S RNA.

1.4 OPEN QUESTIONS IN THE CURRENT VIEW OF 6S RNA

Mainly based on investigations in E. coli, the current model of 6S
RNA function in bacteria is as follows (Fig. 8): 6S RNA binds to
the sigma factor of housekeeping RNAP by mimicking a DNA
open promoter structure in a growth phase dependent manner.
The housekeeping RNAP, constituting the main RNAP species in
bacterial cells, is responsible for transcription of the majority of
genes, especially during exponential growth. If nutrient scarcity
triggers entry into stationary phase, 6S RNA levels increase and
sequester mainly the housekeeping RNAP, but not polymerases
with other o factors. Thus, transcriptional regulation is altered to-
wards expression from genes with promoters that are not affected
by 6S RNA-mediated inhibition. Upon nutrient resupply and in-
crease in transcriptional activity (outgrowth), RNAP is released

11
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from 6S RNA. A prerequisite for this release is transcription of
PRNAs from 6S RNA as a template.

Exponential phase

S _
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Figure 8: Current model of 6S RNA function. Transcription of 65 RNA-
dependent genes by the housekeeping RNAP (exponential
phase) is inhibited by large amounts of 6S RNA under nu-
trient limitation (stationary phase). Upon resupply with nu-
trients (outgrowth), RNAP is released by synthesis of short
transcripts (pRNA).

This current model raises several questions: First, the promoter
mimicry hypothesis is mainly based on secondary structure de-
termination of 65 RNA. So far, the interactions between 65 RNA
and RNAP have been investigated by mutational analyses, in vivo
crosslinking, gel shift assays and RNA cleavage assays only. As
yet, no tertiary structure information is available; neither from 6S
RNA alone nor from 6S RNA-RNAP complexes. Therefore, this
model awaits further proof.

Second, maturation of 6S RNA and its degradation are still un-
clear. E. coli 6S RNA, for example, is cotranscribed with the down-
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stream ygfA gene and rapidly excised by an unknown mechanism
(Hsu et al., 1985). Also, maturation of B. subtilis 65-1 RNA from
the 201 nt precursor to the 19ont mature form (Fig. 7) is carried
out by a yet unidentified nuclease. Even more important, the
proposed degradation of 6S RNA during outgrowth and after
PRNA-mediated release of RNAP has not been characterized so
far.

Finally, release of RNAP by pRNA synthesis constitutes a unique
mechanism, considering that a DNA-dependent RNA polymerase
accepts RNA as template for transcription. As levels of pRNA
massively increase after induction of outgrowth (Wassarman and
Saecker, 2006), the question was raised whether pRNAs them-
selves might play a role in transcriptional regulation (Wurm
et al., 2010). PRNAs were observed mainly as a by-product of
RNAP release. The question how they trigger the dissociation of
the RNAP-65 RNA complex has not been addressed yet. Also,
the trigger of pRNA synthesis itself remaines unknown. It has
been speculated that increasing NTP levels during outgrowth
(Murray et al., 2003) provide the signal for pRNA transcription
(Wassarman and Saecker, 2006).

1.5 GOAL OF THE PROJECT

Although identified in several organisms, 6S RNA function has
been investigated nearly exclusively in E. coli. To broaden our
understanding of this ubiquitous riboregulator, we initiated our
investigations on 6S RNAs in B. subtilis. This organism was of par-
ticular interest as it i) is one of the best investigated Gram-positive
model organisms and therefore a counterpart to Gram-negative
E. coli, ii) is closely related to several pathogenic organisms (e.g.
B. anthracis) and many ncRNAs are important for regulation of
virulence (see above); discoveries in B. subtilis might be testable
and also applicable in these pathogens and iii) the presence of
two 6S RNA species was intriguing as, once the ortholog of the
canonical 6S RNA is found, the role of the second 6S RNA species
might give further insights into the function of this global regula-
tor of transcription.

One focus of the project was to identify pRNAs in B. subtilis and,
given they could be found, investigate if they are also a prereque-
site for the release of RNAP, as in the case of 6S RNA in E. coli.
After proving this, we wanted to understand the role of these
short transcripts in the mechanism of release of RNAP from 65
RNA in general.

13
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MATERIALS AND METHODS

Chew, if only you could see
what I've seen with your eyes!

— Roy Batty

Manufacturers of chemicals, enzymes and kits as well as the
phenotypes of bacterial strains and plasmids are listed in the
appendix.

2.1 STANDARD BUFFERS AND SOLUTIONS

Some buffers and solutions were used throughout the complete
work.

5 x TBE 445 mM Tris, 445 mM borate, 10 mM EDTA

20 x SSC 3M NaCl, 300 mM Na-citrate pH 7.0

10 X MOPS 200 mM MOPS, 50 mM NaOAc pH 7.0, 20 mM
EDTA

10 x TE 100 mM Tris-HCl pH 8.0, 10 mM EDTA

Tris buffers 1 M Tris stock buffers, adjusted with HCI at
room temperature to pH values from 6.8 to 8.0

Phosphate 1 M Na,HPO, and 1 M NaH,PO, were mixed

buffers in a defined ratio (Sambrook and Russel, 2001)
and filled up with water to obtain 100 mM
Na-phosphate buffers with pH values from 5.8
to 8.0

HEPES 1 M Tris stock buffers, adjusted with NaOH at
room temperature to pH 7.5

Table 1: Standard buffers and solutions.

2.2 BACTERIAL CELL CULTURE

All media, buffer, flasks and pipets used in bacterial cell culture
were autoclaved for 20 min at 121°C and 1 bar pressure. As an
alternative, heat unstable solutions were sterile filtrated before
usage.
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Media were usually
autoclaved in culture
flasks directly and
stored until needed.
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Large culture
volumes were
usually grown in
baffled flasks for
increased growth
speed.

For growth curve
experiments, culture
flasks without baffles
were used.

MATERIALS AND METHODS

Peptone 10 g/l
Yeast extract 5g/1
NaCl 10 g/1
demin. H,O ad 1 litre

Table 2: LB medium for bacterial cell culture.

ANTIBIOTIC STOCK E. COLI  B. SUBTILIS

Ampicillin 100 mg/ml 100 pg/ml -
(in ddH,O)

Kanamycin 50 mg/ml 50 pg/ml 10 png/ml
(in ddH,0)

Chloramphenicol 25 mg/ml 25pg/ml -
(in EtOH)

Spectinomycin 25 mg/ml 100 pg/ml -
(in EtOH)

Rifampicin 25 mg/ml - 100 png/ml
(in MetOH)

Table 3: Antibiotics used in bacterial cell culture. The final concentration
used for cell culture of E. coli and B. subtilis are indicated.

2.2.1  Bacterial cell culture in liqguid medium

E. coli and B. subtilis cells were grown at 37°C in LB medium.
Antibiotics were added in concentrations summarized in Table 3.
For long time storage, E. coli and B. subtilis cultures were diluted
in 1 volume of glycerol, frozen in liquid nitrogen and stored
at -80°C. LB-medium was prepared as described in Table 2 and
adjusted to pH 7.5 with NaOH before autoclaving.

2.2.1.1 Antibiotics used in bacterial cell culture

Antibiotics were prepared as stock solutions and added to auto-
claved liquid media directly before use.

2.2.1.2  Growth curve experiments

DETERMINATION OF OPTICAL DENSITY To estimate doubling
time and speed of growth of bacteria, 100 pl aliquots of liquid
cultures were diluted in a 1:10 ratio with fresh medium and opti-
cal density (OD) at 576 nm was measured in a 1 cm cuvette. The
respective medium was used for baseline correction. If OD5.6 nm
exceeded a value of 0.7, the sample was again diluted in a 1:10



2.2 BACTERIAL CELL CULTURE

X-Gal 0.2 mg/ml (in dimethylformamide)
IPTG 500 pM

Table 4: Supplements for blue/white selection in cloning experiments.

ratio. To start growth curve experiments, culture medium was
inoculated with a starting density of ODg;6 nm 0.05.

B. SUBTILIS GROWTH STAGES B. subtilis was analyzed in dif-
ferent growth stages, which were defined as follows:

* EXPONENTIAL PHASE Cells in exponential growth phase were
harvested at ODs6 nm 1.0.

® LATE STATIONARY PHASE Cells in late stationary phase were
harvested at ODy6 nm 3.0. This stadium was usually reached
24 hrs after inoculation.

* OoUTGROWTH Outgrowth was induced by diluting cells in
late stationary phase in a 1:5 ratio in fresh, prewarmed
medium. If not stated otherwise, cells were harvested 3
minutes after dilution.

2.2.2  Bacterial growth on agar plates

To grow bacterial cells on agar plates, LB medium was supple-
mented with 12 g/1 agar-agar. Antibiotics (3) were added after
autoclaving and cooling down to 55°C. For experiments using
blue/white selection of strains harboring the lacZ gene, plates
were additionally supplemented with X-Gal and IPTG (Table 4).

2.2.3 Preparation of bacterial cell extracts

Bacterial cell pellets from liquid cultures of 25 ODgy6 nm wWere
resuspended in 1 ml CE lysis buffer (Table 5) by rigorous vor-
texing. The solution was added to 200 pl autoclaved glass beads.
Cell disruption was performed utilizing a cell homogenizer with
intervalls of 45 s at 5 m/s and 15 s on ice (6 repetitions). Cell
lysates were separated from the beads by centrifugation (10 min
at 11,000 x g and 4°C) and distributed into 200 ul aliquots. Each
aliquot was again diluted with 1 volume of CE lysis buffer.

2.2.4 Preparation of chemically competent E. coli cells

To prepare chemically competent E. coli cells for uptake of foreign
DNA, we applied the CaCl, method. 100 ml LB medium were
inoculated with 3 ml overnight culture and incubated at 37°C
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purposes.
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This method was
applied to generate
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strains of B. subtilis.

Although naturally
competent cells can
be stored, freshly
prepared cells had a
higher competence in

DNA uptake.
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Tris (HCI) pH 8.0 20 mM
KCl 150 mM
MgCL, 1 mM
Lysozyme 0.5 mg/ml

Table 5: Cell lysis buffer for preparation of bacterial cell extracts.

CaCl, 75 mM
Glycerol 25% (v/V)

Table 6: CCB solution for preparation of chemically competent E. coli
cells.

and 220 rpm until ODg nm reached o.5 - 0.7. Cells were cooled
on ice for 5 min and then centrifuged for 5 min at 2,500 x g
and 4°C. The cell pellet was resuspended in 30 ml cold 100 mM
CaCl,, incubated on ice for 5 min and centrifuged again. After
discarding the supernatant, cells were resuspended in 3 ml CCB
solution (Table 6) and aliquots of 100 ul were taken. Competent
cells were frozen in liquid nitrogen and stored at -80°C.

2.2.5 Preparation of naturally competent B. subtilis cells

For an efficient uptake of PCR products into B. subtilis cells, we
used the SpC/SplIl medium method to obtain natural competent
cells. 3 ml SpC medium (Table 7) were inoculated with a single
colony from an agar plate and incubated over night at 37°C
and 180 rpm. The culture was then transfered to 20 ml of fresh,
prewarmed SpC medium and incubated at 37°C and 180 rpm
until ODs,6 nm remained unchanged for 20 min. 5 ml were diluted
in 45 ml of Spll medium (Table 8) and grown for another go min
at 37°C and 180 rpm. Cells were centrifuged for 5 min at room
temperature and 2,500 x g and subsequently resuspended in a
mixture of 4.5 ml supernatant and o.5 ml 99% glycerol. Aliquots
of 100 pl were frozen in liquid nitrogen and stored at -80°C.

T-base 20 ml
50% Glucose (w/v) 0.2 ml
1.2% MgSO,, -7 H,O (w/V) 0.3 ml
1% Peptone (w/v) 0.5 ml
10% Yeast extract (w/v) 0.4 ml

Table 7: SpC medium for preparation of naturally competent B. subtilis
cells.
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T-base 200 ml
50% Glucose (w/v) 2ml
1.2% MgSO, -7 H,O (w/v) 14 ml
1% Peptone (w/v) 2 ml
10% Yeast extract (w/v) 2ml
0.1 M CaCl, 1 ml
Table 8: Spll medium for preparation of naturally competent B. subtilis
cells.
(NH,),SO, 2g
K,HPO, -H,O 183 ¢
KH,PO, 6g
Na,Citrat -2H,O 1g
ddH,O ad 1000 ml

Table 9: T-base for SpC- and Spll media.

2.2.6  Transformation of chemically competent E. coli cells

50 pl of chemically competent E. coli cells (2.2.4) were thawed on
ice and 5 pl of a ligation mixture or 20 ng plasmid preparation
were added. Cells were incubated on ice for 20 min and then
heat-shocked for 30 s at 42°C. After incubating on ice for another
2 min, 600 pl of LB medium was added and cells were incubated
for 1 h at 37°C while shaking. 100 pl of the suspension were then
plated onto an agar plate containing antibiotics for selection of
transformed cells (2.2.1.1) and incubated at 37°C overnight.

2.2.7  Transformation of naturally competent B. subtilis cells

To transform natural competent B. subtilis cells (2.2.5), 5 nug of
a PCR product was mixed with 100 ul of competent cells and
incubated for 2 h at 37°C while shaking. The complete mixture
was plated on an agar plate containing antibiotics for selection of
transformed cells (2.2.1.1) and incubated at 37°C overnight.

2.3 GENERAL NUCLEIC ACID TECHNIQUES

DNA/RNA samples were kept at -20°C for long time storage
and cooled on ice when experiments were performed. In general,
nucleic acids were dissolved in double distilled water if not stated
otherwise. DNA and RNA sequences are always given in 5’ to 3’
direction.
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We regularly
precipitated RNA
before shipping by

post-services.

Care was taken to
not overdo drying as
this may lead to
insolubility of
nucleic acids.

In another variant of
this technique,
phenol, chloroform
and isoamylalcohol
were pre-mixed in a
24:24:1 ratio.

MATERIALS AND METHODS

Ethanol abs. 2.5 volume

Isopropanol abs. 1 volume

Table 10: Alcohols used for precipitation of nucleic acids

2.3.1 Precipitation of nucleic acids

Precipitation of nucleic acids using alcohol is a widely used
method. It is employed to concentrate DNA /RNA and to remove
salts. Nucleic acids precipitate in the presence of monovalent
cations and are recovered by centrifugation and redissolving in
water. The majority of salts remains in the alcohol supernatant.

For precipitation, /10 volume of 3 M NaOAc pH 5.0 was added
to one volume of DNA/RNA solution, followed by mixing with
the appropriate amount of absolute alcohol as shown in Table 10.
Samples were cooled at -20°C for 20 min and subsequently cen-
trifuged for at least 30 min at 11,000 x g and 4°C. If isopropanol
was used for precipitation, an additional washing step with 70%
(v/v) ethanol was performed. After removing the supernatant,
the DNA/RNA pellet was dried at room temperature for 5 min
and dissolved in an appropriate amount of double-distilled water.

2.3.2  Phenol/chloroform extraction of nucleic acids

Phenol/chloroform extraction is a widely used technique to pu-
rify nucleic acids from proteins in in vitro experiments or from
total cell extracts. In this two-step procedure, proteins are first
denatured by addition of phenol. In a second step, residual phe-
nol is finally extracted by chloroform.

One volume of TE-saturated (10 mM Tris-HCl, 1 mM EDTA, pH
7.5 - 8.0) phenol is added to a DNA/RNA sample and vigor-
ously vortexed. If cellular RNA was prepared from bacteria, acid
(saturated with 300 mM NaOAc pH 4.9) phenol was used to
improve separation from cellular DNA (Miilhardt, 2002). After
centrifugation for 5 min at 11,000 x g and room temperature in
a table-top centrifuge, the upper aqueous phase was removed
and transferred into a new tube. Care was taken to avoid the
interface containing proteins (and DNA in the case of cellular
RNA preparation). The aqueous phase was extracted again using
1 volume of chloroform. Finally, the DNA/RNA in the aqueous
layer was precipitated as described (2.3.1).
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% AGAROSE (W/V) DNA FRAGMENT SIZE (KBP)

0.5 1.0 — 30
0.7 0.8 — 12
1.0 0.5—7
1.2 0.4—-6
1.5 02-3
2.0 0.1-2

Table 11: Separation range of DNA fragments in agarose gels.

Bromophenol blue 0.25% (W/V)
Xylene cyanol blue 0.25% (W/V)
Glycerol 25% (V/V)

5 x TBE buffer fill up volume

Table 12: 5 x DNA loading buffer for agarose gels.

2.3.3 Nucleic acid gel electrophoresis

Analysis of nucleic acids usually includes length separation by
gel electrophoresis. Negatively charged nucleic acids separate in
an electric field according to their size, whereas short molecules
migrate faster in the gel matrix. Electrophoretic mobility is pro-
portional to the field strength and net charge of the molecule.

2.3.3.1 Agarose gel electrophoresis

For analysis of DNA, agarose gels were used. Agarose is a
polysaccharide composed of galactose and its derivatives. To
prepare agarose gels, agarose was dissolved in 1 x TBE buffer by
heating in a microwave oven. When the gel solution was cooled
down to 55°C, ethidium bromide was added to a final concen-
tration of 400 ng/ml and the solution was poured into a gel tray
with a comb. Concentration of agarose depended on the size
of expected fragments (see Table 11). 1 x TBE was also used as
running buffer. DNA samples were dissolved 1:5 in 5 x DNA
loading buffer (Table 12) before loading. Gels were run at 7.5
mA /cm width of the gel.

2.3.3.2 Polyacrylamide gel electrophoresis (PAGE)

Short DNA fragments as well as RNA of a size up to 300 nt
were analyzed on polyacrylamide (PAA) gels. Acrylamide and
bisacrylamide are able to form cross-links upon polymerization.
The length of the polymer chains and the pore size is defined
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Analysis of 65 RNA
was usually
performed on 10%
PAA gels whereas
pRNA analysis was
conducted on 15% -
20% PAA gels.

MATERIALS AND METHODS

20% DENATURING 20% NATIVE

5x TBE buffer 200 ml 200 ml
Acrylamide (48%): 400 ml 400 ml
Bisacrylamide (2%)

Urea 8 M -

H,O ad 1000 ml ad 1000 ml

Table 13: PAA gel stock solutions for denaturing and native gels.

2X DENATURING 2X NATIVE

Bromophenol blue 0.02% (W /V) 0.02% (W/V)
Xylene cyanol blue 0.02% (W/V) 0.02% (W/V)
Glycerol - 30% (V/V)
Urea 2.6 M -
Formamide 66% (v/V) -

5x TBE buffer ad 1000 pl -

H,O - ad 1000 pl

Table 14: PAA gel sample loading buffers.

by acrylamide concentration (5 - 20%) and the ratio of acry-
lamide:bisacrylamide (48:2).

Polymerization of PAA is a radicalic reaction, initiated by addi-
tion of APS (Ammonium persulfate) and TEMED (N,N,N’,N’ -
tetramethylethylendiamin). We used native and denaturing PAGE
(Table 13) to analyze RNA. For denaturing gels, we added urea
which forms stacking interactions as well as hydrogen bonds
to bases of nucleic acids. This leads to destabilization of RNA
secondary structures (Priyakumar et al., 2009).

For preparation of PAA gels, PAA gel solution was prepared as
20% stock and diluted with 5 x TBE urea to the desired percentage
(5 - 20%). For denaturing PAA gels, the stock solution and 5 x
TBE was supplemented with 8 M urea. Table 15 indicates the
fragment size of single stranded DNA comigrating with either
the BPB or XCB dyes of the loading buffer.

The polymerization reaction was induced by addition of 10%
APS (0.01 volume) and TEMED (0.001 volume). The gel solution
was poured between two glass plates separated by plastic spacers
(1 mm) and a comb was placed on the top. Care was taken that no
air bubbles formed between the plates. The gel was left until the
PAA solution had completely polymerized (~30 min) which was
controlled by a small aliquot of the solution left to polymerize in
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% POLYACRYLAMIDE BPB [NT] XCB [NT]

5 35 130

6 26 106

8 19 70-80
10 12 55

20 8 25

Table 15: Size of DNA fragments comigrating with the dyes of the
loading buffer in denaturing polyacrylamide gels; BPB = bro-
mophenol blue; XCB = Xylene cyanol blue.

a beaker. After removal of the comb, gel pockets were immedi-
ately rinsed with 1 x TBE using a syringe to remove urea which
tends to diffuse into the pockets of denaturing gels as well as
to prevent further polymerization of remaining polyacrylamide
solution within the pockets.

The gel was placed in a suited gel chamber with 1 x TBE filling
the two separated buffer reservoirs. Prior to loading, nucleic acid
samples were mixed with 1 volume 2 x denaturing loading buffer
or 1 volume 2 x native loading buffer (Table 14), respectively. In
the case of RNA (but not in gel retardation assays), samples were
heated to 95°C for 5 min to destroy RNA secondary structures
and placed on ice immediately. The samples were loaded into the
pockets using a thin pipet tip and electrophoresis was performed
using 0.1 mA/cm?.

2.3.3.3 Detection of nucleic acids in gel electrophoresis

ETHIDIUM BROMIDE STAINING In polyacrylamide and agarose
gel electrophoresis, nucleic acids were most frequently visualized
by ethidium bromide staining. Ethidum bromide intercalates be-
tween stacked bases of nucleic acids and emits fluorescent light at
590 nm (orange) when excited by UV light (254 - 366 nm). To stain
polyacrylamide gels, glass plates were carefully removed after
electrophoresis was finished and the gel was incubated in 1 x
TBE containing 300 ng/ml ethidium bromide for 10 min at room
temperature with gentle shaking. Afterwards, the gel was placed
on a UV-transilluminator and nucleic acids were visualized and
documented using a digital camera system.

In the case of agarose gels, ethidium bromide was already added
during gel preparation (2.3.3.1).
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detection sensitivity,
especially for short
nucleic acids.
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For preparative CRYSTAL VIOLET STAINING OF DNA Agarose gels contain-
agarose gels, crystal ing DNA for preparation were stained with crystal violet. Al-
violet stained gels though being less sensitive than ethidium bromide, crystal violet

were used instead of . . T . ) ) .
the mutagenic binds to DNA via static interactions; an interaction that is strong
ethidium bromide ~ as long as an electric field is applied. Therefore, DNA bands
staining, which was should be excised immediately after finishing the electrophoresis.
sometimes - A garose was dissolved in 1 x TBE (2.3.3.1) and crystal voilet was
advantageous for dded af d final ; ¢ 1 h 1
cloning of PCR added afterwards to a final concentration of 10 pg/ml to the ge
fragments purified ~ solution and to the running buffer. After electrophoresis, the gel
by agarose gel  was placed on a glass plate and bands were excised using a sterile

extraction. sc alp el.

UV SHADOWING In the case of preparative polyacrylamide
gels, nucleic acids were visualized by UV shadowing without
staining. After electrophoresis and careful removal of the glass
plates, the gel was wrapped in transparent foil, placed on a
fluorescent chromatography plate and illuminated by UV light
(256 nm). As DNA and RNA absorb light of this wavelength,
bands appeared as dark shadows. Bands of interest were marked
with a pen and excised with a sterile scalpel.

AUTORADIOGRAPHY 3?P labeled nucleic acids were visualized
using a phosphoimaging analyzer. After electrophoresis, the glass
plates were removed, the gel was wrapped in transparent foil
and an imaging plate was exposed to it. Exposure time varied
from 1 min to overnight depending on the amount of radioactive
material. The image plate was scanned using a BIO-imaging
analyzer BAS 1000 and the PC-BAS software. Evaluation was
performed using the imaging software AIDA.

2.3.3.4 Gel elution of nucleic acids

Elution of nucleic acids was performed by either using a gel
extraction kit for agarose gels (DNA preparation) or by diffusion
from polyacrylamide gels (RNA preparation).

EXTRACTION OF DNA FROM AGAROSE GELS For extraction
of DNA from agarose gels, the Wizard®SV Gel and PCR Clean-
Up System kit was used according to the manufacturer’s instruc-
tions.

EXTRACTION OF RNA FROM POLYACRYLAMIDE GELS RNA was
Vortex vigorously for extracted from polyacrylamide gels by diffusion. After gel elec-
1 minbefore trophoresis and UV shadowing or autoradiography (see above),
precipitation. gel slice containing the RNA was placed in a 1.5 ml reaction
tube and incubated overnight in 5 volume of 1 M NaOAc pH 5.0
at 4°C and rigid shaking. The next day, the eluate was removed
and RNA was concentrated by ethanol precipitation (2.3.1).
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2.3.4 DPhotometric concentration determination of nucleic acids

The concentration of nucleic acids in solution was determined
by UV spectroscopy. According to the law of Lambert-Beer, the
concentration can be calculated by determining the absorbance
at 260 nm (Ag):

E=e€e-c-d (2.1)

with € = molar extinction coefficient [1/(M - cm)] , ¢ = molar
concentration [M] and d = path length of the cuvette [cm].

1 pl of DNA or RNA was diluted in 199 pl water and the
absorbance (A,s,) was measured in an UV-spectrophotometer
relative to water. The nucleic acid concentration was calculated
using the known values c(1 A,4) that represent the concentration
corresponding to one absorbance unit at 260 nm (1 Ae):

* 1 A, double-stranded DNA corresponds to a ¢(1 A,g) Of
~50 ug/ml

* 1 A, single-stranded DNA corresponds to a c(1 A,e,) of
~33 pg/ml

* 1 A, RNA corresponds to a c(1 A,s,) of ~40 ng/ml

This results in a general formula for DNA/RNA concentration
calculation:

Aze0 - c(1A260) - Dy
1000

(c is concentration in pg/pl, Dy is the dilution factor)

(2.2)

clug/ull =

2.4 DNA TECHNIQUES
2.4.1 Preparation of bacterial chromosomal DNA

Genomic DNA of bacteria was prepared using a robust and fast
protocol that makes use of Na-perchlorate (Sambrook and Russel,
2001). An overnight culture (3 ml volume) was centrifuged for 10
min at 7,000 rpm and room temperature to pellet bacteria. The
pellet was washed two times in TE buffer and finally ressolved in
300 pul TE buffer. To increase efficiency of cell lysis, 30 ul lysozyme
solution (20 mg/ml in TE buffer) was added and incubated for
10 min at room temperature. Next, 100 pl 10% SDS solution, 100
pl 5 M Na-perchlorate and 500 ul chloroform/isoamylalcohol
(24:1) solution were added and mixed by shaking the tube for 30
s by hand. The mixture was then centrifuged for 5 min at 11,000
x g and room temperature. The upper aqueous phase (~400
pl) was transfered to a new tube and precipitated using 8oo nl
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Solution I and III
were stored at 4°C.
Prepare solution 11

always fresh from a
10 N NaOH stock.

MATERIALS AND METHODS

Solution I 50 mM glucose, 25 mM
Tris(HCl) pH 8.0, 10 mM
EDTA

Solution II 0.2 N NaOH, 1% (w/v) SDS

Solution IIT 3 M K-acetate pH 5.2

Table 16: Solutions for plasmid minipreparation.

cold ethanol. The clearly detectable DNA was carefully wrapped
around a sterile pipet tip and transfered to a new tube containing
200 pl 70% ethanol. After centrifugation for 2 min at 11,000 x g
and room temperature, ethanol was removed. The DNA pellet
was air-dried for 5 min and dissolved in 300 pl double distilled
water.

2.4.2  Preparation of plasmid DNA

Preparation of plasmid DNA from bacteria was performed either
by an alkaline extraction procedure (Birnboim and Doly, 1979) or
using plasmid purification kits. Both methods rely on the same
principle, whereas the final purification of DNA relies on either
precipitation or the usage of spin columns (kit variant).

For alkaline extraction, an overnight culture (3 ml volume) was
centrifuged for 5 min at 11,000 x g in an eppendorf tube and the
medium supernatant was discarded. The pellet was resuspended
in 150 pl cold solution I by rigorous vortexing. 5 ul RNaseA (10
mg/ml) were added and incubated for 5 min. Next, 150 pl freshly
prepared solution II was added, mixed by inverting the tube 5
times and incubated for 3 min. For precipitation of proteins and
membranes, 150 pl cold solution III was added and mixed by
inverting the tube 5 times which leads to immediate formation
of cloudy precipitates. The mixture was centrifuged for 5 min at
11,000 X g and room temperature and care was taken to transfer
only the clear supernatant to a new tube. The plasmid DNA was
then precipitated as described above (2.3.1).

If the GeneJet™Plasmid Miniprep Kit was used, the last step was
replaced by adding the DNA solution to silica membranes from
the kit, bound and washed before elution with double distilled
water. All buffers (solution I - III, wash buffer) were kit-supplied
and were used according to the manufacturer’s instructions.

2.4.3 Restriction digest of DNA

For analytical purposes as well as for cloning experiments, cleav-
age of DNA at specific sites has been conducted using restriction
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DNA up to 5 pg
10 X Reaction buffer 5 ul
Restriction enzyme up to 40 U
ddH,O ad 50 pl

Table 17: Restriction digest mixture.

DNA LIGATION CONC. VOLUME
Plasmid DNA 100 ng/pul 1 ul
Insert DNA 100 ng/pl 5pul
Reaction buffer 10 X 2ul
T4 DNA Ligase 5 Weiss U/qul 2 ul
ddH,O ad 20l

Table 18: DNA ligation reaction mixture.

endonucleases. Type II restriction endonucleases usually recog-
nize short (often 6 bp) palindromic sequences and cleave DNA
directly in this sequence or in close vicinity. This group can be
further subdivided into enzymes producing a ‘blunt cut’ or en-
zymes that cut both strands displacedly ('sticky ends’). A list of
enzymes used and their recognition sequences is provided in the
appendix.

All restriction digestion reactions were performed according to
the manufacturer’s instructions and the provided buffers were
used. Usually, up to 5 pg DNA was incubated with 20 - 40 Units
of a restriction enzyme for 120 min at 37°C. After this, restriction
efficiency was analyzed on a small ethidium bromide stained
agarose gel (2.3.3.1) and DNA was purified using spin columns
from the QIAquick®PCR Purification Kit.

2.4.4 Ligation of DNA fragments

Ligation of DNA was usually necessary to introduce (short) DNA
fragments into plasmids. After digestion of two DNA fragments
with the same restriction enzyme (see above) producing the
same 5’- or 3’- overhangs, T4 DNA Ligase was used to form
the phospodiester bond between the complementary sticky ends.
The ligation mixture (18) was incubated at room temperature for
at least 3 h or over night at 4°C.
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Double digestion
reactions with two
enzymes at the same
time were performed
according to the
manufacturer’s
instructions.
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ENZYME ORIGIN SPEED ERROR RATE
Taq Thermus thermophilus ~ ~1000 nt/min 285 -10°
Pfu Pyrococcus furiosus ~500 nt/min 7.69 -1077
Vent Thermococcus litoralis ~ ~500 nt/min 57 -10°°

Table 19: DNA polymerases used in PCR reactions.

2.4.5 PCR

PCR (polymerase chain reaction) is a standard method in molecu-
lar biology allowing to multiply DNA in an exponential manner
(Mullis et al., 1994) and modify its sequence (mutation), given
suitable primers are being used. PCR was employed to identify
positive clones in cloning procedures (screen PCR) as well as to
prepare inserts for plasmids or genomes.

2.4.5.1 Standard PCR

Taq reaction buffer: ~ Standard PCR was performed to generate DNA sequences for in-
10mM Tris(HC) pH 8.8, gertion into plasmids during cloning processes or for screening of
50 mM KCl, .. . .. .
0.08% (/o) Non. positive clones.using a buffer containing ethanol Different DNA
’ idet Pgo polymerases were used according to their features (e.g. speed,
Pfu reaction buffer: proof-reading). Tag- and Pfu-polymerase were either available as
20 mM Tris(HCI) pH 8.8, lab stocks or purchased. For self-prepared polymerases, 1 ul was
10 mM (NH,),50,,  used in PCR reactions routinely.
10 mM KCl, Usually, 100 ng DNA were used as template for a 50 pl PCR
0.1 mg/ml BSA . o .
reaction. To screen for positively transformed clones, a bacterial

Vent reaction buffer: colony was picked from an agar plate, diluted in 30 ul double

20mM Tris(HC) pH 8.8, ~ ) o .
1omM (NH,),S0,,  distilled water, heated for 5 min at 95°C, and 5 pl of this cell
10mM KCI,  debris was used directly as template for PCR. Primer anneal-
2mMMgSOy,  ing temperature (Ty) was calculated using a web tool* which

0.1% (v/v) Triton X-

oo makes use of a nearest-neighbor two-state model (Allawi and

Santalucia, 1997). Mg*"-ion concentration was usually 2.5 mM
and was altered from 1.5 mM to 5 mM when initial PCR reactions
failed. For standard PCR reactions, 30 PCR cycles were applied.
Afterwards, samples were purified using the QIAquick®PCR
Purification Kit and an aliquot was analyzed on an ethidium
bromide stained agarose gel (2.3.3.1).

2.4.5.2  Mutagenesis PCR

In many cases, DNA has to be modified to obtain altered gene
products (RNA or proteins). Mutagenesis of DNA involves single
nucleotide mutations as well as addition or deletion of larger

1 http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/Default.aspx
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FINAL CONC. VOLUME

100 ng/pl DNA template 2ng/pl 1l
10 X reaction buffer 1X 5 ul
25 mM MgCl, 2.5 mM 5 ul
10 mM dNTP-Mix 0.4 mM 2ul
100 pM Primer forward 500 nM 0.5 ul
100 pM Primer reverse 500 nM 0.5 ul
5 U/pl Polymerase o.1 U/ul 1l
ddH,O ad 50 pul

Table 20: Standard PCR reaction mixture.

TIME TEMP.

Initial denaturation 2min  94°C
Denaturation 2min  94°C
Annealing 0.5 min b

Elongation a 72°C
Final elongation 3min  72°C

Table 21: PCR cycle program. Standard setup: 30 cycles. a: depending

on product length and elongation rate of the polymerase. b:

depending on the primer’s sequence.
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MATERIALS AND METHODS

PHOSPHORYLATION FINAL CONC. VOLUME
Primer (100 pmol/nul) 20 pmol/ul 10 pl
10 x T4 PNK buffer A (forward) 1X 5 ul
10 mM ATP 1 mM 5 ul
10 U T4 PNK 0.4 U/ul 2 ul
ddH,O ad 50 pl

Table 22: 5"-end phosphorylation of DNA.

parts of a gene. The first was achieved by site directed mutagene-
sis, the latter by generation of megaprimers or extension overlap
PCR.

SITE DIRECTED MUTAGENESIS Site directed mutagenesis is
a simple technique to introduce single nucleotide mutations in
plasmid DNA. One of the two primers for this PCR contains
a mismatch flanked by sequences complementary to the wild-
type DNA, whereas the second primer is fully complementary.
5’-ends of both primers are directly adjacent to each other but
binding to different strands of the DNA (their 3’-ends are facing
in the opposite direction). Using such a primer combination leads
to amplification of the complete plasmid with two nicks (see
Fig.9). To ligate the ends of the PCR products, we phosphorylated
primers with T4 polynucloetide kinase before using them in
mutagenesis PCR. The phosphorylation mixture was incubated
for 60 min at 37°C followed by a heat-inactivation step at 70°C
for 5 min. The phosphorylated primers were then used without
further purification (see table 23).

Figure 9: Scheme of site directed mutagenesis. Two adjacent phosphory-
lated primers allowed amplification of the complete plasmid.
The new plasmid (blue) carried a point mutation introduced
by one of the two primers.

To differentiate between template plasmid and PCR product,
we performed a restriction digest using the Dpnl enzyme (2.4.3).
As plasmid DNA was prepared from E. coli cells encoding the
protein Dam methylase, the sequence GATC is methylated at the
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N® position of the adenine (Marinus and Morris, 1973; Geier
and Modrich, 1979). Dpnl is sensitive to methylated GATC only
and hence will cleave template DNA but no unmethylated PCR
products. After ligation of the PCR product (2.4.4), E. coli cells
were transformed as described (2.2.4).

MEGAPRIMER PCR Introduction of larger modifications as in-
sertion of additional genes into DNA can be achieved by the
megaprimer PCR technique. With this method, a PCR product
which contains the desired DNA was generated by a first PCR.
This PCR product itself was used in a second PCR as two self-
complementary large primers for amplification of plasmid DNA
(see Fig. 10). The strategy requires that the short primers in the
first step already carry flanking sequences to generate comple-
mentarity for the second ‘'megaprimed” mutagenesis step (see
Table 23). As for site directed mutagenesis, Dpnl digest was per-
formed to eliminate template plasmid DNA and the remaining
mutated DNA was used to transform E. coli cells (2.2.4).

Figure 10: Mutagenesis using a ‘'megaprimer’. A PCR fragment was
generated from an external source (left panel) using primers
with complementary sequences to the target plasmid (black,
middle panel). The two strands of the PCR product served
as megaprimer for insertion of the fragment resulting in a
new plasmid (blue).

EXTENSION OVERLAP PCR An alternative to the megaprimer
technique was the use of extension overlap PCR to generate mu-
tated DNA. Here, two or more PCR products were generated
separately. These DNA fragments were then tethered to each
other in a short extension PCR (Table 21 without primers and
only 10 cycles) in which each part’s end is complementary to the
next and was thereby used as primer. In a final PCR with the
two external primers, the complete fragment was amplified (see
Fig. 11). The final PCR product was digested with two restric-
tion enzymes (2.4.3), ligated with plasmid DNA and used for
transformation (2.2.4).
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We usually
introduce a novel
restriction site in the
megaprimer to easily
distinguish template
from product
plasmid.

No further ligation
of the final plasmid is
required; nicks will
be repaired in vivo
after transformation.

Alternatively, the
final product could
be used as a
megaprimer if
restriction digest
was unfavorable.
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R

Figure 11: Mutagenesis using extension overlap PCR. First, two dif-
ferent PCR products were generated using primers with
complementary sequences to the other PCR product (left
panel). Next, both PCR poducts were annealed; their overlap-
ping sequences served as primers. Finally, a standard PCR
was performed using the two terminal primers (right panel)
to amplify the whole fragment.

S.D. MEGA E.O.
DNA template 10 ng tong s5ul+5mul
Reaction buffer 1X 1X 1X
MgClL, 25mM 25mM 2.5 mM
dNTP-Mix 04mM o4mM 04 mM
Primer forward 25 pmol 5ul 50 pmol
Primer reverse 25 pmol - 50 pmol
Polymerase 5U 5U 5U
ddH,O adsopl adsopl adsowpl

Table 23: Mutagenesis PCR reaction mixtures. S.D. = site directed mu-
tagenesis, primer were phosphorylated before usage; MEGA
= megaprimer PCR, 5 ul megaprimer were used; E.O. = exten-
sion overlap PCR, usually 5 ul DNA + 5 ul fragments were
used as templates.

2.5 RNA TECHNIQUES
2.5.1 Preparation of bacterial total RNA

To prepare total cellular RNA from bacterial cells, two different
protocols were used. A fast and reliable way to purify RNA
is the single step method (Chomczynski and Sacchi, 1987) in
which a chaotropic salt is used to protect RNA from degradation
during the extraction process. If high amounts of very clean RNA
were needed, we used the hot phenol method (Mattatall and
Sanderson, 1996). The latter comes with the (dis-)advantage that
RNA duplexes and secondary structures may be destroyed due
to the heating step inbetween.
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SINGLE STEP METHOD The single step method (Chomczyn-
ski and Sacchi, 1987) is the basis for the commercially available
Trizol purification kits and relies on guanidinium thiocyanate
as chaotropic agent to protect cellular RNA. First, 100 mg of
cells were resuspended in 1 ml denaturation solution (4 M guani-
dinium thiocyanate, 25 mM Na-citrate pH 7.0, 0.5% (w/v) N-
lauroylsarcosine, 0.1 M 3-mercaptoethanol) by vortexing. 100 pl
lysozyme (20 mg/ml in TE buffer) was added and the mixture
was incubated for 10 min at room temperature. Next, 100 ul 2
M Na-acetate pH 4.0, 1 ml acid phenol and 200 pl chloroform
were added and mixed by vortexing. The suspension was in-
cubated on ice for 15 min and precipitated as described above
(2.3.1) using isopropanol. The pellet was again dissolved in 300
pl denaturation solution and precipitation was repeated.

HOT PHENOL METHOD To prepare large amounts of cellular
RNA for deep sequencing experiments, we used the hot phe-
nol method (Mattatall and Sanderson, 1996). 100 ml bacterial
cell cultures were grown to a designated ODsg, nm, pelleted by
centrifugation and frozen in liquid nitrogen. The pellet was re-
suspended in 3 ml cold extraction buffer (10 mM Na-acetate pH
4.8, 150 mM sucrose) by vigorous vortexing. 100 pl lysozyme (20
mg/ml in TE buffer) was added and the mixture was incubated
at room temperature for 10 min. Next, 333 pl 10% SDS and 3
ml acid phenol (pre-heated to 65°C) were added and mixed by
vortexing. The mixture was incubated at 65°C for 5 min followed
by incubation on ice for 5 min before it was centrifuged for 20
min at 11,000 x g and 4°C. The upper aqueous phase was trans-
fered into a new tube and subsequently, a phenol/chloroform
extraction (2.3.2) was performed.

2.5.2 In vitro RNA transcription

DNA-dependent phage RNA polymerases have been described
to transcribe DNA either single- or double stranded (Milligan
and Uhlenbeck, 1989). Ty RNA polymerase recognizes a spe-
cific promoter sequence (TAA TAC GAC TCA CTA TA) and initiates
polymerization immediately downstream. The efficiency of tran-
scription using Ty polymerase increases if the first nucleotide
comprises a G-residue (Hartmann et al., 2005). To ensure that
5-OH ends are generated during in vitro transcription, guano-
sine was added which effectively competes with guanosine 5’
triphosphate (GTP) as starter. Free 5'-OH are required for di-
verse downstream applications, especially 5’-end labeling with
v3?P-ATP. For efficient transcription termination, so called run-off
transcription was performed by usage of linear DNA templates
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Denaturation
solution can be
stored for 4 weeks at
room temperature.

Acid phenol was
prepared by shaking
neutral phenol 3
times with 110
volume of 300 mM
Na-acetate pH 4.8.

Extraction buffer
was stored at 4°C.

Run-off
transcription
however does not
provide completely
homogeneous 3’-ends
due to addition of
unspecific
nucleotides by T7
polymerase.
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For further details,
see publication II1
and IV.

MATERIALS AND METHODS

FINAL CONC. 50 UL 1000 ML

1 M HEPES pH 8.0 8o mM 4ul 50 ul
100 mM DTT 15 mM 7,5 pl 150 pl
3 M MgCl, 33 mM 0.55 ul 11 pl
100 mM spermidine 1 mM 0.5 ul 10 ul
20 mg/ml BSA 0.12 mg/ml 0.3 ul 6 ul
100 mM NTP-mix 15 mM 7.5 ul 150 pl
Template DNA 5 ul 50 ul
200 U/ul pyrophos- 2U/ml 0.5 ul 5 ul
phatase

20 mM guanosine 9 mM - 300 pl
T7 RNA polymerase - 1l 30 + 20 ul
ddH,O 24.46 pl 188 pl

Table 24: Ty in vitro transcription reaction.

(generated usually by PCR). The transcription is terminated when
the polymerase reaches the DNA template’s end.

T7 RUN-OFF TRANSCRIPTION In vitro transcription with Ty
RNA polymerase was either conducted for analytical purposes
(50 pl scale) or for preparative purposes (1 ml scale). Preparative
reactions were splitted in two halves during incubation. Guano-
sine was pre-heated to 75°C prior to addition to the mixture.
The reaction mix (Table 24) was incubated using 30 ul T7 RNA
polymerase (lab stock) for 2 h at 37°C. Then, a second aliquot of
T7 RNA polymerase (20 ul) was added and the mixture was incu-
bated for another 2 h at 37°C. A small aliquot (5 nl) was analyzed
by denaturing PAGE (2.3.3.2) to test the transcription efficiency.
If the large scale transcription was successful, the RNA was pu-
rified by phenol/chloroform extraction (2.3.2) and denaturing
PAGE (2.3.3.2) followed by UV shadowing. After elution from
the gel by diffusion (2.3.3.4) and precipitation (2.3.1), the RNA
was resuspended in double distilled water and concentration was
determined (2.3.4).

RNA DEPENDENT TRANSCRIPTION OF PRNAS In Bacillus sub-
tilis, the RNA polymerase holoenzyme accepts both 6S RNA
species as template for pRNA synthesis. For further investiga-
tion of this phenomenon, in vitro transcription experiments were
conducted using internal labeling of transcripts. B. subtilis RNA
polymerase was prepared as described by collaborators (Sogo

et al., 1979).
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Tris-HCl pH 8.0 200 mM
MgClL, 25 mM
KCl 8oo mM
DTT 5 mM

Table 25: 5 x pPRNA transcription buffer.

ATP, CTP, GTP 1 mM each
UTP 250 pM

Table 26: 5 x pPRNA transcription NTP mixture.

FINAL CONC. VOLUME

10 uM Template 65 RNA 1 uM 1l

5 x pRNA transcription buffer 1X 2ul

5 x pRNA transcription NTP mix 1X 2ul
«-32P-UTP 30,000 cpm <1l
8 mg/ml RNA polymerase 1 M 0.53 ul
(holoenzyme)

ddH.,O ad 10 pl

Table 27: pRNA in vitro transcription reaction.
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FINAL CONC. VOLUME

10 X T4 PNK buffer (forward re- 1X 1.5 pl
action)

25 mM DTT 2.5 mM 1.5 pl
30 pmol RNA 0.66 ptM up to 6 pl
v-32P-ATP (3000 Ci/mmol) 1.32 uM 3 ul

10 U/ul T4 PNK 0.66 U/ul 1l
ddH,O ad 15 pl

Table 28: 5”-end labeling of RNA.

Before addition of the NTPs (Table 26) to the reaction mixture
(Table 27), the other components were incubated for 30 min
at 37°C to allow binding of the RNA polymerase to the RNA
template. After addition of the nucleotides, the mixture was
incubated for another 30 min to 1 h at 37°C. Next, 10 pl 2 x native
or denaturing loading buffer were added and the transcription
was analyzed by PAGE (2.3.3.2) and autoradiography (2.3.3.3).

2.5.3 Radiolabeling of RNA

5-END LABELING RNA molecules were 5"-end labeled using
T4 polynucleotide kinase (T4 PNK) from E. coli phage T4 to
transfer the radioactive phosphate group of y-3*P-ATP to the 5'-
OH ends of the RNA. The 5’-hydroxyl group was generated by T7
run-off transcription of RNA in presence of guanosine as starter
nucleotide (2.5.2). The reaction mix was (Table 28) incubated
for go min at 37°C. After incubation, 15 pl of 2 x denaturing
loading buffer (14) were added and the mix was purified by
denaturing PAGE (2.3.3.2) and eluted by diffusion (2.3.3.4). After
ethanol precipitation (2.3.1), the pellet was dissolved in 10 nl
double distilled water and the overall yield of labeled RNA was
measured using a scintillation counter.

3’-END LABELING Labeling of RNA molecules at their 3’-end
was achieved by ligation of 5’-3°P cytidine-3’,5’-bisphosphate
(pCp) to 3’-terminal hydroxyl groups (England and Uhlenbeck,
1978). The ligation reaction is catalyzed by T4 RNA ligase that
is able to covalently link the pCp 5’-phosphate group to the 3’-
end of another RNA. As only 3’-hydroxyl groups are suitable
substrates for the reaction, cyclic phosphates at the 3’-ends have
to be removed prior to labeling (Cameron and Uhlenbeck, 1977).
The reaction mix (Table 29) was incubated overnight at 8°C. Next,
10 pl of 2 x denaturing loading buffer were added (14) and the
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FINAL CONC. VOLUME
10 x T4 RNA ligase buffer 1X 0.6 ul
2 mM ATP 300 uM 0.9 ul
RNA 1 pmol/pl x ul
(5"-3°P)pCp (3000 Ci/mmol) 1.32 pM 4l
10 U/pl T4 RNA ligase 1 U/ul 1ul
ddH,O ad 10 pl

Table 29: 3”-end labeling of RNA.
FINAL CONC. VOLUME

1 M imidazole (HCl) pH 6.0 100 mM 10 pl
10 mM ATP 100 pM 1l
RNA 3 M x ul
2 M Mg(Cl, 10 mM 0.5 ul
10% 2-mercaptoethanol 0.07% 0.7 ul
2 mg/ml BSA 20ng/pl 1l
10 U/ul T4 PNK 0.2 U/ul 2ul
ddH,O ad 1000 pl

Table 30: Removal of 2’,3"-cyclic phosphates from RNA.

radiolabeled RNA was purified by denaturing PAGE (2.3.3.2),
eluted by diffusion (2.3.3.4), and finally an ethanol precipitation
was performed (2.3.1). The RNA was resuspended in 10 ul double-
distilled water and the overall activity was measured using a
scintillation counter.

REMOVING THE 2’,3’-CYCLIC PHOSPHATE AT 3'-ENDS OF RNA
It is necessary to remove 2’,3’-cyclic phosphates at 3’-ends of
RNA (e.g. generated by cis-cleavage of a HDV-ribozyme) for effi-
cient 3”-end labeling (see above). A side activity of the T4 PNK,
which usually has a 5'-kinase activity, can be used to remove
3’-phosphates of RNA molecules. The reaction mix (Table 30)
was incubated at 37°C for 6 h and was subsequently subjected to
phenol/chloroform extraction (2.3.2) and ethanol precipitation
(2.3.1). Finally, RNA was resuspended in 20 pl double-distilled
water and concentration was determined (2.3.4).
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The 1.25 x
denaturing buffer is
stable for 1 week at
room temperature.

MATERIALS AND METHODS

2 X NATIVE BUFFER 1.25 X DENATURING BUFFER

100 mM HEPES (NaOH) 25 mM Na-citrate
pH 7.0

9 mM Mg(OAc), 8.75 M urea

200 mM NH,OAc 1.25 mM EDTA

Table 31: Buffers for enzymatic structure probing with T1 or V1 nucle-
ase.

2.5.4 Structure determination of RNA

Interactions between RNA molecules, particularly of non-coding
RNAs, is highly dependent on the structure of the regulatory
RNA. Enzymatic and chemical probing is a popular approach for
mapping the conformation of RNA under defined experimental
conditions. To investigate the secondary structure of an RNA
molecule, the reactivitiy of each nucleotide is mapped towards
enzymes or chemicals with different and complementary speci-
ficities.

We routinely used 5’- or 3"-end labeled RNA which was mapped
enzymatically using either T1 and V1 nuclease or chemically
using lead(Il). Unspecific digestion of RNAs to generate a nu-
cleotide ladder was achieved by alkaline hydrolysis. Structure
probing was generally performed in vitro.

ENZYMATIC PROBING USING RNASE T1 AND vi RNase T1
from Aspergillus oryzae specifically cleaves single-stranded RNA
after guanosine residues, producing 3’-phosphorylated ends.
RNase T1-specific cleavage was used to map single stranded
G-residues under native conditions and also served to generate
a guanosine-specific ladder using denaturing conditions. RNase
V1 purified from cobra venom cleaves base-paired RNA in a
nucleotide-unspecific manner. It was used complementary to
RNase T1 to map the secondary structure of 65-1 RNA. To start
RNase T1/V1 digestion, the RNase T1/V1 reaction mixture (Ta-
ble 32) was incubated at 37°C for 10 min. The reaction was started
by addition of 1 pl of 0.8 U/l RNase T1 or 0.05 U/ul RNase V1.
The mixture was incubated at 37°C for 12 - 20 min, depending
on the RNA. Next, the reaction was stopped using 15 pl of 2
M NH,OAc and precipitated (2.3.1). The pellet was then resus-
pended in 7 pl 2 x denaturing loading buffer and analyzed on a
thin (0.5 mm) sequencing PAA gel containing 8 M urea (2.3.3.2).

CHEMICAL PROBING USING LEAD(II) IONs Among the di-
and trivalent metal ions that have been shown to induce degrada-
tion of RN A molecules in a non-oxidative manner, Pb?*-ions are
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FINAL CONC. NATIVE DENATURING

5- or 3’-labeled 20,000 cpm x ul x pl
RNA

unlabeled RNA 200 nM 1l 1l
(10 pM)

2 x native buffer 1X 25 pul -
1.25 x denaturing 1X - 4o pul
buffer

ddH,O ad 50 pul ad 50 pl

Table 32: RNase T1/V1 reaction mixture.

FINAL CONC. VOLUME

5’- or 3’-labeled RNA 20,000 cpm x pl
unlabeled RNA (10 pM) 200 nM 1 ul
10 x PA buffer 1X 10 pl
ddH,O ad go ul

Table 33: Lead(Il) reaction mixture. 10 x PA buffer: 500 mM Tris(HCl)
pH 7.5, 1M NH,CL

widely used to map RNA secondary structures. Cleavage occurs

preferentially in flexible regions like bulges, loops or other single

stranded stretches of the RNA, whereas double stranded regions

are usually resistant to Pb>*-induced cleavage. The metal ion is

suggested to act as a Bronsted base abstracting a proton from the

2’-OH group of the ribose. The activated 2’-O" attacks the phos-

phorus atom which results in formation of a penta-coordinated

intermediate state. After cleavage of the phosphodiester bond,

a 2’,3’-cyclic phosphate and a 5'-OH group are generated (Hart-

mann et al., 2005). The lead(Il) reaction mix was incubated at

37°C for 10 min. Next, 10 pl 2.5 mM Pb(OAc), was added and Pb(OAc), was
incubated for another 3 min at 37°C. To stop the reaction, 20 pl ~ @lways freshly
of 10 mM EDTA were added and the mixture was precipitated %\L/lltfbj((gz; 5s0tock
(2.3.1), resuspended in 7 pl 2 x denaturing loading buffer and  1i0n.
analyzed on a thin sequencing PAA gel containing 8 M urea.

UNSPECIFIC ALKALIC HYDROLYSIS OF RNA To generate a
RNA ladder, end-labeled RNA was incubated at 100°C for 7 min
in 50 mM NaHCO;. The reaction was stopped using 15 pl of
10 mM EDTA and the mixture was precipitated (2.3.1). After
dissolving the pellet in 7 ul 2 x denaturing loading buffer, it was
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FINAL CONC. VOLUME

5’- or 3’-labeled RNA 20,000 cpm x pl
unlabeled RNA (10 pM) 200 nM 1l
NaHCOj; (500 mM) 50 nM 1.5 ul
ddH,O ad 15 pul

Table 34: OH-ladder reaction mixture.

FINAL CONC. VOLUME

total RNA up to 250 ng/ul x pl
reverse DNA primer 100 fmol/pl x pl
40 mM dNTP mix 2 mM/ul 1l
ddH,O ad 12 pl

Table 35: RT reaction mixture.

used as a size-marker for enzymatic or chemical probing of RNA
molecules.

2.5.5 Reverse transcription of RNA

To generate cDNA from RNA, Reverse Transcriptase (RT) was
used. We used the Superscript II Kit according to the manufac-
turer’s instructions. To start the reverse transcription, the RT
reaction mix was incubated at 65°C for 5 min and immediately
placed on ice. Next, 4 pl of 5 x First-Strand buffer and 2 pl of 100
mM DTT were added and the mixture was incubated for 2 min
at 42°C. Finally, 1 pl Superscript II RT (200 U/pl) was added and
the RT program was started: 10 min at 25°C, 50 min at 42°C and
15 min at 70°C. 2 pl of the resulting cDNA was direcly used as
template for a PCR (2.4.5) without further purification.

2.5.6 Northern hybridization

Detection and (semi-)quantification of cellular RNA can be achiev-
ed by Northern hybridization. After separation by gel electrophore-
sis, cellular RNA is blotted on a membrane and covalently at-
tached by crosslinking. The membrane is then incubated with
a labeled nucleic acid probe complementary to the target RNA.
After washing the membranes and blocking of unbound sites
of the membrane, detection is achieved by autoradiography or
antibodies coupled to enzymes catalyzing a chemoluminescence
reaction.
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FINAL CONC. VOLUME

PCR product 50 ng/ul x pl
10 x labeling mix 1X 2ul
5 x Ty transcription buffer 1X 4 ul
10 U/ul Ty RNA polymerase 1 U/ul 2ul
ddH,O ad 20 pl

Table 36: Northern hybridization probe transcription.

2.5.6.1 Standard Northern hybridization protocol

For detection of cellular RNA, we used non-radioactive Northern
hybridization utilizing Digoxygenin (DIG)-labeled RNA probes.
For generation and detection of the DIG-labeled probes, we used
the Northern Starter Kit (Roche).

PROBE GENERATION To produce DIG-labeled RNA probes, a
linear template was generated by PCR (2.4.5). The primers were
chosen to add a T7 promoter to the reverse complement strand of
the target RNA sequence. After checking the PCR product on an
agarose gel (2.3.3.1) and concentration determination (2.3.4), the
RNA probe was generated by Ty run-off transcription (Table 36),
thereby incorporating digoxigenin-11-UTP which is part of the
10 x labeling mix. The reaction was incubated at 37°C for 1 h and
was stopped by addition of 2 pl 200 mM EDTA pH 8.0. Probes
were stored at -20°C.

RNA PREPARATION: CHOICE OF GELS AND QUALITY CONTROL
As only relatively short RNAs (< 250 nt) were subjected to North-
ern hybridization, we used PAA gels for electrophoretic separa-
tion (2.3.3.2). To test the quality of cellular extracts (2.5.1), 3 ng
of total cellular RNA were analyzed on a 5% denaturing PAA
gel and subsequently ethidium bromide stained. The RNA was
assumed to be intact if the two major bands (comprising the 23S
and 16S rRNA in bacteria) were discrete without a smear which
would indicate degradation of the RNA. After electrophoresis,
the gel was washed for 5 min in 0.5 x TBE bulffer.

TRANSFER AND FIXATION OF RNA TO MEMBRANES To im-
mobilize the total RNA, it was transferred to a membrane by
semi-dry blotting. A piece of positively charged nylon membrane
and two pieces of whatman paper, all in the size of the PAA gel,
were soaked in 0.5 x TBE buffer. One piece of whatman paper
was placed on the anode of the blotter. The wet membrane was
placed exactly upon the whatman paper, followed by the PAA
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Probes were re-used
once and stored at
-20°C after the first
usage.

For analysis of 6S
RNAs, 10 - 12%
denaturing PAA gels
were utilized.
Normally, 2 - 10 ug
of total RNA (2.5.1)
were loaded onto
each lane.
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Alternatively, UV
crosslinking is
widely used.

The probe was
denatured for 3 min
at 95°C and
immediately put on
ice for another 3 min
before addition to the
solution.

Strictly keep to the
incubation times
until...
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gel and the second whatman paper. Care was taken to avoid
air bubbles forming in between. Finally, the cathode was placed
on top and transfer of the RNA was run overnight using o0.27
mA /cm? of the membrane.

The next day, after removal of the whatman papers and the PAA
gel, the membrane was placed on a glass plate and incubated for
30 min at 80°C in an oven to crosslink the RNA to the membrane
before storage at 4°C.

HYBRIDIZATION For hybridization to RNA, RNA or DNA
probes can be used. For routine Northern hybridization, we
used RNA probes generated by T7 run-off transcription from
PCR fragments. These RNA probes can either be radiolabeled
post-transcriptionally (5’-end labeling with y32P-ATP) or dur-
ing transcription by incorporation of modified nucleotides such
as a>2P-NTPs or DIG-11-UTP. In formaldehyde buffer sytems,
the standard hybridization temperature for RNA probes is 68°C
(42°C in formamide buffers), whereas lower temperatures are
usually applied to hybridization with DNA probes.

7 ml of the DIG Easy Hyb Granules or a self-made hybridization
buffer (50 mM Na,;HPO,4/NaH,PO,4 pH 7.0, 0.02% (w/v) SDS,
4M urea) were pre-heated to 68°C. During this time, the mem-
branes were placed in a hybridization tube or a 50 ml Falcon
tube, respectively, ensuring that the 'RNA side” did not touch the
glass wall but was directed inward. The pre-heated hybridization
solution was added and the tube was placed in an hybridization
oven for 2 h at 68°C with slow rotation. After that time, again 7
ml of hybridization solution were pre-heated to 68°C and 10 nl of
T7-transcribed probe was added. The pre-hybridization solution
was discarded and immediately replaced by the solution contain-
ing the RNA probe. Hybridization was performed overnight (or
at least for 6 h) at 68°C with slow rotation in the hybridization
oven.

DETECTION OF DIG-LABELED PROBES Visualization of DIG-
labeled probes is achieved by immunological detection using an
antibody (Anti-Digoxigenin-AP Fab Fragments) specific for the
DIG-modified nucleotides. The antibody is coupled to an alka-
line phosphatase which dephosphorylates a dioxetane phenyl
phosphate (CDP-Star). The resulting chemoluminescent signal is
detected by exposing an X-ray film to the membrane.

For detection, all steps were carried out using clean glass/plastic
ware. Care was taken that membranes were covered with buffer
and that shaking took place at low speed and at room temper-
ature. First, membranes were washed twice in stringent wash
buffer 1 (1 x SSC, 0.1% (w/v) SDS) for 5 min and then twice
in stringent wash buffer 2 (0.1 x SSC, 0.1% (w/v) SDS) before
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rinsing with double-distilled water. Next, the membrane was
incubated in blocking solution (0.1 M maleic acid, 0.15 M NaCl
pH 7.5, 1 x Blocking solution (Roche)) for 30 min and then in
antibody solution (0.1 M maleic acid, 0.15 M NaCl pH 7.5, 1 x
Blocking solution (Roche), 1:10,000 diluted Anti-Digoxygenin-AP
Fab Fragments (Roche)) for 30 min. The membrane was washed
twice in wash buffer (0.1 M maleic acid, 0.15 M NaCl, 0.3%(v/v)
Tween-20 pH 7.5) for 15 min before incubation in detection buffer
(0.1 M Tris(HCI), 0.1 M NaCl pH 9.5) for 5 min. The membrane
was placed on a kitchen wrapping film and some drops of CDP-
Star (Roche) were added until the membrane was covered with
the solution. After wrapping the membrane completely, it was
incubated for 10 min at room temperature to allow development
of a robust chemical signal. Finally, a photo film (Kodak BioMax
Light Film) of identical size was placed on the membrane and
exposed for 5 min to 1 h, depending on the signal intensity. The
photo film was then developed accoding to the manufacturer’s
instructions.

STRIPPING OF PROBES FROM MEMBRANES Membranes can
be re-used for hybridization with a second probe. For this pur-
pose, care was taken that the membrane did not run dry during
the first detection process. After that, the membrane was washed
twice in double-distilled water for 5 min at room temperature
and then incubated twice in stripping buffer (50 mM Tris(HCI)
pH 7.5, 50% (v/v) formamide, 5% (w/v) SDS) for 60 min at 80°C.
Next, the membrane was washed twice in 2 x SSC for 5 min at
room temperature before pre-hybridization (see above).

2.5.6.2 Detection of tiny RNAs in bacterial total cellular RNA

The standard Northern hybridization protocol was used for de-
tection of RNAs of > 100 nt in length. However, very short RNAs
such as miRNA (~22 nt) or pRNA (8 - 22 nt) are hardly detectable
using this technique. We developed a novel nNorthern hybridiza-
tion protocol which is sensitive enough to detect such short RNA
species in bacterial total cellular extracts. For this purpose, we
combined i) chemical crosslinking of RNA to positively charged
nylon membranes using 1-ethyl-3-(3-dimethylaminopropyl)-carbo
diimide (EDC), ii) 5’-digoxygenin-endlabeled DNA /LNA mixmer
probes for enhanced binding to the short RNAs and iii) native
polyacrylamide gels.

2.5.7 RNA 5’- and 3’-end determination using RACE

RNA in bacteria is usually subject to maturation by cleavage at
specific positions. Mapping of precursor- and mature RNA-ends
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incubated for several
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Stripping buffer was
always freshly
prepared.

The method as well
as example
applications are
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publication I and II.
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VOLUME
RNA x pl
10 x DNase buffer 5l
2 U/pl Turbo DNase 5 ul
ddH,O ad 50 ul

Table 37: DNase digestion reaction.

in vivo was performed by RACE (rapid amplification of cDNA-
ends) experiments, which was either directed to find 5’-ends
(5"-RACE) or 3’-ends (3’-RACE).

2.57.1 5-RACE

For mapping of RNA 5’-ends, DNA contamination was first re-
moved from total cellular RNA using Turbo DNase (Ambion).
Next, the RNA was split into two halves. One half was treated
with Tobacco Acid Pyrophophatase (TAP, Epicentre) which hy-
drolyzes the phosphoric acid anhydride bonds in the 5’-triphos-
phate of precursor RNAs releasing a pyrophospate and generat-
ing a 5"-monophosphorylated terminus on the RNA molecule.
This half was usually marked as "+ (for inclusion of primary
transcripts). Then, an adaptor-oligonucleotide was ligated to the
5’-ends of cellular RNAs in both libraries and cDNA was gen-
erated and amplified by reverse transcription (RT-PCR) using a
gene-specific reverse primer and a forward primer binding to the
adaptor. The resulting PCR-products were analyzed on agarose
gels and specific bands were gel-eluted, subcloned by TOPO-TA
cloning and the TOPO-vector was then DNA-sequenced. Analyz-
ing several clones (usually 10 or more), 5"-ends were identified
by their position directly downstream of the adaptor sequence.

DNA REMOVAL For DNA removal, 20 pg of total RNA (2.5.1)
were digested using Turbo DNase twice. The DNase digestion
reaction (Table 37) was incubated at 37°C for 30 min. Then, phe-
nol/chloroform extraction (2.3.2) was performed and digestion
was repeated. The RNA was finally resuspended in 50 pl double-
distilled water.

TAP TREATMENT 50 pl of DNase-digested cellular RNA was
filled up with double-distilled water to a volume of 176 ul and
20 pl of 10 x TAP digestion buffer (Epicentre) was added. Then,
the solution was split into two eppendorf reaction tubes and
1.5 pl TAP (10 U/ul, Epicentre) was added to one tube (+TAP).
The other tube was filled with 1.5 pl double-distilled water and
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VOLUME
RNA /adaptor 25 ul
0.1% (v/v) BSA 4 ul
10 x RNA ligase buffer (Fermentas) 4 ul
10 mM ATP 4l
10 U/pl T4 RNA ligase (Fermentas) 3 ul
Table 38: RNA ligation reaction.
VOLUME
5 x RT buffer (Invitrogen) 4ul
40 mM dNTP mix 1l
100 mM DTT 2ul

Table 39: RACE RT mixture.

served as negative control (TAPctr). Both tubes were incubated at
37°C for 40 min. The reaction was stopped by phenol/chloroform
extraction (2.3.2) and RNA was resuspended in 25 ul double-
distilled water.

5'-ADAPTOR LIGATION The two samples (+TAP and TAPctr)
were subjected to 5’-adaptor ligation. 1 nmol adaptor oligomer
(GTC AGC AAT CCC TAA CGA G; DNA = normal letters, RNA un-
derlined) were added to each sample, followed by incubation at
90°C for 1 min and immediate storage on ice. The RNA ligation
reaction was incubated at room temperature for 3 h or at 4°C
overnight. Next, phenol/chloroform extraction (2.3.2) was per-
formed and the RNA was resuspended in 25 ul double-distilled
water.

RT-PCR  From each of the two samples, 4.5 pl were transferred
into a new tube marked RT. Again, 4.5 pl from each sample
were transferred into a new tube; this time marked RTctr. To all
four tubes, 2 pmol gene-specific reverse primer and 7 ul double-
distilled water was added. The solution was incubated at 65°C for
5 min and immediately put on ice. After addition of the RACE RT
mixture (Table 39) to the tube, the mixture was incubated at 42°C
for 2 min. 1 ul Superscript II RT (200 U/ul) was added to the two
samples that had been marked with RT and 1 pl double-distilled
water was added to the control reactions marked with RTctr be-
fore running the RACE RT program (Table 40). Afterwards, 0.5
pl RNaseH (5 U/qul) were added to each sample to remove RNA
from DNA:RNA hybrids. 2 ul of the cDNA were directly used
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TIME TEMP.
5 min 42°C
20 min 55°C
20 min 60°C
20 min 65°C
5 min 85°C

Table 40: RACE RT program.

for PCR (2.4.5) using Tag DNA polymerase and 35 cycles. Addi-
tionally, a final elongation step of 8 min at 72°C was performed
to ensure addition of A overhangs by the Taq polymerase. As
primers, the gene-specific reverse primer and the 5'-RACE adap-
tor primer (see appendix) were used. After PCR, the products
were loaded onto an ethidium bromide-stained agarose gel and
bands were eluted as described (2.3.3.4) fromusing a buffer con-
taining ethanol the samples marked with RT. The other samples
served as controls only.

TOPO-TA CLONING To store and multiply PCR products, we
performed TOPO-TA cloning. A mixture of a linearized vector
carrying 3’-T overhangs and Topisomerase II allow incorporation
of the PCR product carrying a 3’-A overhang independent of
the sequence of the PCR product. TOPO-TA cloning was per-
formed according to the manufacturer’s instructions using either
E. coli TOP1o0 cells (kit supplied) or DH5«x (lab stock) cells and
blue/white screening (2.2.2). TOPO plasmids from several clones
were prepared for minipreparation (2.4.2) and sent to DNA se-
quencing.

2.5.7.2 3’-RACE

For mapping of 3’-ends of cellular RNA, we used the 3"-RACE
technique. Although being very similar to 5-RACE, TAP treat-
ment is omitted in 3"-RACE and instead of adaptor ligation, a
poly-C stretch is attached to cellular RNAs using Poly(A) poly-
merase which catalyzes the addition of nucleotides to the 3’-end
of RNA in a sequence-independent fashion.

DNA REMOVAL See 2.5.7.1 but resuspend RNA in 25 pl double-
distilled water.

Cc-TAILING For sequence-independent addition of cytosine to
cellular RNA, we mixed the C-tailing reaction (Table 41) and
incubated first without the enzyme at 37°C for 5 min. Then, 1.5
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VOLUME
RNA 25 ul
25 mM MgCl, 4ul
25 mM MnCl, 4 ul
10 x C-tailing buffer 5 ul
10 mM CTP 3 ul
ddH,O 8 ul

Table 41: C-tailing reaction mixture for RNA.

pl Poly(A) polymerase (2.5 U/pl) were added and the mixture
was incubated at 37°C for go min. Finally, a phenol/chloroform
extraction (2.3.2) was performed and the RNA was resuspended
in 25 pl double-distilled water.

RT-PCR  RT-PCR was performed as described (2.5.7.1) using 10
pl RNA as starting material and 3 reverse anchor primers (see
appendix), 33 pmol each.

TOPO-TA CLONING TOPO-TA cloning was performed as de-
scribed (2.5.7.1).

2.5.8 Gel retardation experiments

Complex formation of RNA with proteins or other RNA molecules
in vitro was analyzed by gel retardation experiments. When part
of a complex, RNA migrates slower in low percentage polyacry-
lamide gels compared to free RNA molecules. To measure the
fraction of RNA that is either free or part of a bigger complex,
trace amounts of radiolabeled RNA were added to the reaction
and analyzed by autoradiography.

2.5.8.1 RNA-RNA gel shifts

To study 6S RNA-pRNA interactions, we mixed B. subtilis 6S-1
RNA generated by T7 run-off transcription (2.5.2) with RNA
oligomers comprising the natural pRNA sequence. As pRNA
alone is not able to invade the secondary structure of 65-1 RNA
to form 6S-1 RNA-pRNA hybrids, the mixture (Table 42) was
heated to 95°C to destroy secondary structures and cooled down
stepwise to 37°C.

If not stated otherwise, 65-1 RNA was adjusted to 1 uM final
concentration. 65-1 pRNA was usually added in a 10 fold molar
excess (10 pM) over 65-1 RNA although this was varied in some
experiments. Radiolabeled RNA was added in trace amounts (up
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FINAL CONC. VOLUME
10 pM 65-1 RNA 1 uM 0.6 pl
65-1 RNA (radiolabeled) up to 50,000 cpm x ul
50 uM 65-1 pRNA 10 pM 1.2 ul
10x TE buffer 1X 0.6 pl
ddH,O ad 6 ul

Table 42: 65-1 RNA-pRNA hybridization mixture.

TIME TEMP.

Initial denaturation smin 95°C

Stepwise cooling 5min 9o°C
smin 80°C
smin 70°C
s5min  60°C

s5min 50°C

Final temperature 5-00 37°C

Table 43: 6S RNA-pRNA hybridization program.

to 50,000 cpm) and not considered for concentration determina-
tion.

Alternatively, RNA:RNA interactions were also analyzed from
total cellular extracts. To avoid denaturation of RNA, we used
only the single step method (2.5.1) for RNA preparations that
were intended for gel shift experiments.

In either case, RNA samples after hybridization or directly after
total RNA extraction were mixed with 1 volume of 2 x native
loading buffer and loaded onto a 5 - 10% native PAA gel (2.3.3.2).
Care was taken to run the gel at low voltage to avoid heating of
the gel and denaturation of the samples. RNA shifts were either
detected by autoradiography in the case of labeled samples or the
gels were used for Northern hybridization in the case of cellular
total RNA samples.

2.6 CLONING EXPERIMENTS
2.6.1 Cloning of 65 RNA genes
The two genes for 6S-1 (bsrA) and 6S-2 (bsrB) RNA were cloned

in the pUC18 vector for storage and mutation purposes. Addi-
tionally, the T7 promoter directly upstream of the 6S RNA genes
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allowed efficient in vitro transcription by Ty RNA polymerase
(2.5.2).

PBB1 (PUC18-T7-BSRA-190) The coding sequence of the ma-
ture (190 nt) 65-1 RNA was amplified by PCR (2.4.5) using
primers 142a and 143 and genomic DNA from B. subtilis 168
as template. The PCR product was analyzed by agarose gel elec-
trophoresis (2.3.3.1) before a restriction digestion (2.4.3) with
EcoRI and HindIIl was performed to cleave both ends of the
PCR product. The pUC18 vector was also digested using EcoRI
and HindllI, resulting in a linearized plasmid. Linearization was
tested by agarose gel electrophoresis. Next, plasmid and PCR-
product DNA were ligated (2.4.4) and E. coli DH5«x cells were
transformed with the ligation reaction (2.2.4) and selected on
ampicillin plates. The next day, 5 single bacterial colonies were
picked, 3 ml LB-medium cultures were inoculated and grown
overnight (2.2.1). Then, 500 pl from each culture were mixed with
1 volume of glycerol and were snap-frozen in liquid nitrogen for
long-time storage. The remaining 2.5 ml were used for plasmid
minipreparation (2.4.2). Finally, plasmids (Fig. 12) were sent for
DNA sequencing using primers 6 and 7.

pBB1
2850 bp

Figure 12: pBB1: pUC18-T-bsrA-190, a pUC18-derived plasmid con-
taining the B. subtilis mature 65-1 RNA coding sequence
under control of a T7 promoter.

PBB2 (PUC18-T7-BSRA-201) The coding sequence of the 6S-
1 RNA precursor (201) nt was amplified by PCR (2.4.5) using
primers 142b and 143 and genomic DNA from B. subtilis 168 as
template. The PCR product was then analyzed and cloned into
the EcoRI/HindllI sites of the pUC18 vector as described above.
The resulting plasmid was named pBB2 (Fig. 13) and verified by
DNA sequencing.

51



52

MATERIALS AND METHODS

Figure 13: pBB2: pUC18-T7-bsrA-201, a pUC18-derived plasmid con-
taining the B. subtilis precursor 65-1 RNA coding sequence
under control of a T7 promoter.

PBB3 (PUC18-T7-BSRB-203) The coding sequence of the 65-2
RNA (203) nt was amplified by PCR (2.4.5) using primers 144 and
145 and genomic DNA from B. subtilis 168 as template. The PCR
product was then analyzed and cloned into the EcoRI/HindIII
sites of the pUC18 vector as described above. The resulting plas-
mid was named pBB3 (Fig. 14) and verified by DNA sequencing.

Figure 14: pBB3: pUC18-T7-bsrB-203, a pUC18-derived plasmid con-
taining the B. subtilis 6S-2 RNA coding sequence under the
control of a Ty promoter.

PBB4 (PUC18-T7-BSRA-190-HDV) To assure 3’-end homogene-
ity of in vitro-transcribed 6S-1 RNA which is important for 3’-end
labeling (2.5.3), a HDV ribozyme was added downstream of the
bsrA gene. The HDV ribozyme cleaves at a defined position at
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its 5’-end directly after transcription of the RNA. First, the HDV
sequence was amplified by PCR (2.4.5) using primers 146 and
147 from pUC18-HDV (lab stock). The PCR product was used
as a megaprimer (2.4.5.2) to mutate pBB1 and insert the HDV
sequence directly downstream the bsrA sequence. The resulting
plasmid was named pBB4 (Fig. 15) and verified by DNA sequenc-
ing.

AmpR

pBB4
2935 bp

Figure 15: pBB4: pUC18-T7-bsrA-190-HDV, a pBBi-derived plasmid
containing an additional HDV sequence downstream of the
B. subtilis mature 65-1 RNA sequence.

PBB5 (PUC18-T7-BSRA-190(Cc40T)) To elucidate the role of
the starting nucleotide of the pRNA of 6s-1 RNA, we mutated
the complementary residue (C40) to thymin. Synthesis from this
6S RNA template then results in pPRNA with an adenin at the
+1 position. Using pBB1 as template, we used phosphorylated
primers 113 and 114 for site directed mutagenesis PCR (2.4.5.2).
The resulting plasmid was named pBB5 (Fig. 16) and verified by
DNA sequencing.

PBB6 (PUC18-T7-BSRA-190-CP) Structure probing of 3’-end
labeled 65-1 RNA revealed a stacked region at the bottom region
of the central bulge after hybridization with pRNA that was
inaccessible to chemical or enzymatic probing (see publication
IV). To verify this stacking with 5-end labeled 65-1 RNA, we
generated a circularly permuted RNA (6S-1 cp) with its 5’-end in
the apical loop region (Fig. 17). This strategy allowed structure
probing experiments at a higher resolution than 5’-end labeled
wildtype 65-1 RNA. First, the sequence of the mature (190 nt)
65-1 RNA was amplified by PCR from pBB1 using primers 150
and 143. The PCR product was cloned into the HindIII site of
pBB1. The resulting plasmid was named pBB6 (Fig. 18) and its
sequence was verified by DNA sequencing. To generate templates
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Figure 16: pBB5: pUC18-T7-bsrA-190(C40T), a mutated version of the
pBB1 plasmid. The position 40 of the bsrA gene was point-
mutated from C to T.

6S-1wt > )

8 ——\ / TV

/-\ SN e 3

6S-1cp ( 5

Figure 17: Scheme of circularly permuted 65-1 RNA. The wildtype situ-
ation (top) and the 65-1 cp mutant which is fully functional
(see publication IV).

for in vitro transcription, PCR was performed using primers 151
and 152.

2.6.2  Generation of B. subtilis mutant strains

GENERATION OF A KANAMYCIN RESISTANCE CASSETTE For
generation of mutant B. subtilis strains, the bsrA locus as well as
500 bp of up- and downstream DNA (Fig. 19) were amplified by
PCR using oligonucleotides 108 and 109, digested with EcoRI
and HindIIl and cloned into pUC18, resulting in vector pBB-
65-1. Next, a kanamycin resistance cassette was amplified from
pDG780o (Guérout-Fleury et al.,, 1995) using primers 111 and 112
resulting in a ~ 1.5 kbp fragment. As the sequences in primers
111 and 112 were partially complementary to the downstream
region of the bsrA gene, we used this PCR fragment as primer for
megaprimer PCR on pBB- 65-1 as template (2.4.5.2). The novel
plasmid was named pBB6S-1-kan. To introduce the bsrA C40T
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AmpR

Figure 18: pBB6:pUC18-T7-bsrA-bsrA, a pBB1-derived plasmid. A sec-
ond bsrA gene was inserted downstream of the first one to
allow generation of templates for a circularly permuted 6S-1
RNA variant.

point mutation, the pBB6S-1-kan plasmid was amplified with
two 5 phosphorylated primers 113 and 114. The linear frag-
ment was ligated with T4 DNA ligase before cloning in E. coli
DH5o; the resulting plasmid was named pBB6S-1-mut-kan. Final
plasmid constructs were verified by sequencing. For chromoso-
mal insertion, linear PCR products were generated either from
pBB6S-1-kan (resulting in strain BB bsrA) or from pBB6S-1-mut-
kan (resulting in strain BB bsrA (C40T)) using primers 108 (see
above) and 110. Naturally competent B. subtilis 168 cells (2.2.5)
were transformed with the generated fragments and selected for
kanamycin resistance. Finally, several colonies were picked and
correct insertion of the bsrA-kanamycin cassette was verified by
PCR and sequencing.

B. sub BB bsrA (C40T)

114 113
AN
108 H 111 112 109/110
[ aspS >|::>| Kan cassette >| yrvM >
5 bsrA 3

Figure 19: The genomic context of the bsrA gene locus in B. subtilis BB
bsrA (C40T). The direction of surrounding genes is indicated
by arrows. The position of primers used for cloning and
sequencing and their numbers are indicated.
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2.7 BIOINFORMATIC ANALYSES

Bioinformatic analyses were carried out on an i686 personal
computer with a Mobile AMD Sempron™Processor 3500+ using
the Debian GNU/Linux 5.0.5 operating system. Analysis of deep
sequencing experiments, secondary structure prediction and 65
RNA phylogenetic analysis were performed using Perl and awk
scripts which are available upon request.

2.7.1  Analysis of deep sequencing data

Total cellular RNA from B. subtilis 168 cells in three different
growth phases (exponential, stationary and outgrowth) were
used for a differential deep sequencing (dRNA-Seq) approach
(Sittka et al., 2008; Sharma et al., 2010). After 454 sequencing
(Margulies et al., 2005), six sequencing libraries with a total
number of ~ 165,000 sequences were obtained. Data analysis was
performed in collaboration as well as in our laboratory.

2.7.1.1 Annotation of deep sequencing reads

Sequence reads in fasta format obtained by dRNNA-Seq were
aligned to the B. subtilis 168 genome (NC_000964.2) using WU-BLAST
v.2.0 (Altschul et al., 1990) or segemehl v.0.0.9.3 (Hoffmann
et al., 2009) with the options shown in the listings below.

Listing 2.1: BLAST command-line options

$ BLAST -B=1 -V=1 -m=1 -n=-3 -Q=3 -R=3 -gspmax=1 -hspmax=1 -
mformat=2 -e=0.0001

Listing 2.2: segemehl command-line options

$ segemehl.x -x NC_NNN.idx -d NC_NNN.fa
$ segemehl.x -i NC_NNN.idx -d NC_NNN.fa -q library -M 500 -H
2 -A 90 > out.map

The resulting alignment informations were parsed and the se-
quencing reads were graphically displayed using the Integrated
Genome Browser v.4.56 (Nicol et al., 2009).

2.7.1.2 Identification of 6S pRNA transcripts

Due to the short length of pRNAs (8 - 14 nt), alignment and iden-
tification of these transcripts could not be achieved by Wu-BLAST
or segemehl. Therefore, we manually searched for pRNAs us-
ing a sliding window approach. Each library was screened for
complementary sequences to 8 nt windows of both 65 RNA se-
quences. Hits were counted and plotted as a function over the
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Figure 20: Representative image of the sliding window approach. 65S-1-
derived pRNA sequences peak at position 40. Note that the
plateau denotes the length of 9 - 14-mers.

sequence of the respective 6S RNA (see Fig.20). The identified
PRNA sequences were then investigated manually in more detail.

2.7.2  RNA secondary structure prediction

Secondary structure prediction of RNA was performed using
RNAfold (Hofacker, 2003) with default options from the Vienna
package (see listing below) (Gruber et al., 2008). For prediction of
B. subtilis 6S RNA stability, the -C option (constraint) was used
to prevent base pairing of the central bulge nucleotides.

Listing 2.3: RNAfold command-line options

$ RNAfold < sequence.fa > structure.out J

2.7.3 Prediction of pRNA-induced hairpin formation

To investigate the possibility that pRNA induces extended hair-
pin formation (see publication IV) in 6S RNA of other bacteria
than B. subtilis, we downloaded known 6S RNA sequences and
predicted secondary structures from Rfam v.10.0 (Griffiths-Jones
et al., 2003), RFooo13_seed.stk. By manually adding Aquificalis
sequences the alignment contained 163 sequences (see appendix).
We performed three steps:

(1) Negative control. To simulate the case of no pRNA and no
structural rearrangement, we tested the 3" internal loop region
(alignment positions 184-209, a length of 12—20nt without gaps)
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to form a helix with RNAfold v.1.6 (Hofacker, 2003). (2) Positive

control. For a simulation of pRNA:6S RNA hybrid we extended

our region of unpaired nucleotides and tested the alignment po-
sitions 184—224 (a length of 20-30nt) with the same method

for stable hairpins (see Fig. 21 for a scheme). (3) Collapse of
central bulge. Whether the conserved hairpins can be even ex-
tended by interacting with the 5" internal loop of 6S RNA, we

used RNAduplex (Hofacker, 2003) between alignment positions

55—70 and 210-241 (two interacting sequences of length 12—2ont

and 17-29). All input and output files can be obtained here:
http://bioinf.pharmazie.uni-marburg.de/supplements/136. Finally,
we used SplitsTree v.4 (Huson and Bryant, 2006) to create a NJ-
Tree and evaluate these finding furthermore. We color-coded the

energy values of positive control(2) ranging from -o0.40 kcal/mol

(blue) to -9.50 kcal/mol (red). The collapse of the central bulge

was marked by squares in case of energy values below -1.30
kcal/mol (see publication IV).

pRNA 5

6S-1RNA )

s

s
-l

Figure 21: Schematic model of prediction of pPRNA-induced extended
hairpin formation in 65 RNA sequences.
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RESULTS AND DISCUSSION

It’s necessary to be slightly underemployed
if you are to do something significant.

— James D Watson

This section is a summary and discussion of the results ob-
tained in publications I - IV. For more detailed information con-
cering the results, see the respective publication in the appendix.

Starting our investigations on the two 6S RNAs of B. subtilis,
we realized soon that 65 RNA-templated pRNA synthesis could
not be investigated in vivo by standard techniques such as normal
Northern hybridization or RT-PCR due to their short length. We
therefore started to set up an improved Northern blot protocol
customized for the detection of very short RNAs in total cellular
RNA. Concurrently, we started a deep sequencing approach to
screen B. subtilis cellular RNA for pRNAs in an unbiased manner.
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3.1 DETECTION OF PRNA IN VIVO (PUBLICATIONS I & II)

The discovery of pRNA synthesis in E. coli and its role in the
release of RNA polymerase (Wassarman and Saecker, 2006; Gilde-
haus et al., 2007) tempted us to investigate this mechanism in
more detail. Focusing on B. subtilis, which harbors two 6S RNA
species (65-1 and 6S-2) (Ando et al., 2002; Suzuma et al., 2002;
Barrick et al., 2005), we started to search for techniques that al-
lowed us to detect RNAs of 10—20nt in length. We initially failed
to detect pPRNAs using standard techniques such as Northern hy-
LNA =Locked ~ bridization, although using DNA/LNA mixmers as probes. LNA
Nucleic Acid residues increase the hybridization efficiency of nucleic acids by
arresting the ribose moiety in its C3’-endo conformation, which
leads to a significant increase in melting temperature (Vester
EDC = 1-ethyl-3-(3- and Wengel, 2004; Griinweller and Hartmann, 2007). In a similar
dimethylaminopropyl)-  approach, miRNAs, which are ~ 22 nt in length, had been success-
carboditmide fully detected using chemical crosslinking by EDC (Kim et al.,
2010). We further used native instead of denaturing PAA gels
which resulted in improved detection efficacy. We speculate that
denaturing agents such as urea interfere with the crosslinking
reaction of EDC and thus decrease the immobilization efficiency
for RNA.

During these studies, we realized that the design of the DNA/LNA

mixmer probes can be challenging; especially the correct placing
of the LNA residues is crucial for a good signal to noise ratio dur-
For the rules how to  ing detection. We postulated several rules for a favorable insertion
place LNA residues,  of LNA residues and compared several probes with respect to
see publication I oiy sensitivity and reduction of background, for example when
targeting E. coli pRNA (Fig. 22). Using this novel protocol, we

confirmed pRNA synthesis in B. subtilis.

3.2 ANALYSIS OF B. SUBTILIS 6S RNAS AND PRNAS (PUBLICA-
TION III)

3.2.1 Expression and maturation of the two 6S RNA species of B.
subtilis

We started our analysis of 65 RNA in B. subtilis measuring the

Both RNAs were RNA levels of 65-1 RNA and 65-2 RNA in vivo by Northern
identified by binding  plotting. Our results confirmed previous analyses (Trotochaud
foiikie;;rjngfzg and Wassarman, 2005; Barrick et al., 2005) showing that 65-1
of B. subtilis. ~ RINA levels are high during entry into stationary phase, whereas

65-2 RNA levels peak during exponential phase (Fig. 23). We

further detected a fragment of 6S-1 RNA which appeared in late

stationary phase only. By 5'- and 3’-end mapping using RACE,

we found cleavage of 65-1 RNA in the apical loop region. We
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Figure 22: Northern blot of E. coli pPRNA using three different probes
(bottom panel; capital letters denote LNA residues). Endoge-
nous pRNA is detectable during outgrowth in wild-type
E. coli strains (wt), but not in the 65-RNA knockout (AssrS).
Furthermore, 65 RNA-pRNA hybrids could be detected (ar-
rows). Asterisks denote unspecific binding.

speculate that this event marks the first step in the degradation
of 6S-1 RNA by a yet unknown nuclease activity. To validate
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Figure 23: 65 RNA levels in B. subtilis. Total cellular RNA from cells in
different growth stages (A) was used for Northern hybridiza-
tion of both 6S RNAs (B). 65-1 RNA levels are high during
stationary phase whereas 65-2 RNA levels peak during ex-
ponential growth.

the proposed secondary structure of 6S-2 RNA (Trotochaud and
Wassarman, 2005), we performed structure probing experiments
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We compared
exponential,
stationary and
outgrowth phase.

The relative amount
of 65-1 pRNA
increased from

7.25% to 47% of the

deep sequencing
libraries enriched for
primary trancripts
after induction of
outgrowth.

The longer 14-mer
pRNA accumulated
in outgrowing cells.

RESULTS AND DISCUSSION

using enzymatic (Nuclease T1) and chemical (Pb**) probes. We
found that 65-2 RNA, despite its unusal abundance in exponential
growth phase, indeed folds into the typical 65 RNA "shape” with
an unstructured central bulge and flanking helices.

3.2.2  Analysis of pRNA derived from 65-1 RNA

We initiated a transcriptome-wide, unbiased screen for pRNAs
using the dRNA-Seq approach which had been successfully uti-
lized for the detection of a plethora of novel RNAs in Salmonella
typhimurium (Sittka et al., 2008) and Helicobacter pylori (Sharma
et al., 2010). A key feature of this technique is the splitting of each
RNA sample. One half is enriched for primary transcripts (start-
ing with a 5’-triphosphate), whereas the second half represents
the unchanged bacterial transcriptome. Analyzing only short
transcripts (< 50nt), we found pRNAs templated by 6S-1 RNA
in three key physiological growth stages, with particularly high
numbers in the libraries that were enriched for primary tran-
scripts (Fig. 24). To our surprise, 65-1 pRNA levels were already

outgrowth (-) outgrowth (+)

| 65-1 RNA l55-1 RNA
P -

(R
minus strand

bsrA bsrA |

3 plus strand o T 5
pRNA
pRNA

Figure 24: Graphical representation of the expression patterns of frag-
ments of 6S-1 RNA (bsrA) and the corresponding pRNA; the
latter was mainly found in the libraries after enrichment for
primary transcripts (+) and in lower amounts in untreated
libraries (-).

abundant during stationary phase. According to the proposed
model of pRNA-mediated RNAP release (Fig. 8), we expected
PRNA synthesis to occur exclusively after induction of outgrowth.
The presence of large amounts of 6S-1 pRNA in stationary phase
cells points to a much more flexible mechanism of RNAP release
than hitherto anticipated. However, during outgrowth, pRNA
levels increased drastically. Finally, we also observed that pRNA
length was not distributed randomly: 8-12-mers and 14/15-mers
were most abundant according to our dRNA-Seq data, and 4/5-
mers, 8/9-mers and 14-mers represented the major in vitro tran-
scription products; the synthesis of pPRNA 14-mers was further
confirmed by Northern blotting (Fig. 25).
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Figure 25: (A) In vitro transcription of pRNA using RNAP holoenzyme
and 65-1 RNA as template. Mainly 4-mer, 8/9-mer and 14-
mer pRNAs were synthesized. (B) Detection of 65-1 pRNA in
either stationary or outgrowing cell using our Northern blot
protocol confirmed the drastical increase in pRNA synthesis
directly after induction of outgrowth.

The unique mechanism of release of RNAP via pRNA synthe-
sis when nutrients are resupplied initially led to the assumption
that NTP pools might trigger this event (Wassarman and Saecker,
2006). Furthermore, NTP pools in B. subtilis play a crucial role for
transcription regulation; especially the intracellular GTP pool is
a key instrument for the regulation of many genes (Lopez et al.,
1979; Krasny and Gourse, 2004). This regulation is linked to the
+1 nucleotide identity of the transcript (Krdsny et al., 2008). To
elucidate if the same regulatory mechanism also affects pRNA
synthesis, we generated a B. subtilis mutant strain (BBbsrAC40T)
carrying a point mutation in the bsrA gene. Analysis of pPRNA
from 65-1 RNA in the mutant strain background revealed de-
creased levels of pRNA synthesis in general compared to the
wild-type situation, but still highest expression levels during
outgrowth. This led to the conclusion that pRNA synthesis is evo-
lutionarily optimized for transcription starting with a G residue;
however, we did not find convincing evidence that the initia-
tor nucleotide concentration might be a key regulator of pRNA
synthesis.

3.2.3 The enigmatic 65-2 RNA

Having found high levels of pRNA synthesis from 65-1 RNA, we
were surprised that we did not find pRNAs templated by 6S-2
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RNA in our dRNA-Seq. Similar results from a global B. subtilis
transcriptome analysis were published recently (Irnov et al., 2010).
We expected to find pRNAs at least in exponential phase, when
6S-RNA levels were high (Fig. 23). Using an in vitro transcription
assay, we found efficient transcription of pRNA from 65S-2 RNA
by purified RNAP. By incorporation of different radiolabeled
nucleotides, we were able to identify the sequence of 65-2 pRNA.
The discrepancy between the in vivo and in vitro results needs to
be addressed in future investigations.

Furthermore, a 65-2 RNA (bsrB) knockout strain did not show
any detectable phenotype (Ando et al., 2002), raising the question
of the potential role of the second 6S RNA in B. subtilis. We
speculate that 6S-2 RNA might play a more specialized role
compared to prototypical global regulators such as E. coli 6S-
RNA or B. subtilis 65-1 RNA. Therefore, investigation of diverse
stress conditions or sporulation should be carried out to elucidate
the role of 65-2 RNA in transcriptional regulation. However, being
able to detect pRNAs also from 65-2 RNA by our Northern blot
technique, one might exploit the appearance of 65-2 pRNAs in
vivo as a marker for potential 65-2 RNA relevance when screening
different physiological conditions.

3.3 THE ROLE OF PRNA IN THE RELEASE OF RNA POLYMERASE

FROM 65-1 RNA (PUBLICATION IV)

To scrutinize the role of pRNA synthesis during RNAP release
from 65 RNA, we investigated 65-1 RNA from B. subtilis in more
detail. First, we performed in vitro transcription and gel retarda-
tion assays to analyze the formation of 65-1 RNA-pRNA hybrids
(Fig. 26). Using the 6S-1 pRNA sequence properties (5’ -GUU CGG
UCA AAA CU), we performed in vitro transcription with the RNAP
holoenzyme in the presence of all NTPs (synthesis of 14-mer
PRNA possible) or omitting ATP (only 8/9-mer pRNAs possible)
thus mimicking the natural situation found in the dRNA-Seq
approach (see above). Only the longer 14-mer pRNA can bind
stably to 65-1 RNA, whereas the shorter 8-mer pRNA and 65-1
RNA do not form hybrids. Subsequent studies showed that, in
principle, 13- and 12-mer pRNAs are also able to bind to 65-1
RNA in vitro, but with reduced stability. Comparing free 65-1
RNA and pre-annealed hybrids for their capability to be com-
plexed by the RNAP holoenzyme, we found that free 65-1 RNA
is subject to RNAP binding, whereas the capacity of 65-1 RNA-
PRNA complexes to bind to RNAP is drastically reduced (Fig. 27).
We concluded that the hybrid represents an inactive “off” state of
65-1 RNA.
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Figure 26: Formation of stable 65-1 RNA-pRNA hybrids. (A) Formation
of hybrids in vitro using either radiolabeled 6S-1 RNA or
PRNA. Only the 14-mer pRNA binds stably to 65-1 RNA; the
8-mer does not form stable hybrids. (B) In vitro transcription
of pRNA analyzed on native PAGE. Stable hybrid formation
occurs only in the presence of all NTPs (synthesis of 14-
mer pRNA possible; lanes 1—7). Omission of ATP (leads to
exclusive formation of 8-mers; lanes 8-14) inhibits formation

of the hybrid.

Next, we analyzed how hybridization of pRNA to 65-1 RNA
influences the secondary structure of the templating RNA. We
compared free 6S-1 RNA with hybrid 65-1-pRNA by structure
probing experiments, using either specific nucleases (T1 or V1
nuclease) or the divalent metal ion Pb?** to determine structural
changes in the radiolabeled 6S-1 RNA. Upon binding of a pRNA
of at least 14 nt, the structure of 65-1 RNA changes drastically
(Fig. 28). Binding to the upstream region of the central bulge,
PRNA disrupted the closing helix. The nucleotides that become
unpaired upon pRNA invasion, are then able to basepair with
nucleotides a) in the bottom part of the central bulge, permitting
formation of an extended hairpin, or b) in the top part of the
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Figure 27: 65-1 RNA-pRNA hybrids comprise an inactive state of
65-1 RNA. Gel retardation assays using either free 6S-1 RNA
or pre-annealed hybrids show that radiolabeled pRNA is
detectable as part of the 65-1 RNA-pRNA hybrid (lane 5). Hy-
brid formation, however, drastically reduces complexation
with RNAP (cf. lanes 2, 3 and 6)

central bulge, resulting in a collapse of the flexible central bulge.
The same effect could be obtained by an all-LNA 8-mer pRNA, in-
dicating that not pRNA length itself but rather the stability of the
hybrid is pivotal for induction of the structural rearrangement. It
is tempting to speculate that this “inactive” 65-1 RNA structure
might be preferentially recognized by nucleases and therefore
degraded faster than free 65-1 RNA. However, we have not found
evidence for this possibility. Apparently, effective protection of
65-1 RNA from intracellular degradation is only conferred by
complexation with RNAP.

Finally, we used bioinformatic methods to predict similar struc-
tural changes in 6S RNA in all bacterial phyla. Assuming pRNA
synthesis originating roughly at the same position as in 65-1
RNA, we predicted formation of extended hairpins as well as
central bulge collapses in the vast majority of 6S RNAs, despite
the fact that 6S RNA sequences are only very weakly conserved.
We therefore concluded that pPRNA-induced structural changes
are conserved among baceria.
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Figure 28: Structural rearrangement in 6S-1 RNA induced by pRNA.
Free 65-1 RNA forms a short hairpin in the central bulge
region (nucleotides in blue) only transiently (left panel). Syn-
thesis of 8-mer pRNA is insufficient to change this structural
state of the RNA. Upon transcription of 14-mer pRNA (or
artificial hybridization with an all LNA 8-mer), a structural
rearrangement is induced (right panel), resulting in extended
hairpin formation at the bottom of the bulge and collapse of
the central bulge.

3.4 SUMMARY OF THE PROJECT

We investigated the role of short pRNA transcripts templated by
65-1 RNA in B. subtilis. A picture emerges according to which
6S RNAs in general bind tightly to the housekeeping RNA poly-
merase, thereby sequestering it to inhibit transcription from many
genes under nutrient deprivation. This global inhibition is re-
solved during outgrowth from stationary phase when RNAP is
released from 6S RNNA by synthesis of pRNA. The role of these
short transcripts was unclear when we started our investigations.

After basic work to compare the two 6S RNA levels in B. subtilis
we initiated a dual strategy to investigate pRNAs in this organism.
First, we started to develop a novel Northern blot protocol to be
able to detect such short RNA species in bacterial cellular extracts.
In the meantime, we used the dRNA-Seq approach to screen the
B. subtilis transcriptome in three key physiological stages for 65
RNA templated pRNA synthesis. As both approaches were suc-
cessful, our work provides a toolbox for the analysis of pRNAs
and other tiny RNAs in bacteria and also eukarya.

Focusing on 65-1 RNA of B. subtilis, we next started to reveal
the function of pRNA synthesis during the release of RNAP. Our
model (Fig. 29) expands the current view of how RNAP is re-
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Figure 29: Model of pRNA-length mediated release of RNAP from 65-1
RNA. Synthesis of pRNA alone is not sufficient for RNAP
release (stationary phase) as long as pRNA length is below
a certain treshold (< 12nt in B. subtilis), 6S RNA keeps its
binding-competent structure (ON state). During outgrowth
from stationary phase, synthesis of pRNA of ~ 14 nt in length
increases which leads to the inactive (OFF state) form of
65 RNA via induction of a structural rearrangement by hy-
bridized pRNA.

leased from 65 RNA and assigns a mechanistic function to pRNA
transcription. According to our results, pRNA is synthesized at
all stages of bacterial growth. However, during stationary phase,
the fraction of shorter and ineffective pRNAs (< 12-mers) was
found to be higher than during outgrowth. The significane of this
observation has to be scrutinized in follow-up studies.

We found that only the longer pPRNA binds stably to 65-1 RNA
and that this leads to formation of a stable hybrid which is not
subject to RNAP binding and therefore represents an inactive
state of 65-1 RNA. Furthermore, structural analyses unraveled
the details of this hybrid formation. Only pRNAs of at geq 12nt
in length are able to induce a structural rearrangement of the
65S-1 RNA central bulge, resulting in extended hairpin formation
and collapse of the central bulge. We conclude that this event
is the trigger of RNAP release and we provide evidence that
this mechanism is conserved among all bacteria. Taken together,
we elucidated the role of pRNA in the mechanism of RNAP
release from 6S-1 RNA and we propose that this function is a
fundamentally conserved feature of 6S RNA in bacteria.
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3.5 OUTLINE OF FUTURE WORK

Our work opened the door for a variety of follow-up studies.
First of all, our proposed mechanism awaits verification in other
bacterial species. A major problem here will be to first find the
exact pRNA sequence, even if the 65 RNA had been identified in
the respective organism. In many cases, already available deep se-
quencing data might yield this information. However, such short
sequences are often at risk to be dropped during automatical
alignment. We already have first results indicating that 65-2 RNA
of B. subtilis and its pRNA work in a similar fashion as 65-1 RNA,
at least in vitro.

A main question of the proposed mechanism remains unan-
swered however: what triggers synthesis of pRNA of sufficient
length to induce a structural change? We observed accumulation
of pRNA 14-mers in outgrowing cells, but we were unable to
determine the elicitor of this effect yet. Our initial concept that
NTP pools might directly affect pPRNA synthesis could not be
experimentally verified so far. We plan to screen for additional
cofactors that may be involved in altering pRNA length.
Attempts to gain detailed knowledge about the structure proper-
ties of 65 RNA, for example by cristallographic studies, NMR or
cryo-electron microscopy, failed so far. It would be of particular
interest to be able to compare RNAP bound to either promoter
DNA or 6S RNA to prove the open promoter model.

A completely neglected field in 6S RNA research is the regula-
tion of the RNA’s maturation and degradation. To our knowledge,
RNases involved in this process have not been spotted so far in
any organism and await identification. We obtained B. subtilis mu-
tants with chromosomally deleted RNase genes and will screen
them for differences in 65 RNA maturation and turnover.
Finally, the function of 65-2 RNA has to be elucidated. We specu-
late that this 65 RNA may be involved in transcriptional regula-
tion during yet unknown stress conditions or specialized physio-
logical states, such as sporulation or biofilm production. In this
respect, we will also test the ability of 6S5-2 RNA to bind to RNA
polymerases with o-factors other than the housekeeping o*, as
such more specialized o-factors are usually involved in stress
response regulation circuits.
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A1 EQUIPMENT

DEVICE

MANUFACTURER

Agarose gel chamber

Autoclave
Blotting device
Cell homogenizer

Centrifuges

Gel documentation
Glass beads o.1mm
Hand monitor
Heating block
Incubator

Imager cassettes
Magnetic stirrers
Power supply
PAA-gel chamber
PCR cycler
pH-Meter
Phosphoimager

Pipets

Quartz cuvette
Mixer
Shaking incubator

Spectrophotometer

Scintillation counter

Biorad, Mini Sub Cell

Systec Vg5

C.B.S. Scientific Company Inc.
MPI FastPrep 24

Eppendorf 5810R, Heraeus Biofuge Fresco,
Sigma 112

Cybertech CS1

Roth

Berthold LB 1210 B

Biometra TB1

Memmert BEgoo

Fuji Film Bas cassette 4043
Heidolph MR 2002

Pharmacia EPS 3500,Biorad 160/1.6
Custom-made, University of Liibeck
Biometra TGradient Thermocycler
WTW pH Level 1

Raytest Bio-Imaging Analyser BAS 1000 (Fu-
jifilm) , FLA 3000 (Fujifilm)

Eppendorf Research (0.1-2.5 pl, 2—20 pl, 20—
200 pl, 100-1000 l)

Hellma 104-QS, 105.202, 115B-QS, 105
Eppendorf Thermomixer 5436

GFL 3033

Thermo Spectronic Biomate 3

Perkin Elmer Wallac WINSPECTRAL a/b
1414

Table 44: List of devices.
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CHEMICAL MANUFACTUER
1-methylimidazol (99 %) ACROS ORGANICS
2 log DNA Ladder NEB
2-mercaptoethanol Merck
Acrylamid M-Bis GERBU
Agar Agar SERVA
Agarose GTQ Roth
Ammonium acetate Fluka
Ammoniumpersulfate (APS) Roth
Ampicillin Roth
Boric acid (99.8%) Roth
Bromophenol blue (BPB) Merck
Chloroform Merck
CDP-Star Roche
Crystal violet Fluka
Deoxynucleosidtriphosphates (dNTPs) Fermentas
Disodiumhydrogenphosphate Merck
Dithiothreitol (DTT) Gerbu
Ethylendiamine-tetraacetate (EDTA) GERBU
Ethanol p.a. (99.8%) Roth
Ethidiumbromide Roth
Formamide GERBU
Formaldehyde Roth
Glycerol (99.5%) GERBU
Hydrochloric acid (HCI) Roth
Isopropanol Roth
Magnesium chloride Fermentas
Maleic acid Roth
Methanole Roth

N-(3-Dimethylaminopropyl)-N-
ethylcarbodimid Hydrochlorid (EDC)

Natriumcitrate-Dihydrate
Peptone

Phenol

Potassiumacetate
Sodiumacetate

Sodium chloride

Sodiumdihydrogenphosphate

Sigma-Aldrich

Roth
Roth
Roth
Roth
Fluka
Roth
Merck
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Spermidine Roth

SDS ultra pure Roth

Sucrose Roth
Tetramethylethylendiamin (TEMED) Sigma-Aldrich
Tris X GERBU
Tweenzo Sigma-Aldrich
Urea Gerbu

Xylen cyanol blue Merck

Yeast extract Gerbu

Table 45: List of chemicals.

A.2 KITS AND ENZYMES

KIT PURPOSE MANUFACTUER

GeneJet™Plasmid Miniprep Kit Plasmid Miniprep Fermentas

Wizard®SV Gel and PCR Clean- Agarose gel extraction Promega
Up System

QIAquick®PCR Purification Kit PCR purification Roche
TOPOTA Cloning®Kit Sub-cloning Invitrogen
DIG Easy Hyb Northern Starter Northern blotting Roche

Kit

Table 46: List of kits. Kits were used according to the manufacturer’s
instructions.

Restriction digest of DNA was performed using the enzymes
indicated in the table below. The enzymes cut at the indicated
recognitions sequence; the arrow marks the exact cleavage site.
Restriction enzymes were used in combination with the supplied
buffers.

ENZYME RECOGNITION SEQUENCE MANUFACTUER
BamHI G|GATCC Fermentas
HindIII A|AGCTT Fermentas
EcoRI GJAATTC Fermentas
Dpnl Gm6A |TC Fermentas

Table 47: List of restriction enzymes.
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ENZYME PURPOSE ORIGIN
T4 DNA ligase DNA ligation Fermentas
T4 RNA ligase RNA ligation NEB
T4 polynucleotide 5'-phosporylation Fermentas
kinase
Turbo DNase DNA digestion Ambion
RNase A RNA digestion Roche
RNase H RNA digestion NEB
RNase T1 RNA digestion Ambion
RNase V1 RNA digestion Ambion
Alkaline 5’-phosphate removal Fermentas
phosphatase
Tobacco acid 5’-pyrophosphate removal Epicentre
phosphatase
Taq DNA DNA polymerization Fermentas/
polymerase lab stock
Pfu DNA DNA polymerization Fermentas/
polymerase lab stock
Vent DNA DNA polymerization NEB
polymerase
T7 RNA RNA polymerization Fermentas/
polymerase lab stock
B. subtilis RNA RNA transcription (Sogo et al.,
polymerase 1979)
Superscriptll RT Reverse Transcription Invitrogen

Table 48: List of DNA-/RNA-modifying enzymes.

A.3 BACTERIAL STRAINS AND PLASMIDS

STRAIN GENOTYPE REFERENCE
E. coliDH5x supE4q4 hsdR1y7 recA1 (Sambrook and
endA1  gryAg6  thi-1 Russel, 2001)
relA1
E.coliK12 F- lambda- ilvG- rfb-50 (Guyer et al,
MG1655 rph-1 1981)
B. subtilis 168 wildtype Bacillus genetic
stock center
B. subtilis BB bsrA  bsrA::bsrA(Cq0T)-kan This work

(C40T)
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B. subtilis BBbsrA  bsrA::bsrA-kan This work
Kan

Table 49: List of bacteria.

STRAIN GENOTYPE REFERENCE
pUC18 pMB1 Amp’ (Yanisch-Perron et al., 1985)
pDG780 Kan’ (Guérout-Fleury et al., 1995)
pBB1 10 bsrA(190) Amp” This work
pBB2 ¢10 bsrA(201) Amp” This work
pBB3 ¢d10 bsrB(203) Amp’ This work
pBB4 ¢d10 bsrA(190) hdv Amp"  This work
pBB5 d10 bsrA(C40T)(190) This work

Amp’
pBB6 d10 bsrA(190) bsrA(190) This work
Amp”

Table 50: List of plasmids.

A.4 SYNTHETIC SHORT OLIGONUCLEOTIDES

RNA oligonucleotides were purchased at Noxxon or IDT DNA
Technologies. DNA/LNA mixmer probes were 5’-DIG labeled
and purchased at Exiqon. Underlined nucleotides denote LNA
residues.

OLIGO TYPE 5'—3’ SEQUENCE
Bsub 6S-1 (14) RNA GUU CGG UCA AAA CU
Bsub 65-1 (14-mut) RNA GUU CGG UCA CGA CU
Bsub 6S-1 (8) RNA GUU CGG UC
Bsub 65-2 (12) RNA AAA GGU UAA AAC
Eco pRNA (14) RNA AUC GGC UCA GGG GA
Bsub 1:p14 probe DNA/LNA AGT TTT GAC CGA AC
Bsub 1:p14-mut probe DNA/LNA AGT CGT GAC CGA AC
Bsub 2:p12 probe DNA/LNA GTT TTA ACC TTT
Eco p14 probe 1 DNA/LNA TCC CCT GAG CGG AT
Eco p14 probe 2 DNA/LNA TCC CCT GAG CCG AT
Eco p16 probe 3 DNA/LNA AGTI CCCCTGAGCCGAT

Table 51: List of RNA or DNA/LNA oligomers.



APPENDIX

A.5 SYNTHETIC DNA OLIGONUCLEOTIDES

DNA oligonucleotides were obtained from Metabion. Underlined
sequences indicate either restriction enzyme recognition, bold
letters indicate introduced mutations whereas italics denote over-
lapping regions or the Ty promoter sequence. Lowercase letters
indicate RNA residues in mixmer oligonucleotides.

NO. PURPOSE 5'—3’ SEQUENCE

6 DNA sequencing GCC ATT CGC CAT TCA

GGC

7 DNA sequencing CAC ACA GGA AAC AGC
TAT GAC C

21 5" RACE rv TAC GGC GAC CCATCGC

22 5" RACE rv CTG GCT TCT GCT CTG
GGA TTA TC

5X 5" RACE adaptor GTC AGC AAT CCC TAA
Cgag

23 3" RACE fw ATG TCA GGA GCC TGA
TTT CGT C

3X 3’ RACE first strand AGG AGC CAT CGT ATG
TCG GGG GGG GGG GGG

GX; X=A/T/C

108  Kan cassette GCG CAA GCTTAT GAC
CTC GTC

109  Kan cassette CAG GAATTC GTT TTA
TTT GCA GCA CCC ATGC

110  C40T mutation GTIT TTA TTIT GCA GCA
CCC ATG C

111 C40T mutation GTG CGC AGA AAA AAC

GGC TGC TCA TGG ATA
TCG ATA AAC CCA GCG
AACC

112 C40T mutation CGT ATTCTG GTTTCA TCT
ATA AAA TGG CTG ATC
GAT ACA AAT TCC TCG

TAG GC

113  C40T mutation GTIT TTG ACC GAA TAT
TTT TTT GAT TTG G

114  C40T mutation TAG GTG TAC AAC TAA

CAC ATC AGG ACT TTA
TTT AAC
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142a bsrA cloning CAG GAATIC TAA TAC
GAC TCA CTA TAG G AGT
CCT GAT GTG TTA GIT
GTA CACCTA G

142b  bsrA cloning CAG GAATIC TAA TAC
GAC TCA CTA TAG GAA
GIT AAA TAA AGT CCT
GAT GTG TTA GTIT GTA

CACCTA G
143  bsrA cloning CAG AAGCTT AAA GTC
CCA ATA GTG CCG TTG
144  bsrB cloning CAG GAATIC TAA TAC

GAC TCA CIA TAG GAA
GCT ACT TTIG TGC GTA
TTG TTA ATT AAG

145  bsrB cloning CAG AAGCIT ATT TCC
GAA AAG GAA ATG GCT
TTC

146  HDV cloning CAA CGG CAC TAT TGG
GAC TTT GGC CGG CAT
GGT CCC AG

147  HDV cloning GGC CAG TGC CAA GCT
TGT CCC ATT CGC CAT
TAC CGA G

150  cp mutation CAG AAGCIT AGT CCT
GAT GTG TTA GTT GTA
CACCTAG

151  cp mutation TAA TAC GAC TCA CTA TAG
GTA AAG AGG ACT TAC
AAG ATT TAA AA

152  cp mutation GAA TGA AAA GAG GCA
TGT ACG

N1 Eco 5S probe TGC CTG GCG GCA GTA
GCG

N2  Eco 5S probe TAA TAC GAC TCA CTA TAG
GGA TGC CTG GCA GTT
CCCTA

N3 Bsub 5S probe AGA GGT CAC ACC CGT
TCC CAT

N4  Bsub 55 probe TAA TAC GAC TCA CTA TAG
GGG GCG GCG TCC TAC
TCT CA
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N5

N6

N1o

Eco 6S probe

Eco 6S probe

Bsub 65-1 probe

Bsub 65-1 probe

Bsub 65-2 probe

Bsub 6S-2 probe

ATT TCT CTG AGA TGT
TCG CAA

TAA TAC GACTCA CTATAG
GGG AAT CTC CGA GAT
GCC GC

AAG GGA AAT AAA GTC
CTG ATG TGT TAG TTG

TAA TAC GAC TCA CTA TAG
GGA AAG TCC CAA TAG
TGC CGT TG

GAA GCT ACT TTG TGC
GTA TTG TTA ATT AAG

TAA TAC GACTCA CTATAG
GGT TTC CGA AAA GGA
AAT GGC TTIT

Table 52: List of DNA primers.
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ABSTRACT

Here we describe a northern blot procedure that
allows the detection of endogenous RNAs as small
as ~14nt in total RNA extracts from bacteria. RNAs
that small and as part of total bacterial RNA extracts
usually escape detection by northern blotting.
The approach combines LNA probes 5'-digoxigenin-
endlabeled for non-radioactive probe detection
with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide-
mediated chemical crosslinking of RNAs to nylon
membranes, and necessitates the use of native
PAGE either with the TBE or MOPS buffer system.

INTRODUCTION

The discovery of small regulatory RNAs in all domains
of life and their multi-faceted key roles in cell biology
has propelled advances in technologies for their analysis.
This includes the use of LNA probes in hybridization
approaches to increase sensitivity (1,2), development
of the looped-primer RT-PCR technique to quantify
mature miRNAs (3), as well as high-throughput
methods such as RNomics to generate cellular RNA
libraries for deep sequencing (4) or miRNA profiling
arrays (5). Despite these advances, the classic northern
blot technique has remained irreplaceable, since the
approach allows the researcher to visualize and roughly
quantify cellular levels of RNAs and their processing
intermediates relative to endogenous RNA standards
(e.g. 5S rRNA). The northern blot has even gained im-
portance owing to the growing number of small RNA
candidates identified by high-throughput and bioinfor-
matic methods, which need to be verified experimentally.
Recently, Hamilton and co-workers (6,7) reported the
use of l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) to covalently couple small RNAs via their
S'-phosphates to amino groups at the surface of nylon
membranes. Relative to the standard UV crosslinking
to nylon membranes, this reportedly 5-end-selective

attachment enhanced the detection of RNAs <40nt
25- to 50-fold. The likely reason is that UV crosslinking
to the free amines of nylon membranes occurs via the
bases (primarily uracil) which, in contrast to immobiliza-
tion via the phosphate, sterically blocks accessibility of the
immobilized nucleic acid for hybridization, particularly in
the case of small RNAs owing to their limited interaction
surface. Furthermore, the number and positions of
UV-crosslinked bases vary depending on the particular
RNA sequence and the applied UV crosslinking condi-
tions (length of irradiation, UV light intensity), making
UV crosslinking a process that is hard to control (6,7).

We were faced with the limitations of standard northern
blot protocols when trying to detect small so-called
product RNAs (pRNAs, ~14nt in length) in total RNA
extracts from Bacillus subtilis; pRNAs are short tran-
scripts synthesized by bacterial RNA polymerases in an
RNA-dependent RNA polymerization reaction using 6S
RNA as template. 6S RNA, ~200nt in size, has been
identified as a growth-phase dependent riboregulator of
bacterial transcription (8). In Escherichia coli, this RNA
acts by complex formation with the ¢’® housekeeping
RNA polymerase (RNAP) holoenzyme (Ec’®) and accu-
mulates during stationary phase. 6S RNA is primarily
helical, with a large single-stranded loop in the center.
This highly conserved secondary structure is essential for
the ability of 6S RNA to form stable complexes with Ec”°
and to serve as a template for the synthesis of pRNAs
(9,10). Synthesis of these short transcripts leads to dissoci-
ation of 6S RNA-RNAP complexes. In contrast to E. coli
with only one 6S RNA gene, the B. subtilis genome
harbors two 6S RNA homologs, termed 6S-1 and 6S-2
(11,12). Both RNAs were co-immunoprecipitated with
the o housekeeping RNAP holoenzyme using antibodies
against 6” or the o subunit (13). Our identification of 8- to
15-mer pRNAs derived from transcription on 6S-1 RNA
as template in B. subtilis by a deep sequencing approach
(unpublished results), but the failure to detect those by
northern blotting, prompted us to explore improved
northern blot protocols tailored to the detection of
cellular RNAs as small as 14 nt.
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MATERIALS AND METHODS
Strains and growth conditions

Bacillus subtilis 168 and PY79, E. coli MG1655, and 6S
RNA knockout strains B. subtilis PY79 AbsrA and E. coli
MG1655 AssrS were grown in LB medium at 37°C. In
preparation for outgrowth experiments, 50ml of fresh
medium were inoculated with an overnight culture to an
ODyggo of 0.05; cells were then grown to stationary phase
for ~24h. Then 20ml of stationary culture were diluted
with 80 ml fresh pre-warmed LB medium to induce out-
growth at 37°C under shaking; total RNA was extracted
3 min after outgrowth had been started. Construction and
phenotype of the 6S-1 RNA knockout strain B. subtilis
PY79 AbsrA and the 6S RNA knockout strain E. coli
MG1655 AssrS will be reported elsewhere (manuscript
in preparation).

RNA extraction

Cellular total RNA was prepared using the hot phenol
method (14). Briefly, B. subtilis or E. coli cell pellets
were resuspended in extraction buffer (10mM sodium
acetate pH 4.8, 150mM sucrose) and incubated with
0.1 volumes of lysozyme (20mg/ml, Roth, Karlsruhe,
Germany) for 10min at room temperature. 10% SDS
was added to a final concentration of 1% prior to
vigorous vortexing. After addition of 1 volume of
phenol (preheated to 65°C) and vortexing, the mixture
was incubated for Smin at 65°C and Smin on ice,
followed by centrifugation at 4°C for 30min (8220g).
Phenol extraction was repeated, followed by chloroform
(1+1) extraction and ethanol precipitation. RNA concen-
tration was determined by UV spectroscopy.

Northern blotting

For northern blotting, 6 or 10 pug of total cellular RNA
were loaded per gel lane. Mature B. subtilis 6S-1 RNA
(190nt) and E. coli 6S RNA (186nt) included as
controls (Figure 1) were synthesized by in vitro runoff
transcription using T7 RNA polymerase. Chemically
synthesized pRNA oligonucleotides 5-GUU CGG UCA
AAA CU-3' (B. sub 6S-1p wt), 5-GUU CGG UCA CGA
CU-3' (B. sub 6S-1p mut) and 5-AUC GGC UCA GGG
GA-3 (E. coli 6Sp wt) were obtained from Noxxon
(Berlin, Germany). 14- or 16-mer probes complementary
to pRNAs included 5'-digoxigenin-aGt tTt gAc cGa Ac-3’
(probe for B. subtilis wt 6S-1 pRNA), 5'-digoxigenin-aGt
cgT gAC cga Ac-3’' (probe for B. subtilis mutant 6S-1
pRNA), 5'-digoxigenin-tcC cCt gAg cCg At-3' (E. coli
6S pRNA probe 1), 5'-digoxigenin-tcc ccT gag ccg At-3’
(E. coli 6S pRNA probe 2) and 5'-digoxigenin-agT ccc ctg
age cgA t-3' (E. coli 6S pRNA probe 3), with uppercase
letters indicating LNA and lowercase letters DNA
residues (Figures 1 and 7); 5'-digoxigenin-labeled, LNA-
containing probes were obtained from Exiqon (Vedbaek,
Denmark). For specific detection of B. subtilis and E. coli
5S rRNA loading controls and for E. coli 6S RNA, anti-
sense transcripts covering the respective full-length RNA
and internally labeled with digoxigenin-UTP were
synthesized from PCR templates by T7 RNA polymerase
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(according to the DIG RNA Labeling Mix protocol
provided by Roche Diagnostics, Mannheim, Germany).
For native PAGE, samples were adjusted to 1x native
loading buffer by mixing with 6x native loading buffer
[0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol blue, 30% (v/v) glycerol]. For denaturing PAGE,
samples were adjusted to 1x denaturing loading buffer
[0.01% (w/v) bromophenol blue, 0.01% (w/v) xylene
cyanol blue, 1.3M wurea, 33% (v/v) formamide, 1x
TBE]. Before gel loading, samples were heated to 95°C
for 3min, followed by immediate cooling on ice.
Generally, 10 or 20% polyacrylamide gels were used for
RNA separation under native or denaturing conditions.
For native PAGE, gel solutions as well as electrophoresis
buffers either contained 89 mM Tris, 89 mM borate and
2mM EDTA (TBE buffer system) or 20mM MOPS-
NaOH, pH 7, (MOPS-NaOH buffer system). For
denaturing PAGE, gel solutions as well as electrophoresis
buffers either contained 89 mM Tris, 89 mM borate, 2mM
EDTA and 8M urea (TBE buffer system) or 20 mM
MOPS-NaOH, pH 7 and 2% formaldehyde (MOPS-
NaOH buffer system). RNA was blotted on positively
charged nylon membranes (Roche Diagnostics) overnight
using a semi-dry blotter with 3.75mA/cm? and 0.5x TBE
as transfer buffer. To add a 5'-phosphate to the chemically
synthesized pRNAs, the oligonucleotide was incubated
with ATP and T4 polynucleotide kinase (Fermentas, St.
Leon-Rot, Germany) according to the manufacturer’s in-
structions. Efficiency of phosphorylation was analyzed on
a 20% denaturing polyacrylamide gel (TBE buffer
system), with the 5-phosphorylated oligonucleotide
migrating faster than the 5-OH variant owing to its
extra negative charge; pRNAs with 5-OH and
5'-phosphate were subjected to preparative
co-electrophoresis, followed by gel excision and gel
elution in 1 M Na(OAc) pH 4.9. Finally, pRNAs were
concentrated by ethanol precipitation.

Hybridization and detection

Classical RNA immobilization was performed by incuba-
tion of the wet membrane at 80°C for 30 min and storage at
4°C. Alternatively, EDC crosslinking was utilized to detect
very small RNAs, exactly as described (7). Briefly, 245 ul of
12.5M 1-methylimidazole (Sigma Aldrich, Taufkirchen,
Germany) were added to 9ml of double-distilled water
and the pH was adjusted to 8.0 using HCI. Directly prior
to use, 0.75g EDC [l-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide, Sigma Aldrich] were added and the volume
was adjusted to 24 ml with double-distilled water. The wet
membrane was placed on a Whatman paper soaked with
EDC solution (160 mM EDC, 130 mM 1-methylimidazole
pH 8.0), wrapped in plastic foil and incubated for 2h at
60°C. After careful washing with water, the membrane was
stored at 4°C. For pre-hybridization, 7 ml of hybridization
solution (termed ‘DIG Easy Hyb Granules’, Roche
Diagnostics) were heated to 50°C (in the case of
DIG-LNA/DNA mixmer probes) or 68°C (in the case of
T7 transcript probes >100nt) and added to the membrane
in a hybridization tube (avoid sticking of the membrane
to the tube wall), followed by slow rotation in an
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LNA probe:
5'- DIG-aGt tTt gAc cGa Ac-3'
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Figure 1. Secondary structure presentation of (A) mature B. subtilis 6S-1 RNA (190 nt), adapted from (11), and (B) of E. coli 6S RNA according to
(9); both RNAs were transcribed with two artificially added G residues (lowercase letters) for reasons of efficient synthesis by T7 RNA polymerase.
In both panels, the black lines along the sequence indicate the region of B. subtilis 6S-1 RNA and E. coli 6S RNA that serve as a template for the
synthesis of small transcripts (product RNAs = pRNAs) by RNA polymerase (this study, 9); arrows mark the starting point of pRNA transcription;
the chemically synthesized pRNA mimics are depicted in the grey boxes on the left above the 6S RNA structures. In panel A, 6S-1 RNA nt 151-157
complementary to nt 2-8 of the LNA probe are boxed. LNA probes for pRNA detection are shown in grey boxes on the right above the secondary
structures; DIG, digoxigenin attached to the 5'-end via a C6 linker; small letters depict DNA residues, capital letters LNA residues.

hybridization oven for 2h at 50 or 68°C, respectively.
Probes, either 10 pul T7 transcript or 300 pmol DIG-LNA/
DNA mixmer, were denatured for 3 min at 95°C, followed
by immediate transfer on ice. The probe was then added to
7ml pre-heated (50 or 68°C) hybridization solution to
replace the pre-hybridization solution. Hybridization was
conducted for at least 6 h, usually overnight, at 50 or 68°C
under slow rotation in a hybridization oven. In some cases
(Figure 8A) the (pre-)hybridization temperature for
LNA/DNA mixmer probes was increased (depending on
the probe’s G/C content and extent of LNA modification)
in order to suppress non-specific signals. Immunological
detection of RNA was performed according to the in-
structions of the DIG Northern Starter Kit (Roche
Diagnostics). X-ray films (Kodak BioMax Light Film,
Sigma Aldrich) were exposed to the membrane for chemi-
luminescence detection (usually 20—45min). Developed
X-ray films were scanned (BioRad GS-800) for
documentation.

RESULTS

From a deep sequencing library we knew that pRNA tran-
scripts, predominantly 8-15nt in length, accumulate in

B. subtilis cells under conditions of outgrowth from sta-
tionary phase (unpublished results, manuscript in prepar-
ation). The pRNAs are synthesized by RNA polymerase
using 6S-1 RNA as the template (Figure 1A). However,
we and others (Jorg Vogel, personal communication) had
been unable to detect pRNA transcripts by northern blot
analysis. Such an example, where we used 20%
PAGE/8M urea and classical ‘baking’ of the membrane
at 80°C for RNA immobilization, is shown in Figure 2
(comparable results were obtained with UV crosslinking;
data not shown). Although we employed an LNA/DNA
mixmer probe (Figure 1A) for efficient hybridization, no
endogenous pRNA signal could be detected in up to 20 ug
of total RNA from B. subtilis cells at 3 min of outgrowth
from stationary phase (Figure 2, lanes 6-8). Yet, when gels
were loaded with 0.5, 1 or 5ng of a chemically synthesized
pRNA 14-mer, signals were obtained (Figure 2, lanes 1-3).
Likewise, a signal of similar intensity as in lane 3 (5ng
pRNA) was observed when 5ng of the pRNA 14-mer
were added to 5 pg of total cellular RNA from outgrowth
bacteria (lane 4). These findings admitted different explan-
ations: (i) endogenous pRNA levels were below the
sensitivity level of the applied northern blot setup; (ii) en-
dogenous pRNAs might be masked in the context of total
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20% PAGE / 8 M urea
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Figure 2. Standard denaturing northern blot using the classical
‘baking’ of the membrane at 80°C for RNA immobilization. Lanes
1-3: various amounts of the chemically synthesized pRNA 14-mer
(with 5-OH terminus; Figure 1A); lanes 4 and 5: 5 or 10ng of the
chemically synthesized pRNA 14-mer mixed with 5pg of total RNA
from B. subtilis before electrophoresis and membrane transfer; lanes
6-8: samples with varying amounts of total RNA from B. subtilis for
the purpose of endogenous pRNA detection. Total cellular RNA was
isolated 3min after outgrowth from stationary phase using the hot
phenol method; the 5'-digoxigenin-labeled LNA-DNA mixmer shown
in Figure 1A was used as probe. (for details, see ‘Materials and
Methods’ section).

cellular RNA extracts owing to their association with 6S-1
RNA; non-specific masking could be excluded based on
the results shown in Figure 2, lanes 4 and 5.

Native versus denaturing PAA gels combined with
EDC crosslinking

Since the oligonucleotide coupling to nylon membranes
is thought to occur via primary amino groups (15), we
considered the possibility that the amino groups of urea
in denaturing PAA/TBE gels might compete with the
membrane amines during the coupling step. Moreover,
the necessity of denaturing conditions for electrophoretic
separation according to size is certainly less mandatory for
short RNA oligonucleotides compared with larger and
more structured RNAs. To address these points, we per-
formed northern blots with native and denaturing PAA
gels, either using the 1x TBE or the MOPS buffer system,
and applying EDC crosslinking for RNA coupling to the
nylon membrane (Figure 3). In the case of native but not
denaturing conditions, we were now able to detect en-
dogenous pRNAs in total RNA extract from outgrowth
bacteria (Figure 3A, lane 5; Figure 3B, lane 6). The en-
dogenous pRNA signal co-migrated with the chemically
synthesized pRNA 14-mer (Figure 3A and B, lanes 1-3).
Assuming that the 5’-end groups (5'-OH for the chemically
synthesized pRNA, 5-triphosphate for the endogenous
pRNA) had little effect on gel mobility in native 10%
PAA gels, our results suggest that the bulk of endogenous
pRNAs transcribed from 6S-1 RNA have sizes of ~14nt,
in line with the prevalence of 8- to 15-mer sequence reads
in our deep sequencing library (data not shown). The
absence of an endogenous pRNA signal in the presence
of 8 M urea (Figure 3A, lane 10 versus 5) or 2% formal-
dehyde (Figure 3B, lane 12 versus 6) can be explained by
urea competing with amino groups at the membrane
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surface for reaction with EDC and formaldehyde
reacting with membrane amino groups which then
become unavailable to reaction with the EDC crosslinker.

In Figure 3A, lanes 5 and 10, additional signals of
RNAs larger than pRNA were observed; less additional
signals were observed in the corresponding lanes 6 and
12 of Figure 3B, but here a another total RNA prepar-
ation from outgrowth bacteria was used. Thus, we attri-
bute this difference to variations in the quality of RNA
preparations. Yet, to rule out that the observed differences
were related to the type of PAA buffer system, we used the
same RNA preparation as in Figure 3B for native PAGE
blots, either TBE or MOPS buffered (Figure 4). Here, only
signals attributable to 6S-1 RNA (owing to the probe’s
complementarity to seven consecutive nucleotides of
6S-1 RNA;nt 151-157 in Figure 1A) and endogenous
pRNA were detected (Figure 4, lanes 6 and 12), indicating
that the quality of the total RNA preparation rather than
the buffer system determines the extent of non-specific
signals.

Role of 5'-end groups of RNA oligonucleotides for
EDC crosslinking efficiency

Although our chemically synthesized B. subtilis reference
pRNA carried a 5-hydroxyl group, northern blot signals
were detected (e.g. Figure 4, lanes 1-3 and 7-9). This
implied that EDC crosslinking to membranes had
occurred despite the absence of a 5'-terminal phosphate.
To further analyze this aspect, we 5'-phosphorylated this
pRNA and compared northern blot signal intensity to
that of the 5-hydroxylated pRNA. Signal intensity was
largely (~10-fold) increased owing to the presence of the
S'-phosphate (Figure 5, lanes 1-3 versus 5-7). However,
the presence of a 5'-phosphate is not essential, indicating
that internal phosphodiesters can react as well, although
with reduced efficiency.

Verification of pRINA detection specificity

As mentioned before, we observed additional signals
beyond that for pRNA in some of our initial gels (e.g.
Figure 3A, lane 5). To increase confidence that we
indeed detected genuine endogenous 6S-1 pRNAs, we
also prepared total RNA from a B. subtilis PY79 AbsrA
strain, in which the 6S-1 RNA gene was replaced with a
spectinomycin resistance cassette (unpublished results,
manuscript in preparation). In contrast to the wild-type
PY79 strain, no pRNA signal was observed for total RNA
derived from the PY79 AbsrA strain harvested under out-
growth conditions (Figure 6, lanes 5 versus 7), indicating
that the signal in lane 5 indeed represents authentic 6S-1
pRNAs.

Detection of 14-mer sequence variants and influence of
intramolecular RNA secondary structure

Our results raised the question if northern blot detection
of a 14-mer is sensitive to sequence identity and, since we
have employed native gel systems here, if potential intra-
molecular secondary structures might negatively affect de-
tection sensitivity. Both questions were simultaneously
addressed by designing the variant pRNA mut with two
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Figure 3. Comparison of northern blots performed in different buffer systems under native and denaturing conditions, using EDC crosslinking for
RNA immobilization on nylon membranes. (A) Northern blots of RNA separated by native (left) and denaturing (right) PAGE using the TBE buffer
system. Lanes 1-3 and 6-8: varying amounts of the chemically synthesized pRNA 14-mer (Figure 1A); lanes 4 and 9: 400 ng of in vitro transcribed
B. subtilis 6S-1 RNA loaded onto the gels; the northern blot signal is attributable to the probe’s complementarity to seven consecutive nucleotides of
6S-1 RNA (nts 151-157; Figure 1A), including three LNA/RNA base pairs; lanes 5 and 10: 10 pug of total cellular RNA prepared from B. subtilis cells
after 3 min of outgrowth from stationary phase (‘Materials and Methods’ section); the endogenous pRNA yielded a signal under native but not under
denaturing conditions (lanes 5 versus 10). Likewise, pRNA signals in lanes 1-3 were more intense than those in lanes 6-8. (B) The same samples as in
panel A were analyzed by MOPS-buffered PAGE and northern blotting in the absence (lanes 1-6) and presence (lanes 7-12) of 2% formaldehyde as
denaturing agent. Additionally, total RNA prepared from stationary phase cells was loaded onto the gels (lanes 5 and 11); endogenous pRNA in the
outgrowth RNA fraction was again only detectable under native conditions (compare lanes 6 and 12). Note that PAGE with MOPS and formal-
dehyde generally resulted in less efficient separation of RNAs according to size. Film exposition times were 2045 min; the two part figures in panel
A originate from the same blot and exposed film; exposition time in panel B slightly differed from that in panel A; criterion for exposition length was
good visibility of the pRNA signal (lane 5 in panel A, lane 6 in panel B), thus often two or more films were exposed to the same blot for different
periods of time to optimize blot performance.
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Figure 4. Comparison of native PAGE northern blots using the TBE
(lanes 1-6) or MOPS (lanes 7-12) buffer systems. The two different gels
were blotted simultaneously onto the same nylon membrane. For
further details, see legend to Figure 3B.

5’-OH 5’-phosphate
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Figure 5. Functional groups at the 5'-terminus have a strong impact
on signal strength. pRNA with a 5-phosphate (lanes 5-8) yielded
enhanced signal strength (~10-fold) compared to the same RNA
with a 5'-hydroxyl end (lanes 1-4). Gel electrophoresis: 10% native
PAGE, 1x TBE; RNAs were coupled to nylon membranes by EDC
crosslinking.

consecutive base exchanges relative to the wild-type 6S-1
pRNA; the two point mutations generated the potential of
the 14-mer to form a small hairpin structure with a 3-bp
stem (Figure 7, top). The two chemically synthesized
pRNA variants were separated on a 20% native PAA
gel (TBE buffer system), followed by northern blotting
using two different 5'-digoxigenin-LNA/DNA mixmer
probes, either fully complementary to wild-type pRNA
or to pRNA mut. Figure 7 illustrates that, for both
pRNA variants, higher detection sensitivity was
obtained with the fully complementary probe, although
both probes were also able to mutually recognize the cor-
responding mismatching pRNA variant. Detection sensi-
tivity of the wild-type pRNA probe generally exceeded
that of the pRNA mut probe, which is attributed to the
different distribution of LNA modifications in the two
probes (Figure 7). This illustrates the sensitivity of the
method to the design of LNA probes in terms of the num-
ber and positioning of LNA residues. Of note, pPRNA mut
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Figure 6. Specificity of pRNA detection demonstrated by using total
RNA from the B. subtilis wild-type (wt) strain PY79 (lanes 4 and 5)
versus a 6S-1 RNA knockout derivative strain, PY79 A4bsrA (lanes 6
and 7); lanes 4 and 6, total RNA from cells harvested in stationary
phase; lanes 5 and 7, total RNA from cells harvested during outgrowth
(for details, see ‘Materials and Methods’ section). 5S rRNA was used as
an internal loading control in lanes 4-7; since we used native PAGE
here, the expanded area of 5S rRNA signals may be due to different 5S
rRNA conformers.

migrated somewhat faster than wild-type pRNA in the
native 20% PAA gel, suggesting that its hairpin structure
indeed formed during electrophoresis, at least transiently.
However, the blot in Figure 7 provides no evidence for a
substantial influence of hairpin formation on detection
sensitivity.

Detection of small RNAs in E. coli

To test if our approach is also applicable to organisms
other than B. subtilis, we isolated total RNA from the
E. coli wild-type strain MG1655 and a derivative 6S
RNA knockout strain (4ssrS). Escherichia coli was
chosen because the bacterium represents the major
model system for studies of 6S RNA, and pRNAs of
similar size (14-20 nt) have been described (9). We initially
designed probe 1 (14nt) for the detection of E. coli
pRNAs, but the specific signal was weak, with a strong
background of non-specific signals (Figure 8A). Since two
of the five LNA modifications were in the stretch of four C
residues, we were concerned that this may have led to
non-specific interactions with complementary tetra-G
stretches in other RNA molecules. We then designed
probes 2 (14nt) and 3 (16nt) with only two LNA
residues located outside the tetra-C stretch. This largely
improved the sensitivity and specificity of the northern
blot (Figure 8B and C). E. coli pRNAs were only
detected under outgrowth conditions in the wild-type
strain, but not in the 6S RNA knockout (4ssrS) strain
(Figure 8A—C, lanes 4, 10 and 16 versus lanes 6, 12 and
18). This is in line with the results observed for B. subtilis
(Figure 6), where no pRNA signal could be detected in the
6S-1 RNA deletion strain AbsrA.
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Figure 7. Evaluation of the influence of potential intramolecular RNA
secondary structures on detection efficiency. A mutated version of the
6S-1 pRNA (pRNA mut with two consecutive point mutations,
grey-shaded; lanes 4-6), designed to have the potential to form a
hairpin with a 3-bp stem, migrated somewhat faster than wt pRNA
(lanes 4-6 versus 1-3) in a 20% native PAA gel (TBE buffer system),
suggesting that the hairpin indeed formed at least transiently during
electrophoresis. The two pRNA variants (carrying 5-OH termini) were
mutually detected with LNA probes either complementary to wt pRNA
(top panel) or to pRNA mut (bottom panel), with LNA probes
specified below the blots (uppercase letters indicate LNA and lowercase
letters DNA residues). Films were exposed to the blot for 35min.

We further observed a hybridization signal suspected
to represent pRNA complexed with E. coli 6S RNA
(Figure 8B and C, arrows). To address this possibility,
we ran a native 10% PAA gel, where we loaded identical
sample sets onto the left and right half of the gel. After
blotting to a nylone membrane, the blot was cut into the
two halves with identical sample sets and hybridized either
to the E. coli pRNA probe 3 or to a digoxigenin-labeled 6S
RNA antisense transcript (Figure 8D and E). This experi-
ment revealed (i) that the aforementioned band is indeed a
6S RNA:pRNA hybrid, as the signal was detected with
both probes (arrows in panels D and E), (ii) that 6S RNA
is present in the E. coli MG1655 wild-type, but not in
AssrS  derivative strain, also verifying that signals
marked with asterisks in Figure 8A—D are not related to
6S RNA, thus representing a cross-hybridizing RNA of
unknown identity. The chemically synthesized E. coli
pRNA 14-mer tended to form aggregates (Figure 8D,
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lanes 2 and 3). We therefore added denaturing instead
of native loading buffer to this RNA and heated the
sample to 95°C for Smin (Figure 8C, lanes 13 and 14).
Shortening of this heating step to 2 min (Figure 8D,
lanes 2 and 3) was insufficient to dissolve the RNA
multimers. Noteworthy, the presence of low amounts
of denaturing agents introduced into the gel via the
denaturing loading buffer did not perceivably compromise
EDC crosslinking.

DISCUSSION

We have developed a northern blot technique that
permits to detect cellular RNAs as small as ~14nt in a
reproducible and highly sensitive manner. This technique
is novel in that it combines three elements: (i) 5'-digoxigen-
in-endlabeled LNA/DNA mixmer probes, (i) EDC
crosslinking of RNAs to nylon membranes, and (iii)
native PAGE systems. The method was successfully
applied to the detection of ‘tiny’ pRNAs from two differ-
ent model systems, B. subtilis and E. coli, which leads us to
conclude that the procedure will be broadly applicable.
Parallel analysis of B. subtilis and E. coli 6S RNA
knockout strains unequivocally confirmed specific detec-
tion of endogenous pRNAs.

Our detection of B. subtilis 6S-1 RNA with the
pRNA-specific LNA/DNA mixmer probe (Figure 3A,
lanes 4 and 9, Figure 3B and Figure 4), attributed to for-
mation of seven consecutive base pairs (to 151-157 nt of
6S-1 RNA, Figure 1A), suggested that even RNAs smaller
than 14 nt will be detectable by the approach. Detection of
natural RNA oligonucleotides <10 nt may be interesting
for the method’s application to the detection of eukaryotic
small RNAs, e.g. of RNA 9-mers derived from Ago2
cleavage of siRNA passenger strands. For shorter target
RNA interactions, LNA probes with an increased propor-
tion of LNA residues (possibly combined with 2’-OCHj;
instead of DNA residues), or even all-LNA variants,
possibly with a single 5-terminal non-LNA residue
carrying the 5'-digoxigenin label, may preserve high detec-
tion sensitivity for target RNA oligonucleotides as short as
8-mers (16). 8- to 9-meric LNA probes have indeed been
shown to form stable duplexes with their target [(16,17);
for review, see (18)]. Thus, even the aforementioned RNA
9-mers derived from Ago2 cleavage of siRNA passenger
strands in eukaryotic cells (19) should be detectable with
our northern blot protocol, a prediction we are currently
testing. Another application may be detection of short
abortive transcripts (215 nt) synthesized by bacterial and
eukaryotic RNA polymerases (20). However, successful
application of such very short all-LNA probes in
northern blot experiments will depend on how specific
signals can be distinguished or separated from non-specific
interactions. 5'-digoxigenin LNA probes may also be
replaced with 5-?P-labeled LNA probes, as efficient
5-end labeling of LNA oligonucleotides by T4 polynucleo-
tide kinase has been reported (21).

As expected, RNA oligonucleotides carrying a
5'-phosphate are efficient substrates for EDC crosslinking
to nylon membranes. Nevertheless, RNA variants with a
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Figure 8. Specificity of different probes for the detection of pRNAs in RNA extracts from E. coli. (A-C) Detection of pRNAs derived from E. coli
6S RNA in total RNA extracts from the wild-type (wt) strain MG1655 (lanes 3, 4, 9, 10, 15 and 16) versus RNA extracts derived from a MG1655 6S
RNA knockout (AssrS) strain (lanes 5, 6, 11, 12, 17 and 18) using three different probes shown below each panel (uppercase letters indicate LNA
and lowercase letters DNA residues). Deviating from our standard procedure (‘Materials and Methods” section), RNA samples were heated in
denaturing loading buffer for 5min at 95°C immediately before gel loading. In analogy to B. subtilis (Figure 6), RNA harvested from cells in
stationary phase (lanes 3, 5, 9, 11, 15 and 17) or during outgrowth (lanes 4, 6, 10, 12, 16 and 18) was analyzed. The chemically synthesized E. coli
pRNA 14-mer (Figure 1B) was loaded as size control in lanes 1, 2, 7, 8, 13 and 14 (pRNA positions marked by dots at the left margin of each panel).
NC filters were stripped after hybridization with pRNA probes and hybridized with a 5S rRNA-specific probe (as loading control) shown at the
bottom of each panel. A pRNA signal was seen under outgrowth conditions for wt bacteria (lanes 4, 10 and 16), but not for AssrS bacteria (lanes 6,
12, 18). Probe 1 (A) was the least specific and yielded the highest background among the three different probes, which we attribute to the high
number of five LNA residues, two of which are in the tetracytidylate stretch that is able to basepair with tetraguanylates. Signals indicated by arrows
in lanes 10 and 16 are 6S RNA:pRNA hybrids (see below); asterisks mark a cross-hybridizing RNA of unknown identity. (D and E) The two panels
are halves of the same blot, representing identical sample sets, but hybridized to different probes (probe 3 in D, antisense 6S RNA in E). The signals
in lanes 5 and 12, indicated by arrows, are inferred to be 6S RNA:pRNA hybrids, as they migrate at identical position and are detected with both
probes. For control, in vitro transcribed E. coli 6S RNA was loaded (lanes 1 and 8). All samples in D and E were heated for 2min at 95°C in
denaturing loading buffer immediately before gel loading. Deviating from the standard protocol (‘Materials and Methods’ section), the hybridization
temperature was 72°C instead of 50°C for probe 1, and 68°C instead of 50°C for probes 2 and 3.
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5’-hydroxyl group can be crosslinked as well, although
with substantially reduced efficiency (Figure 5), indicating
that internal phosphodiesters are also substrates for EDC
crosslinking. Thus, in the case of detection of small RNAs
with 5'-OH groups derived from upstream cleavage events,
a 5-phosphorylation step before electrophoresis and
membrane transfer should be included to enhance detec-
tion sensitivity.

Our results with the chemically synthesized B. subtilis
pRNA and its mutant derivative (Figure 7) illustrated that
intramolecular secondary structures of RNA oligonucleo-
tides appear to have little effect on detection sensitivity.
Also, one should take into account that extent and stabil-
ity of intramolecular structure formation are limited for a
14-mer owing to its limited sequence space. The experi-
ment of Figure 7 provided evidence that the number and
positioning of LNA residues in LNA/DNA mixmer
probes affects detection sensitivity. The detection of
pRNAs in E. coli then substantiated this observation,
demonstrating that the number and positioning of LNA
residues profoundly affects sensitivity as well as specificity
(Figure 8). Researchers are advised to restrict the
number of LNA residues, for example by incorporating
only 2 LNA residues at separate positions into a 14-nt
long LNA/DNA mixmer. Formation of oligonucleotide
dimers is another issue, but here the routinely conducted
heating step before gel loading may mitigate this problem
in many cases. Nonetheless, as shown for the chemically
synthesized E. coli pRNA 14-mer, RNA multimerization
can be a problem (Figure 8D, lanes 2 and 3). We solved
this problem by adding denaturing instead of native
loading buffer to the RNA gel samples and by extending
the 95°C heating step to 5 min (Figure 8C, lanes 13
and 14).

Our protocol utilizes non-denaturing electrophoresis
conditions. Apparently, denaturing reagents, such as for-
maldehyde or chaotropic compounds like urea and guan-
idine hydrochloride, interfere with EDC chemistry
involving derivation of amino groups. Since short target
RNA oligonucleotides, such as 6S RNA-derived pRNAs,
can be released from complexes with complementary
RNAs by a heating step, and after release do not form
complex intramolecular structures that may lead to
aberrant gel migration, the non-denaturing conditions
used in our protocol do not entail any significant disad-
vantage relative to denaturing gel systems. Though we
have not observed B. subtilis 6S-1 RNA:pRNA hybrids
with our native PAGE-based procedure, this was clearly
different for the E. coli system. Here, a fraction of en-
dogenous 6S RNA:pRNA hybrids survived the hot
phenol RNA extraction as well as the heating step
(Smin at 95°C) in denaturing loading buffer (Figure 8B
and C). This extraordinary stability of E. coli 6S
RNA:pRNA hybrids, even under denaturing conditions,
has also been observed by others (22). Detection of 6S
RNA:pRNA complexes with native PAGE also illustrates
a potential advantage of native versus denaturing gel
systems, i.e. the increased likelihood to identify biological-
ly relevant RNA-RNA interactions under non-denaturing
conditions.
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1
Northern Blot Detection of Small RNAs

Benedikt M. Beckmann, Arnold Griinweller & Roland K. Hartmann

1.1
Introduction

During the last years, new classes of small RNAs (sRNA) have been discovered
[1, 2], also owing to advances in high-throughput sequencing. Characterization of
these short RNA species often requires modifications of established methods, pri-
marily RT-PCR and Northern hybridization, to ensure sensitive and specific de-
tection and quantification. Although quantification of sSRNAs can be achieved by
gRT-PCR (such as the stem-loop primer technique developed for miRNAs [3]), the
Northern blot has remained indispensable, since it permits to visualize and rough-
ly quantify cellular levels of RNAs and their processing intermediates relative to
endogenous RNA standards, such as 5S rRNA. Analysis of SRNAs <30nt (e.g.
miRNAs) using Northern hybridization is challenging due to their limited interac-
tion surface which increases the sensitivity to steric impediments caused by immo-
bilization on hybridization membranes. Different adaptations to overcome these lim-
itations have been described for mature miRNAs [4, 5], ~22nt in length, but were
insufficient for the detection of even smaller cellular RNAs in our hands. We have
developed an approach combining 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) crosslinking with non-radioactive 5’-digoxygenin (DIG)-endlabeled mixmer
probes and native polyacrylamide gels to detect RNAs as short as ~ 14 nt with high
sensitivity and specificity [6]. Apart from such very short cellular RNAs, the de-
scribed Northern blot procedure can be easily adapted to larger sSRNAs mainly by
using an in vitro transcribed RNA probe internally labeled with DIG-11-UTP.

1.11
Isolation of RNA

Purified cellular RNA of highest quality is usually the starting point of a Northern
hybridization. Different purification methods and protocols have been described and
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several commercial kits are available for different purposes and cell types.

Kits Using a kit is a convenient way to obtain RNA extracts from cells. RNA
preparation by this route is usually fast. Another advantage are quality-controlled
enclosed buffers and solutions. A feature of kit-based procedures can be the ex-
clusion of RNAs falling below or exceeding certain length limits, especially if spin
columns are used for nucleic acid purification. As a potential drawback, RNA ex-
tracted from kits designed for a special purpose (e.g. extraction of small RNAs) do
not fully represent the biological RNA distribution [7]. For this reason, we prefer
total RNA extracts even for Northern hybridization of short RNAs.

Do it yourself We routinely use two robust methods to extract total RNA from
bacterial cells as well as from eukaryotic cell lines:

* single step method (Trizol)
* hot phenol method

The "single step method" provides in general high quality RNA due to the chaotropic
reagent guanidinium isothiocyanate that inactivates cellular nucleases and therefore
protects the RNA during the purification process [8, 9].

In our hands, the "hot phenol method" [10] usually results in higher amounts of pu-
rified RNA compared to the single step method. It should however be taken into
consideration that due to the 65°C heating step, RNA duplexes will be (partially)
denatured. Therefore, the hot phenol method is not recommended if the native fold
of RNAC(s) of interest or intermolecular RNA-RNA interactions are at risk to be irre-
versibly disrupted at 65°C.

Quality control An important step after purification is the quality control of the
cellular RNA. This is usually achieved by analyzing a small amount of RNA on a
denaturing gel and subsequent ethidium bromide staining. The abundance of the
the two major cellular RNA species (16— 18S and 23 —28S ribosomal RNA) is then
used as a marker for the overall integrity of the purified RNA. For details, see the
troubleshooting section.

1.1.2
Native versus denaturing gels

Electrophoretic separation of RNAs is usually achieved by denaturing gels. For long
RNAs (>200 nt), agarose gels containing glyoxal or formaldehyde [11] may be used.
For shorter RNAs, polyacrylamide (PAA) gels containing up to 8 M urea are com-
monly utilized. As our focus is on short RNAs, only PAA gels will be discussed.

Native PAA gels provide the possibility to detect intermolecular RNA-RNA inter-
actions, to identify conformational differences between RNA molecules of identical
length, and to evaluate the conformational homogeneity of single RNA species. We
have reported evidence that native compared to denaturing gels increase the detec-
tion sensitivity for RNAs shorter than 20 nt in protocols involving EDC crosslinking
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Figure 1.1 Schematic presentation of differences between UV- and EDC crosslinking procedures.
(A) Treatment of RNA with UV light leads to covalent attachment of bases to amine groups of the
nylon membrane. Probe hybridization to these and likely also neighboring bases is then preclud-
ed. (B) EDC crosslinking occurs primarily via 5’-phosphate groups, thus leaving the nucleobases
unaffected and consequently accessible to pairing with the probe.

[6]. Apparently, urea interferes with EDC chemistry at the membrane surface, re-
sulting in less efficient RNA immobilization and thus weaker Northern blot signals
[6]. Nonetheless, at least for miRNAs, robust Northern blot protocols involving de-
naturing (8 M urea) PAA gels have been developed [12].

1.1.3
Transfer of RNA and fixation to membranes

To transfer short RNAs from PAA gels to nylon membranes, we use semi-dry blot-
ting in 0.5 x TBE as transfer buffer for at least 6 h.

For subsequent RNA fixation on the membrane, several methods are in use, the most
common techniques being UV crosslinking or baking of the membrane at 80 - 120°C.
These methods, however, entail the disadvantage that the nitrogenous bases, e.g.
uracil, form covalent bonds to free amine groups of the membrane surface [4, 5].
These bases are then no longer available for Watson-Crick base pairing to the com-
plementary probe (Fig. 1.1), leading to a decrease of signal strength. To circumvent
this problem, which deteriorates for short RNAs, chemical crosslinking with EDC
can be applied [4, 5]. Here, primarily the 5’-phosphate group of RNA is covalently
linked to a membrane amine group, leaving the bases accessible to base pairing with
the probe. Chemical EDC crosslinking is thus most efficient for 5’-phosphorylated
RNA, but also works, with reduced efficiency, for RNAs carrying a 5’-OH end, ap-
parently through reaction of internal phosphodiesters [6].
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1.14
Hybridization with a complementary probe

For hybridization to RNA, RNA or DNA probes can be used. For routine Northern
hybridization, we use RNA probes generated by T7 run-off transcription from PCR
fragments or linearized plasmid DNAs. These RNA probes can either be radiola-
beled post-transcriptionally (5’-endlabeling with 4>?P-ATP) or during transcription
by incorporation of modified nucleotides such as a>2P-NTPs or DIG-11-UTP.

An effective strategy to improve binding of Northern probes to short RNAs is in-
corporation of LNA residues into DNA oligonucleotides [13, 14]. Such DNA/LNA
mixmers increase duplex stability and thus permit to apply elevated hybridization
temperatures [15, 16], such as 72°C. We have used 5’-DIG endlabeled DNA/LNA
mixmer probes (custom-synthesized by Exiqon") in combination with EDC crosslink-
ing of short RNAs (<20nt) to nylon membranes. This approach, but using dena-
turing PAGE, has also been applied to the detection of mature (~22nt) miRNAs
[12].

Design of DNA/LNA mixmer probes Design of DNA/LNA mixmers as probes
can be challenging, especially for short oligonucleotides. One of the main features
of LNA is the fixation of the ribose moiety in its C3’-endo conformation leading to
a significant increase in melting temperature [15, 16]. A single LNA residue stabi-
lizes not only base pairing with the complementary RNA nucleotide, but also that of
immediate DNA neighbors with their complementary RNA bases. Thus, DNA/LNA
mixmers confer substantial duplex stabilization, making the use of all-LNA probes
unnecessary. In addition, for all-LNA probes, the risk of self-complementarity and
dimerization increases. We apply several rules for our design of probes which are
usually 12— 16nt in length (see also Fig. 1.2):

* Runmfold? [17] and/or RNAfold® [18] with your probe sequence to check for
secondary structures. Nucleotides predicted to form internal duplexes should not
be considered for LNA positioning.

 To check for potential dimerization, runmfold or RNAfold with a tandem repeat
of your sequence, the two identical sequence stretches connected by a 'NNNNN’
linker; alternatively, use RNAcofold® [19] (paste identical sequence in 1 st and
2 nd window). Avoid LNA modifications in regions predicted to be base-paired.

e Use 2 to 5 LNA modifications for a 9— 16 nt probe.

* Do not position LNA residues within homo-G or -C stretches (e.g. 5’-NNN GGG
GNN NNN-3’; Fig. 1.2 C), as this will increase nonspecific binding and will com-
promise sensitivtiy (see Fig. 1.3).

« Use BLAST to screen for probe complementarity to other regions of the genome.

1) http://www.exiqon.com

2) http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1.cgi
3) http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
4) http://rna.tbi.univie.ac.at/cgi-bin/RNAcofold.cgi
5) http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 1.2 Rules for LNA/DNA mixmer design of short (<20 nt) probes. Use a folding program to
detect either (A) self-complementarity or (B) dimerization potential. Avoid LNA residues in such
paired regions. (C) LNA modifications in C- or G-stretches increase the danger of interactions with
such motifs in other RNAs, e.g. ribosomal RNAs; ® omit LNA modification. (D) General scheme
of placing LNA modifications; e place LNA modification, (e) optional LNA modification.

Keep in mind, however, that only expressed RNAs may cause nonspecific signals.
If you find hits in annotated genes, place LNAs in positions that lack complemen-
tarity to this potentially cross-hybridizing cellular RNA.

If the probe’s length is too short (< 18 nt) for BLAST, try other bioinformatic tools
such as RNAbob® or fragrep [20].

If possible, place LNA modifications at the second and the penultimate position of
the probe to increase stability (Fig. 1.2 D).

Keep in mind that LNA favors the C3’-endo conformation of its two neighbor-
ing DNA residues. Therefore, one LNA modification should be followed by two
unmodified DNA nucleotides.

A useful tool for LNA/DNA mixmer design can also been found at Exiqon’s home-

page.

6) rnabob (http://selab.janelia.org/software.html) as well as fragrep
(http://www.bierinformatik.de/Software/fragrep/) are not available as web based services but
have to be installed locally and run as console programs
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1.1.5
Detection of DIG-labeled probes

Visualization of DIG-labeled probes is achieved by immunological detection using
an antibody (Anti-Digoxigenin-AP Fab Fragments) specific for the DIG-modified
nucleotides. The antibody is coupled to an alkaline phosphatase which dephospho-
rylates a dioxetane phenyl phosphate (CDP-Star). The resulting chemoluminiscent
signal is then detected by exposing an X-ray film to the membrane. As DIG technol-
ogy is owned by Roche 7, we obtained all reagents and antibodies from this source.

1.1.6
Troubleshooting

Several problems may arise during this multi-step procedure. Consider the following
hints:

* Quality of RNA: When total RNA has been prepared, check its integrity before
conducting a Northern blot. Prepare a denaturing 1% agarose gel [11] or a de-
naturing 5% polyacrylamide gel and load 2 -3 pg total RNA using a denaturing
loading buffer (see below). Run the gel until the bromophenol blue is close to the
bottom and stain with ethidium bromide. If the RNA is intact, 28S and 18S rRNA
species in mammals (23S and 16S rRNA in bacteria, respectively) should con-
stitute the main bands, with the larger rRNA yielding roughly twice the staining
intensity of the smaller rRNA. Both bands should be discrete; smearing indicates
degradation of the RNA.

Loading control: Loading the same amounts of total cellular RNA is not sufficient
to ensure comparability between different samples. One possibility is to stain
the gel with ethidium bromide prior to blotting and check for equal amounts of
ribosomal or tRNA species. A commonly used strategy is additional detection of
a housekeeping RNA such as 5S rRNA. After detection of the RNA of interest,
the membrane is stripped from its first probe (see below) and 5S rRNA levels are
determined and compared with a 5S rRNA-specific probe.

Background signals: there are many reasons for this problem; they also differ
depending on membrane material, probe, etc. The reader is referred to [11], sec-
tion 7.45, for a first troubleshooting. When using EDC crosslinking and/or DIG-
labeled probes for short RNA detection, additional problems might arise:

— Longer exposure of X-ray films to the AP Fab Fragments/CDP-Star solution
leads to high background: since the CDP-Star solution is highly concentrated,
dilute it 1:20 in detection buffer and increase exposure time by a factor of 2—3
[21].

— Signal speckles may appear all over the membrane, likely caused by aggregation
of DIG/LNA probes. Increase hybridization temperature up to 72°C or design a
probe with fewer LNA modifications.

7) http://www.roche-applied-science.com
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— Shadow-like background signals: centrifuge the Anti-Digoxygenin antibody be-
fore usage (5 min, 11,000 x g).

— Weak signal: adjust hybridization temperature. Do not forget to heat the probe
to 95°C for 3 min directly before hybridization.

— RNA aggregation: due to the lack of denaturing reagents in the gel, RNA may
form multimers. Since low amounts of urea do not substantially disturb EDC
crosslinking, the usage of a denaturing gel loading buffer in combination with
heating the samples for up to 5 min at 95°C was shown to resolve such multimers

[6].

1.1.7
Application example

We applied the described method to detect short RNA species in bacterial cells. In
E. coli, RNA polymerase synthesizes so-called pRNAs, ~ 10—20nt in length, using
the abundant riboregulator 6S RNA as template [22]. Synthesis of pRNAs peaks
during outgrowth from stationary phase (see Fig. 1.3).

1.1.8
Limitations of the method

We further explored the performance of our method with respect to the detection
of RNAs even shorter than 14 nt. In an example experiment, we spotted an RNA
14-mer, fully complmentary to the 14-meric DNA/LNA probe, and an RNA 8-mer,
complementary to the distal 8 nucleotides of the DNA/LNA probe, on a nylon mem-
brane (Fig. 1.4 A). Detection sensitivity was largely decreased for the RNA 8-mer
compared to the "full length" 14-mer. However, the sensitivity of detection could be
partially restored using an isosequential all-LNA 8-mer.

We then tested different temperatures and buffer conditions in order to improve de-
tection of the RNA 8-mer. While lowering the hybridization temperature from 50
to 25°C tended to slightly improve the lower detection limit, reductions in the con-
centration of the chaotropic urea did not improve detection sensitivity (Fig. 1.4 B).
While the Roche buffer tends to minimize background signals, we see a slightly in-
creased detection sensitivity for our simple phosphate buffer containing 4 M urea
[23] in the case of 8-mer detection at both temperatures.

Based on these observations, we advice researchers trying to detect RNAs of such
short length (< 14 nt) to decrease the hybridization temperature to 25°C, to use a hy-
bridization buffer containing 4 M urea, and, optionally, to include an LNA-based
size marker as reference. However, be aware that such small all-LNA probes tend to
have a slower migration velocity in native PAA gels (own observation).
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Figure 1.3 Specificity of different probes for the detection of pRNAs in RNA extracts from E. coli.
(A to C) Detection of pRNAs derived from E. coli 6S RNA in total RNA extracts from the wild-type
(wt) strain MG1655 (lanes 3, 4, 9, 10, 15 and 16) versus RNA extracts derived from a MG1655 6S
RNA knockout (AssrS) strain (lanes 5, 6, 11, 12, 17 and 18) using three different probes shown
below each panel; upper-case letters indicate LNA and lower-case letters DNA residues, with filled
circles indicating to which E. coli pRNA residues the LNA residues base pair; the sequence of a
chemically synthesized pRNA 14-mer is shown above the probes; in panel C, a 16-mer probe was
used to extend base pairing to longer endogenous pRNA by two nucleotides; these two nucleotides
(lower size letters) are not present in the chemically synthesized pRNA 14-mer (5’-AUC GGC UCA
GGG GA-3’). Deviating from the standard procedure, RNA samples were heated in denaturing
loading buffer for 5 min at 95°C immediately before gel loading. Total RNA was extracted from
cells in stationary phase (lanes 3, 5, 9, 11, 15 and 17) or during outgrowth (lanes 4, 6, 10, 12, 16
and 18) by the hot phenol method; for definition of stationary phase and outgrowth see [6]. The
chemically synthesized E. coli pRNA 14-mer was loaded as size control in lanes 1, 2, 7, 8, 13 and
14 (pRNA positions marked by dashes at the left margin of each panel). Membranes were stripped
after hybridization with pRNA probes and hybridized with a 5S rRNA-specific probe (as loading
control) shown at the bottom of each panel. A pRNA signal was seen under outgrowth conditions
for wt bacteria (lanes 4, 10 and 16), but not for AssrS bacteria (lanes 6, 12, 18). Probe 1 (panel A)
was the least specific and yielded the highest background among the three different probes, which
we attribute to the high number of 5 LNA residues, two of which are in the tetracytidylate stretch
where they favor base pairing with tetraguanylates in other RNAs. Signals indicated by arrows in
lanes 10 and 16 are 6S RNA-pRNA hybrids [6]; asterisks mark a cross-hybridizing RNA of unknown
identity. Generally, the hybridization temperature was 72°C instead of 50°C in panel A, and 68°C
instead of 50°C in panels B and C. Adapted from [6].
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Figure 1.4 Detection sensitivity limitations. (A) Dot blot of chemically synthesized 5’-
phosphorylated RNA 14- or 8-mers spotted directly onto the nylon membrane before EDC crosslink-
ing; RNA and probe sequences are given at the bottom: the LNA 8-mer carried LNA instead of RNA
residues indicated by upper-case letters; for the probes, upper-case letters indicate LNA and lower-
case letters DNA residues; filled circles between target RNA (or LNA) and probe indicate base pairs
involving stabilizing LNA residues. Detection sensitivity of the RNA 8-mer was estimated to be
> 40-fold reduced compared to the 14-mer (cf. lanes 1 to 3 versus 4 to 6). The LNA 8-mer im-
proved detection sensitivity relative to the isosequential RNA 8-mer; however, sensitivity for the
LNA 8-mer was still ~20-fold lower than for the RNA 14-mer (cf. lane 9 versus 3). (B) Influence
of hybridization temperature and buffer on detection sensitivity. "DIG Easy Hyb Granules" (bottom
panels) describes the hybridization buffer provided by Roche, for which the composition is undis-
closed, but said to correspond to 50% formamide in terms of nucleic acid denaturation efficacy. The
other buffers contained 50 mM NaxHPO4/NaH2PO4 pH 7.0, 0.02% (w/v) SDS, and indicated con-
centrations of urea. At the lower hybridization temperature of 25°C, background speckles increased
relative to 50°C, particularly at 1 and 0 M urea (cf. lanes 1 to 5 versus 6 to 10). Reduction of the
urea concentration below 4 M tended to impair detection sensitivity. Sensitivity appeared best for
the simple phosphate-based buffer containing 4 M urea combined with a hybridization temperature
of 25°C.

105



R. K. Hartmann (editor): Handbook of RNA Biochemistry. — Chap. 1 — 2010/11/4 — 12:52 — page 10
10

1.2
Northern hybridization protocols

Protocol: RNA extraction from cells using hot phenol

» Extraction buffer: 10 mM NaOAc, 150 mM sucrose, adjust to pH 4.8 with acetic
acid; pass solution through a sterile filter.

* Acid phenol: Use 1 x TBE-saturated phenol and discard upper aqueous phase.
Add 1/10 volume of 300 mM NaOAc pH 4.9, vortex, centrifuge for 10 min at
3,000 x g, and discard upper aqueous phase. Repeat three times.

1) Resuspend 100 mg tissue or cell pellet (e.g. 50 ml E. coli cells at ODggpg 1.0 or
up to 10% HeLa cells) in 3 ml of pre-cooled (4°C) extraction buffer by vigorous
vortexing.

2) (optional) If Gram-positive bacteria are used, add 100 pl lysozyme (20 mg/ml in
1 x TBE) and incubate at room temperature (RT) for 10 min.

3) Add 333 pl 10% SDS to a final concentration of 1% SDS.

4) Add 3 ml of pre-heated (65°C) acid phenol, vortex.

5) Incubate at 65°C for 5 min.

6) Incubate on ice for 5 min.

7) Centrifuge for 20 min at 11,000 x g and keep upper aqueous phase.

8) Perform phenol and chloroform extractions: add 1 volume of acid phenol, vortex
and centrifuge for 5 min at 11,000 x g; keep upper aqueous phase and repeat with
1 volume of chloroform.

9) Precipitate RNA by adding 0.1 volume of 3 M NaOAc pH 4.9 and 2.5 volumes of
ethanol. Cool solution at -20°C for 20 min and centrifuge for 30 min at 11,000 x g
and 4°C, discard supernatant.

10) (optional) Wash pellet with 70% ethanol, centrifuge for 10 min at 11,000 x g and
4°C, discard supernatant.

11) Air-dry the pellet for 5 min before redissolving the RNA in 20 pl of RNase-free
double-distilled HoO (ddH20) or 1 x TBE.

Protocol: RNA extraction by the "single step method"

* Denaturation solution: 4 M guanidinium isothiocyanate, 25 mM sodium citrate,
0.5% (w/v) N-lauroylsarcosyl, 0.1 M -mercaptoethanol, pH 7.0.

¢ Acid phenol: Use 1 x TBE-saturated phenol and discard upper aqueous phase.
Add 1/10 volume of 300 mM NaOAc pH 4.9, vortex, centrifuge for 10 min at
3,000 x g, and discard upper aqueous phase. Repeat three times.

1) Resuspend 100 mg tissue or cell pellet (e.g. 50 ml E. coli cells at ODggo 1.0 or up
to 10° HeLa cells) in 1 ml denaturation solution, vortex.

2) (optional) If Gram-positive bacteria are used, add 100 pul lysozyme (20 mg/ml in 1
x TBE) and incubate at RT for 10 min.

3) Add 100 pl 2 M NaOAc pH 4.0, vortex.

4) Add 1 ml acid phenol and 200 pl chloroform, vortex.
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5) Incubate on ice for 15 min.
6) Centrifuge for 20 min at 11,000 x g and keep upper aqueous phase.
7) Precipitate by adding 1 volume isopropanol, incubate at -20°C for 20 min, cen-
trifuge for 30 min at 11,000 x g and 4°C and discard supernatant.
8) Dissolve pellet in 300 pl denaturation solution.
9) Precipitate again with isopropanol.
10) Wash pellet with 70% ethanol, centrifuge for 10 min at 11,000 x g and 4°C, discard
supernatant.
11) Redissolve RNA in 20 pl RNase-free ddH2O or 1 x TBE.

Protocol: Northern hybridization of small RNA

PAGE and transfer of RNA

¢ 5x TBE: 445 mM Tris, 445 mM borate, 10 mM EDTA.

Native polyacrylamide gel: 1 x TBE, acrylamide/bisacrylamide (24:1), 10% APS
(ammonium persulfate), TEMED (N,N,N’,N’-tetramethylethylenediamine).
Denaturing polyacrylamide gel: 1 x TBE, 8 M urea, acrylamide/bisacrylamide (24:1),
10% APS (ammonium persulfate), TEMED.

6 x native loading buffer: 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol blue, 30% (v/v) glycerol.

2 x denaturing loading buffer: 0.02% (w/v) bromophenol blue, 0.02% (w/v) xylene
cyanol blue, 2.6 M urea, 66% (v/v) formamide, 2 x TBE.

Whatman paper (> 1 mm thickness).

Nylon membranes, positively charged (Roche, No. 11209299001); microporous
nylon 66 membrane on a polyester support, carrying positively quaternary ammo-
nium groups; surface properties: 0.45-um pore size.

Semi-dry blotter (C.B.S. Scientific Co., model EBU-4000).

—
~

Redissolve 10 pg of ethanol-precipitated total RNA in 1 volume of 2 x denaturing

loading buffer or 0.2 volumes of native loading buffer, respectively.

2) Incubate mixture at 95°C for 3 min and put on ice immediately.

3) Load gel pockets and run the gel using 1 x TBE as buffer (15 mA for a 15 x 20 cm
sized gel with 1 mm thickness).

4) After the run, wash gel in 0.5 x TBE for 5 min at RT.

5) Transfer RNA to a positively charged nylon membrane using a semi-dry blotting

apparatus (see Fig. 1.5): Place 1 piece of Whatman paper (gel size) soaked with

0.5 x TBE on the anode plate. Layer on top in the following order: membrane

(soaked with 0.5 x TBE, gel size), the gel to be transferred, and a piece of What-

man paper (soaked with 0.5 x TBE, gel size). Put the cathode plate on top and run

transfer overnight at 0.27 mA/cm?. Take care to avoid any air bubbles between

membrane and gel.
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Fixation of small RNAs by EDC crosslinking

* EDC solution: 130 mM I-methylimidazole, 160 mM 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide, pH 8.0

1) Soak a Whatman paper with EDC solution and place the membrane on it (mem-
brane side with blotted RNA should not get in direct contact with the EDC solution
to avoid detachment of RNA).

2) Wrap in kitchen wrapping film and incubate for 2 h at 60°C.

3) Wash membrane carefully with ddH2O, wrap in kitchen wrapping film and store
at 4°C until use.

Probe generation by T7 transcription

e 5 x T7 transcription buffer: 200 mM Tris-HCl , 30 mM MgClsy, 50 mM DTT, 50
mM NaCl, 10 mM spermidine, pH 7.9.
* 10 x DIG labeling mix (Roche).

« T7 polymerase, e.g. purchased from Fermentas®.

1) Mix T7 transcription reaction and incubate for 2 h at 37°C.
Table 1.1 T7 transcription reaction

PCR template (200 ng/ul) Sul
5 x T7 transcription buffer | 4 pl

10 x DIG labeling mix 2ul
T7 polymerase (10 U/ul) 2ul
ddH20 7ul

2) Stop transcription reaction by adding 2 ul 10 mM EDTA and store at -20°C.

Hybridization Hybridization temperature depends on the probe’s properties (length,
G/C content, LNA-modification, etc.) and on the hybridization solution. With the
hybridization buffers described here, we usually perform the first hybridization
experiment at 68°C in the case of probes transcribed by T7 RNA polymerase in
the presence of DIG-11-UTP (see above), or at 50°C in the case of 12 to 16-nt
LNA/DNA mixmer probes. The example protocol is given for 50°C.

* Hybridization solution: DIG Easy Hyb Granules (Roche) or
* 50 mM NagHPO4/NaH2PO4 pH 7.0, 0.02% (w/v) SDS, 4 M urea

1) Pre-heat 7 ml of hybridization solution to 50°C.

2) Place the membrane in a hybridization tube (or a 50 ml Falcon tube for small
membranes). Make sure that the "RNA side" does not touch the glass wall but is
directed inward.

8) http://www.fermentas.com
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3) Add hybridization solution and perform pre-hybridization at 50°C for 2 h with
slow rotation in a hybridization oven.

4) Denature the probe (10 ul T7 transcript or 300 pmol DIG-LNA/DNA mixmer) for
3 min at 95°C, put on ice immediately.

5) Add the probe to 7 ml pre-heated (50°C) hybridization solution, discard the pre-
hybridization solution and add solution containing the probe to the membrane.

6) Perform hybridization overnight (or at least for 6 h) at 50°C with slow rotation in
a hybridization oven.

Detection of DIG-labeled probes

* 20 x SSC: 3 M NaCl, 0.3 M Na-citrate, pH 7.0.

Stringent wash buffer 1: 2 x SSC, 0.1% (w/v) SDS.

Stringent wash buffer 2: 0.1 x SSC, 0.1% (w/v) SDS.

Maleic acid buffer: 0.1 M maleic acid, 0.15 M NaCl, pH 7.5.

Blocking solution: 10 x Blocking solution (Roche) diluted 1:10 in maleic acid
buffer.

Antibody solution: Blocking solution with 1:10,000 diluted Anti-Digoxygenin-AP
Fab Fragments (Roche).

* Wash buffer: 0.1 M maleic acid, 0.15 M NaCl, 0.3% (v/v) Tween 20, pH 7.5.

¢ Detection buffer: 0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5.

¢ CDP-Star (Roche).

* Autoradiography film: Kodak BioMax Light Film.

For detection, all steps should be carried out using clean glass/plastic ware. Take
care that membranes are covered with buffer and that shaking takes place at low
speed.

1) Wash membrane twice in stringent wash buffer 1 for 5 min at RT.

2) Wash membrane twice in stringent wash buffer 2 for 15 min at RT.

3) Wash membrane for 2 min in ddH5O.

4) Incubate in blocking solution for 30 min at RT.

5) Incubate in antibody solution for 30 min at RT.

6) Wash twice in wash buffer for 15 min at RT.

7) Incubate in detection buffer for 5 min at RT.

8) Place membrane on a kitchen wrapping film, add some drops of CDP-Star until
the membrane is covered with the solution, wrap it up completely in the kitchen
wrapping film and incubate for 10 min at RT to allow development of a robust
chemical signal. Avoid any air bubbles.

9) Place an autoradiography film of identical size on the gel and expose it for 5 min
to 1 h.

10) Develop the film according to the manufacturer’s instructions.
11) Take care that the membrane does not run dry after detection if subsequent strip-
ping is intended!

110



R. K. Hartmann (editor): Handbook of RNA Biochemistry. — Chap. 1 — 2010/11/4 — 12:52 — page 15
15

Stripping of membranes

« Stripping buffer: 50% formamide, 50 mM Tris-HC1 pH 7.5, 5% (w/v) SDS, always
freshly prepared.
* 2 x SSC: 300 mM NaCl, 30 mM Na citrate pH 7.0.

1) Wash membrane with ddH>O.

2) Incubate twice in stripping buffer for 60 min at 80°C while shaking gently.

3) Wash twice in 2 x SSC for 5 min at RT.

4) Start with pre-hybridization and prepare for hybridization with new probe (see
above).
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Abstract

By differential high-throughput RNA sequencing (dRNA-seq) we have identified “product
RNAs” (pPRNAs) as short as 8-12 nucleotides that are synthesized by Bacillus subtilis RNA
polymerase (RNAP) in vivo using the regulatory 6S-1 RNA as template. The dRNA-seq
data were confirmed by in vitro transcription experiments and Northern blotting. In our
libraries, we were unable to detect statistically meaningful numbers of reads potentially
representing pRNAs derived from 6S-2 RNA. However, pRNAs could be synthesized in
vitro from 6S-2 RNA as template by the B. subtilis " RNAP. 6S-1 pRNA levels are low
during exponential, increase in stationary, and burst during outgrowth from stationary
phase, demonstrating that pRNA synthesis is a conserved regulatory mechanism, but a
more dynamic and fine-tuning process than previously thought. Most pRNAs have a length
of 8-15 nt, very few up to 24 nt. The average length of pRNAs tended to increase from
stationary to outgrowth conditions. Synthesis of pRNA is initiated at C40 of 6S-1 RNA and
U41 of 6S-2 RNA, yielding pRNAs with a 5'-terminal G or A residue, respectively. A B.
subtilis 6S-1 RNA mutant strain encoding a pRNA with a 5’-terminal A residue showed the
same relative distribution of ~ 14-nt pRNAs between the different growth states, but
generally displayed lower pRNA levels than the reference strain encoding wild-type 6S-1
RNA. We infer that 6S-1 pRNA synthesis, although evolutionarily optimized for initiation
with a +1G residue, is not primarily regulated at the transcription initiation level via growth

phase-dependent variations in the cellular GTP pool.
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INTRODUCTION

Small bacterial non-coding RNAs have emerged as important players in the regulation of
cellular transcription and translation processes (reviewed e.g. in Wassarman, 2002, Storz
et al., 2005, Waters and Storz, 2009). 6S RNA was one of the first small bacterial RNAs to
be discovered (Hindley, 1967; Brownlee, 1971) and is one of the most abundant cellular
RNAs. Yet strikingly, it has escaped functional analysis for decades, and was only lately
discovered to be ubiquitous in bacteria (Barrick et al., 2005; Trotochaud and Wassarman,
2005; Willkomm et al., 2005).

In E. coli, 6S RNA accumulates during stationary phase and acts as a competitor for c'°
-dependent promoters by complex formation with the ¢’ RNA polymerase (RNAP)
holoenzyme (Wassarman, 2007; Wassarman and Storz, 2000). 6S RNA is primarily
double-stranded, with a large internal loop in the center (Willkomm and Hartmann, 2005).
This highly conserved secondary structure is essential for the ability of 6S RNA to form
stable complexes with 6’° RNAP and serves as a template for the transcription of short
“product RNAs” (pRNAs, 14 to 24 nucleotides) under conditions of nutrient resupply during
outgrowth from stationary phase (Wassarman and Saecker, 2006; Gildehaus et al., 2007).
Synthesis of these short transcripts leads to dissociation of 6S RNA/RNAP complexes and
6S RNA degradation (Wurm et al., 2010). In contrast to E. coli which harbors only a single
6S RNA gene, the B. subtilis genome encodes at least two 6S RNA homologs, termed 6S-
1 (bsrA) and 6S-2 (bsrB) (Ando et al., 2002; Suzuma et al., 2002). Both RNAs are co-
immunoprecipitated with the 6" housekeeping RNAP holoenzyme using antibodies against
o or the o—subunit (Trotochaud and Wassarman, 2005). So far, it has been unclear
whether these 6S RNAs have functions identical or similar to that of E. coli 6S RNA.
Similar expression profiles of B. subtilis 6S-1 RNA and E. coli 6S RNA suggested that they

may have homologous functions in the two organisms (Barrick et al., 2005)
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Here we describe the identification of pRNA transcripts derived from 6S-1 RNA in RNA
extracts from B. subtilis using 454 deep sequencing (dRNA-Seq, Sharma et al., 2010). In
contrast, pPRNAs derived from 6S-2 RNA were essentially not identifiable in B. subtilis cells
at different stages of growth in rich medium. However, we were able to demonstrate pRNA
synthesis from 6S-2 RNA in vitro. We conclude that B. subtilis 6S-1 RNA is the genuine
ortholog of the prototypic 6S RNA from E. coli, whereas 6S-2 RNA function in B. subtilis

remains enigmatic at present.

RESULTS

Expression and maturation of 6S RNAs in B. subtilis

As a first step, we analyzed expression levels of the two 6S RNAs in our model strain B.
subtilis 168 at different stages of growth in rich (LB) medium (Fig. 1 A). Total RNA isolated
at different growth stages was separated on denaturing PAA gels and subjected to
Northern blot analysis using probes antisense to 6S-1 and 6S-2 RNA, respectively.
Intracellular 6S-1 RNA levels were found to peak at the transition from late exponential to
stationary phase, whereas 6S-2 RNA was most abundant during early exponential phase
and barely detectable in extended stationary phase (Fig. 1 B), in line with previous
observations (Barrick et al., 2005; Ando et al., 2002). 6S-1 RNA gives two signals in
Northern blots (Fig. 1 B), consistent with the presence of a 201-nt precursor form (p6S-1)
and a 190-nt mature RNA (m6S-1) as reported previously (Suzuma et al., 2002). During
stationary phase (Fig. 1 B, timepoints f and g), intracellular levels of p6S-1 decrease
relative to m6S-1 during stationary phase, suggesting that de novo synthesis of p6S-1
ceases in stationary phase while existing p6S-1 is converted to m6S-1. In contrast to 6S-1

RNA, 6S-2 RNA gives rise to a single signal in Northern blots (Fig. 1 B).
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For 6S-1 RNA, we reproducibly detected a faster migrating band under conditions of
extended stationary growth (Fig. 1 B, lane 9, “cleavage product”), indicative of site-specific
endonucleolytic processing. To further characterize this putative degradation product, we
fractionated total RNA from late stationary phase cells (timepoint g in Fig. 1 A) by
denaturing PAGE and excised and eluted RNAs running faster than m6S-1 (190 nt). Using
the eluted material as template for 5'- and 3'-RACE experiments, we identified a "hot spot"
of cleavage: the majority of mapped 5'- or 3'- ends were located in or very close to the
apical loop region, splitting the RNA roughly into two halves (Fig. S1, region I). We infer
that the prominent signal of increased mobility seen in Northern blots (Fig. 1 B, lane 9)
includes 6S-1 RNA 5- and 3’-fragments of roughly equal length that arose from
endonucleolytic cleavage in the apical loop region. 5’- and 3’-RACE of unfractionated total
cellular RNA from late stationary phase further identified 6S-1 RNA fragments with 3’-ends
in and close to the lower part of the central bulge (Fig. S1, region Il) as well as in the 5'-
portion of 6S-1 RNA. This included the 5-proximal processing site (Fig. S1), thus
confirming the maturation site at position 11 of p6S-1, consistent with results from primer
extension analysis (Suzuma et al., 2002).
Secondary structure analysis of 6S-2 RNA
So far, structure probing has been reported for B. subtilis 6S-1 RNA (Barrick et al., 2005),
but not yet for 6S-2 RNA. The in silico predicted secondary structure of 6S-2 RNA
(Trotochaud and Wassarman, 2005; Barrick et al., 2005) displays the key identity elements
of 6S RNAs, which is a large internal loop flanked by imperfect helical arms on both sides.
Yet, the stability of the 6S-2 RNA secondary structure is predicted to be 9.3 kcal/mol lower
than that of 6S-1 RNA (Fig. 1 C, D). Generally, continuous helical segments are rather
short in 6S-2 RNA, including only a limited number of G-C base pairs. We scrutinized the

proposed 6S-2 RNA structure by probing with the guanosine-specific RNase T1 and Pb2*-
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ions under non-denaturing conditions where both hydrolyze phosphodiester bonds in
single-stranded flexible regions. Comparison of RNase T1 cleavage patterns under
denaturing versus native conditions did not reveal substantial protections from T1
cleavage under native conditions, except for G53-55 (Fig, 1 D and S2). A more
differentiated picture was obtained by Pb2*-induced cleavage. The Pb2*-hydrolysis pattern
(Fig. S2) was consistent with the 6S-2 RNA secondary structure illustrated in Fig. 1 D.

We further analyzed for 6S-1 and 6S-2 RNA if variation in Mg2* concentration may
affect the Pb2*-induced cleavage pattern. However, no significant Mg2*-dependent
changes were observed (Fig. S2; data for 6S-1 RNA not shown). For 6S-2 RNA, we
oberserved a prominent Pb2*-cleavage product (Fig. S2, asterisk). The fact that this
cleavage remained prominent at increasing Mg2* concentration argues against the
possibility that this Pb2* cleavage site reflects a natural high affinity Mg2+-binding site (Fig.
S2).
dRNA-seq analysis
We have addressed the question whether B. subtilis 6S-1 and 6S-2 RNAs serve as
templates for the synthesis of short pRNA transcripts, which have previously been
identified in E. coli and Helicobacter pylori (Wassarman and Saecker, 2006; Gildehaus et
al., 2007, Sharma et al, 2010). Since initial attempts to detect pRNA transcripts in total
RNA extracts from B. subtilis by standard Northern blotting techniques failed, we pursued
a dRNA-seq approach as recently described for the characterization of the H. pylori
primary transcriptome (Sharma et al., 2010). For this purpose, total RNA was harvested
from B. subtilis 168 cells in exponential, stationary or outgrowth (3 min after 1:5 dilution of
stationary cells in fresh LB medium) phase, followed by preparation of dRNA-seq libraries
as previously described (Sharma et al., 2010), but including a size-fractionation step

(isolation of RNAs smaller than ~ 50 nt by denaturing PAGE). As the hallmark of the
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dRNA-Seq approach, the three RNA preparations were each split into two halves, of which
one subfraction was further treated with Terminator™ 5’-Phosphate-Dependent
Exonuclease (5-P-exonuclease). This enzyme degrades RNA species carrying a 5-
monophosphate derived from cellular processing events, whereas primary transcripts are
protected by their 5’-triphosphates. As a result of this treatment, 5’-monophosphorylated
RNAs are depleted, thus enriching for 5’-triphosphorylated primary transcripts (for details,
see Materials and Methods). The total number of cDNA reads obtained by 454 sequencing
was 165,000 for all six libraries (~ 20,000-35,000 reads per individual library; see Table 1).
The abundance of read length variants in the range of 1 to 60 nt is shown in Fig. S3.

Our libraries also contained sequence reads representing fragments derived from 6S-1
or 6S-2 RNA encoded by the genes bsrA and bsrB, respectively (Fig. 1 C-E). The highest
numbers of 6S-1 fragment reads were observed in stationary phase and during outgrowth
(Fig. 1 E, left panel). This is in line with the observation that cellular 6S-1 RNA levels are
high in stationary phase (Fig. 1 B). The detection of high 6S-1 levels during outgrowth is
also plausible, since outgrowth was defined as the state of cells immediately (3 min) after
release from stationary phase. The increase in the relative abundance of reads
representing a 5-extended version of 6S-1 RNA in stationary and outgrowth fractions
treated with 5-P-exonuclease [marked by (+), Fig. 1 E] indicated that the 5-extended
version is the primary transcript carrying a 5'-triphosphate protecting the RNA from 5’-
exonucleolytic degradation. These findings are consistent with 6S-1 RNA being transcribed
as a 201 nt long 5’-precursor that is processed to its mature form (190 nt) (Suzuma et al.,
2002), in line with the appearance of two bands in the Northern blot (Fig. 1 B).

The highest numbers of 6S-2 RNA fragment reads were detected in cells harvested
during exponential and stationary phase. (Fig. 1 E, right panel). This was somewhat

surprising, as Northern blot analyses have indicated that 6S-2 RNA peaks in early
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exponential phase (timepoints a and b, Fig. 1 B), whereas levels drop severalfold from
early exponential to stationary phase (timepoint f, Fig. 1 B). An explanation for this
discrepancy is that cellular levels of full-length 6S-2 RNA dropped from early exponential
to stationary phase, but stable degradation fragments of 6S-2 RNA accumulated and were
picked up and enriched in our libraries including predominantly RNAs < 50 nt. Indeed, it
was inferred from /lacZ promoter fusion analyses that the bsrB (6S-2) promoter is active
during stationary phase, suggesting that the disappearance of full-length 6S-2 RNA in this
growth phase is due to an increase in the degradation rate (Ando et al., 2002).

In contrast to 6S-1 RNA (Fig. 1 E, left panel), we did not find reads in our libraries that
would correspond to a 5’-precursor form of 6S-2 RNA (Fig. 1 E, right panel). This indicates
that 6S-2 transcription starts at the mature 5’-end (G+1, Fig. 1 D, which is in line with the
Northern blot results (Fig. 1 B) and a previous primer extension analysis (Ando et al.,
2002) Furthermore, 6S-2 RNA 5’-segments were enriched in the libraries treated with 5’-P-
exonuclease, indicating that transcription indeed starts at the mature 5’-G residue (Fig. 1
D) and a substantial fraction of 6S-2 molecules keep the 5'-triphosphate. In general, our
libraries contained less reads representing 6S-2 RNA relative to 6S-1 RNA (Fig. 1 E).
Although our libraries were biased as they contained only 6S RNA fragments and excluded
full-length 6S RNAs, this observation is consistent with previous findings. Based on
ethidium bromide staining of gels, Barrick et al. (2005) estimated 6S-1 RNA levels to still
exceed those of 6S-2 RNA roughly twofold at the point where 6S-2 RNA levels peak during
exponential phase.
dRNA-Seq identifies pPRNAs exclusively from 6S-1 RNA
To perform an unbiased screen for potential pRNA transcripts, we searched all libraries for
sequence reads with full complementarity to sliding 8-nt windows (in 1-nt displacement

steps) along the 6S-1 and 6S-2 RNA sequences using scripts written in Perl and awk. This
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revealed potential pPRNAs derived from 6S-1 RNA, which were further examined according
to the following criteria: (i) If the reads are initiated in the 5’-proximal central bulge region
of 6S RNA as in E. coli (Wassarman and Saecker, 2006; Gildehaus et al., 2007) ? (ii)
Reads, should be present in high number; (iii) have the same 5’-nucleotide, and (iv), as
primary transcripts, should be overrepresented in (+) libraries. By these criteria, we
identified the 6S-1 RNA-encoded pRNA sequence 5-GUU CGG UC-3' as the most
abundant candidate (Table 1). This octamer (i) was encoded in the 5’-portion of the central
bulge of 6S-1 RNA (Fig. 1 C), (ii) was present in uniquely high copy number, (iii) had the
same 5’-terminal G residue in the vast majority of reads, and (iv) was increased ~ 3- and
17-fold in stationary (+) and outgrowth (+) libraries, respectively, relative to the
corresponding (-) libraries (Table. 1), demonstrating that the octamer represents primary
transcripts carrying a 5-triphosphate. Since cDNA library construction involved poly(A)-
tailing of RNA 3’-ends, we were unable to differentiate for RNAs potentially ending with A
residues if the latter were part of the original RNA or added by poly(A) polymerase. Since
6S-1 RNA encodes a stretch of four A residues after the initial eight pRNA nucleotides (5'-
GUU CGG UCA AAA; Fig. 1 C), extended variants of the 5-GUU CGG UC octamer would
be masked by poly(A) tailing. Thus, the 5-GUU CGG UC reads potentially included
variants either terminating at C8 or at A9, A10, A11 or A12. This type of read has therefore
been classified as “8-12 nt* in Table 1. The same holds for some of the longer 6S-1 pRNA
reads potentially originating from pRNA transcripts with 3’-terminal A residues: those were
categorized as 14-15 nt, 20-21 nt and 22-24 nt (Table 1).

Growth-dependent 6S-1 pRNA length distribution

Comparison of the six libraries revealed a "boost” of 6S-1 RNA-templated pRNA synthesis
3 min after induction of outgrowth, but pRNA synthesis at a lower but substantial level was

also evident during stationary phase and even occurred, at a very low level, during
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exponential phase (Table 1). As expected, the abundance of pRNA reads was linked to
enrichment for primary transcripts (see stationary and outgrowth columns, “+“ versus “-“,
Table 1), supporting the notion that a major fraction of, if not all, pRNAs retain their 5'-
triphosphate after transcription.

The 8-12 nt reads represented the major fraction of pPRNAs, the 14-15 nt reads were the
second most abundant species, followed by the 13-mer and very few pRNA reads ranging
from 16 to 24 nt (Table 1). In the outgrowth (+) library, pRNA reads made up 47% of all
reads and 76% of reads in the range of 8 to 20 nt (Table 1). Comparing the relative levels
of 8-12 nt and 14-15 nt long pRNA reads, we noticed that the latter represented 7.2% and
5.5% of pRNA reads in the outgrowth (+) and (-) libraries, relative to 1.2% and 1.4% in the
stationary (+) and (-) libraries, respectively (Table 1).

In vitro transcription using 6S-1 RNA as template

To further explore the length distribution of pRNAs derived from 6S-1 RNA, we conducted
in vitro transcription experiments with the B. subtilis housekeeping 6® RNAP using 6S-1
RNA as template. In the presence 0-32P-UTP or y-32P-GTP for transcript labeling, we
observed a major transcript of ~ 14 nt in length and prominent signals corresponding to ~
8-mers (Fig. 2 A, lanes 2 and 4). In contrast, no radioactive product was seen in the
presence of y-32P-ATP (lane 3), indicating that in vitro transcripts are initiated with a G
residue. These findings are in perfect agreement with our dRNA-Seq data (Table 1).
Northern blot detection of pPRNAs

To further verify our dRNA-seq results, we applied a recently developed Northern blot
procedure (Beckmann et al., 2010) for the detection of small RNAs. We compared total
extracts from cells grown to stationary phase and during outgrowth using a LNA/DNA
mixmer probe complementary to the 6S-1 pRNA 14-mer (Fig. 2 B and S4). As previously

reported (Beckmann et al., 2010), pRNA from 6S-1 RNA is mainly detectable as a 14-mer,
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while reads representing 8-12-mers dominated our dRNA-seq libraries. Therefore, we
evaluated the hybridization properties of our probe to bind to a chemically synthesized 14-
mer pRNA (5’-pGUU CGG UCA AAA CU), 8-mer pRNA (5'-pGUU CGG UC) or an 8-meric
all-LNA of identical sequence (Fig. S4). While the RNA 14-mer was detected with high
sensitivity, the RNA 8-mer could only be detected at a sensitivity reduced by ~ two orders
of magnitude, attributable to a high off-rate of RNA 8-mer/probe hybrids. The
corresponding LNA 8-mer LNA was detectable with at least 20-fold higher sensitivity, but
still with ~ tenfold lower sensitivity than the RNA 14-mer (Fig. S4). We therefore conclude
that the failure to detect pPRNAs < 14 nt by Northern blotting reflects a technical limitation of
the method.

The putative role of the starting nucleotide of 6S-1 pRNA

In B. subtilis, the cellular GTP pool plays a central role in regulating transcription and was
shown to drop in stationary phase (Lopez et al., 1979). During nutrient limitation (e.g. in
stationary phase), rRNA promoters and others encoding a G at +1 are downregulated due
to decreased GTP levels, while many transcripts initiated with an A residue are
upregulated (Krasny et al., 2004 and 2008). Since transcription of 6S-1-derived pRNA is
inititated with a G residue, we considered the possibility that cellular GTP levels may also
be a key regulator of pRNA synthesis. To explore the importance of the initiating G
nucleotide for 6S-1 pRNA synthesis in vivo, we constructed a mutant strain (Fig. 3 A)
expressing a 6S-1 RNA with a C40U point mutation (see Fig. 1 C) encoding a pRNA with a
5’-terminal A instead of a G residue. Endogenous pRNAs were synthesized in the mutant
strain, but to reduced levels at all analyzed physiological states (early stationary, stationary
and outgrowth phase; Fig. 3 B). We also tested by Northern blot analysis if this mutation
might alter the cellular 6S-1 RNA levels. However, no significant differences in 6S-1 RNA

levels were observed for the mutant and control strain (Fig. 3 C). We conclude that 6S-1
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pRNA synthesis has been evolutionarily optimized for initiation with a +1G residue.
However, synthesis of wt +1G and mutant +1A pRNA showed the same correlation
between cellular pRNA (= 14 nt) levels and growth state, i.e. low levels during early
stationary growth, increased levels in stationary phase and highest levels during
outgrowth.

pPRNAs derived from 6S-2 RNA?

The best candidate for a potential pRNA transcribed from 6S-2 RNA we could identify in
our dRNA-seq libraries was the sequence 5-AAA GGU U (complementary to nucleotides
39-45 of 6S-2 RNA, Fig. 1 B), which occurred 8-times in our stationary (+) library (see
Suppl. Material, Section 1V) and which may include up to four addional A residues at the 3'-
end (Fig. 1 B) potentially masked due to poly(A) tailing. To scrutinize whether pRNA
transcription using 6S-2 RNA as the template is in principal feasible, we pursued in vitro
transcription experiments similar to those conducted with 6S-1 RNA (Fig. 2 A). As shown in
Fig. 4 A, radiolabeled pRNAs derived from 6S-2 RNA could be detected in the presence of
1-32P-ATP, but not with y-32P-GTP (cf. lanes 2 and 3). Furthermore, in the presence of o-
32P_GTP, 0-32P-CTP or o-32P-UTP, radioactive transcripts appeared in transcripts = 4, 12
or 6 nucleotides, respectively (Fig. 4 A, lanes 4 to 6), thus perfectly matching a 6S-2 pRNA
sequence of 5'-AAA GGU UAA AAC UUA whose transcription is initiated in the 5’-portion of
the central bulge analogous to 6S-1 RNA (Fig. 1 C, D). To validate this finding, we
performed in vitro transcriptions with the B. subtilis c® RNAP either using 6S-1 or 6S-2
RNA as template, followed by Northern hybridization either using a probe complementary
to 6S-1 pRNA (Fig. 4 B, upper panel) or to the putative 6S-2 pRNA (5'-AAA GGU UAAAAC
UUA; Fig. 4 B, lower panel). The probe complementary to the putative 6S-2 pRNA gave a

specific signal only when 6S-2 RNA was used as the template for transcription (Fig. 4 B,
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lower panel). These results confirmed that the B. subtilis ® RNAP is able to utilize 6S-2
RNA as a template to synthesize pRNAs initiating opposite to U41 of 6S-2 RNA (Fig. 1 D).
DISCUSSION
PRNA synthesis — a dynamic process
According to mechanistic models proposed for the E. coli system, pRNA synthesis
selectively occurs during outgrowth from stationary phase when nutrients are resupplied
and cellular NTP levels rise (Wassarman 2007) to promote dissociation of 6S RNA-RNAP
complexes. In view of this model, the substantial amount of pRNA reads obtained from late
stationary B. subtilis cells (Table 1) and the detection of pPRNA ~ 14-mers in late stationary
phase by Northern blotting (Fig. 2 B and 3 B) is surprising. This indicates that pRNA
synthesis is a more dynamic and fine-tuning process rather than an all-or-nothing
mechanism, at least in B. subtilis, not to mention the possibility that pRNA synthesis and
decay rates may differ at different physiological states. The synthesis of pRNAs during
stationary phase (Table 1, Fig. 2 B and 3 B) suggests that some dissociation of 6S-1
RNA/RNAP complexes also takes place in stationary phase, assuming that the same
mechanism as during outgrowth is operative. Alternatively, the different NTP pools or other
factors in stationary versus outgrowth phase may affect the kinetics of pRNA synthesis and
the average length of pRNA ftranscripts such that dissociation of 6S-1 RNA/RNAP
complexes is preferably triggered during outgrowth and less under stationary conditions.
Some evidence in support of this possibility may be inferred from the observation that the
fraction of ~ 14-nt pRNAs increase from stationary to outgrowth conditions (Table 1). The
shorter pRNA transcripts may not necessarily lead to dissociation of 6S-1 RNA/RNAP
complexes. As a consequence, fewer complexes would decompose in stationary versus

outgrowth phase. We are currently investigating this hypothesis.
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Relation to other studies
6S-1 pRNAs have also been recognized in a very recent global deep sequencing study of
B. subtilis stationary cells grown in a modified glucose minimial medium (lrnov et al.,
2010). The pRNA transcription start was mapped to A38 which is not supported by our
data, escpecially as we have shown that pRNA from 6S-1 RNA is initiated by a G residue
(Fig. 3 A, Table 1), mapping to the complementary C40 in 6S-1 RNA (Fig. 1 C). Also, in
contrast to this previous study (Irmov et al.,, 2010), we have not identified pRNAs
transcribed up to position 14 of 6S-1 RNA, corresponding to a 27-mer. However, we can
not exclude the possibility that these discrepancies are attributed to differences in growth
media or the experimental setup.
Authenticity of short pRNA reads
While sequences corresponding to longer pRNA transcripts including the 13-mer (5’-GUU
CGG UCA AAA C; Table 1) are unique in the genome of B. subtilis 168 (NC_000964.2),
the 5’-GUU CGG UC octamer is potentially encoded at 63 loci. However, we are convinced
that the vast majority of the octamer reads counted in Table 1 represent authentic pRNA
transcripts because: (i) hundreds to thousands of reads of this octamer were found in our
libraries (see Table 1) which all start at the same 5’-terminal G residue; for fragments
derived from, e.g., mRNAs or rRNAs, more variation in the 5’- boundary would have been
expected; indeed, 23S rRNA-derived reads including this octamer sequence were present
in our libraries, but here the reads had pRNA-unrelated and varying 5’- and 3’-extensions
of the 5-GUU CGG UC core sequence (Supplementary section lll); (ii) in the case of 5’-
GUU CGG UC octamer sequences derived from other transcribed genome regions, no
substantial enrichment due to 5’-P-exonuclease treatment would be expected, as the
likelihood that they originate from the 5’-end of primary transcripts is extremely low.

Indeed, for the aforementioned 23S rRNA fragments, we saw a depletion of reads upon 5’-
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P-exonuclease treatment (Supplementary Section Ill), which is the opposite of the pRNA
enrichment effect. In summary, we are confident that the number of 5-GUU CGG UC
reads considered in Table 1 which might not represent pRNA transcripts is negligible.
PRNA synthesis in other organisms
For E. coli 670 RNAP and E. coli 6S RNA as template pRNA transcripts of 14 to 24 nt have
been described (Wassarman and Saecker, 2006; Gildehaus et al., 2007). Recently,
predominantly transcripts of 10-11 nt and 15-20 nt were shown to be transcribed in E. coli
cells immediately after initiation of outgrowth (Wurm et al., 2010). This correlates with our
findings for B. subtilis, indicating that 8- to 9-mers and 14- to 15-mers represent the major
pRNA transcripts derived from 6S-1 RNA (Fig. 3 A, Table 1). A 12-13 nt long pRNA was
recently identified by dRNA-seq as the major 6S RNA-templated transcript in H. pylori
(Sharma et al., 2010). These observations indicate that pRNA lengths are comparable in
different bacteria, consistent with the basic mechanism being similar among bacteria. For
H. pylori, another 6S RNA-derived transcript (pPRNA*) initiated approx. 70 nt downstream
of the canonical pRNA initiation site was found (Sharma et al., 2010). Such a second
pRNA transcript complementary to 6S-1 RNA was not detected by dRNA-seq in B. subtilis.
It will be interesting to explore if such secondary 6S RNA-derived transcripts may point to
another regulatory facet of 6S RNA in at least some bacteria.
Importance of cellular GTP pool and initiator nucleotide for 6S-1 pRNA synthesis
In exponentially growing B. subtilis cells, the ATP concentration exceeds that of the three
other NTPs by 3 to 4-fold (Lopez et al., 1979). Upon entry into stationary phase, the GTP
level decreases by roughly 70%, while UTP levels decrease more slowly and to a lesser
extent; dependent on the specific conditions, ATP levels develop as for UTP or even
increase and CTP levels strongly increase (2- to 4-fold) upon entry into stationary phase

(Lopez et al., 1979). In B. subtilis, the cellular GTP pool, a central handle to regulate
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transcription in this organism, is further connected to the stringent response, which results
in (p)ppGpp synthesis: in B. subtilis, the alarmone (p)ppGpp has no direct effect on RNAP,
as in E. coli, but indirectly affects the synthesis of transcripts intitiating with guanosine,
such as rRNA, namely through GTP consumption during (p)ppGpp biosynthesis and
inhibition of GTP production by (p)ppGpp inhibiting the enzyme inosine monophosphate
dehydrogenase that catalyzes an early step in GTP biosynthesis. We considered the
possibility that the cellular GTP pool may also exert a strong regulatory effect on the
transcription of 6S-1 pRNAs initiated with a G residue in contrast to E. coli where pRNAs
start with an A residue (Wassarman and Saecker, 2006; Gildehaus et al., 2007).
Accordingly, replenishment of the GTP pool upon outgrowth from stationary phase could
explain the burst of +1 G pRNA transcription. Low levels of pRNA synthesis during
exponential phase despite elevated GTP levels can be attributed to low levels of the 6S-1
RNA template (Barrick et al., 2005).

We were able to detect 6S-1 pRNAs in our mutant strain encoding pRNA variants with
a 5’-terminal A residue, but mutant pRNA steady-state levels were reduced in all analyzed
physiological states (early stationary, stationary and outgrowth phase; Fig. 3 B). We
conclude that 6S-1 pRNA synthesis has been evolutionarily optimized for initiation with a
+1G residue. However, synthesis of wt +1G and mutant +1A pRNA showed the same
correlation between cellular pRNA levels and growth state, i.e. low levels during early
stationary growth, increased levels in extended stationary phase and highest levels during
outgrowth. This result and the fact that substantial amounts of native pRNAs (starting with
a G residue) are produced during stationary phase (Table 1) when the cellular GTP pool is
low suggests that 6S-1 pRNA synthesis is not primarily regulated at the transcription
initiation level via growth phase-dependent variations in the cellular GTP pool. This would

be in line with results of a recent in vitro study in the E. coli system (Shephard et al., 2010),
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which led the authors to question the key role of NTP concentration for 6S RNA:pRNA
release from RNA polymerase in E. coli. This was based on the finding that the rate of
release, for which pRNA synthesis is a prerequisite, was relatively insensitive to NTP
concentration, but very sensitive to the level of free magnesium. However, more
mechanistic and kinetic experiments are required to define rate-limiting steps along the 6S
RNA functional cycle as well as their relevance to different physiological conditions.

PRNA synthesis from 6S-2 RNA

A statistically meaningful number of potential 6S-2 RNA-derived pRNAs has neither been
identified in our dRNA-Seq approach nor in a recent transcriptome analysis of B. subtilis
(Imov et al., 2010). Nevertheless, we have demonstrated here that the o* RNAP
holoenzyme is capable of utilizing 6S-2 RNA as a template for pRNA synthesis (Fig. 4).
Specific initiation of transcription (opposite to U41, Fig. 1 D) occurs at a position in the 5'-
proximal central bulge part that is typical for 6S RNAs in general. Possible explanations to
reconcile the in vitro versus in vivo discrepancy include a rapid degradation of 6S-2 pRNAs
in vivo, or specific 6S-2 pRNA synthesis during defined adaptations to environmental or

stress conditions.

MATERIALS AND METHODS

Cell culture and sample prepration

Bacillus subtilis 168 cells were grown in LB medium at 37°C. For growth curve
determination and total cellular extract preparations, 100 ml cultures were inoculated to an
ODeoo of 0.05 using an overnight culture and shaken at 220 rpm at 37°C. Aliquots were
withdrawn at different timepoints and cells were pelleted by centrifugation and snap-frozen
in liquid nitrogen. To induce outgrowth, cells in extended stationary phase were diluted 1:5

in fresh, prewarmed LB medium and shaken for another 3 min before pelleting and
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freezing. Total cellular RNA was prepared using the hot-phenol method (Mattatall and
Sanderson, 1996).
Strain construction
To construct strains BBbsrAC40T and BBbsrA, naturally competent B. subtilis 168 cells
were transformed with linear PCR fragments comprising a kanamycin cassette, the bsrA
wild-type gene for the BBbsrA strain or the mutated gene bsrA:C40T for the BBbsrAC40T
strain, respectively, and two flanking regions of 500 bp each, identical to the up- and
downstream regions of the chromosomal bsrA locus, for efficient homologous
recombination. For details, see Supplementary Material.
454 Sequencing and data evaluation
cDNA library generation and 454 pyrosequencing was performed as described (Sittka et
al., 2008; Sharma et al., 2010). For the library preparation, total RNA of B. subtilis 168
from either exponential growth phase, late stationary phase or 3 min after induction of
outgrowth was split into two fractions each; one fraction was treated with Terminator™ 5’-
Phosphate-Dependent Exonuclease (Epicentre, Cat. No.TER51020) to deplete processed
RNAs carrying a 5-monophosphate, and both fractions were subsequently treated with
TAP (tobacco acid pyrophosphatase, Epicentre, Cat. No. T19100) to convert 5'-
triphosphates into 5’-monophosphates for linker ligation. For size selection of RNAs < 50
nt, the six library samples were separated on denaturing 15% PAA gels and stained with
SYBRgreen Il. Small RNAs migrating just above the bromophenol blue dye were eluted
from gels by electro-elution, followed by ethanol precipitation. After ligation of specific 5’-
linkers to the RNA and poly(A)-tailing, the RNA was converted into cDNA. Library
generation was done at vertis Biotechnologie AG. The cDNA libraries were then
sequenced on a Roche FLX sequencer. For each library, graphs representing the number

of mapped reads per nucleotide were calculated and visualized using the Integrated
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Genome Browser software (Affymetrix). Transcriptional start sites were detected by higher
cDNA coverage at the 5-end of a given RNA in the library constructed from RNA treated
with Terminator™ 5’-Phosphate-Dependent Exonuclease. For raw library data and data
processing, see Supplementary Material, sections Il — IV.
Gel electrophoresis and Northern blotting
6S and 5S RNAs were separated by denaturing (8 M urea) PAGE using 1 x TBE as
running buffer. For loading onto denaturing gels, 1 volume of denaturing gel loading buffer
(0.02 % (w/v) bromophenol blue, 0.02% (w/v) xylene cyanol blue, 2.6 M urea, 66 % (v/v)
formamide, 2 x TBE) was added to RNA samples. Before gel loading, samples were
heated to 95 °C for 3 min, followed by immediate cooling on ice. For 6S RNA detection, 3
Mg (Fig. 1 B) or 2.5 ug (Fig. 3 C) of total RNA prepared from cells withdrawn at different
timepoints were separated by 10% denaturing PAGE, followed by Northern blotting. For
this purpose, RNA was blotted on positively charged nylon membranes (Roche
Diagnostics, Cat. No. 11209299001) overnight using a semi-dry blotter with 3.75 mA/cm2
and 0.5 TBE as transfer buffer. After transfer, the wet membrane was incubated at 80°C
for 30 min (RNA immobilization) and stored at 4°C before use. Hybridization was
performed at 68°C as described (Beckmann et al., 2010). As hybridization probes,
antisense transcripts covering the respective full-length 6S or 5S RNA, internally labeled
with digoxigenin-UTP, were synthesized from PCR templates by T7 RNA polymerase
(according to the DIG RNA Labeling Mix protocol provided by Roche Diagnostics).

For pRNA detection, 6 ug total cellular RNA was analyzed on a 10% or 20% native
polyacrylamide gel. Here, samples were adjusted to 1 x native loading buffer by mixing
with 6 x native loading buffer [0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol
blue, 30% (v/v) glycerol], followed heating to 95 °C for 3 min and immediate cooling on ice.

Gels were blotted to nylon membranes as described above, however RNAs were fixed to
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the membrane using EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; Sigma Aldrich,
Cat. No. 03450) EDC crosslinking. As controls, chemically synthesized RNA (IDT
Technologies) oligomers comprising the pRNA sequences derived from 6S-1 RNA or 6S-2
RNA (6S-1 pRNA: 5- GUUCGGUCAAAACU; 6S-2 pRNA: 5- AAAGGUUAAAAC) were
used; an all-LNA octamer (5'-GTT[m°C]GGT[m>C]; RiboTask) was further used in Fig. S4.
For hybridization, 5-digoxigenin-labeled DNA/LNA probes complementary to the two
pRNAs (6S-1p: 5'-DIG-aGttTtgAccGaAc-3'; 6S-2p: 5-DIG-gTttTaaCctTt-3"; upper case
letters depict LNA and lower case letters DNA; Exigon) were used and Northern signals
were detected using the DIG Northern Starter Kit (Roche, Cat. No. 12039672910),
according to our Northern hybridization protocol for small RNAs (hybridization at 50°C;
Beckmann et al., 2010).

Preparation of B. subtilis RNAP and in vitro transcription

B. subtilis RNAP was prepared from the B. subtilis strain MH5636 as described (Anthony
et al., 2000), except that Ni-NTA chromatography was the only chromatographic step
performed. Sigma factor A (cA) was prepared separately as described in Yang and Lewis
(2008). For in vitro transcription, 0.5 pl of A (0.86 ug\ul, > 95% purity) was added to 1 pl
of RNAP (1.4 pg\ul, ~ 80% purity), corresponding to a 3 to 4-fold molar excess of 6A to
over RNAP in order to saturate RNAP with cA. The mixture of cA to RNAP was kept on
ice for 10 min, followed by addition of 2 pl 6S RNA (3 pmol in double-distilled water), 2 pl
5 x transcription buffer (200 mM Tris-HCI pH 8.0, 25 mM MgCl,; 800 mM KCI, 5 mM DTT),
0.5 pl RiboLock RNAse Inhibitor (40 U\ ul, Fermentas) and incubation for 10 min at 37°C.
Then, 1 yl of heparin (1ug\ul) was added to suppress non-specific RNA binding by RNAP,
followed by incubation for 10 min at 37°C. Finally, 2 yl of 5 x NTP mix (1 mM each) and 1
pl 0-32P-BTP (B = C, G or U) or y-32P-RTP (R = A or G) (0.5 uCi; 3000 Ci/mmol) were

added (final volume: 10 pl) and reactions were incubated for another 30 min at 37°C.
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Thereafter, 1 volume of denaturing sample loading buffer (see above) was added, followed
by 25% denaturing PAGE. Radioactive RNAs were visualized using a Bio-Imaging

Analyzer FLA 3000-2R (FUJIFILM) and the analysis software PCBAS/AIDA (Raytest).
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FIGURE LEGENDS

Fig. 1: Expression of the two 6S RNAs in B. subtilis. (A) Representative growth curve of B.
subtilis 168 in LB medium for 24 h. Filled dots represent growth points at which samples
were withdrawn for total RNA preparation (a-g). (B) Expression of 6S-1 RNA (top), 6S-2
RNA (middle) and 5S rRNA (bottom) analyzed by Northern hybridization. For each
represented timepoint of the growth curve (panel A), 3 ug of total cellular RNA was loaded
on a 10% denaturing PAA gel. T7 transcripts were used as controls (lanes 1 - 2) for total
RNA preparations from the different growth stages (lanes 3 — 9). 6S-2 RNA levels peak
during early exponential growth whereas 6S-1 RNA peaks upon entry into stationary
phase. (C, D) Proposed secondary structures of 6S-1 RNA (C) and 6S-2 RNA (D). The
template regions for pRNA synthesis, starting at C40 in 6S-1 RNA and U41 in 6S-2 RNA,
respectively, are indicated by orthogonal arrows and grey lines; the varying line thickness
in panel C illustrates that shorter pPRNAs from 6S-1 RNA were more abundant than longer
ones (for details, see Table 1). The precusor segment of p6S-1 RNA is indicated in grey
letters; T7 transcripts of mature 6S-1 RNA carried two additional G residues preceding A+1
for the sake of efficient transcription; likewise, T7 transcripts of 6S-2 RNA (panel D)
included an additional 5’-terminal G residue (lower case grey letter). The AG values for the
two 6S RNAs were calculated by RNAfold (Vienna RNA WebServers) with the constraint to
render the central bulge single-stranded. (E) Reads representing fragments of 6S-1 and
6S-2 RNA in the different B. subtilis total RNA (< 50 nt) libraries as presented by the
Integrated Genome Browser software (Affymetrix). At the top, the two 6S RNAs have been

arbitrarily split into 3 segments. Below, the number of reads corresponding to these
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segments are given as circled numbers for the six individual libraries; thin horizontal lines
indicate at least 1 or a few reads, while larger peak areas cover nucleotides that were
represented by multiple reads; reads overlapping the boundary between two segments
have been arbitrarily assigned to one of the segments. Note that the library contains only
smaller fragments of 6S RNAs owing to selection of RNAs < 50 nt by preparative
denaturing PAGE. exp., stat.. RNA from cells in exponential or stationary phase,
respectively (timepoints b and g in Fig. 1 A); outgr.: cells harvested 3 min after 1:5 dilution
of stationary cells in fresh LB medium; (-), (+): RNAs not treated (-) or treated (+) with
Terminator™ 5°-Phosphate-Dependent Exonuclease (Epicentre) to enrich for primary
transcripts by depletion of processed RNAs carrying a 5’-monophosphate. At the bottom,
the genomic context and mapped transcriptional start positions (orthogonal arrows;
genomic nucleotide indicated at the bottom) of bsrA encoding 6S-1 RNA and bsrB
encoding 6S-2 RNA are illustrated; the open arrowhead indicates the processing site in the

6S-1 RNA primary transcript, as in panel C.

Fig. 2: (A) In vitro transcription of pRNAs using 6S-1 RNA as template. Products were
analyzed by 20% denaturing PAGE and phosphoimaging. A 5'-endlabeled 6S-1 pRNA 8-
mer (5-GUU CGG UC) served as size marker (lane 1). Internal labeling achieved by o*?P-
UMP incorporation (lane 2) supports the dRNA-Seq analysis data as it shows pRNAs of 8-
9 nt and ~ 14 nt as the major products. Also in line with Table 1, in vitro transcription of 6S-
1 RNA-derived pRNAs starts with a guanosine (lanes 3 and 4) as only y*?P-GTP but not
Y?P-ATP resulted in product labeling. (B) Northern blot analyses (10% native PAGE)
detecting endogenous pRNAs of ~ 14 nt synthesized from 6S-1 RNA as template in total
RNA extracts derived from stationary phase (lane 3) or outgrowth (lane 4) B. subtilis cells.

A chemically synthesized pRNA 14-mer (5-GUU CGG UCA AAA CU (Beckmann et al.
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2010) and in vitro transcribed 6S-1 RNA were loaded as controls in lanes 1 and 2; the type
and amount of RNA loaded is indicated above each lane. Note, that shorter pRNA species

are not detectable by this method (see Fig. S4).

Fig. 3: (A) Construction of a B. subtilis 168 derivative strain (BB bsrA_C40T) with a C40T
bsrA mutant gene encoding a 6S-1 pRNA initiating with a +1A residue. The control strain
BB bsrA was used to directly compare pRNA transcript levels independent of possible
effects generated by insertion of the downstream resistance cassette. (B) Northern blot
analysis (10% native PAGE) analyzing total RNA extracts derived from either early
stationary (es; cells harvested at ODgoo ~ 4.7) phase (lanes 2 and 5; corresponding to
timepoint “I” in Fig. 1 A), stationary phase (stat., lanes 3 and 6, corresponding to timepoint
“g” in Fig. 1 A; ~ 24 h after inoculation) or outgrowth (outgr., lanes 4 and 7). The
chemically synthesized pRNA 14-mer was loaded as control (lane 1). The BB bsrA_C40T
mutant strain produces pRNA with a 5'-terminal A residue, whereas pRNA synthesis is
initiated with a G residue in BB bsrA bacteria. At all growth stages, pRNA expression levels
were lower in extracts from BB bsrA_CA40T bacteria. (C) Northern blots of 5S rRNA and
6S-1 RNA in both strains (10% denaturing PAGE). Levels of 6S-1 RNA were comparable in
the mutant and wild-type strain, indicating that changes in pRNA levels are not attributable
to changes in 6S-1 RNA levels owing to the point mutation. The specific 6S-1 RNA
cleavage product(s) accumulating in extended stationary phase are indicated (see also

Fig. 1 B).

Fig. 4: Detection and sequence identification of pRNAs synthesized by the ¢ RNAP

holoenzyme utilizing 6S-2 RNA as template. (A) Identification of 6S-2 RNA-templated

pRNA sequences by combinatorial use of different radiolabeled NTPs during in vitro
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transcription. Products were analyzed by 20% denaturing PAGE and phosphoimaging. 6S-
2 pRNAs are initiated with an A residue as only y**P-ATP, but not y*?P-GTP, results in
transcript labeling (lanes 2 and 3). The 5-proximal sequence of 6S-2 pRNAs was inferred
from combinatorial insertion of a*’P-NTPs. In the presence of a-32P-GTP, o-32P-CTP or o-
32p_UTP, radioactive transcripts appeared in transcripts = 4, 12 or 6 nucleotides,
respectively (lanes 4 to 6), thus perfectly matching a 6S-2 pRNA sequence of 5-AAA GGU
UAA AAC UUA whose transcription is initiated in the 5’-portion of the central bulge
analogous to 6S-1 RNA (see Fig. 1 C, D); in vitro pRNA transcripts derived from 6S-1 RNA
as template were loaded for comparison in lane 7. (B) Northern blot analysis (20% native
PAGE) of transcrips synthesized in vitro by B. subtilis * RNAP using either 6S-1 RNA
(lane 5) or 6S-2 RNA (lane 6) as template. Chemically synthesized oligonucleotides
mimicking the 6S-1 pRNA 14-mer (5’-GUU CGG UCA AAA CU) or a 6S-2 pRNA 12-mer
(5'-AAA GGU UAA AAC) were used as controls (lanes 1 — 4). The same set of samples
was loaded on the gels represented by the upper and lower panel; the blots at the top and
bottom were hybridized with a probe complementary to 6S-1 pRNA or 6S-2 pRNA,

respectively; for more details, see Materials and Methods.
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Table 1: Length distribution and number of 6S-1 pRNA reads in the different libraries

exp.(-)  exp.(t+) stat.(-) stat.(+) outgr.(-) outgr.(+)| 8 14 20
| | |
22-24 nt - - - - - 2 5-GTTCGGTCAAAACTAGGTGTAC(AA)
S 20-21nt — - - - - 6 5-GTTCGGTCAAAACTAGGTGT(A)
b= 19 nt — — - - - 3 5-GTTCGGTCAAAACTAGGTG
2 18 nt — 1 — - 1 8 | 5-GTTCGGTCAAAACTAGGT
% 17 nt — — 1 3 — 2 5-GTTCGGTCAAAACTAGG
s 16 nt - - - 3 - 9 5-GTTCGGTCAAAACTAG
g 14-15 nt 1 1 7 18 51 1174 | 5-GTTCGGTCAAAACT(A)
= 13 nt - - 4 16 5 76 5-GTTCGGTCAAAAC
8-12 nt 40 51 484 1413 867 15096 | 5-GTTCGGTC(AAAA)
pRNAs reads 41 53 496 1453 924 16376
% of total reads| 0.16 0.26 1.35 7.25 3.14 47.01
% of 8-20 mers| 0.6 0.756 3.79 25.6 2155 | 75.58
% pRNAs 14-15nt 2.4 1.9 1.4 1.2 55 7.2

reads total 25160 19645 35757 20041 20431 | 34781

Table 1
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For Escherichia coli it is known that 6S RNA binds to the house-
keeping RNA polymerase (c7°-RNAP) to inhibit transcription par-
ticularly during stationary growth. Upon outgrowth from station-
ary phase, «70-RNAP transcribes short "product” RNAs (pRNAs)
from 6S RNA as template, leading to dissociation of 6S RNA:RNAP
complexes. We demonstrate for 6S-1 RNA of B. subtilis that newly
synthesized pRNAs in cisinduce a structural rearrangement in 6S-
1 RNA, which involves formation of an extended hairpin in the 3’-
part of the central bulge, as well as base-pairing of its 5’-part with
nucleotides that become accessible (termed "central bulge col-
lapse”). The rearrangement largely decreases 6S-1 RNA affinity
for RNAP. Among the pRNA length variants synthesized by RNAP
(up to ~ 14 nt), only the longer ones, such as 12 to 14-mers, form
a duplex with 6S-1 RNA that is stable enough to induce the rear-
rangement. We propose a model according to which an interplay
of rate constants for polymerization (k) particularly at pRNA po-
sitions < 12, for pRNA:6S-1 RNA hybrid duplex dissociation (k.s)
and for the rearrangement (k...:) determines whether pRNAs dis-
sociate or rearrange 6S-1 structure to trigger 6S-1 RNA release
from RNAP. Since the fraction of longer pRNA 14-mers increases
in outgrowing versus stationary cells, we predict a more efficient
6S-1 RNA release in outgrowing than stationary cells. We further
show that 6S-1 RNA becomes accessible to degradation as a re-
sult of pPRNA-induced dissociation of 6S-1 RNA:RNAP complexes.
A bioinformatic screen suggests that essentially all bacterial 6S
RNAs can potentially undergo the pRNA-induced structural rear-
rangement.

ncRNA | bacterial generegulation | 6SRNA | pRNA | ncRNA | RNAP
Abbreviations: ncRNA, non-coding RNA; RNAP, RNA polymerase

he discovery and investigation of bacterial small non-coding

RNAs (ncRNAs) has become an emerging field in recent years.
Beside roles in processing, translation and genome defense, many
of these ncRNAs act as regulators, e.g. by masking binding sites or
inducing structural changes in their specific target RNA [1].

A unique ncRNA is bacterial 6S RNA [2, 3], which was identified
as an abundant RNA species some 40 years ago [4], but whose func-
tion remained enigmatic for 30 years [5]. 6S RNA, ~ 200 nt in length
has now been identified in all bacterial branches [6]. In stationary
phase E. coli cells, 6S RNA competes with DNA promoters for bind-
ing to the housekeeping RNA polymerase (o '°-RNAP), resulting in
transcriptional repression of a variety o’°-dependent genes [5]. The
conserved secondary structure of 6S RNA, thought to resemble an
open DNA promoter complex [6, 7], enables stable binding to RNAP.
During outgrowth from stationary phase, 6S RNA itself serves as a
template for transcription of small "product" RNAs (pRNAs) [8, 9]
which results in the dissociation of the 6S RNA:RNAP complex (see
Fig. 1 A).

In contrast to most bacteria, Bacillus subtilis harbors two 6S
RNA homologs, termed 6S-1 and 6S-2, which differ in their expres-
sion profiles [6, 7, 10, 11]. In a previous study, we were able to
demonstrate that 6S-1 RNA indeed serves as a template for pRNA
synthesis, particularly during outgrowth from stationary phase, simi-
lar to the prototypic 6S RNA of E. coli. Deep sequencing and in vitro
transcription revealed that pRNA synthesis is always initiated at C40
of 6S-1 RNA, yielding primarily pRNAs with a length of 8/9 or 14

nt in addition to very short ones (5 nt) [12]. As a continuation of our
previous work, we analyzed the mechanism of 6S-1 RNA:RNAP re-
lease in the present study. We demonstrate that dissociation of 6S-1
RNA:RNAP complexes is the result of a pronounced structural re-
arrangements of 6S-1 RNA induced by pRNA transcripts that have a
minimal length and confer sufficient stability to pRNA:6S-1 RNA hy-
brid duplexes, such as pRNA 14-mers. Furthermore, in silico analysis
predicts that pRNA-induced rearrangements in 6S RNA structure oc-
cur in all known bacterial 6S RNAs. Our findings provide a basis to-
wards understanding the escape of RNAP from its 6S RNA-mediated
activity block. The unique mechanism interdigitates RNA-dependent
RNA polymerase activity with a pRNA length-dependent switch in
6S RNA structure that disrupts 6S-1 RNA:RNAP interactions.

Results

Release of RNAP is controlled via stable pPRNA binding. The major
PRNA species transcribed from 6S-1 RNA as template ([12] Fig. 1
B) are 5, 8/9 or 14 nt in length. We then analyzed by native PAGE
whether pRNA 8- and 14-mers (both chemically synthesized) are
able to form gel-resolvable complexes with 6S-1 RNA. Since pRNA
annealing to 6S-1 RNA is inefficient at ambient temperature (data not
shown) because it requires partial disruption of 6S-1 RNA secondary
structure, we heated a mixture of the two RNAs to 95°C followed
by stepwise cooling to 37°C to allow hybrid formation. The heating
procedure itself did not change the structure of 6S-1 RNA as inferred
from structure probing (see below) and unaltered mobility in native
PAA gels (Fig. 1 C, lanes 1, 2). These experiments revealed that only
annealing of unlabeled pRNA 14-mer, but not §-mer, to 5’-endlabeled
6S-1 RNA caused a shift in 6S-1 RNA mobility (Fig. 1 C, lanes 3 ver-
sus 7). In a mirror-like setup, we hybridized 5’-endlabeled pRNA 8-
or 14-mer to unlabeled 6S-1 RNA (Fig. 1 C, lanes 4 to 6 versus 8 to
10). Again, formation of a stable hybrid was restricted to the 14-mer.

We then tested if the B. subtilis housekeeping RNA polymerase
(04-RNAP) is able to synthesize pRNA transcripts from 6S-1 RNA
pre-annealed to the pRNA 14-mer. As illustrated in Fig. 1 D (lanes 6
and 7), 6S-1 RNA:pRNA 14-mer complexes prevent de novo pRNA
transcription. Replacement of the pRNA 14-mer with the 8-mer in
the pre-annealing step abrogated the inhibitory effect on in vitro tran-
scription (Fig. 1 D, lanes 8 to 10), consistent with the §-mer being
unable to stably anneal to 6S-1 RNA. Next, we combined in vitro
transcription by the o-RNAP holoenzyme with native PAGE for
the analysis of 6S-1 RNA:RNAP complex formation, utilizing 5’-
endlabeled 6S-1 RNA as transcription template. Binding to RNAP
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and transcription were started at different time points before all sam-
ples were concertedly loaded on a native PAA gel. This experiment
revealed, in addition to the formation of 6S-1 RNA:RNAP com-
plexes, the appearance of a 6S-1 RNA:pRNA hybrid band of retarded
mobility already at the first time point (10 min; Fig. 1 E, lanes 1 to 7).
At the latest time point (180 min), very little free 6S-1 RNA remained
and the fraction of 6S-1 RNA in complex with RNAP was substan-
tially reduced (lane 7). The idiosyncratic feature of 6S-1 RNA to
encode the first A residue at pRNA position 9 opened the perspec-
tive to transcribe only shorter pRNAs up to 8-mers through omis-
sion of ATP during in vitro transcription (Fig. 1 B, lane 2; the fact
that we observed also 9-mers despite the absence of ATP might be
explained by RNAP adding a non-templated residue to the 3’-end).
When ATP or all four NTPs were omitted during the transcription
step (Fig. 1 E, lanes 8-21), neither a signal corresponding to the 6S-1
RNA:pRNA hybrid nor a time-dependent reduction in the amount of
6S-1 RNA:RNAP complexes was observed.

We conclude that pRNAs 7 to 9-mers, demonstrated to be synthe-
sized in the absence of ATP (Fig. 1 B, lane 2) under the conditions
of the experiment illustrated in Fig. 1 E, are unable to form stable
hybrids with 6S- 1 RNA and thus do not affect 6S-1 RNA:RNAP
complex formation (Fig. 1 E, lanes 8 to 14 versus 1 to 7).

Deep sequencing had revealed that 6S-1 RNA-derived pRNA 14
to 15-mers represent the second most abundant length variant in vivo
beyond the shorter 8 to 12-mers, whereas surprisingly few 13-meric
pRNA reads were detected [12]. This raised the question of the mini-
mal pRNA length that confers sufficient stability to pRNA:6S-1 RNA
hybrids in order to be able to induce the structural rearrangement of
6S-1 RNA. We thus compared chemically synthesized pRNA 12-, 13-
and 14-mers for their ability to induce the conformational switch of
6S-1 RNA and to affect 6S-1 RNA:RNAP complex formation. The
pRNA oligomers were annealed to 5’-endlabeled 6S-1 RNA and ei-
ther directly (Fig. 2 A, lanes 6 to 8) loaded onto the native PAA
gel or after preincubation with o*-RNAP (lanes 2 to 4). This experi-
ment revealed that the 14-mer is required for persistent gel-resolvable
binding of pRNA to 6S-1 RNA, as inferred from the prevalence of
the shifted 6S-1 RNA conformer (Fig. 2 A, lane 6). The shifted
conformer was still detectable with the 13-mer, and to a further re-
duced extent also with the 12-mer, but the "equilibrium" was shifted
towards free 6S-1 RNA in both cases (Fig. 2 A, lanes 7 and 8). In the
case of the 13-mer, the free 6S-1 RNA band migrated more diffusely
than in the lane representing the 12-mer, suggesting that 13-mer:6S-1
RNA hybrids underwent multiple cycles of dissociation and reasso-
ciation during electrophoresis, in line with the intermediate stabil-
ity relative to 14-mer:6S-1 RNA and 12-mer:6S-1 RNA complexes.
When pRNA/6S-1 RNA mixtures were incubated with RNAP after
the pRNA pre-annealing step and before gel loading, we observed a
reduction in the amount of 6S-1 RNA:RNAP complexes for the 14-,
13-, as well as the 12-mer (Fig. 2 A, lanes 2 to 4). We conclude
that pRNA 13- and 12-mer hybrid structures with 6S-1 RNA are suf-
ficiently long-lived to induce the conformational shift in 6S-1 RNA.
However, the 6S-1 RNA hybrids containing the 13- or 12-mer have
increased dissociation rate constants relative to the 14-mer, leading
to the decay of pRNA:6S-1 complexes during native PAGE.

We further addressed the question whether a pRNA 8-mer, if able
to form a more stable duplex with 6S-1 RNA, may be capable of in-
ducing the conformational switch of 6S-1 RNA. For this purpose, we
pre-annealed an isosequential all-LNA 8-mer (LNA = locked nucleic
acid [13, 14]; all-LNA: LNA analogs at every position) to 6S-1 RNA,
exploiting the duplex-stabilizing effect of LNA residues. In contrast
to the pRNA 8-mer, the pLNA 8-mer was able to form a stable hybrid
with 6S-1 RNA and to induce the same conformational switch as the
RNA 14-mer (Fig. 2 B, cf. lanes 1 and 2). We conclude that stability
of pRNA:6S-1 RNA hybrids is the critical feature here. Likewise,
when pre-annealed pLNA 8-mer:6S-1 RNA complexes were incu-
bated with UA—RNAP, 6S-1 RNA binding to RNAP was reduced rel-
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ative to the control sample with the pRNA 8-mer (Fig. 2 B, cf. lanes
3 and 4). This suggests that the decrease in affinitiy for o*-RNAP
is similar for pLNA 8-mer:6S-1 RNA and pRNA 14-mer:6S-1 RNA
complexes relative to free 6S-1 RNA.

To address this affinity decrease from another perspective, we
switched to using labeled pRNA as the probe. With 5’-endlabeled
pRNA 8-mer as the probe, no radioactive band corresponding to
the pRNA:6S-1 RNA complex was detectable, as expected (Fig. 2
B, lanes 5 to 7). In the case of 5’-endlabeled pRNA 14-mer, the
PRNA:6S-1 RNA complex was detectable, but only a very faint sig-
nal at the position of 6S-1 RNA-RNAP complexes appeared after
further incubation of the pre-annealed pRNA:6S-1 RNA hybrid with
o -RNAP (Fig. 2 C, lane 6). The faint signal may also stem from di-
rect binding of labeled pRNAs to RNAP, as inferred from a similarly
faint signal at identical position in the corresponding pRNA 8-mer
lane (Fig. 2 B, lane 6). In summary, our results obtained with labeled
pRNAs support the notion that pPRNA:6S-1 RNA hybrid structures
have a largely reduced affinity for o-RNAP relative to free 6S-1
RNA.

pRNA synthesis induces structural rearrangements of 6S-1 RNA.
To understand the conformational switch induced by base pairing of
PRNA to 6S-1 RNA, we performed probing experiments with 6S-1
RNA in its free form or in complex with the pRNA 14-mer (Fig. 3
A-D). Using 5’- and 3’-endlabeled mature 6S-1 RNA (190 nt), we
were able to identify structural differences particularly in the cen-
tral bulge region of 6S-1 RNA. Pb2*-induced cleavage, preferen-
tially occurring in single-stranded flexible RNA regions, decreased
substantially in the top part of the central bulge (around nt 35-53)
upon annealing of the pRNA 14-mer (Fig. 3 A, cf. lanes 4 and 5).
Likewise, we observed pRNA-mediated protections from cleavage
by RNase T1 (preference for single-stranded G residues) in the lower
part of the central bulge at G138 and G145, and an enhanced sig-
nal at G143 (Fig. 3 B and C, cf. lanes 5 and 6); protections from
Pb>T-induced cleavage were found in the region of nt 135 to 146,
except for G141 which showed enhanced accessibility upon pRNA
binding (Fig. 3 B, cf. lanes 6 and 7). Since 3’-endlabeled 6S-1 RNA
showed a band compression in the region of nt 131 to 137 (Fig. 3
B, lane 2), preventing a clear assignment of signals in this part of
6S-1 RNA, we employed a 5’-endlabeled circularly permuted 6S-1
RNA (with its new 5’-end in the apical loop, Fig. S1) for better res-
olution, which behaved as the wild-type 6S-1 RNA in terms of the
pRNA-induced structural rearrangement (Fig. 3 D) and binding to
o-RNAP (Fig. S1). This RNA enabled us to resolve the region of
nt 131 to 138, while the region of band compression was now shifted
to around nt 147 (Fig. 3 D, lane 2). Partial protections from RNase T1
cleavage were identified at G138 and G145, and enhanced cleavage
at G143. In addition, C135 cleaved by RNase T1 for unknown rea-
sons was partially protected in the pRNA:6S-1 RNA hybrid (Fig. 3
D, lanes 4 and 5), and the enhancement of Pb2 " -induced hydrolysis
at G141 was seen (lanes 8 and 9) as with 3’-endlabeled 6S-1 RNA
(Fig. 3 B, lanes 6 and 7). Probing with the double strand-specific
RNase V1 mainly revealed enhanced cleavage at nt 137 (Fig. 3 C
and D, lanes 6 and 7), suggesting an increased helical character in this
part of pRNA:6S-1 RNA hybrid structures. An ambiguity was seen
at G141, at which we observed pRNA-mediated partial protection
from RNase T1 in panel B (lanes 4 and 5), but partial enhancement
of T1 cleavage in panel D (lanes 4 and 5), and generally enhanced
Pb**-induced hydrolysis (panel B, lanes 6 and 7; panel D, lanes 8
and 9). Similar probing results were obtained for hybrid structures
composed of 6S-1 RNA and the all-LNA 8-mer instead of the RNA
14-mer (Fig. S2). As expected, the corresponding RNA 8-mer failed
to affect 6S-1 RNA structure (data not shown).

It has been recognized before that the lower part of the central
bulge has the potential to form a short hairpin with a 3-bp stem
[6] (Fig. 3 E, bottom) that is expected to be in equilibrium with
an open bulge structure. Our probing results combined with in sil-
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ico secondary structure predictions are consistent with the pRNA-
induced structural rearrangement illustrated in Fig. 3 E (structure
on the right). The central feature of the model is the formation of
an extended hairpin in the bottom part of the central bulge, whose
formation becomes possible when pRNA invasion disrupts the distal
part (starting at bp C36:G148) of the closing stem comprising nt 28-
36/148-157. As a result nt 148-150 become available for base pair-
ing with nt 134-136 to extend the stem of the hairpin whose forma-
tion is only transient in free 6S-1 RNA. Increasing disruption of 6S-1
RNA secondary structure as a result of pRNA invasion then seems to
favour base-pairing between nt 42-53 and nt 152-164, resulting in a
"collapse" of this usually accessible central bulge region. Thus, the
central bulge known to interact with RNAP [5, 9, 15] is subjected
to three major alterations in the case of 6S-1 RNA: (i) formation of
the pRNA:6S-1 RNA hybrid helix and concomitant disruption of the
endogenous closing stem, (ii) formation of the extended hairpin, and
(iii) a further collapse of the central bulge structure (Fig. 3 E). An
all-LNA 8-mer, disrupting the terminal four base pairs of the clos-
ing stem, is sufficient to trigger at least the formation of the extended
hairpin (Fig. S2), in line with its capacity to induce the gel mobility
shift of 6S-1 RNA and to reduce RNAP affinity when annealed to
6S-1 RNA (Fig. 2 B).

Specific structural changes in 6S RNA are conserved among bac-
teria. We in silico screened all known 6S RNA sequences available
from Rfam [16] to investigate whether the conformational rearrange-
ment observed for B. subtilis 6S-1 RNA is a general feature of bacte-
rial 6S RNAs. We assumed that pRNA synthesis starts in all bacterial
species in the proximal part of the upper central bulge strand (corre-
sponding to C40 in B. subtilis 6S-1 RNA, Fig. 3 E). This assump-
tion was reasonable since initiation of pRNA transcription could also
been assigned to this region for E. coli [8, 9], Helicobacter pylori
[17] and Aquifex aeolicus (unpublished results) 6S RNAs. To eval-
uate the potential of extended hairpin formation in the lower bulge
strand, we executed three operations: (1) Negative control: To simu-
late the ground state (no pRNA present and no structural rearrange-
ment), we analyzed the potential of the bottom part of the central
bulge (corresponding to nt 134-147 of B. subtilis 6S-1 RNA; Fig. 3
E) to form a helix. For 55 out of 163 6S RNA sequences, a hairpin-
like structure was evident (with mostly marginal low energy values:
1 =-0.54 kcal/mol, standard deviation = 0.91 kcal/mol). (2) Positive
control: For a simulation of pRNA:6S RNA hybrids we extended
our region of unpaired nucleotides (mimicking pRNA-induced dis-
ruption of the closing stem), testing for potential hairpin formation
in the region corresponding to nt 134-157 of B. subtilis 6S-1 RNA.
Surprisingly, 159 out of 163 sequences had the potential to form a
persistent hairpin with p = -7.80 kcal/mol (standard deviation = 4.10
kcal/mol), with the colour code in Fig. 4 indicating the individual
hairpin stability. (3) Collapse of central bulge: in this third setup, we
analyzed if the upper part of the central bulge (nt 41 to 53 in B. sub-
tilis 6S-1 RNA) has the potential to base-pair with nucleotides in the
3’-portion of the closing stem (nt 148 to 171 in B. subtilis 6S-1 RNA)
that become accessible after stem disruption as a result of pRNA in-
vasion (Fig. 3 E). For 160 of the 163 sequences such a bulge collapse
was found to be possible, the majority of them being plausible (u =
-5.70 kcal/mol (standard deviation = 3.48 kcal/mol); Fig. 4, squares).
This also included Aquifex aeolicus [18], for which we identified the
pRNA sequence by deep sequencing (data not shown). All input and
output files can be obtained at the Supplement web page.

RNAP release and 6S-1 RNA degradation are coupled. As out-
growth from stationary phase has been shown to be the time point of
massive pRNA production in B. subtilis [12], we conducted North-
ern blot analyses of total cellular RNA from cells after induction of
outgrowth. To analyze the impact of in vivo synthesized pRNA on
its templating 6S-1 RNA, we induced outgrowth by addition of fresh

LB-medium either without (Fig. 5 A, lanes 2 to 9) or supplemented
with rifampicin (Fig. 5 A, lanes 10 to 17) to inhibit RNAP activ-
ity. Rifampicin treatment blocked pRNA synthesis (Fig. 5 A, bottom
panels) as well as de novo 6S-1 RNA synthesis (Fig. 5 A, top panel),
the latter inferred from the disappearance of the 6S-1 RNA precursor.
In addition, we observed a stabilization of mature 6S-1 RNA levels
in the presence of rifampicin, whereas 6S-1 RNA levels decreased
during outgrowth in the absence of the antibiotic (Fig. 5 A, cf. lanes
2 and 7) to increase again when cells entered a new stationary phase
(lanes 8 and 9). We interpret these findings as follows: pRNA syn-
thesis triggers the intracellular 6S-1 RNA release from RNAP; as a
consequence, 6S-1 RNA becomes susceptible to degradation. In the
presence of rifampicin and thus absence of pRNA synthesis, 6S-1
RNA remains bound to RNAP which protects the RNA from nucle-
olytic attack. An alternative explanation could be that rifampicin
blocks expression of an RNase involved in 6S-1 RNA decay. We
thus tested 6S-1 RNA degradation in extracts from outgrowing cells
treated with and without rifampicin. No differences in the decay rate
were observed (data not shown), arguing against this alternative ex-
planation. We also tested if pre-annealed pRNA:6S-1 RNA hybrids
may accelerate 6S-1 RNA decay. Again, no significant differences
were found when we compared the decay rates for radiolabeled 6S-1
RNA in its free form or complexed with the pRNA 14-mer (data not
shown), making a direct effect of pRNA on 6S-1 RNA degradation
unlikely.

Discussion

Using differential high-throughput RNA sequencing (dARNA-seq), we
recently identified pRNAs transcribed in vivo from B. subtilis 6S-
1 RNA as template [12]. 6S-1 pRNA levels were found to be low
during exponential, to increase in stationary, and to burst during out-
growth from stationary phase. The major identified pPRNA species
were 8 to 12-mers and 14 to 15-mers. Since sequencing library con-
struction involved poly(A) tailing of RNAs at their 3’-ends and 6S-1
PRNAs carry A residues at positions 9 to 12 and 15, we were un-
able to further resolve the length distribution between 8 and 12 nt
or 14 and 15 nt. In vitro transcription then indicated that the major
PRNA species are 5, 8, 9 and 14 nt in length ([12] Fig. 1 B). dRNA-
seq further revealed an increase in the relative abundance of 14 to
15-mers compared to 8 to 12-mers in outgrowing versus stationary
cells, suggesting that the length distribution of pRNAs varies upon
the physiological state and may have functional implications [12].
Here we have demonstrated that a pRNA 8-mer is unable to stably
associate with 6S-1 RNA and to induce the structural rearrangement
of 6S-1 RNA that decreases the affinity for *-RNAP (Fig. 1 C, E).
In contrast, an all-LNA 8-mer has this capacity (Fig. 2 B), clearly
demonstrating that the high rate constant for dissociation (k) of an
8-bp RNA/RNA is the problem here, not the duplex length per se. We
further compared pRNA 12-, 13- and 14-mers (Fig. 2 A), showing
that only 6S-1 RNA:pRNA 14-mer complexes have a sufficiently low
ko to resist any dissociation during native PAGE (Fig. 2 A, lanes 6
to 8). Of note, native PAGE does not mimic equilibrium conditions,
and complexes undergoing repeated dissociation and reassociation
cycles in gel "cages" are at risk to dissociate irreversibly when they
fall below a certain thermodynamic stability. Nonetheless, pRNA 12-
and 13-mers were able to reduce the fraction of 6S-1 RNA bound to
RNAP (Fig. 2 A, lanes 1 to 4), suggesting that even the amount of
complexes composed of 6S-1 RNA and pRNA 12-mer is substantial
under equilibrium conditions. In conclusion, we propose a kinetic
model, according to which 6S-1 RNA:pRNA hybrids can either de-
compose (determined by the ko of 6S-1 RNA:pRNA duplexes) or
induce the structural/conformational rearrangement in 6S RNA (de-
scribed by the rate constant k..r) that reduces the affinity for oA
RNAP. Also, the rate constant for nucleotide addition (k,,) will be
critical at pRNA positions such as nt 8, where k. is high, but will be
clearly uncritical at e.g. position 14 where k. negligible. If the rate
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of pRNA polymerization and thus the average pRNA length distribu-
tion varies depending on the pyhsiological state, as suggested by our
dRNA-seq data [12], then our model predicts more "non-productive"
rounds e.g. of pRNA 8-mer synthesis during stationary phase com-
pared to outgrowth conditions (Fig. 5 B).

In the experiment in Fig. 1 E, roughly 50% of 6S-1 RNA
molecules were bound to RNAP (lane 1) and it seems that these
molecules are rapidly (within 10 min; lane 2) converted to the
gel-resolvable shifted conformer, indicating that the latter represent
pRNA 14-mer:6S-1 RNA complexes. Under comparable conditions,
6S-1 RNA-templated in vitro transcription for 1 h resulted in a tran-
script pattern, according to which pRNAs migrating as 5-mers rep-
resent the most abundant length species (Fig. 1 B, lane 1). If the
transcript pattern in Fig. 1 B had resulted from single transcrip-
tion rounds, then the efficient formation of gel-resolvable pRNA 14-
mer:6S-1 RNA in Fig. 1 E (lanes 1 to 7) could not be explained.
Thus, a straightforward interpretation of our results is that o -RNAP
molecules repeatedly traverse "non-productive" rounds of pRNA 5-
mer synthesis before they stochastically succeed in synthesizing a
longer pRNA.

The fate of 6S-1 RNA:pRNA hybrids after dissociation from
RNAP is unknown so far. As mentioned before, we have evidence
that 6S-1 RNA is degraded at the same rate in its free state or if part of
complexes with pPRNA. RNases involved in degradation of 6S RNA
have not yet identified in B. subtilis nor in any other bacterium.

We have provided evidence that the pPRNA-induced structural re-
arrangement revealed for B. subtilis 6S-1 RNA is likely conserved
among all bacteria. This observation is remarkable, taking into ac-
count that 6S RNAs are very weakly conserved on the sequence level
[6, 7]. Interestingly, a C132A mutant of E. coli 6S RNA was recently
observed to be decreased in the rate of 6S RNA:pRNA release from
RNAP [19]. This mutation would affect the base pair at the base of
the extendend hairpin predicted to form in the rearranged structure
of E. coli 6S RNA (Fig. 4). Future studies will have to explore if
the C132A mutation indeed affects the kinetics of the 6S RNA rear-
rangement via impairing formation of the extended hairpin. It has not
escaped our attention that the extended hairpin stability is highest in
~y-proteobacterial 6S RNAs, of which E. coli is a member (Fig. 4).
This points to idiosyncrasies in the mechanism of pRNA-induced 6S
RNA:RNAP dissociation in y-proteobacteria.

The unique mechanism of 6S RNA release from RNAP via
pRNA synthesis raises the question if pRNAs, which accumulate to
considerable levels in outgrowing cells, might play additional roles
in the regulation of gene expression [20]. Although the question still
awaits a final answer, our results clearly demonstrate that a central
pRNA function is exerted in cis through inducing a switch in the
structure of 6S RNA. Thus, additional pRNA functions at least do
not have to be invoked to explain the biological function of 6S RNA,
but, of course, cannot be excluded at present.

Materials and Methods

Northern analysis. Total RNA was isolated from B. subtilis 168 cells grown in
LB-medium at 37°C using the single step method [21]. 3 1tg of total RNA was
separated on 8% denaturing (8 M urea) polyacrylamide (PAA) gels. Gels were
washed for 5 min in 0.5 x TBE and transferred overnight to a positively charged
nylon membrane (Roche) by semi-dry blotting in 0.5 x TBE at 3.75 mA/cm?>.
Northern hybridization was performed using the Northern Starter Kit (Roche) fol-
lowing the manufacturer’s instructions. Fully complementary DIG-labeled RNA
was used as probe for 6S-1 RNA. Detection of pRNA transcripts was performed
as described previously [22].

For outgrowth experiments, cells in late stationary phase were diluted 1:5 in fresh
prewarmed LB-medium and samples were taken from 2 min to 4 h. Rifampicin
was added with the dilution medium to a final concentration of 100 ptg/ml.

6S-1 RNA:pRNA annealing, gel shift assays and in vitro transcription. 6S-
1 RNA:pRNA annealing: in vitro transcribed 190 nt (mature) 6S-1 RNA was
incubated with pRNA oligonucleotides (Noxxon; the LNA 8-mer was from
RiboTask) and trace amounts of either 5’-y32P-labeled 6S-1 RNA or PRNA
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in a volume of 4 to 6 pl 1 x TE buffer for 5 min at 95°C. For concentrations,
see figure legends. Annealing of the denatured RNAs was then accomplished
by stepwise cooling (5 min 80°C, 5 min 70°C, 5 min 50°C, 5 min 50°C and
5 min 37°C) in a thermocycler (Biometra). Samples were mixed with 5 pl
of 2 x native RNA loading buffer [2 mM MgClz, 0.025% bromophenol blue
(w/v), 0.025% xylene cyanol blue (w/v), 10% glycerol] and subsequently sep-
arated on a 10% native PAA gel (1 x TBE).

6S-1 RNA:RNAP gel shifts without transcription: to 6 pl pre-annealed 6S-1
RNA (without or with pRNA), 2 ul of 5 x activity buffer (200 mM Tris-HCI
pH 8.0, 25 mM MgClz; 800 mM KCl, 5 mM DTT), 1 ul of heparin solu-
tion (400 ng/ul) and 1.06 ul oA-RNAP holoenzyme (8 ug/ul; prepared as
described [23]) were added and samples were incubated for 30 min at 37°C
to promote 6S1 RNA:RNAP (f. c. 0*-RNAP: 2 uM; f. c. 6S-1 RNA: 1 or 10
pM); samples were mixed with an equal volume of 2 x native RNA loading
buffer (see above) and loaded onto a 7.5% native PAA gel (1 x TBE). 6S-1
RNA:RNAP gel shifts with transcription: to 4 ul pre-annealed 6S1 RNA (2.5
#M), 2 pl of 5 x activity buffer, 1 pul of heparin solution (400 ng/ul) and 1.06
1l oA-RNAP holoenzyme (8 pg/pl) were added and samples were incubated
for 30 min at 37°C. Transcription was then started by adding 2 ul NTP mix
A (1 mM each ATP, CTP, GTP and UTP; or an NTP mix lacking ATP; or 2 ul
ddH2O instead); the f. ¢. of oA-RNAP was 2 M, and that of 6S-1 RNA 1
uM.

Transcription of 32P-labeled pRNAs using 6S-1 RNA as template: 6S-1 RNA
(f. c. 2.5to0 3.2 uM) was mixed with 2 ul 5 x activity buffer, 2 1 NTP
mix B (I mM each ATP, CTP, GTP, and 0.25 mM UTP), 0.5 ul a-32P-UTP
(20,000 Cerenkov cpm) and 1.06 ul o4 RNAP holoenzyme (8 pg/ul) in a
final volume of 10 pl, followed by incubation for 1 h at 37°C. Samples were
mixed with an equal volume of 2 x denaturing RNA loading buffer [0.02%
(w/v) bromophenol blue, 0.02% (w/v) xylene cyanol blue, 2.6 M urea, 66%
(v/v) deionized formamide, 2 x TBE, pH 8.0] and loaded onto 20% denaturing
PAA gels (1 x TBE).

Structure probing. /n vitro transcribed 6S-1 RNA was 5’-endlabeled using
T4 PNK (Fermentas) and (~32P-ATP) or 3’-endlabeled using T4 RNA ligase
(Fermentas) and (5’-32P)pCp. After gel purification, 10 M unlabeled 6S-1
RNA, trace amounts of radiolabeled 6S-1 RNA (usually 20,000 cpm per re-
action) or pre-annealed 6S-1 RNA:pRNA hybrids (see above) were subjected
to partial enzymatic digestion using RNase T1, RNase V1 or partial chemical
cleavage using NaHCO3 or Pb2*-ions. After separation on thin denaturing
PAA gels, cleaved RNA was analyzed on a phosphoimager (Fujifilm). For
further details see Supplementary material.

Bioinformatics. To derive a model for the pPRNA-induced structural rear-
rangement in 6S-1 RNA, we compared our structural probing data with dif-
ferent constraints of the RNAsubopt -C [24] output.

To explore whether the conformational rearrangement observed for B. sub-
tilis 6S-1 RNA may be phylogenetically conserved, we downloaded a sec-
ondary structural alignment of all deposited bacterial 6S RNAs from Rfam
v.10.0 [16] (output file RF00013_seed.stk). By manually adding Aquificales
sequences, the alignment increased to 163 sequences. We performed three
steps:

(1) Negative control. To simulate the case of no pRNA and no structural re-
arrangement, we tested the 3’ internal loop region (alignment positions 184—
209, a length of 12-20 nt without gaps) to form a helix with RNAfold v.1.6
[25].

(2) Positive control. For a simulation of pPRNA:6S RNA hybrids we extended
our region of unpaired nucleotides and tested the alignment positions 184—
224 (a length of 20-30 nt) with the same method for stable hairpin formation.
(3) Collapse of central bulge. Here we analyzed if the upper part of
the central bulge (alignment positions 55-70) has the potential to base-
pair with nucleotides in the 3’-portion of the closing stem (alignment po-
sitions 210-241) that become accessible after stem disruption as a re-
sult of pRNA invasion (two interacting sequences, 12-20 and 17-29nt in
length). All input and output files can be obtained at the Supplement page
http://bioinf.pharmazie.uni-marburg.de/supplements/136.
Finally, we used SplitsTree v.4 [26] to create a NJ-Tree and to further
evaluate these findings. We color-coded the energy values of predicted ex-
tended hairpins ranging from -0.40 kcal/mol (blue) to -9.50 kcal/mol (red).
The collapse of the central bulge was marked by squares in case of energy
values below -1.30 kcal/mol.
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Figure legends

Fig. 1 B. subtilis 6S-1 RNA forms stable hybrids with pRNA in vitro. (A) Current model of 6S RNA function in E. coli. The housekeeping
RNAP (top panel) is inhibited by 6S RNA during stationary phase (middle panel) and is released during outgrowth via synthesis of pRNA
(bottom panel). (B) In vitro transcription (2 uM RNAP holoenzyme) of pRNA using 3.2 M 6S-1 RNA as template, either in the presence
of all four NTPs (lane 1) or CTP, GTP and UTP only (lane 2). Control lanes: lane 3, as in lane 1 but omission of the 6S-1 RNA template;
lanes 4 and 5, chemically synthesized 5’-endlabeled pRNA 8-mer (5’-GUU CGG UC; lane 4) and 14-mer (5’-GUU CGG UCA AAA CU;
lane 5) used as size markers. Omission of ATP (lane 2) results in synthesis of short pRNA (8-mers) because 6S-1 RNA encodes four con-
secutive A residues at pRNA positions 9-12 (see sequence at the bottom); our observation of 9- in addition to 8-mers despite the absence of
ATP might be explained by RNAP adding a no-templated residue to the 3’-end. RNA products were separated by 20% denaturing PAGE.
(C) Annealing of chemically synthesized pRNAs (8- or 14-mers) to 6S-1 RNA. Asterisks denote the radiolabeled RNA species (6S-1 RNA,
14-mer or 8-mer). Lanes 1 and 2: 5’-endlabeled 6S-1 RNA without (lane 1) or after the annealing step (lane 2) at 95°C followed by stepwise
cooling (for details, see Materials and Methods); lane 3: 5’-endlabeled 6S-1 RNA (100 nM unlabeled 6S-1 RNA and trace amounts, < 1 nM,
of 5’-endlabeled 6S-1 RNA) with pRNA 14-mer (1 uM) pre-annealed as just mentioned; lanes 4 to 6: annealing (95°C) of 100 nM unlabeled
6S-1 RNA, trace amounts (< 1 nM) of 5’-endlabeled pRNA 14-mer, plus 100 nM (lane 4), 200 nM (lane 5) or 500 nM (lane 6) unlabeled
14-mer; lane 7, as lane 3, but using the pRNA 8-mer instead of the 14-mer; lanes 8 to 10: as lanes 4 to 6, but using the pRNA 8-mer. Samples
were analyzed by 9% native PAGE. (D) In vitro transcription of pRNA from 6S-1 RNA (1 ;M) as template using 1 M RNAP holoenzyme.
Lanes 1 to 3: as lanes 5, 4 and 1, respectively, in panel B; lane 4: as lane 3, but subjecting 6S-1 RNA to the annealing procedure before
transcription; lanes 5 to 10: 2 uM (lane 5), 4 uM (lane 6), 20 uM (lane 7) pRNA 14-mer, or 2 uM (lane 8), 4 uM (lane 9), 20 uM (lane 10)
PRNA 8-mer were subjected to the annealing procedure in the presence of 2 M 6S-1 RNA in a final volume of 5 pl 1 x TE buffer; then,
2 pl of 5 x activity buffer and 0.5 1 RNAP were added and samples were incubated for 30 min at 37°C before addition of nucleotides and
transcription for 1 h at 37°C (final volume 10 pl). RNA products were separated by 20% denaturing PAGE. (E) Trace amounts (< 1 nM)
of 5’-endlabeled 6S-1 RNA and 2.5 M unlabeled 6S-1 RNA were subjected to the annealing procedure in a volume of 4 ul (see Materials
and Methods); then, 1 ul of a heparin solution (400 ng/ul) and 2 ul 5 x activity buffer were added and samples were kept at 37°C; then
1.06 11 RNAP holoenzyme (8 pg/ul) was added and samples were incubated for 30 min at 37°C, followed by addition of 2 ul nucleotide
solution (all four NTPs: lanes 2 to 7; only CTP, GTP and UTP: lanes 9 to 14) or ddH2O (lanes 15-21) (final volume 10 ul;f. ¢. RNAP: 2 uM;
f. c. 6S-1 RNA: 1 uM). After transcription at 37°C for the time period indicated above each lane, samples were analyzed by 7.5% native PAGE.

Fig. 2 Role of pRNA length and pRNA:6S-1 RNA duplex stability (A) Trace amounts (< 1 nM) of 5’-endlabeled 6S-1 RNA and 1.7 uM
unlabeled 6S-1 RNA, either alone (lane 5) or in the presence of 17 uM pRNA 14-mer (lane 6), 13-mer (5’-GUU CGG UCA AAA C, lane 7)
or 12-mer (5’-GUU CGG UCA AAA, lane 8) were subjected to the annealing procedure in a volume of 6 ul 1 x TE buffer; lanes 1-4: as lanes
5-8, but before gel loading 1 pul of a heparin solution (400 ng/ul) and 2 pl 5 x activity buffer were added and samples were kept at 37°C; then
1.06 111 RNAP holoenzyme (8 pg/pl) was added and samples were incubated for 30 min at 37°C followed by gel loading. (B) Lanes 1 and 2:
as lane 6 in panel A, except that a pRNA 8-mer and an LNA 8-mer instead of the pRNA 14-mer was used; lanes 3 and 4: as lane 2 in panel
A, except that a pRNA 8-mer and an LNA 8-mer instead of the pRNA 14-mer was used; lanes 5 and 6: as lanes 1 and 3 except that 1.7 uM
5’-endlabeled pRNA 8-mer and 17 M unlabeled 6S-1 RNA were subjected to the annealing procedure in a volume of 6 uul 1 x TE buffer; lane
7: 5’-endlabeled pRNA 8-mer loaded as size marker. (C) Lanes 1 to 4 correspond to lanes 6, 1, 2, 5, respectively, in panel A; lanes 5 to 7: as
lanes 5 to 7 in panel B, but using 5’-endlabeled pRNA 14-mer. 7.5% native PAA gels were used in panels A to C.

Fig. 3 pRNA induces structural changes in 6S-1 RNA. (A) Structure probing using 5’-endlabeled 6S-1 RNA. Lane 1: 5’-endlabeled
6S-1 RNA directly loaded onto the gel; lane 2: alkaline hydrolysis ladder of 6S-1 RNA; lane 3: limited RNase T1 digest under denaturing
conditions; lanes 4 and 5: free 6S-1 RNA subjected to the annealing procedure (lane 5) or not (lane 4) before lead probing; lane 6: 10 pmol
5’-endlabeled 6S-1 RNA and 100 pmol pRNA 14-mer were subjected to the annealing procedure in 6 1 1 x TE buffer before lead probing.
(B) Structure probing using 3’-endlabeled 6S-1 RNA. Lanes 1 to 3, 6 and 7: as lanes 1 to 3, 5 and 6, respectively, in panel A; lanes 4 and 5:
as lanes 6 and 7, but RNase T1 cleavage under native conditions. (C) Structure probing using 3’-endlabeled 6S-1 RNA. For lanes 1 to 5, see
panel B; lanes 6 and 7, but cleavage by RNase V1. (D) Structure probing of the 5’-endlabeled circularly permuted 6S-1 RNA variant (Fig. S1).
Lanes 1 to 7 correspond to lanes 1 to 7 in panel C; lanes 8 and 9 correspond to lanes 6 and 7 in panel B. For details of probing reactions, see
Supplementary Material. Asterisks in panels B to D mark the regions of band compression. (E) Structural model for the pRNA (14-mer or
LNA 8-mer, see Fig. S2)-induced structural rearrangement of the 6S-1 RNA core region (grey-shaded in the 6S-1 RNA secondary structure at
the top). The open central bulge structure (top) is thought to be in equilibrium with a structure in which a weak hairpin is (transiently) formed
in the lower bulge region (bottom; [6]).

Fig. 4 In silico prediction of pRNA-induced rearrangements in the structural core of bacterial 6S RNAs. The figure shows a phylogenetic
tree of 6S RNA sequences (obtained from Rfam, RF00013 seed.stk [16]), using the program SplitsTree [26]. Stabilities of the predicted
extended hairpin structures are differentiated by the colour code ranging from -0.40 kcal/mol (dark blue) to -9.50 kcal/mol (red). The potential
to undergo the central bulge collapse is indicated by squares in the case of energy values below -1.30 kcal/mol (circled otherwise). Hairpin
stabilities are relatively uniform within bacterial branches. ~-proteobacteria have the potential to form the most stable hairpins. Predicted
structural rearrangements of 6S RNAs with known pRNA sequences (B. subtilis 6S-1 RNA, E. coli and Aquifex aeolicus 6S RNA) and their
position in the tree are indicated. Input and output files can be obtained at the Supplement web page
(http://bioinf.pharmazie.uni-marburg.de/supplements/136).

Fig. 5 Effect of rifampicin on pRNA synthesis and 6S-1 RNA stability. (A) Analysis of 6S-1 RNA steady-state levels following outgrowth
from stationary phase by Northern blots of cellular RNA extracted at different time points after induction of outgrowth, either in the absence
of rifampicin (lanes 2-9) or in the presence of rifampicin (100 pg/ml; lanes 10-17). Lane 1: RNA extracted from stationary cells immediately
before 1:5 dilution in fresh LB medium. An antisense 6S-1 RNA, internally labeled with digoxigenin-UTP (top panel), or a 5’-digoxigenin-
labeled LNA/DNA mixmer complementary to the pRNA 14-mer (bottom panel) were used as Northern probes; for details see [22]. (B) New
model of pRNA length-controlled release of RNAP from 6S-1 RNA. For details, see text.
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Supplementary material

Structure probing

6S-1 RNA was transcribed in vitro using T7 run-off transcription. The DNA template for transcription was generated by PCR from genomic
B. subtilis 168 DNA (6S-1: primers 5’-TAA TAC GAC TCA CTA TAG GAG TCC TGA TGT GTT AGT TGT ACA CCT AG-3’ and 5’-AAA
GTC CCA ATA GTG CCG TTG-3’; 6S-2: primers 5’-TAA TAC GAC TCA CTA TAG GAA GCT ACT TTG TGC GTA TTG TTA ATT
AAG-3’ and 5’-ATT TCC GAA AAG GAA ATG GCT TTC-3’; T7 promoter sequence underlined). Transcription reactions coantained 8 mM
guanosine as initiator nucleoside to generate transcripts with 5’-OH ends for direct 5’-endlabeling.For 5’-endlabeling, 60 pmol 6S-1 RNA, 10
U T4 polynucleotidkinase (PNK, Fermentas) and 3 ul of (73?P)-ATP (3000 Ci/mmol) were incubated in a volume of 15 1 1 x PNK buffer
(Fermentas) for 90 min at 37°C.

RNA was purified by gel extraction overnight in 1 M NaOAc pH 4.9 at 8°C and ethanol precipitation prior to probing. For all probing
experiments, 10 pmol of unlabeled RNA together with trace amounts (20,000 Cerenkov cpm) of labeled RNA were used. Probed RNA was
separated on thin (0.5 mm) 12% polyacrylamide gels containing 8 M urea and analyzed with a Bio-Imaging Analyzer FLA-3000-2R (Fujifilm).
RNase T1 and V1 digestions were performed under native conditions (50 mM HEPES pH 7.9, 4.5 mM Mg(OAc)2, 100 mM NH4OAc). RNase
T1 digestion was further conducted under denaturing conditions (20 mM Na-Citrate pH 5.0, 7 M urea, 1 mM EDTA). After preincubation
of the RNA in the respective buffer for 10 min at 37°C, 0.8 U RNase T1 (0.05 U RNase V1) were added and samples were incubated in a
final volume of 50 ul at 37°C for 20 min (7 min for RNase V1). Reactions were stopped by addition of 15 ul 0.45 M NH4OAc and ethanol
precipitation.

Lead cleavage was performed in PA buffer (50 mM Tris-HCI pH 7.5, 100 mM NH4Cl). After preincubation of the RNA in PA buffer for 10
min at 37°C, 250 uM Pb(OAc)2 was added and samples were incubated in a final volume of 100 p for 3 min at 37°C. Reactions were stopped
by addition of 20 p1 2 mM EDTA, followed by ethanol precipitation.

Alkaline hydrolysis of RNA was performed in alkaline buffer (50 mM NaHCOs) in a volume of 13 ul for 8 min at 100°C. Reactions were
stopped by adding 13 pl 10 mM EDTA, followed by ethanol precipitation.

For 3’-endlabeling, we employed a 6S-1 RNA carrying an HDV ribozyme at its 3’-end in order to generate homogeneous 3’-ends derived
from HDV cis-cleavage. For this purpose, the bsrA gene was amplified by PCR (5’-AAA GTC CCA ATA GTG CCG TTG-3’ and 5’-CAG
GAA TTC TAA TAC GAC TCA CTA TAG GAG TCC TGA TGT GTT AGT TGT ACA CCT AG-3’). Next, the HDV coding sequence was
amplified (5’-CAA CGG CAC TAT TGG GAC TTT GGC CGG CAT GGT CCC AG-3’ and 5’-GGC CAG TGC CAA GCTT GTC CCA
TTC GCC ATT ACC GAG-3") and both PCR products were combined for overlap extension PCR resulting in the final T7-bsrA-HDV product
which was cloned into the pUC18 vector using EcoRI and HindIIl. After T7 transcription, the released 6S-1 RNA was eluted from the gel
and 2°,3’-cyclic phosphates were removed using 20 U T4 PNK in 100 mM imidazole pH 6.0, 100 uM ATP, 10 mM MgClz 0.07% (v/v) 2-
mercaptoethanol and 20 ng/ul BSA (final volume 100 ul, 6 h at 37°C). 3’-endlabeling was performed using 10 U T4 RNA ligase (Fermentas)
and 3 pul of (5°-*2P)pCp (3000 Ci/mmol) in a final volume of 15 ul in 1 x ligation buffer (Fermentas) overnight at 10°C before probing was
performed as described above.

Supplementary figure legends

Fig. S1 Structure and function of a circularly permuted 6S-1 RNA. (A) Construction strategy: two copies of bsrA encoding 6S-1 RNA were in-
serted into pUC18 via EcoRI/HindIII and HindIII to generate plasmid pBB6. Using pBB6 as template, a PCR product for T7 transcription was
generated using primers bsrAcpT7 fw (5’-TAA TAC GAC TCA CTA TAG GTA AAG AGG ACT TAC AAG ATT TAA AA) and bsrAcprev
(5’-GAA TGA AAA GAG GCA TGT ACG). (B) Secondary structure of wild-type 6S-1 RNA (6S-1wt) and the circularly permuted mutant
variant (6S-1cp). Numbering of 6S-1 cp was as for the wild-type 6S-1 RNA. The HindIII site served as a linker to connect the original 5’- and
3’-ends of the wild-type RNA. The triangle depicts the natural maturation site of 6S-1 RNA; black arrows mark the start for pRNA synthesis.
(C) Capability of 6S-1 cp RNA to bind to the o*-RNAP and to form the rearranged structure upon binding of the pRNA 14-mer. Samples in
lanes 1 to 4 were prepared as lanes 2, 3, 4 and 1, respectively, of Fig. D.

Fig. S2 The all-LNA 8-mer (5’-GUU CGG UC) is able to induce the structural rearrangement in 6S-1 RNA. Samples loaded in lanes 1 to
5 were prepared as lanes 1 to 5 in Fig. B.
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ALIGNMENT OF BACTERIAL 6S RNAS

The known 6S RNA sequences were downloaded from the Rfam
database (Griffiths-Jones et al., 2003): RFooo13_seed.stk and we
added the sequences from the Aquificales manually. The file in
Stockholm format was modified with a ruler to give easier access
to the alignment.
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Name

First name
Date of Birth
Place of Birth

Status

since October
2006

2002-2006

title

supervisors

title

supervisor

Field of interest

Graduate school

Teaching

Molecular biology

RNA methods

Protein Methods

Bioinformatics

vitae

Personal

Beckmann

Benedikt

September 15, 1980
Ratingen, Germany

married

Education

Ph.D. studies, Institute of Pharmaceutical Chemistry, Philipps University Marburg.

Studies in biology (Diploma), Johannes-Gutenberg University Mainz.
Main topics: Genetics, Biophysics, Biochemistry

Diploma thesis

Heterologous expression, purification and biochemical characterization of the eukaryotic
endonucleases EGL-1 and DNasello
Prof. Dr. T. Hankeln (Johannes Gutenberg Universitit Mainz) and Prof. Dr. A. Pingoud
(Justus Liebig Universitit Giessen)

Ph.D. thesis

The mechanism of pRNA-mediated release of RNA polymerase from Bacillus subtilis
65-1 RNA
Prof. Dr. R. K. Hartmann (Philipps Universitat Marburg)

Experience

Molecular biology, RNA biochemistry, bioinformatics
Student spokesperson of the International Research Training Group IRTG 1384 "Enzymes
and multienzyme-complexes acting on nucleic acids"

Supervision of students practical courses and undergraduate students lab courses

Scientific skills and methods
Work with genetically modified organisms (bacteria and eukaryotic cell lines); standard
DNA techniques (preparation/modification); cloning; PCR

In vitro transcription; RNA structure probing; tandem affinity purification of tagged RNA;
analysis of sSRNA-protein binding; detection of very short RNAs (siRNAs and smaller) by
Northern blotting and LNAs; siRNA knockdown experiments; ncRNA analysis in bacteria

Recombinant and native protein expression and purification using FPLC based chromatog-
raphy, Western blotting, construction of mutant proteins

Analysis and data mining of deep sequencing data; Perl/BioPerl and database (MySQL)
programming

o & 149-6421-2825844 e =1 benedikt.beckmann@staff.uni-marburg.de
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Poster
presentations

Oral
presentations

Publications

German

English

French

Scientific achievements

Conference Jaques-Monod "RNA at the center of gene regulation"; April 2009, Roscoff
(France)

5t Meeting of the GBM Study Section "RNA-Biochemistry"; September 2008, Kassel
(Germany)

International Symposium "RNA Ligand Interactions" of the SFB 579; September 2007,
Frankfurt (Germany)

EMBO|EMBL Symposium "The non-coding genome"; Oktober 2010, Heidelberg (Ger-
many)

15* Annual meeting of the RNA society; June 2010, Seattle (USA)
9t NordForsk Meeting; Oktober 2009, Reykjavik (Iceland)

International meeting of the DFG priority program SPP 1258 "Regulatory RNA in prokary-
otes"; June 2009, Berlin (Germany)

Meeting of the DFG priority program SPP 1258 "Sensory and regulatory RNAs in prokary-
otes"; September 2008, Kassel (Germany)

Workshop "Protein-nucleic acids interactions" of the IRTG 1384; June 2007, Suzdal (Rus-
sia)

Cymerman IA, Chung |, Beckmann BM, Bujni