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CHAPTER1

INTRODUCTION

RNA is a versatile molecule and due to its wide range of biochemical properiesapable of
multifarious functions. The linear sequence of RNA makes it a simple sodirgen®tic infor-
mation, whereas the property to form secondary and tertiary structilves és interaction with
other macromolecules and provides environments for catalytic activitiess, Basides the role
of RNA molecules as information-carrying intermediaries in gene expressien act as key cat-
alytic, structural, and regulatory elements in the cell. In bacteria, the digcove staggering
number of small regulatory RNAs (SRNAS) by systematic searches oéseqd genomes over the
last years led to an increasing recognition of the potential impact of sSRNAgacterial physiology
(for a review seee. g, Waters & Storz, 2009). These sRNAs act as post-transcriptionalategs
of bacterial gene expression in response to diverse growth andemeéntal stress conditions. In
contrast tacis-encoded antisense RNAs of mobile elements such as plasmids, the majority of ba
terial SRNAs seems to bind by imperfect basepairinjansencoded mRNAs and thereby inhibit
translation or lead to mMRNA degradation. The early studies have oftenddaumsinteractions with
single target mMRNAs, but there is growing evidence that SRNAs can tegukmny diverse mRNAs
in parallel (reviewed in Papenfort & Vogel, 200@, pres3. However, the understanding of how
SRNAs could directly control multiple mRNAs by antisense mechanism has beendlibyitéhe
low number of validated sRNA-target interactions and, hence, the diffitultgliably predict new
interactions.

In this thesis, two aspects of SRNA-mediated regulation in bacteria are iratestig(1) multiple
target regulation and (2) approaches for the identification of noveRsRINbacteria. The first part
addresses the question how sRNA targets can be identified and how multetes teain be directly
regulated by one sRNA. For this purpose, biocomputational and expdahaaproaches for the
identification and validation of targets of a small RNA, GcvB, fr@almonella entericaerovar
Typhimurium (from here orsalmonelld are presented. Furthermore, it is shown that a conserved
region within GevB RNA directly interacts with multiple mRNAs of genes involved in ananid
transport and biosynthesis. It is shown how the identification of this ceedelement can be used

to refine experimental and biocomputational target-identification appreache

The second part deals with the identification of novel SRNAs. Bioinformdiésed approaches
often rely on the prediction of orphan transcription signals and primanyeses conservation of
sRNA candidates within closely related species or on the conservationA&Rdcture (reviewed
in Livny & Waldor, 2007). This implies the availability of related genome segasrand well-
defined promoter and terminator models. In contrast, approaches hastuwigun-cloning and
direct sequencing of RNA (so-called RNomics) allow to identify novel sRMAthout prior knowl-
edge but were, until recently, limited by the cost-intensive Sanger seipggifiittenhofer & Vogel,
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2006). In this thesis, the use of high-throughput sequencing for tiéifidation of SRNAs bound

to the RNA-binding protein Hfqg irsalmonellas demonstrated. Furthermore, deep sequencing re-
veals the primary transcriptome of the major human pathatglitobacter pylorj a bacterium in
which no sRNAs have been described. Moreover, an approach basselective sequencing of
cDNA libraries specifically enriched for primary transcripts is developéetivallows to define a
global map of transcriptional start sites of mMRNAgHnpylori.

Organization of this thesis

First, the biological background of regulation by small RNAs in bacteriavieweed in Chapter 2
with the main emphasis on strategies for the identification of SRNAs and theitd@amdeacteria.

In Chapters 3 and 4, multiple target regulation by bacterial SRNAs is investidgey functional
characterization of GecvB RNA frorBalmonella Specifically, Chapter 3 describes the proteomics
and bioinformatics-based identification of seven ABC transporter mRNAZcaB targets. Anal-
ysis of target gene fusion regulatiom vivo, as well asin vitro structure probing and translation
assays show th&almonellaGecvB sRNA directly binds with a conserved G/U-rich region to ex-
tended C/A rich elements of these target mMRNAs. The identified target sitéscated inside or
upstream of the ribosome binding site and may also serve as translatioaatenklements. This
suggests mRNA regions distant from Shine-Dalgarno (SD) sequenddsghly conserved regions
in SRNAs as important elements for the identification of SRNA targets.

In Chapter 4, this concept is applied to identify additional GcvB targets. GloB&NA changes
upon pulse-expression of GevB wild-type or mutant RNAs lacking caeskpart of this SRNAs
are analysed as well as target-predictions refined by including a motifrstearthe C/A-rich GevB
target site. This reveals additional amino acid and peptide transportersvst@&rgets and in
addition genes involved in amino acid biosynthesis.

Chapters 5 and 6 demonstrate the application of next generation sequimc¢he identification of
novel sSRNAs and analysis of a whole bacterial transcriptome. In Chaptierep sequencing is ap-
plied to identifySalmonellaRNA ligands bound to the highly conserved RNA chaperone Hfg which
is a key player in sRNA-mediated regulation of gene expression in bactéria.recovers known
sRNAs fromSalmonellabut also identifies novel SRNAs and mRNA targets. The bioinformatics-
based work flow that was developed for the analysis and visualizatiate&p sequencing data is
presented.

In Helicobacter pylorineither Hfg nor any SRNAs have been described so far. In fact, thtetam
has been referred to as an example of an organism without riboregulistiamai et al., 2007). A
high-throughput ‘RNA-seq’ approach of totidl pylori RNA reveals in Chapter 6 that. pylori in
fact harbours diverse sRNA genes. In addition, a strategy fortengat of primary transcripts in
cDNA libraries is developed which allows global analyis of mMRNA transcrigi@tart sites in the
H. pylori genome.

Finally, the results of this study are summarized including a discussion of adare perspectives
in the concluding Chapter 7. Experimental and biocomputational strateglesethods that were
used or developed in this thesis are described in Chapter 8.
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Contributions by others

The work described in this PhD thesis was done under supervision abBy.Vogel in the RNA

Biology group at the Max Planck Institute for Infection Biology, Berlin, Gany. Parts of the
work described in this thesis which have been contributed by others erli®an conducted in
collaboration with others are indicated below.

1. Chapter 3: Multiple targeting of ABC transporter mRNAs by GcvB sRNA

 Cloning of control and GevB wild-type expression plasmids and préijparaf periplas-
mic fractions for 2D analysis was done by Dr. Titia Plantinga (RNA Biology,| IftiP
Infection Biology, Berlin).

« Identification of GecvB homologues in diverse bacteria and alignments dame in
collaboration with Titia Plantinga.

« Initial in vitro structure probing experiments were done jointly with Dr. Fabien Dar-
feuille INSERM U869, Universé Victor Segalen, Bordeaux, France).

2. Chapter 4: GevB RNA, a global regulator of genes involved in aminoraeidbolism

 Arabinose inducible plasmids for expression of GevB wild-type and miRaiAts were
cloned by Kai Papenfort (RNA Biology, MPI for Infection Biology, Biaj).

» Microarray experiments were done in collaboration with Kai Papenfort.
 Parts of the GFP fusion cloning, Western blot and FACS experiments doere with

technical assistance of Franziska Seifert or by Sandy Pernitzstigder student in-
ternship under supervision of Cynthia Sharma.

3. Chapter 5: Analysis of Hfg-bound RNAs 8almonellaby high-throughput sequencing

« All wet-lab experiments described in this section (Hfq co-immunoprecipitati@h an
Northern Blot analysis) were done by Dr. Alexandra Sittka (RNA Biologi! for
Infection Biology, Berlin).

* Analysis of mapping results of the deep sequencing data was done incraliab with
Alexandra Sittka.

4. Chapter 6: Deep sequencing reveals the primary transcriptohtelicbbacter pylori

» For cDNA constructiontelicobactergrowth under acid stress and infection conditions
and isolation of RNA were done by@my Reignier and Fabien Darfeuille INSERM
U869, Universié Victor Segalen, Bordeaux, France).

« Deep sequencing reads were aligned to kthe@ylori genome using a new mapping
method (Hoffmanret al, 2009, submitted) by Dr. Steve Hoffmann (Bioinformatics
Group, University of Leipzig, Germany).

» Manual annotation of transcriptional start sites based on deep sangeiata was done
in collaboration with Steve Hoffmann.



CHAPTER 2

BIOLOGICAL BACKGROUND

In addition to the major RNA components of the célle. tRNA, rRNA and mRNA, bacterial
genomes are now known to harbour also many, perhaps severaédytadi that encode regulatory
RNAs. These RNAs are often referred to as small noncoding RNAsNAsIRas they do not
contain open reading frames (ORFs). Regulatory RNAs can act as R&lffoit$n association with
proteins in so-called ribonucleoprotein (RNP) complexes. They are iegldivdiverse processes,
e. g, transcriptional regulation, chromosome replication, RNA processingmaaification, mRNA
stability and translation, as well as protein degradation and translocation,(3092).

Abundant small RNA molecules other than tRNA and rRNA were first oleskin E. coli four
decades ago (Griffin, 1971; lkemura & Dahlberg, 1973a), long reefbe first microRNAs
(miRNAs) and short interfereing RNAs (siRNas) were discovered irasukes. However, nei-
ther the genes encoding them nor their functional role was establishethe learly 1980s the
first plasmid-encoded antisense RNA (about 100 nucleotides in lengi#) ] Rvas discovered and
found to control plasmid-copy numberischerichia col{Stougaaraet al,, 1981; Tomizawaet al,,
1981). This was followed by the identification of other antisense RNAs ofilmetements that
control the life cycle or copy number of bacterial phages, transposmsplasmids (Simons &
Kleckner, 1983). The first chromosomally encoded antisense regulditcF RNA, was reported
in 1984; it inhibits translation of the mMRNA encoding the major outer membrane QumpF
(Mizuno et al,, 1984). Unlike the bona fideis-antisense RNAs of mobile elements MicF RNA is
not transcribed from the DNA strand opposite of its target gengF. Moreover, MicF exhibits
only partial and imperfect sequence complementaritynpFmRNA, yet its binding to thempF
MRNA near the start codon strongly inhibits the translation of this protein (Miztial, 1984).

Until 2001, only ten genes of such regulatory RNAs were knowit.iooli (Wassarmaret al,,
1999). They were discovered fortuitously using genetic screens oughrdirect labelling and
sequencing. These RNAs included the specialized housekeeping RBlkgly, RNase P RNA,
tmRNA, and SRP RNA, which were identified as highly abundant RNA specidsare involved

in tRNA maturation, ribosome rescue, and protein translocation, resdgctine2001-2002, four
bioinformatics-based studies identified many new sRNA gends @oli (Argamanet al, 2001;
Chenet al, 2002; Wassarmaet al,, 2001; Rivaset al, 2001). To date, more than 80 sRNAs are
verified inE. coli (reviewed,e. g, in Gottesman, 2004; Waters & Storz, 2009) and diverse screens
have led to the identification of SRNAs in a wide range of bacteria (reviewedtivia, 2007,
Pichon & Felden, 2008; Vogel & Sharma, 2005).

The bacterial sSRNAs range in length fraa60 to~ 400 nt and can adopt diverse secondary struc-
tures. Figure 2.1 gives some examples of SRNAs fEorroli andSalmonella Most of the bacterial
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Figure 2.1: Examples of SRNAs fromEscherichia coli and Salmonella typhimurium. Secondary struc-
tures of diverseée. coli (DsrA, OxyS, and RyhB) an8almonellag GevB, RybB) sRNAs. All of these sRNAs
are conserved betwedh coli and Salmonella(Hershberget al, 2003; Papenforét al,, 2008). Bacterial
sRNAs have different lengths and can adopt diverse secpratiarctures consisting of several stem-loop
structures which are separated by extended single straedézhs. The secondary structures shown are
based onin vitro structure probing experiments (DsrA: Lease & Belfort, 200@yS: Altuviaet al,, 1997,
GcvB: see Chapter 3 and Sharmgal., 2007; RyhB: Geissmann & Touati, 2004; RybB: Bouvétral,,
2008).

sRNAs have been shown to act as post-transcriptional regulatormefegg@ression in response
to external stimuli and are strongly regulated under diverse growth @eskssconditions (Arga-
man et al, 2001; Wassarmaet al, 2001). For example, they can be induced by temperature
changes (cold-shock induced DsrA: Sledjeskal, 1996), low iron (Fur-repressed RyhB: Méss

& Gottesman, 2002), oxidative stress (OxyR-activated OxyS: Altevil., 1997), changes in glu-
cose concentration (CRP-repressed Spot42: Mgtlat, 2002 and CRP-activated CyaR: De Lay
& Gottesman, 2009; Johansenal., 2008; Papenforet al., 2008), elevated glucose-phosphate lev-
els (SgrR-activated SgrS: Vanderpool & Gottesman, 2004), and met@brane stress §-induced
MicA, RybB, and VrrA: Songet al,, 2008 and reviewed in Vogel & Papenfort, 2006; Guilktal.,
2006). This allows bacteria a rapid regulation of gene expression inmesgo certain stresses.

This Chapter reviews the different modes of action of bacterial SRNAsSraroduces additional
factors that are involved in SRNA-mediated regulation in bacteria such &NAebinding protein
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Hfq. Furthermore, several experimental and bioinformatics-basaoagipes for the identification
of SRNAs are discussed. Strategies to determine the mRNA targets will themnpashe recent
finding that several sRNAs regulate multiple targets rather than single targatally, the two
model organismsSalmonella typhimuriurandHelicobacter pylorj that were used throughout this
thesis are introduced.

2.1. Regulation of gene expression by regulatory RNAs in bacteria

Regulatory RNAs in bacteria constitute a heterogeneous group of moledhies act by various
mechanisms to modulate gene expression in response to environmentasha@hgy can be en-
coded incis or transrelative to their targets and activate or repress gene expresSisiencoded
regulatory RNAs include riboswitches, which are part of the 5’ UTRs efttfRNA that they reg-
ulate, as well agis-encoded antisense RNAs encoded on plasmids or in the chromsomealSever
sRNAs have been shown to bind proteins and antagonize protein activitygbéguestration mech-
anism. However, the majority of enterobacterial SRNAs act as antisends BMNrans-encoded
MRNAs by imperfect base-pairing and thereby inhibit translation and/ortteatRNA degrada-

tion (Majdalaniet al, 2005; Storzet al., 2005). Therefore, the latter class is often regarded as
functionally analogous to eukaryotic miRNAs.

2.1.1. Translational repression

The above mentioned MicF RNA was only the first example of an emergingalasss-encoded
antisense RNAs (Mizunet al,, 1984). For example, two other major outer membrane proteins,
OmpA and OmpC, have also been shown to be regulated at the translatiahdiylekieir cognate
sRNAs, MicA and MicC (Cheret al, 2004; Udekwet al., 2005). The canonical model of these
sRNAs is to mask the ribosome binding sites (RBS) of their target via impereciesice com-
plementarity and, thus, inhibit ribosome entry (Stetzl,, 2004). Specifically, th&. coli MicA,
MicC, OxyS, and Spot42 sRNAs were shown to directly interfere with 30&dkne binding of
their target MRNAspmpA ompC fhlA, andgalK, respectively, byn vitro toeprinting experiments
(see Figure 2.2A and Argaman & Altuvia, 2000; Chetral,, 2004; Mglleret al., 2002; Udekwu

et al, 2005). Other well-characterizédel coli SRNA-target pairs that are likely to use the same
mechanism include Dsrins MicF-ompF, RyhB-sodB and SgrtsG (reviewed in Wagner &
Darfeuille, 2006). Furthermore, sSRNAs from other enterobacteria baen shown to act by the
same mechanisng. g, ompAtargeting by VrrA RNA inVibrio cholerae(Songet al,, 2008). In
addition, also sRNAs from Gram-positive bacteria, such as RNAIIl ffatiapphylococcus aureus
and SR1 fronBacillus subtilis have been shown to inhibit translation by interfering with ribosome
binding (Boissett al,, 2007; Geisingeet al,, 2006; Heidrichet al., 2007; Huntzingeet al., 2005).

Since the half-life of bacterial MRNAs is strongly affected by the associatithrribosomes (Deana
& Belasco, 2005), translation inhibition will promote the decay of the repiksargete. g, by
accelerating RNase E-mediated mRNA turnover (Magsal., 2003; Moritaet al., 2005). Besides
RNase E, the bacterial Sm-like protein Hfq has been identified as a keyr prayteis type of
translational silencing (see below, Section 2.2.1). Hfq binds all of theafentioned sRNAs with
high affinity and is most often required for both their intracellular stability aed thteraction with
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Figure 2.2: Translational repression and activation mediged by bacterial SRNAs. (A)sRNA-mediated
translational repression. Binding of MicA RNA to the 5’ UTR ompAmMRNA masks the Shine-Dalgarno
sequence and thereby inhibits translation initiation (kvdeet al, 2005).(B) sSRNA-mediated translational
activation. Under non-activating conditions, tiES5’ UTR folds into an inhibitory stem-loop structure
including nucleotides closely upstream of the AUG startosoarhich occludes the SD sequence and thereby
inhibits translation (Brown and Elliot, 1997). Interactiof DsrA RNA with rpoSmRNA leads to transla-
tional activation by dissolving the fold-back structurerppSmRNA in which the ribosome binding site is
masked (Majdalargt al, 1998). Secondary-structures of SRNAs and mRNAs are sholensatically. The
SD sequences are indicated in blue, and ORFs in light lologA and orangerpoS).

target MRNAs (Aiba, 2007; Urban & Vogel, 2007; Zhaeal.,, 2003, and references therein). In
addition, Hfg and some sRNAs were found to form ribonucleoprotein comgleith RNase E to
mediate target MRNA destabilization (Moriaal., 2005).

Translational repression by bacterial SRNAs is not limited to the 5’ UTRs ofatistronic mMRNAs

as also intergenic regions of polycistronic messenger RNAs can be thAlgpet®NAs. For example,

in E. coli, thegalETKM operon, which encodes components involved in galactose metabolism, is
targeted by Spot42 sRNA at internal sequences of the polycistronic mBpién induction of the
SRNA in response to high glucose levels, Spot42 occludes the RBS galikesistron and inhibits

its translation without affecting the upstregyalET cistrons (Mglleret al., 2002). Therefore, this
case constitutes the prototype of SRNA-mediated discoordinate opepoession.

Several SRNAs have recently been shown to repress multiple mRNAs gsterS2.5). These in-
clude,e. g, RybB, OmrA and OmrB, which regulate expression of several outer naralproteins
(Guillier & Gottesman, 2006; Papenfat al., 2006) or RyhB RNA which regulates multiple genes
involved in iron metabolism (Magset al, 2005). Most of the characterized antisense RNAs in
bacteria inhibit translation by competing with ribosomes for translation initiatioilomeg TIR) on
nascent mMRNA. However, recent studies show that translationalssepnecan also be achieved
by binding of an sRNA far upstream or downstream of the translation initigiten One of these
RNAs is GevB RNA which will be discussed in Chapters 3 and 4 of this thesiti#fer example

is IstR-1 RNA inE. coli (Vogel et al., 2004) which prevents translation of the SOS-induced toxin
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TisB by binding~ 100 nt upstream of thésB RBS under non-SOS conditions. Instead of tar-
geting the SD sequence 1$B, IstR-1 competes with ribosomes by base pairing with a ribosome
loading or “standby” site which is required for initiation of translation at thénlyigtructuredisB

TIR. Recently,SalmonellaRybB RNA was found to repressmpNmRNA translation by pairing
with the 5’ coding region (Bouvieet al,, 2008). Systematic analysis of antisense interference with
30S binding revealed that sequestering sequences within the mRNA dovenfiftitttodon allows
sRNAs to act as translational repressors.

2.1.2. Translational activation

Bacterial SRNAs can not only repress mRNAs but, in fact, can also ulateggene-expression by
an anti-antisense mechanism. Besides the best known example, Dsrral stirer SRNAs have
been shown to activate gene expression by disrupting an inhibitory da&gostructure which se-
guesters the ribosome binding site and thereby prevents translation in émsalas the SRNA (re-
viewed in Waters & Storz, 2009). Therefore, activation of translatiemssto be more widespread
than previously anticipated. I. coli, DsrA RNA was found to be a translational activator of the
major stress and stationary phase sigma factor, RpoS, at low growth teéumpsi@lajdalanet al.,
1998; Sledjesket al, 1996). TherpoS mRNA contains an extraordinarily long 5 UTR<(600
nt), which can fold into a translationally-inactive structure by masking the.REp®n base-pairing
with DsrA RNA the stem-loop structure is opened and the RBS gets accessibiledsome bind-
ing (see Fig. 2.2B). A search for additional sSRNAs that modulate Rpo&ssipn resulted in the
identification of the 105 nt RprA RNA (Majdalaei al., 2001). Even though both sRNAs, DsrA
and RprA, pair with the same regien100 nt upstream of the RBS and disrupt hairpin formation
(Majdalaniet al,, 2001, 1998), the two sRNAs act under different conditiongp@®mRNA. While
DsrA is induced at low temperatures, RprA expression peaks uponucdke stress (Majdalani
et al, 2002; Repoila & Gottesman, 2001).

Similar to repressing sRNAs, activating SRNA can also mediate discoordipateroexpression.
Two small RNAs frommk. coli, GImY and GImZ, have recently been shown to mediate discoordinate
operon expression of tgmUSMRNA in which the downstream gegémS an essential enzyme in
amino-sugar metabolism, is activated at the post-transcriptional level (Kedatnal., 2007; Urban
et al, 2007). Although the two sRNAs are highly similar in sequence and strychey act in a
hierarchical manner. GImzZ, together with the RNA chaperone Hfq, directlysesgimSmRNA
translation by disruption of an inhibitory mRNA structure similar to DspdS(Reichenbacket al,,
2008; Urban & Vogel, 2008). In contrast, GImY acts upstream of GImZ amsitigely regulates
glmShby stabilizing GImZ RNA. The current model assumes that this is achieved bijnigtran
RNA-processing protein, YhbJ, which processes GImZ and abolishebility #0 activateglmS
translation. Thus, GImY competes with GImZ for binding to the YhbJ protein andaaetiglmS
expression indirectly by increasing levels of active GImZ RNA.

Activation of gene expression can also be mediatedi®gncoded RNAs. For example, E coli,
the stationary phase-induced GadY RNA is transcribed from the opptsitel$o its target mMRNA,
gadX a transcriptional regulator of the acid response (Opagtia., 2004; Tramontet al., 2008).
Base pairing between GadY and thadX 3" UTR leads to cleavage of tlgmdXW polycistronic
MRNA, stabilization ofgadXmRNA and, in turn, to accumulation of the GadX protein.
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2.1.3. sRNA mediated sequestration of protein activity

Messenger RNAs are not the only targets of SRNAs. Se#embli SRNAs, and their homologues
in other bacteria, interact with cellular proteins to modulate their activities. ahéggonize the
activity of their target proteins by mimicking the structures of other RNAs oARd thereby
affect transcription, translation or processing of other RNAs. The keswvn examples are 6S
RNA which titrates RNA polymerase and the CsrB/CsrC RNAs which antagtiméz€srA protein.
These RNAs are discussed below in more detail. Furthermore, a plasnudeshRNA was found
to mediate stability of ColE1 plasmids by modulating tryptophanase activify. aoli (Chant &
Summers, 2007). Specifically, Rcd RNA is transcribed from ColE1-plasimidrd which can occur
during replication. Binding of Rcd RNA to tryptophanase leads to a higffiaitgfof the enzyme’s
substrate trypotphan and in turn increased production of indole. Thiesaucell division arrest
and allows more time to resolve plasmid dimers and to maintain plasmids.

2.1.3.1. 6SRNA

6S RNA, one of the most abundant and conserved RNAs in bacteridjratadetected byn vivo
RNA labelling experiments (Hindley, 1967) and subsequently sequencedzaymatic digestion
(Brownlee, 1971), but its gene was identified much later (Efsal, 1985). It is co-transcribed
with the downstreanygfA gene and processed from this dicistronic transcript (tsal., 1985;
Kim & Lee, 2004). 6S RNA accumulates in stationary phase (Bagtcd., 2005) and folds into a
rod-like structure that is required for binding to thé&-containing RNA-polymerase holoenzyme
(Trotochaud & Wassarman, 2005; Wassarman & Storz, 2000). It igititda mimic the DNA tem-
plate of the open promoter complex of RNA polymerase (see Figure 2.3iéwetdt in Wassarman,
2007). Gel-shift experiments showed that 6S RNA interacts withRNA polymerase but is not
associated witlS-RNA polymerase (Trotochaud & Wassarman, 2005). This inducesrmyeha

the holoenzyme’s promoter recognition specificity and inhibits transcriptamn frertains’° pro-
moters, whereas transcription from sowe promoters is increased (Trotochaud & Wassarman,
2004, 2005; Wassarman & Storz, 2000). Recently, it has been shaM8SHRNA not only mimics

an open promoter complex but rather can serve as a template for transcoipiid-20 nt product
RNAs, so-called pRNAs (Gildehau al., 2007; Wassarman & Saecker, 2006). It was suggested
that synthesis of the pRNAs is required for release of the RNA polymérase6S RNA during
outgrowth from stationary phase or increased NTP concentrationsharttbe pRNAs themselves
have a function remains elusive.

Until recently, homologous sequenceskfcoli 6S RNA were only known in the-subdivision

of proteobacteria. However, based on a covariance model of 6S Rdétge, multiple 6S RNA
homologues could recently be identified in more than 100 bacterial specitagease eubacterial
lineages (Barriclet al,, 2005). During this comprehensive screen, a number of abuianitus

and SynechococcuBNAs of previously unknown function turned out to be 6S RNA homologues
(Ando et al,, 2002; Suzumat al,, 2002; Watanabet al,, 1997). Biochemical analysis by others
independently confirmed theBacillusRNAs as 6S RNA homologues (Trotochaud & Wassarman,
2005). Strikingly, although th&. coli 6S RNA and each of the twBacillus 6S RNAs share only

~ 46 % similarity of the primary sequence, key secondary structure elemeahtsrastionally im-
portant residues are conserved. An extended covariance modédi imclades candidates with
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Figure 2.3: Sequestration of protein activity by bacterialsRNAs. (A)DNA in open pomoter conformation
and 6S RNA. Figure adapted from Wassarman (20())The CsrA protein (red circles) binds to hairpins in
MRNAs and thereby in inhibits translation. When CsrB RNA ipressed, multiple stem-loops in the SRNA
bind to CsrA proteins and, thus, sequester protein activityis allows translation of otherwise repressed
MRNASs.

slightly deviating structures predicted hundreds of additional 6S RNAesexgs in diverse micro-
bial genomes (Barrickt al, 2005). Furthermore, an RNomics-based approach lead to the identifi-
cation of an 6S homologue in the hyperthermophilic bacterumifex aeolicugsee Section 2.3.5
and Willkommet al.,, 2005).

2.1.3.2. CsrB, CsrC

In E. coli, two small RNAs, CsrB and CsrC, act as antagonists of the carbon staggglator pro-
tein, CsrA (reviewed in Babitzke & Romeo, 2007). CsrA modulates (usudiipits) translation by
binding to GGA motifs in the 5’ UTRs of certain target mRNAs, including some thaira/olved

in glycogen biosynthesis (see Figure 2.3B). The two conserved RNAsdaegulatory feedback
loop with CsrA protein and, thereby, tightly control the active pool of thetgin (Romeo, 1998;
Weilbacheret al., 2003). Instead of directly acting upon mRNAs, CsrB and CsrC commonly se
quester the abundant RNA-binding protein, CsrA. Both RNAs contain multiigin structures
with GGA sequence motifs in the loops which serve as CsrA binding sites igeeR2.3B and Liu

et al,, 1997; Weilbacheet al,, 2003). Thus, upon increase of CsrB and CsrC levels the SRNAs ef-
fectively sequester the CsrA protein which, in turn, directly modulates mRai#station (Babitzke

& Romeo, 2007). Many bacterial species contain the global regulatéy &swell as homologues

of its two regulatory sRNAs, CsrB and CsrC. These include, for exangdeB, CsrC and CsrD
RNA involved in quorum sensing iMibrio cholerae(Lenzet al., 2005), PrrB RNA, the functional
CsrB homologue in the biocontrol straitseudomonas fluorescelR$13 (Aaronset al,, 2000), the
RsmB RNAs in divers&rwinia species (Litet al,, 1998; Maet al,, 2001), and the RsmY and RsmZ
RNAs fromPseudomona@Heebet al, 2002; Valverdeet al, 2003). Although the described CsrB
homologues from a variety of organisms have little similarity at the primary seguerel, these
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RNAs do share significant similarity at the secondary structure level atie iftequency of occur-
rence of GGA repeats, which are required for CsrA/RsmA recognities Romeo, 1998; Valverde
et al, 2004).

2.1.4. Riboswitches and RNA thermosensors

Riboswitches and RNA thermosensors@ireencoded regulatory elements which are usually found
in the 5’ UTRs of the mRNAs that they regulate in response to environmetalsigor example
stalled ribosomes, uncharged tRNAs, temperature, or small molecule ligavgsyved in Grundy
& Henkin, 2006). Riboswitches are built of an aptamer region which cad aifigand and an
expression platform which regulates gene expression through altersationdary structures. This
can result in transcription attenuation by formation of a transcriptional tetoriioa translational
repression by forming a structure where the RBS is occluded (reviewddndal & Breaker, 2004;
Mironov et al,, 2002). Generally, the aptamers sense and bind metabolite ligands, quatinas,
S-adenosyl-methionine, flavin mononucleotide, or lysine. Recently, an Ri¥&®s of Mg+ was
identified in the 5’ UTR ofngtAmRNA, which encodes an Mg transporter (Cromiet al,, 2006).

In addition to ligand-binding riboswitches, RNA structures can also semspet@ture changes
which lead to refolding of the 5’ UTR and thereby control gene exprassioListeria monocyto-
genesa thermosensor was identified in the 5’ UTRpdfA, encoding an important transcriptional
activator of virulence genes (Johanssbal, 2002). At 30°C, this sensor forms an inhibitory struc-
ture which sequesters the RBS; however, a higher temperature (3&U3)tle an opening of the
stem-loop structure which, in turn, allows translation of the mRNAS&imonellasimilar RNA
thermometers were discovered in the 5’ UTRsIlg@A and agsAmRNAs (Waldminghaugt al.,
2005, 2007).

Most of the riboswitches in Gram-positive bacteria act by transcriptiottahaation, whereas
riboswitches in Gram-negative bacteria mainly repress translation (rediew®lironov et al,
2002). Furthermore, Gram-positive bacteria rely moreissacting riboswitches, contrary to Gram-
negative bacteria for which moteans-acting RNAs are known. For example, tggnSgene is
controlled by a self-cleaving riboswitch in Gram-positive bacteria (Colihal,, 2007; Winkler
et al,, 2004), whereas i&. coli the two above mentionadans-encoded sRNAs, GImY and GImZ,
regulateglmSexpression.

2.1.5. Cis-endoded sRNAs

As mentioned above, the first bacterial antisense RNAs were identifiethemids (reviewed in
Wagneret al, 2002). Many of theseis-encoded plasmid sSRNAs modulate the synthesis of repli-
cation proteinse. g, by inhibition of replication primer formation by RNAI and, thus, control the
plasmid copy number (see Brantl, 2007). Tdieencoded RNAs are transcribed as distinct RNAs
from the opposite strand of their targets, and initial interactions to their tasgetsften medi-
ated by loop-loop interactions and followed by extension of the dupleie(@d in Brantl, 2007).
Othercis-encoded sRNAs from plasmids repress the synthesis of toxic protedrecans plasmid-
addiction molecules or post-segregational killing systems (Geztlak, 1997). The best known
toxin-antitoxin pair is thénok/soksystem of plasmid R1 (Gerdesal., 1990). Toxin-antitoxin sys-
tems that are homologous to the Hok/Sok system have been identified nohquibsmids but also
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in the E. coli chromosome (for a review see Fozbal,, 2008a). Further chromosomally encoded
cis-acting antisense RNAs have been found in cryptic prophages, siR&GtARNA in B. subtilis
(Silvaggi et al, 2005). Recently, several small toxic proteins that are present in mulpies
were identified in thé. colichromosome and were found to be repressedisgncoded antisense
RNAs (Fozoet al, 2008b). Other examples fais-encoded antisense RNAs are SymR RNA in
E. coliwhich is transcribed opposite to the 5’ end of the SOS-induced toxin SymEhaneby in-
hibits translation of its target (Kawarat al., 2007), or the iron-stress repressed IsrR RNA which is
located within thdsiA coding region and was described to control expression of this phatosys
associated protein i8ynechocystiuhringet al., 2006).

Similar to transencoded sRNAscis-encoded antisense RNAs can also mediate discoordinate
operon expression. These include GadY RNA which stabilgaetX mRNA by cleavage of the
gadXWopolycistronic transcript (see Section 2.1.2) Mibrio anguillarum a plasmid-encoded anti-
sense RNA mediates processing of a polycistronic mMRNA. However, in tees SIANA binding
leads to transcription termination after tfe@A gene of thefatDCBAangRToperon and, hence,
reduces expression of the downstreangRTgenes (Storlet al,, 2007).

2.1.6. sRNAs with dual functions

Although sRNAs were for a long time considered to be non-coding RNAgrakesRNAS are now
known to be bifunctional, e. they contain an open reading frame and in addition act as an antisense
RNA. Thus, regulatory RNAs do not necessarily have to be noncodisROne example is the
highly structured RNAIII ofStaphylococcus aurewshich encodes the 26 amino-acid peptide
hemolysin in its 5’ part and modulates the expression of two other virulenoesge g, spaand
hla, through base-pairing of its noncoding regions with the mRNAs (Bo&sdt 2007; Huntzinger

et al, 2005; Novicket al,, 1993). InE. coli, the 227-nt long SgrS RNA, which is expressed during
glucose-phosphate stress, was shown to contain an 43 amino acid ORFufgstream of the
nucleotides that are involved in the antisense function of this SRNA (Wad\é@ar&erpool, 2007).
SgrS was previously shown to block translation of fisG mRNA encoding a sugar-phosphate
transporter by means of a base-pairing dependent mechanism redb@iRINA chaperone Hfq
(Kawamotoet al., 2006; Vanderpool & Gottesman, 2004). It was suggested that Sgniorces
the regulation by SgrS by independently downregulating glucose uptall@dstly or indirectly
inhibiting the PtsG transporter (Wadler & Vanderpool, 2007).

2.2. Additional factors involved in gene regulation by bacterial SRNAs

Small regulatory RNAs in bacteria either pair with mRNA targets or modify protetivities.
Moreover, they often act in ribonucleoprotein complexes. Proteins ttextaict with the sSRNAs
can possess catalytic activity, induce conformational changes of thA,sftNhbe sequestered by
the sRNA to prevent the action of the protein. The current knowledgeeofdhous proteins that
interact with RNA regulators and the physiological implications of sSRNA-pnot®@mplexes in
DNA, RNA and protein metabolism, as well as in RNA and protein quality cont®lraviewed
in Pichon & Felden (2007). Here, the role of the key players Hfg andra¢\RNases in SRNA-
mediated regulation in bacteria is introduced.
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2.2.1. The Sm-like protein Hfq

In bacteria, the majority of the SRNAs base-pair with target mMRNAs to reguletettnslation
and/or decay and these regulatory events commonly require the bactar{&nsith antigen)-like
protein, Hfg. Hfg is a 102 amino acid protein that was first identifieEsicherichia colias a host
factor required for phage @RNA replication~ 40 years ago (Franze de Fernandeal, 1968).
Hfqg is now known to have important physiological roles in numerous modgtieha (Valentin-
Hanseret al, 2004). Almost half of all sequenced Gram-negative and Gram-posjpieeies, and
at least one archaeon, encode an Hfqg homologue (Nielsaly 2007; Suret al,, 2002). InE. coli,

it is a highly abundant protein with estimated 50,000 to 60,000 copiel0(000 hexamers) per
cell, the majority being associated with ribosomes and a minor fraction with theamdi¢lszam
et al, 1999; Franze de Fernandetzal,, 1972; Kajitaniet al, 1994). The crystal structures of Hfg
proteins fromStaphylococcus aureSchumacheet al, 2002),E. coli (Sauteret al,, 2003), and
Pseudomonas aerugino@dikulin et al, 2005) revealed that Hfq is an Sm protein. The eukaryotic
and archaeal Sm and Sm-like (Lsm) proteins form heteroheptameric mggra central compo-
nents of RNP complexes involved in diverse aspects of RNA metabolism inglsplicing and
MRNA decay (reviewed in Wilusz & Wilusz, 2005). . coli and related bacteria, Hfg forms
homohexameric rings and preferentially binds A/U-rich single-strandgidns preceded or fol-
lowed by a stem-loop structure (reviewed in Brennan & Link, 2007). $tdtdeast two major RNA
binding sites, a proximal site, first identified in the crystal structur8.@ureuddfq bound to the
hepta-oligoribonucleotide, AYJ(Schumacheet al,, 2002), and a distal site which binds poly(A)
tails (Brennan & Link, 2007).

The importance of Hfg for SRNA-mediated regulation was first evident idissuon OxyS RNA
(Zhanget al,, 1998). By now it is known that Hfqg interacts with most of the regulatory ARIss
well as diverse mRNAs (Sittket al., 2008; Zhanget al,, 2003) and is required for the intracellular
stability of many regulatory sRNAs (Valentin-Hansenal, 2004). Hfq turned out to have an
RNA chaperone activity as structure changes have been obsenszhie SRNAs€. g. OxyS and
Spot42) and mRNAsg( g. sodBandompA in structure probing experiments (Geissmann & Touati,
2004; Moll et al, 2003). Furthermore, it was found that Hfq possesses ATPaseitgcitiich
might be related to its chaperone function (Sukhodolets & Garges, 2B&)ently, a plausible
ATP-binding site in Hfq was identified by biochemical and genetic technigunekit was suggested
that ATP binding by the Hfg-RNA complex results in its significant destabilizai#otuison et al.,,
2007D).

The proposed role of Hfg in SRNA-mediated posttranscriptional reguléitmfacilitate the gen-
erally short and imperfect base-pairing between sRNAs and their mRIgattafKawamotet al,,
2006; Lease & Woodson, 2004; Mikuleclet al., 2004; Mglleret al, 2002; Zhanget al, 2002,
2003). Recent fluorescence resonance energy transfer (FREdi¢s showed that Hfg enhances
RNA annealing and promotes strand exchange by binding rapidly to both & rpoS mRNA
(Arluison et al,, 2007a; Rajkowitsch & Schroeder, 2007). Although it is known that bifgls to
sRNAs and several mRNAs, the mechanisms by which Hfg promotes intemcéorain unclear.
Due to its chaperone acitivity it could promote base-pairing by opening thien® of pairing or
facilitate base-pairing by increasing the local concentrations of the ititegad@NAS (Storzet al.,
2004). In addition, it is unclear whether one Hfq hexamer binds the sRNIAERNA simultane-
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ously or if one hexamer binds the sRNA and a second hexamer the mRNA&hddlhexamers
could be brought together via interactions between the hydrophobis K&ckumachest al., 2002;
Storzet al,, 2004).

Contrary to most sRNAs from Gram-negative bacteria which are deperafe Hfgq, SRNA-
mediated regulation in some Gram-positive bacteria has been shown to fualstiorithout Hfqg.

For example, althougB. aureusHfq binds RNAIII, it has no detectable effect on RNAIllI-target
MRNA complex formation, as the RNAs interact rapidly and do not requirdiftpeir annealing.
Furthermore, théafq gene is transcribed very weakly in multiple strains of this bacterium and an
hfg deletion strain has no detectable phenotypic effects on virulence (&adin 2007; Geisinger

et al, 2006). Likewise, the small RNA SR1 and its targbtC were shown to bind Hfg; however,
Hfg was not required to promohrC/SR1 complex formation but to enable the translatioaloiC
MRNA (Heidrichet al., 2007).

In addition to its role in regulation of gene expression in a concerted maritteiSRNAS, Hfqg
can also act alone as a translational repressor of mMRNA (Urban & V@0e8; Vytvytskaet al,,
2000). Moreover, it can modulate the decay of some mRNAg, by binding to their poly(A) tails
and stimulating polyadenylation or protecting messages from polynucleotid®pbrylase (PNP),
RNase Il, and RNase E by sequestering binding sites for these RNrdieb¢net al., 2005, 2003;
Hajnsdorf & Regnier, 2000; Mohantgt al, 2004). Hfq has also been found to autoregulate its
own expression at the translational level, and roles of Hfg in tRNA bicgjsri@ve recently been
described (Lee & Feig, 2008; Scheibeal, 2007; Vecerelet al, 2005). Besides binding RNAs,
Hfq interacts with several components of the ribosome, degradosomeeasrcatular machines
that are involved in RNA metabolisne. g, RNase E, PNP, poly(A) polymerase | (PAP I) (see
Section 2.2.2, or RNA polymerase in a ribosomal protein S1-dependenteméukhodolets &
Garges, 2003).

The pleiotropy of arnfgdeletion mutant was first apparent from the multiple stress responsedrelate
phenotypes irk. coli, including decreased growth rates, increased sensitivity to ultravioldt ligh
mutagens and oxidants, and increased cell length (@isal., 1994). Moreover, aimfg mutation
changes expression of more than 50 proteins which is partly reflectecelnediiced efficiency
of translation off(poSMRNA, encoding the major stress sigma factot,(Brown & Elliott, 1996;
Muffler et al, 1996). However, Hfq clearly influences bacterial physiology in a moucader
fashion, including ther®-independent control of virulence factors in diverse pathogenitebiac
(Christianseret al, 2006; Dinget al, 2004; Fantapgiet al., 2009; Meibomet al,, 2009; Nakao

et al, 1995; Robertson & Roop, 1999; Sharma & Payne, 2006; Sonnlatrad; 2003). A strong
impact on virulence as well as other stress-related phenotypes webakwed for &almonella
hfg deletion strain (see Section 2.6.1.1 and Sitgkal, 2007).

2.2.2. Ribonucleases

Besides the RNA-chaperone Hfq, several ribonucleases (RNasesjvolved in sSRNA-mediated
regulation in bacteria and have been shown to influence the processinturaover of these
molecules (Viegast al, 2007). Since RNases are key modulators of RNA decay, the identification
of the RNases that contribute to the decay of individual SRNAs is esséti@lmore general un-
derstanding of SRNA turnovém vivo (reviewed in Viegas & Arraiano, 2008). For example, poly(A)
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polymerase | modulates RNA stability by adding poly(A) tails to the 3’ end of RNAEh promote
efficient exonucleolytic degradation (Hajnsdetfal., 1995; O’Hareet al,, 1995; Sarkar, 1997; Xu
& Cohen, 1995). PAP | can be a main factor involved in mRNA decay butalasshown to affect
stability of SRNAs such as GImY (Urban & Vogel, 2008). In addition, Hfq waspurified in an
sRNA-independent manner with PNP and PAP |, two components of thadlzgyme (Mohanty
et al, 2004).

One of the major endoribonucleasesrcoliis RNase E which is a single-strand specific endori-
bonuclease with a main role in mMRNA decay but being also involved in the miogesf riboso-
mal and transfer RNAs (Arraiano & Maquat, 2003; Carpousis, 20@gnier & Arraiano, 2000).
RNaseE is also one of the main enzymes forming the degradosome, a multipatgiex in-
volved in the decay of many RNAs (Carpoustsl, 1994, 1999). It cleaves single-stranded regions
of structured RNAs and has a preference for 5’ monophosphate tesmdnAU-rich sequences of
RNAs (Owet al, 2003). RNase E is not ubiquitous in bacteria but functional homolodri¥ase

J1 and J2, were identified Bacillus subtilis(Evenet al,, 2005). Besides a role in decay of sin-
gle RNAs, RNase E is important for coupled SRNA-mRNA degradation (Wdshkinet al., 2005;
Mas< et al, 2003; Moritaet al,, 2005). Specifically, RNase E was found to co-purify together
with two sRNAs, SgrS and RyhB, and Hfg and leads to degradation of theAnRidetsptsG
andsodB(Morita et al., 2005, 2006). In contrast to the degradosome, these specializedclbon
oprotein complexes do not contain PNP, enolase, and the RhIB RNA heligeseover, the Hfg
binding site of RNase E was identified in the C-terminal scaffold domain whidsasraquired for
RyhB-mediated degradation s6dBmRNA (Masg et al,, 2003). It was proposed that Hfg and the
degradosome components, except enolase, compete for RNase E hititieg-terminal scaffold
domain. Overall, the RNase E-Hfg-sRNA RNP complex leads to translatiepe¢ssion and rapid
target mMRNA degradation. However, Hfq binding in the absence of REasel RNA-RNA inter-
action itself are sufficient to mediate translational repression, destabilizatidrdestruction of the
target mMRNA (Makiet al,, 2008; Moritaet al., 2006).

Another RNase which is involved in post-transcriptional regulation by battsRNAs is the
double-strand specific RNase lll. This ubiquitous RNase plays multiple iolthe processing of
rRNA and mRNA (Nicholson, 1999) and can also affect the decay of soRNAs (Regnier &
Grunberg-Manago, 1990; Santetsal, 1997). Interestingly, maturation of eukaryotic siRNAs and
miRNAs is mediated by members of the RNase Il family, namely, the double-sseuific en-
zymes Dicer and Drosha (Bernsteghal, 2001). InE. coli, an antisense interaction between the
SOS-induced small RNA IstR-1 and its targisdBwas found to entail RNase IlI-dependent cleav-
age and thereby inactivates the mRNA for translation (Vegal.,, 2004). Furthermore, the decay of
RyhBin vivowas shown to be mainly dependent on RNase Il in contrast to the RNdspdéiident
turnover of its targesodBmRNA. Cleavage of RyhB by RNase ih vitro is facilitated upon base-
pairing with thesodB5’-UTR (Afonyushkinet al, 2005). Moreover, RNase Il is important for
regulation of several virulence factors by RNAIII 8taphylococcus aureyBoissetet al,, 2007;
Huntzingeret al, 2005). In this case, coordinated action of RNase Il is essential tadeghe
MRNA and irreversibly arrest translatiamvivo.
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2.3. Approaches for the identification of bacterial SRNAs

Due to the diverse functions that are associated with the different stesand features of SRNASs it

is difficult to find a universal method that would allow to detect all classafRdfAs. The detection

of ncRNAs by biochemical and genetic methods is quite difficult becausé\sRi¢k character-
istic features like a poly(A)-tail and have mostly only a small size making them atpoget for
mutational screens. Computational identification is also difficult; conventjonaain-gene find-
ing programs search for features like open reading frames and exon/lmundaries, which are
irrelevant to ncRNAs. The first SRNAs were identified fortuitously usiegeagic screens or through
radiolabelling of total RNA and isolation from gels (Wassarneaal., 1999). Four initial system-
atic screens itfc. coliin 2001 and 2002 revealed more than 50 new sRNAs and generatedran eve
longer list of SRNA candidate loci (Argamaet al, 2001; Cheret al, 2002; Rivaset al, 2001;
Wassarmaret al, 2001). Up to now, several experimental and bioinformatics-basemagipes
have been developed and have led to the identification of SRNAs in a wide drbacteria, in-
cluding several pathogens (see Table 2.1). Some of these appredtblesvill be explained in the
following and include.e. g, bioinformatics-based prediction strategies, shotgun-cloning of RNA
(RNomics), hybridization on microarrays or co-immunoprecipitation with Hfgrtlfermore, the
different identification strategies of SRNAs in diverse bacteria are suip@thin several reviews
(Altuvia, 2007; Hittenhofer & Vogel, 2006; Livny & Waldor, 2007; Pichon & Felden, 80%ogel

& Sharma, 2005).

2.3.1. Direct Labelling

The first bacterial small RNAs, other than tRNAs and 5S rRNA, wereddmngel-fractionation
of metabolically labelleck. coli total RNA (Griffin, 1971; Hindley, 1967; Ikemura & Dahlberg,
1973a,b). These studies used radio-labelled orthophosﬁ'ﬁﬂ@f(‘) which is readily taken up by
growing bacteria and incorporated into nucleic acids. Following such treatiogal cellular RNA
was isolated, separated by gel fractionation, and selected bandstsrsspoenced by digestion
with nucleases (fingerprinting) after excision from the gel. This appradentified the housekeep-
ing RNAs, RNase P RNA, tmRNA, and SRP RNA, as well as other abunéguiatory RNAs
such as 6S RNA, and Spot42 RNA. Instead of tedious nucleaseiiiarg assays, the sequence
of isolated RNAs can also be determined by rapid cDNA cloning and Saegeescing. Some
abundant sRNAs are already detectable by various staining prototaiseparation on polyacry-
lamide gelse. g, SRP RNA (Andcet al, 2002; Suzumat al,, 2002) as well as the two 6S RNA
homologues oBacillus subtiliscould be visualized after treatment with ethidium bromide.

In vitro labelling of extracted total RNA at 5’ or 3’ termini provides an alternativeedo metabolic
or in vivo labelling. This approach employs either T4 polynucleotide kinaseyafiéP] ATP for
labelling 5’ termini, or T4 RNA ligase anff?P] pCp for labelling the 3’ end. Labelling efficiency
can vary significantly for the two termini in a given RNA pool due to second®NA structures
which can affect the accessibility of the 5’ or 3’ end to be labelled, or dukddunctional group
at the 5’ end of sSRNAs. 5’ RACE (rapid amplification of cDNA ends) expents have suggested
that many primary sRNA transcripts retain a 5’ triphosphate which, unlessved, will preclude
labelling (Argamaret al, 2001; Vogelet al., 2003).
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Table 2.1: Systematic SRNA screens in diverse bacteria.

Bacterium

Strategy

| Reference

Gram-negative bacteria

Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Salmonella typhimurium
Salmonella typhimurium
Salmonella typhimurium

Prochlorococcus marinys
Synechococcus sp.
Prochlorococcus marinus
Borrelia burgdorferi
Vibrio cholerae

Aquifex aeolicus
Pseudomonas aeruginos
Pseudomonas aeruginos
Sinorhizobium meliloti
Sinorhizobium meliloti
Sinorhizobium meliloti
Caulobacter crescentus

biocomputational

biocomputational
biocomputational
RNomics

direct cloning
biocomputational
biocomputational

Hfg co-immunoprecipitation,
deep sequencing
biocomputational

microarrays
biocomputational
biocomputational
RNomics

a biocomputational

a biocomputational, RNomics
biocomputational, microarrays
biocomputational
biocomputational
tiling array

biocomputational, oligonucleotide array

Hfq co-immunoprecipitation, microarray|

Argamanet al,, 2001
s Wassarmaiet al, 2001
Rivaset al, 2001
Chenet al, 2002
Vogelet al, 2003
sZhanget al,, 2003
Kawanoet al., 2005a
Pfeifferet al,, 2007
Padalon-Brauckt al., 2008
Sittkaet al,, 2008

Axmannet al., 2005

Steglichet al.,, 2008
Ostberget al, 2004
Lenzet al,, 2004
Willkomm et al., 2005
Livny et al,, 2006
Sonnleitneet al., 2008
Ulvéet al, 2007

del Valet al,, 2007
Valverdeet al.,, 2008
Landtet al,, 2008

Gram-positive bacteria

Staphylococcus aureus
Bacillus subtilis

Listeria monocytogenes
Listeria monocytogenes
Streptomyces coelicolor
Streptomyces coelicolor

biocomputational
biocomputational, microarray
Hfq co-immunoprecipitation
biocomputational
biocomputational
biocomputational, SRNA cloning

Pichon & Felden, 2005
Silvaggiet al., 2006
Christianseret al,, 2006
Mandinet al., 2007
Paneket al.,, 2008
Swierczet al,, 2008

Archaea

Archaeoglobus fulgidus
Sulfolobus solfataricus
Haloferax volcanii
Haloferax volcanii

RNomics
RNomics
biocomputational, RNomics
RNomics

Tanget al., 2002
Tanget al., 2005
Soppeet al,, 2009
Straubet al,, 2009

2.3.2. Genetic screens

Several sSRNAs, such as MicF and DsrA, were identified during genedilyses of protein factors
that modulated certain physiological activities. Specifically, in a study of gretic basis for
regulation of the twde. coli outer membrane proteins, OmpC and OmpF (Mizehal, 1984), it
was observed that multiple-copy plasmids carrying a 300 bp DNA segméimé onpCpromoter
blocked OmpF expression. Analysis of the insert sequences of thesuig¢arevealed the above
mentioned first member of the classtainsencoded antisense RNAs, MicF RNA.
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Similarly, a mucoid phenotype led to the discoverykotcoli DsrA RNA. When studying factors
involved in capsule synthesis, such as the positive regulator RcsA, fowad that multi-copy plas-
mids carrying a region downstream of tfesA gene caused capsule overproduction. Subcloning
of this region resulted in the isolation of the noncoditgrA gene. DsrA was further shown to
antagonizéhnsmRNA translation by an antisense mechanism which finally explained the mucoid
phenotype of multi-copylsrA plasmids; under normal conditions, the histone-like protein, H-NS,
silences thecsAgene. Overproduction of DsrA decreases H-NS levels, which atesgsA re-
pression and leads to elevated capsule polysaccharide synthesie éLeds 1998; Sledjeski &
Gottesman, 1995 and references therein). The observation that Bsré@iso act as an activator of
rpoSexpression (see Section 2.1.2) initiated a genetic screepd&regulating SRNAs. Majdalani

et al. (2001) transformed a pBR322-based plasmid librarg.afoli genomic DNA fragments rang-
ing in size from 1.5 to 5 kb (Ulbrandit al., 1997) into a strain that harbouredroS::lacZreporter
gene (translational fusion) and a mutatisitAlocus. Screening for colonies exhibiting enhanced
(-galactosidase activity then led to the discovery of RprA RNA (Majdataai., 2001). Similarly,

the E. coli CsrC and thé®. fluorescen€srB homologue, PrrB RNA, were discovered in functional
screens for genes affecting glucan biosynthesis (Aaebras, 2000; Weilbacheet al,, 2003). In
summary, multi-copy plasmid libraries are a valuable tool for identifying SRN#iscdten provide

an immediate link to a physiological function. However, some sRNAs might be tdxénwloned

on a multi-copy plasmid or regulate only under specific conditions and, heiltbe missed in a
screen.

Besides overexpression of SRNAs based on plasmid libraries, chrambstactivation by random
transposon insertion mutagenesis can help to find SRNA genes respdositertain phenotype.
For example, transposon insertion mutagenesiraayrhizobium japonicurted to the identifica-
tion of thesragene which encodes a 213 nt sSRNA that is essential for symbiotic nodiggenent
(Ebelinget al,, 1991). In addition, GImZ, which was previously known as RyiA or SraARN
hitherto unknown function (Argamaet al, 2001; Wassarmaat al., 2001), was identified as an
activator forgImSmRNA in a transposon mutagenesis screen for insertions that abolish the high
glmSexpression in ghbJmutant (Kalamorzt al., 2007; see section 2.1.2). Fortunately, only a few
SRNAs seem to be essential, namélycoli RNase P RNA and SRP RNA (see Wassarragal.,
1999) as well adleisseria gonorrhoeaegnRNA (Huanget al,, 2000). However, some sRNAs can
be essential under certain stress conditions such as the DNA damagedixiR locus ofE. coli,
encoding two regulatory SRNAs, cannot be deleted in SOS constitutivess(kéogelet al., 2004).
Another caveat regarding gene-disruption based sRNA screeningtjgitie to the comparatively
small size of SRNA genes, a transposon is five to ten fold more likely to disrppbtein-coding
region than an sRNA gene, assuming an average size of bacterial @RE90 bp & 960 nt in

E. coli, Blattneret al,, 1997).

2.3.3. Biocomputational screens

Computer-based annotation of bacterial genome sequences has lmelemdstad by several pro-
grams for the prediction of protein-coding genesy. GLI MVER (Delcheret al,, 1999; Salzberg
et al, 1998). Such programs for prediction of mMRNA genes search for trgekirpossible read-
ing frame and are frequently supported by the existence of orthologuetated bacteria and by



20

CHAPTER 2. Biological Background

the occurrence of putative ribosome binding sites in the vicinity of the prebd&ttt codon. As
mentioned above, sSRNA genes lack such characteristic identifiers andgéhef @omputational
methods to discover novel bacterial SRNAs is difficult. The ever-inangasumber of completed
bacterial genome sequences has greatly facilitated computer-basedssiahes at the genomic
level. The three pioneering studies that aimed at SRNA identificati&néoliwere primarily based
on comparative genomics of closely related enterobacteria suéhtgghimuriumand Yersinia
pestisand on prediction of orphan transcription signals in intergenic regiorgafAaret al., 2001,
Wassarmaeet al., 2001; Rivast al, 2001).

The prediction strategy used by Argametral. (2001) was based on the characteristics of the ten
E. coli sSRNA genes known at the time (Wassarnaral., 1999). Upon extraction of intergenic
regions (IGRs) from the annotat&d coli genome, promoters that would match the consensus se-
quence recognized by the vegetative sigma facté?, were predicted. Furthermore, the IGRs
were inspected for strong Rho-independent transcriptional termin&ocsli IGRs that contained

a promoter and a terminator on the same strand and within a distance of 50 p #@éselected
and compared to the genomes of Samonella typhimurium, Yersinia pestigdKlebsiella pneu-
moniaeby BLASTN searches. Conserved IGRs were extracted based on statistically aigiific
alignment scores. Finally, the genomic locations of SRNA candidates walgaéxd;. e. putative
SRNA genes that were oriented in opposite direction to both adjacent gemesl higher because
these could not be conserved mRNA leaders or trailers. Overall, thecpoadstrategy led to 23
putative SRNA genes of which 14 could be verified as new sRNAs on Biortbiots.

A similar approach was taken by Wassarneaml. (2001) who extracted ak. coli IGR sequences
longer than 180 bp, compared thenSRalmonellaandKlebsiellalGRs, and evaluated transcription
signals and sRNA gene orientation for those with a high degree of segeenservation. Fur-
thermore, these predictions were supported by expression analysitat¥@ sRNA transcripts on
E. colimicroarrays. Finally, 23 of 59 final SRNA candidates were confirmed amnh¢rn blots. Of
these, 17 were considered to be new sRNA genes. The remaining sixectassified as small
protein-coding genes based on reading frame conservation and s$enpeeof putative Shine-
Dalgarno sequences.

Rivaset al.(2001) introduced a conceptual change by scoring conservatioNAfsecondary struc-
ture rather than of primary sequence. For this purpose, they combinetiusé prediction with
comparative analysis d&. coli, SalmonellaandKlebsiellagenomes. The implemented program,
QRNA, searches for mutational patterns in pairwise sequence alignmehtsahial distinguish
conserved RNA secondary structure from the background of othresetved sequence elements
such as transcription factor binding sites. In contrast to the patternsiohggous codon substi-
tutions in conserved protein-coding regions, structural RNAs arealedehrough compensatory
mutations that are consistent with maintaining predicted secondary struktomersgs. QRNA pre-
dictions inE. coli yielded a total of 275 candidate RNAs. Of these final candidate genegerd
assayed experimentally, and 11 of these were found to express smadripés under the sin-
gle growth condition examined. Many sRNAs are known to be expressddtiorary phase or
under specific stress conditions; thus, a broader set of growth corg{fogamanret al,, 2001;
Wassarmaret al., 2001) may be likely to increase the number of confirmed candidates.
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The three initial screens mainly relied on conservation of SRNA genes aohlasgly related bac-
teria. However, sometimes genome sequences are not yet availabléated rfeacteria or it is
desired to identify species-specific SRNAs. Another sRNA seardh @oli that relied solely on
transcription signal prediction went into this direction (Cle¢al, 2002). Here, the search strategy
was based on the prediction ef%-type promoter/ Rho-independent terminator pairs in IGRs that
lie on the same strand within a distance of 45 - 350 bp. After removal of petshiert protein-
coding genes and orphan tRNA genes, short leaders, tRNA/rRNAoodesgments, or known
SRNA genes, this study ended up with 144 final candidates, and seveheaight candidates ex-
amined on Northern blots were found to be new sRNA species. Interestnmglgre ten of the forty
sRNAs known at the time were recognized by the search algorithm. An autsRIMA screening
procedure for the extraction, selection and visualization of candidats &R been implemented
in the software package ‘Intergenic Sequence Inspector’, or li8hdR & Felden, 2003). This
program filters IGRs according to variable input parameters, includirgfilesr GC content, and
can select those with significant sequence conservation among phgtimgdly related bacteria.
Besides all previously characteriz&dcoli SRNAs, ISI identified additional candidateskncoli
(Antal et al, 2005) and also in the Gram-positive bacteri@taphylococcus aurey®ichon &
Felden, 2005).

Two additional bioinformatic approaches to identify SRNAgircoli were conducted. Cartet al.
(2001) developed a machine learning approach that made use of netwarks and support vec-
tor machines to extract the shared features of known sRNAs for thécpoadof new candidates
in several prokaryotic and archaeal genomes. Similar to QRNA (Rivasl@dyF2001), this ap-
proach seems to be less dependent on prior knowledge of the speciggie features of a
given organism. The underlying algorithm employs both compositional paeasni@ucleotide and
dinucleotide composition) and structural motif parameters to discriminate fuatf®iAs from
random noncoding sequences. The screen prediet®f0 novel SRNA candidates in tie coli
genome which await experimental verification. More recently, boostedtiggorogramming was
used to create sRNA classifiers in order to select noncoding functidwaldequences from inter-
genic sequences which predicted several new sRNA candidatesof8aetl., 2005).

Biocomputational approaches were also successfully applied to scaartbmgs of entirely unre-
lated bacteria, including four marine cyanobacteria ofRhechlorococcus-Synechococdireage
(Axmannet al.,, 2005). It has been shown that thermodynamic stability values derivatitfre con-
sensus folding of aligned related sequences allow effective predidtfanational RNAs (Washietl
& Hofacker, 2004; Washie#t al., 2005). Based on this strategy, Axmaetral.(2005) scored align-
ments of IGRs that are conserved among tliReschlorococcuggenomes and ongynechococcus
genome using\L| FOLDZ (Washietl & Hofacker, 2004; Washiegt al, 2005). Expression analy-
sis of the highest scoring candidate regions under various growthtsass onditions confirmed
seven new sRNAs iRrochlorococcus marinyseveral of which had homologues in the other three
strains. In addition, these searches also uncovered new cyanddda&@$eRNA orthologues, e. in
addition to the 6S RNA-like genes previously reported in otBgnechococcustrains (Watanabe
etal, 1997).

The successful use of bioinformatics to identify SRNAs in bacteria otherEheoli has been lim-
ited by the lack of well-defined promoter consensus sequences in mogspEowever, several
groups have recently demonstrated that SRNA genes can be predietedvigirout putative pro-
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moters or transcription factor binding sites. For example, the search strté¢nldor group used
only sequence conservation of IGRs and predictions of Rho-indepéterminators. This led to
the successful identification of several sRNAsMibrio choleraeand Pseudomonas aeruginosa
(Livny et al,, 2005; Livnyet al, 2006). Furthermore, the same group conducted genome-wide an-
notations for putative SRNA-encoding genes in the intergenic regionewdre diverse pathogens
using theirsRNAPr edi ct 2 program (Livnyet al, 2006). In total, they predicted more than 2700
previously unannotated candidate SRNA loci in diverse bacteria whisteVver, await experimen-
tal verfication. Recently, the extension to kingdome-wide predictions amotations of intergenic
sRNA-encoding genes in the 932 bacterial replicons in the NCBI datgirasicted more than
45,000 candidate loci (Livnet al, 2008). Though, how many of the candiates are real SRNAs
remains to be tested.

Despite this high number of predicted candidates, probably diverse gfeNés have been missed
in predictions. For example, each of the existing SRNA gene finders idaut@aientify all the
experimentally validated SRNA genes, indicating that all thesslico methods have limitations.
Furthermore, most of the prediction strategies were initially designed fdigiens inE. coli with
serious limitations and the need for adjustments to apply them to other genomesovigto they
are often limited to intergenic regions. Recent studies using a hidden Mar&del| (Yachiect al,,
2006) enabled identification of SRNAs in protein-coding regions, but #féaiencies need to be
improved.

2.3.4. Identification of SRNAs by transcription factor binglisites

Several sSRNAs have been identified due to the presence of specificripion factor binding sites
in their promoter regions. For example, an sSRNA searc¥itmio genomes used many features of
the priorE. coli screens and added yet another layer (Lenal, 2004). Based on some previous
observations, the Bassler group assumed that one or more unknowis siRNId be responsible
for an Hfg-dependent regulation of the quorum sensing master regulatdr. As further results
indicated that such SRNAs would be activated by the sigma factgra computer-based method
was developed to scavibrio choleraelGRs for pairs ofo>* binding sites and Rho-independent
terminators. Combination with conservation analysis in two oWifano species led to the discovery
of four novel sSRNAs that are almost identical and conserved in all ihuestigatedvibrio species.

Similarly, Pseudomonakomologues of thé&. coli RyhB RNA were discovered by functional ev-
idence that pointed to the involvement of a hidden sRNA (Wildertaal.,, 2004). In many bac-
teria, iron homeostasis is controlled primarily by the ferric uptake regulato),(& transcriptional
repressor. However, some genes, including those involved in irorgstosee positively regulated
by Fur. E. coli RyhB RNA was found to be repressed by Fur, and derepression aRN& un-
der iron-limiting conditions allows downregulation of several mMRNAs by an antis mechanism
(Mas® & Gottesman, 2002). TheghB gene, along with its promoter and Fur binding site, is well
conserved in enterobacteria but could not be foundlsaudomonas aerugingsanother organism
in which positive regulation by Fur had been observed and left unexqadi@chsneet al, 2002).
However, a biocomputational approach based on pattern searcliagfoonsensus binding site in
IGRs combined with predictions for Rho-independent terminators identifiedRiyinB homologues
in P. aeruginosgWildermanet al,, 2004). These sRNAs are more than 95% identical to each other
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and are expressed in a Fur-dependent manner. In addition, PrfRrdf2 RNAs show a stretch of
complementarity with the translation initiation regionssidBmRNA, further suggesting that these
newly discovered sRNAs are functional homologues of RyhB.

In Streptococcus pneumonifiee SRNAs were fortuitously identified during analysis for CiaR bind-
ing sites, which is part of the two-component regulatory system CiaRH riidalhet al, 2007).
These small RNAs, designated csRNAs ém-dependent small RNAs, are non-coding, between
87 and 151 ntin size, and show a high degree of similarity to each othersUdpigsts that system-
atic screens for transcription factor binding sites could be used to ideptisl BRNAS. In addition
this would immediately provide a link to the expression conditions of the SRNA medaghint of

its function.

2.3.5. RNomics

Shotgun cloning of RNA (also termed experimental RNomics) led to the disgofdérundreds of
noncoding RNAs in several eukaryotes and archaebacteria (seexdmple, Hittenhoferet al.,
2001; Markeret al, 2002; Tanget al,, 2002, 2005; Yuaret al., 2003). Typical RNomics proto-
cols include a size-fractionation step of total RNA on polyacrylamide gdlsyfed by directional
cDNA cloning of the gel-extracted RNA and sequencing of the resultingridgsa This method
of randomly cloning as many small RNA fragments as possible aims to compietigriden-
tify RNAs that are expressed from a given genome under a giverf senditions, irrespective of
whether they are primary or processed transcripts.

In the two shotgun cloning studies conductedErcoli to date the RNA size range was either
50 - 500 nt (Mogekt al,, 2003) or 30 - 65 nt (Kawanet al, 2005a). Following size-fractionation,
individual cDNA libraries representing two or three distinct growth pbagere constructed, based
on earlier observations that maBycolisSRNAs are expressed in a growth-rate specific mareey. (
Argamanet al, 2001; Wassarmaet al., 2001). In the first study, extracted RNA was C-tailed with
poly(A) polymerase, followed by reverse transcription and constructi@bNA libraries (Mogel
et al, 2003). Individual library clones (10,000) were spotted on highsdefilters and hybridized
with a mix of rRNA and tRNA probes to exclude such clones from furthenstaidd cDNA clones
that passed this test were sequenced. This identified, in addition to sRiNSS,geagments of
MRNA leaders and trailers that accumulated as distinct SRNAs, as well assegugnces derived
from within coding regions. Because cDNA cloning was directional, s¢wéthe sequences could
be classified as antisense transcripts of mRNA coding regions.

The cloning strategy of Kawaret al. (2005a) was more similar to that used to discover eukaryotic
mMiRNAs (Elbashiet al., 2001; Lagos-Quintaret al., 2001; Lawet al,, 2001; Lee & Ambros, 2001).
Here, the extracted small-sized RNA fragments were ligated to specific 53'aR#NA adapter
molecules, reverse-transcribed, and PCR amplified. Prior to cloning,ntpéfigation products
were concatenated in order to increase the sequence information péduadiiibrary clone. This

led to the detection of 5’ UTR-derived and 3’ UTR-derived sSRNAs al agris-encoded antisense
RNAs encoded opposite to protein coding genes. Beygarubli, a bacterial RNomics screen was
conducted inAquifex aeolicusa hyperthermophilic bacterium (Willkomet al., 2005). Shotgun
cloning enabled the detection of about half a dozen sRNAs candidatas, fsom the intergenic
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space and some that were antisense RNAs. With the exception of hopiseke®NAS, these can-
didates were the first to be described in hyperthermophilic eubacteria @inded theA. aeolicus
6S RNA homologue.

A major limitation of the RNomics approach is the need to evaluate a large numbequérsces
and an overrepresentation of the highly abundant rRNAs and tRNAs eDxN4 libraries. Further-
more, less structured RNAs are more easily transcribed into cDNA andeheould be overrep-
resented in the libraries. Expression of most SRNAs is often limited to spewifictiy conditions.
Thus, it will remain difficult to select all possible growth conditions to rec@lesRNAs encoded
in a bacterial genome. The strength of cloning-based approaches iatihigyr to identify SRNAs
from intergenic regions that are not conserved in species relatédctdi, e. g. Salmonellasince
such candidates would not rank highly in screens having SRNA gerseo@ition as the main cri-
terion. Furthermore, they allow detection@$-encoded antisense RNAs which were a prominent
class of small RNA molecules found by Kawaabal. (2005b). The methodology could also be
improved in some aspects, g, by affinity-based removal of rRNA from the total RNA pool prior
to cloning. In addition, the combination of RNomics with the recently developdu-thigpughput
sequencing technologies will facilitate analysis of cDNA libaries in more dethithermore, it
avoids the bacterial cloning step and allows parallel sequencing of lisrfaom different growth
conditions. The use of deep sequencing technologies to analyse cDIdAd&and recent studies
which employ this approach will be discussed in Chapters 5 and 6.

2.3.6. Homology searches

Since many of the globd. coli SRNA screens took advantage of sequence conservation in related
enterobacteria (Argamagt al., 2001; Wassarmaast al, 2001; Rivaset al, 2001), most of the
SRNAs that were identfied i. colihave also homologues in related species su@almonellaand
Yersinia(Hershberget al,, 2003; Papenforet al., 2008). However, comprehensiBe AST analysis
of more than one hundred completed bacterial genomes did not yield sigh#eguence similarity
for most of these 5%. coli SRNAs beyondrersinia pestigGriffiths-Jone<t al,, 2005; Hershberg
et al, 2003). Conservation of SRNA flanking genes decreases with phystigalistance which, in
turn, suggests that an sSRNA gene is more likely to be found in distantly relateerta when both
flanking genes are also conserved. The observed correlation le$R&&\ gene conservation and
the evolutionary distance of organisms was subsequently confirmed bgepeindent study (Zhang
et al, 2004). Interestingly, SRNA and protein-coding genes were founddlve at the same rate in
bacteria. In contrast, tRNA genes tend to be more conserved than otf@nigeregions, and loci
of unknown function evolve much faster than the average.

Recent studies indicate that functional SRNAs often lack significantesegusimilarity. For ex-
ample, thek. coli CsrB and CsrC RNAs show only little sequence conservation to their fuattion
homologues ivibrio (Lenzet al, 2005). Similarly, the functional homologues of the Fur-regulated
sRNA RyhB inE. coli (Mas® & Gottesman, 2002) andseudomonagWildermanet al, 2004)
share only little sequence similarity. Moreover, heholeraeRyhB is more than twice as long as
theE. coliRyhB and the actual sequence similarity betwEeooli andVibrio is limited to a central

28 bp region (Davit al., 2005).
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2.3.7. Microarray detection

Microarrays have become the method of choice for monitoring mRNA expregsofiles at the
genome level and were also successfully used for studying SRNAssipneor even for finding new
SRNA transcripts. However, as most of the commercially available arraylinsited to ORFs and

at best include tRNA and rRNA genes, custom arrays which includeegrspecific to IGRs often
have to be designed. Selingsral. (2000) introduced a high-density oligonucleotide probe array for
E. colithat covers also IGRs of 40 bp in addition to strand-specific probes for all mMRNA, tRNA,
and rRNA regions. Although this study primarily focused on the sensitivityraproducibility of
MRNA level profiling, it provided preliminary data on some intergenic and amisd&RNAs that
were secondarily detected.

Similarly, Tjaderet al.(2002) used a whole genome array and identified more than 1,000 additional
transcripts in the intergenic regions of thecoli genome and further classification reveate800

novel transcripts with unknown function. The same study, however, asigds the need to validate
initial microarray results by independent experimental techniques sulloréisern hybridization

or RNase protection assays. Wassarmial. (2001) supplemented their biocomputational SRNA
prediction by using the same type of array and specific analysis of theenfertganscriptional
output.

The combination of microarrays with comparative genomics has led to the idatidifiof diverse
SRNAs inE. coliandStaphylococcus aurepuas well as SRNAs under sporulation controBiacillus
subtilis (Wassarmaret al., 2001; Pichon & Felden, 2005; Silvagei al., 2006). Recently, several
novel Caulobacter crescentusRNAs could be identified by analysis of RNA expression levels
assayed using a tileGaulobactermicroarray and a protocol optimized for detection of SRNAs
(Landtet al., 2008). In the cyanobacteriuRrochlorococcusanalysis of RNA from different stress
conditions on Affymetrix microarrays revealed in addition to several neMAsgenes and antisense
transcripts many new short mRNAs that are expressed from intergegianse(Steglichet al,
2008). Moreover, the sRNAs were found to be clustered in previousiytified genomic islands
which carry genes of significance to the ecology of this organism.

Although microarrays have been successfully used for SRNA identificatiey have some dis-
advantages. These include the limited availability of high-density arraysifersg bacteria or
problems inherent to labelling and cDNA synthesis of small structured RNAs tosed as sam-
ples on microarrays. These RNAs could easily be missed on arrayiabp# the resolution
of probes is not high enough. Recent studies report the use of aier®RINA detection methods
which could circumvent this problem (Het al., 2006; Zhanget al,, 2003). In one of these ap-
proaches, Zhangt al. (2003) immunoprecipitated the Hfq protein (see below, Section 2.3.8) and
directly detected the sRNAs bound to this protein on microarrays with highitgfénd nucleotide
sequence-independent antibodies specific for RNA:DNA hybrids.s@hee antibody was used by
Hu et al. (2006) to detect unmodified RNA which was hybridized directly to DNA micrags.
The antibody-based method turned out to detect low abundance small RNA<E. coli much
more efficiently than the commonly-used cDNA-based method.
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2.3.8. Co-purification with proteins

Many sRNAs are assumed to form RNP complexes with proteins. These énBibid-binding
proteins which help an sRNA to fold into its active conformation, shield it frardleases prior to
reaching a target, or promote its annealing with target mMRNAs, such as egS@ction 2.2.1).
Other sRNAs interact with proteins to directly regulate their activity (see Seetib.3). There-
fore, several SRNAs have been discovered by co-purification withaddnt RNA-binding proteins.
These include CsrB RNA dt. coliand RsmZ RNA ofPseudomonas fluorescewsich were co-
purified with their target proteins CsrA and RsmA, respectively (Haeth, 2002; Liuet al,, 1997).
As mentioned before, the genes of the CsrB-like RNA family show pooresemusimilarity. Hence,
co-purification with interacting proteins could be an alternative strategfirfding sRNAs whose
primary sequences have diverged to an extent that they are uniddatfieBL ASTN searches.

To date, Hfq is the best characterized sSRNA binder and has beenssegde interact with more
than one third of the sSRNAs known I&. coli (Valentin-Hanseret al, 2004; Zhanget al,, 2003).
Immunoprecipitation of Hfg followed by microarray detection of the RNAs lwbtmthe protein
was recently employed as a new screening approach. In this way, hatfea diew sRNAs were
found in E. coli (Zhanget al, 2003). Similar approaches for finding Hfg-binding sSRNAs have
been taken in the bacterial pathogéigteria monocytogend€hristianseret al,, 2006) andPseu-
domonas aeruginoséSonnleitneret al, 2008). The latter study constructed cDNA libraries of
RNAs which were co-immunoprecipitated by Hfg and subjected them to shatguimg, whereas
the Hfg-binding RNAs were identified by enzymatic RNA sequencing. Sipeeiss-specific Hfq
antibodies may not always be available, affinity tags like FLAG or (Hxsdvide epitopes that can
be targeted by specific antibodies.

A genomic SELEX approach which would in principle cover all SRNAs thatancoded by a given
genome was recently reported by the Schroeder lab (Leeeak, 2006). Here, a representative
library of theE. coligenome was constructed from random sequences of 50 - 500 bpr(Biraie
1997). These fragments weirevitro transcribed with T7 RNA polymerase, incubated with Hfq,
and selected for Hfg binding on filters. This approach has the advatiiagé circumvents the
need of an sSRNA to be expressed under the examined conditions asriigsriRNASN vitro.

2.4. Target identification and verification of bacterial SRNAs

The previous section introduced diverse approaches for the idetitificf SRNAs and indicated

the presence of many sRNA genes in bacterial genomes which await fuactizaracterization.

For this purpose, diverse experimental and biocomputational methoe$¥ban developed to iden-
tify the cellular targets of SRNAs (for reviews seeg, Pichon & Felden, 2008; Vogel & Wagner,
2007). However, identification of SRNA targets is only the first step intional elucidation of an

sSRNA, andin vivo validation of target regulation is a crucial step. This can be achievedveyaie

approaches.

Generally, sSRNA-mediated alteration of mMRNA or protein levels can be monitorédorthern or
Western blots, respectively. Sometimes antibodies are not available f@igndted target and,
therefore, chromosomal or plasmid borne translational reporter gsimmn$y for example ttacz,
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which encodegi-galactosidase, have been used to examine target regulation. Receeplyriar-
gene system based on green fluorescent protein (GFP) was del/&édogiedy sRNA-target inter-
actions inE. coli and also distant bacteria (Urban & Vogel, 2007). This system is baséa@mn
plasmids in which both the sSRNA and target-mRNA fusion are expressed ood&ol of a con-
stitutive promoter and are, thus, uncoupled from any transcriptionataioihis system provides
a convenient way to examine post-transcriptional target regulation aed Qints whether targets
are regulated directly. However, the most appreciated proof for atdiRMdA-mRNA interaction
are compensatory base-pair exchanges. Mutations in either the intersitdion the SRNA or the
target site should abolish regulation, whereas compensatory mutations igitestehould restore
regulation (Altuvieet al, 1998; Bouvieret al,, 2008; Kawamotet al., 2006; Majdalanet al., 1998;
Papenforet al, 2008; Udekwtet al., 2005; Vogelet al.,, 2004).

Furthermorein vitro experiments can help to validate interactions between two RNAs and provide
insights into the mechanism of action of SRNA-mediated regulation. Thesedcal experi-
ments include determination of binding affinities by gel-shift assays afro transcribed RNAs or
exact mapping of interaction sites by footprinting experiments using enzynmabmg or lead(ll)-
induced cleavage (reviewed in Chevalaral, 2009). Moreover, SRNA-mediated inhibition of
translation initiation can be investigated in ribosome toeprinting assays which mfonitzation

of the ternary initiation complex on dn vitro transcribed mRNA fragment (Altuviat al., 1998;
Chenet al,, 2004; Hartzet al,, 1988; Huntzingeet al., 2005; Udekwet al., 2005). Overall, there

are a variety of possible strategies to validate putative mRNA targets. Tapsan@ddition, help

to assess the specificity of the diverse approaches for target idditificaroduced below.

2.4.1. Experimental approaches

2.4.1.1. Proteomics

Perhaps the most direct way to identify putative targets of bacterial sRiN#fssanalyse protein
patterns in an sRNA deletion or overexpression strain on 1D- or 2D-@alads or spots of dif-
ferentially expressed proteins can be excised from the gels and ahddysmass spectrometry.
For example, comparison of &h coli wild-type strain to an isogenigcvB mutant strain revealed
changes in the levels of several ABC transporter proteins (Urban@tsi, 2000). Specifically,
the gcvBmutant shows increased levels of the periplasmic transporter proteins, OppA, Gltl
and LivK. Similarly, OmpA turned out to be upregulated in deletion mutant of tHéAsRrrA

in V. choleraewhen whole-cell protein profiles were compared by SDS-PAGE (&bmad, 2008).
For some sRNAs, deletion is not enough to reveal changed proteinsnafaitt, overexpression
is necessary to induce changes in the protein patterrs. dali, this strategy identified for exam-
ple OmpA as a target of MicA RNA upon overexpression of the SRNA fromudticopy plasmid
(Rasmussenrt al,, 2005; Udekwtet al., 2005). Similarly, overexpression of Spot42 RNA reduced
synthesis of the GalK protein, which is translated from the polycistrgalE TKM mRNA (Mgller
et al, 2002), or the GImS protein is upregulated when GImY RNA is overexpressddnet al.,
2007).

One limitation of the proteomics approach is that based on either reducedeased protein level
when the sRNA is lacking or is overexpressed it can not be distinguishether the regulation
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is direct,i. e. interaction between the sRNA and the mRNA encoding the protein, or indii@ct v
additional regulators. Furthermore, the number of individual proteinsspobands that can be
resolved is relatively low. However, if an sRNA inhibits only translation aogsinot lead to
mMRNA degradation, regulated genes can still be identified by proteomics daleeted protein
levels but not based on analysis of mMRNA levels on microarrays.

2.4.1.2. Microarrays

The sRNA-mediated activation or repression of translation is often aceuethay changes in
MRNA levels. This can be explained by changes of mMRNA stability due to recmiitofiékNases
such as RNase E or RNase Il upon duplex formation or simply highessitxiy for RNases on
MRNAs that are less associated with actively translating ribosomes. Trerséveral approaches
have used microarrays to monitor mMRNA changes upon sRNA regulatioex&oiple, comparison
of MRNA extracted from strains carrying a control vector and an oygession vector for DsrA
RNA on filter-based DNA arrays revealed several genes that amr gownregulated (Leas al.,,
2004). Similar to analysis of global changes in protein patterns, this methad &ble to distin-
guish between directly and indirectly regulated targets. For this purpogkse’-expression of a
given sRNA from an inducible promoter, such as the tightly controlled aoakiinducible pBAD
promoter (Guzmaeet al., 1995), was used recently. This strategy is likely to avoid the pleiotropic
effects that can be expected to result from constitutive SRNA expresaipulse of induction and
analysis of mMRNA changes on microarrays after a short time interval (tjypi@ to 15 min) is
likely to reveal mainly direct targets and avoid downstream effects. Tinetede alterations of
additional targets after longer induction timesef,g, a transcriptional regulator is a direct target
of the sRNA. Several sRNAs froi. coli and Salmonellahave now been characterized using this
approach. In one of these initial studies, genes regulated by RyhB RIEAcoli were identified
by pulse-expression of RyhB from a strong inducible promoter andrerof changes in global
MRNA levels on whole-genome microarrays. For RyhB, this method predi@ediditional tar-
get mRNAs encoding for 56 proteins most of them with documented functiansrirmetabolism
(Mas< et al,, 2005) making RyhB a paradigm for a conserved principle of SRNA-nbedlicontrol

in a given physiological circuit, here iron homeostasis. The same apgpreas successfully used
to identify RybB RNA as a factor that selectively accelerates the decay tipleumajor outer
membrane protein (OMP) mRNAs upon induction of the envelope stressnaspoSalmonella
(Papenfortet al, 2006). Furthermore, two tandem oriented, nearly identical SRNAs, CancA
OmrB, were found to repress an overlapping set of mMRNAs that enattéde membrane proteins
(Guillier et al,, 2006).

2.4.1.3. Co-immunoprecipitation of direct interaction partners

Many of the bacterial SRNAs require the activity of the RNA chaperorgewiiich facilitates the
often imperfect base-pairing interactions between sRNA and mRNA (se®©$e.2.1). There-
fore, co-immunoprecipiation of RNA bound to Hfg could reveal potential rARErgets. Co-
immunoprecipitation with Hfg-specific antisera and direct detection of thedBINAS on genomic
high-density oligonucleotide microarrays were combined in an initial globd/stuE. coli (Zhang

et al,, 2003). Although this method successfully detected diverse sRNAs aitasiiR E. coli,

similar studies in other bacteria are limited by the requirement of high-densityaniays and spe-
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cialized antibodies. An alternative approach identified individual almindé&g-associated RNAs
by cDNA cloning or direct sequencing (Antat al,, 2005; Christianseat al., 2006); however, these
methods are not appropriate for large-scale analyses. Although fh@@oroprecipitation strategy
recovers putative SRNA-regulated mRNAs, the actual SRNA-MRNA painain unclear.

Two groups have tried to capture direct mRNA interaction partners usingRN& as a bait. The
first study immobilized complexes of His-tagged Hfg and RydC RNA on a nmddelmn and incu-
bated them with the pool of extracted cellular mRNA (Argahl, 2005). RNAs that were retained
on the column, were eluted, converted into cDNA and sequenced. This tkd tdentification of

the polycistronicyejABEFMRNA which encodes a putative ABC transporter as a target of RydC.
The second study uséulvitro transcribed and biotinylated RseX RNA, bound to streptavidin mag-
netic beads, to capture mRNAs frol coli total RNA extracts (Douchiret al, 2006). Affinity
captured RNAs were converted to cDNA, fluorescently labelled, anddigbd ontoE. coliwhole-
genome microarrays. This revealed the outer membrane protein encodingswoRipAandompC

as RseX targets.

Capture of direct interaction partners can also be applied to RNAs whiglester protein activity.
For example, RNA affinity chromatography was used to identify tryptopseaa the direct target
of the plasmid-encoded Rcd RNA (Chant & Summers, 2007; see sectioi. 2alv8ro transcribed
Rcd RNA was cross-linked to sepharose, incubated ®itboli cell lysates, and MALDI spec-
troscopy of retained proteins revealed TnaA as a direct interactiongpartiRcd. A recent study
purified and identified SRNA-binding factors frobn coli via affinity chromatography of aptamer
tagged sRNAs and mass spectrometry (Windbichled., 2008). This recovered RNA polymerase
beta-subunit, host factor Hfq and ribosomal protein S1 as sRNA-bingliogeins in addition to
several other factors. Also iBalmonellaRNA-based affinity chromatography can be successfully
used to purify SRNAs following their expression as aptamer-tagged ¥anmvivo and to co-purify
Hfg (Saidet al,, 2009, submitted). These affinity purification strategies should facilitate dfee- is
tion of in vivo assembled sRNA-protein complexes in a wide range of bacteria.

2.4.2. Biocomputational target predictions

The enterobacterial SRNAs exhibit short and/or imperfect complementaribeir target(s). Fig-

ure 2.4 gives two examples for experimentally verfied sSRNA-target irtierec Nine residues

of RyhB sRNA interact with a region overlapping the start codosafBmRNA (Geissmann &
Touati, 2004), and OxyS sRNA targeftdA mRNA through the formation of two short kissing
complexes of nine and seven basepairs, respectively (Argaman & AlRB0D). Systematic mu-
tational analysis of SgrtsGRNA duplexes revealed that six residues of this interaction are key
to mediating SgrS repressionpisGmMRNA (Kawamoteet al,, 2006). This limited sequence com-
plementarity has rendered the identification of new sRNA targets difficultf@ritie majority of

the sRNAs studied to date, a single mRNA remains the only experimentally valideget! ta

For some sRNAs, targets could be identified by sinBIl&ASTN searches. These include interac-
tions between MicC andmpCmRNA as well as IstR-1 witlisABmRNAs which form rather long
duplexes (Cheet al, 2004; Vogelet al,, 2004). However, to identify short and imperfect interac-
tions more complicated algorithms are required. These could include featiofesis minimization
of hybridization energies, minimal lengths for seed interactions, cortgamaf the interaction in
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¢! fhIA mRNA
>

Figure 2.4: Examples for sSRNA-target mRNA interactions. (A RyhB-sodBmRNA. RyhB interacts with

its targetsodBmRNA by base pairing across the start codon and therebyitahilanslation (Geissmann
& Touati, 2004). The interaction between the two RNAs is ragetl by Hfg, which induces a structural
rearrangement of theodB5’-UTR. (B) OxyS{fhIA mRNA. OxyS represses translationfofA mRNA by the
formation of a loop-loop kissing complex (Argaman & Altuy2000). The complex involves two interaction
sites of 7 and 9 bp. One site in OxyS mediates base-pairifgarshort sequence overlapping the ribosome
binding site and a second site pairs with residues furthendtream within the coding region tflA mRNA.
Start codons are indicated in red, the SD sequenfi@AmMRNA in blue, respectively.

related bacteria or location of the target site around the RBS and stant.codbile several ap-
proaches have been described for identifying targets of miRNA genaskaryotes (Brennecke
et al,, 2005; Grimsoret al,, 2007; Kreket al, 2005; Rajewsky, 2006; Rehmsmeadral.,, 2004),
only a few programs have been developed for the prediction of bacs&MA regulators. One
approach that was successfully applied to itieA-ompAregulation searches for SRNA comple-
mentarities in sequence windows containing translation initiation sites, allowingontiguous
pairing, and the candidate target is compared to reiterated searchestéa tedateria (Udekwu
et al, 2005). Another computational tool was developed for the predictiorRdfistargets in
Listeria monocytogeneand a set of validated sRNA-target mRNA pairs was used as training set
(Mandinet al, 2007). Furthermore, the program scores thermodynamic pairingiesdretween
an sRNA and putative mRNA targets, and genes are selected accordieq thilities to pair with
the sSRNA around the translational start and stop sites. This algorithm {meédieveral targets in
L. monocytogenesowever, it is not available as a webserver.

The only web-based prediction tool that is so far available for bactenigktegpredictions is
Tar get RNA (Tjaden, 2008). This program calculates optimal hybridization scoregelea an
sRNA and all the mRNAs from a given genome, focussing around theldtamal start sites
(Tjadenet al., 2006). The underlying model for hybridization scoring is based oMy br i d
algorithm which was developed for the prediction of miRNA targets (Rehmsmaeiak, 2004).
FurthermoreTar get RNA allows to investigate orthologous SRNA-mRNA interactions. The per-
formance ofTar get RNA has been validated experimentallyBncoli using Northern Blots and
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microarray analysis (Tjadeet al., 2006). Several other programs have been developed to predict
RNA-RNA interactions which could be helpful to identify SRNA targets. Eieglude algorithms
for the prediction of secondary structure of two interacting RNA molecujeBd® energy min-
imization (Alkanet al, 2006), or theRNAup software which allows to determine binding free
energies of short oligomers to mMRNA targest by computing probabilities ofjaesee interval
to be unpaired (Nicksteinet al, 2006). RNAcof ol d computes the hybridization energy and the
base-pairing pattern of a pair of interacting RNA molecules and, in contr&strlier approaches,
accounts for complex internal structures in both RNAs (Berngtzat., 2006). Furthermore, it was
suggested that other criteria such as target site accessibility and seedtiotex could improve
predictions (Busclet al,, 2008; Tafer & Hofacker, 2008). Zharmg al. (2006) described a new algo-
rithm for identifying negatively regulated targets, which incorporatesdifferent features: struc-
ture of the sSRNAs, Hfg-binding sites, the 5’ end of MRNAs, loop-centréelnsion alignments, and
conservation profiles.

Despite this number of different approaches, the likelihood of detectirtgealhRNA targets of a
given sRNA by computational methods is still low as several known interactionld not be pre-
dicted by these tools. Furthermore, these computational methods still haviewrdpecificity. In
this regard, a combined approach of experimental identification and biatatigmal prediction of
interactions would probably be most effective in finding SRNA targetsei@proteins have been
shown to be closely associated with bacterial SRNA function and strucresgewed in Pichon &
Felden, 2007). In contrast to the majority of enterobacterial SRNAs wagtlas antisense regula-
tors, some sRNAs have been found to directly interact with proteins andamita their activity
(see Section 2.1.3). Currently, these interactions can be detected onkpényneental methods
(Section 2.4.1.3). Therefore, the computational prediction of direct sBi#ein interactions is
one of the next challenges.

2.5. Multiple targeting by sSRNAs in bacteria

Although the number of functionally characterized sRNAs and biochemiceatified sSRNA-target
interactions is still lagging behind the number of newly identified SRNAs, thegeawing evi-
dence that sSRNAs regulate rather multiple targets than individual mMRNAs anebthreprogram
gene expression at the post-transcriptional level (reviewed in Rap&nf/ogel, 2009,in press.
For example, OxyS sRNA was early observed to alter the steady-statedéxel® abundank. coli
proteins (Altuviaet al, 1997). Similarly, pioneering work oB. coli DsrA revealed that such mul-
tiple target regulation can be directe. this SRNA directly interacted with more than one mRNA
(Leaseet al,, 1998; Majdalanét al,, 1998). Nevertheless, evidence for direct interactions of SRNAs
with multiple mRNAs has been rare in enterobacteria and has come primarily fvestigations of
RNAIII of the Gram-positive pathogeBtaphylococcus aureBoissetet al., 2007). As previously
mentioned, RNAIII is a bifuncional molecule that encodesemolysin in its 5’ part while it also
acts as a noncoding regulatory RNA (Section 2.1.6). Many of the mRNAs mignaded to be direct
targets ofS. aureusRNAIIl encode bacterial virulence factors and a shert4Q-nt) region within
the 514-nt RNAIII facilitates base-pairing to multiple mMRNAs (Boisstedl., 2007; Geisingeet al.,
2006; Huntzingeet al., 2005).
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Recently, several new targets with functions in iron metabolism of the uessed RNA RyhB
were identified on microarrays upon pulse-expression of the SRN/AS@et@n 2.4.1.2). How many

of these genes are directly regulated by RyhB is yet to be seen. Atdedbtde targetsodB, uof-

fur, and shiA base-pairing interactions have been experimentally verified so fargi@Gais &
Touati, 2004; Pevostet al,, 2007; Vecerelet al,, 2007). Some of the targets are repressed by RyhB
(sodB, uof-fuy, whereashiAis activated.

In bacteria, thesF (envelope stress sigma factor) response counteracts the accumulatigoldéd
outer membrane proteins in the periplasm, and two sRNAs, MicA and RybE feand to halt
OMP synthesis when porin production threatens outer membrane homeuwstasighis regulon
(Papenfortet al, 2006). In this circuit, the 80 nt RybB sRNA, which is transcriptionally ingldic
by oF (Papenforet al., 2006), is the most globally acting OMP regulatoiSafimonellaas revealed
upon pulse-expression and analysis of mMRNA changes on microaseg$éction 2.4.1.2 and Pa-
penfortet al, 2006). Repression of several OMPs is mediated by base-pairing withi th€Rs

or coding regions obmptarget mMRNAs; these RNA interactions are generally short and imperfect,
and involve the conserved 5’ end of RybB sRNA (Bouwral., 2008; Mikaet al., 2009, sub-
mitted). Pulse-expression combined with microarray analysis revealed thadaitional, nearly
identical SRNAs, OmrA and OmrB, repress an overlapping set of nRNA&titnde OMP<=. g,
the outer membrane protease, OmpT, and the specific gated channelsfsideocophore com-
plexes, CirA, FecA, and FepA. (Guilligt al., 2006). Specifically, the first nine nucleotides from
the 5’ end, which are conserved beydacoliandSalmonellawere recently shown to harbour crit-
ical residues to directly recognize multiple target mMRNAs (Guillier & Gottesma@d@R0All these
recent studies indicate that diverse sRNAs are able to directly regulate lendiétiget mRNAs.
However, the understanding of the underlying mechanisms is just begir®iregof these multiple
target regulators, GevB RNA, which is conservedEircoli andSalmonellawill be investigated in
Chapters 3 and 4 of this thesis.

2.6. Model pathogens used in this study

2.6.1. Salmonella enteric&erovar Typhimurium

Salmonellais a Gram-negative bacterium closely relatedEt@oli K12. Unlike the latter, which
are non-pathogeni&almonellaspecies are ubiquitous human and animal pathogens that cause a
variety of food-borne infections such as gastroenteritis or typhoid.fele invade and replicate

in eukaryotic cellsSalmonellarelies upon a range of laterally acquired virulence regions, the so-
calledSalmonellgpathogenicity islands (SPIs). Of these, SPI-1 and SPI-2 encode typer@tion
systems (T3SS), which translocate effector proteins to facilitate eitheligmvanon-phagocytic
cells (SPI-1) or survival within macrophages (SPI-2). The secreffedtors are encoded by SPI-1
or SPI-2, by other minor SPIs, or by individual genes scattered thiautgheSalmonellachro-
mosome. Sequence analysisS#Imonella typhand Salmonella typhimuriungenomes revealed
the presence of many insertions compared toEheoli genome. More than 25 % of the total
genetic material has been laterally acquired siBabmonelladiverged fromE. coli (Porwollik &
McClelland, 2003). The evolutionarily close relationship wihcoli and the pathogen-specific as-
pects maké&almonellaan attractive candidate for RNA research. The auxiliary proteins (asete
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RNA chaperones) typically involved in RNA-based circuits are highly eored between the two
species. Besides conserved sRNAs frlaneoli, the Salmonellaspecific regions could encode for
new sRNAs or other RNA elements whose function would be miss&danli.

2.6.1.1. Hfq phenotype

Perhaps the strongest evidence that sSRNAs could have important fsict®almonellas derived
from work on the RNA chaperone Hfg. The numbers of phenotypeslaretjulated genes observed
in anhfqg deletion mutant oSalmonellaexceed those reported for any other pathogen. Deletion of
hfqhas for long been known to impair the expressiond{Brown & Elliott, 1996), a general stress
sigma factor essential f@almonellavirulence in mice (Fangt al., 1992). More recently, ahfq
mutation was shown to attenuate invasiorsafmonellanto epithelial cells, secretion of virulence
factors, infection of mice, and survival inside cultured macrophagigtkd®t al., 2007). Loss of
Hfq function also abolisheSalmonellamotility and deregulates more than 70 abundant proteins.
This includes the accumulation of outer membrane proteins, which in turn chrssc activation

of the oE-mediated envelope stress response (Batraj., 2005; Bosskt al., 2008; Figueroa-Bossi

et al, 2006; Sittkeet al,, 2007, 2008). Given that Hfg primarily acts in concert with sSRNAs, many
of the above mentioned phenotypesSalmonellamay be attributed to loss of gene regulation by
Hfg-associated sRNAs. Moreover, Hfg was implicated in the contr8dfnonellagyene expression
changes induced by the low gravity condition experienced during sjgatdfiVilsonet al,, 2007).

2.6.1.2. SalmonellasRNAs

Many of theSalmonellasRNAs were initially identified irk. coli (see Hershbergt al,, 2003; Pa-
penfortet al, 2008). However, the horizontally-aquireésalmonellaspecific regions could encode
novel sSRNAs or other RNA elements that are abseil.icoli. Recently, two bioinformatics-based
studies predicted sever&hlmonellaspecific SRNAs (Padalon-Braueh al,, 2008; Pfeifferet al,
2007). Pfeifferet al, 2007 searched for “orphan” pairs @f%-type promoters and Rho-independent
transcription terminators in the intergenic regions (IGRs) ofSaknonellaL T2 genome which led
to the prediction of 46 sSRNA candidates. These sRNA genes are abseri fcoli K12 but most

of them have homologues in the relatively dist&aimonellaspeciesS. bongori This screen led
to the discovery of the first SRNA from an enterobacterial pathogenidéwpdsi. e. the 80 nt InvR
RNA that is expressed from the invasion gene locus SPI-1 (Pfeiffer, 2007). The second study
examined the genetic islands &lmonellafor the presence for putative SRNA geneg, those
IGRs that were> 100 bps and showed80% identity to their most similar sequencelincoli K12
(Padalon-Brauclet al., 2008). The predictions, which were also based upon serachesgptoaro
Rho-independent terminators, resulted in 28 sRNA candidate geneghelNoblot analysis con-
firmed expression of 19 island-encoded sRNAs, now denoted Isr (Atd), under a large panel
of growth conditions reminiscent of the environments encountere8abyonellaupon host cell
infection (Padalon-Braucht al, 2008). In addition, several validated SRNAs were shown to be
differentially expressed updBalmonellanfection of macrophages. The function of these sRNAs
is yet to be elucidated. A significant number of them overlap with the 5° om@seof ORFs,
and modulate the expression of these flanking ORFs or are in turn aflectise same genes.
Overall, both studies predicted additior&imonellasRNA candidates that remain to be verified
experimentally.
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2.6.2. Helicobacter pylori

The human pathogedelicobacter pyloriis the major cause of chronic superficial gastritis as well
as peptic ulcer disease and furthermore leads to the development otad#noma and mucosa-
associated lymphoid tissue (MALT) lymphoma of the stomach (reviewed in Blh868). More-
over, approximately 50% of the world’s population are infected with this menmgzhilic and
spiral-shaped, Gram-negative bacterium of ¢hgroteobacter group. ThEelicobacterspecies
colonize the stomach of their hosts and are highly adapted to this acidic eneinbn Sequenc-
ing and annotation of the small and compact 1.67 Mb genomes of thiyggdori strains, namely,
26696, J99 and HPAG1, showed thdglicobacterfeatures a very restricted repertoire of tran-
scriptional regulators such as sigma factors, two-component systenasreandesponse regulators
(Alm et al, 1999; Ohet al, 2006; Tombet al, 1997). SpecificallyHelicobactercontains only
three sigma factors, Rpo>{°), FliA (¢28), and RpoN §**), only three two-component systems
involved in transcriptional regulation, and two additional orphan respoegulators. The ArsRS
two-component system has been shown to be involved in gene-expressiwol during the acid-
response (Pflockt al., 2006). However, in order to cope with the various stresses it enasunte
during infection.e. g, pH and nutrient fluctuation$]. pylori must have mechanisms to regulate the
transcription of its genes.

2.6.2.1. Small regulatory RNAs id. pylori

Several systematic screens have led to the identification of SRNAs in elibarteria (see Sec-
tion 2.3). However, no regulatory sRNAs have so far been describeeélinobacterand none of
the known enterobacterial SRNAs, except for the highly conserveddi@eping RNAs, tmRNA,
RNase P RNA, SRP RNA, are conservedHalicobacteron the primary sequence level (see for
exampleRf ant database). Moreover, biocomputational screens failed so far to firl RNA
(Section 2.1.3.1) homologue in thesubdivision of proteobacteria, a highly abundant RNA which
could be identified in almost all groups of proteobacteria (Bareckl., 2005; Willkommet al,,
2005). InHelicobacter neither an Hfg nor an RNase E homologue have been described Sufar (
et al, 2002; Tombet al, 1997). ThusHelicobacterwas often regarded as an example of a bac-
terium without any riboregulation. However, regulatory RNAsHalicobactermight have other
characteristics and functions than typical enterobacterial SRNAs amgl, ¢buld involve different
RNA-binding proteins from Hfg. Furthermore, SRNAs have been ricatentified in Streptococ-
cus a bacterium which also lacks Hfg (Halfmaehal,, 2007). Similarly, although Hfq is absent
from 10 of the 12 sequenced strains of the cyanobacteftonhlorococcusseveral SRNAs have
been identified by comparative genome analysBrichlorococcustrain MED4 which also lacks
Hfg (Axmannet al, 2005). A recent study based on microarray expression profilingytegh the
presence of many additional SRNA genes as well as several antisbi#&® iR the same strain
(Steglichet al,, 2008). As a first hint that riboregulation is also preseniimpylori, Livny et al.
(2006) predicteds 50 sSRNA candidates but without any experimental validation.

L www. sanger . ac. uk/ Sof t war e/ Rf anl



CHAPTER 3

MULTIPLE TARGETING OFABC
TRANSPORTER MRNAS BY GcvB sRNA

The interactions of numerous regulatory small RNAs (sSRNAs) with singletangRNAs have been
characterized extensively. In contrast, how sRNAs can regulate mulgpleturally unrelated
MRNASs is less understood. The majority of 480 enterobacterial SRNAs of known function are
antisense RNAs that repress trans-encoded target mMRNAs. ManyssRiigk the ribosome bind-
ing sites (RBS) of their target, thus inhibiting ribosome entry on mRNA (see $e2tiol). Since
the half-life of bacterial mMRNAs is strongly affected by the association withsoimes (Deana &
Belasco, 2005), translation inhibition is often coupled to the decay of thessgd target. g,

by accelerating RNase E-mediated mRNA turnover (Section 2.2.2). BeshlaselE, the bacte-
rial Sm-like protein Hfg has been identified as a key player in this type oflatosal silencing
(Section 2.2.1).

Enterobacterial SRNAs have been shown to bind via short and/or incpdrdse-pairing to their
target mMRNAs. For example, nine residues of RyhB sRNA interact sadtBmRNA and OxyS
SRNA targetghlA mRNA through the formation of two short kissing complexes of 9 and 7 bp, re-
spectively (Section 2.1.1). Due to this limited sequence complementarity, the ickitifi of new
SRNA targets is difficult, and for many of the sSRNAs studied to date, a singleAnRhiains the
only experimentally validated target. However, it was early recognizedstitaeE. coli SRNAs,
e. g, DsrA and OxyS RNA, could regulate multiple genes and, in addition, résecdmputational
and experimental approaches predicted more sRNAs to target multiple mRBASEction 2.5).
For example, pulse expression of sevetatoli and SalmonellasRNAs followed by global tran-
scriptome profiling showed the rapid depletion of many mRNAs (Section 2.4.TI2. kinetics
of target decay observed in these experiments strongly argues thagthated mRNAs are direct
SRNA targets.

Multiple mRNA targeting by sRNAs could help bacteria to balance differentstiaptional re-
sponses at the post-transcriptional level in response to stress ageshemnutrient availability.
This additional layer of gene expression control could mediate the edatémn of mRNAs that
belong to different transcriptional regulons. However, only a fewatineteractions of SRNAs
with multiple mRNAs have been biochemically characterized in enterobacteribi€G& Gottes-
man, 2008; Leaset al, 1998). Insights into the mechanistic aspects of multiple-target regulation
have primarily come from investigations of RNAIII of the Gram-positive pg#rtStaphylococcus
aureus(Boissetet al., 2007).
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Figure 3.1: Genomic location and expression aBalmonella GevB RNA. (A) The Salmonella gcvBene
is encoded in thgcvA-ygdlintergenic region in opposite orientation to these latigr jenes(B) Northern
blot (autoradiogram) showingcvB expression in nutrient-rich (L-broth) or nutrient-linmig (M9) media.
Total RNA was prepared frorSalmonellawild-type (strain JVS-0007) grown to exponential phase §6D
of 0.4, lanes 1 and 5), early stationary phase gL, lanes 2 and 6; O, 2, lanes 3 and 7), and late
stationary phase cells (lanes 4 and 8). GcvB was detectédyWiP-labelled oligonucleotide JVO-0749
complementary to the GevB 5’ region. Marker sizes are shanthe left. 5S rRNA probing (panel below)
confirmed equal RNA loading.

In this Chapter, GecvB sRNA oBalmonella entericaerovar Typhimurium has been studied and
turned out to directly act upon multiple mRNAs which commonly encode periplasmbistrste
binding proteins of ABC uptake systems for amino acids and peptidesgdiiggene was orig-
inally identified inE. coli and is controlled by G¢evA/GevR, the major transcription factors of the
glycine cleavage system (Urbanowskial., 2000). AgcvBdeletion caused constitutive synthe-
sis of OppA and DppA, periplasmic binding proteins of the two major peptide geahsystems
(Abouhamackt al., 1991; Higgins & Hardie, 1983), which are normally repressed in nutrieh
growth conditions. Gene fusion experiments indicated that GevB regrdggpdandoppAat the
post-transcriptional level, yet the molecular mechanism remained elugivarfbwskiet al., 2000).
Furthermore, the pleiotropic naturefcoliandYersinia gcvBnutants (McArthuet al, 2006; Ur-
banowskiet al., 2000) and biocomputational predictions (Tjad#ml., 2006) suggested that GcvB
may have additional mMRNA targets.

This section provides biochemical and genetic evidence that a congBfdedch region within
GcvB mediates translational repression of seven ABC transporter mRNMsG/U-rich element,
which was revealed by alignment of GecvB homologues of distantly relateiecis strictly re-
quired for GevB target recognition. Analysis of target gene fusiomleggpnin vivo, as well as
in vitro structure probing and translation assays showed that GcvB repitsstgget mRNAs by
binding to extended C/A-rich regions which may also serve as translatiohaheer elements. In
some casesoppA dppA), GecvB repression can be explained by masking the ribosome binding
site (RBS) to prevent 30S subunit binding. However, GevB can alsot@fely repress translation
by binding to target mMRNAs at upstream sites, outside the RBS. Specificalf @pressesltl
MRNA translation at a C/A-rich target site located at positions -57 to -45 relafithe start codon.
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This latter mode of action may also apply to other regulatory sRNAs. Taketh&mgehis sug-
gests highly conserved regions in sSRNAs, and mRNA regions distant $tame-Dalgarno (SD)
sequences as important elements for the identification of SRNA targets oMbstwork described
in this section has been published in Shaeghal., 2007.

3.1. Results

3.1.1. Characterization of GcvB sRNA $almonella

The Salmonellaand E. coli gcvBgenes arex 95% identical in the GecvB RNA region (Argaman
et al, 2001; Urbanowsket al,, 2000) and both are encoded in the intergenic region betgeed

a transcriptional activator of the glycine cleavage system.ygold] a protein of unknown function
(Figure 3.1A). Expression of thre 200 ntSalmonellaGevB RNA was confirmed on Northern blots
of RNA extracted from different growth phases and media. GcvB isesgad in exponentially
growing Salmonellain rich medium (L-broth), but is not detectable in stationary phase or upon
growth in minimal medium (Figure 3.1B). This pattern is reminiscenEafoli GevB (Argaman

et al, 2001), and in keeping with the postulated GcvB repressor function mifdeetransporters
under nutrient-rich conditions (Urbanowsdd al., 2000). GevB RNA folds into a rather unusual
secondary structure (Fig. 3.2A and B).vitro structure probing revealed the presence of several
stem-loop structures which are separated by two single-stranded ligkenseR1 and R2 (see Fig-
ure 3.2). Especially the linker region R1 is interesting because it consiststadxausively of G/U
residues. As single stranded regions have been shown to be involvRiNA/target interactions,
these linker regions could be involved in target recognition by GecvB RNA.

Figure 3.2 (facing page) Structure mapping of 5’end labelled GecvB RNA and proposed scondary
structure. (A) 5’end-labelled GevB RNA4£ 5 nM) was subjected to RNase T1, lead(ll), and RNase T2
cleavage in absence (lanes 1, 3, 5) and presence of diffeo@centrations of coldppA leader (lanes 2,

4, 6: =250 nM final concentration). Lane C: untreated GecvB RNA. Lade RNase T1 ladder of GevB
under denaturing conditions. The position of cleaved Gdress is given at the left of the gel. Lane OH:
Alkaline ladder. The approximate positions of stem-loapatres SL1 and SL2 according to the GevB
RNA structure shown irfB) are indicated by vertical bars to the right of the gel. Thaaegrotected in
GcvB RNA bydppAleader is marked by a magenta béB) Proposed secondary structure of GevB based
onin vitro structure mapping. Cleavages accordindAd by RNAse T1, T2, or lead(ll) are indicated by
black, red, and blue arrows, respectively. Due to low rd8miuin the gel part that corresponds to the 3’
part of GevB RNA, no detailed cleavages are indicated in tbggon. (C) Alignment of a representative
subset of GevB RNAs identified by computer-based searcleesHigiure 10.1 in the Appendix). Numbering
of residues and the positions of stem-loop structures (8L%L5; indicated by arrowheads) follows the
SalmonellaGevB RNA sequence i(B). The conserved regions, R1 and R2, common to all known GcvB
sequences are indicated. (S3glmonella typhimuriugn(CR) Citrobacter rodentium(EC) Escherichia coli
K12; (SF) Shigella flexneri (KP) Klebsiella pneumonige(KO) Klebsiella oxytoca (YP) Yersinia pestis
(SM) Serratia marcescengPL) Photorhabdus luminescenéEW) Erwinia carotovora (PM) Pasteurella
multocidg (AS) Actinobacillus succinogenggMS) Mannheimia succiniciproducengHD) Haemophilus
ducreyi (VC) Vibrio cholerae (VV) Vibrio vulnificus
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CR ACUUCCUG-AGCCGGAA-CGAAAAG-UUUUAUCGGAAUGCGUGUUCUGGUGGGCUUUUGGCUUACGGUUGUGAUGUUGUGUUGUUGUGUUUGCAAUU -GGUCUGCGAUU-CAGACCA
EC ACUUCCUG-AGCCGGAA-CGAAAAG-UUUUAUCGGAAUGCGUGUUCUGGUGAACUUUUGGCUUACGGUUGUGAUGUUGUGUUGUUGUGUUUGCAAUU- -GGUCUGCGAUU-CAGACCA
SF ACUUCCUG-AGCCGGAA-CGAAAAG-UUUUAUCGGAAUGCGUAUUCUGGUGAACUUUUGGCUUACGGUUGUGAUGUUGUGUUGUUGUGUUUGCAAUU- -GGUCUGCGAUU-CAGACCA
KP ACUUCCUG-AGCCGGAA-CGAGAAGCUUUUUUUGGAAUGCGUGUUCCAUCAAGCUUUUGGCUUACGGUUGUGAUGUUGUGUUGUUGUGUUUGCAAUU -GGUCUGUUUUUGCAGACCC
KO ACUUCCUG-AGCCGGAA-CGAAGAGCUUUUUUUGGAAUGCGUGUUCCAACAAGCUUUUGGCUUACGGUUGUGAUGUUGUGUUGUUGUGUUUGCAAUU -GGUCCGGGUUUGCGGACCA
YP ACUUCCCCUAGCCGGAA-CGAAARGUAGGUUUGGUAUCCCAGGUACUGAAAUGCUUUUGGCUU- ‘UGUGGUGGUGAUGUUGUGUUUGCARAU -GGUCUGGU-AUGCCAGACA

ACUUCCCGG-GCCGGAA-CGAARAGGGAGUG-GGUGUCGAGGACGCCGAUGAACUUUUGGCUU-

UGACCUGAGGUGCUUUUGGCUUGUGG—

—GUGGUUGUGAUGUUGUGUUUGCAAAU-

SM

PL ACUUCCUA-AGCCGGAA-CGAAAAGUGAAUCAGCUUA:
EW ACUUCCUGG-GCCGGAA-CG. G====== UGCG!
PM  ACUUAAUGAUUGGUARUUCCUUACUGGUU.

AS ACUUAAUGACUGGUAAUUCCUUAAUUGAUUAAGAGU-
MS ACUUAAUGAUUAAGCAAUUCCUUUUUCAUARRAGAGU-

AGUUUCGGACUUAAGUAUGAUGUUGUGUUUGCAUAUU
-UGAAUCUUUUAGUUAAGUAUUAUGUUGUGUUUGCAUAUU
-UUCAUUCUUA--UUAAGUAUUAUGUUGUGUUUGCAUAUU:

~UGUCCGGCGAUUCCGGACA
UGUCUGGGAAACCGGACCC
UUGUGAUGUUGUGUUUGCUAUUUUUUU-GUCUGCUUCUUGCAGAUG
—GUU-UGGGAAACCARAACAG
-GUU-UGGGUAACCAAACAA
-GUU-CGGGAAACCGAACGC

HD ACUUAAAGGGACUGAAARUAGUUUAGUGUUUAUUCGUGUUCUUUAAUGCUAUUAAAUCCAUCUAUUUCAAAUUUAAGUAUGAUGUUGUGUUUGCAUAUU----GGUCUAGGCAACUAGACUA

AY GCAACGGCGGCCUGAACGGCUUGAUUUCCUUGU.
VV  GCAACGCUAGCCUGAACGGCUUGAUUUCUUUGU.
1

a

AUCAAUAGGCUUAGUUGUUGCGAUGUUGUGUUUGCAAACU [10] GUUAGGUAGUUUCUACCAC
AUCAAUUGGCUUAGUUGUUGCGAUGUUGUGUUUGCAAACU [10] GUUAGGUAGAUUUCUACCG

127

sL4 SL5
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ST CGGUAGCGAGACUACC---CU- -~UUUUCACUUCCUGUACAUUUACCCUGUCUGUCCAUAGUGAUU---AAUGUAGCACCGCCAU- —-AUUGCGGUGCUUUU
CR CGGUAGCGAAGCUACC---CU- —~AAUGUAGCACCGCCCU- —-AUUGCGGUGCUUUU
EC UGGUAGCAAAGCUACC---UU- —-AUUGCGGUGCUUUU
SF UGGUAGCAAAGCUACC---UU- —-AUUGCGGUGCUUUU
KP UGGUAGCAAAGCUACC---CC- -GCGCGGUGCUUUU
KO UGGUAGCGAAGCUACC---CC-

YP UAGUAGCUAAGCUACUGCUUU-
S| UGGUAGCUAGGCUACUG--UU—

=

PL UGUAGCUCAAGCUACUG--UU- —-UUGCGGUGCUUUU
EW UGGUAGCGAGUCUACC----C-==-===--= —-UUGCGGUGCUUUU
PM AGUAACUUA------- UCUUAAGUUACUUAUUUUCACUUCCUGUAUAUUUAUUUUAGACCCUUUUGGUUAA: UCGAGCGGUGUUUUU
AS AAGUAAUUAAUCCUUCUAUUUAAUUACUUAUUA--ACUUCCUGUAUAUUUACUACCUAAUUUUAGGUUA-UU-

MS AAGUAACU-- --UAGUUACUUAUUUA-ACUUCCUGUAUAUUUUUAAACCUAAUUUUGGG- -GUGAGCGGUGUUUUU
HD GAGUAACAG- —-UUAAGUUACUCAUUU-CACUUCCUGUAUAUUUAAACCUUUUGGUUU- UUAGGCGGUUUUUUU
VC CCGUUUUGUGCAGUUAUCCCUGCCACAAAACAAAUACUUCCUGUAUUUAUUUUUGACCUGUCUGUCAAA-UUU: -GGGCGGUGUUUUU
VV  UAGUGUUUUGUCCAACUCCCUGUGACAAAACCUAUACUUCCUGUAUUUAUUUUUGACCUGUCUGUCAAA-UUU- —GUUACACCGCCUAU- —-UAGGCGGUGUUUUU
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Figure 3.3: GcvB stability in Salmonella wild-type and Ahfg and growth curves. (A) Cultures of
Salmonellawt and ahfq deletion strain were grown to an Qg of 0.4, and RNA stabilities were deter-
mined by rifampicin treatment (final concentration of 50/ml). 5 ml cells were withdrawn prior to or
1, 2, 4, 8, and 16 min after rifampicin addition, mixed witt2 ol of stop solution (5% water-saturated
phenol, 95% ethanol), and snap-frozen in liquid nitrogepoiJthawing, RNA was isolated and analysed
by Northern hybridization. Quantification of the blots ralexl a 3.4-fold reduction in GcvB RNA levels in
the hfq deletion strain. The GevB half-lifex{3 min in wild type) is decreased to 30 sec in thenhfq dele-
tion strain. (B) Both GevB and Hfq act to repress OppA protein synthesis. diratamples oSalmonella
wild-type, hfg or gcvBsingle deletion, and thiefq gcvBdouble deletion strain (JVS-0007, -0255, -0236, and
-0617, respectively) grown to exponential phase {g@f 0.4) were subjected to Western blot analysis with
OppA (upper panel) or GroEL antisera (lower panel; loadiogtml). Quantification of the OppA signals,
followed by normalization to GroEL levels, revealed a 6oldf 5.4-fold or 8.3-fold increase upatvB hfq,

or gcvB hfgdouble deletion, respectivelfC) ODgoo values of triplicate cultures dbalmonellawild-type
(JVS-0007) ogcvBdeletion strain (JVS-0236) grown in LB medium were deteediim 45 min intervals.
The curves show the Qfgy average values and standard deviations that were calditata the triplicates
(open squares: wild-type; filled triangle&gcvB). No growth defect was observed for tBalmonellaAgcvB
strain compared to the wild-type strain.

Several observations suggested that GcvB is an Hfg-dependent .SRBVB co-
immunoprecipitates with Hfg in extracts &. coli (Zhanget al., 2003) andSalmonella(Sittka
et al, 2008), and is unstable inhfq strains ofE. coli (Urban & Vogel, 2007) andalmonella
(Figure 3.3A). Since repression of the predicted GcvB taamgiA is abrogated ifmnfg mutants of
bothE. coliandSalmonellgSittkaet al, 2007; Ziolkowskeet al, 2006), OppA protein levels were
compared irSalmonellastrains deleted fogcvB hfqor both (Fig. 3.3B).
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Figure 3.4: Regulation of Salmonella oppA::gfp and dppA::gfp fusions by GecvB wild-type and mutant
RNAs. (A) GevB and translational fusions oppAor dppAto gfp are constitutively expressed from com-
patible plasmids in ai. coli AgcvB recA strain (Urban & Vogel, 2007). The fusions include the enfire
UTR (determined by 5’RACE]ppA 163 bp;oppA 162 bp) and result in in-frame fusions of the 10dpgA

or 17th pppA codon to the amino terminus of GHB) Agar plate-based assay of colony fluorescence of
E. coli strains carrying control plasmid pXG-left; expresses full-lengtbfp), thedppA::gfp(middle plas-
mid pJL18-1) or theoppA::gfp (right; pJL19-1) fusion plasmid, each in combination with contrettor
pTP11, or plasmids expressii@almonellawild-type GevB RNA (pRgcvB or four of the mutant alleles
(plasmids pPgcvBar1, PR.9CVBAR2, PR gCVBs A, PgcVBs A1) shown in Figure 3.8A. All strains displayed
normal colony morphology (hot shown). Reduced colony flaceace of thelppA::gfpor oppA::gfpfusions
strains upon sRNA co-expression indicates regulationeptist-transcriptional levelLeft) GecvB has no
effect on the expression gffp alone, confirming that repression is specific to the clodedA and oppA
regions (middle and right).

Deletion ofgcvBdid not impairSalmonellagrowth in rich broth (Fig. 3.3C), similar to what was
reported foiE. coli (Urbanowskiet al,, 2000). The singlgcvBor hfgmutations each elevated OppA
levels, whereas the double mutation had no pronounced cumulative(€figec8.3B). This predicts
GcevB and Hfq to act in concert, and GevB to be an Hfg-dependent as8s@NA that regulates
transencoded mRNA(S).

3.1.2. GcvB targetdppAandoppAmRNAsin vivo andin vitro

To studydppAandoppAmRNA repression by GcevB, translational fusions to the amino terminus of
green fluorescent protein (GFP) were constructed (Urban & VogeI72 TheSalmonella dppAr
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Figure 3.5: Gel-mobility shift assays of GevB WT RNA anddppA and oppA leader. (A) In-vitro binding

of GevB RNA anddppA/oppAeader was performed as described in Section 8.3.7 in Métand Methods.
Approximately 5 nM ofy32P-labelled GevB RNA was incubated with increasing conegimns of unla-
belleddppAor oppAleader (final concentrations in nM above the lanes). Foligwi5 min incubation at
37°C, samples were run on a native 6% PAA gel. Shown is anaditigraph of the gel(B) Same experi-
mental procedure as above but with 5’-labeltigghA/oppAeader and increasing concentrations of unlabelled
GcevB RNA.

oppA5’ regions spanning the entire 5’ UTR and 30 lipiA or 50 bp oppA of the coding region
were cloned into the low-copgfp fusion vector, pXG10 (Figure 3.4A). The cloning strategy used
here ensures that the fusions are transcribed from the native +1 digpAbr oppAwithout adding
additional sequences at the 5’ end. Transcription is driven by a cdiva&iRii0-1 promoter (Lutz

& Bujard, 1997) to specifically assay post-transcriptional regulatione Sdimonella gcvRjene
was placed under control of a constitutiveagy.1 promoter on a compatible mid-copy plasmid
(Lutz & Bujard, 1997) resulting in plasmid pRjcvB(Figure 3.4A).

The fusion plasmids as well as control plasmid pXG-1 expressing full-l€B§# were each com-
bined with either pPgcvBor control vector pTP11 in aB. coli AgcvBstrain. The specific repres-
sion of dppA::gfpandoppA::gfpby pR gcvBwas evident from strongly reduced colony fluores-
cence of these strains on agar plates (Figure 3.4 B) which establish&tiiaregulatesippAand
oppAin the 5 mRNA region. To map the GcvB interaction sites, RNAs of the previocisiyed
dppAandoppAfragments were synthesizédvitro and structural probing experiments were per-
formed. Gel mobility shift assays showed that GevB formed singular corepheith either of the
two RNAs under standairid vitro conditions (Fig. 3.5). RNA structure probing of these complexes
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Figure 3.6: Identification of GevB binding sites onoppA and dppA mRNAs by in vitro probing. (A)
5’end-labelled GevB RNAA£ 5 nM) was subjected to RNase T1, lead(ll), and RNase lll egavin the
absence (lanes 1, 6, 11) and presence of different contensaf colddppAor oppARNAs (final concen-
tration in lanes 2, 4, 7,9, 12, 14:50 nM; lanes 3, 5, 8, 10, 13, 15: 500 nM). The synthesized target RNA
fragments comprise regions -163/+tppA and -162/+57 ¢ppA relative to the AUG start codon. (Lane
C) Untreated GevB RNA. (Lane T1) RNase T1 ladder of hydralydenatured GevB RNA. The position
of cleaved G residues is given left of the gel. (Lane OH) Alkalladder. Vertical bars indicate the GecvB
region protected b¥ppARNA (red) andoppARNA (blue). Arrows denote specific RNase Il cleavage of
GcevB in the presence afppAandoppARNAS. The approximate positions of stem-loop structure$s &hd
SL2 according to the GevB RNA structure shown in Figure 3.28iadicated to the right of the ge(B)

5" end-labelleddppARNA treated with lead(llYB) or RNase IlI(C) in the absence (lane -) or presence of
GcevB wild-type or GevByr; mutant RNA (lacks residues 66-89) as indicated above the @advB but not
AR1 mutant RNA protects & 20 nt region (vertical red bar iB) in dppAfrom lead(ll) cleavage, and only
GcevB WT induces strong RNase 111 cleavage of tppARNA (red arrow inC). Residue G “+3” set in bold

is the G in thedppAAUG start codon(D) Predicted RNA duplexes formed by GcvB with ttiepAor oppA
mMRNAs. Vertical arrows denote RNase Il cleavage sites. ®DAUJG start codon sequences are boxed. The
coloured residues were protected from lead(ll) cleavags uluplex formation (se&-C and Figure 3.7).

with RNase T1 and lead(ll) acetate showed that increasing concengrafidppAor oppARNAS
resulted in “footprints” on 5’ end-labelled GevB RNA (Fig. 3.6A), whichneenost pronounced
with lead(ll) probing (lanes 6-10). ThaéppAandoppARNAs each protect19 residues within
the single-stranded, highly G/U-rich region between stem-loops SL1 aBdbEGcvB (compare
Figs. 3.6A and 3.2A & B).
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Figure 3.7: In-vitro footprinting and RNase IIl cleavage ofoppA-leader/GcvB RNA complexes5’ end-
labelledoppAleader RNA was treated with lead(li\) or RNase 1l1(B) in the absence (lanes 1 and 6) or
presence of different concentrations of cold GevB wildey(fanes 2, 3, 7, and 8) or itAR1 mutant RNA
(residues 66 - 89 deleted, lanes 4, 5, 9, and 10) as indicatme dhe gels. Furthermore, lead(ll) cleavage
was carried out in the absence (lanes 1 - 5) and presences @ai1®) of Hfq (50 nM final). GevB WT but
not AR1 protects a= 20 nt region (vertical red bar) inppAfrom lead(ll) cleavage, and only GevB WT
induces strong RNase Ill cleavage of thigpARNA (blue arrow). Hfq clearly improves binding of GevB
RNA to oppAleader, since the footprint for the lower GevB concentrai®only visible in the presence of
Hfq (compare lanes 2 and 7). Positions of cleaved G residutrebppAsequence are given as distance to
theoppAstart codone. g, position “+ 3” which is indicated in bold corresponds to tBeesidue of th@ppA
start codon AUG.

The reciprocal experimeni,e. probing of labelleddppAor oppARNAS in complex with GevB,
identified the GcvB binding site on the mRNAs. Wild-type GevB RNA yields a strimagprint

on thedppA (Fig. 3.6B) andoppA (Fig. 3.7) RNAs, which correspond to regions -31 to -14, and
-8 to +16, respectively, relative to the AUG start codon (Fig. 3.6D).dmti@ast, no footprints were
obtained with a mutant RNA, Gcviki, which lacks the G/U-rich region (Figs. 3.6B and 3.7).

The duplexes shown in Figure 3.6D were further supported by cleavfatiee GevBtppA and
GcevBloppA complexes with the double strand-specific nuclease RNase lll. Whileadeveak
RNase llI-dependent bands were observed in GecvB RNA alone 8@\, lane 11), the enzyme
cleaved GcvB strongly and specifically in the G/U-rich region in the preseheitherdppAor
oppARNA (lanes 12-15). Reciprocally, ttdppAandoppARNAs were specifically cleaved in the
proposed GcevB binding site (Figs. 3.6C and 3.7B). Collectively, thesdtsdadicated the single-
stranded, G/U-rich region of GcvB as an important determinant for taegegnition.

3.1.3. A conserved G/U-rich region mediates GcvB repressioivo

The importance of the G/U-rich element was also evident from its strongepat®n in GevB
sequences of distantly related species. Computer-based searcdtliesedigcvB genes in many
enterobacteria as well as Pasteurellaceaand Vibrionaceae(Fig. 10.1 in the Appendix). The
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Figure 3.8: Mutant alleles ofgcvB and their expression. (A)Horizontal bars below a schematic drawing
of GevB RNA denote thgcvBfragments expressed from mutant alleles; dotted linestdanternal dele-
tions. AllelesgcvBar; andgcvBag: lack residues 66-89 (deletion of the G/U-rich R1 sequencé&B6-144
(deletion of R2), respectively. The truncatgcvBs; o andgcvBs A alleles lack residues 1-91 (SL1 and R1)
or 135-201 (R2 to SL5), respectively. In allelevBs A1, Which derives frongcvBs o, SL3 was modified
towards a transcription terminator as shown bel¢B) Northern blots showing expression @évBor mu-
tant alleles when borne on a mid-copy plasmid under contréh@gcvB promoter inSalmonella(lanes
4-9). RNA was isolated fronsalmonellagrown to an Oy, of 1, and except lane 1 (wild type; JVS-0007)
from a AgcvB genetic background (JVS-0236). The strains in lanes Bdarried control vector, pTP11,
or plasmids pcvB pgcvBs A, PICVBARr1, PICVBAR2, PICVB A, PJCVB AT, respectively. Marker sizes are
shown to the right. The upper blot was probed with labellégloolVO-0749, which is complementary to the
GcevB 5’ region (20-4 bp); the lower blot with JVO-0750 complentary to bp 172-150. The asterisk denotes
transcriptional read-through to thenB terminator located downstream on the plasmids.

location of these candidate genes adjacent to and divergengiteMand the conservation of pro-
moter and terminator elements argue that thesg@arBhomologues. Although the corresponding
RNA sequences proved of enormous sequence diversity, it wasusbtriat much of the G/U-rich
linker between stem-loops SL1 and SL2 is highly conserved in all identiis8sequences (Fig-
ure 3.2C). This linker region will be referred to as R1 (ConseiiRedionl). The single-stranded
region between SL3 and SL4 contains another highly conserved seg(&E&@UUCCUGUA) found
immediately upstream of SL4; this sequence will be referred to as R2.



3.1. Results

45

ol ‘e =
, £ 0B ® ¥ 223 -

\Livi— e e T & LTS <37 o

- ‘e " . . - - " . . /\

\ _ - . .

. ArgT__ @7 ved - ArgT__ M vl s

pe o 2 . -” . e . - .

P ~~ STM4351 - .\STM4351‘ Y .
. - v

# a
vector gcvB+

Figure 3.9: 2D analysis of periplasmic proteinsSalmonellaAgcvB carrying control plasmid pTP1lett)
or gcvB mid-copy plasmid pTPO5right), were grown to early stationary phase, and periplasmitepro
fractions of these bacteria were resolved on 2D gels. Reletbsections of the gels are shown. Protein

spots indicating repression by GevB are labelled.

To assess the role of these two regions in target regulation, mutant giteiBsr1, gcvBar2, and
gcvBs A, the latter being a 5’ truncategtvBlacking SL1 and R1, were constructed (Figure 3.8A).
Plasmids carrying these alleles expressed distinct GevB-derived RiNageds similar to wild-
typegcvB(Fig. 3.8B). Next, these alleles were cloned under control of thes® promoter to test
their ability to regulate thelppA::gfpandoppA::gfpfusions. Figure 3.4B shows that loss of R1
(gcvBar: andgevBs ) abrogatedippAandoppAfusion repression, whereas loss of R2\{Biro)

had no effect.

Is the 5’ part of GevB (including R1) sufficient to confer target regsienin vivo? Urbanowski

et al. (2000) postulated that SL3 of GevB, which is followed by a U-stretch in naoyB species
(Fig. 3.2C), may serve as @independent transcription terminator, leading to the expression of
a shorter GevB RNA. However, truncation gEvB after residue T34 (allele gcvBs A, Fig. 3.8A,
expected to yield a=134 nt GevB RNA) did not result in such an RNA (Fig. 3.8B), whereasimod
fication of SL3 created a functional terminator (Fig. 3.8A; aligt¥By' A1) and led to detection of
a~130 nt RNA (Fig. 3.8B). Figure 3.4B shows that the 3’ truncated GcvB RINgcvBsy AT Was

fully active in dppAandoppAfusion repression. Taken together, thesgivo experiments further
support a key role of the G/U-rich element, R1, of GevBdppAandoppAmRNA regulation.

3.1.4. More GcvB targets

The observation that additional periplasmic proteins accumulategtvi or hfg mutant strains
(Sittkaet al., 2007; Urbanowsket al., 2000) prompted to screen for more GevB targets. Analysis
of periplasmic proteins from &almonella gcvBoverexpression strain predictedtl, livd, argT,

and STM4351 as further candidate targets (Fig. 3.9). In an indepeaproach, th&\NAhybri d
algorithm (Rehmsmeieat al., 2004) was used to search for stable RNA duplexes of the R1 sequence
of GevB with the 5’ regions of alSalmonellagenes. This biocomputational search suppogiéd

livd, argT, and STM4351, and further predictédK as a GcvB target (Fig. 3.10A). Intriguingly,

the predicted GcevB binding sites on these mRNAs do not match in sequenaeeliigh in C and

A residues, which also holds true fdppAandoppA(Fig. 3.6D).
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Figure 3.10: Summary ofin vitro probing results of GevB-target complexes. (AProposed RNA duplexes
formed by GcevB with five periplasmic transporter mRNAtK, livK, livd, argT, and STM4315). Positions
in the target sequences are given as distance to the stam.codrtical arrows denotm vitro RNase Il
cleavage of the GevBitl complex, and of GevB in complex with the four other targetg$F3.11A and
3.12B). Residues that showed protectionnitvitro footprinting experiments (Figs. 3.11 and 3.12A) are set
in bold and capitalized. Biocomputational prediction afget sites proposed the formation of extended
duplexes around the interaction sites mapped by footpnalyais. Dark circles indicate G:U wobble base-
pairs; open circles indicate more than three consecutilepairs. (B) Location of GevB binding sites on
target mMRNAs. 5’ UTRs of target genes are drawn to scale.riskieindicate promoter positions that were
mapped by 5’'RACE; ‘# indicates promoters according to BEpo@ww. ecocyc. or g) annotations. SD
sequences are shadowed. The GcvB binding sites on the mRAsdicated by horizontal bars.

The predicted binding sites were subsequently confirmed bitro probing experiments as above
(shown in Figure 3.11; summarized in Figure 3.10). Although the footpritatioed forgltl mMRNA

is relatively weak, the predicted interaction is strongly supported by spd&tMiase Il cleavage
in the presence of GevB (Fig. 3.11A). Conversely, R1 is the GcvB retfiahis most strongly
protected upon incubation with the target RNA fragments (Fig. 3.12). Wheomplex with target
RNAs, GevB was cleaved by RNase Il exclusively in the R1 sequenaspt with divK -derived
fragment which also promotes cleavage in the GevB 3’ part (Fig. 3.12).



3.1. Results 47

RNase IIl

A Ex <
RNase T1 lead(ll) SS.
i oom
C TIOH — + ++ — + ++ GevB 333
C T1OH ©oo
= =y
- - -4:
- e S
o S838 é & WU,
11— - g § & ("/ A G/b
= 6-¢
AUG > +3_ == g ! . P ¢ 3—2:\5
I 538 . it -4
= : 8 o Y P
10_ = d-\u £ 1 :f s
oo S58 Ay i+ 4 had
B - =2 o i |
2= . s i i i
= 1 o )
28— - - 2 g ok
== | | | | |
-31— 5
a- -8 5 62 42 0 -7 3
= ;t 42 — =
- -i -
\ - -
= =29 &S S«
E =- ‘ L A
; § e 62 —
- 63 —
62— ==
-63— " - - -
oz e — —
~= . ===
-
B C D E T1  lead(ll)

T1  lead(ll) T1_ lead(ll) T1  lead(ll)
— o

L | e—
— i C MOH — + — + GevB
CTIOH — + — + GevB C TIOH - + - + GovB C TIOH - + — + GuvB

L
I

-
=]
19 — s
AUG -> + 18 — '!
AUG-> +3 — wm B o =
A — - 2
AUG =8
44 — 7‘.
o 5
-
16 — - =
!g
==
= H
= =
= =
= . g =
= _ 33— -
s -81 m_ .
o - =
- 55 o BT
55 — wm iR 90 — =5 -0 =4 =
- 2= ot — =8 g g8
= 45— - =S
= = s ::
65— == £ 22
-: = - - -
= z - --
- = = t 24
= - -
= - - -l .-
“75 — i ;;E i -
- E 44
-124 — == :
S -! - 5: - o

Figure 3.11: Footprinting of several periplasmic transpot proteins mRNA leaders in complex with
GcevB RNA. 5’ end labelled target mMRNA leader ( left panel)gltl, (B) livd, (C) livK, (D) argT, and(E)
STM4351, were subjected to RNase T1 and lead(ll) cleavaglgiabsence or presence (indicated by +) of
cold GevB RNA. Protected regions by GevB RNA are indicatedobk bars and are located upstream of
the start codon for all targets. Start codons are indicagebldick arrows. Lane C: Untreated leader RNA.
Lane T1: RNase T1 ladder of leader RNA under denaturing ¢immgi. Positions of cleaved G residues in
the target sequences are given as distance to the mRNAatian cPosition “+ 3” which is indicated in bold
corresponds to the G residue of the start codon AUG. Lane Qkalide ladder. GevB binding site on the
gltl leader RNA A left) is supported by strong RNase Il cleavages in thisaegn the presence of GevB
WT or 3'A mutant RNA @A, middle panel). In contrast, no cleavage is observed in tasgmce of mutant
GcvBagr: RNA, which lacks the G/U-rich region R1. The predicted setzog structure of the 5jltl mRNA

(A, right panel) was computed using thieol d algorithm (Zuker, 2003).
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Figure 3.12: GevB RNA binds to additional periplasmic trangorter mRNAs via the GU-rich region
R1. (A) 5’ end-labelled GevB RNA was subjected to lead (Il) cleavBge? min at 37°C in the presence
of different concentrations of periplasmic target mRNAdees. Target mRNAs were added to the following
final concentrations: Gltl: 2M, STM4351: 500 nM, LivK: 500 nM, LivJ: 500 nM, and ArgT: /M. These
concentrations are based on preliminary gel shift assayslabelled GecvB RNA in combination with each
target mMRNA. For all targets a footprint in GevB (indicateddpink bar) is observed that is located in the
GU-rich region R1 (position 66 - 89). Upon addition of LivK&irgT leader also structural changes in
the 3’end of GevB (blue bars) could be observéB) RNase Il cleavage after 7 min incubation at 37°C
of labelled GevB RNA in combination with different target iR leaders. For target mRNASs that are also
present in(A) the same final concentrations were used; for DppA and OppdeleRNA 500 nM, and for
GFP control RNA 1uM were added. Addition of target RNA but not control GFP RNAds to specific
cleavage of GevB RNA in the GU-rich region R1 and supports thgion to be the target interaction site.
Only addition of LivK leads to an additional cleavage sitelia 3’ part of GevB RNA.

To examine regulation of the new targeiwivo, translationafyfp fusions to all of these genes were
constructed. Thgltl andlivd fusions showed fluorescence on agar plates (Fig. 3.13A). Both fusion
were strongly repressed lggvBalleles with an intact R1 sequen@eyB gcvBar2 andgevBs AT),
whereas thejcvBy A and gcvBag; alleles lacking R1 failed to repress the fusions (Fig. 3.13A).
Western blot analysis of all five target fusions as well asdppA::gfp and oppA::gfp fusions
further confirmed that regulation required an intact R1 sequence (H8BR

In addition, regulation of these targets by chromosomal GcvB was examyngdantitative real-
time PCR analysis of target mRNA levels. almonella gcvRlieletion strain showed: 8-fold
higheroppAmRNA levels andx 12-fold higherdppAmRNA levels, respectively. Also for the new
targetsgltl, livd, and STM4351, up te- 6-fold higher mRNA levels were observed, indicating that
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Figure 3.13: GcvB targets additional periplasmic transpoter mRNAs. (A) Agar plate-based assay of
colony fluorescence d&. colistrains carrying eithegltl::gfp (left; plasmid pJL24-1) olivJ::gfp (right; plas-
mid pJL20-1). Each fusion plasmid was combined with conplasmid, pTP11, or plasmids expressing
SalmonellaGevB and mutant RNAs as in Figure 3.4@) Western blots of target::GFP fusion proteins pre-
pared fromE. coli AgcvB recA carrying the indicated fusion plasmids in combination veitimtrol plasmid
pTP11, or plasmids expressing wild-tygevBor thegcvBar; allele. GroEL was probed as loading con-
trol. Fold changes of GFP fusion protein levels (upon noiratibn to GroEL levels) bycvBor gcvBar:
co-expression relative to the control plasmid were: OpBAP, -2.8/-1.2; DppA::GFP, -3.6/-1.3; Gltl::GFP,
-1.8/+2.2; LivJ::GFP, -5.3/-1.4; LivK::GFP, -2.1/-1.0rgV::GFP, -1.7/-1.1; STM4351::GFP, -1.8/-1.3; GFP
alone, -1.1/-1.2.(C) Quantification of relative target mRNA levels using quatiite RT-PCR. Real-time
PCR analysis of target mRNA levels in wild-type aAgicvB SalmonellaSamples were prepared from ex-
ponential phase bacteria (@Qf3 0.4). Wild-type mRNA levels are set to 1 (grey bars), and lidass show
fold-upregulation in the absence gévB

translational inhibition of these targets is coupled to mMRNA degradation. Onrdd andlivK
similar mMRNA levels were observed betweBalmonellawild-type and thegcvB deletion strain,
arguing for inhibition of translation as the primary mechanism of GcvB reguldtiothese targets.
Overall, these results increased the number of GevB targets to seven mRNAs

3.1.5. GcvB inhibits translation initiatioim vitro

GcevB binds near the Shine-Dalgarno sequencdppfA and oppA (Fig. 3.6D), and was thus pre-
dicted to prevent ribosome binding to these mMRNAs. To test this, 30S ribosemeérting assays
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Figure 3.14: GcevB inhibits 30S bindingin vitro. (A) Toeprinting assays: formation of ternary translation-
initiation complexes of 30S subunit and fMet initiator tRNA anin vitro transcribed mMRNA are monitored
in a reverse transcription reaction with a labelled anssesligo. Only if both, 30S and tRN¥®t, are bound

to the SD and AUG start codon of the mRNA, reverse transompstops at position ‘+15’ according to the
start codon and leads to the specific “toeprint” sign@) Ribosome toeprinting ofippAleader RNA (20
nM) as described in section 8.3.9 in Material and Methods:"‘tadicate the presence or absence of 30S
subunit (200 nM) and fMet initiator tRNA (1M). ThedppAAUG start codon position is shown. The arrow
indicates the 30S toeprint. Increasing concentrationsaB3RNA (lanes 4-7: 20, 60, 100 and 200 nM) in
the reactions inhibit 30S binding whereas the unspecifitrobRNA, MicA (lane 8, 100 nM), or GcvRR1
mutant RNA (lane 10, 100 nM) do not impair binding. Mutant RINGcvBAr, and GevB A (lanes 11 and
12) were added at a final concentration of 100 nM.

(Hartzet al,, 1988) were performed (Fig. 3.14A).dppAmRNA fragment was annealed to an end-
labelled primer complementary to tligppAcoding region (+58 to +73), and incubated with 30S
ribosomal subunits in the presence or absence of uncharged®&Nidllowed by cDNA synthe-
sis. Analysis of the extension products (Fig. 3.14B) revealed one rib@soduced, tRNAeL-
dependent termination site at the characteristic +15/+16 positions (stamh dods +1). This
“toeprint” signal was decreased when wild-type GevB RNA was addéedt o incubation with
30S/fMet (lanes 4-7), suggesting inhibition of 30S binding. Inhibition was abserved with the
GcvBagr2 and GevBr o mutant RNAs, which have an intact R1 sequence (lanes 11, 12). Irastntr
the GevByr1 mutant RNA (lane 10) did not inhibit ternary complex formation.

The same assay performed @mpAMRNA confirmed that GevB inhibited ternary complex forma-
tion, and that it required an intact R1 sequence (data not shown). S did not inhibit 30S
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Figure 3.15: GcvB inhibits 30S binding togltl mMRNA from a distance. (A) Ribosome toeprinting of
ompAleader RNA (200 nM) as described in section 8.3.9 in Mateaiad Methods. “+/-” indicate the
presence or absence of 30S subunit (200 nM) and fMet initt®&NA (1 xM). The ompAAUG start codon
position is shown. The arrow indicates the 30S toeprint.yQuicA (1 M) inhibits 30S binding toompA
MRNA as previously shown in Udekwat al. (2005), whereas neither GevB wild-typeM) nor any of the
GcevB mutants RNAs (M) are able to interfere with translation initiatio(B) Toeprint ongltl 5" RNA (20
nM) using 20 nM 30S subunit and 100 nM tRRY&'. Increasing GevB concentrations (lanes 4-6: 20, 100
and 200 nM, respectively) inhibit 30S binding. Gey mutant RNA (100 nM, lane 7) does not inhibit the
toeprint. (C) mRNA sequence dbalmonella gltl(5’ end). Thegltl coding sequence is set in bold-face. The
asterisk denotes the wrongly annotatgtl start codon in th&SalmonellaLT2 genome sequence. Tlgél
start codon shown here was confirmed by a specific toeprinakag position +15 which is indicated by an
arrow (cf.B). The SD sequence is underlined, and the C/A-rich GcvB taiteeis shadowed.

binding to the unrelatedmpAmMRNA (see Figure 3.15A), it probably acts as a sequence-specific
translation initiation inhibitor by masking thdppAandoppARBS.

3.1.6. GcvB inhibitgltl translation by binding far upstream of the start codon

GcevB binds to its other five target mMRNAs further upstream of SD and stadrcas compared
to dppAandoppA(Fig. 3.10). Notably, GevB binds to region -57 to -45gifl, and -57 to -42 of
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Figure 3.16: The C/A-rich upstream element functions both a GcvB target site and as translational
enhancer element. (A)Agar plate-based assay of colony fluorescenc& .afoli strains carrying either
the parentapltl::gfp (left; plasmid pJL24-1) or the mutagitl oca::gfp (right; plasmid pJL45-3) fusion.
In the latter plasmid, the C/A-rich GcvB target site (-71 42 cf. Fig. 3.15C) is deleted. The fusion
plasmids were combined with control vector pTP-11, or GexBression plasmid pRcvB (B) In vitro
synthesized, full-length mRNAs (40 nM) of tiggtl::gfp andgltl Aca::0fp fusions weren vitro translated
with reconstituted 70S ribosomes in the presence of 40 nMdsfdescribed in section 8.3.10 in Material
and Methods. Synthesis of Gltl::GFP fusion protein levetsevdetermined after incubation for 15 min
(lanes 1, 4, 7, 10, 13, 16), 30 min (lanes 2, 5, 8, 11, 14, 1®,4mmin (lanes 3, 6, 9, 12, 15, 18) by
Western blot analysis. The reactions in lanes 4-9 and 13x&tmed a 10-fold excess of GevB or Gy
mutant RNAs as indicated above the lanes. Fold-regulatipos deletion of the C/A-rich target site or by
addition of GevB according to quantification of Gltl:: GFFsfon protein levels are given below the blot. The
results of a representative experiment (out of three) aveish(C) Confirmation of RNA stability irin vitro-
translation reactions: 0.4 pmol of vitro synthesized, full-length mRNAs of thgtl::gfp andgltl aca::gfp
fusions were translated with reconstituted 70S ribosomeke presence of 0.4 pmol Hfg as described in
Section 8.3.10 under Material and Methods. RNA sampled oéattions were prepared after translation for
20 min (lanes 1 to 6), and analysed by Northern hybridizegiong with untreated control RNAs (lanes 7 to
12). Probing for fusion mRNA or GevB RNA with labelled oligd¥0-0155 and JVO-0749, respectively,
shows that RNAs are stable in this ass@) Full-lengthgltl::gfp mMRNA wasin vitro translated for 30 min
as above and synthesis of Gltl::GFP fusion protein monitane Western blot. In addition, mutant RNAs
GcvBaRr: and GevBr 4 (rightmost two lanes; 10-fold excess) were included in theag.

argT. These interaction sites lie outside the -35 to +19 mRNA region covered byiB@Smes
(Huttenhofer & Noller, 1994). Toeprinting of 30S gitl MRNA (Fig. 3.15B) gave a single toeprint
at +15 relative to thgltl AUG in the presence of 30S/fMet (lane 3), confirming tjtié start codon
shown in Figure 3.15C (note that tg&l coding region is misannotated in tBalmonellagenome,
and likely in a number of other bacteria). Strikingly, GcvB dramatically redl8@S binding on
thegltl mMRNA (lanes 4 to 6), dependent on an intact R1 sequence (lane 7). GtowB can inhibit
MRNA translation by binding upstream of a 30S binding site.
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3.1.7. The C/A-rich target site enhanagt translation

To further evaluate GevB regulation at upstream mRNA sites, the C/A-rigetaegion (-71 to -
44) was deleted igltl::gfp, yielding fusiongltl Aca::gfp. This deletion abolished fusion repression
in the presence of pRycvB (Fig. 3.16A), further demonstrating that GcvB pairs to this region.
Intriguingly, loss of this region also resulted in lower GFP fluorescencempared to the parental
gltl::gfp fusion. Since C/A-rich stretches were reported to enhance mRNA tramsldfiartin-
Farmer & Janssen, 1999), it was determined whether the GcvB targettsitessean enhancer gl
translation.

In vitro synthesized, full-lengtlltl::gfp andgltl aca::gfp fusion mMRNAs were translated with re-
constituted 70S ribosomes and Gltl::GFP fusion protein synthesis was monitgetine. Fig-
ure 3.16B shows a linear increase in Gltl::GFP synthesis from both mRNA templéten a 45
min assay. However, thgdtl::gfp mRNA gave~3-fold higher translation rates compared to that of
gltl aca::gfp. Addition of GevB (tenfold excess) to the reactions strongly inhibited pratgmhe-

sis fromgltl::gfp but notgltl Aoca::gfp MRNA. None of these variations are due to RNA degradation
since thegltl::gfp and GevB RNAs were stable during the assay (Fig. 3.16C). In additionnthe
hibitory activity of various GecvB mutants agitl::gfp in vitro (Fig. 3.16D) perfectly correlated with
their ability to inhibit expression of the fusion mRNA vivo (Fig. 3.13A).

3.1.8. Creation of an upstream C/A-rich target site perméadiational control of an
unrelated mRNA

Next, the C/A-rich GevB binding site afltl was inserted at position -42 of & coli ompR::gfp
fusion, yieldingompRea::gfp (Fig. 3.17A). TheSalmonella gltlandE. coli ompRgenes are unre-
lated in function, and their 5 mMRNA regions have little sequence identity (FigB3.1nsertion of
the C/A-rich element resulted in=a2-fold increase in OmpR::GFP synthesis in theitro trans-
lation assay (Fig. 3.17C; compare lanes 3 and 9), confirming the stimulafecy ef this element
on mMRNA translation. When GcvB was present in the reaction, it stronglyiteditranslation of
theompRa::gfp but not of the parentaimpR::gfpfusion mMRNA (Fig. 3.17C). Intriguingly, GcvB
inhibits ompRea::gfp translation~ 10-fold, i. e. as strongly as observed wititl::gfp. In other
words, GevB effectively represses a structurally unrelated mRNA insartion of a C/A-rich tar-
get site at an upstream position.

3.2. Discussion

ABC transporters constitute a major class of amino acid uptake systems and ohynirace at
least one periplasmic solute binding protein to take up substrates upon thesiatifthrough outer
membrane porins (Chest al, 2004; Hosie & Poole, 2001). Given the key roles of amino acids
in nitrogen and carbon metabolism, regulation of transporter expressibadinity is complex.
Intriguingly, genes involved in amino acid uptake and metabolism also are thestrmsgly mis-
regulated class ilnfq mutantsk. coli and Salmonella(Guisbertet al,, 2007; Sittkaet al., 2008),
suggesting that Hfg-dependent sRNAs are involved in the post-tiptisnal control of these path-
ways. Here, one such sRNA, GcvB, has been established as a dgatzdtor of many ABC trans-
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Figure 3.17: Transplantation of the C/A element to an unrelded mRNA enhances translation and
permits regulation by GevB. (A) Insertion of the 27 nt C/A-rich element gftl at position -42 relative to
the start codon of ak. coli ompR::gfpfusion yields mutandbmpR.a::gfp (plasmids pJU-063 and pJL50-11,
respectively). (B) In vitro translation assay (reconstituted 70S ribosomes) as inréigul6B but within
vitro-synthesize@mpR::gfpandompR.a::gfp fusion mMRNAs (250 nM) and in the presence of 250 nM Hfqg.
Synthesis of OmpR::GFP fusion protein was determined ontétfedlots following incubation for 15 min
(lanes 1, 4, 7, 10), 30 min (lanes 2, 5, 8, 11), and 45 min (I8 9, 12). A tenfold excess of GevB
RNA over mRNA was added to the reactions where indicated. rébelts shown are representative of the
experiment performed in triplicatéC) O ust al W alignment ofE. coli ompRandSalmonella gltimRNAs

(5’ parts, which are contained in thggp fusions) shows that these RNAs are unrelated in sequence. SD
sequences and start codons are shadowed.

porter mRNAs inSalmonella The conservation ofcvB genes combined with the previous data
from the Stauffer lab (McArthuet al., 2006; Urbanowsket al, 2000) as well as successful pre-
diction of GcvB-target interactions in related organisms (see Figures 1@ @&dn the Appendix
and Tjaderet al., 2006) strongly argue that the GevB function in amino acid uptake is coedan
many other bacteria. Interestingly, some enterobacteria encode an aaldifRiA, RydC, which
regulates the expression of a putative ABC transport systejABEF(Antal et al, 2005).

GcevB directly interacts with seveBalmonellanRNAs that belong to various transcriptional reg-
ulons but collectively encode periplasmic substrate binding proteins of @@ portersTCDB?;
KEGG®). These proteins are known or predicted to bind di- and oligopeptidgsAPPppA), polar
(Gltl, STM4351, and ArgT) and branched amino acids (LivK, LivJncg GevB is specifically
expressed in rich medium in fast-growing cells (Fig. 3.1B), its function afgpt® lie in the gen-
eral repression of amino acid uptake when nutrients are plentiful. Comsvsitd this prediction,

a Salmonella gcvRleletion strain exhibits elevated protein and mRNA levels of almost all estab-
lished GcevB targets (Figs. 3.3B, 3.9, and 3.13C). The increased sst¢atdylevels of nearly all

Zhttp://ww.tcdb. org/
S ww. kegg. org
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target mMRNAs inAgcvB(Fig. 3.13C) argue that by repressing mRNA translation, GcvB also pro-
motes the decay of its targets. Western blot quantification of OppA proteils lexealed a 6-fold
increase inAgcvBas compared to wild-type (Fig. 3.3B); the corresponding RT-PCR expetrimen
(Fig. 3.13C) suggests a similar increasefipAMRNA levels. Comparison of the increases in target
protein levels (spot intensity on Coomassie-stained 2D gels; Fig. 3.9) and\rteRél (Fig. 3.13C)
upongcvBdeletion suggest a similar correlation in mRNA/protein level changedgpA gltl, livJ,
STM4351, andrgT (LivK was not detected on the 2D gels). Whether RNase ll1, here asadool

for structure probingn vitro, is the primary nucleolytic activity to degrade the GevB target mMRNA
in vivoas previously shown for the IstR-1 sRNA (Vogrtlal., 2004) and RNAIII (Huntzingeet al.,
2005) remains to be determined. At ledppA livK, gltl, andoppAeach constitute the first gene of

a polycistronic transporter operon. Considering that the downstre&mnsf these polycistronic
MRNAs are likely to be translationally coupled to the direct GevB targets, theAsiRal in fact
repress>20 genes (see Section 4.1.2 in Chapter 4). However, since GcvB is indtipsiostable
(half-life 2-3 min; Vogelet al,, 2003 and Figure 3.3), ABC transporter repression will be quickly
alleviated upon decreased availability of amino acids.

The sheer number of SRNA genes discovered by systematic seardiagterial genomes over the
last years led to an increasing recognition of the potential impact of thegegillators on bacterial
physiology (see Section 2.3). It is well-established that SRNAs that act tllate protein activ-

ity can control the expression of many genesgy, by binding to RNA polymerase (Wassarman &
Storz, 2000) or to CsrA-like proteins (Babitzke & Romeo, 2007). Small Rd&n also affect the
expression of larger sets of genes by targeting the mRNAs of globattiptienal regulatorse. g,
RpoS or FhlA (Argaman & Altuvia, 2000; Least al., 1998; Majdalankt al,, 1998). In contrast,
the understanding of how sRNAs could directly control multiple mRNAs by amisenechanism
has been limited by the low number of validated sRNA-target interactions aru lilee difficulty

to reliably predict new targets. This notwithstanding, the results of sexexraht studies suggest
that multiple targeting may be more common than previously thought, and commomisernars

are beginning to emerge. Tjadebal.(2006) suggested that functional relationship of the proteins
encoded by target candidates, as it is also seen among the GcvB targe@daneonfidence to
predictions. Similarly, the OmrA/B and RybB sRNAs directly target multiple mMRNAs tloht
lectively encode for outer membrane proteins (Bouekal., 2008; Guillier & Gottesman, 2006,
2008; Johanseet al., 2006; Papenforet al, 2006). By the same token, the iron stress-responding
E. coli RyhB sRNA was shown to regulate multiple mRNAs that encode proteins invaiviedn
metabolism (Mags& Gottesman, 2002), and many of the mRNAs demonstrated to be direct targets
of Staphylococcus auretl®NAIIl encode bacterial virulence factors (Boiss¢al., 2007).

The strong C/A bias of GevB binding sites may point to yet another featurautiple target
regulation. CA multimers placed downstream of mRNA start codons weretespto stimulate
translationin vivo, and to increase ribosome binding affinity to mRNAwitro (Martin-Farmer &
Janssen, 1999). Whilst the effect of CA-multimers far upstream of ticstdon was not addressed

by these authors, here it turned out that the C/A-rich element has a stinyudditect on thegltl

and ompRfusion mRNAs (Figs. 3.16 and 3.17). Thus, multiple mRNA targeting by GcvB may
have evolved through hijacking a translational enhancer element disarednerous mRNAs that
encode periplasmic transporters. It is thus tempting to speculate that obh&ie@vary constrained
MRNA regions.e. g, those encoding signal peptides, may also constitute binding sites for SRNAs
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with multiple targets. However, it has to be emphasized that the effects of GeeBranslational
repressor are clearly much greater than the effects of removing thei€YAarget site (Fig. 3.16),
thus GevB does not primarily act by simply blocking any enhancer effect.

In eukaryotes, the recognition that a 5’ terminal seed sequence sf 22t microRNAs provides
the base-pairing specificity to target mRNAs greatly advanced targeicpoed. Also some of
the much longer bacterial SRNAs, g, OmrA/B and RybB, have recently been shown to have
highly conserved 5’-terminal binding sites for recognition of their targetNAR (Bouvieret al.,
2008; Guillier & Gottesman, 2008). However, the conserved target ttterasites of SRNAs
are not necessarily located at the 5’end. An alignment of GecvB RNAs @2&f) revealed two
strongly conserved, internal regions, R1 and R2. Whilst R2 may consditutgeraction region for
yet another target(s), R1 is a key determinant for base-pairing to saxgat mRNAs. Although
the structure probing of target mMRNAs and GcvB indicates additional, weakeacts, the C/A-
rich motif in the targets and R1 in the sRNA clearly are the anchoring and tedsmiotifs for
interaction. Recently, a highly conserved, internal target site has atsodbserved. g, for CyaR
RNA (De Lay & Gottesman, 2009; Johansenal., 2008; Papenforét al, 2008). Accordingly,
giving higher weight to deeply conserved regions in SRNAs is expectedpmve the currently
available target search algorithms. In support of this, several othatatery sRNAsg. g, MicA,
MicC, and SgrS, exhibit a higher degree of conservation in their targgraiction regions (Chen
et al, 2004; Rasmussest al,, 2005; Udekwtet al., 2005; Vanderpool & Gottesman, 2004). Unlike
these enterobacterial SRNAS, aureusRNAIII is not conserved in other species. However, it is still
intriguing that a short< 40 nt) region within the 514 nt RNAIII facilitates base-pairing to multiple
MRNAs (Boissetet al, 2007; Huntzingeet al, 2005). Different from GcvB, however, RNAIII
typically covers the SD and/or the start codon of a target mRNA (Boetsat, 2007; Huntzinger
et al, 2005).

Competition with ribosome binding explains the inhibitory activity of SRNAs that bimRINAs
within RBS regions (Argaman & Altuvia, 2000; Chenal., 2004; Huntzingeet al., 2005; Udekwu

et al, 2005). Here it is shown that the same applies to GevB inhibitiodppiAandoppA whose
GcevB binding sites are very close to the SD (Fig. 3.6D). However, GevBdamany of its targets
further upstream of the two sequence elements, SD and start codoardlthe key determinants
of 30S binding (Fig. 3.10B)gltl is the mRNA with the most upstream binding site; probing of
GcevBltl RNA complexes as well as transfer of the GevB site frgith to the unrelatedmpR
MRNA showed that GevB effectively represses translation by formingpdegumore than 42 nt
upstream of the AUG.

How is translational repression brought about at such upstream diesrinting experiments
revealed the maximal ribosome binding region on mRNAs to range from -39%aetative to the

AUG (Huttenhofer & Noller, 1994). Since the GcvB binding sitegiti lies outside this window, a
simple interference model in which GevB occludes mRNA residues requirdabfe-pairing with

16S ribosomal RNA is unlikely. In eukaryotes, ribosomes generally entéMAsRat their 5’ end

to subsequently scan for downstream AUG triplets. A requirement forngog is unknown in

prokaryotes, which argues against the possibility that GevB could act@adblock for ribosomes
scanning from the 5’ end @fitl mRNA.
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Figure 3.18: Disruption of the hairpin motif upstream of the gltl SD does not impair regulation of
oltl::gfp by GevB. (A) The gltl leader can form a hairpin structure (see also Figure 3.11#ghwcould
bring the C/A-element closer to the SD sequence. This stapwas disrupted by mutation of two indicated
residues (M2 mutation: G;;—G and G 33—C). Successful disruption of this hairpin by the M2 mutation
was confirmed by RNA structure probing (data not show®) Agar plate-based assay of colony fluores-
cence oE. colistrains carrying either the parengl::gfp (top; plasmid pJL24-1) or the mutategt! vi,::gfp
(bottom plasmid pJL56-2) fusion. The fusion plasmids were comibiwéh control vector pTP-11, or GevB
expression plasmid, RycvB Disruption of the hairpin does not impair fusion mMRNA reggien by GcvB.
(C) In vitro synthesized, full-length mRNAs (40 nM) of thggtl::gfp, gltl aca::gfp, andgltly,::gfp fusions
werein vitro translated with reconstituted 70S ribosomes in the presehd40 nM Hfq as described in Sec-
tion 8.3.10 under Material and Methods. Synthesis of @#P fusion protein levels were determined after
incubation for 45 min by Western blot analysis. The readionanes 2, 4, and 6 contained a 10-fold excess
of GevB RNAs as indicated above the lanes. Fold-regulatigos deletion of the C/A-rich target site, intro-
duction of the M2 mutations or by addition of GevB accordingyuantification of Gltl::GFP fusion protein
levels are given below the blot.

Two other bacterial SRNAs, IstR-1 and RyhB, were recently reportegpi@ss translation by bind-
ing upstream of the target RBS (Darfeuid¢ al., 2007; Vecerelet al,, 2007), yet the underlying
mechanisms do not seem to apply for GcvB either. IstR-1 targetssthB mRNA =~ 100 nt up-
stream of thetisB start codon. ThéisAB mRNA is highly structured and thigsB SD entrapped

in a stable hairpin. ThudjsB translation requires ribosomes to bind to an upstream “standby”
site, which will be masked upon IstR-1 binding (Darfeufieal., 2007). Unlike intisAB, the gltl
5"UTR is not strongly structured (Fig. 3.11A). Moreover, since Gev@anhibits the unrelated
ompRea::gfp MRNA, structure cannot be a primary cause of translational repre$yh® inhibits
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fur translation by forming an imperfect duplex with the -96 to -48 regiofubmRNA. Translation
of fur is coupled to that of an upstream located reading frame, the direct tdrgghB8 (\Vecerek
et al, 2007). Here no evidence was found for an upstream reading frathegitl mRNA, nor for
translation initiation upstream of the determirgdt start codon (Fig. 3.15B).

Thegltl 5’ UTR contains a putative hairpin motif (-40 to -7 region), which could briimg C/A-
rich motif in closer proximity to thegltl SD to facilitate repression by GevB (Fig. 3.18). The
following observations do not support such a model. Firstly, the S@ngiR::gfpis not preceded
by a hairpin that would bring the GcvB target site and SD in closer proximitytrgasfer of the
GcvB site toompR::gfpyields the same degree of mMRNA repression as observed witlitthgfp
construct. Secondly, the putative hairpin motif in i 5° UTR was disrupted by two point
mutations. These mutations did not impair GecvB’s ability to repressgttiefusion mRNAin
vivo (Fig. 3.18, B). In contrast, in aim vitro translation assay, both mutant mMRNA#| Aca::0fp
andgltly2::gfp, show= 2-fold lower translation rates compared to thagtf::gfp (Fig. 3.18, C).
Furthermore, the ability of GevB to repress translation of glitey,::gfp fusion mMRNA is~ 3-
fold reduced compared to repressiongtil::.gfp (Fig. 3.18, C). Thus, the hairpin structure could
have an impact on GcvB regulation within the sequence and structure tohtgd mRNA. The
observation, that the two mutations had no influence on regulation dflthgfp fusionin vivo
could be due to the overexpression of GevB RNA from the plasmid. HighBQevels could
facilitate that GevB can still bind thgltl::gfp fusion mMRNA and lead to mRNA degradation by a
double-strand specific RNase rather than inhibition of translation. Inttemuof the two mutations
into the chromosomal copy gfitl in the Salmonellawild-type strain andjcvBdeletion strains and
subsequent analysis of mMRNA levels by quantitative RT-PCR in both sting] help to clarify
the actualn vivo situation.

Consequently, the current results suggest that either the first threB &em-loops, or the
G/U:C/A-rich helix of the GcvB-target mRNA complex, constitute an inhibitory algior 30S
entry on thegltl andargT mRNAs. However, the underlying mechanism may be a more general
one since it was found th&almonellaRybB sRNA also represses several targets by binding up-
stream of the RBS (F. Mika and J. Vogel, unpublished). It might theedferof interest to consider
the possibility that target searches are not yet exhausted for thogessRat do not show obvious
complementarity to RBS sequences.

In summary,SalmonellaGevB RNA was shown to target C/A-rich elements in the 5’'UTRs of
seven periplasmic ABC transporter mRNAs (see Fig. 3.19). A highly ceede®/U-rich region
R1 within GevB was identified which is strictly required for regulation and mesdidiesct binding

to the C/A-rich target sites. The GcvB target sites are located inside atréapsof the ribosome
binding site of the target mMRNAs. However, in both cases, GcvB bindings leadhhibition of
translation by interfering with ribosome binding. Furthermore, the C/A-ricmelgs were shown
to act as translational enhancers in the 5’ UTRs of the ABC transporterAaRTus GevB RNA
has probably captured an evolutionarily conserved element to regullaiesa€functionally related
genes.
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Figure 3.19: GcvB RNA targets multiple ABC transporter mRNASs inside and outside of ribosome
binding sites. GevB RNA binds with its highly conserved G/U-rich region R&d bar) to C/A-rich target
sites (green boxes) inside and upstream of the ribosomélgisdes (indicated by a blue box). In both cases,
GcvB binding leads to inhibition of translation by interifeg with ribosome binding. All seven periplasmic
ABC transporter mRNAs which are repressed by GevB carry ai@Atarget site within their 5 UTR which

in addition acts as a translational enhancer.






CHAPTER4

GcvB RNA, A GLOBAL REGULATOR OF
GENES INVOLVED IN AMINO ACID
METABOLISM

In the previous Chapter, expression of seven ABC transporter mRN&ssthown to be repressed
at the post-transcriptional level by the small noncoding RNA, GevEgadonella GevB directly
binds with a highly conserved G/U-rich region to C/A-rich elements in the 5’ &§0Rall these
target mMRNAs. This initial set of GecvB targets was based on proteomic amalys bioinformatic
predictions of interactions with 5’ regions (-/+ 50 nt of start codon) of MRNHowever, in both
approaches mainly periplasmic proteins were investigated based on kirgets faomE. coli. The
pleiotropic nature oE. coli andYersinia gcvBmutants (McArthuret al,, 2006; Urbanowsket al.,
2000) and biocomputational predictions (Tjadsral., 2006) suggested that GcvB may have addi-
tional MRNA targets. Furthermore, there is growing evidence that SRNAsate multiple targets
rather than individual mMRNAs, thereby reprogramming gene expressibe aost-transcriptional
level (as outlined in Section 2.5).

Global approaches using co-immunoprecipitation coupled to microarraagn@zt al, 2003) or
deep sequencing analysis (Sittkhal, 2008; see Chapter 5) have identified numbers of Hfg-
associated mRNAs that surpass those of known sREAS, >700 mMRNAs versus: 100 SRNAs

in Salmonella These Hfg-bound mRNAs represent potential SRNA targets, but itinsndéficult

to identify direct SRNA-mRNA partners. The few bioinformatics based eggines for bacterial
SRNA target predictions (see Section 2.4.2) often predict many targetslimgla high number of
false positives. Based on the low number of biochemically-verfied interesttbey often rely on
the canonical model which considers sRNA pairing to the Shine-Dalg&Dpdr AUG start codon
sequence as a hallmark of productive target repression. Howevera$ groups have recently re-
ported regulation outside this narrow and low sequence complexity regamunvi@ et al,, 2008;
Darfeuilleet al, 2007; Sharmat al, 2007; Vecerelet al,, 2007); these studies have expanded the
sequence space for productive targeting on the mRNA side. FurthersRNA-mediated pull-
down of interacting mRNAs (Douchiet al, 2006) or microarray-based experimental approaches
using sRNA pulse-expression (see Section 2.4.1.2) have predicted witlrcbididence diverse
sRNAs to directly regulate more than one mRNA. The latter strategy is likely to &wejaleiotropic
effects that can be expected to result from constitutive SRNA expreasit has been successfully
applied to the identification of targets of several SRNAs, such as RyhRgbH, as well as OmrA
and OmrB (see Section 2.4.1.2).
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This Chapter describes an extended search for additional GevB thygglsbal analysis of mMRNA

changes on microarrays after GecvB pulse-overexpression. Thgsenmcluded GevB mutants,

lacking the conserved regions R1 or R2, to identify potential targets thadegzendent on these
regions. Additional consensus R1-dependent targets were identjfiembinformatics-based pre-
dictions of C/A-rich GcvB target sites within the 5’ UTRs of all annotaSadmonellanRNAs.

In total, the combination of microarray analysis and prediction of C/A-richetasges led to the
identification of>>30 potential GevB consensus R1-dependent targets, whereoftaeleasuld be
validated by Western blots or FACS (fluorescence activated cell soeimagysis of GFP reporter-
gene fusions. Regulation of one targgtcAMRNA, turned out to be independent of the G/U-rich
consensus R1, which is strictly required for regulation of all other idedttaegets. Because all
currently known targets are amino acid or peptide transporters or gevaseit in amino acid
biosynthesis, it is speculated that GecvB RNA has a global role in amino acidatista.

4.1. Results

4.1.1. Expression of GevB from an arabinose inducible pldsm

To identify additional GcvB targets besides the known ABC transporter megNth sRNA
pulse-overexpression strategy similar to previously described expdahtamget identification ap-
proaches was taken (see Section 2.4.1.2). For this purpose, plasmid-@BAB (pKP1-1) was
used which expresses GcvB wild-type RNA under control of an arabhnoducible Bap promoter.
In addition, plasmids pBAD-GcvBr1 (pKP2-6) and pBAD-GcvBRo (pKP30-1) were included for
expression of GevRr1 and GevByro mutant RNAS, in which either the highly conserved G/U rich
region R1 or consensus R2 are deleted (Fig. 4.1, left panel). To woimrfaucible expression of
these sRNAsSalmonellawild-type carrying a pBAD control plasmid (pKP8-35) an&almonella
gcvBmutant carrying either pBAD control (C), pBAD-GcvB wild-type (GevBRBAD-GevBar1
(AR1), or pBAD-GcvB\r2 (AR2) plasmid were grown to mid exponential phase §6[1.0) and
treated with L-arabinose (0.2% final concentration) for up to 15 min. RNédas were taken prior
to and at different time-points after induction (2.5, 5’, 10, 15’). Eegsion of GevB wild-type
and the mutant RNAs was confirmed on Northern Blots and they accumulatechfiacable levels
after,e. g, 10 min of induction (see Figure 4.1). Chromosomal GcvB shows @rfold increase
after arabinose addition; however, induction of GecvB RNAs from thempids lead to~ 2.5-fold
higher levels than the chromosomal GcvB after 10 min.

4.1.2. Microarray-based identification of GecvB target mRNSalmonella

The same strains as described above were grown to ap,@D1.0, and RNA samples were taken
after 10 min of L-arabinose induction (0.2% final concentration). Sulesgty, mRNA changes
upon sRNA induction were monitored on whole-geno&¢yphimuriunmicroarrays. Figure 4.2
shows a venn diagram for the different microarray sets with the numiggnefs that show 2-fold
changes and a p-valu€0.01 when compared tS8almonellaAgcvB carrying the pBap control
plasmid. Of the 471&. typhimuriunopen reading frames represented on the microarrays, multiple
transcripts were altered more than 2-folddalmonellawild-type compared to thé\gcvBmutant
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Figure 4.1: Pgap-inducible expression of GevB variants. GevB wild-type (GevB) and GevRBg: (AR1,
deletion of residues 66-89) or GexRB, (AR2, deletion of residues 136-144) mutant RNAs were expdesse
in Salmonella&SL1344AgcvBfrom the Rap-inducible promoter by addition of L-arabinose (0.2% finahe
centration) to cultures grown to an @9 of 1.0. The highly conserved regions, R1 and R2, that ardetle
in the mutant RNAs are shown in red in the simplified GevB stiteson the left. Samples were taken prior
to (0 min) and at the indicated time-points (2.5, 5, 10, anadi®) after induction. Northern Blot analy-
sis indicates strong induction of GevB wild-type and mutBMAs after 10 minutes of induction. Samples
taken fromSalmonellawild-type harbouring a pBAD control plasmid (C) revealedttbhromosomal GcvB

is ~ 2-fold increased after 10 min of arabinose addition.

strain or upon GcvB pulse-expression (see Table 4.1). The knowB @rgetsoppAand dppA
were repressed in the three sets ‘WT + @QgcvB+ GevB’, and ‘AgevB+ AR2’ (Table 4.1, genes
indicated in blue). As expected, they are not repressed upon putsexpvession of GCvBr1
mutant RNA, as consensus R1 is strictly required for binding of thesetsaf@@ble 4.1, column
‘AgcvB+ ARYY). Alsogltl mRNA is downregulated more than 2-fold in two set&gcvB+ GcvB’
and ‘AgcvB+ AR2"), but did not pass the p-value in the set ‘WT + C’ (Table 4.1, geagslated
in two sets are indicated in red). These three known targets all encodestlgefies of the operons
oppABCDF, dppABCDF, andgltlJKL, respectively. Also the downstream genesoppA dppA
andgltl are significantly downregulated in the microarray experiments (see Tablantlicating
that GevB probably reduces expression of the whole polycistronic mRMAsese operons. For
all of these genes, relatively consistent fold-changes were olusafter pulse-expression of GevB
wild-type and theAR2 mutant RNA (Table 4.1, compare columasgcvB + GevB’ and AgcvB

+ AR2"). Only gltl mMRNA showed~ 2-fold higher downregulation upon pulse-expression of the
GcvBar2 mutant RNA. The previously characterized tardetd livK, STM4351, ancrgT are not
included in any of the venn diagram groups, as they show less than 2Hafdjes in all microarray
sets, which was set as the threshold here. For exaragld, and STM4351 are downregulated
1.5-fold and 1.9-fold, respectively, upon GcvB wild-type pulse-esgpian (see Table 4.1, genes
indicated in grey). Almost no change is observed for these genes bethewild-type andjcvB
deletion strain (Table 4.1, column ‘WT + C’). This indicates that additionalasamknown GcvB
targets could also show only slight mRNA changes and will be missed due togsitéir2-fold
change threshold. Furthermore, genes that are not expresseduatetl the examined growth
condition will be missed in this approach.
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Figure 4.2: Overlap between different microarray experiments. Venn diagram showing the overlap of
genes that are regulated more than 2-fold (p-val0ed1) in different microarray experiments of GevB pulse-
overexpression. The number of genes chang&ahimonellawild-type harbouring the pBAD control plasmid
(C) or SalmonellaAgcvBcarrying the pBAD-GcevB wild-type (GevB), pBAD-GcevEr: (AR1), or pBAD-
GcevBagr2 (AR2) compared to the expressionSalmonellaAgcvBcarrying the pBAD-control plasmid (C)
are shown. The venn diagram was generatedBENY (bioinfogp.cnb.csic.es/tools/venny/index.html) using
the names of the genes which are changed in the differentimgms as input sets.

Besides theoppABCDF, dppABCDF, andgltlJKL operons, harbouring the known direct targets,
oppA dppA andgltl, additional genes that are repressed by GcvB wild-type or GgyBRNA but
not by GevByr1 were identifiedgdhA, ydgR (tppB), ygjU, yhj@able 4.1, genes indicated in blue
are repressed in three sets), @eg, asd, Irp, rplT, rpmE, rpml, yaeC, ydiJ, yfiD, ygdgblTM1368,
and STM3333 (Table 4.1, genes indicated in red are repressed in tyoGétheseydgR, ygjuy
andyaeCencode for amino acid transport proteins, whergdisA and asd encode for proteins
involved in biosynthesis of several amino acids, &pdor a transcriptional regulator, respectively.
The Lrp protein belongs to the AsnC family of transcriptional regulatorsadigitts expression of
diverse operons (Hunet al, 2002). It controls, for example, several genes involved in the high-
affinity branched-chain amino acid transport system and is a mediator tfubime response in
E. coli(Haneyet al,, 1992; Willinset al,, 1991).

To confirm regulation of these genes, translatigfplfusions were constructed as described in Ta-
ble 8.13 and Table 8.14 under Materials and Methods. The diffgfpritisions contain between
seven and 19 amino acids of the N-termini of these target genes and 5pafRthat start at tran-
scriptional start sites derived from one of the following sources: oViRARE results, promoters
described in the EcoCydatabase or the literature, or deep-sequencing results of Hfg-bdwAd R
in Salmonellg(Sittkaet al., 2008).

1 ww. ecocyc. or g/
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Table 4.1: Genes which show more than 2-fold change in at least two GcidBoarray experiments and
previously known target genes.

The last four columns indicate the fold-changes for the gagigen in the first column in the four differ-
ent microarray experiments. The values correspond to tldecftanges of a gene in the indicated strains
compared to the expression level in tBalmonellaAgcvBstrain harbouring the pBAD-control plasmid (set
‘AgcvB+ C). A negative value corresponds to downregulation andsitipe value to upregulation of the
MRNA, respectively. Brackets indicate fold-change®.0 which did not satisfy the p-value threshold of
0.01; fold-change$-2-fold are set in bold. The known GcvB targets from the presisection drgT, livJ,
livK, and STM4351) which did not satisfy the 2-fold change or fu@dhreshold, are listed in grey. Genes
that show more than 2-fold change (p-vaka®.01) in all experiments are indicated in green, whereasetho
with a significant>2-fold change in the three sets WT + &gcvB+ GevB, andAgevB+ AR2 or in the two
setsAgcvB+ GevB andAgevB+ AR2 are indicated in blue and red, respectively.

Gene Description WT +C AgevB+  AgevB+  AgevB+
GcevB AR1 AR2

acs acetyl-CoA synthetase -1.5 -3.4 +1.2 -5.2

argT ABC superfamily (bind-prot), -1.3 -1.5 +1.0 -15
lysine/arginine/ornithine transport protein

asd aspartate-semialdehyde dehydrogenase +1.0 -2.1 +1.3 -2.0

bfr bacterioferrin, iron storage homoprotein +1.6 +2.1 +2.2 +1.3

caiF transcriptional regulator afai andfix operon +2.7 (+3.3) +3.2 +2.3

carA carbamoyl-phosphate synthetase, (+6.3) +7.8 +7.8 +10.2
glutamine-hydrolysing small subunit

CcycA APC family, D-alanine/D-serine/glycine -3.4 -5.1 -3.6 -6.0
transport protein

dppA ABC superfamily (peri-perm), dipeptide -6.8 -13.2 -1.7 -12.9
transport protein

dppB ABC superfamily (membrane), dipeptide 2.1 -3.1 -1.2 -3.0
transport protein 1

dppC ABC superfamily (membrane), dipeptide -2.6 -3.2 -1.2 -3.5
transport protein 2

dppD ABC superfamily (ATP-bind.), dipeptide -3.8 -6.9 -1.3 9.1
transport protein

dppF ABC superfamily (ATP-bind.), dipeptide -2.9 -4.0 -1.3 -4.1
transport protein

dps stress response DNA-binding protein; starvation+1.8 +2.1 +2.2 +1.4
induced resistance to3®»

elaB putative inner membrane protein +2.2 +2.3 +2.4 +1.5

fbaB 3-oxoacyl-[acyl-carrier-protein] synthase | +1.8 +2.1 +2.2 +1.2

fimF putative fimbrial protein -2.7 -1.2 +1.4 -2.1

fiml fimbrial protein internal segment -4.4 -1.1 +1.7 -2.6

flgB flagellar biosynthesis, cell-proximal portion of +2.5 +2.4 +1.8 +1.8
basal-body rod

flgD flagellar biosynthesis, initiation of hook +2.5 +2.0 +1.7 +1.6
assembly

gapA glyceraldehyde-3-phosphate dehydrogenase A +1.5 +2.1 +2.1 +1.6

garL 2-dehydro-3-deoxy-galactarate aldolase 2.1 2.1 -1.9 -1.8

gdhA glutamate dehydrogenase, NADP-specific -2.3 -3.4 -1.8 -3.2

gltl ABC superfamily (bind-prot), (-4.2) -8.5 -1.1 -14.8
glutamate/aspartate transporter

gltd ABC superfamily (membrane), -2.7 -3.1 -1.4 -3.5
glutamate/aspartate transporter

gltk ABC superfamily (membrane), -2.7 -4.2 -1.6 -4.7

glutamate/aspartate transporter

continued on next page
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Gene Description WT +C AgcvB+  AgevB+  AgevB+
GcevB AR1 AR2

gltL ABC superfamily (ATP-bind.), (-3.0) -5.6 -1.7 -6.2
glutamate/aspartate transporter

glys glycine tRNA synthetase, beta subunit (-2.6) (-2.8) -25 24

grxB glutaredoxin 2 (+2.4) +2.8 +2.7 +2.5

hepA RNA polymerase associated protein, putative  (-2.0) -2.4 -2.2 -2.7
SNF2 family RNA helicase

katE catalase; hydroperoxidase HPII(Ill), RpoS (+2.1) +2.2 +2.3 +1.3
dependent

livd ABC superfamily (bind-prot), branched-chain  +1.0 -1.6 -1.2 -1.4
amino acid transporter, high-affinity

livk ABC superfamily (bind-prot), branched-chain  -1.1 -1.2 +1.0 -1.1
amino acid transporter, high-affinity

Irp regulator forlrp regulon and high-affinity -1.2 -3.1 (-2.1) 2.1

branched-chain amino acid transport system;
mediator of of leucine response (AsnC family)

miaE hydroxylase for synthesis of (+8.3) -1.1 +8.2 +11.8
2-methylthio-cis-ribozeatin in tRNA

msyB acidic protein suppresses mutants lacking (+2.3) +3.0 +3.4 +1.8
function of protein export

ompW outer membrane protein W; colicin S4 receptor; +2.4 (+2.6) +3.6 +1.5
putative transporter

OppA ABC superfamily (periplasm), oligopeptide -7.3 -18 -1.4 -23.2
transport protein with chaperone properties

oppB ABC superfamily (membrane), oligopeptide -3.3 -6.3 -1.3 -7.2
transport protein

oppD ABC superfamily (ATP-bind.), oligopeptide -2.9 -4.7 -1.5 -5.8
transport protein

oppF ABC superfamily (ATP-bind.), oligopeptide -2.4 -2.8 -1.3 -3.9
transport protein

phoL putative phosphate starvation-inducible protein, +1.9 +2.9 +2.4 +1.7
ATP-binding

pipC pathogenicity island encoded protein: +2.4 +2.2 +1.9 +1.3
homologous to ipgE of Shigella

ptsG sugar specific PTS family, glucose-specific IBC-2.6 (-2.1) -2.1 -1.9
component

pyrB aspartate carbamoyltransferase, catalytic subun(t+65.5) +74.6 +68.4 +89.8

pyrE orotate phosphoribosyltransferase (+5.7) +7.1 +6.7 +7.7

pyrl aspartate carbamoyltransferase, regulatory (+52.8) +56.8 +47.2 +52.2
subunit (allosteric regulation)

pyrL pyrBl operon leader peptide +2.3 +2.6 (+2.6) +2.8

rnpA RNase P, protein component (protein C5), (-2.2) -2.8 -2.9 -2.6
processes tRNA, 4.5S RNA

rplT 50S ribosomal subunit protein L20 (-2.6) -2.9 (-2.1) -2.7

rpmE 50S ribosomal subunit protein L31 (-2.3) -2.0 -1.9 -2.2

rpml 50S ribosomal subunit protein L35 (-2.1) -2.5 -1.8 -2.3

rpoB RNA polymerase, beta subunit (-2.4) (-2.7) -2.5 -2.6

rpsL 30S ribosomal subunit protein S12 (-2.0) -2.8 -2.3 -2.4

rtsA putative AraC-type DNA-binding +3.7 +3.3 +2.7 +2.6
domain-containing protein

rtsB putative bacterial regulatory proteingxR (+3.7) (+2.9) +2.6 +2.5
family

ssal Secretion system apparatus: homology with the-3.1 +1.2 -1.1 -2.6
yscJ/mxid/prgkfamily of lipoproteins

uraA NCS2 family, uracil transport protein (+2.8) (+3.4) +4.7 +2.3

wraB trp-repressor binding protein +1.7 +2.1 +2.4 +1.3

continued on next page
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Gene Description WT +C AgcvB+  AgevB+  AgevB+
GcevB AR1 AR2
yaeC putative outer membrane lipoprotein, -1.8 -2.4 -1.4 -2.2
D-methionine transport system substrate-binding
protein fmetQ
ybbN putative thioredoxin protein +2.0 +3.5 +3 +1.1
yced putative cytoplasmic protein (+2.3) +3.0 +3.0 +1.8
ydgR putative POT family, peptide transport protein  -2.2 -3.7 -1.4 -3.8
(tppB)
ydiJ putative oxidase -1.9 -3.0 -1.3 -3.1
yeeF putative APC family, amino acid transport (-3.7) -3.0 -2.7 -2.5
protein
yegQ putative protease (-2.6) -3.1 -3.0 -2.2
yfiD putative formate acetyltransferase +2.4 +4.3 (+4.4) +4.9
yoggH putative S-adenosylmethionine-dependent -1.8 -2.2 -1.7 -2.1
methyltransferase
ygju (sstT), serine/threonine transporter SstT, putative(-4.2) -6.4 +1.2 -55
dicarboxylate permease
yhjG putative inner membrane protein -6.1 -14.1 -15 -14.1
yidC putative preprotein translocase subunit YidC ~ (-2.2) (-2.4) -2.2 24
yigF putative translation initiation inhibitor +4.4 +6.1 +6.5 +5.4
ymdA putative periplasmic protein +2.1 +2.0 +1.7 +1.7
SL1344-0022  SL1344 specific protein +1.7 +2.0 +2.0 (+2.0)
SL1344-0031  SL1344 specific protein +1.9 +2.9 +2.5 (+2.4)
STM1055 Gifsy-2 prophage +2.1 +2.1 +2.0 +2.2
STM1368 putative Na -dicarboxylate symporter +1.8 +2.5 (+2.1) +2.2
STM1747 putative inner membrane protein -3.0 -4.3 -1.3 -5.0
STM2746 putative excinuclease ATPase subunit +1.8 +2.4 +2.4 +2.5
STM2747 putative cytoplasmic protein +1.9 +2.6 +2.6 +2.7
STM3333 putative purine-cytosine permeasedB (+4.5) +5.6 (+5.4) +7.5
STM3334 putative cytosine deaminase (+4.6) +4.9 +5.2 +4.8
STM3841 putative inner membrane protein (-2.0) (-2.6) -2.6 -2.8
STM4313 putative cytoplasmic protein +2.9 (+2.4) +2.1 +1.8
STM4351 putative arginine-binding periplasmic protein ~ -1.6 -1.9 -1.3 -1.8
STM4535 putative PTS permease (-2.1) -2.3 -2.6 -1.4
STM4537 putative PTS permease -2.8 -2.7 -2.9 -1.8
STM4538 putative PTS permease -1.8 -2.3 -2.5 -1.5
STM4539 putative glucosamine-fructose-6-phosphate -2.8 -2.8 -3.0 -1.7
aminotransferase
STM4540 putative glucosamine-fructose-6-phosphate (-3.5) -2.6 -3.1 -1.6

aminotransferase

The resulting fusion plasmids and control plasmid pXGgfip were each combined with either
pP.gcvB pR.gcvBari, PR gcvBar2, Which express the sSRNAs from a constitutivg Ro_1 pro-
moter, or control vector pTPO11 in da coli gcvBdeletion strain as described in the previous
section and in Sharmet al. (2007). Figure 4.3A shows reduced colony fluorescence monitored on
agar-plates for thegjU, yaeC, tppB (ydgR), gdhAndlrp fusions in the strains harbouring pigtvB

or pR_gcvBaRr2 similar to the pattern observed for the known targgpA Theasd::gfpfusion was
neither regulated on agar plates, nor on Western Blots and in FACS anally&+P fusion pro-

tein levels (Fig. 4.3). In contrast, a consensus R1 dependent regutatitthbe confirmed for the
ygjU::gfp andgdhA::gfpfusions on Western blots (Fig. 4.3B) and by FACS analysis (Fig. 4.3C). No

1 STM17147 is located antisense to #epA5’ UTR. Thus, as due to cDNA construction no strand differentiation is
possible it is unclear whether repression is a direct effect of GevB co-bybridization withoppAcDNA.
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clear regulation as previously observed on agar plates could be coafiomtepB::gfp yaeC::gfp
andirp::gfp on Western Blots, however, FACS analysis indicated regulation by Gawa&C::gfp
Moreover, an~ 3-fold increase of chromosomiip mMRNA level was observed on Northern blots
for a Salmonella gcvBleletion strain at mid-log growth compared to the isogenic wild-type strain
(data not shown), indicating a direct or indirect influence by GevB RNAsistent with the mi-
croarray results.

4.1.3. Prediction of C/A elements reveals further targets

In Chapter 3 it was shown, that GcvB targets C/A-rich regions in the 5’ 0T&even ABC trans-
porter RNAs. Also the validated new GcevB targstgjU, yaeG andgdhAare predicted to be bound
by GecvB consensus R1 sequence at C/A-rich sites within their 5’ UTRs 4Hd\, left). Similar-

ily, asdandydgRcontain potential C/A-rich interaction sites that could interact with GcvB RNA
(Fig. 4.4A, right). This extended target set including the new microarrggtawas used to define
a consensus motif for the GevB target site. Tifigfusion sequences of the seven previously known
targets €ppA, oppA, livJ, livkK, argTSTM4351, andyltl), the six R1 dependemydgR, ygjU, yaeC,
gdhA, asdandlrp) targets from the microarray analysis, as witA which was repressed in all
microarray sets (Table 4.1, indicated in green) and will be discussed in adata@ below (Sec-
tion 4.1.5), were used as input fWENVE motif identification (Baileyet al., 2006) with the following
parameters: number of different motifs: 10; minimum number of sites: 8; maximumber of
sites: 14; minimum motif width: 6; maximum motif width: 25. This allows the identification of
up to ten motifs with a length between 6 and 25 bp within the input sequencesuppee size
restriction of 25 nt was selected to cover long interaction sites in the size iHrthe 24-nt long
G/U rich R1 linker sequence. Furthermore, the motif has to be present insitd6% of the 14
input sequences as defined by the parameters for minimum and maximum ndrsibes.o

Figure 4.3 (facing page) New targets identified on microarrays upon GcvB pulse-expession. (A)Agar
plate-based assay of colony fluorescenc& afoli AgcvB recA strains carrying control plasmid pXG-1
which expresses full-lengthfp, the oppA::gfp (pJL19-1),ygjU::gfp (pFS133-3),yaeC::gfp (pFM27-1),
tppB::gfp (pJL70-9), gdhA::gfp (pJL69-5), asd::gfp (pFS116-1), orrp::gfp (pFS103-3) fusion plasmid,
each in combination with control vector pTP11, or plasmixisressingSalmonellawild-type GecvB RNA
(pP_gcvB or two of the mutant alleles (plasmids @iRvBar: Or pR gcvBagr2). (B) Western blots of tar-
get::GFP fusion proteins prepared after growth for 14 heoiistationary phase fror. coli AgcvB recA
carrying the indicated plasmids as in A. GroEL was probeaadihg control. Fold changes of GFP fusion
protein levels (upon normalization to GroEL levels) gvB gcvBar1, Or gcvBar2 CO-expression relative
to the control plasmid were: OppA::GFP, -2.6/-1.1/-3.8jYgGFP, -3.6/-1.3/-7.1; GdhA::GFP, -5.3/-1.4/-
4.3; TppB::GFP, +1.1/-1.1/-1.4; YaeC::GFP, 1.0/-1.B:Asd::GFP, +1.3/+1.1/1.0; Lrp::GFP, 1.0/1.0/-1.5;
GFP alone, -1.0/-2.1/-1.4(C) E. coli AgcvBrecA strains carrying control plasmid pXG-gff), a non-
fluorescent control plasmid pXG-0 (no gfp), toppA::gfp ygjU::gfp, gdhA::gfp yaeC::gfp tppB::gfp
asd::gfp or Irp::gfp fusion plasmids in combination with control vector pTP1la@k), or plasmids ex-
pressingSalmonellawild-type GevB RNA (pRgcvB red) or two of the mutant alleles (p§cvBari, blue;
pPR_gcvBaro , green) were grown to stationary phase and were subjecfemhtaytometry analysis. All data
acquired from the experiments are plotted in fluorescerstedyiams realized on all events measured (30,000
events). Cellular fluorescence is given in arbitrary ur@8&® intensity). Regulation by GevB wild-type or
GcevBar2 is visible as a shift of the fluorescence curves to the lefoweel GFP intensities.
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Figure 4.4: Predicted target interactions of GevB and idenification of a C/A-rich motif. (A) Pro-
posed RNA duplexes formed by GcvB with five new target mRNyg, yaeC, gdhA, asdandydgR.
Positions in the target sequences are given as distance maRINA start codon. C/A-rich motifs are high-
lighted in blue in the interactions. FgdgRtwo interactions are predicted, whereof the first one isteta
in the coding sequencéB) A consensus motif for the C/A-rich GevB target sites was aeitieed by VEVE
(http://meme.nbcr.net/memedcgi-bin/meme.cgi) and visualized withebLogo (weblogo.berkeley.edu/).
(C) Location of the C/A-rich motif in the input sequence®) Proposed RNA duplexes formed by GcvB
with eight additional target mMRNASAA, ilvC, ybdH, serA, ndk, thrL, ivEandbrnQ).
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Table 4.2: Genes with predicted C/A elements and more than f5ld change in at least one microarray
experiment. All fold changes are normalized to expressiorsaimonellaAgcvB+ pBAD-control. Brackets
indicate fold-changes 2.0 which did not satisfy the p-value threshold of 0.01.

Gene Description WT+C AgcvB+  AgevB+  AgevB +
GcevB AR1 AR2
brnQ LIVCS family, branched chain amino acid -1.3 -2.0 -1.2 (-2.0)
transporter system Il (LIV-II)
serA D-3-phosphoglycerate dehydrogenase -1.3 (-2.0) 1.0 2.1
rho transcription termination factor Rho -1.3 -1.3 -1.1 -2.0
ydiJ putative oxidase -1.9 -3.0 -1.3 -3.1
mgIC ABC superfamily (membrane), (-3.2) (-4.2) (-2.2) -5.0
methyl-galactoside transport protein
ilvB acetolactate synthase I, large subunit -1.8 (-2.4) (-2.0) 24
ygdL putative enzyme -1.6 -1.7 -1.6 -2.8
STM0148 putative cytoplasmic protein -1.3 -1.3 1.2 -3.1
STM3334 putative cytosine deaminase (+4.6) +4.9 +5.2 +4.8
STM0293 putative cytoplasmic protein +1.4 +1.6 +1.2 +2.1
flge flagellar biosynthesis, hook protein +2.1 +1.5 +1.4 +1.4
pipC pathogenicity island encoded protein: +2.4 +2.2 +1.9 +1.3
homologous tapgE of Shigella
ycfR putative outer membrane protein -11 +1.0 -1.4 +2.1

Figure 4.4B shows the best motif identified BEVE. It is 10 nts long and present in all input se-
quences (Fig. 4.4C). For all input sequences, exceplrporthe identified motif overlaps with a
mapped or proposed GcvB interaction site. #dgR the motif overlaps with the second proposed
interaction in Figure. 4.4A. Thus, although all the targets are overallatettin sequence, they
share one common motif which could be targeted by the G/U rich R1 seque@aBfRNA and
thereby mediate regulation of these targets. However, direct binding hastmfirmed experimen-
tally in future work either by compensatory base-pair exchangeswiro footprinting analyses of
GcevB-target mRNA complexes.

4.1.4. Identification of additional mMRNAs that contain thevBdarget site

Altough several new GcvB targets could be identified based on the miayoapproach, some
further targets could have been missed due to low or no expression tmedekamined growth
condition. Moreover, some targets could not have reached the 2-fatdyetor significance thresh-
olds like the previously characterized targitd, livK, STM4351, andargT which show less than
2-fold downregulation. In contrast, bioinformatics-based predictionsilghin principle be able
to predict all targets; however, they often predict also a high numbealsd positives. To refine
a bioinformatics-based target identification, the search was restricted igethtéication of addi-
tional R1-dependent GcvB targets involving a C/A-rich target site. Tdfd¢be 10-nt long motif
which was identified in the previous targets (Fig. 4.4B) can be found in additimRNAs and
might reveal further GevB target8AST (Bailey & Gribskov, 1998) searches were performed with
the corresponding position-specific weight matrix for the C/A-rich GevBdasite in a database
composed of the sequences -70 to +30 (according to the start codalhjaohotatedsalmonella
ORFs. In this set of 4424 sequences, the motif could be identified in 24B8segs with an E-value
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< 200. With this E-value threshold, all 14 input sequences, exceptadpare found in the list of
the 245 mRNAs (data not shown). To narrow down the set of additioneBG&argets for exper-
imental verification, it was examined which of these mRNAs are also regulatedeast one of
the microarray datasets. The mRNAsohQ, serA, rho, ydiJ, mgIC, ilvB, ygdand STM0148 are
downregulated, whereas STM3334, STMO2B$E, pipC, ycfRare upregulated by GevB in at least
one microarray set (see Table 4.2).

Additionally, potential target interactions were predicted usthfphybr i d (Rehmsmeieket al.,
2004) between the regions -70/+30 of these 245 mMRNAs and an extermi@&lrégion R1 (the
24-nt long R1 region plus 12 and 13 nt flanking regions) with two paranseter; one without
limitations for bulge/internal loops and another where these loops weréitedtto a length of
one nucleotide. After removal of interactions that had no helix with at léastgonsecutive base-
pairs, the lists contained 88 predicted GcvB-target interactions without limisatiwhoops and 91
interactions with loops of maximal one nucleotide, respectively. Helices ef In@rse-pairs were
observed as some of the shortest biochemically-validated interacéiomsin case of OxyShlA
and RyhBsodB(Argaman & Altuvia, 2000; Geissmann & Touati, 2004). In this sted, asd and
ydgRwere sorted out. With both parameter sets, the best interaction in terms ehfeegy is the
one withdppAmRNA which was also mapped experimentally in the previous Chapter. In bigth se
of predicted interactions, the second ranked targit@ which encodes for an acetohydroxy acid
isomeroreductase and is involved in isoleucine and valine biosynthesisevdovthis target was
not regulated in the microarray list.

To further narrow down the lists, targets were selected from the predictibich showed strong
interactions (no more than one G:U basepair in the middle of the longest heleptdwr the known
targets) leading to 35 and 33 final interactions. These included dpgg( gltl, argT, oppA, livK,
gdhA STM4351,yaeC andygjU) and eight dppA, gltl, argT, oppA, livK, gdhASTM4351, and
cycA of the input targets, respectively, that were used for the motif identificatlateractions
for ygjU, yaeG andcycAwere included in only one of each set, as the different loop parameters
sometimes lead to differences in the predicted interactions. For example, gesidmelix in the

Figure 4.5 (facing page) New GcvB targets based on biocomputational predicions. (PAgar plate-based
assay of colony fluorescence Bf coli AgcvB recA strains carrying the same sRNA plasmids like in Fig-
ure 4.3A in combination with thbrnQ::gfp (pFS105-3)jlvC::gfp (pJL68-1),IVE::gfp (pSP25-7)thrL::gfp
(pSP20-1)ybdH::gfp(pSP21-2)iciA::gfp (pFS121-1), ondk::gfp (pFS115-2) fusion plasmidB) Western
blots of target::GFP fusion proteins prepared after grotetistationary phase fror&. coli AgcvB recA
carrying the indicated plasmids as A or a serA::gfp fusion plasmid (pFS117-1). GroEL was probed
as loading control. Fold changes of GFP fusion protein yapon normalization to GroEL levels) by
gcvB gevBar:, Or gcvBagro Cco-expression relative to the control plasmid were: Br@®P, -2.0/-1.1/-2.0;
SerA::GFP, -1.4/+1.1/-1.2; IIvC::GFP, -1.9/+1.4/-1.2i{A::GFP, -2.6/-1.7/-3.6; and Ndk::GFP, -1.4/+1.2/-
1.1. (C) E.coli AgcvBrecA strains carrying thelvC::gfp, thrL::gfp, iciA::gfp, ybdH::gfp, serA::gfp
ilvVE::gfp, ndk::gfp, or brnQ::gfp fusion plasmids in combination with control vector pTP1la¢k), or plas-
mids expressin@almonellawild-type GevB RNA (pRgcvB red) or two of the mutant alleles (p§cvBari,
blue; pRgcvBar2, green) were grown to stationary phase and were subjectowacytometry analysis.
All data acquired from the experiments are plotted in fluceese histograms realized on all events mea-
sured (30,000 events). Cellular fluorescence is given iitrary units (GFP intensity). Regulation by GevB
wild-type or GevBag» is visible as a shift of the fluorescence curves to the lefbweel GFP intensities.
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interaction predicted focycAwith no restrictions for bulge loops is only eight base-pairs long and,
hence, was rejected in the step in which interactions that had no helix witrsahiaa subsequent
base-pairs were sorted out. In contrast, limitation of the loop length to oreatige leads to the
prediction of a different interaction which satisfies the nine base-paistbté and is thus kept in
the list of final interactions.

Five genesl§rnQ, serA, rho, mglCandilvB) of the set of targets with a predicted C/A-rich element
which are downregulated in at least one microarray experiment (Tablevér2 also included in
the final lists of predicted interactions. Translatiogf fusions were constructed for these five
genes, and in additioitvC, ilvE, thrL, ybdH, sbp, miItC, yieGand STM2179 were selected from
the interaction list for construction of GFP fusions. Additional predictiamsriteractions of GcvB
R1 with the -70/+30 regions of all annotat&@lmonellaORFs indicated that alsgiA and ndk
could form long duplexes with GevB RNA (see Fig. 4.4D). Thereforedhes genes were also
selected for construction of GFP fusions.

Only seven of the new fusion®rnQ::gfp, ilvC::gfp, ilvE::gfp, thrL::gfp, ybdH::gfp, iciA::gfp
andndk::gfp, displayed sufficient GFP levels to monitor colony fluorescence on dgeespand
indicated an R1-dependent repression of these genes (Fig. 4.3A)aRen ofbrnQ::gfp, ilvC::gfp
andiciA::gfp could be confirmed on Western blots (Fig. 4.5B). On the Western blot in &ig&B
the ndk::gfpfusion seems to be strongly downregulated by GgyB However, normalization to
GroEL levels indicates a loading artefact as also a lower GroEL amounti@tasted in this lane.
FACS analysis showed a strong R1-dependent regulatioivior.gfp, thrL::gfp, andiciA::gfp
(Fig. 4.5C, upper row), a slight regulation fgbdH::gfp, serA:.gfp, ilvE::gfpand ndk::gfp, but
almost no regulation fobrnQ. However, arr 3-fold increase of chromosomatk mRNA level
was observed on Northern blots foSalmonella gcvBleletion strain at mid-log growth compared
to the isogenic wild-type strain (data not shown), giving an additional ecieléor an influence
of GevB RNA. The proposed interactions as well as locations of C/A-riements are shown in
Figure 4.4D. Of these new targelsnQ encodes for an amino acid transporteC, ilVE andserA
for genes involved in amino acid metabolism or biosynthesis,taridfor the thr operon leader
peptide.

4.1.5. GcvB represses expression of the glycine trangpOyieA

One target,cycA was the only one which is repressed in all microarray sets (Table 4.1, indi-
cated in green). CycA belongs to the superfamiliy of APC (amino acid/ polya&miiganocation)
transporters and acts as a permease for glycine, D-alanine, D-santh®-cycloserine irc. coli
(Cosloy, 1973; Robbins & Oxender, 1973; Russell, 1972; Waegedl, 1971). InSalmonella
wild-type + Cvs AgcvB+ C, cycAmMRNA is repressed: 3.4-fold. Upon pulse-overexpression of
GcevB wild-type, GevByri, and GevBygo mutant,cycAmRNA levels drop tox 20%, 28%, and
17%, respectively. Thus, although a slight reduction of regulation Wwasrged for the GcvBgrs
mutant, regulation of this target seems to be independent of consensusl RR éndicating alter-
native binding sites for GecvB RNA. This pattern of regulation was confirfoed cycA::gfpfusion
(Fig. 4.6A and B). Quantification of regulation on Western blots also indicatdht loss of reg-
ulation for the GevB gy mutant compared to GevB wild-type and the R2 deletion (Fig. 4.6B). This
effect was not visible during FACS analysis. Furthermore, also a donbtant GevB\r1g AR2,
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Figure 4.6: Regulation of the glycine/D-alanine/D-seringpermease CycA by GcvB. (A)Agar plate-
based assay of colony fluorescenceEotoli AgcvBrecA strains carrying theycA::gfp (pJL30-14) fu-
sion in combination with control vector pTP11, or plasmiagressingSalmonellawild-type GecvB RNA
(pR_gcvB or five of the mutant alleles (plasmids gfevBar: or PR gcVBARr2, PR gCVBAR1AR2, PR GCVBs A,

or pgcvBeaT). (B) Downregulation ofcycA::gfp by GevB wild-type and mutant RNAs Gewdk; and
GcvBargy after growth to stationary phase was confirmed on Westens lalod by FACS analysis. Fold
changes of GFP fusion protein levels on Western Blots (upmmalization to GroEL levels) bygcvB
gcvBaRr1, OrgcvBagr2 CO-expression relative to the control plasmid were: -8.8/-6.3. The different colours
in the FACS diagram indicate plasmids expresssiagmonellavild-type GevB RNA (pRgcvB red), two of
the mutant alleles (pRcvBar1, blue; pR gcvBary, green), or a control plasmid (blackfC) Alignment
of promoter regions and N-terminal coding sequencesyoAhomologues in diverse enterobacteria. The
transcriptional start site mapped by 5’ RACE is indicatedlyellow box and the putative -10 box framed in
blue, respectively.

as well as 5’end and 3’ end truncated GecvB mutants, GegvBnd GevB a1, which lack residues
1-91 (SL1 and R1) or 135-201 (R2 to SL5), are still able to represslaaon of thecycA::gfpfu-
sion (Fig. 4.6A). Furthermore, quantitative real-time PCR analysis of RNelséed at an O

of 0.4 indicated am~ 3.5-fold upregulation oEycAmMRNA in agcvBdeletion strain compared to
the Salmonellawild-type strain (data not shown). This is in agreement with the 3.4-fold gdhan
between thé&salmonellawild-type andgcvBdeletion strain observed in the microarray (Table 4.1,
column WT + C).
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Figure 4.7: ldentification of GcvB binding sites oncycA mRNA by in vitro probing. (A, B) 5 end-
labelledcycARNA (=5 nM) treated with RNase T1, lead(l(}), or RNase llI(B). The synthesizedycA
RNA fragment comprises region -163/+72 relative to the AW&todon. The ‘G’ of the AUG start codon
corresponds to position '+3’. (Lane C) Untreategt ARNA. (Lane T1) RNase T1 ladder of hydrolysed
denaturectycARNA. The position of cleaved G residues is given left of the leane OH) Alkaline ladder.
(A) Probing ofcycAin the absence (lane 1 and 4) or presence of GevB wild-type¢l2 and 5), GevBr:
(lane 7), or GevB o mutant RNAs (lanes 3 and 6); final concentrations in lanes 3, 8, 7: ~500nM .
Protected regions inycAMRNA are indicated by red and blue bars and RNase Il cleasige(B) in the
same regions by red and blue arrows, respectively. The gnreews denote an additional specific RNase lll
cleavage site afycARNA in the presence of GcvB wild-type or mutant RNAs.

4.1.6. GcvB binds taycAmRNA in vitro

To map the GevB interaction sites, the RNA of the previously clanyedfragment was synthesized

in vitro and subjected to structure probing experiments. RNA structure probindRh#se T1 and
lead(ll) acetate showed that the presence of GevB wild-type or mutaAsR&sults in ‘footprints’

on 5’-end-labelleccycA leader (Fig. 4.7A). GevB wild-type protects around seven residues and
GcvBaRr: ~ 18 residues starting at position -7 according to the start codopa#(Fig. 4.7A, red
bars). Deletion of the 3'end of GecvB RNA in the GeyR mutant RNA leads to an additional
protected region of around eight nucleotides more upstream in the 5 BIgR4.7A, blue bar).
These interactions were supported by specific RNase lll cleavagesaéin of the GcvB forms
(Fig. 4.7B).

The reciprocal experiment,e., probing of labelled GecvB RNA in the presence ®fcA leader,
identified multiplecycAbinding-sites on GcevB RNA (Fig. 4.8A) which were supported by strong
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Figure 4.8: Identification of cycA binding sites on GecvB RNA byin vitro probing. (A) 5’ end-labelled
GcevB RNA (=5 nM) was subjected to RNase T1, lead(ll) in the absence glanand 3) or presence of
cold cycARNAs (final concentration in lanes 2 and#:500 nM) or duplexes were confirmed by RNaselll
cleavages in the absence (lanes 1) or presence otgolor as a negative contrayfp mRNA leader (final
concentration in lanes 2 and 3:1 ;M). (Lane C) Untreated GevB RNA. (Lane T1) RNase T1 ladder of
hydrolyzed denatured GevB RNA. The position of cleaved Gdress is given left of the gel. (Lane OH)
Alkaline ladder. Protected regions are indicated by reddne vertical bars and RNase IlI cleavage sites by
red and blue arrows, respectively. The approximate positid stem-loop structures SL1 and SL2 according
to the GevB RNA structure shown @ are indicated to the right of the gel. Note that parts of thgioal gel
with unrelated samples were cut out of the picture (inditaétea dashed line)B) Two proposed interaction
sites of GevBeycAcomplexes. SD and AUG start codon sequences are boxed. Theax residues were
protected from lead(ll) cleavage upon duplex formatiore (&g (C) Secondary structure model of GevB
RNA and location of the G/U-rich consensus R1 (blue bar) am$ensus R2 (red bar). Two interaction sites
derived from the structure probing experimentgA) and predictions ir{B) are indicated by red and blue
boxes, respectively.

RNase lll cleavages (Fig. 4.8B). At least two binding sites could bevelérirom the structure
probing experiments and predictions for interactions: one involving cmuseR1 (Fig. 4.8B and
C, marked in blue) and the other involving R2 (Fig. 4.8B and C, marked in Tdd first interaction

involves a C/A-rich element upstream of the SD sequence ioytbA5 UTR, the second ovelaps
the SD and start codon af/cA

4.1.7. Diverse GcvB mutants indicate multiple bindingsita cycCAMRNA

To define a minimal GevB fragment which repressesdapeA:.gfpfusion, diverse GevB mutant
alleles were constructed by subsequent shortening (as described be{écvB fragments that are
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Figure 4.9: Diverse mutant alleles ofycvB and their expression. (A)Horizontal bars below two schematic
drawings of GecvB RNA denote thgcvBfragments expressed by mutant alleles; dotted lines démetaal
deletions. Details of the parts that are deleted for eaclamatre given in the Chapter Material and Methods
in Tables 8.11 and 8.12. In alletgvBs AT, Which derives from acvBy o mutant, SL3 was modified to a
transcription terminator. Furthermore, all mutant akiefleat carry thejcvBy o1 mutant part are expressed
from the nativegcvB promoter. The mutant allelgcvBap, lacks the constitutive R2co promoter region.
Mutant alleles that are indicated in magenta do not reprga®ssion of theycA::gfpfusion. (B) Northern
blots showing expression gfcvB or mutant alleles from a mid-copy plasmid under control & Baco
promoter (orgcvB promoter for 3’ end truncations) iE. coli AgcvB (lanes 3-13). Deletion of the R.o
promoter region leads to a loss of GevB expression (lane RMA was isolated fronk. coli grown to an
ODg 0f 1, and except lane 1 (TOP 10 wild type; JVS-2000) frothgecvBgenetic background (JVS-6081).
The strains in lanes 2 to 14 carried control vector, pTP11GorB mutant plasmids as indicated. Marker
sizes are shown to the left. The left blot was probed withlladeligo JVO-0749, which is complementary
to the GevB 5'region (20-4 bp); the right blot with JVO-0750neplementary to bp 172-150. The asterisks
denote transcriptional read-through to theB terminator located downstream @évBon the plasmids.
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still able to regulate theycA::gfpfusion (Fig. 4.9A). Plasmids carrying these alleles under control
of the constitutive Baco promoter expressed distinct GevB-derived RNAs at levels similar to wild-
type gcvB(Fig. 4.9B). To rule out any influence of the DNA region itself encodingEE&NA, a
plasmid carrying a promoter deletion mutargcpBap,, was constructed where no GevB RNA was
expressed. To investigate which of thevBmutant alleles can repress expression ofdy®A::gfp
fusion, each of the GevB mutant plasmids was co-transformed witbytb&::gfpfusion plasmid

in E. coli AgcvBand assayed for colony fluorescence on agar plates (Figure 4.18g0ldtion of
cycA:.gfpexpression by the different mutant RNAs was quantified by FACS anagsisonfirmed
the regulation pattern observed on agar plates (Figure 4.10B).

Starting from the GcvB wild-type sequence, deletion of consensus R2 @ldRe or in combi-
nation, as well as 5’ end or 3’ end truncations of GecvB RNA had no impagkgunlation of the
cycA::gfpfusion as previously shown in Figure 4.6A (Fig. 4.10A and B, number 3 .tdr7gon-
trast, the promoter deletiom¢vBap.) does not repress GFP expression of ¢lgeA::gfp fusion
and indicates that the DNA sequence of gwB gene itself has no effect on regulation @fcA
(Fig. 4.10A and B, number 8).

Next, the impact of the two internal stem-loop structures SL2 and SL3 on Gay@ation was
examined, but their deletion had also no influence on repression oytite:gfpfusion (Fig. 4.10A
and B, 9 and 10). As both proposed interactions in Figure 4.8B covendederegions includ-
ing consensus R1 and R2, deletion of R1 and R2 might not be sufficieridistacycA::gfp
regulation, and thus, 5’ end and 3’end truncations were combined withr R2L aleletions, re-
spectively. However, also these GcvB truncations still regulayed (Fig. 4.10A and B, 11 and
17, pRgcvBy A ¢ ArR2 and @cvBar1g 3'AT). Even further shortened GevB mutants, where only
SL1, SL4, and SL5 (pRycvBsL1, sL4 & sis) Or consensus R2, SL4, and SL5 (gfevBr2, s a&sLs)
were present, did not abolistycAregulation (Fig. 4.10A and B, 12 and 13). A plasmid habour-
ing only SL4 and SL5 (pRycvBs4¢s15) turned out to be instable (data not shown). Although
in plasmid pPgcvBr2, sia¢ s1s already 134 nt of GevB are deleted, it could still form the second
proposed interaction which involves base-pairs between consensaisdRRBecycASD sequence
and a second helix that was confirmed by structure probing (Fig. 4.8Bnteraction). To dis-
rupt these interaction sites, a single-nucleotide exchange was introgtueadh of these helices
(PPLOCVBu2 r2, sL4asLy. Although this led to a slight loss of regulation (Fig. 4.10A and B, 14),
the GevB fragment seems to be still able to binccygAmRNA. Similarily, deletion of residues
66-177 (pRgcvBs 1&s15) leads only to a partial loss of regulation, although both proposed inter-
action regions are completely deleted (Fig. 4.10A and B, 15). This indicaé$ttvB probably
carries multiple sites which can interact wathcAmMRNA.

However, further deletion of the first 12 nt from the 5 end in allgt&Bas12nt s 1 & 5 leads to a
complete loss of regulation (Fig. 4.10A and B, 16). Similarily, deletion of th@de 4t nucleotides
from the @cvBar1g 3°AT Plasmid resulting in allelegrvBs a12nt AR1 &3 AT, @bolished more than
half of thecycAregulation (Fig. 4.10A and B, 18). The first 12 nt from the 5’-end o? B&NA are
predicted to bind to the SD sequencecgtA(Fig. 4.10B). Single base-pair mutations at position
3, 8, or 11 introducted into thgcvBs, 1 ¢ 5 allele are sufficient to abrogate regulation by the GevB
mutant RNA (Fig. 4.10D). Overall, this indicates at least three major GcvBactien sites for
binding ofcycAMRNA around the SD sequence.
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Figure 4.10: Diverse GcvB mutants can regulateycA. (A) Agar plate-based assay of colony fluorescence
of E. coli AgcvB recA strains carrying theycA::gfp (pJL30-14) fusion in combination with control vec-
tor pTP11 (1), or plasmids expressiSgimonellawild-type GevB RNA (pRgcevB) (2), a promoter deletion
mutantgcvBap, (8), or 15 of thegcvBmutant alleles (2-7, and 9-18)B) Regulation ofcycA::gfpexpres-
sion by the different mutant RNAs was quantified by FACS asialyE. coli AgcvB recA strains carrying
the cycA::gfpreporter in combination with the SRNA plasmids were grown¥d hours and analyzed by
FACS. Reporter activity is given in arbitrary units (rel&iGFP fluoresence) and plotted as average from
two independent experiments including error bars. Blue lmens indicate SRNA plasmids as (A). (C)
Proposed interaction between the first 12 nucleotides 0BA&RMA and thecycASD sequence (indicated by
bold letters). Single base-pair exchanges that were int®d in GevB at position 3, 8 and 11 are indicated
by arrows.(D) E. coli AgcvBrecA strains carrying theycA::gfpreporter in combination with the control
plasmid pTP011, or plasmids carrying thevBwild-type or mutant alleleggcvBs; 1 ¢ 5, 9CVBas12ntsL1 & 5

and single base-pair exchangesgitvBs ; ¢ 5, were grown for 14 hours and analyzed by FACS. Reporter
activity is given in arbitrary units (relative GFP fluoreseh and plotted as average from two independent
experiments including error bars.
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Figure 4.11: GcvB inhibits 30S binding tocycA mRNA in vitro. (A) An in vitro synthesizedycA::gfp
fusion MRNA fragment was used in the toeprint assay. The $Des&e is indicated by a box. Uppercase
letters indicate the coding sequence, whereof bold let@mgspond to theycAfusion part and plain letters
to thegfp fusion part, respectivelyB) Ribosome toeprinting afycA::gfpleader RNA (20 nM) as described
in Material and Methods. ‘+/-’ indicate the presence or aloseof 30S subunit (200 nM) and fMet initiator
tRNA (1 uM). The cycA::gfp AUG start codon position is shown. The arrow indicates th8 8eprint.
Increasing concentrations of GevB RNA (lanes 4-6: 20, 1@D200 nM) in the reactions inhibit 30S binding
whereas the unspecific control RNA, MicA (lane 10, 200 nM) gloet impair binding. Mutant RNAs
GcvBAR1, GevBaRz, and GevB: A (lanes 7-9) were added at a final concentration of 200 nM .-Fepdession
values for the different GevB forms and concentrations arergbelow the gel.

4.1.8. GcvB inhibits translation initiation @afycAMRNA in vitro

GcvB RNA can bind with multiple sites near the Shine-Dalgarno sequencgcéf(Fig. 4.8B and
4.10C), and was thus predicted to prevent ribosome binding to this mRNA sTohis, 30S ri-
bosome toeprinting assays (Hagtzal., 1988) were performed. AycA10th::gfp fusion mRNA
fragment (18" amino acid ofcycAwas fused tayfp, Fig. 4.11A) was annealed to an end-labelled
primer complementary to theycA::gfpcoding region (+68 to +92), and incubated with 30S sub-
units in the presence or absence of uncharged ffAfollowed by cDNA synthesis. Analysis
of the extension products (Fig. 4.11B) revealed one ribosome-indtRB&™e-dependent termi-
nation site at the characteristic +15/+16 positions (start codon A is +1).‘t0kgrint’ signal was
decreased when increasing concentrations of wild-type GevB RNA agated prior to incubation
with 30S/fMet (lanes 4-6), suggesting inhibition of 30S binding. In comttag unrelated MicA
RNA (lane 10) did not inhibit ternary complex formation.
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Inhibition was also observed with the GeyRi, GevBar2 and GevB A mutant RNAS, but to a
lesser extent (lanes 7-9). Specifically, a 10-fold excess of GevBtyjld-reduced 30S binding to
the cycA 10th::gfp fusion mMRNA =~ 7-fold, whereas the mutant RNAs GcyB1, GevBago, and
GcvBs A reduced 30S binding only 4.6-, 2.9-, and 4.8-fold, respectively. Althdbgs indicates
different binding affinities of the different GevB variantsetgcAmRNA, probably all of them act
as inhibitors of translation initiation by masking tbgcARBS.

4.2. Discussion

It has become increasingly clear that bacterial SRNAs regulate multipler réttéue individual
mMRNAs. Early studies often focussed on the regulation of a single tangetjisen sRNA, in fact,
ompFmMRNA has remained the only investigated target of MicF sSRNA in 25 years (Mietal.,
1984). However, several studieskncoli and Salmonellarevealed extended regulatory networks
that rely on multiple-targeting by bacterial SRNAs (see Section 2.5). Fonghea the OmrA/B
and RybB were reported to target multiple mRNAs that collectively encodeutasr membrane
proteins (Guillier & Gottesman, 2006; Johanssral, 2006; Papenforeét al, 2006) or the iron
stress-responding. coli RyhB sRNA was shown to regulate multiple mRNAs that encode pro-
teins involved in iron metabolism (Mass& Gottesman, 2002). Though, due to the low number
of validated sRNA-target interactions the mechanistic details of how sRN/A alirectly con-
trol multiple mRNAs by antisense mechanism have remained largly unclear.ditioad reliable
prediction of new targets is still a challenging task.

In the previous Chapter it was shown that GecvB RNA fr@almonelladirectly interacts by a
highly conserved G/U rich region with C/A-rich elements in the 5 UTRs of seMBC-transporter
MRNAs and thereby represses translation. The approaches for thificgdéon of GevB targets in
the previous Chapter were restricted to periplasmic proteirs, esli GecvB RNA has been shown
to regulate several periplasmic transporters (Urbanoeski., 2000). Here, an extended search
for additional GevB targets by global analysis of MRNA changes on miagsiafter GevB pulse-
overexpression was undertaken to analyse the GcvB regulon. Rudes¢pression of SRNAs has
previously been used for the successful identification MRNA targeti¢8ex4.1.2). In addition to
wild-type GevB RNA, also global mMRNA changes upon pulse-expressidamh®NAs lacking the
consensus sequences R1 and R2 were analysed. In these GevBawgiesgreriments, almost half
of the known GcvB targets from the previous ChaptiA, oppAandgltl) were downregulated by
GcvB along with the downstream genes of the corresponding operabke(Z.1). Furthermore, the
previously characterized R1-dependent regulation of these targetseavisible in the microarray
experiments as regulation of these targets was abolished upon pulessaprof the GevRgr1
mutant (Table 4.1, compare column&gcvB+ GevB' and ‘AgecvB+ ARLY). In contrast, pulse-
expression of the GevBr, mutant RNA leads to comparable mRNA changes as for GevB wild-type
(Table 4.1, compare columnagcvB+ GevB’ and ‘AgevB+ AR2’), except forgltl mRNA which

is =~ 2-fold more downregulated upon pulse-expression of the GgyBnutant RNA. Deletion of
R2 could change the affinity of GevB for several other targets by remaaimadditional binding
site and increase the affinity for this target.

Pulse-expression of the sRNA should avoid the pleiotropic effects tlmabeaxpected to result
from constitutive SRNA expression and allows identification of direct targe. mRNAs which are
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directly bound by a given regulatory RNA due to short expression tinmseXample, chromosomal
GcevB itself showed ar: 2-fold increase after arabinose addition, however, induction of GAMB R
from the plasmid led te= 2.5-fold higher level than the chromosomal GevB after 10 min. Thus the
pulse-expression is probably comparable to wild-tgpeB expression. This is also reflected by
~ 7-fold changes fodppAandoppAmRNAs by chromsomal GecvB RNA compared+ol3-fold
and= 18-fold changes by GcvB wild-type expressed from the pBAD-plasmathlgr4.1).

In addition, similar levels of regulation by chromosomal GecvB RNA were okeskin the mi-
croarray experiment (Table 4.dppA -6.8-fold, oppA -7.3-fold, andgltl: -4.2-fold) compared to
the fold-changes determined by quantitative real-time (QRT) PCR in FiguB€3rilSection 3.1.4
(dppA ~ 12-fold,oppA ~ 8-fold, andgltl: ~ 6-fold). In contrastlivd and STM4351 which showed
~ 6-fold and 4.5-fold downregulation by GcvB in the gRT-PCR experimeiguie 3.13C) are not
or only slightly (-1.6-fold for STM4351) downregulated in the microarrageriment. This might
be due to different or low expression of these genes in the growth camglitiged for these exper-
iments (ORgp=1 in the microarray and Ofgy=0.4 for gRT PCR, respectively). Both remaining
known targetsargT andlivK, did also not reach the 2-fold threshold in all microarray experiments.
However, as these genes showed also only slight mMRNA changes in the@QRTh Figure 3.13C,
GcvB probably mainly inhibits translation of these genes without promoting Ré¢fkatiation.

Including also the GevB mutant RNASs in the pulse-expression approbaived to identify further
consensus R1-dependent targets. All R1-dependent targets feoprehious Chapter are bound
at C/A-rich regions by GecvB RNA and also the new targets from the micgaapproach were
predicted to have C/A-rich target sites. Thus this extendend set of pdndent targets was used to
define a consensus motif for the GcvB R1 target site uMHEYE. Motif-searches for the presence
of the consensus motif in the 5’ regions of &8dlmonellERNAs in combination with predictions for
potential interactions usingNAhybr i d (Rehmsmeieet al,, 2004) clearly improved target predic-
tions and revealed additional R1-dependent GevB targets. In te88l potential GevB consensus
R1-dependent targets were identified in the two approaches, wheteasaten could be validated
by Western blots or FACS analysis of GFP reporter-gene fusioys?( ygjU(sstT), gdhA, yaeC,
ilvC, thrL, iciA, ybdH, serAandbrnQ,). Recently, additional GcvB targets were also described
in E. coli (Pulvermacheeet al, 2009a,b) based on a microarray analysis of RNA isolated from
wild-type and agcvBdeletion strain in a comparable growth condition as in this study. A large
overlap of regulated genes was found betwEeooli and Salmonellaindicating a conserved reg-
ulatory function of GevB RNA. Specifically, the L-serine and L-threortiresporteisstT (ygjU)

is also repressed iB. coli (Pulvermacheet al,, 2009b), but alsgdhA, serA, ilvBandilvC were
up-regulated besides the previously known targets irfetleoli gcvBdeletion strain (Pulvermacher
et al, 2009a).

For some of the targets, g, asdderived from the microarray data (Fig. 4.3), regulation could not
be confirmed by GFP-fusions although the fusion contained a region whislpredicted to interact
with GevB (Fig. 4.4A). Thus, either it is not a direct target or the clonggbreis not sufficient for
GcevB binding. For example, OxyS RNA binflslA mRNA at two interaction sites (Altuviat al,,
1998). The 5’ parts of the putative GcvB targets that were cloned in tiefG$ions started at tran-
scriptional start sites identified by 5’RACE or at promoters derived ftoenliterature. However,
alternative transcriptional start sites could lead to longer/ shorter tiptssehich are targeted by
GcevB. Transcripts of different length could also fold into differents®tary structures which could
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be necessary for efficient GevB binding. For some GFP fusions|atgu was observed by moni-
toring colony-fluorescence on agar plates but not in Western blot 66 periments. One reason
for these discrepancies in regulation could be the different growthitiamsl between agar plates
and liquid cultures, which were used for Western blot and FACS analyseddition, expression
of an additional trans-acting factor, such as Hfq, could be requireegulation. Furthermore, the
constitutive expression of the SRNA could lead to pleiotropic effects, aadhfq titration which
was previously reported for OxyS RNA (Zhaegal,, 1998) and is also proposed for SraH RNA
in SalmonellaK. Papenfort and J. Vogel, unpublished). This could unintentionayngk the sta-
bility of other sSRNAs that are expressed under a specific growth conditiach in turn affects
the expression of their target mMRNAs. In addition, the expression ofrlaege of genes can be
altered by targeting the mRNAs of global transcriptional regulatrg, RpoS or FhIA (Argaman
& Altuvia, 2000; Leaseet al., 1998; Majdalanget al., 1998).

Regulation of one target that was identified in the microarray experincgnf mRNA, turned

out to be independent of the G/U-rich consensus R1, which is strictlyirezfjtor regulation of

all other identified targets. Furthermore, it turned out that diverse GouBants are still able to
represcycAmMRNA, indicating multiple, alternative binding sites within GecvB RNA for this target.
Toeprinting analysis confirmed that GecvB RNA can directly inhibit translatigtiaiion of cycA
mMRNA. In addition,cycAwas also identified in the above mentioned microarray-based approach as
a GcvB target irk. coli (Pulvermacheet al, 2009a). In the same study it turned out that diverse
mutations within GevB RNA have no impact aycAregulation. Here, at least three independent
binding sites could be identified within GcvB RNA but it is not clear which of tliedent binding
sites actually bind theycAmRNA in vivo. The fact that diverse GevB mutants are still able to
repress theeycA::gfp fusion mRNA to the same level could be an effect of the overexpression
from the plasmid. Whereas regulation of tbgcA:.gfp fusion mRNA seems to be comparable
for, e.g, GevB wild-type and the R1 and R2 deletion mutants, toeprinting analysis indieate
reduced inhibition of translation initiation by the mutant RNAs. Further toeprirdgkmeriments,
with several of the shorter GevB mutants could give additional hints at thesatnod regulation

by the different fragments. Furthermore, integration of the different ntsitmto theSalmonella
chromosome under control of the natigevB promoter could help to avoid these overexpression
effects.

The cycAgene is patrticularly interesting as a GecvB target because of its functiongbgiae
transporter. Stauffer & Stauffer (2005) showed that the transcrigtiactivator GevA binds to a
single region in theycvBpromoter and binding of GevA to this region is required for both GevA-
mediated activation in the presence of glycine and G¢evA-GevR mediatessispn in the absence
of glycine in the medium. Regulation affcAmight be important as it is a glycine transporter, and
thus regulation might provide a negative feedback/autoregulatory ladpdeB expression which
will be the subject of further investigations.

Besides several downregulated targets, a large fraction of genegveggilated in the different mi-
croarray sets. Especially tipgr genes showed strong elevations in mRNA levels (ug 80-fold)

upon GcvB pulse-expression (Table 4.1). However in gRT PCR expeténie amount ok. g,

pyrB mRNA, was not significantly changed inggvB deletion strain compared to tf&almonella
wild-type strain indicating these genes as false-positives (data not sheunthermore, these genes
and alsoe. g, thefimgenes are known to be highly sensitive to small changes in growth conditions
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as they show aberrant changes in diverse microarray experimer®agknfort and S. Lucchini,
personal communication). Thus, these genes have a higher probabbigyngf false positives and
were therefore excluded from further analysis. Nevertheless, it dmuintersting to test if several
of the other activated genes are directly upregulated by GecvB RNA assRétiated activation
seems to be more widespread than previously anticipated. Besides thedirgtle, DsrA, sev-
eral other sSRNAs have been shown to activate gene expressionpy disrupting an inhibitory
secondary structure which masks the ribosome binding site and therelgnizréranslation in the
absense of the SRNA (see Section 2.1.2). AlsB.inoli, diverse genes were upregulated by GcvB
RNA, but none of them overlapped with the genes identified in this study éRubcheret al,
2009a).

Pulse-expression of the GcvB consensus R2 deletion mutant changedptression of>150
MRNAs which were not regulated in the three other microarray sets (Fig. Al&jough further
evidence was obtained for regulation of some of these targets fidkandserA), most of these
targets are probably due to ‘off-target’ effects. The effect of-tafigeting’ has also been observed
for siRNAs as a sequence-specific effect by binding unintendedctiptssin eukaryotes. This un-
specific binding cannot be reliably predicted nor avoided as there isvediatiigh tolerance for
mismatches between a short RNA and its target, leading to undesirable regofdtiother targets
(Svoboda, 2007). This could also be the case for the GggBnutant, where the pulse-expression
could result in unspecific binding of many mRNAs by the G/U-rich region Rickvhllows several
wobble-base-pairs in addition to canonical Watson-Crick pairing. Ttwssensus R2 might have
a function in discrimination of actual GecvB targets from ‘off-targets’, vdes most of the target
affinity is determined by consensus R1. This implies conserved domains wetedif functions in
GcevB RNA. Furthermore, only one R2-dependent operon (STM453td4540, encoding for a
putative PTS permease system and a putative glucosamine-fructdsesfthpte aminotransferase)
that is downregulated by GevB RNA was detected in the microarrays (Tabje Whether these
are really direct targets of GevB RNA and if R2 is strictly required for bindgmgains to be further
investigated. In eukaryotes, it was shown that transcriptional répreisg Alu RNA during the cel-
lular heat shock response involves two loosely structured domains éhatcatular (Marineet al.,
2008). Also RNAIII fromS. aureuss a bifunctional molecule that encodes theemolysin protein
inits 5’ end while it also acts as a noncoding regulatory RNA, primarily with itso8hein (Boisset
et al, 2007; Huntzingeet al,, 2005; Janzoet al., 1989). Similarly, SgrS RNA, which is expressed
in E. coliduring glucose-phosphate stress, encodes a short ORF within its, 3%Vkecdkas the 3’ end
mediates target interaction wigisGmRNA (Kawamotcet al,, 2006; Wadler & Vanderpool, 2007).
Thus, a modular architecture consisting of multiple functional domains, apsopeminiscent of
classical protein transcriptional regulators, can also be found in Riydators.

Conserved subregions, or ‘domains’, in SRNAs which harbour critesitiues for multiple inter-
actions seem to be more widespread than previously anticipated. Thessw@ahdomains can be
an internal region such as the highly conserved G/U rich region of GANB ®hich directly in-
teracts with C/A-rich elements in the 5’ UTRs of seven ABC-transporter mRiohs Salmonella
Also, CyaR RNA uses a conserved internal region with an almost peafécSD sequence for
binding of multiple target MRNAs (De Lay & Gottesman, 2009; Johareteai., 2008; Papenfort
et al,, 2008). In contrast, other bacterial SRNAs use a conserved 5’ eimdetf@ct with multiple
targets. For OmrA and OmrB, the first nine nucleotides from the 5’ end,hndie conserved be-
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Figure 4.12: GevB network. GevB sRNA represses mRNAs of the periplasmic substrateip®bf many
ABC transporters involved in amino acid uptake. Seven targdich have been validated by vitro struc-
ture probing in the previous Chapter 3 are shown as blue jogaty ovals denote additional proteins of
transport systems or with roles in amino acid biosynthesis, whose synthesis has been shown to be di-
rectly regulated by GevB isalmonella The preferred amino acid, di- or oligopeptide substrafeslevant
periplasmic binding proteins are shown in yellow ovals. €alrof thegcvBgene by two transcription factors
(GevR, GevA) of the glycine cleavage system is indicatecedam extensive work i&. coli by the Stauffer
laboratory (seeg. g, Urbanowskiet al.,, 2000).

yond E. coli and Salmonella were shown to directly recognize multiple target mRNAs (Guillier
& Gottesman, 2008). Also RyhB RNA uses 16 nt from its conserved 5fendirect binding to
multiple OMP mRNAs (Bouvieket al,, 2008; Mikaet al., 2009,submittedl. The identification of
conserved sRNA parts and limiting the sequence space for SRNA-taegktiions to these regions
will clearly improve bioinformatics-based target identification approacHes:ever, there are now
several MRNAs that are repressed at non-RBS positions, either in BERBbr CDS, and by a
diversity of recently deciphered mechanisms (Boueiaal., 2008; Darfeuillest al., 2007; Heidrich
etal, 2007; Vecerelet al,, 2007). This leads to larger sequence space for predictions of ititgrac
within the mRNA part. Therefore, additional featuresg, whether or not an mRNA is bound by
Hfq (Sittkaet al,, 2008; Zhanget al,, 2003) or the presence of single-stranded regions that could be
accessible for sRNA-target interactions (Busthl., 2008; Tafer & Hofacker, 2008) will be needed
to improve target prediction algorithms.

One of the newly identified targetdrL, encodes for the leader peptide of the operon. It will
be interesting to see if also the downstream gehesBC are downregulated by GevB RNA. This
would be comparable to the casdafregulation by RyhB RNA (Veceredt al., 2007). Specifically,
thefur gene is co-transcribed with an upstream OR&f) and translation of theof is a requisite
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for Fur protein synthesis. RyhB RNA targets the RBS of this upstream kbcdtert ORF and
constitutes a new paradigm of SRNA action. Similarily, the ThrL leader peptidigas expression
of the thrLABC operon, which encodes four out of the five enzymes of threonine tilosgis
pathway, by an attenuation mechanism in response to threonine and iselé@is inE. coli
(Lynnetal, 1982). Thus, translational inhibition dirL by GcvB RNA is very likely to affect also
the downstream operon.

The global target identification approaches showed that GcvB targetmhoperiplasmic trans-
porters but also genes that are involved in amino-acid metabolism. As almos$ttladl previous
and newly identified targets constitute amino acid or peptide transporterses gwolved in amino
acid biosynthesis, this argues for a global regulatory role of GevB RN&rimo acid metabolism
(see Figure 4.12). For this purpose, GevB regulates several fuatlfiorlated mRNAs. This has
also been observed for other SRNAs, for example RyhB which reguiatéigple genes involved
in iron metabolism (Magset al,, 2005). Many of the mMRNAs demonstrated to be direct targets of
Staphylococcus aureti®NAIIl encode bacterial virulence factors, and OmrA/B and RybB sRNA
were predicted to directly target multiple mRNAs that collectively encode féeromembrane
proteins (Guillier & Gottesman, 2006; Johansral, 2006; Papenforet al, 2006). Tjaderet

al. (2006) suggested that functional relationship of the proteins encodeatdet candidates may
add confidence to biocomputational target predictions. Furthermorsenad sRNA parts like the
G/U-rich region R1 will help to narrow down the list of target interactiongréasing numbers of
biochemically mapped interactions will then, in turn, improve target predicti@nhgerall, multi-
ple mRNA targeting by bacterial SRNA turns out to be more common than préyitesight and
could allow bacteria to rapidly regulate functional modules in response tmanvental changes.






CHAPTERS

ANALYSIS OF HFQ-BOUND RNAS IN
SalmonellaBY 454 PYROSEQUENCING

Although sRNAs have become an important new mediator of bacterial mMRNAatémn, biocom-
putational identfication of novel SRNAs without any conservation informadtdl remains difficult.
Recent advances in high-throughput sequencing (HTPS) technotvggllow a thorough analysis
of RNA bound to cellular proteins and, therefore, of post-transcriptiggulons including SRNA
regulators. In bacteria, the majority of SRNAs basepair with target mRNAegtalate their trans-
lation and/or decay, and these regulatory events commonly require theidlaSte-like protein
Hfg (see Section 2.2.1). Hfq interacts with both regulatory sRNAs and mR&#& much of its
post-transcriptional function is caused by the facilitation of the generatist simd imperfect anti-
sense interactions of SRNAs and their targets (Section 2.1). Furtherin@ene of the most
abundant RNA-binding proteins in bacteria and almost half of all seeque@ram-negative and
Gram-positive species, and at least one archaeon, encode anm@ddgoie (Section 2.2.1). Hfq
has an important physiological role in numerous model bacteria, and th&pjeaeffects of arnfq
deletion mutation as well as an impact of Hfg on virulence have been ololsierdé/erse bacteria
(Section 2.2.1). Also irsalmonellareduced virulence and motility as well as deregulation of more
than 70 abundant proteins have been observed (Section 2.6.1.1). dibest@s an important role
of post-transcriptional regulation Balmonellanvolving probably als&almonellaspecific SRNA
regulators.

A first step to elucidate the pleiotropic Hfq effects involves the identificatioanadll regulatory
RNAs that are involved in the post-transcriptional regulons. Sevesasatic screens have been
developed to identify small RNAs in bacteria (see Section 2.3). Howevebjdhdormatics-based
approaches often rely on the prediction of orphan transcription signélpr@mary sequence con-
servation of putative sSRNA candidates within closely related species oomseovation of RNA
structure (Section 2.3). For some bacteria, the lack of available genomenses of related bac-
teria does not allow a thorough conservation analysis. FurthermoresRWNA a potential role
in virulence are probably species-specific due to adaptation to diffacets. Thereforede novo
identification of SRNAs remains a major task.

In Salmonelladiverse sSRNAs have been identified. Many of 8@monellasRNAs, such as GcvB
RNA which was described in the two previous Chapters, were initially identifidd. coli (see
Section 2.6.1.2). As 25% of the total genetic material has been laterally atgineeSalmonella
diverged fromE. coli (Porwollik & McClelland, 2003), thes&almonellaspecific regions could
probably encode new sRNAs or other RNA elements that are abséntali. Two bioinformatics-
based studies (Padalon-Brauehal, 2008; Pfeifferet al., 2007) predictedsalmonellaspecific
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sRNAs, which led to the discovery of the first SRNA from an enterobetteathogenicity island,

i. e. the 80 nt InvR RNA that is expressed from the invasion gene locus] fPfeifferet al,, 2007).
Padalon-Brauclet al. (2008) showed expression of 19 island-encoded sRNAs undereapartel
of growth conditions reminiscent of the environments encountere8abyonellaupon host cell
infection. Both studies predicted additiorgdlmonellasRNA candidates that remain to be verified
experimentally.

One strategy to find novel sRNAs is to look for the sRNA binding partnergnafvn RNA-
binding proteins (see Section 2.3.8). As one of the key players in sRNAateedregulation,
Hfq, is highly conserved in a wide range of bacteria, this protein is a gtectndidate for co-
immunoprecipitation of bound RNAs. In a pioneering global studizicoli, Zhanget al. (2003)
used co-immunoprecipitation with Hfg-specific antisera and direct detedtitve bound RNAs on
genomic high-density oligonucleotide microarrays. Although this method grbighly effective
for detecting diverse sRNAs and mRNAs kn coli, the requirement of high-density microarrays
and specialized antibodies has hampered similar studies in other bacteritierdatave approach
identified individual abundant Hfg-associated RNAs by cDNA clonindicect sequencing (Antal
et al, 2005; Christiansest al., 2006); however, these methods are not appropriate for large-scale
analyses due to technical and cost limitations of the conventional Sargerseng.

To overcome these limitations for the global identification of Hfg targetSatmonellain this
work high-throughput sequencing of RNA associated with an epitopgethgfq protein was used
which allows parallel sequencing of hundreds of thousand cDNAs insegeencing run. Deep
sequencing analysis ef 350,000 cDNAs, derived from RNA co-immunoprecipitation (colP) with
epitope-tagged Hfq or a control colP, recovered Hfg-binding sRN#ts high specificity and iden-
tified their boundaries with unprecedented resolution. Additionally, manyereed enterobacterial
SRNA genes as well as nov@almonellassRNA genes could be detected. In total, the cDNA analysis
more than doubled the number of SRNAs known to be expressealimonelldo 67. Furthermore,
727 genes mRNAs were identified whose transcripts are Hfg-boumivo. The complete study
including also analysis of Hfg-bound mMRNAs and validation of the sequgrdatea by hybridiza-
tion of Hfg-colP cDNA on high density microarrays has been previoushliphed in Sittkeet al.
(2008). Furthermore, it includes a transcriptomic analysiSaimonellawild-type andhfg deletion
mutant strains on microarrays.

In future, the combination of epitope-tagging and HTPS of immunoprecipitatZdvill allow the
characterization of SRNAs and mRNAs in different genetic backgroanitsbacteria grown under
various environmental conditions. This approach overcomes the limited laltgilaf high-density
microarrays that have constrained expression-based sRNA digéovaicroorganisms. Thus, this
strategy is ideal for the global analysis of the post-transcriptional ragubRNA-binding proteins
and for sSRNA discovery in a wide range of genetically tractable bacteria.
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Figure 5.1: Deep sequencing strategy to identify Hfg-boundRNAs. RNA was co-immunoprecipitated
with Hfq in extracts from ESP-growBalmonellacells (wild-type and chromosomhfg A€ strain) using an
anti-FLAG antibody. The extracted RNA was converted to 5hmphosphate RNA, and subsequently into
cDNA, followed by direct pyrosequencing. (Figure was addgdtom Sittkaet al., 2008.)

5.1. Results

5.1.1. Experimental setup for deep sequencing of Hfg-aéassatRNAS

The pleiotropic effects of ahfq mutant indicate the existence of a variety of transcriptional reg-
ulons that show Hfg-dependent expression patterns which are eitligateck by the binding of
certain regulatory sRNAs or of specific mMRNAs by Hfq. As a first step t@wel the Hfq regu-
lon, the RNAs that are directly bound by Hfg have to be identified. For thipqae, RNA was
co-immunoprecipitated with the chromosomally FLAG epitope-tagged Hfq proxpiressed by a
Salmonella hig-A¢ strain (Pfeifferet al., 2007) and the Hfg-bound RNAs were analysed by deep
sequencing (see Figure 5.1). Co-immunoprecipitation was performed withFArAG antibody

in extracts prepared from early stationary phase (ESP)-grown maofea Salmonellawildtype
(colP-Ctr) and théafg™-A strain (Hfg-colP). The Hfg-associated RNA was converted to 5’'mono-
phosphate RNA by treatment with tobacco acid pyrophosphatase (TAB) ®J-linker ligation and
poly(A) tailing RNA was converted into cDNA, and a total ®f175,000 cDNAs for each library
pooled from two independent biological experiments was then charazidis high-throughput
pyrosequencing (Marguliest al., 2005).
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Figure 5.2: Work flow for the analysis of 454 sequencing dataSeveral Perl scripts have been developed
for the analyses of 454 sequencing data. The work-flow inetuéhput files and generated output files is
shown. The general analysis steps are indicated in red ngeisequence or annotation files in green, and
output files in black. The developed Perl scripts are framduack.
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5.1.2. Biocomputational analysis of 454 data

After sequencing different libraries together in a 454 sequencingfirehthe source of each read
from the multiplex samples has to be determined by the help of specific bampadeses that were
attached to the 5’ adaptor sequence during cDNA synthesis. Furthersiemd linker sequences as
well as poly(A)-tails have to be clipped from each read. After removahoft sequences, the next
step in the bioinformatics analysis is alignment against a reference genqoense, in this case
Salmonella entericaubsp. enterica serovar Typhimurium str. LT2, as the SL1344 segugnot
annotated yet. Finally, visualization of mapped reads in an appropriatengelmmwser as well as
determining how many reads overlap annotated genes are subseqpstin $hee 454 sequencing
analysis pipeline.

For this purpose, several Pe(Practical Extraction and Report Language) scripts were developed.
Figure 5.2 gives an outline of the analysis workflow. The scripts are iegulan more detail in the
following sections.

5.1.2.1. Removal of 5’ end linker sequences and poly(A) tails

During 454 sequencing, several libraries, that can be distinguishétebyspecific 5’ linker tags,
were mixed together. From this mixed 454 run, reads for the Hfg-colPrjil{tdfq-colP) and a
control library (colP-Ctr) could be identified via their specific 5’ linkemér barcode tags: ‘CGCA
and ‘GCTC’, respectively.

A typical 454 read looks as follows:

tag 5’ - adapt er cDNA insert (1-800nt) pol yA-tail 3’ - adapt er
5’ - CTNNNNGACCT TGGCTGT CACT CANNNNNNNNN. . . NNNNNNNNNNNAAAAAAA. . . AAAAAAAGCGGGGCGATGTCTCGT - 3

The four ‘N’ nucleotides indicated in bold correspond to the 4-mer bartagl which was attached
to the 5’ end linker and which is specific for each library. For long inseetss are often not long
enough to reach the poly(A) tail and 3'-adaptor due to 454 sequenaigghldimitations. Thus,
reads can either cover the full 3'-end adaptor or end at any point wiltleiinsert, poly(A)-tail or
3’-adapter.

To sort out reads for a specific library from a 454 run with mixed librari@sPerl script
clip.linker.pl was written which extracts reads for a given tag and in the same step clips
the 5’end linker and poly(A) tail sequences. The usage is as follows:

L ww. perl . org
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Usage:

clip_linker_seq.pl extracts sequences with a specific 4-nmer linker tag
out of a multi-FASTA file froma 454 run with mxed libraries.

In addition 5 end |inker sequences and poly(A) tails will be clipped.
If the option -1 all is specified, all sequences will be clipped and
not only those with a specific linker tag.

clip_linker.pl -f 454_sequence_file.fasta -1 linker_tag (4ner) [-p prefix outfile]

[-o] [-t]

Opti ons:
-f 454 _sequence_file.fasta
-1 linker_tag (4ner)
[-p prefix outfile]
[-0] clips only 5 end |inker sequences
[-t] clips only poly(A) tail
[-h] print this nessage

The script generates an outfilei nsert s in plain Vienna format with all clipped inserts of reads
that contained the user defined tag. In case only one library was seglianthe 454 run, the
barcode identification is not necessary and all sequences can beddipfbe option-1 Al | .
Identification of 5’end linker and poly(A) tails is achieved by a patterncdeédsouzeet al., 1997).
For example, for the specified tag ‘CGCAl, i p_l i nker . pl calls the pattern matching program
Patscafwith the following nucleotide pattern:

% at scan Pattern for 454 sequencing data

CTCGCA

GACCTTGGCTGICACTCA[ 1, 1, 1]

1...3000

( (AAAAA 1...15 AAA[1,0,0] (G| 0...0) CGGGGCGATGICTCH 1, 1,2] | AAAAA AAAAAAAAA[ 1, 0, 0] )
\ | ( AAAAA AAAAAAAAA[ O, 0, 1] | AAAAA AAAAAAAAA[ L, 1,0]))

The user specified 4-mer tag is indicated in bold and will be set during eschbfrthe script

according to the user defined sequence. The first part of the patiognizes the 5’ linker, the
middle part the insert, and the last part defines several alternativensatterrecognition of the
poly(A) tail alone or in combination with the 3’ adapter. As mentioned abovageseads do not
reach the poly(A)-tail. To recognize also these reads with the abovéisdquattern, an artifical
poly(A)-tail Ao5 is added to every read before the pattern search is started. Thusadsrwithout

poly(A)-tail the whole read down to its 3’end will be taken after clipping.

5.1.2.2. Read length distribution

To get an overview of the cDNA insert lengths distribution for a single Ijo@ara complete run,
the scriptl engt hs_stati sti cs. pl counts the observed read lengths for a given insert file. It
is used as follows:

2 http://www uni x. nts. anl . gov/ conpbi o/ Pat Scan/ HTM./ pat scan. ht ni
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Usage:

seq_l ength_statistics.pl counts the read length for each sequence of a given insert file.
In addition it generates a text output file with the corresponding insert |length
di stribution.

statistics_for_sequences.pl -f inserts_file
Opti ons:

-f inserts_file

[-h] print this nessage

It produces two text output files. The first onel(engt hs. t xt) lists for each read the actual
sequence number, name, length, and sequence:

Nunmber Nanme Length Sequence

1 >000021_2729_0305:[6,67] 27 TTCCAGAGITCGAATCTCTGCGAACTT

2 >000011_2713_0289:[6, 70] 30 GGTGAGGTGICCGAGIGGCTAGAAGGAGAC

3 >000012_2717_0300: [ 6, 108] 67 TTAGGCATTAACGGGAACCGGAGCGT TCCCGATTCACCATGGATGECCTTTTCGG
4 >000015_2740_3628:[ 6, 105] 66 TAAATTGAAGAGTTTGATCATGGCTCAGATTGAACGCTAGGCGEC

The second one-(di st ri buti on. t xt) contains the read length distribution:

Total nunber of sequences: 15384

Sequence_l engt h Nunber _of _sequences Per_nille_reads_of |library

1 5 0. 3250130005
2 1 0. 0650026001
3 2 0. 1300052002
4 16 1. 0400416017
5 74 4.8101924077
6 94 6.1102444098
7 144 9. 3603744150
8 210 13. 6505460218

5.1.2.3. Removal of short reads

As very short sequences can not be specifically mapped to the gensaorgtavhich sorts out the
sequences according to a user defined thredho#s developed. The usage is as follows:

Usage:

Sort _out _short_sequences. pl sorts out sequences with a length shorter than
a user defined threshold
Sort _out _short_sequence.pl -f inserts_file -1 length cut-off[nt]
Opti ons:
-f inserts_file
-1 length cut-off[nt]
[-h] print this nessage
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For the analysis of th&almonellaHfg-colP and colP-Ctr libraries, a threshold of 18 bp was
selected based on some initALAST test searches with reads of different lengths against the
Salmonellagenome. The scrigbor t _out _short _sequence. pl produces two output files of
which+* _| ess_18nt . i nsert s contains all sequences with a length shorter than the user defined
cut-off [ (here 18 bp) and _m n_18nt . i nsert s all sequences with a length/, respectively.

5.1.2.4. Read mapping to a reference genome

After linker clipping and removal of short reads, the sequence reaasth be aligned to a reference
sequence, usually a reference genome. Here, the best-known pafigisment algorithmBLAST
(Basic Local Alignment and Search Tool) was selected for mapping. e asseed-and-extend
strategy, whereby alignments that are extended form short, identichgbstrings. Although this
approach does not work well for short query sequences thatinantsmatches, it works quite well
for alignment of 454 sequencing results as these produce on avengge feads compared to other
sequencing methods like Soléxand Solid.

Here, all read$>18 nt were mapped to tfgalmonellagenome KC_.003197) usingWJ- Bl ast °
2.0 with the following parameters:

% bl ast n dat abase * m n_18nt.inserts -B=1 -V=1 -nFl -n=-3 -Q=3 -R=3
\ -gspmex=1 -hsprmax=1 -nformat=2 -e=0.0001

which have the following meanings:

 —B =1 maximal number of database sequences to report alignments from

* —V =1 maximal number of reported alignments for a given database sequence
e —m = 1,—n = —3 match, mismatch scoring system

e —() = 3 penalty score for a gap of length 1

* —R = 3 penalty score for extending a gap by each letter after the first

* —gspmaz = 1 max. number of gapped high-scoring pairs (GSPs) saved per subjeErce
(default 0; 0— unlimited)

* —hspmax = 1 max. number of ungapped HSPs saved per subject sequence (d6&QI0
— unlimited)

« —mformat = 2 specifies tabular output format (default 1)

e —e = 0.0001 Expectation value (E) [Real] default = 10.0

Swww. i || uni na. com
4solid.appliedbi osystens. com
Shttp://blast.wistl.edu/
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Note that with these settings only the highest-scoring hit (first hit in the BL#&BIe) was reported.
This means that for reads matching to multiple locations in the genome only thetfivsisiconsid-
ered. As a read corresponds to a transcript which can only dedredne location of the genome,
this approach was taken to simplify the counting of mapped reads and a/&lapnotations later
on.

5.1.2.5. Overlaps to annotations

Next, the questions how many reads overlap to annotated genes andrevttes &actions ot. g.
rRNA, tRNA, mRNA etc. in the Hfg-colP and colP-Ctr libaries were adgegls Therefore, a
script calledover | aps_bl ast _t abl e_t o_.annot ati ons. pl with the following usage was
generated:

Usage:

overl aps_bl ast_table_to_annotations.pl sorts out any specified annotated genes |ike

t RNAs and rRNAs from tabul ar WJ-Bl ast output file and al so sequences with no bl ast
hit if the option -n is specified.

The blast input file has to be a W-Blast output file in tabular format (-nformat=2).
The annotation file can be either in *.rnt or *.ptt format and has to be specified by
the option -a annotation.rnt/ptt OR in tabular text format and has to be specified by
-t annotation.txt.

The tabular format contains the follow ng fields separated by tab:

Product _name Start End Strand Length Genel D Locus Locus_tag Links

Sort _out _annot at ed_seqs_from 454_sequences. pl
Opti ons:
- insert _file
-b WU-Bl ast _file in tabular format (generated by nformat = -2)
-a annotation file in *.rnt (rRNA and tRNA) or *.ptt (nRNA) fornat with gene
positions of genes that should be sorted out

IOR option:

-t annotation file in . txt format with gene positions of genes that should be
sorted out

[-n] wite outfile with sequences that have no blast hit

[-1] wite also all gene nanes with O overlaps in sense hits

[-p overlap_length (nt)] allows partial overlap for sorting out, p defines
m ni num required overl ap
[-h] print this nmessage

The script requires an input file with inserts,g, * _ni n_18nt . i nserts, which is used as in-
put for the WU-Blast mapping, and a second input file with Bhé\ST results in tabular format
(generated by the optioam format = 2 by WJ- Bl ast) *. bl ast n. In addition, a file with
annotations of genes that should be used for the overlap has to beguroignotations of tRNAS,
rRNAs, hkRNAs (housekeeping RNAs), and several ncRNAsSaimonellacan be downloaded
from NCBI® and are listed in the filNC_.003197. r nt . Annotations for proteins can be found
in the file NC_.003197. pt t, respectively. Annotations in the rnt and. ptt format can be
passed by the optiora annotation file. In addition, own annotations can be provided as a text

Sftp://ftp.nchi.nih.gov/genones/ Bacteria
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file and passed to the program by the optiehannotation file. For thex. t xt annotation file,
the following tab delimited text format is required:

Product Name Start End Strand Length GenelD Locus Locus_tag Links
16S ri bosomal RNA 289189 290732 + 1544 1251767 rrsH  STMD249 -

Ile tRNA 290800 290873 + 74 1251768 ileV  STMD250

Asx t RNA 290986 291058 + 73 1251769 alaV  STMD251

Met t RNA 738643 738716 - 74 1252199 metT  STMD679

Lys t RNA 818775 818847 + 73 1252271 |ysT  STMD751

For the SalmonellaHfq libraries, three files with annotations were compiled in this for-
mat: (1) rRNAs, tRNAs, and hkRNASLT2_r RNA t RNA_ hkRNA. t xt ), (2) known sRNAs
(LT2_known_sRNAs. t xt ), and (3) predicted SRNA4& T2 _pr edi ct ed sRNAs. t xt ), and are
provided in the Appendix (Tables 10.5, 10.6, and 10.7). Furthermorgeredefined cut-ofp has

to be specified. The script counts a reads overlapping to an annotatignf the read is located
within the annotation or at leagtnucleotides of the readoverlap with the annotatiom The script
generates four main output files:

1. »_pPnt annotationfile.sensehits
contains all inserts that are located sense to the annotations in the giveatanmfile and
overlap the annotation for at leaBtnucleotides specified by the optierp.

2. = pPnt _annotationfile.antisensehits
contains all inserts that are located antisense to the annotations in the givaataon file
and overlap the annotation for at le@shucleotides specified by the optienP.

3. *_pPnt _annotationfile.igr
contains all inserts that do not overlap the annotations that have besfiezpe

4. = pPnt _annotationfile.gr.blast
contains the blast results in tabular format for all inserts that do not gvérannotations
that have been specified.

In the first two files, overlaps to annotated regions are sorted in déugeasler of number of
overlapping reads. That means, annotations with the highest numbeesiafaping reads are listed
first and also the total number of reads that overlap the annotation isigitke first line of each
overlap. In case the optionAn is specified, an additional output fite.(not _hi t ) will be generated
which contains all inserts for which no hit in tBtAST table is provided. The two files. i gr and

*. bl ast with the remainingBLAST hits and inserts can then be used as input files for a new round
of overlaps with the next annotation file and so forth. This is helpful wifi@nexample, several
annotations overlap each other at certain genome positions. Furtheocededn classes of RNAs
can be sorted stepwise, g, first very abundant RNAs like rRNAs, tRNA, next mRNAs, and finally
SRNAs. For theésalmonelldibraries, first overlaps to rRNA, tRNA and hkRNAs were made, then
for known sRNAs, followed by mRNA annotations, and finally annotationpfedicted sSRNAs in
Salmonella To facilitate the extraction of overlap numbers, two more output files arergtd,
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*sense_hi ts. nunbers and+anti sense_hi ts. nunber s, which summarize the overlaps
in the following format:

Sense overlap nunbers for Hf q_Col P_m xed_mi n_18nt _p20_LT2_r RNA_t RNA_hkRNA. t xt
STMD249 11209 rrsH
STMD252 11091 rrlH
STML944 6200 gl yW
STM2411 3488 al aX
STMB934 2296 proM
STMD253 2285 rrfH

The first column indicates the gene name, the second the number of oveglaggads, and the third
column the alternative gene name or description, respectively. The eptiarites also annotations
with zero overlaps to the output file which facilitates comparison of overlapbeus if,e. g, the
numbers of different libraries should be copied into one table.

5.1.2.6. Visualization of mapped sequences

For visualization of the location of blast hits, graph files were calculated daatbe loaded
into the Integrated Genome Browser (IGB)f Affymetrix. This browser allows the visual-
ization of both whole genomes and individual genomic regions. Graphesemting the num-
ber of mapped reads were calculated frBIAST tables and loaded together with the sequence
(NC_.003062. f a) and annotationNC_003062. gf f ) of the Salmonellachromosome. The script
bl ast tabl eto_| GB.graph_file.pl can be used as follows:

Usage:

bl ast _table_ to | GB graph_file.pl generates an x/y graph file for visualization in the

I ntegrated Genome Browser (Affymetrix) froma tabular WJBlast output file (-nformt=2).
For each read in the blast table that was mapped to position x to y in the genone

it will add +1 fromposition x toy if the read was napped on the plus strand, and -1

if it was mapped on the m nus strand, respectively.

If the option [-n NF] is used, the mapped reads per nucleotide position will be divided
by the value of the normalization factor NF and nultiplied by 1000. Thus, the y val ues
are given as ‘‘per mll’’ reads of the given nornalization factor. Per default, NF is set
to one and the y-values correspond to the actual nunber of mapped reads per nucleotide.

bl ast _table_to_ | GB graph_file.pl -b blast_table -o outputnane
[-n normalization_factor (default = 1)]
Opti ons:
-b blast_table (generated by Wi-Blast with option -nfornat=2)
-0 outputnane
[-n normalization_factor (default = 1)]
[-h] print this nessage

It generates the two output files, NF_x_pl us. gr and* _NF_x_m nus. gr, which contain a
list of = / y coordinates for the plus (pl us. gr) and the minus+_ni nus. gr) strand. Ther
coordinate corresponds to the nucleotide position in the genome, ¢berdinate to the number

"http://ww. af fymetrix. cond support/ devel oper/t ool s/ downl oad_i gb. af f x
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of mapped reads at this positian The files were generated by iterating through all reads in the
BLAST table and adding +1 (-1 for hits on the minus strand) at each nucleotide pasitmy

in the chromosome to which the read was mapped from posititmy by WJ- Bl ast . Thus,
the* _pl us. gr visualizesBLAST hits on the plus strand, the.m nus. gr BLAST hits on the
minus strand, respectively. To compare different libraries, a normalizédictor (NF),e. g. the
total number of mapped reads for a given library, can be passed tortpelscthe option—n. If

so, the number of mapped reads per nucleotide position is divided by thealimation factom

and multiplied by 1000. This is necessary in case libraries have big diffesein the number of
sequenced reads. The normalization factor used for the calculationpftdae is indicated in the
output file name.". . NFx_. . .".

The graphs described above contajiy-values only at positions in the genome where at least one
read was mapped. In the IGB, it is possible to apply several mathematioatiops to graph
files. However, to divide the values of one graph by the values of angdegmph to calculate
enrichment factors, the graphs must have the same number of, and egadlies. Therefore,

a slightly modified scripbl ast _t abl e_t o_conpl et e_| GB_graph_fil e. pl was generated
which sets the regions where no read was mapped to “+1” for the pluslsrahto “-1” for the
minus strand, respectively. The usage is as follows:

Usage:

bl ast _table_to_conplete_| GB_graph_file.pl generates an x/y graph file for visualization in
the Integrated Genone Browser (Affymetrix) froma tabular Wi-Blast output file
(-nformat=2).

For each read in the blast table that was mapped to position x to y in the genone

it will add +1 fromposition x toy if the read was napped on the plus strand, and -1 if
it was mapped on the minus strand, respectively.

Genone positions where no read was mapped will be set to 1 (-1 for the mnus graph) to

al | ow mat henati cal operations between two graphs in the | GB which requires the sanme nunber
of x coordinates for the two graphs.

If the option [-n NF] is used, the mapped reads per nucleotide position will be divided
by the value of the normalization factor NF and multiplied by 1000. Thus, the y values are
given as ‘‘per mll’'’' reads of the given nornmalization factor. Per default, NF is set to
one and the y values correspond to the actual number of napped reads per nucl eoti de.

bl ast _table_to_conplete | GB graph_file.pl -b blast_table -o outputnane -1 genone_| ength
[-n nornalization_factor (default = 1)]

Opti ons:

-b blast_table (generated by Wi-Bl ast with option -nformat=2)

-0 output nane

| genone_l ength
[-n normalization_factor (default = 1)]

[-h] print this message

5.1.3. Analysis of cDNA sequencing results of Hfg-ass@dd®NA

For both libraries, Hfg-colP and colP-Ctg, 175,000 cDNA reads were sequenced (see Table 5.1).
The resulting sequences for the Hfg-colP, from here on referrasl tdfq cDNAS’, ranged in length
from 1to 145 bp, and 92% wete 18 bp (Fig. 5.3 A). Disregarding small cDNAs (8 bp), 122,326



5.1. Results 101

Table 5.1: Read distribution of Hfg-colP and colP-Ctr libraries. The total number of sequenced reads
for the Hfg-colP and colP-Citr libraries as well as fractiafiseads< or > 18 bp are given. Furthermore,
the number of mapped readBL(AST hits) for sequences 18 bp and the number of reads overlapping to
annotated genes, known and predicted sSRNAs as well asémiergegions (IGR) are listed.

Hfg-colP colP-Ctr
total reads 176,907 175,142
< 18bp 13,736 12,069
>18bp 163,171 163,073
BLAST hits 122,326 145,873
> 18 bp, but no hit 40,845 17,200
rRNA, tRNA, hkRNA2 57,529 132,148
known sRNAs 11,922 1445
MRNA 34,136 7911
predicted sSRNAs 647 139
antisense mRNA 2174 342
antisense ncRNA 42 7
IGR 15876 3881

& This set includes the housekeeping RNAs (hkRNAs) tmRNA, M1 RNA,SRE& RNA.

sequences could be unequivocally mapped tdStienonellagenome by\J- BLASTE(Table 5.1).
About half of the mapped cDNAs (57,529) were derived from rRNA, ARldnd housekeeping
RNAs (tmRNA, M1 RNA, and SRP RNA; Fig. 5.3B). Of the remaining 64,797useges, the
majority corresponded to mRNA regions (53% matched the sense strarat@hpcoding regions),
followed by known/predicted conserved sRNAs (18%; Hershieérg., 2003; for distribution see
Fig. 5.3C), predictecbalmonellaspecific SRNAs (1%, Pfeiffeet al, 2007) and sequences that
were antisense to ORF regions (3%). The remaining 25% of cDNAs mostigsenied intergenic
regions (IGRs) and 5’ or 3’ UTRs, with a few antisense transcripts to tRMRNAs, and sRNAs
(0.1%; Fig. 5.3 B).

To confirm that the procedure did effectively enrich Hfg-associat8é$} the 175,142 cDNAs
from the control colP using wild-typ8almonella(expressing untagged Hfq) were analysed. Of
these ‘Control cDNAs’ which ranged in length from 1 to 290 bp (Fig. 5.3145,873 sequences
were>18 bp in size and could be mapped to B@monellachromosome. Most of the inserts (91%)
were abundant rRNA, tRNA, and housekeeping RNA transcripts (F&Bp The remaining 13,725
sequences were used to calculate the level of enrichment of Hfg-RNAd see below).

5.1.4. Visualizing Hfg-dependent RNAs at the nucleotidelev

Upon WUJ- BLAST matching, the number of cDNA hits for each nucleotide position
for either strand of theSalmonella chromosome was calculated using the Perl script
bl ast tabl et ol GB.graph_file. pl and visualized using the Integrated Genome Browser
(IGB, Affymetrix). Figure 5.4 shows the distribution of cDNA sequencesra subsection of the

Shttp://blast.wistl.edu/
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Figure 5.3: Statistical analysis of the cDNA sequencing redts of Hfg-associated RNA. (A) The py-
rosequencing results were analysed by plotting the numfiiePNA readsvsthe length of the clipped reads
in bp. The length distribution of all resulting sequenceshswn. (B) Pie diagram of the different RNA
species contained in all sequences that mapped t8almonellagenome. The rRNA, tRNA and house-
keeping RNAs are shown in grey. Left panel: Hfg-colP, rigahel: control colP(C) Pie diagram for all
Hfg-associated sequences that unequivocally mapped terkeBNA sequences. The names of the six most
strongly recovered sRNAs are given. (Figure was adapted 8ittkaet al., 2008.)

genome,. e. the =40 kb SPI-1 virulence region, for which a strong enrichment of Hfq ABN
over the Control cDNAs was observed. As well as the 35 mRNAs of prateiling genes, SPI-1
encodes the Hfg-dependent InvR sRNA (Pfeifétral., 2007). SPI-1 represents an example of
an entire genomic region highly enriched in the Hfg-colP library. In cettréery few cDNA
sequences mapping to SPI-1 are contained in the colP-Ctr library. Téniipgenes oinvR (i.e.
the border of SPI-1) give a nice example of the specificity of the method %4y While cDNAs
mapping to the InvR sRNA gene represent the most abundant cluster irfgheoHP library, the
genes in the closest proximity are barely represented in this library. liti@ddthe example
of InvR underlines the reliability of the method to identify Hfg-dependent ARNEnrichment
of InvR by colP with FLAG-tagged Hfq was previously demonstrated bytton blot analysis
(Pfeifferet al,, 2007), and this result is confirmed by the strong cDNA peak seen @&itRdéocus
located at the right-hand SPI-1 border (Fig. 5.4).
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Figure 5.4: Visualization of pyrosequencing data for theSalmonella pathogenicity island 1 (SPI-1).
The upper panel shows an extraction of the screenshot ohtegrated Genome Browser, with the mapped
Control and Hfg cDNAs of the SPI-1 region. Shown are the aatiats for the (+) and (-) strand (blue), the
cDNA sequence distribution from the Hfg-colP for the (+) grdstrand (red), the cDNA-clone distribution
for the control colP for the (+) and (-) strand (black), and ¢fenome coordinates in the center for the entire
SPI-1. The annotation for SPI-1 and the Hfg-colP peaksil@ and the sRNA InvR in the Hfg-colP are
indicated. Note that the clone numbers per nucleotide adeddo a maximum of 250 for the Hfq and the
control colP, which truncates the high peak for InvR in the4dblP library ¢-3,000 cDNAS). The lower
panel shows a close-up of thwRlocus and its adjacent genes. (Figure was adapted frona$tttt., 2008.)

5.1.5. Hfg-dependent sRNAs are highly associated with Hfq

Inspection of the cDNA libraries revealed that a major class of reads eged from sRNA
regions. These sRNAs, as well as their enrichment by Hfq colP, ard list€éable 5.2 and Ta-
ble 10.8 in the Appendix. The three most abundant SRNAs according taithibars of Hfg cDNA
sequences are InvR, SraH (a.k.a. RyhA) and SroB (RybC) andramerkto be strongly bound
by Hfq (Pfeifferet al, 2007; Zhanget al, 2003); colP of Hfg enriched these three sRNAs by 30-
to 57-fold in comparison to the control set. For example, InvR, which birfdswith a Kp of

10 nM (Pfeifferet al, 2007), was represented by 3,236 Hfqg cDNAs and 113 Control cDNés
Table 5.2). In contrast, other SRNAs not expected to be Hfg-depemaga found in equal num-
bers in the two samples, g, the CsrB or CsrC sRNAs which target the conserved RNA-binding
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InvR 89 nt SroB 84 nt SraH 120 + 58 nt 6S RNA 183 nt
(3236 / 113 cDNAs) (1530 / 27 cDNAs) (2292 / 55 cDNAs) (4511836 cDNAs)

processing
[

3000 5
Hfq 2000 — 300
colP L 1000 7 - e 0 il
3000 — = 450
Control 2000 = 300
colP 1000 150

Figure 5.5: Visualization of the clone distribution of exenplary Hfq dependent and independent SRNAs

in Salmonella. Clone distribution for sequences mapped to InvR, SroB, SoaldS sRNAs (red: Hfg-colP,
black: control colP). The vertical axis indicates the numifecDNA sequences that were obtained. A bent
arrow indicates the sRNA promoter, a circled ‘T’ its trangtional terminator. (Figure was adapted from
Sittkaet al,, 2008.)

protein CsrA (Babitzke & Romeo, 2007) were represented by almost equabers in the Hfqg
and Control cDNAs (CsrB, 67/69; CsrC, 63/64; Table 5.2). Moreas@NAs of the abundant yet
Hfg-independent 6S RNA (Wassarmeaial., 2001) were found in smaller numbers in the Hfq than
in the control library (451 versus 836; Table 5.2).

Fig. 5.5 illustrates the distribution of cDNAs of the three predominant HfgaddeNAs and of
the Hfg-independent 6S RNA. The cDNAs of both the InvR (Pfeiéfeal., 2007) and SroB (Vogel
et al, 2003) sRNAs mapped along the entire RNA coding sequence from treetiational start
site to the Rho-independent terminator. SraH, which is transcribed astablen120 nt precursor
and is processed into an abundan®8 nt RNA species (3’ part of SraH; Argamah al,, 2001;
Zhanget al,, 2003), was almost exclusively recovered as the processed sRiNAbIM the borders
of the cDNA clusters were in perfect agreement with previous 5’ andem@mapping data of the
four sSRNAs (Argamaret al,, 2001; Brownlee, 1971; Pfeiffest al., 2007; Vogelet al,, 2003). In
other words, the present cDNA sequencing approach not only deteszisiation with Hfg but also
identifies the termini of expressed sRNAs at nucleotide-level resolution.

5.1.6. Identification of express&hlmonellasRNAs

To evaluate the sRNA expression profile @dlmonellamore extensively, three classes of SRNA
candidate loci were analysed for coverage by the Hfg and ControAsDRirst, cDNAs ofE. coli
SRNA candidate loci with predicted conservationSalmonellawere inspected (Argamaet al.,
2001; Hershbergt al, 2003; Kawancet al,, 2005a; Wassarmagt al., 2001; Rivaset al,, 2001,
Vogelet al, 2003; Zhanget al,, 2003). Second, cDNAs @almonellaspecific SRNAs predicted in
two recent global screens (Padalon-Braethl., 2008; Pfeifferet al., 2007) were counted. Third,
cDNAs from one third of th&almonellachromosome (first 1.6 Mb) and all major five pathogenicity
islands were manually inspected for expression patterns of IGRs indiaztivew sRNA genes,
and for possible enrichment by Hfq colP. Of the latter two classes ofidated (summarized in
Table 10.8 in the Appendix), those with an Hfg enrichment factd® and/or candidates showing
good promoter/terminator regions, were selected for Northern blot asalys



Table 5.2: Compilation of expressefalmonellasRNAs and their enrichment by Hfg-colP.

SRNA! Alternative IDs®>  Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot™°

sgrS ryaA | yabN/leuD e 128574 128812 3 61 20.3

isrA - Il STM0294.In/STM0295 ——— 339338 339760 0 0

sroB rybC | ybaK/ybaP e 556005 556085 27 1530 56.7

sroC - | gltd/gltl e 728913 728761 26 898 34.5

rybB p25 I STM0869/STM0870 — 942632 942554 3 103 34.3

STnc49d! - vV clpA/tnpAl ——— 1024975 1025165 75 385 5.1 ~ 85nt

isrB-1 - 1 sbcASTM1010 e 1104179 1104266 2 4 2.0

STnc500 - 1\ STM1127/STM1128 e 1216157 1216440 7 84 12.0 ~ 65nt

STncl50 - \% icdAVSTM1239 ——— 1325914 1325649 0 1 >1.0 ~ 90nt

isrC - Il envF/msgA e 1329145 1329432 0 1 >1.0

STnc520 - 1\ STM1248/STM1249 e 1332809 1334044 12 100 8.3 ~ 80nt

isrD - Il STM1261/STM1263 ——— 1345788 1345738 0 0

ryhB-2 isrE I STM12734eaQ e 1352987 1352875 0 0

STnc540 - \Y himA/btuC ——— 1419369 1419570 7 23 8.8 ~ 85nt

rprA 1S083 | ydiK/ydiL e 1444938 1444832 37 286 7.7

rydB tpe7, 1S082 | ydiH/STM1368 — 1450415 1450519 4 10 2.5

STnc5702 yneMORF v ydel/ydeE e 1593723 1594413 2 21 10.5 ~ 190nt

STnc560 1\ ydel/ydeE — 1593723 1594413 10 290 29.0 ~ 90nt

isrF - Il STM1552/STM1554 —e—— 1630160 1629871 1 0

rydC 1S067 | STM1638tybB — 1729673 1729738 5 245 49.0

micC 1S063, tke8 1] nifJ/ynaF ——— 1745786 1745678 0 15 >15.0

STnc580 - 1\ dbpASTM1656 e 1749662 1750147 11 311 28.3 ~ 100nt

ryeB tpke79 I STM1871/STM1872  —«—« 1968155 1968053 24 653 27.2

dsrA - | yodD/yedP ——— 2068736 2068649 6 149 24.8

rsex - | STM1994bmpS ——— 2077175 2077269 0 3 >3.0

ryeC tpll | yegD)'STM2126 ——— 2213871 2214016 42 72 1.7

cyaR ryeE Il yegQSTM2137 NN 2231130 2231216 31 659 213

isrG - Il STM2243/STM2244 ——— 2344732 2345013 0 0

micF - 1] ompClyojN ——— 2366913 2367005 0 11 >11.0

continued on next page

S)nsey ‘'1'q

G0T



SRNA! Alternative IDs® Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot*®

isrH-2 - 1 glpC/ISTM2287 —e—— 2394582 2394303 0 0

istH-1 - I glpC/STM2287 e 2394753 2394303 0 0

STnc250?  ypfM ORF Vv acrDIyfB e 2506882 2596789 6 24 4.0 ~ 220nt

ryfA tpl | STM25346seB — e 2674934 2675228 8 6 2.0

glmy tkel,sroF | yfthK/purG e 2707847 2707664 20 92 4.6

isrl - Il STM2614/STM2616 — 2761576 2761329 0 2 >2.0

isrJ - 1 STM2614/STM2616 —r—— 2762031 2761957 1 0

isrK - 1l STM2616/STM2617 e 2762867 2762791 0 0

isrB-2 - 1l STM2631kbcA ——— 2770965 2770872 0 0

isrL - Il smpBSTM2690 —e—— 2839399 2839055 0 0

isrM - 1l STM2762/STM2763 ——— 2905050 2905378 0 0

isrN - Il STM2764/STM2765 e 2906925 2907067 0 0

micA sraD | luxS/gshA e 2966853 2966926 1 128 128.0

invR STnc270 11 invH/STM2901 ——— 3044924 3045014 113 3236 28.6

csrB - Il yqcClsyd e 3117059 3116697 69 67

govB 1S145 Il gcvAlygdi ——e 3135317 3135522 12 402 335

omrA rygB | aas/galR e 3170208 3170122 0 51 >51.0

omrB t59,rygA, srakE 1l aas/galR ——— 3170408 3170322 1 52 52.0

STnc290 - V tnpA4/STM3033 e 3194996 3194914 2 72 36.0 ~ 85nt

isrO - Il STM3038/STM3039 ——— 3198380 3198580 0 0

'S - | yofE/ygA N 3222098 3222280 836 451

rygC t27 | ygfA/serA e 3222913 3223065 14 17 1.2

rygD tp8, C0730 | yqiK/rfaE . 3362474 3362327 17 104 6.1

sraF tpk1, 1S160 | yOiRIYGT SN 3392069 3392261 0 25 >25.0

sraH ryhA | yhbL/arcB e 3490383 3490500 55 2292 41.7

ryhB-1 sral, 1IS176 | yhhX/yhhY ——— 3715495 3715401 0 2 >2.0

istR-1 VI ilvB/emrD e 3998147 3998018 0 0 ~ 75nt

istR-2 VI ilvB/emrD ——— 3998147 3998018 0 0 ~ 140nt

STnc400 - V STM3844/STM3845 ——— 4051145 4051340 112 42 ~ 55nt

glmz k19, ryiA, srad | yifkK/lhemY — 4141650 4141854 20 196 9.8

spf spf | polA/yihA N 4209066 4209175 2 33 16.5

continued on next page
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SRNA! Alternative IDs® Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot™°

csrC sraK, ryiB, tpk2 1] yihAlyihl ——— 4210157 4210400 63 64

isrP - Il STM4097/STM4098 e 4306719 4306866 0 2 >2.0

oxyS - | argH/oxyR ——— 4342986 4342866 0 10 >10.0

STnc620 - 1\ sshSTM4257 ——— 4476817 4477856 4 41 10.3 nd

sraL ryjA 11 SOXRSTM4267 ——— 4505010 4504870 0 0

STnc440 - V STM4310tnpA6 ——— 4559193 4559277 9 456 50.7 ~ 85nt

STnc460 - \% STM4503/STM4504 ——— 4758332 4758187 0 0 np

isrQ - Il STM4508/STM4509 ——— 4762997 4763158 0 0

1 Gene names @almonellasRNAs identified in this and previous studies. The identification method is givée third column. sRNA names follow ti&almonellaand/orE. coli
nomenclature referenced in Hershbet@l. (2003), Padalon-Brauctt al. (2008), and Papenfoet al. (2008).

2 Alternative SRNA IDs. References in Hershbeitgal. (2003), Padalon-Braucét al. (2008), and Papenfoet al. (2008), except STnc490, 500, 520, 540, 560, 570, 580, which
have been newly predicted in this study.

% Evidence for sRNAs irBalmonella (1) Conserved sRNA found iBalmonellacDNA libraries, and expression previously showrEircoli (relevant ref. in Papenfost al., 2008;
Table 1).(Il) sRNA previously predicted and validated on Northern blotSatmonellaby Padalon-Brauchkt al. (2008). (Ill) sRNA previously validated on Northern blots in
SalmonellgAltier et al,, 2000a; Figueroa-Bosst al., 2006; Fortuneet al,, 2006; Papenfort al., 2006, 2008; Pfeiffeet al., 2007; Sharmat al, 2007; Viega%t al,, 2007).(IV)
SRNA predicted through cDNA sequencing and validated on Northerniblthigs study.(V) SRNA previously predicted by Pfeiffet al. (2007) is recovered in cDNA sequences
and validated on Northern blots in this studyl) IstR sSRNAs (Vogekt al, 2004) were not recovered in cDNA sequences but their express®almonellawas validated by
Northern blot analysis in the complete study (Sitétal., 2008).

4 Flanking genes of the intergenic region in which the sRNA candidate is lacated

® Orientation of sSRNA candidate (middle) and flanking genes on the clockwiger the counterclockwise) strand of theSalmonellachromosome.

6 Genomic location of SRNA candidate gene according tcS#enonella typhimuriurhT2 genome. For STnc470 through STnc640 start and end of the @riérgenic region are
given.

" Out of 145,873 sequences in total.

8 Out of 122,326 sequences in total.

° Enrichment factor calculated by dividing the number of reads fromddidp by the number of reads from the colP-Ctr.

10 Denotes verification on Northern blot for new RNA transcripts; the estidnsit= is given in nucleotides (np = not probed; nd = no detectable tipt)scr

1 The cDNA reads map antisense internally of the 1S200 element. Basejoarse identity they map to all 1IS200 elemetnpA 1 to tnpA6).

12 3Tnc250 and STnc570 contain small ORFs annotatggféandyneM respectively, irE. coli (Wassarmaet al., 2001).
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To assess sRNA expression under relevant environmental condiRdi¥ss from five stages of
growth in standard LB media from exponential to stationary phase andtivornonditions known
to strongly induce the expression of the major SPI-1 (Lee & Falkow, 1980get al., 2004) or SPI-

2 (Deiwicket al,, 1999) virulence regions were probed. The results of this analysiiarmarized
in Table 5.2 (the whole set of candidates tested is shown in Table 10.8 in tlemdigp Including
the 26 previously detecteBalmonellasRNAs (Altier et al., 2000a; Figueroa-Bossit al, 2006;
Fortuneet al,, 2006; Padalon-Brauddt al., 2008; Papenforet al., 2006, 2008; Pfeiffeet al., 2007;
Sharmeet al, 2007; Viegast al,, 2007), a total of 6BalmonellssRNAs can now be considered to
be experimentally validated.

It was determined whether eight of the n8almonellasRNAs showed an Hfg-dependent pattern
of transcript abundance that correlated with Hfg binding (Fig. 5.6 A& $finc290, 440, 490, 520,
540 and 560 sRNAs were all enriched by Hfq colP (Table. 5.2) by factp to 51-fold (STnc440).
The expression of the four sSRNAs with the highest enrichment factdmso@®0, 440, 520, 560)
was strongly reduced ilAhfq and so classified as Hfg-dependent; in contrast, the accumulation
of STnc150, STnc490 and STnc548-£€1.0-, 5.1-, and 3.3-fold enrichment, respectively) was
unaffected in the absence of Hfg. Three sRNAs expressing stabktipiis of~ 85 to 90 nts
originate from close to, or within, 1S200 transposable elements (Fig. 5%B)c290 and STnc440
are expressed just upstreantmgbdA 4 andtnpA 6, respectively, whereas STnc490 is antisense to the
translational start site of the 1IS200 transposase ORF. 1IS200 elemeatalfjeposses two stem-loop
structures, one of which is a Rho-independent transcription terminatoprigents read-through
from genes located upstream of the integration site (Bew al., 1999). Given their location,
the STnc290 sRNA could originate from processing of the STM3033drants reading into the
tnpA4 terminator structure; by analogy, STnc440 would be derived from S34ranscripts. If

S0, this would constitute interesting cases in which transposon insertiomgzsd stable SRNAs.
The other 1S200 stem-loop functions as a translational repressor bgsteqng the start codon of
the transposon ORF (Bebiz et al, 1999); STnc490 overlaps with this structure on the opposite
strand and by acting as an antisense RNA may function as an additioregsepof 1S200.

Furthermore, on Northern blots 10 of the 31 newly identifsadimonellassRNAs could be detected
under the environmental conditions that were tested (Tables 5.2 and Tb&3e sRNAs yielded
stable transcripts, predominantly in the 50 to 100 nt range. Generally, wétkxareption only can-
didates represented By20 cDNAs in a cDNA pool yielded a signal on Northern blots (Tables 5.2
and 10.8). While this suggests some correlation between intracellular atmendad cDNA fre-
guency, the case of STncl50 was observed, for which a single cD&Ar@covered yet a strong
signal was obtained on Northern blots. In contrast, several candigdédtes-20 cDNAs failed the
Northern blot validation (Table 10.8). The corresponding cDNAs weobagibly derived from 5’ or
3’ UTRs of larger mRNA transcripts. This was tested on Northern blots afcag gels (data not
shown). 14 of such candidates had the appropriate orientation to flam&MA genes for being
UTR-derived. Six of these showed signals ranging in size from 500Q0 &Qcleotides (STnc180,
Stncl190, STnc330, STnc470, STnc610, and STnc640; Table 10.8 dpiendix) and are likely
to be processed mRNA species.

In addition to the sRNAs listed above, the cDNAs included two loci predictechtmae small
peptidesj. e. shorter than the 34 amino acid cut-off used to define ORFs in the ciBatmionella
genome annotation (McClellared al., 2001). These are referred to as STnc250 and STnc570 in Ta-
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Figure 5.6: Expression of novel sSRNAs isalmonella. (A) RNA abundance of selected new sRNAs in
wild-type (+) versushfg mutant (-) Salmonellacells at early stationary phase (@Jg of 2). The enrich-
ment factor of each of these sSRNAs in the colP experimentvisngbelow the blots for compariso(B) A
schematic presentation of the position of the SRNAs acogrth the 1S200 element is shown to the right.
The upper drawing indicates the two stem-loop structurtest sodon, and stop codon of the transposase-
encoding mRNA of the 1S200 elements. The three detected sRMA indicated by black arrows. (Figure
was adapted from Sittket al., 2008.)

ble 5.2 and correspond to the predicted simpiM andyneMmRNA-encoding genes, respectively,
of E. coli (Wassarmaet al., 2001).

5.2. Discussion

To understand how bacterial RNA binding proteins such as Hfg mediatetfieotof global gene
expression at the post-transcriptional level, direct targets need to bhéfiek These targets in-
clude, besides direct mRNA targets, the small noncoding RNA regulatordhwhédiate post-
transcriptional regulation of diverse mRNAs. In this Chapter, deepesegijug was applied to iden-
tify SalmonellaRNA ligands bound to Hfg. This approach not only recovered most okriogvn

SRNAs but also identified novel SRNAs and mRNA targets. ldentification géln®almonella

specific SRNAs is particularly interesting as they could have a potential rgleulience regulation.

The first global approach for the identifcation of Hfg-bound RNAs imed detection of RNA co-
immunoprecipitated with Hfg-specific antibodies on high-density oligonucleatideoarrays and
identified newk. colisRNAs (Zhanget al, 2003). Similarly, microarray-based detection following
co-immunoprecipitation of eukaryotic mRNA-protein complexes (MRNPSs) ideshtfielogenous
organization patterns of mRNAs and cellular proteins (Tenenbetuah, 2002). Epitope-tagging
of the yeast La homologue was successfully used for global colPsied@lyada & Guthrie, 2004).
However, the requirement of custom high-density microarrays andémiespspecific antibodies
has impeded similar studies in other organisms. The ideal SRNA discoveeapvould not only
detect sRNAs but would also define their exact sequence. Given tizaltgenome size of model
bacteria £5 Mb), a high-density oligonucleotide microarray with10 million oligonucleotide
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probes would be required to achieve single basepair resolution. Stagls @o not exist for any
organism, and even today’s high-density arrays (with 0.5 million featuoesgavith extraordinarily
high set-up and printing costs and are available for very few bacteread@&ép sequencing strategy
remedies these technical and financial limitations.

The identification of Hfg-associated RNAs Balmonellais based on a chromosomal epitope-
tagging approach (Uzzaat al., 2001), followed by colP with a commercially-available antibody,
and sequencing of hundreds of thousand cDNAs. The earlier shotgnimg studies in bacteria
(see Section 2.3.5) and many other organisms (reviewediitekhofer, 2005; Httenhoferet al.,
2002) were limited by costly Sanger-type sequencing of individual cDNs&rits from plasmid
vectors. The deep sequencing approach described here avoidsregaditep and is able to detect
small RNAs with unparalleled sensitivity by defining the 5’ and 3’ ends ofdtapts at basepair
resolution.

Deep sequencing of cDNAs has identified the small RNA component ofygatiatranscriptomes
(e.g, Lu et al, 2005; Rubyet al, 2006) and new classes of noncoding RNAs associated with eu-
karyotic RNA-binding proteins (Araviet al., 2006; Girarcet al., 2006). Furthermore, immunopre-
cipitation and deep sequencing has been successfully applied to chaessteall RNAs associated
with human Agol and Ago2 proteins, which are part of the eukaryotic Ridiced-silencing-
complex (RISC), and also to identify bound mRNA targets (Beitzimge., 2007). In addition, an
unexpected class of RNAs that originate from small nucleolar RNAs (NA@iRwas identified in
Ago complexes (Endest al., 2008). Thus, colP followed by deep sequencing allowed to identify
novel RNA binding partners. These studies in eukaryotes primarily g&clien the class of 20-30
nucleotide long microRNAs and short interfereing RNAs and typically indusize-fractionation
steps. Bacterial riboregulators are considerably larger (80-28@atides), and in this study it was
shown that even without prior size fractionation deep sequencing pamreaand define the termini

of these large sRNAs.

Analysis of deep sequencing results of Hfg-bound RNASa@monellaextends the tally of confi-
dently identified SRNAs to 67 in this model pathogen (Table 5.2). Thirty eigthtesfe are conserved
sRNAs that were initially identified ifE. coli, but only a few of their homologues have previously
been shown to be expressed in other enteric bacteria (A&lti@lr, 2000b; Bossi & Figueroa-Bossi,
2007; Fortuneet al,, 2006; Julioet al, 2000; Papenforét al, 2006, 2008; Sharmat al.,, 2007;
Viegaset al, 2007). The finding, from this and other studies, that highly-congesiRiNASs are
commonly expressed should prove useful to researchers workingenlmdlterial systems. A sig-
nificant number of the Hfg-associated cDNAs correspond to sSRNA latigte absent fror&. coli
(Padalon-Braucht al., 2008; Pfeifferet al., 2007 and Table 5.2). Of thesayRexemplifies a SRNA
gene that was probably horizontally acquired with the SPI-1 virulendenegarly inSalmonella
evolution (Pfeifferet al,, 2007). Intriguingly, InvR is the most frequently recovered sRN/ (000
cDNAs in the Hfg-colP library), which shows that this approach is ndy effective in detecting
conserved but also species-specific SRNAs of acquired pathogemdgins. Horizontal transfer
of virulence islands is a driving force in the evolution of bacterial pathedBobrindtet al., 2004),
and knowledge of the functional elements of these islands is key to unudirgigpathogenesis.
Whereas ORF identification in such islands has become routine, islanficspBINAS are more
difficult to recognize by bioinformatic-based approaches. These Ri¢foffs could interconnect
expression of th&almonellacore genome and virulence regions at the post-transcriptional level.
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Besides confirming InvR, the present study found evidence for theession of five of the
47 SalmonellasRNA candidate loci listed by Pfeiffezt al. (2007) who predicted orphan pro-
moter/terminator pairs in IGRs (Table 10.8). Padalon-Bragichl. (2008) recently reported the
discovery of 185almonellaexpressed sRNA loci. cDNAs of eight of these sRNAs could be recov-
ered (IsrB-1, C, E, I-L, and P; Table 5.2). The fact that ten of tis€d¢As were not recovered prob-
ably reflects their low-level expression under the growth condition usesi(fPadalon-Braucdt al.,
2008). This observation suggests an improvement that could be made to thmdm&Nomics-
or microarray-based sRNA discovery methods require sSRNAs to beessgul under the chosen
assay condition, unlike bioinformatics-aided approaches that scooefoan transcription signals
and primary sequence conservation (Argameaal., 2001; Cheret al, 2002; Livhy et al,, 2006;
Wassarmaeet al., 2001) or for conservation of RNA structure (Rivetsal,, 2001). However, as most
sSRNAs are involved in specific stress responses, it remains challengiagntify the appropriate
growth condition that induces expression of certain SRNAs. Thus dstuidies combining several
different growth conditions with increasing sequencing depth are likelyeiatify even more novel
SRNAs.

Similar to other global methods for RNA identification (Altuvia, 200Ttténhofer & Vogel, 2006),
this approach is likely to show certain biases regarding its specificity. Fongbe, unspecific Hfg
binding partners can be caused by cross-hybridization in the immunojpagoip step or from the
limited ability of reverse transcriptase to deal with stable RNA structures in cBy\#hesis, and
these will need to be studied in more detail. However, it is clear that deeprseiqg resolved the
termini of many expressed and/or Hfg-bound sRNAs at basepair tesolirig. 5.5), which has
not been achieved by other methods.

In addition to the Hfg-bound sRNAs, also the35,000 reads derived from Hfg-bound mRNA tar-
gets & 19% of all reads in the Hfg-colP; see Table 5.1 and Fig. 5.3) were athlgghe complete
study which was published in Sittlet al,, 2008. This led to the identification of 727 Hfg-bound
MRNAs. For a lot of MRNAS, especially sequences in the 5’ UTRs or in int&gegions of poly-
cistronic mRNAs were specifically enriched in the Hfg-colP libraries andno€orresponded to
known sRNA binding sites. Furthermore, the deep sequencing appimaitte detection of Hfg-
bound mMRNAs was validated by comparison with the conventional approaately, hybridization
of the RNA from the colP samples to& typhimuriunoligonucleotide microarray. Nearly half
(45%) of the 365 enriched mMRNAs in this colP-on-Chip experiment cpoms to regions iden-
tified by the deep sequencing approach. The overlap increased to 6é% genes that showed
enrichment values above 5 were taken into consideration. Althougharel®hip displays a lower
sensitivity than deep sequencing these two independent methods datgermenparable results for
the identification of MRNA-protein interactions.

In the complete study (Sittket al., 2008), the 454 sequencing results were additionally compared
to mRNA profiles of theSalmonellawild-type and thehfq deletion strain using transcriptomic
analysis on whole-genome microarrays. In total, expression of at I8&sgehes, or 18% of the
Salmonellagenome, was changed either directly or indirectly by Hfg, and 32% of tleetafl
MRNAs were bound to Hfg in the deep sequencing analysis. Conver88tyo8the Hfg-bound
MRNAs showed an Hfg-dependent pattern of gene expression. dperfion of genes identified

to be Hfg-dependent is similar fBseudomonas aeruginoga 15% of all genes; Sonnleitnet al.,
2006) but bigger than foE. coli (6.3%; Guisbertet al, 2007) orVibrio cholerae(5.6%; Ding
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et al, 2004). However, the different growth conditions and scoring patensmesed for these other
organisms preclude a direct comparison with the data obtaine8afononellan this work. With
regard to functional analysis of several Hfg-bound mRNAs, the cordiirmascriptomic and colP
data revealed that Hfg exerts a direct role in gene expression throeglotitrol of specific check-
points in well-defined transcriptional regulons.

Transcriptomic profiling by itself is clearly unable to differentiate betweersttaptional and post-
transcriptional effects of Hfg. However, enrichment of a regulated wRNhe Hfg-colP library
can successfully hint at post-transcriptional regulation by sRNAs. clineent data set comprises
several hundreds of such candidate mRNAs (see Table S4 in Sittka & 20§8) including many
experimentally confirmed targets 8almonellasRNAs. Integrating the score for Hfg-association
deduced from present experiments and, where applicable, from #ilakde E. coli data (Zhang
et al, 2003) into available algorithms such as TargetRNA (Tjaeleal,, 2006) could significantly
improve target predictions for the large class of Hfg-dependent sSRNAs

A recent study based on sample-matched transcriptomics and proteomicsbggkt al. (2009)
also found that>20% of all annotate®almonellagenes are regulated post-transcriptionally either
directly or indirectly by Hfq or SmpB, an RNA-binding protein which specificinteracts with
tmRNA (Karzaiet al., 1999). For example, based on their proteomics analysis, expressi&i of
proteins was found to be affected by Hfq, of which 25% overlap with thepd&#fsociated mMRNAs
that were identified in this deep sequencing analysis.

Collectively, the method presented provides a first picture of the impactpbiiSalmonellagene
expression at both the transcriptional and post-transcriptional level. r& detailed inspection of
this data set, in particular of tlee 60% of the chromosome that remain to be fully analysed as well
as sampling under different growth conditions, will probably expand &émewg ofSalmonellasmall
MRNA and noncoding RNA genes. In addition, the data sets could help tovdisatether Hfg
controls the expression afs-antisense sSRNAs that overlap with mRNA coding regions (Kawano
et al,, 2005a) or whether certaBalmonellaRNAs are selectively associated with this protein (Lee
& Feig, 2008; Scheibet al, 2007). Furthermore, the same approach was now also successfully
applied to analyse RNA-binding properties of foreign Hfq proteins esqwé inSalmonellgSittka

et al, 2009). Thisin vivo approach identified endogeno8almonellasRNAs as a major target
of the foreign Hfq proteins from two eubacteridgisseria meningitides, Aquifex aeolifasd an
archaeonNlethanocaldococcus jannaschénd additionally identified further novel sSRNAs from
SalmonellaIn addition, specific RNA processing defeasg, suppression of precursor processing
of SraH sRNA, or aberrant accumulation of target MRNAs of3akmonellaGevB, MicA or RybB
SRNAs were observed. This indicated that the expression of hetetddNA-binding proteins
combined with deep sequencing analysis of RNA ligands can be used asailaoteol to dissect
individual steps of RNA metabolisin vivo.

Bacterial genomes encode a large number of RNA binding proteins (Asramtianet al., 2002)
including globally acting proteins such as the CsrA/RsmA (Babitzke & Rome@7)2@nd Csp
families (Yamanakat al, 1998). The combination of epitope-tagging and high-throughput se-
guencing of immunoprecipitated RNA could be used to identify the RNA targdtsese proteins

in any genetically tractable bacterium. This could help to unravel the postetiptional regulons

in a wide range of bacteria.



CHAPTER®G

DEEP SEQUENCING REVEALS THE
PRIMARY TRANSCRIPTOME OF
Helicobacter pylori

The intense study offlelicobacter pylori(see Section 2.6.2), one of the most prevalent human
pathogens, has contributed much to understanding bacterial virulentanigus. The availabil-

ity of the =~ 1.67 MbH. pylori genome sequence has greatly facilitated these studies, including the
discovery of proteins with important functions in gastric infections. In camspa, much less is
known about the overall transcriptional organization and the noncagigions of theH. pylori
genome. Genome annotationtdfpylori strain 26695 predicted 1,590 open reading frames (Tomb
etal, 1997), yet experimental studies over the years identifiedsi@§ promoters in this organism
(see Table 10.11 in the Appendix). Thus, it remains largely unknownendoeat when the transcrip-
tion of the majority of theH. pylori genes is initiated. In addition to the lack of clear transription
signals Helicobactercontains only a very limited repertoire of transcriptional regulatrg, only
three sigma factors, three two-component systems, and two additionalnorpsponse regulators
(Section 2.6.2). However, in order to cope with the various stressesdueters during infection,

e. g, pH and nutrient fluctuation${. pylori must have additional mechanisms to regulate its gene
expression.

Besides protein regulators, small noncoding RNAs (SRNAs) have beatifidd in all kingdoms of
life as modulators of gene expression, and several systematic sce@nied to the identification
of sSRNAs in diverse bacteria (see Section 2.3). So far, no small regulBtdAs have been de-
scribed in the-subdivision of proteobacteria, except for the highly conserveddieeping RNAS,
tmRNA, RNaseP RNA, and SRP RNA (see Figure 6.1). Homology searasesilon sRNA se-
guences from other bacteria have not been helpful in identifying sRatalidates irH. pylori,
suggesting that either SRNA genes are absent or have divergeddonelimit of detection. Due

to a lack of a known Hfg homologue (Swat al., 2002), the approach based on combination of
epitope-tagging and HTPS of immunoprecipitated RNA that was describeiddotification of
novel sRNAs inSalmonellain the previous Chapter could not be appliedHelicobacter This
indicated a requirement afe novoidentification approaches, such as bioinformatics-based predic-
tions (Section 2.3.3) or direct RNomics (Section 2.3.5).

Previous RNomics screens for sSRNA identification in bactexig, E. coli, the two archaeonSul-
folobus solfataricusnd Archaeoglobus fulgidysandAquifex aeolicuswere at that time based on
the conventional Sanger sequencing method (Section 2.3.5). The deegibpf deep sequencing
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Figure 6.1: Northern Blot of Helicobacter housekeeping RNAsTotal RNA was extracted frorHl. pylori
26695 cultures in different growth phases and probed witi\Ngos (listed in Table 10.14) on Northern
blots. Samples were taken at @J9 values between 0.3 (log phase) and 2.0 (late stationaryeph&sjual
amounts of RNA were loaded. Thtelicobacterhomologues of tmRNA, RNase P RNA, SRP RNA, and 5S
rRNA were initially predicted by Brown (1999); Regaka al. (2002); Williams & Bartel (1996), and Tomb
et al. (1997), respectively.

technologies allows a more complete and rapid coverage of small RNA priofithgerse organ-
isms,e. g, in plants using massively parallel signature sequencingeflal., 2005). Furthermore,
high-throughput pyrosequencing (Margulietsal,, 2005) of size-fractionated RNA has been suc-
cessfully applied to the discovery of small RNAs,g, in C. elegangRuby et al, 2006) and the
single-cell algaegChlamydomonagMolnar et al, 2007; Zhaoet al, 2007). With the advent of
next-generation sequencing technologies it is now possible to generatefterillions of short
sequences in a single assay. This development has enabled the Rigangequencing’ (RNA-
Seq) technology via random cDNA libraries, which was successfullliepfo the transcriptomes
of Arabidopsis(Lister et al,, 2008), mouse embryonic stem cells (Cloomaral., 2008) and other
mouse tissues (Sultaat al,, 2008), budding (Nagalakshrat al,, 2008) and fission yeast (Wilhelm
et al,, 2008) at single nucleotide resolution.

In this study, an initial biocomputational approach based on prediction phaor pro-
moter/terminator pairs in intergenic regions (IGRs) was used for the idetibficaf SRNAs

in H. pylori. However, it led to the identification of only a small number of sSRNAgimpylori

and, hence, a direct RNomics approach was chosen. To specificalty @DNA libraries for
primary transcripts and by depleting processed RNAs, such as highhidaburRNA fragments,

a method based on an exonuclease which digests RNAs with a 5’-mondiespas developed.
Subsequently, thél. pylori transcriptome was analysed by sequencing a totak 8f7 million
cDNAs derived fromH. pylori grown under standard laboratory and stress conditions or in contact
with eukaryotic cells. This identified many additional SRNAs both from intergesgions and
from regions antisense to annotated open reading frames (ORFs) aaswtbk ubiquitous 6S
RNA and its associated pRNAs. Moreover, differential analysis of pgnaad processed RNA
species facilitated the identification &f800 transcription start sites of MRNAs acrosskh@ylori
genome. The results of thé pylori transcriptome analyses will improve the functional annotation
of the H. pylori and related genomes, and the approach used here should facilitate thé glob
transcriptome analysis of mixed pathogen-host populations.
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Figure 6.2: In silico prediction of novel sSRNAs inH. pylori 26695. To predict novel SRNA candidates
in H. pylori 26695, intergenic regions 60 bp were scanned for orphan promoter/terminator pairso- Rh
independent transcription terminators were predictedguBNAMot i f (Lesnik et al, 2001) and the de-
scriptor file for the terminator model specified in Chetral. (2002). Putative promoters were determined
by simple pattern searches fblr pylori promoter motifs withPat Scan (Dsouzaet al, 1997). After re-
moval of putative, non-annotated ORFs, sSRNA candidateswkee conserved in thel. pylori strain J99
were subjected to experimental confirmation by 5’ RACE andiinan Blots.

6.1. Results

6.1.1. Biocomputational prediction of ncRNAskh pylori

As a first approach to identify novel sRNA candidatesHalicobacter pyloristrain 26695, a
bioinformatics-based strategy similar to Chenal. (2002) and Argamart al. (2001) was un-
dertaken (see Section 2.3.3). Specifically, intergenic regiof® bp were scanned for orphan
promoter/ terminator pairs as outlined in Figure 6.2. Since there is only little infamabout pro-
moter consensus sequences and transcription termination sighkgkdabacter this approach was
based on similarities to known sRNA features fr&rcoli. Most of the knowrE. coli SRNAs are
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terminated by Rho-independent transcription terminators, which is a comnmim#&tion mecha-
nism also for mRNAs in this bacterium. However, two previous studies prediity few Rho-
independent terminators . pylori (Ermolaevaet al,, 2000; Washicet al., 1998). In contrast, it
has been recently shown thdelicobactermight rely more on Rho-independent termination than
previously assumed (de Hoet al., 2005; Kingsfordet al., 2007).

For this first screen, Rho-independent transcription terminators wesdicped using the
RNAMbt i f descriptor file specified by Lesni&t al. (2001) that was also previously used for
SRNA prediction inE. coli (Chenet al, 2002). Additionally, putative promoter sequences were
identified by simple pattern searches férpylori RpoD ®") promoter motifs usindPat Scan
(Dsouzaet al,, 1997; Vanett al,, 2000). Only promoter and terminator pairs within a distance of
40-400 nt were considered as sRNA candidates. After removal ofiymjtaon-annotated ORFs
and conservation analysis of candidatedHelicobacter pyloristrain J99 this rather constrained
screen ended up with a final list of six candidates (Intergenic regi@is (G75, 1G433, 1G449,
1G480, 1G494, and 1G550) for experimental verification by 5’ RACH &forthern blot analyses
(see Table 10.10 in the Appendix).

The 5’ ends of four candidates (IG75, 1G433, 1G480, and IG580)dcbe confirmed by 5’ RACE
(indicated in the alignments in Figures 10.7-10.11 and fottheylori 26695 specific IG550 can-
didate in Fig. 10.12 in the Appendix). However, only one candidate, IG4&@: a strong signal on
Northern Blots (see Figure 6.3A), while for IG75, 433 and 550 only wegRkals could be detected
(data not shown). The identified SRNA 1G480 is also included in the list &fARpredicted in
Helicobacterby Livny et al. (2006). BLAST! searches revealed that this RNA has five additional
homologues in thél. pylori 26695 genome (see Figure 6.3 B, asRNA B to F), whereof four could
be detected on Northern Blots under the conditions examined (Fig. 6.3 A3eTddditional homo-
logues were missed in the bioinformatics-based predictions because theyogihap annotations
and are, hence, not included in the list of IGRs or did not pass the termtha¢shold.

As two of the identified homologues (asRNAE and F) are located antisensBfs @nnotated
as short hypothetical proteins (HP0024 and HP1515), the identifiedskRbuld act as antisense
RNAs and thereby inhibit expression of the peptides. Thus, they wenedld. pylori antisense
RNA (asRNA) A to F. Alignment of the antisense RNAs revealed the presefigighly conserved
Rho-independent terminators and promoter elements that are in acavd#mtanscriptional start
sites mapped by 5’ RACE (Fig. 6.4 A & B). Otherwise, the sequences aredeserved. However,
all of the sSRNAs are predicted to fold into two highly stable stem loop struc{iiigs 6.4 C).

Alignment of the nucleotide sequences of the opposite strand of the IGRgngathe antisense
RNAs A, C, D, E, and F revealed a highly conserved Shine-Dalgamesee followed by an AUG
start codon (Fig. 6.5A). The corresponding RNAs encode all fortgeptides of 30 amico acids
and were, thus, termetiortpeptide RNAs (spRNAs). Only spRNA D encodes for a shorter peptide
of 23 aa, as a deletion of one nucleotide in the coding sequence (posian e alignment in
Fig. 6.5 A) leads to a premature stop codon and a truncated peptide. TRAsERand D could be
detectedn vivo asa 230 nt long transcripts on Northern blots (see Fig. 6.5B), and also ssipre

of spRNA A and F was confirmed on Northern Blots (data not shown). pémides encoded
by spRNA E and F correspond to the ORFs annotated as HP0024 and FHP1&ike H. pylori

1 bl ast. ncbi . nl mnih. gov/ Bl ast . cgi
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Figure 6.3: A family of small RNAs in H. pylori 26695. (A)Total RNA samples oH. pylori strain 26695
from ODgoo 0.3 to 2 were separated on denaturing PAA gels and analyséibdhern blots. Under these
conditions, signals have been observed for asRNAs A to FpgXoeasRNA E. The homologues, A through
F, vary in length betweers 67 and= 90 nt. Bands corresponding to smaller species in the blosROIA A
and C are likely to be processing products. DNA oligonuatksst used for Northern blot hybridization are
listed in Table 10.14.(B) Location of asRNAA to F in thed. pylori 26695 genomeH. pylori asRNA B
overlaps with an ORF encoding a short hypothetical protdin1(176), whereas asRNAE and F are located
antisense to ORFs annotated as short hypothetical pratdiP8024 and HP1515). Blue arrows indicate
short peptide encoding RNAs (spRNAs) Ato F.

genome but the other three ORFs have not been annotated yet. As thenwtatad ORFs are
indicated as hypothetical proteins and aBloAST searches did not reveal any similarity to other
proteins, the function of these peptides is unclear. However, the peptideskE , and F contain
a lot of positively charged amino acids, lysine (K), arginine (R), or hiséidiH), leading to a
positive net charge between ‘+6’ and ‘+8’. Moreover, as the peptate very hydrophobic and
transmembrane domains could be predicted usind MRF ed? program (shaded in grey for each
protein in Fig. 6.5C), an interaction with membranes is very likely. In additionp#dpides can
probably form alpha helical structures and were predicted to be potantiahicrobial peptides
using the prediction program on the Antimicrobial Peptide Datab@¥ang & Wang, 2004). Thus,

2w, ch. enbnet . or g/ sof t war e/ TMPRED_f or m ht ni
8 aps. unnct. edu/ AP/ mai n. php
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Figure 6.4: Sequences and structures of a family of small RN&in H. pylori 26695. (A)Alignment of the
family of SRNAs shows high conservation of promoter eleraamtd predicted Rho-independent terminators.
Brackets indicate paired bases within the terminator dtep-structure of asRNAA; red letters indicate
terminator base-pairs in each sequence. Promoter elearentsdicated by blue boxes, transcriptional start-
sites determined by 5’ RACE iB by red boxes, respectively. Asterisks indicate conserumtentides.(B)
The predicted 5’ ends were verified by 5’ RACE analy$i3) All of the asRNAs are predicted to fold into two
highly stable stem loop structures. Secondary structusze womputed withlRNAst r uct ur e (Mathews

et al, 2004) and drawn witfRnaVi z (Rijk et al,, 2003).

they could eventuelly act as toxins fide pylori itself or, in case they are secreted, also be toxic for
other bacteria in the mucosa.

Conservation analysis bBLAST searches showed that all of the asRNAs/spRNA cassettes are
present in severaelicobacterstrains (see Figure 6.6) and some of them, asRNAC and F, are
present in several copieslih pylori J99. For some of the spRNAs, mutations within the ORF lead
to truncated peptides or a start codon mutation results in a complete loss GEHttoems-or example,
spRNA D which is truncated ii. pylori 26695 is not truncated in the other strains, whereas for
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Figure 6.5: A family of small ORFs in H.pylori 26695. (A)Nucleotide alignment of a family of small
ORFs shows high conservation of the Shine-Dalgarno seguemt start codon (green boxes) as well as the
stop codon (light blue box). The -10 promoter element of thartspeptide encoding RNAs is highlighted
in yellow, the -10 box of the asRNAs encoded on the oppositnds is framed in blue(B) Expression

of sSpRNA C and D was confirmed on Northern blo{€) Protein alignment of peptides A, C, D, and E.
Transmembrane domains were predicted using ¥Mer ed program and are shaded in grey for each protein.
‘+’ indicates a positively charged amino acid (H, K, or R) irleast one sequence in the alignment.

example spRNA A harbours a STOP mutationHnacinonychis Thus, the peptides could have
redundant functions and probably expression of not all peptidesjisresl inH. pylori. Overall,

the asRNAs are very likely to act ass-encoded regulators that bind to the spRNAs and thereby
probably repress translation of the peptides and/or lead to degradatibe dguble-strand specific
RNase Il
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Figure 6.6: Conservation of antisense RNAs A to F and short OR cassettesLocations of homologues
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strains. HPH. pylori 26696, jhp:H. pylori J99, HPAG1:H. pylori HPAG1, and HacHelicobacter acinony-
chis Stripes indicate inserted genes or different flanking gehan in strairH. pylori 26695.
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6.1.2. Depletion of processed RNAs

The biocomputational strategy based on approaches for the identifichs&Né\s in E. coli pre-
dicted only a few sRNAs iHelicobacter However, SRNAs irHelicobactermight have different
sequence and secondary structure features than sRNAsHrooli, and ade novoapproach to
identify SRNAs might be required. Thus, a direct RNomics approachdoasenassively parallel
pyrosequencing of cDNA libraries derived from a variety of growthditons was chosen. Instead
of size-fractionating RNA as it was done in previous RNomics screenscietia based on Sanger
sequencing methods (Section 2.3.5), a method for depletion of procebgexidRd selective se-
guencing primary transcripts was developed.

In bacteria, newly initiated (primary) mRNA and sRNA transcripts carry arasttaristic
5'triphosphate (5’PPP) end, whereas processed RNA speciesdimglabundant ribosomal and
transfer RNAs (rRNA, tRNA), have 5’ monophosphate (5'P) endsaiment of total RNA with
5" monophosphate dependent terminator exonuclease (TEX) whichdiys’'P but no 5’PPP RNA
depletes these processed RNAs and in parallel enriches for primasgrifae (Fig. 6.7 A).

To selectively identify primary transcripts in total RNA sample$iopylori, two differential cDNA
libraries for each of the tested conditions were constructed: one libfaipin the original RNA
pool covering both primary and processed transcripts, and a secan¢td from RNA treated
with TEX in which primary transcripts are enriched. After TEX treatment ofltBIdA samples
of Helicobacterand Salmonellathe bands for 23S and 16S rRNA are almost completely elimi-
nated (Fig. 6.7 B). Northern Blot analysis confirmed specific degradafiar23S rRNA fragment
in Helicobacter(Fig. 6.7 C). In contrast, 5S rRNA is neither kh pylori nor in S. typhimurium
accessible for TEX-mediated degradation (Fig. 6.7 D). Probably its S'semésked in a very sta-
ble, unaccessible secondary structure. However, primary trans@ius as asRNA A, sRNA B
(identified below, see Section 6.1.7), and B@monellassRNA InvR (Pfeifferet al, 2007) are not
degraded. In contrast, a processed fragmeabinonellaSraH RNA, which was originally iden-
tified in several genome-wide screenskncoli (Argamanet al, 2001; Wassarmaat al,, 2001),

is completely degraded as expected (Fig. 6.7 D). The protection of asRISAét as prominent
as for other sRNAse. g, SRNA B or InvR. Probably, for part of the asRNA A transcripts, the 5’
triphosphate was cleaved by an endogenous pyrophosphatase ostthadleotides were cleaved
off by an endonuclease in both cases leading to a 5’-monophosphateprdtessed fragment of
HelicobacterasRNA A is not degraded, as it is derived from the 5’end and, thuscatitles the
5'-triphosphate. Based on these preliminary experiments, total RNA treated EX should be
specifically enriched for SRNAs and, in addition, probably also for pryntxanscripts of mMRNAs.

6.1.3. Deep sequencing BielicobactercDNA libraries

HelicobactercDNA libraries were prepared from five different growth conditiondture in brain-
heart-infusion media to mid-log phase (C-/+ libraries), and following 30 min sit&hss (AS-/+);
growth in cell culture flasks in the absence (PL-/+) or presence of twargatic cell typesj. e.
AGS human gastric epithelia cells (AGS-/+) in whiehpylori induces motility and cellular elon-
gation upon contact, and Huh7 cells (Huh7-/+) which the bacteria camatthéut fail to induce
morphological changes (see Figure 6.8). In total, 2.15 million reads wqteeseed for the acid
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Figure 6.7: Enrichment of primary transcripts. (A) 5 monophosphate dependent terminator exonuclease
(TEX) specifically degrades RNAs with 5’-monophosphatésijevprimary transcripts with a 5'triphosphate
group are not affected(B) Treatment of total RNA with TEX eliminates most of the prosed RNAS,
especially ribosomal RNAs (indicated by arrows). Total RM&m H. pylori harvested at an Qfg, of 0.6
(HP) and total RNA fronS. typhimuriunmharvested at an Qfg, of 2.0 (ST), respectively, were separated on
a TBE-agarose gel and stained with ethidium bromide; -/ icatés prior treatment with TEXC) Northern
blots for severaHelicobacterRNAs -/ + TEX treatment.(D) Northern blots for severéalmonellaRNAs

-/+ TEX treatment. DNA oligonucleotides used for NortherotBorobing are listed in Table 10.14 in the
Appendix.

stress libraries and 1.79 million reads for the infection libraries on a RockesEfuencer. This
resulted in 220,000-530,000 cDNAs per library and a totat &7 million cDNAs (see Table 8.15
in Material and Methods).

After 5’end linker clipping, reads were mapped to tHelicobactergenome using the program
segenehl which is based on an error-tolerant suffix array method (Hoffrmetred.,, 2009, sub-
mitted). For this mapping method, clipping of tailing sequences is not neceasdhgy will be
removed during the mapping step. However, for very short sequénegmly(A) tail often leads

to mapping errors. Therefore, a filtering step was introduced which rethall sequences with

an A-content of more than 70% (see Table 8.15 in Material and Methods)thEse sequences,

the poly(A) tail was clipped separately. Of the clipped reads, all seggent2 nt were mapped
again withsegenehl . This procedure allowed to map also very short sequences of at kast 1
cleotides. In total, between 62% and 84% of the reads for the individuariésrcould be mapped

to theHelicobactergenome. Of the mapped reads, between 26% and 75% uniquely mapped to the
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convert to 5-mono-P RNA,
polyadenylation, 5' linker ligation,

¥ cDNA synthesis v

pyrosequencing of ~ 2,150,000 reads pyrosequencing of ~ 1,790,000 reads

linker/polyA clipping,
mapping of inserts to HP26695 genome using an error-tolerant suffix-array technique

v
~ 217 million mapped nucleotides
=% ~136-fold genome coverage

Figure 6.8: H.pylori 454 cDNA libraries. Total RNA of H. pylori from acid stress samples or infection
samples was -/+ TEX treated. For cDNA library constructi®iNA was converted to 5’-mono-P-RNAs
by TAP (tobacco acid pyrophosphatas) treatment, followedduition of poly(A)-tails, linker ligation and
reverse transcription. Libraries were sequenced on a RecKesequencer. After linker and poly(A)-tail
clipping, reads were mapped to thkepylori 26695 genome using an error-tolerant suffix array technique
(Hoffmannet al.,, 2009, submitted). In total, 217 million nucleotides werapped which corresponds to a
~ 136-fold genome coverage of the 1.67 Mbpylori genome.

Helicobactergenome (Table 8.15 in Material and Methods). The lengths of mappedvaaed in
arange from 12 te< 350 bp (Fig. 6.9 A and B), whereof 12 bp was the length cut-off for mappin

Figure 6.10 shows for each library the distribution of read< bp, reads with no match to the
H. pylorigenome, and reads that overlap with annotated regions (for actual raisetgeTable 10.12
in the Appendix). The fraction of reads that could not be mapped téi#ieobactergenome is
higher for the AGS-/+ and Huh7-/+ libraries as they also contain humars feawth the host cells
(see also Table 8.15 in Material and Methods). The fraction of uniquelyethpeads is generally
higher in the enriched libraries due to the removal of a large number ofombalsrRNA reads.
Reads which derive from these transcripts map at least twice tbl¢lieobactergenome due to
the presence of two 16S and 23S rRNA genes and three 5S rRNA deigese 6.10 shows that
the fraction of ribosomal RNAs (orange) is reduced in the enriched (rgrlds compared to the (-)
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Figure 6.9: Mapped read length distribution of H. pylori 454 cDNA libraries. (A) and(B): Mapped read
length distribution for the acid stress (AS) and infectitdR) libraries, respectively. Per mill reads of each
library are plottedssthe observed mapped read length.

libraries. For example, in the C- library 63% of all reads derive from rRNAs, but ordy25% in
the C+ library. In contrast, the fraction of tRNAs increased upon TEXnmeat,e. g, 7.3% tRNA
reads in the C- and 27% tRNA reads in the C+ library, probably also duettoraggairing of the
5’ and 3’ end within the tRNA structure. A large fraction of reads maps to m&(828% and 5.8%
for the C- and C+ libraries, respectively). This is most prominent in thesioégs libraries (32.5%
and 18.9% for the AS- and AS+ libraries). Moreover, a fraction of semdpping antisense to
annotated genes was observed (5.4% and 7.9% for the AS- and AS+iekbhraspectively). These
reads probably derive fromis-encoded antisense RNAs. In addition, the fraction of reads from
intergenic regions contains promising candidates for novel SRNRspmylori (e. g, 3.4% and 15%
for the C- and C+ libraries, respectively). Furthermore, the increbissads in intergenic regions
in the TEX+ libraries shows the successful enrichment of primary trgsisarpon TEX treatment.
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Figure 6.10: Read distribution on annotated genes.Bar diagrams showing the relative proportions of
different RNA species in the acid stress (AS) and infectidi] libraries.

Next, the number of cDNA hits for each nucleotide position in both genomicdgrams calcu-
lated for all libraries similarly as described in Section 5.1.2 for the Hfg-ColRdies. The result-
ing graphs were visualized using the Integrated Genome Browser (I@@néirix). To get an
overview of the read distribution along thielicobacterchromosome, all positions mapped for the
enriched libraries (+TEX) and all positions mapped for the untreated i@sr&TEX) were pooled
and plotted along the plus and minus strand of ith@ylori 26695 genome (Figure 6.11A, up-
per panel). The distribution of reads along thepylori chromosome indicated an overall genome
coverage.

The lower panel in Figure 6.11A shows the read distributions for the C-d+A&%/+ libraries on

part of thecag pathogenicity island. While reads are distributed along the whole mRNAs in the
unenriched libraries (black graphs), the 5’end of MRNAs are enrichtéte TEX treated libraries.
These enrichment peaks correspond exactly to experimentally mappewtpre forcagA and
cagBas indicated by green arrows (Spoéinal., 1997). Also the two known promoters for the
urease operon, which has an important function in acid resistartdelizsobacter show the sharp
enrichment peaks in the TEX treated libraries compared to the untreatedelb(kig. 6.11B).
Transcription of this operon starts upstreanugdA (Shiraiet al, 1999; Spohn & Scarlato, 1999a)
and upstream afireF (Akadaet al., 2000; Pflocket al., 2005). Furthermore, a strong induction of
this operon in the acid stress libraries is visible. The lower amount of reguisinggto the 3’ part of

the urelEF-HP0068ureH polycistronic mMRNA and the relatively sharp decrease of mapped reads
within ureEin the untreated libraries indicate a previously described processing siteEijAkada

et al,, 2000).
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Figure 6.11: Cag island and urease operon. (AjUpper panel)Screen shot of the IGB showing the read
distribution for all untreated libraries (-TEX, blue cusyeand all libraries enriched for primary transcripts
(+TEX, orange curves). The reads for all untreated and faeralched libraries were pooled, and the dog
values of the number of mapped reads for the plus and minasdséit each nucleotide position were plotted
along the genome. Positions of tRNA, rRNA, and mRNA genesratieated by green, blue, and grey bars,
respectively. (Lower panel)Read distribution for the C-/+ libraries and AS-/+ librarien part of thecag
pathogenicity island. Green arrows indicate the expertalgnmapped transcriptional start sites fragA/B
(Spohnret al,, 1997). Note thatagBis not annotated ii. pylori 26695 but located betwe@ag25andcagA

in strain G27.(B) Read distribution on the minus strand for the C-/+ libraaesl AS-/+ libraries on the
urease operon. Green arrows indicate the experimentalbpeathtranscriptional start sites foreA (Shirai

et al, 1999; Spohn & Scarlato, 1999a) an| (Akadaet al,, 2000; Pflocket al., 2005).
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Figure 6.12: Enrichment patterns allow an exact mapping of tanscriptional start sites. (A) A typical
TSS enrichment pattern is show exemplarily é@agA A strong enrichment of cDNAs clustering at the +1
site ofcagAMRNA in the TEX-treated C+ (red) library could be observelleveas in the untreated C-(black)
library the reads are spread along the whole mRNA. The cDN@s®f the C+ library cluster exactly at the
transcriptional start site published in Spodtral. (1997), which is indicated by a green arrof) In total,

74 experimentally mapped promoters from the literatureasell on 5’ RACE analysis (see Table 10.11 in
the Appendix) were compared to the TSSs based on the 454rsBagealata. The histogram indicates the
number of observed distances between experimental TSSHENTSIS.

6.1.4. Mapping of transcriptional start sites

Figure 6.11 exemplifies how the different cDNA library data reveal bothrduescriptional start

site (TSS) and the growth-condition dependent regulation of a gives dédapping of the individ-

ual cDNA sequences to thé. pylori genome showed that nuclease-treatment had counter-selected
processed rRNAs in favor of transcripts matching to intergenic regiohesé latter regions also
contain the TSSs of MRNA genes. Figure 6.12A shows the typical enrichpaéetn of cDNAs
clustering at the +1 site of an mRNA, hezagAmRNA. Intriguingly, the 5’ ends of these cDNA
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clusters matched exactly the previously mapped first nucleotidegfmRNA. In contrast, cDNAs
from the TEX- library were dispersed over the 5 mRNA region. In otherds, scoring for dif-
ferences in the two cDNA libraries revealed a pattern indicative of thergen®SS positions of
primary transcripts (Figure 6.12A).

To assess the quality of TSS determination based on the 454 mapping, ébdgbroimoters was

compiled from the literature and 20 additional promoters were mapped byGERSee Table 10.11

in the Appendix). Of these 74 TSSs, 69 were covered by the 454 datmp&ison between the
experimentally determined start sites and the ones observed in the deep@agulata shows that
most start sites map exactly to the same nucleotide (Figure 6.12, distanceFafr@ome genes,

large differences were observed which probably correspond tonatiee promoters. However,

the significant overlap between experimentally verified TSSs from the literatased on primer

extension or 5’ RACE and TSSs from the 454 data gives good confideramnotate new promoters
based on the 454 data.

6.1.5. Global TSS annotation

To annotate TSSs iRl. pylori at a genome-wide level, all libraries were simultaneously loaded
into the IGB and altogether analysed by manual inspection. Generallynsegfimwing the typical
enrichment pattern of the 5’ flanking nucleotide in the (+) over the cooredipg (-) library in at
least two of the five samples were annotated as TSSs. For some genearrendlehment pattern
was observed. In these ambiguous cases, additional criteria suchpssitien of a putative TSS

to adjacent genes were included. For example, a TSS was annotatedjalihdid not show a
convincing enrichment pattern if it was located between two divergergsyand no other TSS was
annotated for the respective gene. As the two genes are divergemineat have its own promoter.

The global TSS analysis predicted a total of 1,906 putative TSSs, wH&38d~ 49%) were an-
notated on the minus strand and 96851%) on the plus strand. As depicted in Figure 6.13A,
all annotated TSSs were classifed into one out of five categories: prifRargecondary (S), in-
ternal (), antisense (A) or orphan (O). TSSs with the highest egmeghat are locategl 500
bp upstream on the same strand of an annotated gene were classifi@thay.ptf a gene had
an additional alternative transcriptional start site with lower expressisT®S was classified as
secondary. A TSS which started within an annotation on the same strandassified as internal,
whereas TSSs that were located on the opposite strand of an annotastanted on the opposite
strand within a range of -/+100 bp of an annotation were classified asr@s#is& SSs which had
no related annotation in close proximity (-/+100 basepairs to annotations opfitesite strand or
>500 basepairs to downstream genes on the same strand) were callad (g 6.13A).

As outlined in Figure 6.13B, TSS can have multiple associations with differeatationse. g, the

TSS within gene 3 is internal to gene 3 but also primary to gene 4. Thus, ir2td&b annotated
TSS features (1,265 on the (-) strand and 1,230 on the (+) strandctegly) were annotated.
The distribution of TSSs into the different classes is shown in Figure 6.A3Brge fraction of
antisense transcripts was observed foriielicobactertranscriptome. Around 27% of the primary
transcripts (216 out of 810 unique primary TSSs) were also annotatattiasnse to another gene
(Fig. 6.13C). Conversely: 23% of the antisense TSSs are also primary TSSs (219 out of 969
unique antisense TSSs). Around 18% (145 out of 810) of the primaBs Bfe also internal TSSs,
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Figure 6.13: Global annotation of transcriptional start sites in H. pylori. (A) Schematic drawing of the
criteria used for manual TSS annotation. All annotated T&8g classifed into one of five categories:
primary (P), secondary (S), internal (1), antisense (A) ghan (O) based on their expression strength and
distance to flanking or overlapping annotatioB) Pie chart showing the relative proportions of different
TSS classeqC) Venn diagram showing the overlap between different TSSemsSome TSSs can be asso-
ciated to multiple genes and therefore be representedfareiift classe®. g, primary to gene x and antisense
to geney. The diagram was generated/BNNY (http://bioinfogp.cnb.csic.es/tools/venny/index.htasing

the TSS positions for the four classes P, S, |, and A as input.

i.e.the TSS is located sense within an annotated gene, and conversely 3%u(1f 440) of the
internal TSSs are also primary. This observation indicates a very d&stsbudion of promoters
along theHelicobactergenome and hints at the existence of alternative transcription start sites for
genes that are located within operons.

For 717 of the 1,576 annotatét pylori ORFs a primary TSS was annotated and 105 genes showed
an additional secondary TSS. This set of 822 primary and secon@&®g Was used for further
analysisge. g, calculation of the UTR length distribution (see Figure 6.14). Surprisin§lypfahe

822 mRNAs & 3%) turned out to be leaderledse. they lack a 5’ UTR and their transcription
starts exactly on the ‘A’ of the AUG start codon (Table 10.13 in the Appendxly a few mRNAs

had a 5" UTR length<20 nt. A peak in the UTR length distribution was observed between 20 to
50 nt (396 TSS = 48%). This is in good accordance with the experimentakyrdimed region
known to be covered by the 30S subunit during translation initiation (Muak& Nierlich, 1989;

Platt & Yanofsky, 1975; Steitz & Jakes, 1975). Upon anchoring to thieesbalgarno sequence
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Figure 6.14: UTR length distribution. The distribution of UTR lengths was based on 822 primary and
secondary TSSs of mMRNA genes. The frequency of the observBdéhgth is plotted's the UTR length. In
total, 25 leaderless mRNAs (5’ UTR of 0 nt) were identified @hare listed in Table 10.13 in the Appendix.
Almost half of the 5’ UTRs range in size between 20 and 50 nt ifitet shows schematically the region of
the mRNA that is covered during fomation of the translatiaitiation complex.

and the start codon, the 30S subunit covers a region ranging4re20 bp upstream of the start
codon to~x +19 bp downstream of the start codon (Begeal., 1994; Hittenhofer & Noller, 1994;
see inlet in Figure 6.14). More recently, X-ray analyses mapped the path mRNA through
70S ribosomes and indicated that a region of -/+15 nt around the stam codrapped around the
30S subunit and passes two separate tunnels (Yuswgiala 2006, 2001). Thus, for very short
UTRs (<20 bp) the sequence upstream of the start codon is probably not longleio contain a
SD sequence or binding sites for the ribosomal protein S1. For sevarasglong 5’ UTRs with a
length of up to 500 bp, which was the distance threshold for primary TS&®, observed. These
could harboucis-regulatory elements such as riboswitches.

6.1.6. 454 sequencing reveals a 6S RNA homologué. pylori

One highly transcribed region in all libraries is located upstreapudd (HP1218) and antisense to
the hypothetical protein HP1219 (Fig. 6.15 and 6.16A). From this regioajraost constitutively
expressed RNA of 180 nt is transcribed (Fig. 6.16B). The hypothetical ORF HP1219 isamt ¢
served in any of the othéd. pylori strains and might therefore be misannotated (see Fig. 6.16A).
The same region has recently been described to contain a candidaterstitRiA motif identified

by theCM i nder tool (Weinberget al,, 2007). The authors suggested this RNA to be a riboswitch
aptamer but could not detect any structural modulation by binding of d p&parine compounds

in vitro.
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Figure 6.15: Deep sequencing reveals a 6S homologueHhhpylori. Screen shot of the IGB showing a
highly transcribed region opposite to the hypotheticatgiroHP1219 in the C-/+ and AS-/+ libraries. The
180-nt long RNA upstream gfurD is very likely a 6S homologue iHelicobacter Furthermore, 6S-specific
pRNAs on the opposite strand of 6S RNA are marked in green dditi@gnal pRNAs* are indicated in blue.

Secondary structure prediction aimdvitro structure probing of the 180-nt long RNA, which is
extended at the 5’ end compared to the RNA motif identified by Weinbegd, 2007, revealed a
long hairpin structure similar to 6S RNA frok coli(Trotochaud & Wassarman, 2005) as shown in
Figure 6.16C. The RNA polymerase inhibitor 6S RNA has been identified in akewesy bacterial
clade, but no 6S homologue has been described so far ighiedivison of proteobacteria (Barrick
et al, 2005; Willkommet al,, 2005). Although no sequence similarities to thecoli 6S RNA can

be found, the putativel. pylori 6S RNA contains some of the conserved secondary features, such as
the large central bubble, a 1-nt bulge in the closing stem, and some of thereed base-pairs of the
previously described consensus structure (Bareicél., 2005). Indeed, consensus shape analysis
(Reeder & Giegerich, 2005) of the regions upstream ofpilnd® genes of other bacteria from the
e-subdivision, such a€ampylobacterWollinella, as well as the deep-sea bactdxdratiruptor

and Sulfurovum indicated that they can also form into the 6S RNA like secondary strucseee (
Fig. 6.17). However, on the primary sequence level they show a highdegliversity compared to
Helicobacter

6S RNA adopts a structure similar to an open promoter complex and has reoesrtighown to be
a template for RNA-mediated synthesis of pRNAs (Gildehetua., 2007; Wassarman & Saecker,
2006). Thus, detection of these 14 to 20 nt-long pRNAs in the cDNA librargagdd strongly argue
for this RNA to be an 6S homologue. Indeed, several reads for pRNAkI ke detected in the
TEX treated library (Fig. 6.15). ThEelicobacterpRNAs start exactly at the same position in the
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Figure 6.16: Genomic location, expression, and structurefaH. pylori 6S RNA. (A) Genomic locations
of putative 6S RNA homologues in diverstelicobacterstrains. The hypothetical protein HP1219 is not
conserved in two othad. pylori strains and probably misannotatg@®) Expression of the 180-nt long 6S
RNA was confirmed on Northern Blots. RNA samples were takeéD2yy, values between 0.3 (log phase)
and 2.0 (late stationary phase). Equal amounts of RNA wexgdd.(C) (Left) In vitro structure probing of
Helicobacter6S RNA and proposed secondary structure. 5’end-labelleBNS (=~ 5 nM) was subjected
to RNase T1, lead(ll), RNase T2, and RNaselll cleavage. lGnédntreated 6S RNA. Lane T1: RNase
T1 ladder under denaturing conditions. The position of vadeaG residues is given left of the gel. Lane
OH: Alkaline ladder. Righf) Proposed secondary structure of 6S RNA basethaitro structure mapping.
Cleavages by RNase T1, T2, or lead(ll) are indicated by hlee#t, and blue arrows, respectively. The
transcriptional start of pRNAs is indicated by a green aramd the transcribed nucleotides are indicated in
green. Location of additional pRNAs* according to Fig. 6th&t start in the reverse direction of the central
bubble are indicated in blue.

central bubble as i&. coli (Fig. 6.16C, green arrows). Therefore, the libraries are also suiiable
detecting very short transcripts and, thus, for the first time allow detectipRNAS in vivo.

6.1.7. Novel sRNAs

The current annotation &f. pylori genomes is largely focussed on mRNA, tRNA, and rRNA genes,
and only a small number of SRNAs was identified in the biocomputational agip(&&ction 6.1.1).
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Figure 6.17: RNAshapes secondary structure of 6S homologues from diverse-proteobacteria. To identify 6S homologues in diverseproteobacteria,
BLAST searches fopurD (HP1218) homologues were carried out, theD upstream regions corresponding to the genomic locatioisdREA in H. pylori 26695
extracted and manually inspected for -10 promoter elem&atsed on the assumption that the 6S RNA location is conde&homologues could be identified in
diverse members of thesubdivision.HP26695: H. pylori 26695 (NC000915),HPAG1: H. pylori HPAG1 (NC008086),J99: H. pylori J99 (NC000921),Hac:
Helicobacter acinonychistr. Sheeba (N®08229),Cje: Campylobacter jejunsubsp. jejuni NCTC 11168 (N©002163),Hhe: Helicobacter hepaticuaTCC
51449 (NC004917),Nsb: Nitratiruptor sp. SB155-2 (NA09662),Wsu: Wolinella succinogene®SM 1740 (NC005090),Tde: Thiomicrospira denitrificans
(NC_007575). Prediction of consensus RNA shapes uBgshapes (Reeder & Giegerich, 2005; Steffest al., 2006) showed that all putative 6S RNAs can
fold into the conserved long stem-loop structure. Only tregrinodynamically best shape is shown. First, the commopestype ([]), and the absolute and relative
score are listed. In addition, for each input RNA, the segagthe predicted shrep, (thermodynamically best stracidnich adopts this shape), its energy, and its
individual rank in the shape space is given. Note that sempgeare not aligned. Regions that are transcribed into pRMAPRNAS* are indicated in the. pylori
26695 sequence in green and blue, respectively. Note thatthtral bubble shows additional base-pairs comparee exherimentally derived secondary structure
in Fig. 6.16C, as the algorithm tries to find the thermodyrzathy best structure.
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In contrast, the sequencing data revealed hundreds of candidate ts&i$aripts expressed from
IGRs, from regions antisense to annotated ORFs, and in a few casethigsense strand of pro-
tein coding regions. During the manual annotation ofalbylori TSSs, also putative SRNA candi-
dates were annotated. In total 840 putative ncRNA TSSs were identified. These include orphan
transcripts, which are putative SRNA candidatds,encoded antisense RNAs, and strong internal
transcripts which are located sense to mRNA genes.

Figure 6.18 shows some examples of the different classes of novelAxRidt were identified in
Helicobacter pylori The first one, SRNA A is an independent transcript«@87 nt and encoded in
the intergenic region between HP1044 and HP1043, whereof the latteiesior one of the orphan
response regulators (Fig. 6.18A). For some sRNA candidates it remagtesan from the 454 data
whether they are independent transcripts or actually correspond toRs bf mRNA genes, and
reads stop upstream of the annotation due to 454 sequencing length limitalibasnext two
candidates, sRNA B and D are clearly detectable:d€l2 nt and~ 213 nt long RNAs correlating
with the read patterns observed in the 454 data. However, some sRNAlatsdalready turned
out to be 5’ UTRs as only a long RNA corresponding to the size of the fulitttmRNAs was
detected on Northern blots (data not shown). Candidate sSRNA D is ekpédiaresting as it is
encoded in theagpathogenicity island and, thus, could have a function in virulence.

Besides separate standing sRNAs, a large fractiocisséncoded antisense RNAs was detected
(for examples see Fig. 6.18B). Some of the antisense RNAs are located opgbsite strand of
hypothetical proteins (for example asRNAs la/b, 7) which could be misateuy however, some
were also found antisense to conserved proteirgs, SRNA L which is antisense to a gene encoding
for a short chain alcohol dehydrogenase. In addition, antisenssctiprs to tRNAs or the 23S
rRNA leader (for example asRNA 11a/b) were observed. Furtherrantisense RNAs were found
on the opposite strands of 5’ or 3' UTRs or within mMRNA genes. In additicgsdlantisense RNAs
are often present in different lengths (see for example sRNA L). BedRINAs that are located
within mRNA genes on the opposite strand, several sense encoded liseNrss were identified
(Fig. 6.18C). These sense RNAs are also often transcribed or peat@®o RNAs of different
length and their expression seems to be growth or stress regudatesRNA | and Illa/b which
are both strongly induced upon 30 min of acid stress. Some of the ncRNAdupticated in the
H. pylori genome (for example asRNA la/b, asRNA 1la/b, and ssRNA llla/b) tdh Expression
of more than 30 sRNAs could be confirmed on Northern blots so far (ddtahwovn), but the
functional roles of the identified SRNAs remain to be elucidated.

6.1.8. Additional short ORFs within the. pylori genome

In addition to new sRNAs, the transcripts detected in intergenic regions atsad@ncode for small,
non-annotated peptides. In the biocomputational screen, a family of spRN&associated asR-
NAs was identified. Two additional transcripts, HPnc4160 (asRNA G)Hidc4170 (spRNA G),
that were detected in the 454 data and could be validated on Northern ipts.(®A), are located
antisense to each other (Fig. 6.19B). The longer transcript, HPncdduld,encode for a 44 aa long
peptide which is conserved in several other strains (Fig. 6.19A). Théesrtranscript HPnc4160
could act as @is-encoded antisense RNA that represses translation of the peptide similtréy to
previously identified asRNAs A to F.
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Figure 6.18: Examples of novel SRNAs irHelicobacter. (A-C) Blots showing the detection of stable
transcripts of nine novel SRNAs if. pylori. Total RNA was isolated frorilelicobacter pyloriat different
growth or stress conditions: (C 30’) culture in BHI mediunntad-log phase, reference sample for the 30’
timepoint, (AS 30’) 30 min acid stress pH 5.2, (C 2h) cultutdBHI medium to mid-log phase, reference
sample for the 2h timepoint, (AS 2h) 2 hours acid stress pH(PLR) growth in cell culture medium, (AGS)
growth in the presence of AGS cells, and (Huh7) growth in tlesg@nce of Huh7 cells. 10 or 15 RNA of
each sample were analysed on Northern blots and expreds&Nas validated by hybridization with DNA
oligonucleotide probes(A) Examples for sSRNAs encoded in intergenic regiqiBg, cis-encoded antisense
RNAs, and(C) sRNAs that are located internal and sense to mRNA genes. dinengic context for each
SRNA (red arrows) is indicated schematically next to thesldNote that HP0488 and HP1116, as well
as HP0423 and HP1412, are gene duplications. HP0488 andld@Rl/e an additional asRNA, namely,
asRNA2a/b.
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Figure 6.19: Additional spRNA/asRNA families. (A) Northern blots of RNA harvested from differ-
ent growth conditions as in Fig. 6.18 confirmed expressiotwof new RNA transcripts, HPnc4160 and
HPnc4170, which are encoded antisense to each other. Adighof the putative peptide encoded by
HPnc4170 and homologues that were identified in divétsgylori strains. (B) Genomic location of ad-
ditional short-peptide encoding RNAs (blue arrows) andeisged asRNAs (red trianglesjC) Northern
blots of antisense RNAs HPnc2090/HPnc5320 and HPnc4R9(QTop)and(Middle). Alignments of puta-

tive peptides encoded on the opposite strand of HPnc209@%820 (peptide C1/2) and HPnc490 (peptide
I) and homologues predicted in diverbkpylori strains. Transmembrane domains were predicted using
the TMPr ed (www.ch.embnet.orgsoftwareTMPRErm.html) program and are shaded in grey for each
protein. (Bottom)Alignment of the Ibs peptide family fror&. coli adapted from Fozet al.(2008a).
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Furthermore, two of the newly identified sRNAs, sRNA C1/2 (HPnc209043B20) which is
100% duplicated in the genome and sRNAI| (HPnc4590) (Fig. 6.19C) coataiearly perfect
anti-Shine-Dalgarno sequence ‘TCTCCT’ and are highly expres&atdthe opposite strands of
sRNAs C1/2 and sRNA | only few reads were detected but inspection ajghemic sequences
revealed that they could encode for small peptides of 16 and 11 aa (F&dp)6 Conservation anal-
ysis showed that the Shine-Dalgarno sequences, start codonsefatitkep are highly conserved in
otherH. pylori strains. Moreover, the spRNAs/asRNA pairs are present in diffexgnt numbers
at the same genomic locations in different strains (see Fig. 6.20A and B).

Additional cassettes that are similar in sequence to both, sSRNA C1/2 and ERW#e identified
in the other strains (Fig. 6.20C). Thus, regarding also the sequence #intkeiween peptides |
and C1/2 they could constitute one large family. Furthermore, they haverseegisimilar to the
short hydrophobic peptides of the Ibs family which has recently beerifigehin E. coli (Fozo
et al, 2008b). Similar to the peptides encoded by spRNAs A to F, also for pepiii&sand |
transmembrane domains could be predicted (Fig. 6.20C). Overall, in addittbe ®pRNA A to
F familiy, four additional spRNA/asRNA cassettes in tHegpylori 26695 genome were identified
(Fig. 6.20D).

6.2. Discussion

An increasing number of regulatory RNAs is being characterized frorthede domains of life.
The first SRNAs have been identifiedincoli, but the number of bacteria where sRNAs have been
identified is rapidly growing. Most of them regulate trans-encoded targ®lAs by antisense
pairing mechanisms for which they require the ubiquitous bacterial RNAfngrotein, Hfq.
However, regulatory SRNAs have so far evaded detectidth. pylori, including the exceptionally
wide-spread 6S RNA, a regulator of RNA polymerase activity. MoreaverH. pylori genome
lacks anhfg gene (Suret al, 2002) and has significantly less intergenic space than sRNA-rich bac-
teria such a&. coli. These observations questioned tHapylori encoded sRNAs and, therefore,
the universal occurrence of bacterial riboregulators.

One the one hand, the previous paucity of transcriptional regulatorslafer adaptive responses
in H. pylori may be explained by the rather constant gastric environidepylori faces upon host
infection. On the other hand, the recent discoveries of myriads of smatlaiing RNAs (SRNAS)
in virtually all organisms have provided ample evidence for intricate regulaticadaptive and
stress responses at the post-transcriptional level. In this thesis, oaly sSRNAs could be pre-
dicted inH. pylori using a biocomputational approach (Section 6.1.1). This appoach was limited
to prediction of orphan promoters and terminators in intergenic regions aadased on known
SRNA features fronk. coli. As H. pylori does not encode an Hfg homologue (Stiral, 2002),
sRNAs in this bacterium might have different functions as well as seguand secondary struc-
ture features. Thus, a direct RNomics approach including selectiveseinng of RNAs enriched
for primary transcripts was taken. This identified diverse SRNA genkisylori and, in addition,
allowed a global analyis of MRNA transcriptional start sites in this bacterium.

Previous RNomics screens for sSRNA identification in bacteziag, in E. coli, were at that time
based on the conventional Sanger sequencing method and, thelieides] by the number of se-
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Figure 6.20: Conservation and location of diverse peptidedmilies in H. pylori. (A) and(B): Genomic
locations of putative SpRNA/asRNA cassettes belongindpécaisRNA C1/2 and asRNA | families. Short-
peptide encoding RNAs are indicated by blue arrows and adsdcasRNAs by red triangles, respectively.
Helicobacterstrains are given right of the locationsi. pylori 26695, J99, P12, HPAG1, and G27, and
H. acinonychigHac). (C) Additional cassettes that are similar to the asRNA C1/2 &N | families but
encoded at different genomic locations were identifieti ipylori J99,H. pylori G27, andH. acinonychis

(D) Locations of spRNA/asRNA cassettes on Higylori 26695 chromosome. Theagisland and urease
operon are indicated in blue, the two plasticity zones (&tmal., 1999) by red boxes. The circular represen-
tation of the 26695 chromosome (taken fr@anpyDB: (http://xbase.bham.ac.uk/campydb/) indicates the
G/C content for each gene based on the color code shown oigltte r

guenced cDNA clones (see Section 2.3.5). In contrast, next-genesatijprencing methods have
enabled the recent ‘RNA sequencing’ (RNA-Seq) technology, whategates tens of millions of
short sequences of random cDNA libraries in a single assay but hagew applied to bacteria so
far (reviewed in Wanggt al., 2009). Two initial studies applied deep sequencing to identify novel
genes in bacteria (Frias-Lopet al,, 2008; Maoet al., 2008). In this study, RNA-Seq using 454
pyrosequencing was applied to the transcriptomél gdylori. During preparation of this thesis,
two studies which also applied deep sequencing to transcriptome analysistémidavere pub-
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lished (Liuet al, 2009; Yoder-Hime®t al, 2009). Liuet al. (2009) used a tRNA and 5S rRNA
depletion treatment which is based on RNase H digestion of RNA bound to cowiplary DNA
oligonucleotides and analysed size-fractionated RNAibfio choleraeby 454 sequencing. They
identified 500 new putative intergenic sSRNAs, 127 putative asRNAs andrsscripts from the
sense strand within ORFs. The second study used lllumina RNA-Seq tosartaly transcrip-
tome of twoBurkholderia cenocepacistrains under two relevant environmental conditions. Here,
rRNAs were depleted using the MicrobeExpress kit (Ambion). This kit is bised on capture
oligonucleotides that bind to the bacterial 16S and 23S rRNAs; howewwerRNA hybrids are
removed from the solution using derivatized magnetic microbeads instead RNase H diges-
tion. Besides the identification of 13 new putative SRNABiurkholderig several genes that are
strain-specifically induced in one of the analysed conditions were idengjfitg a first glimpse
at the application of transcriptional profiling using deep sequencing itebacHowever, both ap-
proaches did not provide a global annotation of mMRNA TSSs. The agiplmsed on enrichment of
primary transripts described in this thesis requires no size-fractionatiprasteno organism spe-
cific antisense oligos for tRNA/rRNA depletion. In parallel, also mRNA TSS$seenriched, and
this strategy should in principle also be applicable to eukaryotic mMRNAs wheresai structure
also prevents degradation by TEX.

In comparison to the bioinformatics-based approach, the RNA-Seqgagipled to the identification
of hundreds of sRNA candidateslih pylori, whereof more than 30 could be verified on Northern
blots so far. Diverse sRNAs located in intergenic regions as well ag sgratisense to annotated
genes were detected. For some sRNA candidates it is unclear from tsed&dncing data whether
they are independent transcripts or actually correspond to 5’ UTRs d&fAdnes as reads stop
upstream of the annotation due to 454 sequencing lengths limitations. Thisegefjuther exper-
imental investigation of actual transcript lengths on Northern blots. Recéntlystudies tried to
identify SRNAs inH. pylori by a bioinformatics-based approach (Xietoal, 2009a) and antisense
transcripts by an experimental approach based on an RNase | protassian (Xiacet al., 2009b).
However, they identified only two sSRNAs and two antisense RNAs, but obtieem was recovered
in the 454 sequencing data.

Among the novel sSRNAs, a homologue of the highly abundant 6S RNA wasfigel which previ-
ous bioinformatics-based approaches failed to detect (see Section 21dd3Bharricket al., 2005;
Willkomm et al, 2005). It is encoded upstream péirD, and the same region was previously
suggested to be a riboswitch based on comparative structure analysbévget al, 2007). In
contrast, the experimentally verified conserved 6S structure as welleatida of the pRNAs in the
454 data that are specifically transcribed from 6S RNA argue that thisnregcodes a 6S homo-
logue. InE. coli, it was shown that 6S RNA facilitates transcriptionoof-dependent promoters by
titrating o "°-bound RNA polymerase (Wassarman, 2007). So far, no homologgre isfknown in

H. pylori. However, it was recently reported that promoters with a weak -35 eleanersenstitive
to 6S RNA regulation and that an extended -10 element similarly determines inhifjtieS RNA
except when a consensus -35 element is present (Cavabafh2008). As there is no common
-35 element known . pylori, an extended set of genes could be sensitive to 6S RNA regulation
also in this bacterium.

Besides 6S RNA and sRNAs in intergenic regions, a large number of asgigeanscripts were
identified inH. pylori which are located antisense to 5’ or 3' UTRs or within open reading frames.
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Thesecis-encoded antisense RNAs probably base-pair with the RNAs encodétkarpposite
strand and thereby inhibit translation of their targets or lead to degradatithrel@ouble-stranded
specific RNase lll. Especiallgis-encoded antisense RNAs to 5’ UTRs could act by inhibition of
translation as described for SymR RNAHncoli, which is transcribed opposite to the 5’ end of the
SOS-induced toxin SymE (Kawara al., 2007). In cyanobacteria, an internal antisense RNA was
described to control expression of a photosystem associated protespionse to environmental
changes (Dhringet al, 2006). Therefore, the diverse antisense transcripts could also ralfnad/
regulation of gene expression khelicobacterupon different stresses. Recently, transcription of
theubiGmccBAoperon ofClostridium acetobutylicupwhich is involved in methionine to cysteine
conversion, was shown to be controlled by a cysteine-specific T-bogwilch in the 5’ UTR but
mainly by several antisense RNAs which are themselves controlled by ar bbswitch (Andé

et al, 2008). The abundance of sense and antisense transcripts waeiyanrrelated with the
sulfur source availability, and the antisense RNAs were shown to modulaleviief ubiG tran-
script and of MccB activity. Alternatively, the antisense RNAs could le&®l tw 5’ end processing

of mMRNAs and alter transcript stabilities as shown for GadY sRNR.iooli (Opdykeet al., 2004).
Specifically, thegadY gene was shown to overlap the 3’ end of gaelXgene, and this overlapping
region was found to be necessary for the GadY-dependent incoéasal X mMRNA stability. In
Vibrio anguillarum a plasmid-encoded antisense RNA leads to transcription termination after the
fatA gene of thdatDCBAangRToperon and, hence, reduces expression of the downsaegRIT
genes (Storlet al.,, 2007).

As most of the computational screens are focussed on the identificatiastepandent SRNA genes

in intergenic regions they will miss sSRNAs which are located antisense or ahterrannotated
genes (see Section 2.3.3). Encoli, a global low level antisense transcription has been previously
reported based on a whole-genome microarray (Seliegal, 2000). Moreover, a cloning-based
screen of small RNAs<65 nt identified severatis-encoded antisense RNAs as well as 5’- and
3’-UTR-derived small RNAs irk. coli (Kawanoet al, 2005a). Meanwhile, this approach was lim-
ited to the conventional Sanger sequencing similar to the first RNomics scréénis, a higher
sequencing depth could reveal additiocigtencoded sRNA genes. In a second approach, the same
group detected promoter activities within open reading frame sequengesati by cloning ran-
dom fragments upstream of a promoterlegZ gene on a plasmid and measurifigyalactosidase
activities (Kawancet al,, 2005b). However, they failed to detect defined transcripts for the iden
tified promoters on Northern blots and suggested that these promoterd divenoise to stable
transcripts. Although this indicates that it is difficult to identify and detechg$rtanscripts in global
approaches, the deep sequencing strategy presented in this Chaptsgsfully identified many
antisense RNAs and sRNAs sense to ORFs.

The first bacterial antisense RNAs were actually identified on plasmidsS@et®n 2.1.5). Some
of thesecis-encoded plasmid sRNAs repress the synthesis of toxic proteins and ptasmid-
addiction molecules or post-segregational killing systems (Gextdals 1997). In this case, a very
unstable RNA inhibits translation of a very stable mRNA that encodes the toxdrsoAn as the
plasmid is lost, the unstable asRNA gets quickly degraded which allows transtdtibe more
stable mRNA, and the toxin produced kills the bacteria. The best known &mtitexin pair is the
hok/soksystem of plasmid R1 oE. coli (Gerdeset al, 1990). The biocomputational prediction
and the deep sequencing approach identified several potential agRiNAdsptide encoding RNA
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cassettes in thel. pylori genome. For example, asRNAs A to F and the associated spRNAs con-
stitute a family which is present in different copy numbers in divéiecobacterstrains. Some
of these copies show mutations, indicating that they could have a reduindation and not all
are required at the same time. The hydrophobic and positively charg¢idgsethat are encoded
by the spRNAs could interact with membranes and thereby act as chronmbsentded toxins.
Recently, several small toxic proteins that are present in multiple copies ohtbenosome were
identified inE. coli and were found to be repressed dig-encoded antisense RNAs (Foebal.,
2008b). In addition, there is growing evidence that short ORFs hame legely overlooked in
E. coli and S. typhimuriumduring genome annotations (Alix & Blanc-Potard, 2009; Fetal,,
2008a; Hemnet al,, 2008). As the short peptides khelicobactercould probably act as toxins, it
can be difficult to detect therim vivo. At least in anin vitro translation system it could be shown
that they are effectively translated and that a 1:1 ratio of the corregppadRNA is sufficient to
repress translation of the peptide (F. Darfeuille, unpublished data)tdh &b least three different
families of putative short peptide/asRNA cassettes in the 1.6 Hbizobactergenome were iden-
tified, which fits well with the number of at least six families described in the 4.@&Miwli (Alix

& Blanc-Potard, 2009; Fozet al, 2008a).

Interestingly, some of the asRNA/peptide cassettes are located close tottlyevaigable plasticity
zones oHelicobacter(Alm et al, 1999; Gressmanet al., 2005) and could have a potential function
in genome integrity. These plasticity regions show a lower G/C content thaashefithe genome
and contain several insertion sequences. Based on the followingvatiees, it was suggested
that they were aquired by horizontal transfer from plasmids (&tral., 1999). FirstH. pylori and
Campylobactespp. plasmids have a G/C content in this lower range and, second, tws ocbie
insertion-sequence element as well as neighbouring 26695-straificpkmmosomal DNA from
the plasticity zones are presentHnpylori plasmid pHPM186 (Leet al., 1997).

The newly identified peptides could have a role in altruistic autolysidalicobacterwhich was
suggested as a mechanism for the release of several cytoplasmic p{teingt al., 1997; Marcus

& Scott, 2001; Phadnist al., 1996; Vanet & Labigne, 1998). For example, the presence of erreas
both in the cytoplasm and bound to the outside surface of the bacteria s&wetn vitro (Phadnis

et al,, 1996) andn vivoin human gastric biopsies (Dumt al., 1997). Fuijitaet al. (2005) observed
that autolysis occurred after late-log phase of culture and identifiedtestadde and hydrophobic
peptidergic fraction ok 3,500 Da as the autolysis-inducing factor (AIF). The partially purified AIF
had a lytic activity which is specific fdd. pylori andCampylobacter jejunibut not,e. g, for E. coli
andSalmonella Maybe some of the newly identified hydrophobic peptides are part of tlkis A

The ubiquitous RNA-binding chaperone Hfq is required for the action atiofithe enterobacterial
SRNAs that regulate trans-encoded target mMRNAs by antisense pairimgungms. So far, no Hfg
homologue has been identified lih pylori. Therefore, the Hfg-colP strategy from the previous
Chapter that was applied to detect novel sSRNASaimonella(Sittka et al., 2008) could not be
applied for sRNA identification ifHelicobacter Nevertheless, the question remains whether the
newly identified SRNAs that were identified by the deep sequencing agpreguire RNA binding
proteins or chaperones for their function or stability. To screen folliaukRNA-binding proteins

in H. pylori, aptamer tags could be added to several of theldgpylori SRNAs and sRNA-binding
proteins isolated by affinity chromatography similar to previously descripprbaches itk. colior
SalmonellgWindbichleret al,, 2008, and Saidt al., 2009, submitted). Another approach would be
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to co-immunoprecipitate RNAs with epitope-tagged putative RNA-binding prefeam H. pylori

as decribed for the Hfg-colP Balmonellan the previous Chapter. One interesting candidate is an
82 aa-long RNA binding protein (HP0827) which is also present in vaspasies of cyanobacteria
and Treponema pallidunbut absent from almost every other completely sequenced prokaryotic
genome (Maruyamat al, 1999). This protein contains a single RNA recognition motif (RRM)
which is also found in several eukaryotic RNA-binding proteins involvespilicing or control of
MRNA translation. Interestingly, also in the cyanobacterRnochlorococcustrain MED4 several
sSRNA and antisense RNAs have been identified despite a lack of an Hfgldgueo(Axmann

et al,, 2005; Steglictet al,, 2008). It was suggested that maybe novel mechanisms for RNA-RNA
interactions may exist in this group. It would be interesting to see if any of ¢eskRNAs and
antisense RNAs that were identified lih pylori or cyanobacteria are specifically bound by this
protein.

In addition to the identification of diverse sRNAs, the enrichment of primamysicripts allowed
a global annotation of 800 transcriptional start sites of mRNAs i pylori (Section 6.1.5). As
Helicobacterencodes only 1,576 ORFs and genes are often transcribed as pohjicistfi@NAS
in bacteria, probably most of the mRNA TSSs were coveredddlicobacter not much is known
about promoter signals as well as transcription factor binding sites, aodrbputational promoter
predictions identified only a limited number of promoter motifs (Vastedl., 2000). Based on the
global transcription map defined in this study, it is now possible to extra@nmegipstream of the
TSSs and to try to identify common promoter motifs or special promoter patterrigrictional
classes of genes, for example usMgVE (Bailey et al,, 2006). Preliminary analysis identified a
highly conserved -10 box (TATAAT) but instead of a -35 box a vergrsiy periodic variation in the
AT-content and semi-conserved T-stretches, with a period of 10-g&leoiides (data not shown)
similar to what was reported f@ampylobacte(Peterseret al., 2003).

Furthermore, the mRNA TSS map allowed calculating the UTR lengths distributieh piglori
(Fig. 6.14). Most of the genes were preceded by UTRs of 20-50 bpreas almost no shorter
UTRs, except for leaderless mRNAs, could be identified. This is in aacoalwith the region
known to be covered by the 30S subunit during translation initiation rangorg & -20 bp up-
stream of the start codon to +19 bp downstream of the start codon as derived from biochemi-
cal footprinting experiments (Beyet al, 1994; Hittenhofer & Noller, 1994). Morerover, X-ray
analyses showed that a region~0f30 nt involving the SD sequence is wrapped around the 30S
subunit (Yusupovet al, 2006, 2001). IrE. coli, mRNAs with a weak SD sequence usually carry
a pyrimidine-rich region 5’ to the SD that acts as a recognition motif for the oifnas protein S1
and anchors the mRNA on the ribosome (Behal, 1991; Komarovaet al,, 2005). Thus, in very
short UTRs «20 bp) there would not be enough space for a ribosome binding site.dIticex
several quite long UTRs up to 500 bp (which was the cut-off for the distah@ primary or sec-
ondary TSS) were identified. These could potentially harbour regulaetenyents and, for example,
secondary-structure clustering (W&l al., 2007) with known riboswitches frone, g, Bacillus sub-

tilis andE. coli, or comparison of RNA shapes wif anf families (Jansseat al, 2008) could be
used to identify known riboswitch types.

4 www. sanger . ac. uk/ Sof t war e/ Rf ani
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Figure 6.21: Reannotation ofrocE based on deep sequencing. (A$creen shot of the IGB showing
the read distribution of the C-/+ and AS-/+ libraries on thespstrand in the genomic region harbouring
pgsA rock, HP1018, andhtrA. Transcription offocE starts within its annotated ORF (blue arrow), and the
downstream gene HP1018 is transcribed from an addition&8sT8reen arrow)(B) Protein alignment of
the N-terminal sequences of RocE homologues from dividtggylori strains shows that the N-terminus is
shorter in the other strains. The probably correct staritipasof the protein is marked by a yellow box.
(C) Nucleotide alignment of promoter regions and 5’ partsookE genes from dfferertt. pylori strains. The
annotated start codon k. pylori 26695 is marked by a blue box, the suggested start codondonogation

by a yellow box, respectively. The -10 promoter element ddttanscriptional start site based on the 454
data are shown in grey and by a blue arrow, respectively. Aniial Shine-Dalgarno sequence upstream of
the suggested correct start codon is marked in green.

During the analysis of UTR lengths, 25 mRNAs were found to be leaderlésgiylori. In contrast

to translation initiation by 30S binding on mMRNAs which contain a 5’ UTR, translaifdeader-
less mMRNA was shown to be initiated by the assembled 70S ribosome and thgpelsgibhg the
dissociation process (Modt al, 2004; Udagawat al, 2004). Ribosome binding assays revealed
that a leaderless MRNA's 5’-AUG is required for stable binding to the rilmesand that addition of

a 5'-terminal AUG triplet to a random RNA fragment can make it both competedtcompetitive

for ribosome binding (Broclet al,, 2008). Indeed, the transcriptional start sites of the 25 leader-
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less mMRNAs inH. pylori exactly mapped to the ‘A’ of the AUG start codon. Leaderless mRNAs
appear to be rather infrequent in Gram-negative bacteria. Theseeanelgd the \cl mRNA (Walz

et al, 1976) and the Th721 tetRmMRNA (Baumeisteet al,, 1991) derived from accessory genetic
elements irk. coli. Their number in different Gram-positive genera suctsaeptococgilLacto-
cocci, Streptomyceand Corynebacteriunby far exceed that identified in Gram-negative species,
and leaderless MRNAs are quite common in archea (reviewed ingtlall, 2002). InHelicobac-

ter, several hypothetical genes were found to be transcribed as lesslerRNASs but also those of
some proteins with important cellular functions, such as DnaA, RecR, amiHHsee Table 10.13).
The functional relevance of why these genes are leaderless, hpwawvains to be identified. In
E. coliis has been shown recently that prolonged exposure of ribosomes tartblation-initiation
inhibiting antibiotic kasugamycin triggers the spontaneous loss of small sylrotéins and pro-
duces a reduced ribosomal particle that exclusively translates leadenfRiSAs (Kaberdinat al,,
2009).

The analysis of transcriptomes by deep sequencing is not only appediorigdentification of novel
sRNAs and mapping of transcriptional start sites but can also help tootd@menomes based on
actual transcription of genes. During the manual TSS annotation, it vezs\ad that transcription
for several MRNAs started downstream of the annotated start coddmoaconvincing TSS up-
stream of the ORF was observed (see for example Figures 6.21 and®hi)aised the question,
whether the start codons of these proteins are misannotated and thatiwaractually starts down-
stream of the transcriptional start site. Conservation analysis of pratéinuecleotide sequences of,
e.g, HP0112 andocF indicated that the N-termini of these proteins are actually shorter in diverse
H. pylori strains and that they have to be reannotateH.ipylori 26695 (Figs. 6.21 and 6.22, B
and C). Furthermore, no promising SD-sequence is located upstreamaiitbtart codon afocF,
whereas a perfect and highly conserved SD sequence is locatedanpsif the proposed correct
start codon (Fig. 6.21C). In case of HP0112, the protein starts with anatites start codon ‘TTG’
which is not conserved in the other strains. Based on the 454 data, thet@®on the ‘A’ of the
proposed new start codon leading to a leaderless mMRNA. Interestingly, iatglgadiownstram of
the reannotated start codon a C/A rich element is located. These elementsdesvshown to act
as translational enhancers of leadered and unleadered mRNAsdti (Martin-Farmer & Janssen,
1999). In total, about 19 ORFs were identified that probably have todmnotated based on the
454 data and conservation analysis (data not shown). Most of thestsarmcluded in a previously
published list of genes for a revised annotation based on comparisoedretiae two strains 26695
and J99 (Bonecat al,, 2003). Thus, the global mapping of the actual transcriptional startcfites
genes could help to identify the correct start codons of ORFs and toatsa bacterial genomes
based on actual gene expression data. The application of deep s@gu®en genome annotations
has been successfully used also in eukaryotes (Wathadt, 2007; Yassouet al,, 2009). Thus, in
future, probably not only DNA but also RNA will be sequenced for imgebgenome assembly
and subsequent annotation of bacterial genomes.

In bacteria, the 5 end of newly synthesized RNAs bears a triphosplestieed from the first
transcribed nucleotide. Thus, the approach for selective sequepgimgry transcripts to map
MRNA transcriptional start sites or to identify novel sSRNA is not limitedHgylori and could,
in principle, be applied to diverse bacteria. Moreover, it should gdigdsa applicable also to
eukaryotic mRNAs where the distal phosphate is replaced by an invertéaylated Guanosine-



6.2. Discussion 145

A

—> HP0112 HPO113

C-

C+

r

AS -

AS +

20200 2000 120500 120800 2100

HPO112
HPAGL 0112
jhp0104

Hac_1471 )
160
LGEEISIFNPKDYD
SEEISIFNPKDYD
SEEIAIFNPKDYD

LRHNRLLPRDYLGYRS
RHNRLLPRDYLG
LRHNRLLPRDYLG

HPO0112 ENTLLVLHDKIDYRWKEAS
HPAG1_0112 ENTLLVLHDKIDYRWKEAS
3hp0104
Hac_1471

HP0112
HPAG1_0112
jhp0104
Hac_1471

1
HP26695 CTT GC»\CGCAAGC‘J CTTTACTATTTTATTATCTATCTTTTATTAAAAAA
HPAGL GTTGATTTAATTTA TAT--TGGGCAACTAATA-CCTTTTATT
J99 TTTGATTTAATTTAGATCTGT--TGGGCAACTAATA-CCTTTTATT.
Hac GTTAGTTTAATTTGGATCTGT--TGGGTCAATCATATCCTTTTGTTAAAA,

r—b>

HP26695 CATGAACACACACACAAFAGGCA
HPAGL (AT
J99 JAT
Hac CATGA]

Figure 6.22: Reannotation of HP0112 based on deep sequengifA) Screen shot of the IGB showing the
read distribution on the plus strand of the C-/+ and AS-/tdliles on two hypothetical proteins, HP0112 and
HP0113. Transcription of HP0112 starts within its annata@®RF (blue arrow), and the downstream gene
HP0113is transcribed from an additional TSSs (green arr@y)Protein alignment of HP0112 homologues
from diverseH. pylori strains shows that the N-terminus is shorter in the othairstr Furthermore, the
protein starts with an alternative start codon ‘TTG’Hnpylori 26695 which is not conserved in the other
bacteria as shown ifC). The probably correct start position of the protein is mdrkg a yellow box.(C)
Nucleotide alignment of HP0112 homologues from differidnpylori strains. The annotated start codon in
H. pylori 26695 is marked by a blue box, the suggested start codondonagation is marked in yellow. The
-10 promoter element and the transcriptional start sitedbas the 454 data are shown in grey and by a blue
arrow, respectively. A C/A rich element downstream of thggasted correct start codon is marked in green.

monophosphate to form the"@pppX cap and prevents degradation by TEX. Therefore, this ap-
proach could be helpful in global TSS annotation of diverse bacterigethas eukaryotes and, thus,
help to refine current annotations.






CHAPTER7

CONCLUSIONS

In this thesis, two aspects of SRNA-mediated regulation in bacteria haverivestigated: multiple
target regulation and approaches for the identification of novel sRNAmateria. In the first
part, the functional characterization of a multiple-target regulator, GOMB,Rf Salmonellawas
presented. Proteomics and bioinformatics-based approaches led torttiieadien of seven ABC
transporter mMRNAs as GcevB targets. Alignment of GevB homologues of digtafated bacteria
revealed a conserved G/U-rich element, R1, that is strictly required foB @rget recognition.
Analysis of target gene fusion regulatiam vivo, andin vitro structure probing and translation
assays showed that GcvB represses its target mMRNAs by binding to edt€Hd-rich regions
inside and upstream of the ribosome binding site. The presence of the G/&eiment - which can
act as a translational enhancer - in all ABC transporter mRNAs indicatéthikasmall RNA has
hijacked a conserved element to regulate a class of functionally related.geulse-expression of
GcevB wild-type and mutant RNAs followed by global analysis of mRNA change microarrays
led to the identification of additional R1-dependent GcvB targets and ch@nBependent target,
cycA The definition of a consensus motif for the C/A-rich target sites could beesgfully used to
refine bioinformatics-based target-predictions ugthghybr i d (Rehmsmeieet al, 2004). These
predictions revealed additional GevB targets, which might have escapedit¢hoarray approaches
due to low expression or only slight changes on mRNA levels. Overall, GRMB was found to
directly regulate multiple genes involved in amino acid transport or metabolisnihdforore, a
highly conserved region turned out to be critical for regulation.

This work and several other recent sudies have revealed multiplahtey@es a widespread mode
of action for diverse bacterial SRNAs (Section 2.5). The presena®mderved, single-stranded
elements in sSRNAs mediating multiple target recognition of frequently functionelfited genes
now seems to be a common denominator. Furthermore, mRNA regions distargHfiiae-Dalgarno
(SD) sequences can also be targeted by sRNAs as revealed in this endtatlies. Therefore,
future target-prediction programs could probably be improved by inclutiedollowing criteria:
(1) identification of conserved sRNA parts to limit the search space within the sequence, (2)
incorporation of MRNA regions outside the ribosome binding site, and (3)ngctor functional
relation between targets. Furthermore, it could be helpful to include crgeidh as target-site
accessibility, Hfg-binding and/or prediction of Hfg-binding sites as prasip suggested (Busch
et al, 2008; Tafer & Hofacker, 2008; Zhareg al., 2006).

In the other part of this thesis, deep sequencing was applied to analy&sdigixds bound to
SalmonellaHfq, one of the key players in sRNA-mediated regulation. A bioinformatesed
work flow that was developed for the analysis and visualization of the degpencing data was
presented. The identification of novel sRNAsSalmonellaas well as more than 700 mRNAs
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bound to Hfg showed that this approach is capable of identifying SRNéafspto certain bacteria
and of limiting the mRNA input-set for target prediction programs. In furtimegprporation of a
cross-linking step and digestion of RNA regions that are not coverddfyycould narrow down
the regions that are actually bound by Hfg. This could help to define Higarwsus binding sites
which could in turn be incorporated into target-prediction algorithms. Althabghapproach is
limited to bacteria where Hfg or any other RNA binding proteins are knowmutdcbe helpful to
unravel the post-transcriptional regulons of a wide range of bacteria.

In Helicobacter pylorineither Hfg nor any sRNAs were previously known and the bioinformatics-
based approach which was presented in the last part of this thesis idkotifjea few SRNASs in this
organism. In contrast, a high-throughput ‘RNA-seq’ approach of tbtaylori RNA revealed many
additional sRNA candidates including antisense transcripts to ORHslioobacter Among>30
sRNAs which have been verified on Northern blots, a homologue of thelitdig 6S RNA and its
associated pRNAs were identified. Moreover, differential analysisiofgry and processed RNA
species facilitated the identification &f800 transcription start sites of MRNAs acrosskh@ylori
genome. Besides a refinement of the functional annotation ¢f thglori and related genomes, this
approach should facilitate the global transcriptome analysis of mixed pattage populations as

it avoids the problem of cross-hybridization observed in microarragéx@nts. Furthermore, ini-
tial studies suggested the use of high-throughput sequencing foctigion-profiling (Mortazavi

et al, 2008; Yoder-Himest al, 2009). Ongoing improvements of next-generation sequencing
methods including generation of more sequences per run as well as mrerage read lengths
will allow to cover longer transcripts and sequencing of diverse growtiditions. In addition,
the development of single-molecule sequencing technologies (Pacific Biesiand Heliscope of
Helicos) will avoid a potential bias introduced during cDNA construction inRI&R amplification

or adapter ligation step and allow a more precise transcription profiling.

Current high-throughput sequencing approaches indicate the ddovaappropriate databases to
store sequence data as well as analysis and visualization tools. Espe@&athatival annotation
of TSS is feasible only for small genome sizes and, hence, algorithms fantamatic recogni-
tion of enrichment patterns could be very helpful. Deep sequencing inioatan with proper
analysis tools will then allow a fast and effective way to improve genometatioo based on ac-
tual transcription, global promoter maps, as well as the identification ofl tr@vescripts including
regulatory RNAs.
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MATERIAL AND METHODS

8.1. Material

Chemicals used in this study were purchased from Merck (Darmstadt) (Rartisruhe) and Sigma
(Munchen). The following tables list all labware (Table 8.1), instrumentsI€¢Tal2), enzymes,
proteins, and size markers (Table 8.3), and commercially available systaivie @[4) that were
used throughout this study.

Table 8.1: Labware and Manufacturer.

Labware Manufacturer

CampyGeM Oxoid, Basingstoke, Hampshire, England
Corex |l centrifuge tubes Krackeler Scientific, Albany NYSA
Gene Pulser/MicroPulser Cuvettes, 1 mm BioRadnkhen

Horizontal Electrophoresis Systems Peqlab, Erlangen

PerfectBlue Mini S, M, L
Hybond-XL Membrane for Nucleic Acid GE Healthcarejikthen

Transfer

Glass Beads, 0.1 mm Roth, Karlsruhe

Imaging Plates BAS-IP MS 2325, 2340 FujifimiBseldorf

Imaging Plates Cassettes BAS 2325, 2340 Fujifilmasgeldorf

Inoculation Loops 1Qul VWR, Darmstadt

L-shape Bacteriology Loops VWR, Darmstadt

MicroSpin G-25, G-50 Columns GE Healthcare(iiMthen
Nucleic Acid Sequencing Unit #5G-400-20 CBS Scientific, Dlar CA, USA
Phase Lock GéM (PLG) Tubes VWR, Darmstadt

Pipetman P10, P20, P200, P1000 Gilson, Bad Camberg
Pipetboy acu Integra Biosciences, Fernwald
PolyScreen PVDF Transfer Membrane PerkinElmer, Waltham M3A
Protein A Sepharose Beads Sigma-Aldrich, Taufkirchen
Reagent and Centrifuge Tubes 15, 50 m| Sarstedmbrecht

Safe-Lock Tubes 1.5 ml, 2.0 ml Eppendorf, Wesseling-Benizdo
Semi-dry Electroblotter SEDEC M Peglab, Erlangen

Semi-micro Cuvettes Sarstedt{idbrecht

Serological Pipets 5 ml, 10 ml, 25 ml Corning, Wiesbaden

continued on next page
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Labware Manufacturer

Tank Electroblotter PerfectBlue Web S, M Peglab, Erlangen
Thermo-Tubes 0.2 ml Abigene, Hamburg
Ventilation Cap Tubes 13 ml Sarstedtiibrecht
Vertical Electrophoresis Systems Peqlab, Erlangen
PerfectBlue Twin S, L

Sterile filters (0.2um pore size) Whatman, Dassel

Table 8.2: Instruments.

Instrument Manufacturer

Analytical Balances TE64, TE601 Sartoriugtngen

BD FACSCantd™ Flow Cytometer BD Biosciences, Franklin Lakes NJ, USA
Bio-Link BLX 254 UV-Crosslinker Peqlab, Erlangen

Centrifuge 5415R, 5810R Eppendorf, Wesseling-Berzdorf
Centrifuge RC5C Plus (Rotor: SS-34) Thermo Scientific, learsglbold

DNA Engine Thermal Cycler BioRad, vhchen

E. coli Pulser Bio-Rad, Ninchen

Electrophoresis Power Supplies EV 232, Consort, Turnt®elgium

EV202, E802

Eraser for Imaging Plates Raytest, Straubenhardt

Gel Documentation System Gel Doc 2000 Bioradjridhen

Gel Dryer Model 583 Biorad, NMnchen

GenePix 4000A scanner Molecular Devices, Sunnyvale CA, USA
Hybridization Oven Compact-Line OV4 Biometrap@ngen

Imaging System LAS-3000 Fujifilm, Dsseldorf

Incubator Innovens Category 1 Jouan, Unterhaching

Incubator Shaker Innova 44 New Brunswick Scientifi¢irtihgen
MultiTemplll Thermostatic Circulator Amersham Biosciesg Freiburg
Refrigerated Incubator Shaker C24KC New Brunswick ScientNirtingen
Spectrophotometer NanoDrop ND-1000 Peqlab, Erlangen

Thermomixer comfort Eppendorf, Wesseling-Berzdorf
Phosphoimager FLA-3000 Fujifilm, i3seldorf

Ultrospec 10 photometer Amersham Biosciences, Freiburg
Vacuum Concentrator RC10.22 Jouan, Unterhaching

Vortex-Genie 2 Scientific Industries, Bohemia NY, USA

7900HT-RealTime-PCR System Applied Biosystems, Fostgr CA, USA
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Table 8.3: Enzymes, proteins, and size markers.

Enzyme/Protein/Size marker

Manufacturer

Albumin Fraktion V

Avrll (4 u/pl)

BfrBI/Mph1103I (Nsil, 10 ufl)

BseRI (4 ull)

Calf Intestine Alkaline Phosphatase (CIAP, L)/
Calf Intestine Alkaline Phosphatase (CIP, 1pIy/
Deoxyribonuclease | (DNase I, 1)

Dpnl (20 ujul)

ECL Anti-Mouse IgG (sheep), HPR-conjugated
ECL Anti-Rabbit IgG (donkey), HPR-conjugated
GeneRuler 1kb DNA Ladder

Hfq (purified S. typhimuriunprotein)

Lysozyme

Monoclonal Anti-FLAG M2 Antibody (mouse)
Monoclonal Anti-GFP antibodies

(Clones 7.1, 13.1; mouse)

Nhel (10 ufl)

pUC Mix Marker, 8

pUC19 DNAMspl (Hpall) Marker, 23

Pfu DNA Polymerase (2.5 wl)

Phusion High-Fidelity DNA Polymerase (2;l)
Polyclonal Anti-GroEL antiserum (rabbit),
Peroxidase conjugated

Prestained Protein Marker Broad Range
Ribonuclease H (RNase H, 5.y

Ribonuclease T1 (RNase T1, Luly
Ribonuclease T2 (RNase T2, 2Qu)/
Ribonuclease Il (RNase I, 1.3 ul)

RNA ladder Low Range, High Range

Spel (10 ufl)

Shrimp Alkaline Phosphatase (SAP, L)/
StratasScript Reverse Transcriptase
SUPERase-In RNase Inhibitor (20.ly

T4 DNA Ligase (5 Weiss ufl)

T4 Polynucleotide Kinase (PNK, 10}

T4 Polynucleotide Kinase (PNK, 10.u)

T4 RNA Ligase (20 yul)

TaqDNA polymerase (5 yil)

Tobacco Acid Pyrophosphatase (TAP, 10Iy/

Roth, Karlsruhe
New England Biolabs, Frankfurt a.M.
Fermentas, St. Leon-Rot
New England Biolabs, Frankfurt a.M.
Fermentas, St. Leon-Rot
New England Biolabs, Frankfurt a.M.
Fermentas, St. Leon-Rot
New England Biolabs, Frankfurt a.M.
GE Healthddrignchen
GE Healtlegaviinchen
Fermentas, St. Leon-Rot
Sittkeet al,, 2007
Roth, Karlsruhe
Sigma-Aldrichatitkirchen
Roche, Mannheim

Fermentas, St. Leon-Rot

Fermentas, St. Leon-Rot

Fermentas, St. Leon-Rot

Fermentas, St. Leon-Rot

New England Biolabs, Frankfurt a.M.
Sigma-Aldrichaufkirchen

New England Biokaaskfurt a.M.
New England Biolabs, Frankfurt a.M.
Ambion, Austin TX, USA
Invitrogen, Karlsruhe
New England Biolabs, Frankfurt a.M.

Fermentas, St. Leon-Rot
New England Biolabs, Frankfurt a.M.
Fermentas, St. Leon-Rot

Stratagene, Ceelek TK, USA
Ambion, Austin TX, USA
Fermentas, St. Leon-Rot
Fermentas, St. Leon-Rot
New England Biolabs, Frankfurt a.M
New England Biolabs, Frankfurt a.M.
New England Biolabs, Frankfurt a.M.
Epicentre, Madison WI, USA

Terminatof ™ 5'-Phosphate-Dependent Exonuclease  Epicentre, Madisol/BA

continued on next page
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Enzyme/Protein/Size marker

Manufacturer

(TEX, 10 ujul)
Xbal (10 ujul)
Xhol (20 ujul)

«a-OppA polyclonal antibody (rabbit)

Fermentas, St. Leon-Rot
New England Biolabs, Frankfurt a.M.

K. Igarashi, Chiba Uargity, Japan

System

Table 8.4: Commercially available systems.

Application

Manufacturer

CycleReade™ DNA
Sequencing Kit

Gel Loading Buffer Il
GlycoBlue™
MAXIscript T7 Kit

MEGAscript T7 Kit

NucleoBond PC100
NucleoSpin Extract Il

NucleoSpin Plasmid
QuickPure

PageBlue Protein Staining
Solution

Puresystem

Protein Loading Buffer
Pack

QuantitectTM SYBR Green
RT-PCR Kit

Rapid-hyB™ Buffer

Rediprime Il DNA Labeling
System

Roti-Free

Roti-Hybriquick

Stains-All

SuperScriptll Reverse
Transcriptase

SuperScriptlll Reverse
Transcriptase

SV Total RNA Isolation
System

TOPO TA Cloning Kit
TRIzol Reagent

Sequencing ladders

RNA sample loading buffer
DNA/RNA precipitation

Fermentas, St. Leon-Rot

Ambion, AusiTX, USA

Ambion, Austin TX, USA

In vitro transcription for RNA used Ambion, Austin TX, USA

in EMSA, structure probing

In vitro transcription for riboprobe  Ambion, Austin TX, USA

synthesis

Plasmid isolation (large-scale)

DNA purification

Plasmid isolation (small-scale)

Protein staining

In vitro translation
Protein sample loading buffer

Real time PCR

Northern blot hybridization
DNA probe synthesis

Western blot stripping
Northern blot hybridization
RNA staining

cDNA synthesis

cDNA synthesis
DNA-free total RNA isolation

Cloning of Taq PCR products
total RNA isolation

Maghblagel, Oiren
Macherey-Nageljiizn
Macherey-Nagélrén

Fermentas, St. Leon-Rot

Cosmo Bio Co., Tokyo, Japan
Fermentas, St. Leon-Rot

Qiagen, Hilden

Amersham Biosciencésgiburg
GE Healthcareinthen

Roth, Karlsruhe
Roth, Karigne
Sigma-Aldrich, Minchen
Invitrogen, Karlsruhe

Invitrogen, Karlsruhe
Promega, Madison WI, USA

Invitrogeraisruhe
Invitrogen, Karlsruhe

continued on next page
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System Application Manufacturer

Western Lightning Western blot detection Perkin Elmer, Weiterstadt
Chemiluminescence

Reagent

6xSample Loading Buffer DNA loading buffer Fermentas, St. h-&tot

8.2. General Methods

This section describes general methods that were applied throughowhthe study. Standard
methods which are not described in this section were performed as dekicri®ambrook & Russell
(2001), or according to manufacturers’ instructions.

8.2.1. Bacterial cell culture

All materials used throughout this study were autoclaved for 20 minutes (nr)14C and 1 bar
before use. Where necessary, solutions were sterilized by filtratioglasgware by heating to
180°C for a minimum of three hours (h), respectively.

8.2.1.1. Media

If not stated otherwise, bacteria were grown in Lennox-broth (L-hrotlon Lennox agar plates.

Lennox broth:

1% (w/v) tryptone

0.5 % (w/v) yeast extract
85.6 mM sodium chloride

Lennox agar.
as L-broth but supplemented with 1.2 % (w/v) agar.

Growth was carried out at 37°C with an agitation of 220 rotations per minute) (gpder normal
aeration. Cultures were either inoculated from single colony grown mlgrat 37°C or were
diluted 1/100 into fresh medium from overnight cultures that were inocukated freshly grown
single colonies into 3 ml L-broth.

For inducible Bap promoters, cultures were supplemented with 0.2 % (w/v) L-arabinose.

The following antibiotica were used throughout this study:

Kanamycin: 50ug/ml

Ampicillin: 50 or 100.:g/ml for low- or high-copy plasmids, respectively
Chloramphenicol: 20 or 3pg/ml for low- or high-copy plasmids, respectively
Streptomycin: 9Qug/ml



154

CHAPTER 8. Material and Methods

8.2.1.2. Preparation of electrocompet8atmonellecells

For preparation of electrocompete3dlmonellacells were inoculated either from single colony or
1/100 from overnight cultures in fresh medium. The cultures were gravd7eC, 220 rpm until
the suspensions reached an gfoof 0.5. Cells were washed three times in ice-cold sterile water,
resuspended in 5@ ice-cold sterile water, and subjected to electroporation (1.8 ky;R25nd
20019?). Following transformation, cells were resuspended in 1 ml SOC medium prigatng.
Recovery was carried out for 60 min at 37°C, 220 rpm before selectidrrbroth agar plates with
the appropriate antibiotics.

SOC medium

2 % (w/v) tryptone
0.5 % yeast extract
85.6 mM NacCl

2.5 mM KClI

10 mM MgCl

20 mM glucose

8.2.1.3. Transformation of chemically compet&ntolicells

1 pl of a ligation reaction or 0.4l plasmid (concentratior: 10-100 ngf:l) was mixed with 2Qul of
chemically competert. coli TOP10 or TOP10 F’, respectively (Invitrogen). After pre-incubation
for 30 min on ice, cells were subjected to a heat shock for 30 seconatsA@®)C. Cells were chilled
for 1 min on ice and resuspended in 100580C medium. Recovery was carried out for 60 min at
37°C, 220 rpm before selection on L-broth agar plates with the apptenmibiotics.

8.2.1.4. Growth curves

For growth curve determination, 30 ml L-broth, supplemented with the appte@ntibiotic, were
inoculated from overnight culture to an optical density ggPof 0.04. Growth was carried out at
37°C, 220 rpm. The OF)o was measured in time intervals of 45 min over a time period of 630
min.

8.2.2. Mutant construction i8. typhimuriunandE. coli

8.2.2.1. One-step inactivation of chromosomal genes

Chromosomal mutagenesis &.typhimuriumSL1344 followed the procedure described by
Datsenko & Wanner (2000) fdt. coli with a few modifications. The wild-typ8almonellastrain
carrying plasmid pKD46 was grown in L-broth supplemented with ampicillin anédl.2arabinose

at 28°C to an Olgy, of 0.5 (25 ml culture per transformation). Cells were collected by centrifu-
gation (20 min, 4,000 rpm), washed three times with ice-cold water, and digdsioiV&O 1l ice-
cold water. Polymerase chain reaction (PCR) products of marker gergsshloramphenicol or
kanamycin resistance cassettes, (b8tandard reactions) were Dpnl-treated for 3 h at 37°C, and
purified on agarose gels, followed by purification on Macherey-Nagel columns (NucleoSpin
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Extract I1). One-fifth of the 25l column eluate (in water) was used for transformation..50f
competent cells were mixed with the purified PCR product in a chilled cuvettec(0.@lectrode
gap) and electroporated (18 kV/cm). Subsequently, 1 ml of pre-war@&irBedium was added,
and cells were recovered by incubation for 1 h at 37°C before selemtihrbroth agar plates with
the appropriate antibiotics. All mutations were moved to a fresh SL1344 baakd by phage P22
transduction.

8.2.2.2. Resistance removal following chromosomal one-step inactivation

For removal of resistance genes of mut&atmonellathe strain was transformed with the FLP
recombinase-expressing, temperature sensitive helper plasmid pC&2er{ko & Wanner, 2000)
and transformants were selected at 28°C on plates containing ampicillirsfdinarants were struck
on three fresh plates, one containing no antibiotic, one containing ampicillia ¢astrol for re-
moval of the pCP20 helper plasmid), and one containing chloramphenikahamycin (as a con-
trol for removal of the chromosomal resistance cassette). Transftsrgemwn overnight exclu-
sively on plate containing no antibiotic were used for further experiments.

8.2.2.3. P22 transduction

P22 lysates were prepared from soft agar plate lysates of donorsstising P22 phage HT/105-1
by standard procedure (Sternberg & Maurer, 1991). A006f an overnight culture of the donor
strain were mixed with 3 ml TOP agar and poured on a pre-warmed L-brdih pla

TOP agar:

1% (w/v) tryptone
1% (w/v) agar
10mM MgSQ
5mM CaC},

86 mM NacCl

100l of a P22 phage lysate were spread on the TOP agar surface follgneebinight incubation
at 37°C. TOP agar was collected from the plate and resuspended in Srokh.containing 10
mM magnesium sulfate and 5 mM calcium chloride. Upon addition of AD6hloroform, the

suspension was vigorously vortexed and incubated overnight atMt€?.centrifugation (10 min,
4,000 rpm) the supernatant was transferred into a glass tube and db@roform were added to
the phage lysate. Storage was performed at 4°C.

For transduction, 10@! of a culture of the acceptor strain grown from single colony to an§D

of 1 were mixed with 1, 10, and 100l of the phage lysate and incubated for 15 min at room
temperature. To stop the transduction, 1d0f a 20 mM EGTA solution were added to 100
ul of the mixture. The entire 20Q] sample was plated on pre-warmed L-plates containing the
appropriate antibiotic. Incubation was carried out for up to 3 days af 37fansformants were
verified by PCR.
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8.2.3. Nucleic acids techniques

The concentrations of all nucleic acid solutions (DNA as well as RNA) wletermined by mea-
surements using a NanoDrop machine. For purification of PCR produptasmid mini-preps the
NucleoSpin Extract Il and the NucleoSpin Plasmid QuickPure Kits, respégtirom Macherey-

Nagel were used. The standard methodmafitro amplification of DNA by PCR and the ligation
of DNA fragments were carried out as described in Sambrook & Rusxl().

8.2.3.1. Agarose gel electrophoresis

Agarose gels were used to separate DNA fragments. For gel prepai@derose was dissolved in
concentrations of 0.8 to 2 % (w/v) inITAE buffer.

50x TAE buffer:

242 g Tris base

57.1 ml acetic acid

100ml 0.5M EDTA

Adjust pH to 8.5, add kO to a final volume of 1 I.

At a gel solution temperature of 50-60°C, ethidium bromide was added tolafineentration of
4019/ 100 ml. Prior to loading, five volumes of sample were mixed with one volumexshéple
loading buffer. Gels were run indTAE buffer at 100 V for about 30-60 min (according to fragment
size).

8.2.3.2. Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide (PAA) gels were used to separate RNA fragments of eliffsize. For gel prepa-
ration, 40 % PAA solution was used. Native and denaturing gels were rine ipresence of 0:6
and Ix TBE buffer, respectively.

10x TBE buffer:

0.89 M Tris Base

0.89 M boric acid

20mM EDTA pH 8.0

Add H,O to a final volume of 1 I.

Denaturing PAGE: For denaturing gels (the native structure of RNA molecules is destroted),
gels are supplemented with urea to a final concentration of 8.3 M for Nartiet gels or 7 M for
sequencing gels, respectively.

5% PAA gel solution:

125 ml 40 % PAA solution (19:1 acrylamide/bisacrylamide)
5009 urea

100 ml 10 TBE

Add H20 to a final volume of 1 1.
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All gel equipment was cleaned with 70 % ethanol before use (glass @ateser, combs etc.). Poly-
merization was initiated by addition of 1/100 volume of ammonium persulfate (ARGLA000
volume of N,N,N,N,-Tetramethylethylendiamin (TEMED). Prior to loading, the RNA@las were
denatured for 5 min at 100°C in sample loading buffer and subsequeiitgdobn ice for 5 min.

2xRPA loading buffer:

98 % (v/v) Formamid

2 mM EDTA, pH 8.0

0.02 % (w/v) Xylene Cyanole
0.02 % (w/v) Bromophenol Blue

Gel runs were performed in the presence gfTBE at 300 V at room temperature for about 2 to 3
h (according to the size of the RNA species to detect).

Native PAGE:

Native polyacrylamide gel electrophoresis was performed in the pres#ne.5< TBE at 300 V.
Native PAGE was used to analyse preformed RNA-protein complexesvoid heating, the gel
apparatus was connected to a water cooling system. Complexes were Inatkile sample
loading buffer.

5xnative sample buffer

50 % glycerol

0.2 % (w/v) Bromphenol Blue
0.5x TBE buffer

8.2.4. Protein techniques

8.2.4.1. Preparation of whole cell protein fraction

After the appropriate incubation, bacteria samples were taken (a total awfdud to 1 O0Qyy).
After centrifugation for 2 min at 13,000 rpm at 4°C the supernatant waaidied and the cell pellet
resuspended inxX sample loading buffer to a final concentration of 0.01 @uffer. The sample
was denatured by heating at 95°C for 5 min and was subsequently chilied.on

8.2.4.2. Preparation of periplasmic fractions

The periplasmic protein fraction was extracted following the cold osmotic shomegure de-
scribed by Neu & Heppel (1965). At the appropriate &) cells were harvested by centrifugation
for 30 min at 4000 rpm at 4°C. The pellet was resuspended at room tatagein ‘shock buffer’.

Shock buffer:
30 mM Tris-HCI pH 8.0
20 % sucrose
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EDTA (pH 8.0) was added to a final concentration of 1 mM. Cells were irtealdfar 10 min at room
temperature with occasional shaking. Subsequently, cells were collgctamtrifugation (30 min,
4,000 rpm) at 4°C, and the pellet was resuspended in 10 ml ice-cold 5 mMDMg&fter incu-
bation for 10 min with occasional shaking in an ice-water bath, the suspewsi® centrifuged as
mentioned above. The supernatant was the cold osmotic shock-fluidefatuation, 4 sample
loading buffer was added and samples heated for 5 min at 95°C.

8.2.4.3. One-dimensional SDS PAGE

For denaturing separation of proteins, samples were loaded on 10 % t&DB¥WAGE (according
to the size of the proteins to be analysed). Gel solutions for the separatidhestacking gel were
prepared as follows:

PAA gel for separation gel 10% 12% 15%
1 M Tris base pH 8.8 3.75 ml 3.75ml  3.75ml
40 % PAA solution 2.5ml 3ml 3.75ml
(37.5:1 acrylamide/bisacrylamide)

H>O 3.75ml 3.25ml 2.5ml
10% SDS 10Qul 100l 200 ul
10% APS 75ul 75 pl 75 pl
TEMED 7.5ul 75ul  75ul

PAA gel for stacking gel

1 M Tris base pH 6.8 1.25ml
40 % PAA solution 1ml
(37.5:1 acrylamide/bisacrylamide)

H,O 7.485 ml
10% SDS 100Qul
10% APS 15Qul
TEMED 15l

10x running buffer:
250 mM Tris

1.92 M glycine

1% SDS

All gel equipment was cleaned with 70 % ethanol before use (glass pkdaser, combs etc.).
Polymerization was initiated by addition of 10% APS and TEMED (see abovekgtsdhparation
and stacking gel, respectively. Gels were run for 1 h at 80 V (stacleijgagd for 2-6 h ats 150
V (according to gel size and molecular weight of proteins to be detected$. i&re stained using
PageBlue staining solution.
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8.2.4.4. Two-dimensional SDS PAGE

Sample preparation frorfBalmonellacultures, analysis by high-resolution two-dimensional elec-
trophoresis, protein staining, and peptide mass fingerprinting wererpedoat the Max-Planck-
Institute for Infection Biology (Berlin, Germany) protein analysis corélitgc according to previ-
ously published standard protocols (Dohertyl., 1998; Jungblut & Seifert, 1990; Klose & Kobalz,
1995).

8.2.4.5. Western blot

1x Transfer buffer:
25 mM Tris base
192 mM glycine
20 % methanol

TBSTy buffer:
20 mM Tris base
150 mM NacCl
0.1% Tween 20

Whole-cell protein samples corresponding to 0.01 or 0.03¢9Bulture volume were separated via
SDS-PAGE as described above. PVDF membranes were activated bgiiocuin methanol (90 s),
H->O (5 min), and transfer buffer (5 min), consecutively. Gels were blotitbérefor 60 min at 100

V at 4°C in a cable tank blotter or for 2 h at 2 mA/&membrane in a semi-dry blotter onto PVDF
membrane in transfer buffer. After rinsing ix TIBST,( buffer, membranes were blocked for 1 h in
10 % dry milk in TBShg. Hybridization was carried out as follows: appropriate primary antisera o
antibodies were diluted in 3% BSA, TB&land blots hybridized for 1 h at room temperature under
agitation, followed by five 6 min wash-steps in TBST Subsequently, the blots were hybridized
with the a-rabbit-horseradish peroxidase (HRPhemouse-HRP conjugated secondary antibodies
(1:5,000 in 3% BSA in TBSYp) for 1 h at room temperature. The final wash steps were performed
6x for 10 min in TBSh. Blots were developed using Western Lightning Reagent in a Fuji LAS-
3000 CCD campera.

8.2.5. RNA techniques

Throughout this study, three different methods for isolation of total RN&mf E. coli,
S. typhimuriurror H. pylori were used. RNA was always kept on ice and stored at -20°C.

8.2.5.1. RNA preparation with TRIzol

Bacterial cultures corresponding to 4 @B were spun for 2 min at 11,000 rpm at 4°C. After
discarding the supernatant, the bacterial pellet was dissolved in 1 ml TR¢zagent. The mixture
was transferred to 2 ml Phase lock tubes (heavy) and upon additionOgfl 4bloroform, the
samples were mixed by shaking and centrifuged for 12 min at 15 °C at 16600 he supernatant

Yhttp://info.npiib-berlin.npg.de/jungblut/
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was transferred to a fresh reaction tube and the nucleic acids weiipitated by addition of 0.7
volumes of 2-propanol. Precipitation was carried out either overnight mast for 1 h at -20°C.
Nucleic acids were pelleted by centrifugation for 30 min at 13,000 rpm at Aft€r a wash step
with 350l of 75 % ethanol and additional centrifugation for 10 min, the supernatastliscarded,
the pellets air-dried, and subsequently dissolved4®idr 2x RNA loading buffer.

8.2.5.2. RNA isolation using the SV40 Total RNA Isolation System (Promega)

RNA was isolated using the Promega SV total RNA purification kit as descab# Institute for
Food Research (Norwich, URebsite and in Kellyet al. (2004). Two ORy of a bacterial culture
were mixed with 0.2 volume of stop-mix (ethanol:phenol 95:5 v/v). After smapzing in liquid
nitrogen the samples were subsequently thawed on ice. Bacteria werdosgumin at 13,000
rpm at 4°C. After resuspension in 100 H,O containing 50 mg/ml lysozyme the samples were
incubated for 4 min at room temperature. Upon addition ofil/&f lysis reagent, the samples were
mixed and 35QuI RNA dilution buffer was added. The samples were heated for 3 min at,70°C
followed by a 10 min centrifugation step at 13,000 rpm at room temperatte slipernatant was
transferred to a new tube, mixed with 20095 % ethanol and the mixture loaded on a spin column
provided with the kit. After centrifugation for 1 min at maximum speed the eluatediscarded
and the column washed with 6@0wash buffer. After an additional centrifugation step,B®f a
DNase mix (5«1 90 mM MnCl,, 401 DNase core buffer and & DNase I; all provided with the

kit) were applied to the membrane and incubation carried out for 15 min atteroperature. Upon
addition of 20Qul DNase stop mix the columns were centrifuged for 1 min at 13,000 rpm. Following
two wash steps with 600 and 2p0wash buffer, respectively, (the second centrifugation was carried
out for 2 min) the column was transferred to a sterile Eppendorf tube ahdl RNase-free water
was added. After incubation for 1 min at room temperature, RNA was elyteditirifugation for

2 min at 13,000 rpm.

8.2.5.3. Isolation of total RNA by sucrose shock and hot phenol

RNA preparation using hot phenol was first described in Agbal. (1981). In this study, cells
were lysed using a ‘sucrose shock’ method followed by hot phendetitin of RNA as described
in Mattatall & Sanderson (1996). 10 Qg of bacterial culture were mixed with 0.2 volume of
stop-mix (ethanol:phenol 95:5 v/v) and incubated for 10 min on ice. Bactegia pelleted by
centrifugation for 20 min at 4,000 rpm at 4°C. The pellet was snap frozéiquid nitrogen and
stored at -80°C until RNA preparation.

Following resuspension of the pellet in 12 ml extraction buffer, 10% S&ien was added to a
final concentration of 1%.

Extraction buffer:
10 mM sodium acetate, pH 4.8
0.15 M sucrose

Cells were vigorously vortexed in 50 ml Falcon tubes; upon addition of 13rafigated (65°C)
phenol the samples were transferred to a 65°C water bath and incubagehin with short inter-

Zww. i fr.ac. uk/ saf ety/ ni croarrays/ protocol s. htm
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vals of vortexing. After 30 min centrifugation in Corex tubes at 8,000 rpdf@tthe upper phase
was transferred to a new 50 ml Falcon tube and a second phenol ext@d&iml| Phenol, vortexing
at room temperature) was carried out. After centrifugation in a Corex (sgmabove) the upper
phase was transferred to a fresh Corex tube and 12 ml chloroformaneled to the sample. After
30 min centrifugation at 8,000 rpm at 4°C the upper phase was trarésfatoea fresh Corex tube
and RNA was precipitated by addition of 2.5 volumes of a Ethanol:sodium acetstiere (30:1
viv, pH 6.5). The nucleic acids were precipitated overnight at -20°@. Seimples were collected
by centrifugation for 30 min at 8,000 rpm at 4°C. After aspiration of theesogtant, the pellet was
washed with 4 ml 75% ethanol. Following subsequent centrifugation for 1Gt8r000 rpm and
4°C, the supernatant was discarded and the pellets air dried. Sampédissaived in water and
subjected to DNase | treatment (see below).

8.2.5.4. DNase | digestion

Following resuspension in 40, RNA samples were treated with 1 u of DNase | pgrof RNA
for 30 min at 37°C in the presence of RNase inhibitor. Prior to addition of$@Nlaeaction buffer
and enzymes, the RNA was denatured at 65°C for 8 min and subsequeaolfd ©on ice for 5
min. After DNase | digestion, the RNA was isolated by phenol.chloroform:ist¢aloghol (P:C:l)
extraction. One volume dissolved RNA was mixed with one volume P:C:l (25:24)lirvix ml
Phase lock (heavy) tubes. Following mixing for 15s by vigorous shalsiagples were spun for
15 min at 13,000 rpm at 15°C. The aqueous (upper) phase was mixed .witlol2mes of 30:1
(v/v) EtOH:3M sodium acetate (pH 6.5) mixture and RNA was precipitated g@yetriat -20°C.
After centrifugation for 30 min at 13,000 rpm and 4°C, the supernatastigaarded and the pellet
was washed with 3501 75 % ethanol. After additional centrifugation for 10 min at 13,000 rpm
and 4°C, the supernatant was discarded and the pellet was air-difelly Fhe RNA pellet was
resuspended in 40.

8.2.5.5. Generation of radioactively labelled DNA oligo nucleotides for RidZection

For labelling of DNA oligonucleotides, 10 pmol of the oligonucleotide was iateith in a 1Qul
reaction volume with 25Ci of 32P-y-ATP in the presence of 1 u T4 polynucleotide kinase
(PNK, New England Biolabs) for 1 h at 37°C. Unincorporated nucleotiese removed using
MicroSpin™ G-25 columns.

8.2.5.6. Northern blot

To detect mMRNAs or sRNAs, 5 to 2@y RNA were separated on 5-10% denaturing (8.3 M urea)
PAA gels. After a 1 h transfer to Hybond-XL membranes in a tankblotter &t &ad 4°C in the
presence of ¥ TBE (see Section 8.2.3.2), the RNA was cross-linked to the membrane on a UV-
table (302 nm) for 4 min or with 120 kJ in a UV-crosslinker (Bio-Link BLX 2545254 nm). After
prehybridization for 1 h in 15 ml Rapid-hyb buffer or 20 ml Roti-Hybri-Quinuffer at 42°C, the
radioactive labelled probe (2-5 pmol) was added. After a period of 1 todfzhybridization at 42

°C the membrane was rinsed witlx 55CC, followed by three wash steps at 42°C with SSC (20 min
5x SCC, 15 min k SCC, and 15 min 0.5 SCC). All SSC buffers were supplemented with 0.1%
SDS.
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20x SSC buffer:
3 M sodium chloride
0.3 M sodium citrate

8.2.5.7. Rapid amplification of cDNA ends (5" RACE)

Mapping of transcriptional start sites using 5’ RACE followed the protaescribed in Argaman
et al. (2001). Primary transcripts in bacteria carry a 5’ triphosphate, whiohbeahydrolyzed by
tobacco acid pyrophosphatase (TAP) specifically betweenttaad 5-phosphate groups. Via the
resulting 5’ monophosphate, these RNAs can be subsequently ligated tduedkyl group of an
RNA oligonucleotide, followed by reverse transcription with a gene-spet#oxyoligonucleotide
and subsequent PCR amplification using a 5’-adapter specific primer aested gene-specific
primer. TAP treatment is expected to yield a specific or at least stronglyneatisignal for pri-
mary transcripts in the amplification step as compared to untreated RNA samplesvét, 5’ ends
resulting from processing (retaining a 5’-monophosphate) will also bdifedpand can be ana-
lyzed in parallel.

In detail, 12,9 of total RNA was adjusted to a volume of 84.Boy adding the required volume of
H,0. 10l of 10x TAP buffer and 0.5 SUPERase-In RNase inhibitor were added and samples
split into two reactions of 49l each. Following treatment of one reaction with 10 units tobacco
acid pyrophosphatase (TAP) for 30 min at 37°C, 300 pmol of RNA-linkér(encoding a BseRl
restriction sit) was added to both reactions. Following organic extractioetuaahol precipitation,
RNA was dissolved in 13..l H2O, denatured for 5 min at 90°C and chilled on ice for 5 min.
The RNA-linker ligation was performed overnight at 17°C in presencéQotinits T4 RNA lig-
ase, XRNA ligase buffer, 10% v/v DMSO (final concentration) and 20 units SR&&e-In RNase
Inhibitor. Following P:C:I extraction and ethanol precipitation@ linker-ligated RNA was con-
verted to cDNA using 100 pmol random hexamer primers and the Supefsifa®0 units) reverse
transcription kit in a 2Qul reaction. 10 min incubation at 25°C was carried out before addition of the
reverse transcriptase, followed by four subsequent 15 min incuba¢ips at 42°C, 50°C, 55°C and
60°C. After heat inactivation of the reverse transcriptase for 5 min &€ 8&amples were treated
with 1 unit RNaseH (New England Biolabs) at 37°C for 20 min.

1 ul of the cDNA samples was subsequently used as template in standard Tatepmde PCR

reactions using the sense primer JVO-0367, which anneals to the RNA-ekgeence, and an
antisense primer that anneals within the gene of interest. (For GFP fusiingléhe antisense
primer binds to the N-terminal coding region of the gene of interest antesan in-frame Nhel

site.) Following visualization on 3% agarose gels, PCR products enrichedHriréated samples
(indicating primary transcripts) were excised, purified, and sequeaitedTOPO cloning.

8.2.5.8. In vitro transcription and 5’ end labelling of RNA

In vitro transcription was performed using the MEGAscript T7 kit, followed by DiNadiges-
tion (1 unit) for 15 min at 37°C. Following extraction with P:C:l (25:24:1 v/v), wurporated
nucleotides were removed from the aqueous phase using MicrdS@ir25 columns. The RNA
was precipitated from the eluate by addition of 2.5 volumes of 30:1 EtOH:3M sodaetate (pH
6.5) mixture and incubation overnight at -20°C. After centrifugation fon8n at 13,000 rpm and
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4°C the supernatant was discarded and the pellet washed witll 3506 ethanol. After additional

centrifugation for 10 min at 13,000 rpm and 4°C, the supernatant was digaarded and the pel-
let air-dried. Finally, the RNA pellet was resuspended FOHRNA integrity was checked on a
denaturing PAA gel and visualized with Stains-All.

20 pmol RNA was dephosphorylated with 10 u of calf intestine alkaline plaiaph (CIP) in a
20pul reaction at 37°C for 1 h. Following phenol extraction, the RNA was ipieted overnight
with ethanol:sodium acetate (30:1 v/v) and;2PGlycoBlue. The dephosphorylated RNA was
5’ end-labelled with*?P-y-ATP (204.Ci), using 1 u of T4 polynucleotide kinase (PNK) for 30 min
at 37°C in a 2Qul reaction. Unincorporated nucleotides were removed using MicrdS8p@+-25
columns, followed by purification of the labelled RNA on a denaturing gel P8%/ 8.3 M urea).
Upon visualization of the labelled RNA by exposure on a phosphorimageRNA was cut from
the gel and eluted with RNA elution buffer at 4°C overnight, followed by P&traction and
ethanol precipitation as before.

RNA elution buffer:
0.1 M sodium acetate
0.1% SDS

10 mM EDTA, pH 8.0

8.3. Methods: Multiple targeting of ABC transporter mRNAs by
GcvB sRNA

8.3.1. Bacterial strains and oligonucleotides

Bacterial strains are listed in Table 10.1 in the Appendix. gteBdeletion strains oSalmonella
(JVS-0236) andE. coli (JVS-6081) were constructed using theed protocol (Datsenko & Wanner,
2000) as described in Section 8.2.2.1 by replacing residues 17-176 watiaankycin marker gene,
PCR amplified with primer JVO-0133/-0134 and JVO-0131/-0132, resdetiMutants were ver-
ified by PCR with primers JVO-0135/-0136 or JVO-0137/-0138, resypalgti The Salmonella
AgcvBAhfq strain (JVS-0617) was constructed by P22 transductioAlofiy::CnR (JVS-0255)
into strain JVS-0236. Marker genes were removed with FLP recombizteghko & Wanner,
2000) as described in Section 8.2.2.2.

DNA oligonucleotides used for cloning, PCR amplification of T7 templates, fpriating assays,
and as hybridization probes are listed in the Appendix in Table 10.3.

8.3.2. Media and growth conditions

Cells were grown aerobically at 37°C in Lennox broth or M9 minimal mediunpkupented with
0.4 % glucose. When required, antibiotics were added aigd2l streptomycin, 10Q:g/ml ampi-
cillin, 50 pg/ml kanamycin, and 2pg/ml chloramphenicol.
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Table 8.5: Construction of GecvB RNA mutant plasmids.

Plasmid Name Template  Oligo 1 Oligo 2 Deletion of position

pJLO3-15 [mCVBAR1 pTPO5 JVO-0746 JVO-0745 66 - 89

pJL16-10 @CcVBar2 pTPO5 JVO-0895 JVO-0896 136 - 144

pJLO5-16 cvBs A pTPO5 JVO-0743 JVO-0744 1-91

pJLO1-1 gevBa pTPO5 JVO-0619 JVO-0742 135 - 206 and region downstream of
gcvBterminator

pJL22 pgcvBar:r  pTPO9 JVO-0746 JVO-0745 66 - 89

pJL23 pgcvBar,  pTPO9 JVO-0895 JVO-0896 136 - 144

pJL29-4 RgcvBya  pTPO9 JVO-0744  Rico-C 1-91

8.3.3. Plasmids

Plasmids are listed in Table 10.2 in the Appendix. Details of their constructiomaed sequences
are given in Tables 8.5-8.7.

8.3.3.1. sRNA plasmid construction

Control plasmid pTP11 was obtained by replacing the ColE1 origin of coptesimid pJV300
with the p15A origin of pZA31kuc via Spel/Avrll cloning. pTP11 expressesseb0 nt nonsense
transcript derived from thenB terminator. The low copy control vector pTP24 was constructed
by replacing the ColE1 origin of pJV968-1 with the p15A origin of pTPO05 thyoXAvrll cloning;

it carries a neutral, 1.5 kb interniacZ fragment.

The ColEl-based plasmid, pTP02, expresstagmonella gcvBrom its own promoter, was ob-
tained by cloning agcvB PCR fragment (primers JVO-0137/-0138) into the Xhol/Xbal sites of
plasmid pZE12uc. JVO-0137 binds 292 nt upstream of the +1 sitggo¥B JVO-0138 binds 116

nt downstream of thgcvBterminator. Since the pTPO2 is lethal 8almonellathe ColE1 origin
was replaced with p15A as described above for pTP11. This yieldeohjolgs P05 (jgcvB).

To expresgycvB from the Rjaco promoter (plasmid pJV846-11, ColE1 origin), the GevB gene
was amplified using primers JVO-0237 (binds to the +1 sitga¥B and JVO-0138 and inserted
into pZE12-luc by blunt-end/Xbal cloning as described in Urban & Vog@él0({). Subsequently,
the ColE1 origin of pJV846-11 was replaced by pl5A as above (sed)TRielding pTP09

(PP gevB).

GcvB mutant plasmids were constructed via PCR amplification from the origiasinids pTP05
or pTPO9 using Phusion Polymerase, Dpnl digestion of template plasmidet#idation of pu-
rified PCR products. Primers and templates used for each mutant plasmidederii§able 8.5.
Sequences of the mutant inserts are given in Table 8.6.

ThegcvBs ot mutant plasmid (pJL13-12) was constructed by ligation of Xhol digested [RG&R

ucts of pJV752-1 using oligos JVO-0619/ pZE-B and of pTPO5 usingens JVO-0892/pZE-A.
This plasmid contained only part of the modified terminator. PCR amplification wiitleps JVO-
0619/-0892 on plasmid template pJL13-12, followed by self-ligation of the pP@HEuct, gave
plasmid mcvBs AT (pJL17-6).
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Table 8.6: Inserts of GevB mutant plasmids. Red letters indicate thgcvB wild-type sequence, deleted
parts of the individual GevB mutants are marked in blue, dredrhodified terminator/inserted nucleotides
for the 3’ deletion mutants are shown in green. Black bolgttstindicate the Xbal site for cloning.

Name

Plasmid

Insert from +1 to end of gcvB terminator

Positions
deleted as
compared to
wild-type gcvB

pgcvB
pR.gcvB

pTPOS
pTPO9

acttcctgagccggaacgaaaagttttat cggaatgegtgttctg
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagc
accgccatattgcggtgettttttttgtataacaaacggttagtt
ttccagagccaccatctctttcacgt cagt acgattgatctgetg
tttgttgccattagegtctttatacgaaat cataccggtatcgtt
at cggTCTAGA

none

pgcvBarL
pR.gcvBar1

pJLO3-15
pJL22

acttcctgagccggaacgaaaagttttat cggaatgecgtgttctg
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagce
accgccatattgecggtgettttttttgtataacaaacggttagtt
ttccagagccaccatctctttcacgtcagtacgattgatctgetg
tttgttgccattagegtctttatacgaaatcataccggtatcgtt
at cggTCTAGA

66 - 89

pgcvBar2
pPR.gcvBARr2

pJL16-10
pJL23

acttcctgagccggaacgaaaagttttat cggaatgegtgttctg
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagc
accgccatattgcggtgecttttttttgtataacaaacggttagtt
ttccagagccaccatctctttcacgt cagt acgattgatctgetg
tttgttgccattagegtctttatacgaaatcataccggtatcgtt
at cggTCTAGA

136 - 144

pgcvBs A
pR.gcvBs A

pJLO5-16
pJL29-4

acttcctgagccggaacgaaaagttttat cggaat gcgtgttctg
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagce
accgccatattgcggtgecttttttttgtataacaaacggttagtt
ttccagagccaccatctctttcacgt cagtacgattgatctgetg
tttgttgccattagegtctttatacgaaat cataccggtatcgtt
at cggTCTAGA

pgcvBy A

pJLO1-1

acttcctgagccggaacgaaaagttttatcggaatgegtgttctg
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagc
accgccatattgcggtgecttttttttgtataacaaacggttagtt
ttccagagccaccatctctttcacgt cagt acgattgatctgetg
tttgttgccattagegtctttatacgaaat cataccggtatcgtt
at cggc TCTAGA

135 - 206 and
region
downstream of
gcvB
terminator

pgcvBs ar

pJL17-6

acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcggaaacgctaccgttt
ttttt cTCTAGA

135 - 206;
modification in
terminator
starts at
position 121
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Table 8.7: Inserts of GFP-fusion plasmids. Salmonellagene sequences are capitalized, in which black
letters correspond to 5’ UTR parts and red letters to ORFsp&frBI sites of pXG-10 and Nhel sites that
were used for cloning are highlighted in bold in magenta amey, respectively. The C/A-rich element of
gltl is marked in blue.

GFP fusion Insert

dppA::gfp ATGAGGGGCATTTTATGGAGAAT COGCACT GCAACT CAGT CGAT TATGCGAACGGAATCC
CCACCTCTCACTACT GACCT GACCAGGT AAAAAACAAAAAAGGCCGEGOGGT AAAAGCCT
TTGCAAAGGGCAAAACAACATACAT CACAAT TGGAGCAGAAGAATGAGTATTTCCTTGAA
GAAGTCAGGGATGyCt age

oppA::gfp ATCGACGAAAGGCGAT CGAACGAAT CGT CAGAATAAAT AAAGT CGGT GATAGCAAAAGCA
GT'GACAGACCT GGCAGTACACCACCAGT GCTGCACAGGAACCCT GACGGGATTAAACAGG
CTGGTAAAAACCAGTAATTATAATGAGT GGAGTACAAACACAATGT CTAACATCACGAAA
AAAAGT TTGATTGCAGCGGGAATACTCACT Gt age

livd::gfp GAGTATGCTGCTAAAGCACGGGTAGCTAGCCAATAAT CGAAATAAAGT GCTGAACAATAA
CACCACAACACACGT AACAACCAGAATAAT GGGGATTATCAGGATGAATATGAAGGGTAA
AACGTTATTGGCAGGATGTATCCCL agce

livK::gfp at gcat ATCTATAGCGAAAAGCAGAATATTATCTTTTCTTAATAGACT GAAAAATAGAGA
TTTTAATCTTATTATGCTTTAAATGCTGCGCTAACT CATTAATGAGT CAGTAAAAAGCCC
ACCATTTATAAAAAGTACAGT CTGCTTTTTAACCAGCAAAAAACAAAACATATAACATCA
CGAAT GGGGATACAGGCACAT GAAACGGAAAGCGAAAACAATAAT CGCAGCCGATTGT TGC
tagc

argT::gfp AGGACAATATTGCAACGTTTTATTAACAAATTTAACGT CGAATCGT TTTGCTGACGTGAA
AATGGCATAAGACCT GCATGAAAAAGT CTGCAAACACACAACGCCACGTAAAACATAAGA
AAATGACGCCACT TGAGGGGTATGTATGAAGAAGACCGT TCTCGCTTTGTCTTTGCTGAT
AGGTCTGGEGECEC agce

STM435%:gfp at gcat ATCAGAATAGCACCCT GCGCCAAAAAAAGAAT AGCACGGT GACCACAACATCCA
ATTGATATCAGGGATCAAGATGAAAAAAAAACT TATTGTCATGCTGT TAGCCGC age
gltl::gfp ATAACACT GCACGCGCAAGT TGCAGGCAATAACAACAT CACAATAGCTATCAATGCGTCG

ACGCCCCAGATGATAAAGGAGT TGGATATGCAAT TACGT AAGCT AACCACAGCAATCCTG
GICATGGGACTGICTGCt age

gltl aca::gfp ATAACACT GCACGCGCAAGCTATCAAT GCGT CGACGGCGCAGATGATAAAGGAGT TGGAT
ATGCAATTACGTAAGCT AACCACAGCAATGCTGGTCATGGGACTGTCTCGCL agce
ompR::gfp at gcat GCTTTTTTAAGAATACACGCT TACAAATTGT TGCGAACCT TTGGGAGTACAAAC

AATGCAAGAGAACTACAAGATTCTGGT GGT CGATGACGACAT GCGCCTGCGT GCGCTGCT
GGAACGT TATCTCACCGAACAAGGCT TCCAGGT TCGAAGCGTCCCTage

ompReazgfp at gcat GCTTTTTTAAGAATAGT TGCAGGCAATAACAACATCACAATACACGCTTACAAA
TTGTTGCGAACCT TTGGGAGTACAAACAAT GCAAGAGAACTACAAGATTCTGGTGGT CGA
TGACGACATGCGCCTGCGT GCGCTGCTGGAACGT TATCTCACCGAACAAGGCT TCCAGGT
TCGAAGCGTCCCTagce

8.3.3.2. Fusion plasmid construction

Translational GFP fusions to GcvB target mMRNAs were constructed asliksdin Urban & Vogel
(2007). FordppA oppA gltl, liv], andargT from SalmonellaSL1344, promoters were confirmed
or mapped by 5’ RACE as described in Section 8.2.5.7; BseRI/Nhel digeRR&«€CE cDNA frag-
ments were cloned into the Bsgl/Nhel-digested fusion plasmid pXG-20.liikKkeand STM4351
fusions were cloned in vector pXG-10. The insert sequences of &l {@&ions are given in Ta-
ble 8.7. Details for GFP plasmid construction are listed in Table 8.8.

To construct fusiomltl aca::gfp (pJL45-3), bp -71 to -44 relative wltl AUG were deleted from
the gltl::gfp fusion plasmid by PCR amplification of pJL24-1 using oligos JVO-1973/-1&d
Phusion Polymerase, Dpnl digestion, and self-ligation of purified PCRBugto The deleted 27 bp
C/A-rich element was inserted in tloenpR::gfpfusion (pJU-63) at position -42 according to the
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dppA dppA::gfp pJL19-1 | pXG-20 | JVO-0367x BseRl/ yes/+ -165 -163 | 30| 193 | 10 | 28 | +
JVO-0424 Nhel
OoppA oppA::gfp pJL18-1 | pXG-20 | JVO-0367x BseRl/ yes/- -511 -162 | 50 | 212 | 17 | 26 | ++
JVO-0656 Nhel (-266,
-171¥
gltl gltl::gfp pJL24-1 | pXG-20 | JVO-0367x BseRl/ yes/- -149 -87 | 50 | 137 | 17 | 22 | +++ | ATG wrongly
JV0O-0427 Nhel annotated in
Salmonella
livd livd::gfp pJL20-1 | pXG-20 | JVO-0367x BseRlI/ yes/- -104 -103 | 41 | 144 | 14 | 23 | +++ | ATG wrongly
JVO-0728 Nhel annotated in
Salmonella
livk livk::gfp pJL31-24 | pXG-10 | JVO-1271x BfrBI/ no -195/ 2193 | 41 | 234 | 14| 23| -
JVO-0800 Nhel product -170
argT argT::gfp pJL27-2 | pXG-20 | JVO-0367x BseRl/ yes/+ -60 -145 | 47 | 192 | 16 | 22 | -
JVO-0796 Nhel
STM4351 | STM4351:gfp | pTP28 pXG-10 | JVO-0731x BfrBI/ no’/- - -73 | 32| 105| 11 | 17 | -
JVO-0732 Nhel

& Promoter inE. coli based on EcoCyamw. ecocyc. or g annotation.

b Signal peptide predicted with SignalP 3.0 servert(p: / / wwv. cbs. dt u. dk/ ser vi ces/ Si gnal P/ ); (Bendtseret al., 2004).

¢ Promoters 2 and 3 afppAfrom (Igarashiet al, 1997).

d Positions and amino acid numbers are given according to the start toaiowas determined by toeprintingli|) and sequence alignment with homologous genes from othe
bacteria jvJ).

€ The 5’ end of STM4351 was mapped at position -65.
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ompRAUG to yield ompRea::gfp (pJL50-11). This plasmid was constructed by PCR amplification
of pJU-63 using oligos JVO-2154/-2155, followed by self-ligation of thefied PCR-product.

8.3.4. RNA and protein detection

RNA preparation and Northern analysis followed previously publishetbpols (Urban & Vogel,
2007) and as described in Section 8.2.5. GcvB RNAs were detected witihd3abelled oligos
(see figure legends), and 5S rRNA gip fusion mRNAs with oligos JVO-0322 or JVO-0155,
respectively.

OppA protein was detected on Western Blot using a polyclonal OppA artikiodly provided by
K. Igarashi (Chiba University, Japan) according to the protocatrilesd in Section 8.2.4 and Sittka
et al.(2007). GFP fusion and GroEL proteins were detected as describetham\& Vogel (2007).
Periplasmic proteins were prepared fr@almonellacultured to an Olgy of 2 as previously pub-
lished in Sittkaet al. (2007) and described in Section 8.2.4.2, and analysed by high-resakdion
electrophoresis, protein staining, and peptide mass fingerprinting at théMack-Institute for In-
fection Biology (Berlin, Germany) protein analysis core faciliaccording to previously published
standard protocols.

8.3.5. Colony fluorescence imaging

E. coli carrying gfp fusion plasmids were grown overnight on LB plates supplemented with the
appropriate antibiotics. Colonies were photographed using a CCD caffter& a excitation at
460 nm with a 510 nm emission filter in a FUJI LAS-3000 image analyser.

8.3.6. T7 transcription, purification and 5’ end labellirfgRINA

DNA templates carrying a T7 promoter sequencarioritro transcription were generated by PCR.
Primers and sequences of the T7 transcripts are given in Tables 8.91&ndlg templates offp
fusion mMRNAs were amplified from plasmids using a sense primer that addpeoiiibdter to the
+1 site of the 5’UTR, and antisense oligo pZE-T1, which binds 122 nt dawam of theyfp stop
codon. These transcripts end with ttteB terminator of the fusion plasmids. RNA was vitro
transcribed and quality-checked as previously published in Sétlka. (2007) and described in
Section 8.2.5.8. The protocol for 5’ end labelling of RNA is published in Rageet al. (2006)
and also described in Section 8.2.5.8.

8.3.7. Gel mobility shift assays

GcevB/dppAleader and GevRippAleader binding assays were performed ia dtructure buffer
(provided with RNase T1) in a total reaction volume of Al0as follows. 5’ end-labelled GecvB
RNA (=5 nM final concentration in binding reaction) anduy of yeast RNA (Ambion) were
incubated in the presence of unlabelthgpAor oppAleader (final concentrations are given in the
figure legends) at 37°C for 15 min. Prior to gel loading, the binding reasticere mixed with 3l

Shttp://info.npiib-berlin.mpg.de/jungbl ut/
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Table 8.9: Details of RNAs used foiin vitro work. .

Invitro Oligos® Template 5' part to 3’ part from Size [nt]

synthesized RNA ATG [nt] P ATG [nt] ®

fragments

GevB WT JVO-0941/ pTPO5 - - 201
JVO-0942

GcevB AR1 JVO-0941/ pJL3-15/ pJL-22 - - 177
JVO-0942

GcvB AR2 JVO-0941/ pJL16-10/ pJL-23 - - 192
JVO-0942

GevB 3'A JVO-0941/ pTPO5 - - 134
JVO-0742

MicA JVO-0937/ pKP6-21 - - 73
JVO-0938

dppAleader JVO-1034/ genomic DNA SL1344 | - 163 +72 236
JVO-1035

oppAleader JVO-1037/ genomic DNA SL1344 | - 162 +57 219
JVO-1038

gltl leader JVO-1039/ genomic DNA SL1344 | - 87 +74 161
JVO-1040

livJ leader JVO-1065/ genomic DNA SL1344 | -103 (- 109) | + 66 (+ 60) 169
JVO-1066

livK leader JVO-1063/ genomic DNA SL1344 | - 193 + 58 251
JVO-1064

STM4351 leader JVO-1067/ genomic DNA SL1344 | -73 +85 158
JVO-1068

argT leader JVO-1060/ genomic DNA SL1344 | - 145 +58 236
JVO-1061

ompAleader JVO-1768/ genomic DNA SL1344 | - 133 +38 171
JVO-1769

gfpleader JVO-1048/ pXG-1 (pJV859-8) -47 +70 117
JVO-1049

gltl::gfp JVO-1039/ | pJL24-1 -87 + 887 974
pZE-T1

gltl aca::gfp JVO-1039/ pJL45-3 -60 + 887 947
pZE-T1

gltlmz::gfp JVO-1039/ pJL56-2 - 87 + 887 974
pZE-T1

ompR::gfp JVO-2233/ pJU-63 -55 +941 996
pZE-T1

ompRea::gfp JVO-2234/ pJL50-11 -82 +941 1023
pZE-T1

cycAleader JVO-1274/ genomic DNA SL1344 | -79 + 82 161
JVO-1042

cycA 10th::gfp JVO-1274/ pJL83-2 -79 +92 171

leader JVO-1976

& Oligos that were used for amplification of T7 template.

® Only for MRNASs.



170 CHAPTER 8. Material and Methods

of native loading buffer and electrophoresed on native 6% polyauigiegels in 0.5 TBE buffer
at 300V at 4°C for 3h (see Section 8.2.3.2). Gels were dried, and adatys X-ray films. Gel
shifts with labelleddppA/oppAeader and unlabelled GecvB RNA were done in the same way.

10x Structure buffer:
100 mM Tris, pH 7.0
1 MKCI

100 mM MgCI2

Table 8.10: Sequences of T7 transcripts usedifovitro work (cf. Table 8.9).

Red letters indicate ORFs in the T7 transcripts and start codons are shdwidinLower-case
letters correspond to thgfp coding region and thgfp stop-codon UAA is shown in black bold
letters. Nhel (GCTAGC) and Xbal (TCTAGA) sites of the template plasmidshagielighted in
green. The C/A-rich element @fitl is marked in magenta, whereas dark blue letters indicate the
plasmid-bornernB terminator.

T7 RNA Sequence

GcevB WT ACUUCCUGAGCCGGAACGAAAAGUUUUAUCGGAAUGCGUGCUUCUGAUGGCECUUUUGGCUUACGEUUGUGA
UGUUGUGUUGUUGUGUUUGCAAUUGGUCUGCGAUUCAGACCACGGUAGCGAGACUACCCUUUUUCACUUC
CUGUACAUUUACCCUGUCUGUCCAUAGUGAUUAAUGUAGCACCGCCAUAUUGCGEUGCUUU

GcvBAR1 ACUUCCUGAGCCGGAACGAAAAGUUUUAUCGGAAUGCGUGUJUCUGAUGGGECUUUUGGCUUACGGEUCAAUU
GGUCUGCGAUUCAGACCACGGUAGCGAGACUACCCUUUUUCACUUCCUGUACAUUUACCCUGUCUGUCCA
UAGUGAUUAAUGUAGCACCGCCAUAUUGCGEUGCUUU

GcvBAR2 ACUUCCUGAGCCGGAACGAAAAGUUUUAUCGGAAUGCGUGUUCUGAUGGGCUUUUGGCUUACGGUUGUGA
UGUUGUGCUUGUUGUGUUUGCAAUUGGUCUGCGAUUCAGACCACGEUAGCGAGACUACCCUUUUUCACAUU
UACCCUGUCUGUCCAUAGUGAUUAAUGUAGCACCGCCAUAUUGCGEUGCUUU

GcevBA3'end ACUUCCUGAGCCGGAACGAAAAGUUUUAUCGGAAUGCGUGUUCUGAUGGGECUUUUGGCUUACGGUUGUGA
UGUUGUGUUGUUGUGUUUGCAAUUGGUCUGCGAUUCAGACCACGGUAGCGAGACUACCCUUUUU

MicA GAAAGACGCGCAUUUGUUAUCAUCAUCCCUGUUUUCAGCGAUGAAAUUUUGGCCACUCCGUGAGUGECCU
uuJ

dppAleader AUGAGGGEGECAUUUUAUGGAGAAUCCGCACUGCAACUCAGUCGAUUAUGCGAACGGAAUCCCCACCUCUCA

CUACUGACCUGACCAGGUAAAAAACAAAAAAGGCCGGEGECEEUAAAAGCCUUUGCAAAGGGECAAAACAACA
UACAUCACAAUUGGAGCAGAAGAAUGAGUAUUUCCUUGAAGAAGUCAGGGAUGCUGAAGCUUGGUUUGAG
CCUGGUGGCCAUGACCGUUGCAGCAA

oppAleader AUCGACGAAAGGCGAUCGAACGAAUCGUCAGAAUAAAUAAAGUCGEUGAUAGCAAAAGCAGUGACAGACC
UGGCAGUACACCACCAGUGCUGCACAGGAACCCUGACGGGAUUAAACAGGCUGGUAAAAACCAGUAAUUA
UAAUGAGUGGAGUACAAACACAAUGUCUAACAUCACGAAAAAAAGCUUUGAUUGCAGCGGGAAUACUCACU

GCGCUCAUC

gltl leader AUAACACUGCACGCGCAAGUUGCAGGCAAUAACAACAUCACAAUAGCUAUCAAUGCGUCGACGGCGCAGA
UGAUAAAGGAGUUGGAUAUGCAAUUACGUAAGCUAACCACAGCAAUCCUGCGUCAUGGEGACUGUCUGCGEEG
CCUUGCGCACGCAGAAGAUGG

liv] leader GAGUAUGCUGCUAAAGCACGGEUAGCUAGCCAAUAAUCGAAAUAAAGUGCUGAACAAUAACACCACAACA

CACGUAACAACCAGAAUAAUGGGEGAUUAUCAGGAUGAAUAUGAAGGGUAAAACGUUAUUGGCAGGAUGUA
UCGCCCUGUCAUUAAGCCAUAUGGCAUUC

livK leader AUCUAUAGCGAAAAGCAGAAUAUUAUCUUUUCUUAAUAGACUGAAAAAUAGAGAUUUUAAUCUUAUUAUG
CUUUAAAUGCUGCGCUAACUCAUUAAUGAGUCAGUAAAAAGCGCACCAUUUAUAAAAAGUACAGUCUGCU
UUUUAACCAGCAAAAAACAAAACAUAUAACAUCACGAAUGGGGAUACAGGCACAUGAAACGGAAAGCGAA
AACAAUAAUCGCAGGGAUUGUUGCAUUAGCAGUCUCGCAGG

STM4351 leader | AUCAGAAUAGCACCCUGCGCCAAAAAAAGAAUAGCACGGUGACCACAACAUCCAAUUGAUAUCAGGGAUC
AAGAUGAAAAAAAAACUUAUUGUCAUGCUGUUAGCCAGCCUCUCCGUUCACGCCGCUUCCGUUUCCGCCA
GAACAUUACAUUUUGGCA

continued on next page
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T7 RNA

Sequence

argT leader

AGGACAAUAUUGCAACGUUUUAUUAACAAAUUUAACGUCGAAUCGUUUUGCUGACGUGAAAAUGGCAUAA
GACCUGCAUGAAAAAGUCUGCAAACACACAACGCCACGUAAAACAUAAGAAAAUGACGCCACUUGAGEEG
UAUGUAUGAAGAAGACCGUUCUCGCUUUGUCUUUGCUGAUAGGUCUGGGECGCGACGECGEECCAGUUACGC
CGCGCUCCCGCAAACGBUUCGUAUUG

ompAleader

GCCAGGGGT GCTCAGCATAAGCCGT AGATATCGGTAGAGT AACTAT TGAGCAGAT CCCCCGGT GAAGGAT
TTAACCGTGT TATCTCGTI TGGAGATATTCATGGCGTATTTTGGAT GATAACGAGGCGCAAAAAAUGAAAA
AGACAGCTATCGCGATTGCAGTGGCACTGEC

gfpleader

AUCAGCAGGACGCACUGACCGAAUUCAUUAAAGAGGAGAAAGGUACCAUGGCUAGCAAAGGAGAAGAACU
UUUCACUGGAGUUGUCCCAAUUCUUGUUGAAUUAGAUGGUGAUGUUA

gltl::gfp

AUAACACUGCACGCGCAAGUUGCAGECAAUAACAACAUCACAAUAGCUAUCAAUGCGUCGACGGECGCAGA
UGAUAAAGGAGUUGGAUAUGCAAUUACGUAAGCUAACCACAGCAAUGCUGEUCAUGGGACUGUCUCC uag
caaaggagaagaacuuuucacuggaguugucccaauucuuguugaauuagauggugauguuaaugggceac
aaauuuucugucaguggagagggugaaggugaugcuacauacggaaagcuuacccuuaaauuuauuugea
cuacuggaaaacuaccuguuccauggccaacacuugucacuacuuugaccuaugguguucaaugcuuuuc
ccguuauccggaucauaugaaacggcaugacuuuuucaagagugccaugcccgaagguuauguacaggaa
cgcacuauaucuuucaaagaugacgggaacuacaagacgcgugcugaagucaaguuugaaggugauacce
uuguuaaucguaucgaguuaaaagguauugauuuuaaagaagauggaaacauucucggacacaaacucga
guacaacuauaacucacacaauguauacaucacggcagacaaacaaaagaauggaaucaaagcuaacuuc
aaaauucgccacaacauugaagauggauccguucaacuagcagaccauuaucaacaaaauacuccaauug
gcgauggcccuguccuuuuaccagacaaccauuaccugucgacacaaucugcccuuucgaaagaucccaa
cgaaaagcgugaccacaugguccuucuugaguuuguaacugcugcugggauuacacauggcauggaugag
cucuacaaaTAAugaauucgagcauuuaaalcuagaggcaucaaauaaaacgaaaggcucagucgaaaga
cugggccuuucguuuuaucuguuguuugucggugaacgcucuccugaguaggacaaauccgcecg

g|t| ACA- gfp

AUAACACUGCACGCGCAAGCUAUCAAUGCGUCGACGECGCAGAUGAUAAAGGAGUUGGAUAUGCAAUUAC
GUAAGCUAACCACAGCAAUGCUGEUCAUGGGACUGUCUCGE uagcaaaggagaAgaacuuuucacuggagu
ugucccaauucuuguugaauuagauggugauguuaaugggcacaaauuuucugucaguggagagggugaa
ggugaugcuacauacggaaagcuuacccuuaaauuuauuugcacuacuggaaaacuaccuguuccauggc
caacacuugucacuacuuugaccuaugguguucaaugcuuuucccguuauccggaucauaugaaacggca
ugacuuuuucaagagugccaugcccgaagguuauguacaggaacgcacuauaucuuucaaagaugacggg
aacuacaagacgcgugcugaagucaaguuugaaggugauacccuuguuaaucguaucgaguuaaaaggua
uugauuuuaaagaagauggaaacauucucggacacaaacucgaguacaacuauaacucacacaauguaua
caucacggcagacaaacaaaagaauggaaucaaagcuaacuucaaaauucgccacaacauugaagaugga
uccguucaacuagcagaccauuaucaacaaaauacuccaauuggcgauggcccuguccuuuuaccagaca
accauuaccugucgacacaaucugcccuuucgaaagaucccaacgaaaagcgugaccacaugguccuucu
ugaguuuguaacugcugcugggauuacacauggcauggaugagcucuacaaaTAAugaauucgagcauuu
aaalcuagaggcaucaaauaaaacgaaaggcucagucgaaagacugggccuuucguuuuaucuguuguuu
gucggugaacgcucuccugaguaggacaaauccgccg

gltlmz::gfp

AUAACACUGCACGCGCAAGUUGCAGGECAAUAACAACAUCACAAUAGCUAUGAAUCCGUCGACGGCGCAGA
UGAUAAAGGAGUUGGAUAUGCAAUUACGUAAGCUAACCACAGCAAUGCUGGEUCAUGCGACUGUCUCE uag
caaaggagaagaacuuuucacuggaguugucccaauucuuguugaauuagauggugauguuaaugggeac
aaauuuucugucaguggagagggugaaggugaugcuacauacggaaagcuuacccuuaaauuuauuugca
cuacuggaaaacuaccuguuccauggccaacacuugucacuacuuugaccuaugguguucaaugcuuuuc
ccguuauccggaucauaugaaacggcaugacuuuuucaagagugccaugcccgaagguuauguacaggaa
cgcacuauaucuuucaaagaugacgggaacuacaagacgcgugcugaagucaaguuugaaggugauacce
uuguuaaucguaucgaguuaaaagguauugauuuuaaagaagauggaaacauucucggacacaaacucga
guacaacuauaacucacacaauguauacaucacggcagacaaacaaaagaauggaaucaaagcuaacuuc
aaaauucgccacaacauugaagauggauccguucaacuagcagaccauuaucaacaaaauacuccaauug
gcgauggcccuguccuuuuaccagacaaccauuaccugucgacacaaucugcccuuucgaaagaucccaa
cgaaaagcgugaccacaugguccuucuugaguuuguaacugcugcugggauuacacauggcauggaugag
cucuacaaaTAAugaauucgagcauuuaaalcluagaggcaucaaauaaaacgaaaggcucagucgaaaga
cugggccuuucguuuuaucuguuguuugucggugaacgcucuccugaguaggacaaauccgcecg

continued on next page
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T7 RNA Sequence

ompR::gfp GCUUUUUUAAGAAUACACGCUUACAAAUUGUUGCGAACCUUUGGGAGUACAAACAAUGCAAGAGAACUAC
AAGAUUCUGCCUGGUCGAUGACGACAUGCGCCUGCGEUGCGCCUGCUGGAACCUUAUCUCACCGAACAAGGCU
UCCAGGUUCGAACCGUCECUagcaaaggagaagaacuuuucacuggaguugucccaauucuuguugaauu
agauggugauguuaaugggcacaaauuuucugucaguggagagggugaaggugaugcuacauacggaaag
cuuacccuuaaauuuauuugcacuacuggaaaacuaccuguuccauggccaacacuugucacuacuuuga
ccuaugguguucaaugcuuuucccguuauccggaucauaugaaacggcaugacuuuuucaagagugecau
gcccgaagguuauguacaggaacgcacuauaucuuucaaagaugacgggaacuacaagacgcgugcugaa
gucaaguuugaaggugauacccuuguuaaucguaucgaguuaaaagguauugauuuuaaagaagauggaa
acauucucggacacaaacucgaguacaacuauaacucacacaauguauacaucacggcagacaaacaaaa
gaauggaaucaaagcuaacuucaaaauucgccacaacauugaagauggauccguucaacuagcagaccau
uaucaacaaaauacuccaauuggcgauggcccuguccuuuuaccagacaaccauuaccugucgacacaau
cugcccuuucgaaagaucccaacgaaaagcgugaccacaugguccuucuugaguuuguaacugecugeugg
gauuacacauggcauggaugagcucuacaaaTAAugaauucgagcauuuaaaucuagaggcaucaaauaa
aacgaaaggcucagucgaaagacugggccuuucguuuuaucuguuguuugucggugaacgcucuccugag
uaggacaaauccgccg

ompRa::gfp GCUUUUUUAAGAAUAGUUGCAGGCAAUAACAACAUCACAAUACACGCUUACAAAUUGUUGCGAACCUUUG
GGAGUACAAACAAUGCAAGAGAACUACAAGAUUCUGGUGGBUCGAUGACGACAUGCGCCUGCEUGCECUGC
UGGAACGUUAUCUCACCGAACAAGGCUUCCAGGUUCGAAGCAUCGCUagcaaaggagaagaacuuuucac
uggaguugucccaauucuuguugaauuagauggugauguuaaugggcacaaauuuucugucaguggagag
ggugaaggugaugcuacauacggaaagcuuacccuuaaauuuauuugcacuacuggaaaacuaccuguuc
cauggccaacacuugucacuacuuugaccuaugguguucaaugcuuuucccguuauccggaucauaugaa
acggcaugacuuuuucaagagugccaugcccgaagguuauguacaggaacgcacuauaucuuucaaagau
gacgggaacuacaagacgcgugcugaagucaaguuugaaggugauacccuuguuaaucguaucgaguuaa
aagguauugauuuuaaagaagauggaaacauucucggacacaaacucgaguacaacuauaacucacacaa
uguauacaucacggcagacaaacaaaagaauggaaucaaagcuaacuucaaaauucgccacaacauugaa
gauggauccguucaacuagcagaccauuaucaacaaaauacuccaauuggcgauggcccuguccuuuuac
cagacaaccauuaccugucgacacaaucugcccuuucgaaagaucccaacgaaaagcgugaccacauggu
ccuucuugaguuuguaacugcugcugggauuacacauggcauggaugagcucuacaaaTAAugaauucga
gcauuuaaaucuagaggcaucaaauaaaacgaaaggcucagucgaaagacugggccuuucguuuuaucug
uuguuugucggugaacgcucuccugaguaggacaaauccgccg

cycAleader GUCCUGAUAACAGGAUCGUCGUAUCAUAGACCAAAGGCCBUAGAGCCCGCACAACACAGACAGBUACAGG
AAGAAAAACAUGGUAGAUCAGGUAAAAGUCGCAGCCGACGAACAGGCUCCGGECUGAACAGUCGCUACGEC
GCAAUCUUACAAACCGUCAUA

cycA10th::gfp GUCCUGAUAACAGGAUCGUCCUAUCAUAGACCAAAGGCCGUAGAGCCCGCACAACACAGACAGEUACAGG

leader AAGAAAAACAUGGUAGAUCAGBUAAAAGUCGCAGCCGACY ct agcaaaggagaagaacuuuucacuggag

uugucccaauucuuguugaauuagaugguga

8.3.8. In vitro structure mapping and footprinting

Secondary structure probing and mapping of RNA complexes was ctutlon 5-end-labelled
RNA (=0.1 pmol) in 10ul reactions. RNA was denatured for 1 min at 95°C and chilled on ice
for 5 min, upon which 1ug yeast RNA and 1Qstructure buffer were added. Concentrations of
unlabelled sRNA/mRNA leader added to the reactions are given in the figgeads. Following
incubation for 10 min at 37°C, 2I of a fresh solution of lead(ll) acetate (25 mM) op:Rof RNase

T1 (0.01 uful) or 2 ul RNase T2 (0.02 y/l) were added and incubated for 2, 3 or 5 min at 37°C,
respectively. RNase lll cleavage reactions contained 1 mM DTT andriitozyme, and were
incubated for 6 min at 37 °C.

Reactions were stopped withbof 0.1 M EDTA, precipitated, and dissolved in Gel Loading Buffer
Il (Ambion), or by direct addition of 12:l loading buffer on ice. RNase T1 ladders were obtained
by incubating labelled RNA~0.2 pmol) in Ix sequencing buffer (provided with RNase T1) for 1
min at 95°C. Subsequently,ll RNase T1 (0.1 u/l) was added and incubation continued at 37°C
for 5 min. OH ladders were generated by 5 min incubation of 0.2 pmol labelled iRMlkaline
hydrolysis buffer (provided with RNase T1) at 95°C. Reactions warpped with 12ul loading
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buffer. Samples were denatured for 3 min at 95°C prior to separatio®opddyacrylamide/7M
urea sequencing gels in 1X TBE. Gels were dried and analysed usirggptiritimager (FLA-3000
Series) and AIDA software (Raytest, Germany).

8.3.9. 30S ribosome toeprints

Toeprinting reactions were carried out as described (Harit, 1988; Udekwiet al,, 2005) with a
few modifications. 0.2 pmol of an unlabelldgpAmRNA fragment (236 nt, T7 template amplified
with JVO-1034/-1035), and 0.6 pmol of 5’end labelled primer JVO-103Bmementary to the
dppAcoding region were annealed. For inhibition analysis, 0.2, 0.6, 1 and 2 ginGdvB RNA
or 1 pmol control RNA (MicA) or GevB mutant RNAs were added. Nucleidaavere denatured
in annealing buffer (10 mM Tris-acetate pH 7.6, 1 mM DTT, 100 mM potassiustage) for 1
min at 95 °C and chilled on ice for 5 min, upon which KMgcetate and all INTPs were added
to final concentrations of 10 mM and 0.5 mM, respectively. All subsegnenbation steps were
at 37 °C. After 5 min incubation, 2 pmol of 30S ribosomal subunit (providgdnud Nierhaus,
Max Planck Institute for Molecular Genetics, Berlin, Germany; pre-atetivéor 20 min prior to the
assay) were added. Following incubation for 5 min, uncharged {#¥410 pmol) was added, and
incubations continued for 15 min. Reverse transcription was carriedyaddition of 100 units of
Superscript Il and incubation for 20 min. cDNA synthesis was terminated Mgh:| stop buffer.
Following phenol-chloroform extraction, alkaline hydolysis of template RWNAQC, and ethanol
precipitation, cDNA was dissolved in 14 of loading buffer Il (Ambion). Toeprint analysis on
gltl 5 RNA (161 nt, T7 template amplified with primers JVO-1039/-1040) was peréal using
5" end-labelled primer JVO-1775. See figure legend for final conagatrs of other components.
Sequencing ladders were generated with CycleRE4dBINA Sequencing Kit according to the
manufacturer’s protocol on the same DNA template as used for T7 tratisorgnd the same 5'-
end-labelled primer as in the toeprinting reactions. cDNAs and sequertarsadere separated on
a 6% polyacrylamide/ 7M urea gel. Autoradiograms of dried gels were @utais above.

Stop buffer:

50 mM Tris-HCI pH 7.5
0.1% SDS

10 MM EDTA

8.3.10. Invitro translation assays

Translation reactions were carried out using Puresystem according taghufacturer’s instruc-
tions. 10ul (Figs. 3.16B and D) or 2Qul (Fig. 3.17C) reactions contained, in addition to 70S
ribosomes, mMRNA template, Hfg and - where applicable - GevB RNAs (seeefiggends for final
concentrations). Hfg dilutions were prepared ix dilution buffer.

1x Dilution buffer:
1x structure buffer
1% glycerol

0.1% Triton-X-100
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Tables 8.9 and 8.10 list the details of DNA fragments used for T7 transcrifieiore addition of

puresystem mix, RNA was denatured for 1 min at 90°C and chilled on icerfon5Hfg was mixed

with mRNA (and sRNA), and pre-incubated for 10 min at 37°C. Puresyst@awas added and
incubation continued at 37°C for the time given in the figure legend. Reaatiere stopped with 4
vol of ice-cold acetone, kept on ice for 15 min, and proteins collectecehyritugation (10,000 g,
10 min, 4°C). Proteins were quantified by Western blot analysis with a mamalc&FP antibody
as previously published in Urban & Vogel (2007) and described in Se8t2.4.5.

8.3.11. Quantitative RT-PCR

10 ml of aSalmonelleculture grown to an OR)g of 0.4 (4 OO0y in total) were harvested, treated
with 1/5 volume of stop solution (95% EtOH; 5% water-saturated phenol),-goaen in liquid
nitrogen, and stored at -80°C until RNA extraction. RNA was isolated uirgPromega SV
total RNA purification kit as described in Section 8.2.5.2. RNA concentratiere determined
on a Nanodrop machine. The relative amount of target mRNAs was detetrjng-PCR us-
ing QuantitectTM SYBR Green RT-PCR Kit following manufacturer’s instruwi@¢Qiagen) in a
7900HT-RealTime-PCR System. For each reactionRSinal volume) 1 ul of RNA sample (100
ng / reaction) were mixed with 0.2pl of primer pairs (0.5:M final) and 12.5ul of SYBR Green
mix. For coupled cDNA synthesis and target gene amplification @28 Quantitect RT mix was
added. Each sample was assayed in triplicate for each run. Control RNAWild-type cells was
used to construct a standard curve for all inspected genes. Reaatiditiens were: 30 min 50°C,
15 min 95°C, and 45 cycles at 94°C for 20 s, 60°C for 40 s, and 72°@¥as. Specific primer pairs
for Salmonella dppAJVO-1254/1255)pppA(JVO-1256/1257)gltl (JVO-1381/1382)livJ (JVO-
1628/1629)|ivK (JVO-2326/2327)argT (JVO-2328/2329), and STM4351 (JVO-2330/2331) were
designed using the PRIMER EXPRES'S software (Applied Biosystems). ThipoA gene (JVO-
1340/1341) was used as an internal standard.

8.4. Methods: GcvB RNA, a global regulator of genes involved in
amino acid metabolism

8.4.1. Strains, plasmids, and oligonucleotides

The Salmonella entericaerovar Typhimurium anBischerichia colistrains used in this section are
listed in Table 10.1 in the Appendix. The complete list of DNA oligonucleotides @isiecloning
and as probes in hybridization is provided in Table 10.4 in the Appendix.

8.4.2. Plasmids

Plasmids that were used or constructed in this section are listed in Table 102 Applendix.
Details of their construction, and insert sequences are given in Taliles3814.
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Table 8.11: Construction of additional GevB RNA mutant plagnids.

Plasmid Name Template Oligo 1 Oligo 2 Deletion of position

pKP30-1  pBAD-GcvB\r2 pKP1-1 JVO-0895 JVO-0896 136 - 144

pJL36-5 pRYCcVBAR1 & AR2 pJL22 JVO-0895 JVO-0896 66 - 89, 136 - 144

pJL57-1 pRYCVBs A & AR2 pJL29-4 JVO-0895 JVO-0896 1-91,136- 144

pJL65-3 pRgcvBasi2 pTPO9 JVO-2856 JVO-2857 92-113

pJL66-12  plPgcvBasi2g asis pTPO9 JVO-2856 JVO-2858 92-134

pFS127-2  pPycvBsia siassis pTP0O9 JVO-0745 JVO-0895 66 - 144

pFS129-2  pPycvBsiaests pTP09 PLlacO-D JVO-0895 1-144

pFS130-1 pPycvBrz siassts pTP09 PLlacO-D JVO-2989 1-134

pFS131-1  pevBarig 3 AT pJL17-6 JVO-0745 JVO-0746 66 - 89, 135 - 206, and
region downstream ajcvB
terminator

pJL73-14  plPgcvBsiigsts pTPO9 JVO-0745 JVO-2986 66 - 177

pJL79-16 pEgCVB\AzyRZSM&SLs pFSl30-1 JVO-3327 JVO-3328 1- 134, —C, Ci55—G

pJL78-11  plRgcvByaiontsiiests  pJIL73-14 PLlacO-D JVO-2990 1-12,66-177

pJL77-3 @evBs atontar1ezAT  PFS131-1 JVO-0743 JVO-2990 1-12,66 -89, 135 - 206,
and region downstream of
gcvBterminator

pJL85-4 @cvBapL pTPO9 JVO-3355 JVO-1396 (-1) - (-35)

pSP9-1 pPgcvBsLigsts, c3 pJL73-14 JVO-3466 JVO-3467 3FC,66-177

pSP11-1 pPgcvBsLigsis, cs pJL73-14 JVO-3464 JVO-3465 &-C,66-177

pSP10-1 pPgcvBsL1 e sLs, 611 pJL73-14 JVO-3468 JVO-3469 €66, 66-177

8.4.2.1. sRNA plasmid construction

Plasmid pBAD-GcvB (pKP1-1) was constructed similarly as describedB&pRybB in Papen-
fort et al. (2006) but using primers JVO-0897 and pZE-Xbal for insert amplificata pTP05
which carries thesalmonella gcvBocus (292 bp upstream of the +1 site to 116 bp downstream
of the terminator). Similarly, plasmid pJL3-15 and primers JVO-0897 and YE&-were used
for amplification of thegcvBar: allele which was cloned under the control of the pBAD promoter
analogous to pKP1-1 resulting in plasmid pKP2-6 (pBAD-GgwB). Plasmid pKP30-1 (pBAD-
GcevBaRg») was constructed by PCR amplification from plasmid pKP1-1 using Phusigmimse
and primer pair JVO-0895/JV0O-0896, Dpnl digestion of template plasmidselfidigation of pu-
rified PCR product.

GcevB mutant plasmids were constructed via PCR amplification from the origiasinids using
Phusion Polymerase, Dpnl digestion of template plasmid, and self-ligationriéieduPCR prod-
ucts. Primers and templates used for each mutant plasmid are listed in Tabl8é&jl&nces of the
mutant inserts are given in Table 8.12.
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Table 8.12: Inserts of new GcvB mutant plasmids.

Black letters indicate thgcvBwild-type sequence, deleted parts of the individual GevB mutants
are marked in red, and the modified terminator/inserted nucleotides for tlede®iash mutants are
shown in green. Single nucleotide exchanges are indicated in blue appédetters.

Name Plasmid Insert from +1 to end of gcvB terminator Positions
deleted as
compared to
wild-type
gevB
pR.gcvB pTPO9 acttcctgagccggaacgaaaagttttat cggaat gcgtgttctg none
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgeggtgetttttttt

pPR.gCcVBAR1L pJL22 acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg 66 - 89
atgggcttttggettacggttgtgatgttgtgttgttgtgtttge
aatt ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgcggtgetttttttt

pR.gcvBAR2 pJL23 acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg 136 - 144
atgggcttttggecttacggttgtgatgttgtgttgttgtgtttge
aatt ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgcggtgetttttttt

pR.gcvBs A pJL29-4 acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg 1-91
atgggecttttggecttacggttgtgatgttgtgttgttgtgtttge
aatt ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgcggtgetttttttt

pgcvB AT pJL17-6 acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg 135-206;
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge modification
aat t ggt ct gcgat t cagaccacggt agcggaaacgctaccgttt in terminator
tttttc starts at

position 121

pPPRLOCVBAR1 & AR2 pJL36-5 acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg | 66-89,

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 136-144
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagc
accgccatattgcggtgetttttttt

PR.OCVBs A & AR2 pJL57-1 acttcctgagccggaacgaaaagttttat cggaatgegtgttctg 1-91,
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 136-144
aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgeggtgetttttttt

pR.gcvBasi2 pJL65-3 acttcctgagccggaacgaaaagttttat cggaatgcgtgttctg 92-113
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aatt ggtctgcgattcagaccacggt agcgagactaccctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgcggtgetttttttt

PR.gCVBAsL2& ASL3 pJL66-12 | acttcctgagccggaacgaaaagttttat cggaatgegtgttctg 92-134
atgggettttggecttacggttgtgatgttgtgttgttgtgtttge
aatt ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagc
accgccatattgcggtgetttttttt

continued on next page
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Name Plasmid Insert from +1 to end of gcvB terminator Positions
deleted as
compared to
wild-type
gcvB

pR.gcvBsi1,s146 s pFS127-2 | acttcctgagccggaacgaaaagttttatcggaatgegtgttctg 66 -44

atgggcttttggettacggttgtgatgttgtgttgttgtgtttge
aattggtctgcgatt cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgeggtgetttttttt

pR.gcvBsiagsis pFS129-2 | acttcctgagccggaacgaaaagttttatcggaatgegtgttctg 1-144

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aattggtctgcgattcagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgeggtgetttttttt

pR.gCVBR2, sLaesL5 pFS130-1| acttcctgagccggaacgaaaagttttat cggaatgegtgttctg 1-134

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aattggtctgcgattcagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgecggtgetttttttt

pgcvBari & 3 AT pFS131-1| acttcctgagccggaacgaaaagttttat cggaatgegtgttctg 66 -89,

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 135-206;
aat t ggt ct gcgat t cagaccacggt agcggaaacgct accgttt modification
tttttc in terminator

starts at

position 121

pR.gcvBsL1gsts pJL73-14 | acttcctgagccggaacgaaaagttttatcggaatgegtgttctg 66-177

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge
aattggtctgcgattcagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgecggtgetttttttt

pPR.gcVBu2, r2,staests | pJL79-16 | acttcctgagccggaacgaaaagtttt at cggaatgcgtgttctg 1-134

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge Gi43—C,
aattggtctgcgattcagaccacggt agcgagact accctttttc Ci58—G
acttcctCtacatttaccctgt G gtccat agt gattaat gt age
accgccatattgeggtgetttttttt

pR.gcvBs at2nt, st1ests | PIL78-11 | acttcctgagccggaacgaaaagttttat cggaatgegtgttctg 1-12

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 66-177
aatt ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgeggtgetttttttt

pgcvBs atontAR1&3AT | PILTT7-3 acttcctgagccggaacgaaaagttttatcggaatgegtgttctg 1-12,

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 66-89
aat t ggt ct gcgat t cagaccacggt agcggaaacgct accgttt 135-206;
tttttc modification
in terminator
starts at
position 121
pR.gcvBsi1gsis, c3 pSP9-1 acCt cct gagccggaacgaaaagttttat cggaat gcgtgttctg T3—C,
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 66-177
aattggtct gcgatt cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtage
accgccatattgeggtgetttttttt
pR.gcvBsi1gsis,cs pSP11-1 | acttcctCagccggaacgaaaagttttatcggaatgegtgttctg Gg—C,
atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 66-177

aat t ggt ct gcgat t cagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagc
accgccatattgcggtgetttttttt

continued on next page
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Name Plasmid Insert from +1 to end of gcvB terminator Positions
deleted as
compared to
wild-type
gcvB

pR.gcvBsi1esis 611 pSP10-1 | acttcctgagGecggaacgaaaagttttat cggaatgegtgttctg Ci11—G,

atgggcttttggcttacggttgtgatgttgtgttgttgtgtttge 66-177
aattggtctgcgattcagaccacggt agcgagact accctttttc
acttcctgtacatttaccctgtctgtccatagtgattaatgtagce
accgccatattgecggtgetttttttt

8.4.2.2. Construction of GFP-reporter plasmids

Translational GFP fusions to GevB target mMRNAs were constructed asiloed in Urban & Vo-

gel (2007). ForcycA the promoter was mapped by 5 RACE as described in Section 8.2.5.7; the
BseRI/Nhel-digested cDNA product was cloned into the Bsgl/Nhelalegkfusion plasmid pXG-

20. All other fusions were cloned into vector pXG-10. The details for @EBmIid construction

are listed in Table 8.13, and the inserts of all GFP fusions are listed in Taldle 8.1

A shorteneaycA::gfpfusion to the 18 amino acid was constructed by PCR amplification from the
original plasmid pJL30-14 using Phusion polymerase and oligos JVO-838QV0O-0323, Dpnl
digestion of template plasmid, Nhel digestion, and self-ligation of purified P@Ruygts. This
resulted in plasmid pJL83-2.

8.4.2.3. Transcriptomic experiments

RNA extraction and data generation were carried out with SALSA micrgsarag described in
Papenfortet al. (2006). RNA was isolated using the Promega SV total RNA purification kit
as described in Section 8.2.5.2. The microarrays used in this study includepR@ucts of
all the genes present in the sequen&tlyphimuriumstrain LT2. In addition, 229 genes spe-
cific to S. typhimuriumstrain SL1344 were added. Details of all the amplicons can be found
at http://www.ifr.ac.uk/Safety/MolMicro/pubs.html. The experimental design ir®le use of
Salmonella entericaerovar Typhimurium genomic DNA as the co-hybridized control for drame
nel on all microarrays. This method has the advantage of allowing the dwegbtarison of mul-
tiple samples. Total RNA and chromosomal DNA were labelled by random priagngrding to
the protocols described at the IFR (Institute of Food Research, Norwiebsité. Briefly, 16,9
RNA were reverse transcribed and labelled with Cy3-conjugated dCi@fRacia) using 200 units
of StrataScript and random octamers (Invitrogen). Chromosomal DA i) was labelled with
Cy5-dCTP using the Klenow fragment. After labelling, each Cy3-labelledABample was com-
bined with Cy5-labelled chromosomal DNA and hybridized to a microarraynigiet at 65°C.
After hybridization, slides were washed and scanned using a GeneBdA4eZanner. Fluorescent
spots and the local background intensities were identified and quantifiegl Bisiefuse software
(BlueGnome, Oxford). To compensate for unequal dye incorporatiata centring to zero was
performed for each block (one block being defined as the group & gpimted by the same pin).
Microarray data were analysed using GeneSpring 7.3 (Agilent) andsgeer considered to be
differentially expressed if they displayeel2-fold changes in all replicates and were statistically
significantly different.

“www. i fr.ac. uk/safety/mcroarrays/ protocol s. ht n
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CycA cycA:gfp | pJL30-14 | pXG-20 | JVO-0367x JVO-1275 BseRI/Nhel | Yes/ - - -79 | +57 | 136 | 19 | maybe Tat| +++
ydgR (tppB)| ydgR::gfp | pJL70-9 | pXG-10 | JVO-2850x JVO-2851 BfrBI/Nhel -98 96 | +45 | 141 | 15 | no +
ygjuU (sstT§ | ygjU::gfp | pFS133-3| pXG-10 | JVO-2971x JVO-3087 BfrBI/Nhel - -81 | +21 | 102 | 7 no +
yaeC yaeC:gfp | pFM27-1 | pXG-30 | JVO-2058x JVO-2059 BfrBI/Nhel operon -41 +36 | 77 12 | 21 ++
metNIQ
gdhA gdhA:gfp | pJL69-5 | pXG-10 | JVO-2806x JVO-2807 BfrBI/Nhel -63 -64 | +33 | 97 | 11 | no +
asd asd::gfp pFS116-1| pXG-10 | JVO-2969x JVO-2970 BfrBI/Nhel - -101 | +27 | 128 | 9 no weak
Irp Irp::gfp pFS103-3| pXG-10 | JVO-2800x JVO-2801 BfrBI/Nhel -267 -225 | +45 | 270 | 15 | no +
ilvC ilvC::gfp pJL68-1 | pXG-10 | JVO-2804x JVO-2805 BfrBI/Nhel -58 -68 | +33 | 101 | 11 | no +
iciA (argP) | iciA:gfp pFS121-1| pXG-10 | JVO-2973x JVO-2874 BfrBI/Nhel -23 -27 | +36 | 63 | 12 | no +
brnQ? brnQ::gfp | pFS105-3| pXG-10 | JVO-2842x JVO-2843 BfrBI/Nhel - -174 | +30 | 204 | 10 | 26 +
ilvVE ilVE::gfp pSP25-7 | pXG-10 | JVO-3388x JVO-3389 BfrBI/Nhel -96 -94 | +36 | 130 | 12 | no ++
thrL thrL::gfp pSP20-1 | pXG-10 | JVO-3378x JVO-3379 BfrBI/Nhel -42 -42 | +57 | 99 19 | no ++
ybdH ybdH::gfp | pSP21-2 | pXG-10 | JVO-3380x JVO-3381 BfrBI/Nhel - -71 | 430 | 101 | 10 | no weak
ndk ndk::gfp pFS115-2| pXG-10 | JVO-2965x JVO-2808 BfrBI/Nhel - -35 | +39 | 74 | 13 | no +
serA serA:gfp | pFS117-1| pXG-10 | JVO-2967x JVO-2968 BfrBI/Nhel -139/-46 | -51 | +30 | 81 10 | no +

2 Promoter inE. coli based on EcoCyamw. ecocyc. or g annotation.

® Signal peptide predicted with SignalP 3.0 servert(p: / / wwv. cbs. dt u. dk/ ser vi ces/ Si gnal P/ ); (Bendtseret al., 2004).

¢ Promoter taken from Hfg-ColP 454 data (Sittkzal., 2008).
4 Promoter taken from Ohniskt al. (1988).
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Table 8.14: Inserts of new GFP-fusion plasmids.Salmonellagene sequences are capitalized, in which
black letters correspond to 5’ UTR parts and red letters t& @&ts. BfrBI sites of pXG-10 and Nhel sites

that were used for cloning are highlighted in bold in magema green, respectively.

GFP fusion

Insert

cycA::gfp

GTCCTGATAACAGGATCGT CGTATCATAGACCAAAGGCCGTAGAGCCCGCACAACACACGA
CAGGTACAGGAAGAAAAACAT GGTAGAT CAGGT AAAAGT CGCAGCCGACGAACAGECTCC
GGCTGAACAGTCGCTAgct age

cycA10th::gfp

GTCCTGATAACAGGATCGT CGT AT CATAGACCAAAGGCCGT AGAGCCCGCACAACACAGA
CAGGTACAGGAAGAAAAACAT GGTAGAT CAGGT AAAAGT CGCAGCCGACyct age

ydgR::gfp

at gcat GCCGI'TTCCCCTCCAATATAACAAT CGGACGGATGAGT CTGACTCATCACGCGC
CAGACAATCCCTGT TAATACGGGGECGT AAAAAAGAGGT AAAAGT GTCTACT GCAAACAAA
AAACCAACTGAAAGCGTCAGITTGAACygct age

ygju::gfp

at gcat GCAAACACTTTGI TACATCCTGAAAGAT GCGCCGT AAGAGCGT GCAGGGGATGA
CCAGCAACACAATACAAGGAATATGAAAT GGCTACGCAACGAGCATCAget age

yaeC::gfp

at gcat TAACGT TAAACACAACACAAATACT CATTAAGGAAATAACGAT GCCGT TCAAAT
TCAAAACCTTTGCGGCAGTGGGTgcet age

gdhA:gfp

at gcat GCAAATACATATTCTGATAAAACGCAAATACAACCACATTAATATATAAGAGGT
TTTTATATCTATGGATCAGACATGT TCTCTGGAATCGITCCTCyct age

asd::gfp

at gcat TTAATTTCACTTGCGACTTTGGCTGCTTTTTGTATGGT GAAGGAT GCGCCACAG
ATACTGGCGOGCATACACAGCACATCTCTTTGCAGGAAAAAAACGCTATGAAAAATGT TG
GITTTATCGGECTGECt age

Irp::gfp

at gcat GTAAATACCATGI TTACCGGGCTAGT GAAAT CTACGCAT GGCGT GGACAGACGC
CATTCGT GATGT CGATAGCT GCCGCGAGGCAACGGT CTTCTCACCATAGACCAGGCATTG
CGCGCCGTTAATCCCTCTGGGT TTCGGT CTATCGT GATGGGCAGCGACTCTGAACAGTGA
TGTGAGTAGAGT CAGGCAGGAGT AGGGAAGGAATACAGAGAGACAATAATAATGGTAGAT
AGCAAGAAGCGCCCTGGCAAAGATCTCGACCGTATCget age

ilvC::gfp

at gcat ATTCGCACAGATAGCAATCTGTAAACCGAACAAT AAGCGCGACACACAACATCA
CGGAGTACACCATCATGGCTAACTACTTTAATACACTGAATCTGCGCyct age

iciA::gfp

at gcat AAAAAATAACAGGAGCATGACACAACAAT GAAACGT CCGGACTACAGAACACTA
CAGGCCCTGyct age

brnQ::gfp

at gcat TCAGGTGCTGI CATTACGACTGCATTTGCGCGGTAAATCGAAAAACAATTCTTC
GCCGCATCGGT CCGGGAGCT TTTCCCGCT GAAATTGATAAAAAACGCCGCTTTATAATCC
TCCGGGAAAGGCAAAAATTTTAATGT TTACAACATCACCATCCACAGGCAGTAAGACTTT
ATGACCCATCAGT TAAAATCGCGCGATATCyct agce

ilvE::gfp

at gcat AGTTAAGTAAACT GGTAGATGI TGCGCAT GT CGCGAT CTGCCAGAGCGCTGCCA
CATCACAACAAAT CCGCGCCT GAGCGCAAAAGGAAGAAAAAT GACGACGAAAAAAGCTGA
TTATATTTGGTTCAATgcCt age

thrL::gfp

at gcat ATACAAGACAGACAAATAAAAAT GACAGAGTACACAACATCCATGAACCGCATC
AGCACCACCACCATTACCACCATCACCATTACCACAGGTAACGGTget agce

ybdH::gfp

at gcat ATTTGGCAATCAAGACGT TTAGATGT CTAAATATAATAACAACGGT GAGAAGAC
CCTAAGGACAACACAACAT GAACCACACTGAGATCCGCGTCGT TACCyct age

ndk::gfp

at gcat CTGACATAACAACAGAACATATTTCAGAGGTAAACATGGCTATTGAACGGACTT
TTTCCATCATTAAACCCAACgCt age

serA:gfp

at gcat GATGCAAATCCACACACAACAT CAGATGGCAAAAAAGACAGGAT CGGGGAAAT G
GCAAAGGTATCGCTGGAGAAAGATAAAgC age
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8.4.3. RNA and protein detection

RNA preparation and Northern analysis as well as GFP fusion and Gpo&ikin detection were
performed as described in Sections 8.2.5 and 8.3.4. Colony fluoresoesmgi@g was carried out
as described in Section 8.3.5.

For FACS analysis. coli strains carryingyfp fusion plasmids were grown to stationary phase in 3
ml liquid cultures (inoculated from single colonies) in LB medium (supplemenigdthve appro-
priate antibiotics). After 14 h, bacteria from 1 ml culture volume were héeddsy centrifugation
for 2 min at 8,000 rpm and 4°C. After removal of supernatants, bactenia resuspended in 500
2% PFA (paraformaldehyde) in<PBS buffer (pH 7.4) for fixation and stored for up to five days in
the dark at 4°C until FACS analysis. Prior to FACS measurements, sampleslided 1:250 in
1xPBS buffer.

10x PBS (phosphate-buffered saline) buffer, pH 7.4:
137 mM NacCl

2.7 mM KCI

4.3 mM NgHPO,*2 H,0

1.4 mM KHy PO,

To determine reporter activities of single cells, a BD FACSCantoTM Flow Cyterrequipped

with a blue excitation source (air-cooled, 20 mW solid state 488 nm laser) sekto measure
forward angle light scatter (FSC), side scatter (SSC), and the fllresof the cells (FITC). The
instrument settings were in logarithmic mode: FSC-H: 516, SSC-A: 626;ATGFP): 753. GFP

fluorescence intensity was measured for 30,000 events (maximum threslialid00 events/sec).
All FACS analyses were done in duplicates. Data analysis was carriedsmg FCS Express
software, version 3 (De Novo Software).

8.4.4. In vitro structure probing and 30S ribosome toeprinting

DNA templates carrying a T7 promoter sequence ifowitro transcription were generated by
PCR. Primers and sequences of the T7 transcripts are included in Tablend®8.10 in Sec-
tion 8.3.6. RNA wasn vitro transcribed, quality-checked and labelled at the 5’ end as described in
Section 8.2.5.8. Secondary structure probing and mapping of RNA consplea® conducted on
5’-end-labelled RNA as described in Section 8.3.8.

Toeprinting reactions were carried out as described in Section 8.3.2ifi€aky, 0.2 pmol of an
unlabelledcycA 10th::gfp mRNA fragment (171 nt, T7 template amplified with JVO-1274/-1976)
and 0.5 pmol of 5’end labelled primer JVO-1976 complementary togthecoding region were
annealed. For inhibition analysis, 0.2, 1 and 2 pmol of GecvB RNA or 2 pmatirobRNA (MicA)

or GevB mutant RNAs were added.

8.4.5. Motif detection usinyEMVE andMAST

Thegfpfusion sequences of the seven old targeép@, oppA, livd, livK, argTSTM4351, andyltl,
see Table 8.7) and seven new targets from the microarray anahggiR (ygju, yaeC, gdhA, asd,
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Irp, andcycA see Table 8.14) were used as input sequencedVE® motif identification (Bailey

et al, 2006). The following parameters were defined: number of different saati®; minimum
number of sites: 8; maximum number of sites: 14; minimum motif width: 6; maximum motif
width: 25.

The position-specific weight matrix for the C/A-rich GevB target derivieshf the MEME search
was then used as input fMAST® (Bailey & Gribskov, 1998) searches in a database composed of
the 5’ regions (-70 to +30 according to the start codon) of all annot@sbahonellaORFs. These
were extracted as a multi-Fasta file from tBalmonella typhimuriurhT2 genome sequence and
annotation (NC003197) using own unpublished Pestripts.

8.4.6. Prediction of sSRNA-target mMRNA duplexes

GcevB-target mMRNA complexes were predicted WRRAhybr i d (Rehmsmeieet al, 2004). 5’
regions (-70/+30 nt of annotated start codon) of Z&monellaLT2 genes, where the C/A motif
was predicted byVAST searches, were used as target sequence input. An extended @B re
R1 (TTGGCTTACGGTTGTGATGTTGTGTTGTTGTGTTTGCAATTGGTCTGE) was used as
miRNA input. Two sets of interactions were predicted: one without limitations fidgddinternal
loops and another where these loops were restricted to a length of deetide Interactions that
have no helix with at least nine subsequent base-pairs were sortethoually from the prediction
lists. Furthermore, target interactions were predicted for the GcvB Rieseg with the -70/+30
regions of allSalmonellanRNAs.

8.5. Methods: Hfg-colP in Salmonella

8.5.1. Bacterial strains, growth, and oligodeoxynuclezsid

The Salmonella entericaerovar Typhimurium strains used in this section are listed in Table 10.1 in
the Appendix. The complete list of DNA oligonucleotides used as hybridizatiobes is provided

in Table 10.9 in the Appendix. For early stationary phase (ESP) cultudes) &-broth in a 100

ml flask was inoculated 1/100 from overnight cultures and incubated® @, 220 rpm to an optical
density of 2.

8.5.2. RNA isolation and Northern blot analysis

RNA was prepared by hot phenol extraction as described in Mattatall i&l&aon (1996) and
Section 8.2.5.3, followed by DNase | treatment. After separation on 5% pglgaude (PAA)
gels containing 8.3 M Urea, RNA was transferred onto Hybond-XL mengbr&ror 10, RNA
was loaded per sample. For detection of new transc#if8-ATP end-labelled oligodeoxyribonu-
cleotides were used (see Table 10.9 in the Appendix).

® mene. sdsc. edu/ meme4_1/ cgi - bi n/ mene. cgi
® mene. sdsc. edu/ meme4_1/ cgi - bi n/ mast . cgi
" ww. perl . org
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8.5.3. Hfg co-immunoprecipitation, cDNA synthesis andhhigroughput pyrosequenc-
ing (HTPS)

Strains SL1344 and JVS-1338f¢T-A®) were grown in L-broth under normal aeration at 37°C
to early stationary phase. Co-immunoprecipitation was carried out usingébecpl published

in Pfeiffer et al. (2007). For pyrosequencing, samples of two independent pull deperienents
were used. cDNA cloning and pyrosequencing was performed asilsbdor the identification
of eukaryotic microRNA (Berezikoet al,, 2006) but omitting size-fractionation of RNA prior to
cDNA synthesis. The cDNA libraries were constructed/bytis Biotechnology Atand sequenced
at the Max Planck Institute for Molecular Genetics in Berlin, Germany.

8.5.4. Hardware and software used for 454 sequencing asalys

This following programming languages, programs, tools, and existing methedsused for the
analysis of 454 sequencing data:

8.5.4.1. Development environment and programming language

The operating system Fed8i@NU/Linux core 8 with kernel 2.6.x was used during the analysis of
454 sequencing data. Programs were run on a computer with an InteljR)riRéR) M processor
2.0 GHz and 2 GB RAM.

Scripts for analysis of 454 data were programmed in'B@tactical Extraction and Report Lan-
guage). Perl is both a very simple and a high-level language suitediagpéar string handling,
pattern recognition in data and texts, and rapid prototyping. It allows eagygmming solutions
for data evaluations with far less programming effort than in C or Javausega g, Perl automat-
ically manages the memory allocation. Perl v.5.8.8 was used for the implementatitbaoélysis
programs of this thesis because of its above mentioned strengths in thetievatdalata files.

8.5.4.2. Tools

BLAST!! (Basic Local Alignment Search Tool) provides a method for rapid s@agéh nucleotide
and protein databases (Altsctetlal, 1990). Herebl ast n (for standard nucleotide-nucleotide
BLAST) of the WJ- BLAST!? package was used for mapping of 454 reads. BIhaST algorithm
uses an indexed table or dictionary of short subsequences called fgofubth the query sequence
and the database to find similar sequences. It localizes rapidly initial exachesao the query
words by simply looking up a particular word in the database dictionary. Witethmtial matches
serving as starting points for longer alignments a final gapped and saiagathent is generated in
several steps.

Shttp://ww. vertis- biotech. conl
°fedoraproject.org

Yhttp://ww. perl.com

Y http://www. nchi. nl mni h. gov/ BLAST/
2 http://blast.wstl.edu/
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Patscari® is a pattern matcher which searches protein or nucleotide sequencearfchinstances
of a pattern which is provided as input (Dsowtal., 1997). Patscan was used for 5’ end linker and
polyA tail identification during the clipping step.

The Integrated Genome Browset* (IGB, pronounced ig-bee) is an application intended for vi-
sualization and exploration of genomes and corresponding annotationsrfultiple data sources.
The IGB is also a part of the open source Gené¥roject. Links to all documentation and Java
source code for IGB, including the most recent version of this docunoamt,be found on the
homepage of the GenoViz project. The IGB can work with three distinct typeéata: annotations,
graphs, and genomic sequences. Annotations indicate the known ecgafocations of features
such as mRNAs, rRNAs, promoter regions, pseudogenes, and so famthotation data can be
directly loaded from files. The IGB was chosen for visualization of magiedreads, as it is able
to display graphs. Graphs indicate scores or other numeric values asti@fuof genomic position
and can be displayed as some form of plot (x,y-plot, bar plot, etc.).

8.5.5. Analysis and visualization of pyrosequencing fssul

A detailed description of the developed analysis tools, the analysis workfioMvisualization of
pyrosequencing results is given in Section 5.1.2.

In brief, after 5’end linker and polyA-tail clipping from the initial pyrosezncing results, all in-
serts>18 nt of the Hfg-colP and colP-Citr libraries were separately mappecttdatmonellaLT2
genome (NQ003197.fna) using\J- BLAST. From the resultindBLAST positions one graph for
each strand of th&almonellachromosome was calculated, where the number of cDNA hits for
each nucleotide position was plotted. To compare the graphs of the Higacwl colP-Ctr, the
graphs were normalized to number of mapped reads. Following upload Sathenellagenome
sequence and annotation (NID3197.fna and N®03197.gff), the two graphs for each library were
loaded into the Integrated Genome Browser (IGB) of Affymetrix (versicoi

8.6. Methods: Deep sequencing reveals the primary transcriptome of
Helicobacter pylori

8.6.1. Bacterial strains and oligodeoxynucleotides
Throughout the whole study{elicobacter pyloristrain 26695 was used. pylori strain 26695
(CIP 106780) was purchased from the Collection of the ‘Institut PA{ELP).

The complete lists of DNA oligonucleotides used as hybridization probes & RACE analysis
are provided in Tables 10.14 and 10.15 in the Appendix.

B http://wwe uni x. nes. anl . gov/ conpbi o/ Pat Scan/ HTM./ pat scan. ht ni

Yhttp://ww. af fymetrix. cond part ners_prograns/ prograns/ devel oper/t ool s/
i gbsource_terns. af f x

B http://genoviz. sourcef orge. net/
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8.6.2. Biocomputational prediction of SRNAs

A biocinformatics-based approach similar to Chetnal. (2002) and Argamart al. (2001) was
taken for the prediction of novel SRNA candidate$lielicobacter pylori26695 (see Section 2.3.3).
First, all intergenic regions 60 nt were extracted from the genome sequence based on the anno-
tations specified in thel. pylori 26695 Genbank fil&lC000915. gb that can be downloaded from
NCBI 8. Intergenic regions are defined as regions where no gene is annotegditier of the two
strands. The resulting list of 636 intergenic regiegn60 in H. pylori 26695 was then scanned for
orphan promoter/ terminator pairs. Rho-independent transcription teorsnaere predicted like
in Chenet al. (2002) using thée:NAMbt | f (Mackeet al,, 2001) descriptor file specified in Lesnik
et al. (2001). From the resulting list of 109 predicted terminators with energyesdmetween -1.03
and -9.66, only terminators with a threshold value less than -3.0 were coetside further analy-
sis. A less sringent threshold compared to Cheal. (2002) was used, as it was unclear whether
HelicobacterRho-independent terminators are as stable as thoseHraowli. Thus, the terminator
predictions ended up with a list of 56 possible terminators.

From this list, all terminators that are close to flanking genes so that eitherrttim&tor belongs

to the flanking gene or the space to the flanking gene is not long enoughbtouna promoter
sequence were removed. This resulted in 29 predicted terminators.dfootar predictions, only
regulatory elements were used that were described fdi thglori o3 (RpoD) family of promoter
signals (Vanegt al, 2000) which is related to”° from E. coli. Promoters were predicted by
pattern searches witPat Scan (Dsouzaet al, 1997). Only promoter/ terminator pairs on the same
strand and correct orientation within 40 - 400 nt were considered agveus&NA candidates. No
appropriate promoter could be predicted for eleven terminators. Aftervanod six putative,
non-annotated ORFs usi@RF fi nder 1’ andbl ast x from the list of 18 promoter/terminator
pairs, a search for conservation of the remaining 12 sRNA candidates . fylori strain J99
was conducted. This restrictive search led to a final list of six sSRNAidates (Table 10.10 in the
Appendix) that were selected for experimental verification, whereefi®oilP26695 specific. The
alignments for sSRNA candidates Hf pylori 26695 and J99 can be found in Figures 10.7 to 10.11
in the Appendix.

8.6.3. Helicobactergrowth

Bacteria were grown on columbia agar plates supplemented with 7% lakeel hlord and the
Dent selective supplement (Oxoid, Basingstoke, Hampshire, Englan@)fto 48 hours at 37°C
in anaerobic jars under microaerobic conditions (10% 3% O,) generated by CampyGen bags.
For liquid cultures, plate-grown bacteria were harvested and resisgén a final Olgyy of 0.08

in a flask containing 25 mL of Brain Heart Infusion (BHI) medium, supplenentigh 10% foetal
calf serum (FCS) and Dent selective supplement. A starter culture wpaned by incubating the
flasks at 37°C, under microaerobic atmosphere and agitation at 120 gomQbyq, of 1.5.

% http:// www. nchi . nl mni h. gov/
Y http://ww. ncbi.nl mnih. gov/gorf/gorf.htm
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8.6.3.1. Acid stress.

Cells from the starter culture were diluted to an §@of 0.08 in three flasks containing fresh BHI
medium, supplemented with 10% foetal calf serum (FCS) and Dent’s antibiatidshen incubated

for 15 h at 37°C in jars under microaerobic conditions. After 15 hourgrotvth, one flask was
used to estimate the volume of HCI (3,7%) required to lower the pH to 5.5. Themstimated
volume of HCI or sterilized KO was added to the acid stress flask and the control flask, respectively.
Both flasks were incubated for 30 more minutes, at 37°C, under mictmiaezonditions. After
incubaction, bacterial growth was stopped by adding 3 mL stop solution €3b&tol/5% phenol)

to 25 mL of bacterial culture. Cells were harvested and centrifuged foridOtes at 3,000 rpm and
4°C. Then, the supernatant was removed and pellets were stored@t -80

8.6.3.2. Co-infection with human cells.

Huh7 and AGS cell lines were cultivated in flasks containing Dulbeccodifiéal Eagle’s Medium
(DMEM) or Ham’s medium, respectively, at 37°C, in a humidified atmosphies&wCO;, 95% air.
Before the co-infection experiment, the medium was removed from the flesks were washed
with PBS, and fresh Ham’s medium was added in both flasks containing AGS&am7 adherent
cells, and in one more flask containing no cells (plastic control). Then AG&/Hnd control
flasks were inoculated with . pylori suspension from 48 h plate-grown cultures, at a multiplicity
of infection (MOI) of 240, and incubated at 37°C for 7 h. To collecttbda adherent to host
cells, first cells were removed from plastic substrate by using a cellexcrdihen, stop solution
was added to each flask, and the whole suspension (composed ofatapebacteria and released
cell-adherent bacteria) was harvested, centrifuged at 4°C, for 1@esiat 3.000 rpm, and pellets
were stored at -80°C.

8.6.4. RNA extraction, Northern blot analysis, and 5’ RACE gsial

Frozen pellets from acid stress and co-infection experiments were tltawee and resuspended in
lysis solution containing 800l of 0.5 mg/mL lysozyme in TE buffer (pH 8.0), and 80L0% SDS.
Bacterial cells lysis was done by placing the samples in a water bath for 1-2 satuéd°C. Total
RNA was then extracted from the lysates by using the hot-phenol methodlesin Blomberg
et al.(1990).

For Northern Blot analysis, 3 to 20y RNA was loaded per sample. After separation on 6% poly-
acrylamide (PAA) gels containing 8.3 M urea, RNA was transferred ontmoHg-XL membranes,
and membranes were hybridized with?P-ATP end-labelled oligodeoxyribonucleotides probes
listed in Table 10.14 in the Appendix.

5"RACE analysis oHelicobactergenes was done following previously published protocols (Arga-
manet al,, 2001; Urban & Vogel, 2007) and as described in Section 8.2.5.7. Qendis antisense
oligos that were used for 5’ end mapping are listed in Table 10.15 in the Alppen

8.6.5. Depletion of processed RNAs and construction of cDiNfaties

Total RNA fromHelicobacterwas first treated with DNase I. For depletion of processed transcripts,
7 g of HelicobacterRNA were incubated for 60 min at 30°C with Termindtdt 5’-Phosphate-
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Dependent Exonuclease (TEX) or in buffer alone. Following P:C:l ektra, RNAs were precip-
itated overnight by addition of 2.5 volumes of an ethanol:sodium acetate (jHnixBure (30:1
viv). Afterwards, RNAs were treated with TAP (tobacco acid pyrophasgse) for one hour at
37°C to generate 5’-mono-phosphates for linker ligation, followed bydalitianal P:C:| extraction
and ethanol precipitation step.

cDNA cloning and 454 pyrosequencing was performed as describdufaentification of eukary-
otic microRNA (Berezikowet al., 2006) but omitting size-fractionation of RNA prior to cDNA syn-
thesis. All cDNA libraries were constructed kgrtis Biotechnology A8. In brief, equal amounts
of -/+ TEX treated RNA were poly(A)-tailed using poly(A) polymerase, fold by ligation of
an RNA adapter to the 5’-phosphate of the small RNAs. First-strand cDM#hesis was then
performed using an oligo(dT)-adapter primer and M-MLV-RNaseklerse transcriptase. Incuba-
tion temperatures were 42°C for 20 min, ramp to 55°C followed by 55°C for 5 frtie resulting
cDNAs were then PCR-amplified to 20-30 pblsing a high fidelity DNA polymerase. Each
library contains a specific 4-mer barcode sequence which is attached3eehd of the cDNAs.

HelicobactercDNA libraries were prepared for -/+ TEX treated RNA samples from fiawh
conditions: culture in BHI media to mid-log phase (C-/+ libraries), and follond@gmin acid
stress (AS-/+); growth in cell culture flasks in the absence (PL-/+) esgace of two eukaryotic
cell types,i. e. AGS human gastric epithelia cells (AGS-/+) as an infection model and Huh7 cells
(Huh7-/+) as negative control.

8.6.6. 454 sequencing and read mapping

In total, 2.15 million reads were sequenced for the acid stress libaries ahanillibn reads for
the infection libraries. This resulted in 220,000-530,000 cDNAs per liatgtal of~ 3.7 million
cDNAs, see Table 8.15) on a Roche FLX sequencer. The cDNA librarées sequenced at the
Max-Planck-Institute for Molecular Genetics in Berlin, Germany, and in boliation with Roche
Diagnostics GmbH in Penzberg, Germany.

First 5’end linker sequences were clipped using the Perl sctiptp_| i nker . pl , which was
developed for the analysis of the Hfg-colP libraries described in Sestiol. Afterwards, 5'-linker
clipped reads were mapped to tHelicobacter pylor26695 genome using the programgenehl
which is based on an error-tolerant suffix array method (Hoffrregdrat, 2009,submitted. For this
mapping method, clipping of tailing sequences is not necessary as they wiéhim/ed during
the mapping step. However, for very short sequences the polyA tail keféels to mapping errors.
Therefore, a filtering step was introduced which removed all sequavittean A-content of more
than 70% (see Table 8.15). For these sequences, the polyA tail wasdcBpparately. Of the
clipped reads, all sequenced.2 nt were mapped again widegenehl . This procedure allowed
mapping of also very short sequences of at least 12 nucleotides.

For each library, the mapped read length distribution (see Figure 6.9 in $6cti®) was calculated
for all mapped reads using a modified version of the Perl strgigt hs st ati sti cs. pl
described in Section 5.1.2. The modified script recognizes the tabular rgapgjput generated by
segenehl instead of the tabuldBLAST output generated byJ- Bl ast .

B http://ww. vertis- biotech. com
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Table 8.15: Mapping statistics of tenHeliobacter cDNA libraries.

cDNA Total Sequences | < 12nt >12ntin No match Total Percent Mapped Total Percent Mapped
Library number of | removed by | in dustbin for number of | mapped locations number of | uniquely | nucleotides

5'end dustbin dustbin remapping mapped reads uniquely mapped

clipped filter reads [%0] mapped reads

sequences | (>70% reads [%0]

‘A’s)

C- 528373 25952 7515 18437 75887 444971 84,2 793725 114505 25.7 24387787
C+ 528169 34403 14984 19419 90256 422929 80,1 618441 257645 60.9 27799949
AS - 427455 24055 8265 15790 63905 355285 83,1 518099 220089 61.9 26336292
AS + 540133 37263 18019 19244 108420 413694 76,6 546118 311267 75.2 27419459
PL - 268841 15781 5130 10651 61007 202704 75,4 319243 98682 48.7 14177628
PL + 315309 14680 6602 8078 57063 251644 79,8 377525 153904 61.2 18783183
AGS - 280713 22972 4547 18245 93029 183137 65,2 293503 85227 46.5 13337457
AGS + 223705 21794 5280 16214 78116 140309 62,7 204815 90533 64.5 9996795
Huh7 - 266621 9795 865 8930 66904 198852 74,6 326304 84105 42.3 27012137
Huh7 + 308759 12259 657 11602 100704 207398 67,2 326898 107017 51.6 27601375
SUM 3688078 218954 71864 146610 795291 2820923 76,5 4324671 1522974 54.0 216852062




CHAPTER9

REFERENCES

Aarons, S., Abbas, A., Adams, C., Fenton, A. & O'Gara, F. @O0® regulatory RNA (PrrB RNA)
modulates expression of secondary metabolite geneésendomonas fluorescelR$13. J. Bacteriol,
182(14), 3913-39109.

Abouhamad, W. N., Manson, M., Gibson, M. M. & Higgins, C. P®1). Peptide transport and chemotaxis
in Escherichia colandSalmonella typhimuriuncharacterization of the dipeptide permease (Dpp)
and the dipeptide-binding proteiiMol. Microbiol., 5(5), 1035-1047.

Afonyushkin, T., Vecerek, B., Moll, I., Bisi, U. & Kaberdin, V. R (2005). Both RNase E and RNase ll|
control the stability o6odBmRNA upon translational inhibition by the small regulat&®)A RyhB.
Nucleic Acids Res33(5), 1678-1689.

Aiba, H. (2007). Mechanism of RNA silencing by Hfg-bindingnall RNAs. Curr. Opin. Microbiol, 10(2),
134-139.

Aiba, H., Adhya, S. & de Crombrugghe, B. (1981). Evidencetfar functionalgal promoters in intact
Escherichia coli cellsJ. Biol. Chem.256(22), 11905-11910.

Akada, J. K., Shirai, M., Takeuchi, H., Tsuda, M. & NakazaWwa2000). Identification of the urease
operon inHelicobacter pyloriand its control by mRNA decay in response to gbl. Microbiol.,
36(5), 1071-1084.

Alix, E. & Blanc-Potard, A. (2009). Hydrophobic peptidesavel regulators within bacterial membrane.
Mol. Microbiol., 72(1), 5-11.

Alkan, C., Karakog, E., Nadeau, J. H., Sahinalp, S. C. & gh&h (2006). RNA-RNA interaction
prediction and antisense RNA target searthComput. Biol.13(2), 267—282.

Alm, R. A,, Ling, L. S., Moair, D. T., King, B. L., Brown, E. D., big, P. C., Smith, D. R., Noonan, B.,
Guild, B. C., deJonge, B. L., Carmel, G., Tummino, P. J., €ayi., Uria-Nickelsen, M.,
Mills, D. M., lves, C., Gibson, R., Merberg, D., Mills, S. Dliang, Q., Taylor, D. E., Vovis, G. F. &
Trust, T. J. (1999). Genomic-sequence comparison of twelated isolates of the human gastric
pathogerHelicobacter pylori Nature 397(6715), 176—180.

Altier, C., Suyemoto, M. & Lawhon, S. D. (2000). RegulatidnSalmonella enteric&erovar Typhimurium
invasion genes bgsrA. Infect. Immun68(12), 6790-6797.

Altier, C., Suyemoto, M., Ruiz, A. |., Burnham, K. D. & MaurdR. (2000). Characterization of two novel
regulatory genes affectingalmonellanvasion gene expressioMol. Microbiol., 35(3), 635-646.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman,.ID (1990). Basic local alignment search tool.
J. Mol. Biol,, 215 403—-410.

Altuvia, S. (2007). Identification of bacterial small nooding RNAs: experimental approach&urr.
Opin. Microbiol, 10(3), 257—261.

Altuvia, S., Weinstein-Fischer, D., Zhang, A., Postow, LS&rz, G. (1997). A small, stable RNA induced
by oxidative stress: role as a pleiotropic regulator andrartator. Cell, 90(1), 43-53.



190

CHAPTER 9. References

Altuvia, S., Zhang, A., Argaman, L., Tiwari, A. & Storz, G.928). TheEscherichia coliOxyS regulatory
RNA repressethlA translation by blocking ribosome bindingMBO J, 17(20), 6069-6075.

Anantharaman, V., Koonin, E. V. & Aravind, L. (2002). Comative genomics and evolution of proteins
involved in RNA metabolismNucleic Acids Res30(7), 1427-1464.

Ando, Y., Asari, S., Suzuma, S., Yamane, K. & Nakamura, KO@O0 Expression of a small RNA, BS203
RNA, from theyocl-yocJintergenic region oBacillus subtilisgenome FEMS Microbiol. Lett,
207(1), 29-33.

André, G., Even, S., Putzer, H., P.Burgte, Croux, C., Danchin, A., Martin-Verstraete, |. & Souioa, O.
(2008). S-box and T-box riboswitches and antisense RNArobatsulfur metabolic operon of
Clostridium acetobutylicummNucleic Acids Res36(18), 5955-5969.

Ansong, C., Yoon, H., Porwollik, S., Mottaz-Brewer, H., B, B. O., Jaitly, N., Adkins, J. N.,
McClelland, M., Heffron, F. & Smith, R. D. (2009). Global sgms-level analysis of Hfgq and SmpB
deletion mutants itsalmonellaimplications for virulence and global protein translati®LoS ONE
4(3), e4809.

Antal, M., Bordeau, V., Douchin, V. & Felden, B. (2005). A sliizacterial RNA regulates a putative ABC
transporterJ. Biol. Chem.280(9), 7901-7908.

Aravin, A., Gaidatzis, D., Pfeffer, S., Lagos-Quintana, Mandgraf, P., lovino, N., Morris, P.,
Brownstein, M. J., Kuramochi-Miyagawa, S., Nakano, T.,&hiM., Russo, J. J., Ju, J., Sheridan, R.,
Sander, C., Zavolan, M. & Tuschl, T. (2006). A novel classroffi RNAs bind to MILI protein in
mouse testeNature 442(7099), 203-207.

Argaman, L. & Altuvia, S. (2000)fhlA repression by OxyS RNA: kissing complex formation at twesit
results in a stable antisense-target RNA compleMol. Biol,, 300(5), 1101-1112.

Argaman, L., Hershberg, R., Vogel, J., Bejerano, G., Wadhe®., Margalit, H. & Altuvia, S. (2001).
Novel small RNA-encoding genes in the intergenic region&sitherichia coli Curr. Biol., 11(12),
941-950.

Arluison, V., Hohng, S., Roy, R., Pellegrini, O.gBnier, P. & Ha, T. (2007). Spectroscopic observation of
RNA chaperone activities of Hfqg in post-transcriptionajutation by a small non-coding RNA.
Nucleic Acids Res35(3), 999-1006.

Arluison, V., Mutyam, S. K., Mura, C., Marco, S. & SukhoddgeM. V. (2007). Sm-like protein Hfq:
location of the ATP-binding site and the effect of ATP on HRINA complexesProtein Sci, 16(9),
1830-1841.

Arraiano, C. M. & Maquat, L. E. (2003). Post-transcriptiboantrol of gene expression: effectors of
MRNA decay.Mol. Microbiol., 49(1), 267-276.

Axmann, I. M., Kensche, P., Vogel, J., Kohl, S., Herzel, H. &44, W. R. (2005). Identification of
cyanobacterial non-coding RNAs by comparative genomeyaizalGenome Biql6(9), R73.

Azam, T. A., lwata, A., Nishimura, A., Ueda, S. & Ishihama,(A999). Growth phase-dependent variation
in protein composition of th&scherichia colnucleoid.J. Bacteriol, 181(20), 6361-6370.

Babitzke, P. & Romeo, T. (2007). CsrB sRNA family: sequdgiraof RNA-binding regulatory proteins.
Curr. Opin. Microbiol, 10(2), 156-163.

Bailey, T. L. & Gribskov, M. (1998). Combining evidence ugip-values: application to sequence
homology searchesioinformatics 14(1), 48-54.

Bailey, T. L., Williams, N., Misleh, C. & Li, W. W. (2006). MEM: discovering and analyzing DNA and
protein sequence motiffucleic Acids Res34(Web Server issue), W369-W373.

Bang, I., Frye, J. G., McClelland, M., Velayudhan, J. & FaRgC. (2005). Alternative sigma factor
interactions inSalmonella sigma and sigma promote antioxidant defences by enhasintg levels.
Mol. Microbiol., 56(3), 811-823.



191

Barrick, J. E., Sudarsan, N., Weinberg, Z., Ruzzo, W. L. &dker, R. R. (2005). 6S RNA is a widespread
regulator of eubacterial RNA polymerase that resemblegpan promoterRNA 11(5), 774-784.

Baumeister, R., Flache, P., Melefors, O., von Gabain, A. 8eHj W. (1991). Lack of a 5’ non-coding
region in Tn1721 encode@étRmMRNA is associated with a low efficiency of translation andthars
half-life in Escherichia coli Nucleic Acids Res19(17), 4595-4600.

Beier, D., Spohn, G., Rappuoli, R. & Scarlato, V. (1997).niifécation and characterization of an operon of
Helicobacter pylorithat is involved in motility and stress adaptatidnBacteriol, 179(15),
4676-4683.

Beier, D., Spohn, G., Rappuoli, R. & Scarlato, V. (1998). &ional analysis of thélelicobacter pylori
principal sigma subunit of RNA polymerase reveals that fiecer region is important for efficient
transcription.Mol. Microbiol., 30(1), 121-134.

Beitzinger, M., Peters, L., Zhu, J. Y., Kremmer, E. & Meist8r (2007). Identification of human microRNA
targets from isolated argonaute protein compleXdsA Biol, 4(2), 76-84.

Bendtsen, J. D., Nielsen, H., von Heijne, G. & Brunak, S. @00mproved prediction of signal peptides:
SignalP 3.0J. Mol. Biol,, 340(4), 783-795.

Berezikov, E., Thuemmler, F., van Laake, L. W., KondovaBbntrop, R., Cuppen, E. & Plasterk, R. H. A.
(2006). Diversity of microRNAs in human and chimpanzeerorbiat. Genet.38(12), 1375-1377.

Bernhart, S. H., Tafer, H., btkstein, U., Flamm, C., Stadler, P. F. & Hofacker, I. L. (BDOPartition
function and base pairing probabilities of RNA heterodisa@dgorithms Mol. Biol, 1(1), 3.

Bernstein, E., Caudy, A. A., Hammond, S. M. & Hannon, G. JO@0 Role for a bidentate ribonuclease in
the initiation step of RNA interferenc&lature 409(6818), 363—366.

Beudn, C. R., Margés, S. & Casadés, J. (1999). Repression of IS200 transposase syntheBiblAy
secondary structuredlucleic Acids Res27(18), 3690—-3695.

Beyer, D., Skripkin, E., Wadzack, J. & Nierhaus, K. H. (1994pw the ribosome moves along the mMRNA
during protein synthesisl. Biol. Chem.269(48), 30713-30717.

Blaser, M. J. (1998)Helicobacter pyloriand gastric diseaseBMJ, 316(7143), 1507-1510.

Blattner, F. R., Plunkett, G., Bloch, C. A., Perna, N. T., Bod, V., Riley, M., Collado-Vides, J.,
Glasner, J. D., Rode, C. K., Mayhew, G. F., Gregor, J., DaisV., Kirkpatrick, H. A.,
Goeden, M. A., Rose, D. J., Mau, B. & Shao, Y. (1997). The catepyjenome sequence of
Escherichia colK-12. Science277(5331), 1453-1474.

Blomberg, P., Wagner, E. G. & Nordétn, K. (1990). Control of replication of plasmid R1: the dexpl
between the antisense RNA, CopA, and its target, CopT, isgssed specificalliyn vivo andin vitro
by RNase IIl.LEMBO J, 9(7), 2331-2340.

Bohn, C., Rigoulay, C. & Bouloc, P. (2007). No detectableetfiof RNA-binding protein Hfg absence in
Staphylococcus aureuBMC Microbiol,, 7, 10.

Boisset, S., Geissmann, T., Huntzinger, E., Fechter, R¢idi, N., Possedko, M., Chevalier, C.,
Helfer, A. C., Benito, Y., Jacquier, A., Gaspin, C., Vandsste F. & Romby, P. (2007).
Staphylococcus aured®NA Il coordinately represses the synthesis of viruleradrs and the
transcription regulator Rot by an antisense mechan(Sanes Dey.21(11), 1353-1366.

Boneca, I. G., de Reuse, H., Epinat, J., Pupin, M., Labign&, Moszer, |. (2003). A revised annotation
and comparative analysis belicobacter pylorigenomesNucleic Acids Res31(6), 1704-1714.

Boni, I. V., Isaeva, D. M., Musychenko, M. L. & Tzareva, N. \t991). Ribosome-messenger recognition:
MRNA target sites for ribosomal protein Sducleic Acids Res19(1), 155-162.

Bossi, L. & Figueroa-Bossi, N. (2007). A small RNA downregfgls LamB maltoporin iSalmonella Mol.
Microbiol., 65(3), 799-810.



192 CHAPTER 9. References

Bossi, L., Maloriol, D. & Figueroa-Bossi, N. (2008). Porimogenesis activates the sigma(E) response in
Salmonella hfgnutants.Biochimie 90(10), 1539-1544.

Bouvier, M., Sharma, C. M., Mika, F., .Nierhaus, K. H & Vog&!,(2008). Small RNA binding to 5° mRNA
coding region inhibits translational initiatioiol. Cell, 32(6), 827—837.

Brantl, S. (2007). Regulatory mechanisms employed by rt®ded antisense RNA&urr. Opin.
Microbiol., 10(2), 102—-109.

Brennan, R. G. & Link, T. M. (2007). Hfg structure, functiondaligand binding.Curr. Opin. Microbiol,
10(2), 125-133.

Brennecke, J., Stark, A., Russell, R. B. & Cohen, S. M. (20@3inciples of microRNA-target recognition.
PLoS Biol, 3(3), e85.

Brock, J. E., Pourshahian, S., Giliberti, J., Limbach, P&Alanssen, G. R. (2008). Ribosomes bind
leaderless mRNA itEscherichia colthrough recognition of their 5’-terminal AUGRNA 14(10),
2159-2169.

Brown, J. W. (1999). The Ribonuclease P Databakecleic Acids Res27(1), 314.

Brown, L. & Elliott, T. (1996). Efficient translation of theg®S sigma factor isalmonella typhimurium
requires host factor I, an RNA-binding protein encoded iy gene.J. Bacteriol, 178(13),
3763-3770.

Brownlee, G. G. (1971). Sequence of 6S RNAREoli. Nat. New Biol, 229(5), 147-149.

Busch, A., Richter, A. S. & Backofen, R. (2008). IntaRNA: eiifint prediction of bacterial SRNA targets
incorporating target site accessibility and seed regi@isinformatics 24(24), 2849-2856.

Carpousis, A. J. (2002). THescherichia colRNA degradosome: structure, function and relationship in
other ribonucleolytic multienzyme complexédiochem. Soc. Trans30(2), 150-155.

Carpousis, A. J., Houwe, G. Van, Ehretsmann, C. & Krisch, H(294). Copurification oE. coliRNase E
and PNPase: evidence for a specific association betweemtzyones important in RNA processing
and degradationCell, 76(5), 889-900.

Carpousis, A. J., Vanzo, N. F. & Raynal, L. C. (1999). mRNA elgtion. A tale of poly(A) and
multiprotein machinesTrends Genet15(1), 24-28.

Carter, R. J., Dubchak, I. & Holbrook, S. R. (2001). A compiotaal approach to identify genes for
functional RNAs in genomic sequenceaducleic Acids Res29(19), 3928-3938.

Cavanagh, A. T., Klocko, A. D, Liu, X. & Wassarman, K. M. ()0 Promoter specificity for 6S RNA
regulation of transcription is determined by core promseguences and competition for region 4.2 of
o0, Mol. Microbiol., 67(6), 1242-1256.

Chant, E. L. & Summers, D. K. (2007). Indole signalling cdmites to the stable maintenance of
Escherichia coli multicopy plasmid#4ol. Microbiol., 63(1), 35-43.

Chen, S., Lesnik, E. A., Hall, T. A., Sampath, R., Griffey,HR, Ecker, D. J. & Blyn, L. B. (2002). A
bioinformatics based approach to discover small RNA gemésdEscherichia colgenome.
Biosystems65(2-3), 157-177.

Chen, S., Zhang, A., Blyn, L. B. & Storz, G. (2004). MicC, ased small-RNA regulator of Omp protein
expression irEscherichia coli J. Bacteriol, 186(20), 6689—6697.

Chevalier, C., Geissmann, T., Helfer, A. & Romby, P. (200®2)pbing mRNA Structure and SRNA-mRNA
Interactions in Bacteria Using Enzymes and Leadthods Mol. Biol.540, 215-232.

Christiansen, J. K., Nielsen, J. S., Ebersbach., T., Viaé#énsen, P., Sggaard-Andersen, L. &
Kallipolitis, B. H. (2006). Identification of small Hfg-biting RNAs inListeria monocytogene&RNA
12(7), 1383-1396.



193

Cloonan, N., Forrest, A. R. R, Kolle, G., Gardiner, B. B. Raulkner, G. J., Brown, M. K., Taylor, D. F.,
Steptoe, A. L., Wani, S., Bethel, G., Robertson, A. J., RexkA. C., Bruce, S. J., Lee, C. C,,
Ranade, S. S., Peckham, H. E., Manning, J. M., McKernan, &.Grimmond, S. M (2008). Stem
cell transcriptome profiling via massive-scale mRNA segien Nat. Methods5(7), 613-619.

Collins, J. A, Irnov, |., Baker, S. & Winkler, W. C. (2007). é¢hanism of mMRNA destabilization by the
glmSribozyme.Genes Dey.21(24), 3356—-3368.

Corpet, F. (1988). Multiple sequence alignment with hieharal clusteringNucleic Acids Res16(22),
10881-10890.

Cosloy, S. D. (1973). D-serine transport systerkatherichia colK-12. J. Bacteriol, 114(2), 679-684.

Cromie, M. J., Shi, Y., Latifi, T. & Groisman, E. A. (2006). Af\R sensor for intracellular Mgy~. Cell,
125(1), 71-84.

Darfeuille, F., Unoson, C., Vogel, J. & Wagner, E. G. H. (2D0&n antisense RNA inhibits translation by
competing with standby ribosomedol. Cell, 26(3), 381-392.

Davis, B. M., Quinones, M., Pratt, J., Ding, Y. & Waldor, M. R005). Characterization of the small
untranslated RNA RyhB and its regulonVibrio cholerae J. Bacteriol, 187(12), 4005—-4014.

de Hoon, M. J. L., Makita, Y., Nakai, K. & Miyano, S. (2005).dgliction of transcriptional terminators in
Bacillus subtilisand related specie®LoS Comput. Biol1(3), e25.

De Lay, N. & Gottesman, S. (2009). The Crp-activated smaticoding regulatory RNA CyaR (RyeE)
links nutritional status to group behavidk. Bacteriol, 191(2), 461-476.

Deana, A. & Belasco, J. G. (2005). Lost in translation: tHfeience of ribosomes on bacterial mMRNA
decay.Genes Dey.19(21), 2526—-2533.

Deiwick, J., Nikolaus, T., Erdogan, S. & Hensel, M. (1999hvEonmental regulation dbalmonella
pathogenicity island 2 gene expressidol. Microbiol., 31(6), 1759-1773.

del Val, C., Rivas, E., Torres-Quesada, O., N.Toro &&hez-Zurdo, J. |. (2007). Identification of
differentially expressed small non-coding RNAs in the leguendosymbior$inorhizobium meliloti
by comparative genomic$/4ol. Microbiol., 66(5), 1080-1091.

Delany, I., G.Spohn, Pacheco, A. F., leva, R., Alaimo, CpfiR®li, R. & Scarlato, V. (2002).
Autoregulation ofHelicobacter pyloriFur revealed by functional analysis of the iron-binding sit
Mol. Microbiol., 46(4), 1107-1122.

Delany, I., Pacheco, A. B., Spohn, G., Rappuoli, R. & Scarlst (2001). Iron-dependent transcription of
thefrpB gene ofHelicobacter pyloriis controlled by the Fur repressor proteih.Bacteriol, 183(16),
4932-4937.

Delany, I., Spohn, G., Rappuoli, R. & Scarlato, V. (2001) eTHur repressor controls transcription of
iron-activated and -repressed genesl@licobacter pylori Mol. Microbiol., 42(5), 1297-1309.

Delany, I., Spohn, G., Rappuoli, R. & Scarlato, V. (2002)o@th phase-dependent regulation of target
gene promoters for binding of the essential orphan respagsgator HP1043 dflelicobacter pylori
J. Bacteriol, 184(17), 4800-4810.

Delcher, A. L., Harmon, D., Kasif, S., White, O. & Salzberg.S(1999). Improved microbial gene
identification with GLIMMER. Nucleic Acids Res27(23), 4636—-4641.

Duhring, U., Axmann, |. M., Hess, W. R. & Wilde, A. (2006). Antarnal antisense RNA regulates
expression of the photosynthesis gé&sié. Proc. Nat. Acad. Sci. U.S.AL03(18), 7054—7058.

Dietz, P., Gerlach, G. & Beier, D. (2002). Identification afdget genes regulated by the two-component
system HP166-HP165 dfelicobacter pylori J. Bacteriol, 184(2), 350—-362.



194

CHAPTER 9. References

Ding, Y., Davis, B. M. & Waldor, M. K. (2004). Hfq is essentitr Vibrio choleraevirulence and
downregulates sigma expressidviol. Microbiol., 53(1), 345-354.

Dobrindt, U., Hochhut, B., Hentschel, U. & Hacker, J. (200@gnomic islands in pathogenic and
environmental microorganismslat. Rev. Microbiol.2(5), 414-424.

Doherty, N. S, Littman, B. H., Reilly, K., Swindell, A. C.,u8s, J. M. & Anderson, N. L. (1998). Analysis
of changes in acute-phase plasma proteins in an acute infitonyresponse and in rheumatoid
arthritis using two-dimensional gel electrophores&itectrophoresis19(2), 355-363.

Douchin, V., Bohn, C. & Bouloc, P. (2006). Down-regulatidiparins by a small RNA bypasses the
essentiality of the regulated intramembrane proteolysitepse RseP in Escherichia coli.
J. Biol. Chem.281(18), 12253-12259.

Dsouza, M., Larsen, N. & Overbeek, R. (1997). Searching &btgpns in genomic datdrends Genet.
13(12), 497-498.

Dunn, B. E., Vakil, N. B., Schneider, B. G., Miller, M. M., Zier, J. B., Peutz, T. & Phadnis, S. H. (1997).
Localization ofHelicobacter pyloriurease and heat shock protein in human gastric biopisigest.
Immun, 65(4), 1181-1188.

Ebeling, S., Kindig, C. & Hennecke, H. (1991). Discovery of a rhizobial RM#t is essential for
symbiotic root nodule developmenl. Bacteriol, 173(20), 6373—-6382.

Elbashir, S. M., Lendeckel, W. & Tuschl, T. (2001). RNA irfexence is mediated by 21- and 22-nucleotide
RNAs. Genes Dey.15(2), 188-200.

Ender, C., Krek, A., Friedinder, M. R., Beitzinger, M., Weinmann, L., Chen, W., Pfefg,
Rajewsky, N. & Meister, G. (2008). A human snoRNA with micié®&-like functions. Mol. Cell,
32(4), 519-528.

Ermolaeva, M. D., Khalak, H. G., White, O., Smith, H. O. & Sanlp, S. L. (2000). Prediction of
transcription terminators in bacterial genomé&sMol. Biol,, 301(1), 27-33.

Ernst, F. D., Stoof, J., Horrevoets, W. M., Kuipers, E. J.steus, J. G. & van Vliet, A. H. M. (2006). NikR
mediates nickel-responsive transcriptional repressidghedHelicobacter pyloriouter membrane
proteins FecA3 (HP1400) and FrpB4 (HP1512¥ect. Immun.74(12), 6821-6828.

Even, S., Pellegrini, O., Zig, L., Labas, V., Vinh, J. @8hemmier-Baey, D. & Putzer, H. (2005).
Ribonucleases J1 and J2: two novel endoribonucleaggssimbtiliswith functional homology to
E. coliRNase E Nucleic Acids Res33(7), 2141-2152.

Fang, F. C., Libby, S. J., Buchmeier, N. A., Loewen, P. C.t8aj J., Harwood, J. & Guiney, D. G. (1992).
The alternative sigma factéatF (rpoS)regulatesSalmonellavirulence.Proc. Nat. Acad. Sci. U.S.A.
89(24), 11978-11982.

Fantappg, L., Metruccio, M. M. E., Seib, K. L., Oriente, F., CartocEi, Ferlicca, F., Giuliani, M. M.,
Scarlato, V. & Delany, I. (2009). The RNA chaperone Hfq isdlwed in the stress response and
virulence inNeisseria meningitidiand is a pleiotropic regulator of protein expressibriect. Immun.

Figueroa-Bossi, N., Lemire, S., Maloriol, D., BalbontR., Casadés, J. & Bossi, L. (2006). Loss of Hfg
activates ther-dependent envelope stress respons@aimonella entericaMol. Microbiol., 62(3),
838-852.

Folichon, M., Allemand, F., Bgnier, P. & Hajnsdorf, E. (2005). Stimulation of poly(A)gkesis by
Escherichia colipoly(A)polymerase | is correlated with Hfg binding to po(tails. FEBS J, 272(2),
454-463.

Folichon, M., Arluison, V., Pellegrini, O., Huntzinger,,lRégnier, P. & Hajnsdorf, E. (2003). The poly(A)
binding protein Hfq protects RNA from RNase E and exoribdeaolytic degradationNucleic Acids
Res, 31(24), 7302-7310.



195

Forsyth, M. H., Cao, P., Garcia, P. P., Hall, J. D. & Cover, T(2002). Genome-wide transcriptional
profiling in a histidine kinase mutant &felicobacter pyloridentifies members of a regulon.
J. Bacteriol, 184(16), 4630-4635.

Fortune, D. R., Suyemoto, M. & Altier, C. (2006). Identifiat of CsrC and characterization of its role in
epithelial cell invasion irsalmonella entericaerovar Typhimuriuminfect. Immun.74(1), 331-339.

Fozo, E. M., Hemm, M. R. & Storz, G. (2008). Small toxic proteand the antisense RNAs that repress
them. Microbiol. Mol. Biol. Rev, 72(4), 579-89.

Fozo, E. M., Kawano, M., Fontaine, F., Kaya, Y., MendietaSK.Jones, K. L., Ocampo, A., Rudd, K. E. &
Storz, G. (2008). Repression of small toxic protein syritheg the Sib and OhsC small RNAMIol.
Microbiol., 70(5), 1076-1093.

Franze de Fernandez, M. T., Eoyang, L. & August, J. T. (1968¢tor fraction required for the synthesis of
bacteriophage @ RNA. Nature 219(5154), 588-590.

Franze de Fernandez, M. T., Hayward, W. S. & August, J. T.Z19Bacterial proteins required for
replication of phage Q ribonucleic acid. Pruification andgarties of host factor I, a ribonucleic
acid-binding proteinJ. Biol. Chem.247(3), 824—-831.

Frias-Lopez, J., Shi, Y., Tyson, G. W., Coleman, M. L., StaysS. C., Chisholm, S. W. & Delong, E. F.
(2008). Microbial community gene expression in ocean serfaaters Proc. Nat. Acad. Sci. U.S.A.
105(10), 3805-3810.

Fujita, Y., Yamaguchi, K., Kamegaya, T., Sato, H., SemuraMdutoh, K., Kashimoto, T., Ohori, H. &
Mukai, T. (2005). A novel mechanism of autolysisHielicobacter pylori possible involvement of
peptidergic substanceklelicobacter 10(6), 567-576.

Geisinger, E., Adhikari, R. P., Jin, R., Ross, H. F. & NoviBk,P. (2006). Inhibition of rot translation by
RNAIII, a key feature ofagr function. Mol. Microbiol., 61(4), 1038—-1048.

Geissmann, T. A. & Touati, D. (2004). Hfg, a new chaperonivlg:rbinding to messenger RNA determines
access for small RNA regulatdeMBO J, 23(2), 396—405.

Gerdes, K., Gultyaev, A. P., Franch, T., Pedersen, K. & Migdéer, N. D. (1997). Antisense RNA-regulated
programmed cell deattAnnu. Rev. Genet31, 1-31.

Gerdes, K., Thisted, T. & Martinussen, J. (1990). Mecharo$post-segregational killing by tHeok/sok
system of plasmid R1sokantisense RNA regulates formation ofiek mRNA species correlated with
killing of plasmid-free cellsMol. Microbiol., 4(11), 1807-1818.

Gildehaus, N., Neusser, T., Wurm, R. & Wagner, R. (2007)di@gtion the function of the riboregulator 6S
RNA from E. coli: RNA polymerase binding, inhibition of in vitro transcriph and synthesis of
RNA-directed de novo transcriptblucleic Acids Res35(6), 1885-1896.

Girard, A., Sachidanandam, R., Hannon, G. J. & Carmell, M2R06). A germline-specific class of small
RNAs binds mammalian Piwi proteinblature 442(7099), 199-202.

Gottesman, S. (2004). The small RNA regulator&stherichia coli roles and mechanisménnu. Rev.
Microbiol., 58, 303—-328.

Gressmann, H., Linz, B., Ghali, R., Pleissner, K., SchlappbBc, Yamaoka, Y., Kraft, C., Suerbaum, S.,
Meyer, T. F. & Achtman, M. (2005). Gain and loss of multiplengs during the evolution of
Helicobacter pylori PLoS Genet.1(4), e43.

Griffin, B. (1971). Separation 6fP-labelled ribonucleic acid components. The use of
polyethylenimine-cellulose (TLC) as a second dimensioseiparating oligoribonucleotides of 4.5 S
and 5 S fronE. coli. FEBS Lett, 15(3), 165-168.

Griffiths-Jones, S., Moxon, S., Marshall, M., Khanna, A.ddS. R. & Bateman, A. (2005). Rfam:
annotating non-coding RNAs in complete genonfégcleic Acids Res33(Database issue),
D121-D124.



196

CHAPTER 9. References

Grimson, A., Farh, K. K., Johnston, W. K., Garrett-Engelelin, L. P. & Bartel, D. P. (2007). MicroRNA
targeting specificity in mammals: determinants beyond gaéthg. Mol. Cell, 27(1), 91-105.

Grundy, F. J. & Henkin, T. M. (2006). From ribosome to ribowhii control of gene expression in bacteria
by RNA structural rearrangemeni@rit. Rev. Biochem. Mol. Bigl41(6), 329-338.

Guillier, M. & Gottesman, S. (2006). Remodelling of thecherichia coliouter membrane by two small
regulatory RNAs.Mol. Microbiol., 59(1), 231-247.

Guillier, M. & Gottesman, S. (2008). The 5’ end of two reduntsRNAs is involved in the regulation of
multiple targets, including their own regulatdtucleic Acids Res36(21), 6781-6794.

Guillier, M., Gottesman, S. & Storz, G. (2006). Modulatifggtouter membrane with small RNA&enes
Dev, 20(17), 2338—2348.

Guisbert, E., Rhodius, V. A., Ahuja, N., Witkin, E. & Gross, &. (2007). Hfg modulates theF-mediated
envelope stress response anddfeémediated cytoplasmic stress responsEsgherichia coli
J. Bacteriol, 189(5), 1963-1973.

Guzman, L. M., Belin, D., Carson, M. J. & Beckwith, J. (199%)ght regulation, modulation, and
high-level expression by vectors containing the arabifRi3&D promoter.J. Bacteriol, 177(14),
4121-4130.

Hajnsdorf, E., Braun, F., Haugel-Nielsen, J. &drier, P. (1995). Polyadenylylation destabilizesriieO
mMRNA of Escherichia coli Proc. Nat. Acad. Sci. U.S.292(9), 3973-3977.

Hajnsdorf, E. & Regnier, P. (2000). Host factor Hfq &scherichia colistimulates elongation of poly(A)
tails by poly(A) polymerase IProc. Nat. Acad. Sci. U.S.27(4), 1501-1505.

Halfmann, A., Kowacs, M., Hakenbeck, R. & Bickner, R. (2007). Identification of the genes directly
controlled by the response regulator CiaRStneptococcus pneumonidese out of 15 promoters drive
expression of small non-coding RNAKlol. Microbiol., 66(1), 110-126.

Haney, S. A., Platko, J. V., Oxender, D. L. & Calvo, J. M. (1292rp, a leucine-responsive protein,
regulates branched-chain amino acid transport genéscherichia coli J. Bacteriol, 174(1),
108-115.

Hartz, D., McPheeters, D. S., Traut, R. & Gold, L. (1988). dbdion inhibition analysis of translation
initiation complexesMethods Enzympll64, 419-425.

Heeb, S., Blumer, C. & Haas, D. (2002). Regulatory RNA as mtedin GacA/RsmA-dependent global
control of exoproduct formation iRseudomonas fluoresce@slAO. J. Bacteriol, 184(4), 1046—1056.

Heidrich, N., Moll, I. & Brantl, S. (2007)In vitro analysis of the interaction between the small RNA SR1
and its primary targeahrC mRNA. Nucleic Acids Res35(13), 4331-4346.

Hemm, M. R., Paul, B. J., Schneider, T. D., Storz, G. & RuddzK(2008). Small membrane proteins found
by comparative genomics and ribosome binding site modédts. Microbiol., 70(6), 1487—-1501.

Hershberg, R., Altuvia, S. & Margalit, H. (2003). A surveysshall RNA-encoding genes ischerichia
coli. Nucleic Acids Res31(7), 1813-1820.

Higgins, C. F. & Hardie, M. M. (1983). Periplasmic proteirsasiated with the oligopeptide permeases of
Salmonella typhimuriurandEscherichia coli J. Bacteriol, 155(3), 1434—-1438.

Hindley, J. (1967). Fractionation éfP-labelled ribonucleic acids on polyacrylamide gels armirth
characterization by fingerprintind. Mol. Biol,, 30(1), 125-136.

Hoffmann, S., Otto, C., Kurtz, S., Sharma, C. M., Khaitovieh Vogel, J., Stadler, P. F. & Hackeiiter, J.
(2009). Fast mapping of short sequences with mismatcheartions and deletions using index
structures. (submitted).



197

Hoiseth, S. K. & Stocker, B. A. (1981). Aromatic-depend8atmonella typhimuriurare non-virulent and
effective as live vaccines\aturg 291(5812), 238-239.

Hosie, A. H. & Poole, P. S. (2001). Bacterial ABC transpa@teframino acidsRes. Microbiol, 152(3-4),
259-270.

Hsu, L. M., Zagorski, J., Wang, Z. & Fournier, M. J. (198&scherichia coli6S RNA gene is part of a
dual-function transcription unitl. Bacteriol, 161(3), 1162—-1170.

Huttenhofer, A. (2005). Experimental RNomics: A Global Apach to Identify Non-coding RNAs in
Model Organisms. ItHandbook of RNA Biochemistfiartmann, R., Bindereif, A., Séim, A. &
Westhof, E., eds), pp. 643—654.

Huttenhofer, A., Brosius, J. & Bachellerie, J. P. (2002). Ri\ts: identification and function of small,
non-messenger RNALurr. Opin. Chem. Bio).6(6), 835—843.

Huttenhofer, A., Kiefmann, M., Meier-Ewert, S., O’'Brien, Uehrach, H., Bachellerie, J. P. & Brosius, J.
(2001). RNomics: an experimental approach that identifidscandidates for novel, small,
non-messenger RNAs in moudeMBO J, 20(11), 2943-2953.

Huttenhofer, A. & Noller, H. F. (1994). Footprinting mRNAbdsome complexes with chemical probes.
EMBO J, 13(16), 3892—-3901.

Huttenhofer, A. & Vogel, J. (2006). Experimental approadesientify non-coding RNAsNucleic Acids
Res, 34(2), 635-646.

Hu, Z., Zhang, A., Storz, G., Gottesman, S. & Leppla, S. HO@O0 An antibody-based microarray assay
for small RNA detectionNucleic Acids Res34(7), e52.

Huang, C., Wolfgang, M. C., Withey, J., Koomey, M. & Friedmé&n . (2000). Charged tmRNA but not
tmRNA-mediated proteolysis is essential feisseria gonorrhoeagability. EMBO J, 19(5),
1098-1107.

Hung, S., Baldi, P. & Hatfield, G. Wesley (2002). Global gerpression profiling irEscherichia colK12.
The effects of leucine-responsive regulatory protdirBiol. Chem.277(43), 40309-40323.

Huntzinger, E., Boisset, S., Saveanu, C., Benito, Y., Gagss1, T., Namane, A., Lina, G., Etienne, J.,
Ehresmann, B., Ehresmann, C., Jacquier, A., Vandenes&RE&mby, P. (2005) Staphylococcus
aureusRNA Il and the endoribonuclease Il coordinately regulspp@gene expressioreMBO J,
24(4), 824-835.

Igarashi, K., Saisho, T., Yuguchi, M. & Kashiwagi, K. (199Rjolecular mechanism of polyamine
stimulation of the synthesis of oligopeptide-binding jeint J. Biol. Chem.272(7), 4058-4064.

Ikemura, T. & Dahlberg, J. E. (1973). Small ribonucleic aadd Escherichia colil. Characterization by
polyacrylamide gel electrophoresis and fingerprint anslys Biol. Chem.248(14), 5024-5032.

Ikemura, T. & Dahlberg, J. E. (1973). Small ribonucleic aodd Escherichia colill. Noncoordinate
accumulation during stringent contrdl. Biol. Chem.248(14), 5033-5041.

Inada, M. & Guthrie, C. (2004). Identification of Lhplp-aseted RNAs by microarray analysis in
Saccharomyces cerevisieav/eals association with coding and noncoding RNAs.
Proc. Nat. Acad. Sci. U.S.AL01(2), 434-439.

Janssen, S., Reeder, J. & Giegerich, R. (2008). Shape bakedrig for faster search of RNA family
databasesBMC Bioinformatics9, 131.

Janzon, L., bfdahl, S. & Arvidson, S. (1989). Identification and nucldetsequence of the delta-lysin
genehld, adjacent to the accessory gene regulagr)(of Staphylococcus aureuMol. Gen. Genef.
219(3), 480-485.



198 CHAPTER 9. References

Johansen, J., Eriksen, M., Kallipolitis, B. & Valentin-Haam, P. (2008). Down-regulation of outer
membrane proteins by noncoding RNAs: unraveling the cAMERCands&E-dependent CyaR-ompX
regulatory casel. Mol. Biol,, 383(1), 1-9.

Johansen, J., Rasmussen, A. Aamann, Overgaard, M. & Malelatnsen, P. (2006). Conserved small
non-coding RNAs that belong to tla& regulon: role in down-regulation of outer membrane pratein
J. Mol. Biol, 364(1), 1-8.

Johansson, J., Mandin, P., Renzoni, A., Chiaruttini, Cringer, M. & Cossart, P. (2002). An RNA
thermosensor controls expression of virulence genéssieria monocytogene€ell, 110(5),
551-561.

Jones, A. C., Logan, R. P., Foynes, S., Cockayne, A., Wren,.B. énn, C. W. (1997). A flagellar sheath
protein ofHelicobacter pyloriis identical to HpaA, a putative N-acetylneuraminyllaetdsnding
hemagglutinin, but is not an adhesin for AGS cellsBacteriol, 179(17), 5643-5647.

Julio, S. M., Heithoff, D. M. & Mahan, M. J. (2000). ssrA (tmR)\plays a role inSalmonella enterica
serovar Typhimurium pathogenesis.Bacteriol, 182(6), 1558-1563.

Jungblut, P. R. & Seifert, R. (1990). Analysis by high-regian two-dimensional electrophoresis of
differentiation-dependent alterations in cytosolic piotpattern of HL-60 leukemic cellsl. Biochem.
Biophys. Method<21(1), 47-58.

Kaberdina, A. C., Szaflarski, W., Nierhaus, K. H. & Moll, 1.0@9). An unexpected type of ribosomes
induced by kasugamycin: a look into ancestral times of matenthesis™ol. Cell, 33(2), 227-236.

Kajitani, M., Kato, A., Wada, A., Inokuchi, Y. & Ishihama, £A1994). Regulation of thEscherichia coli
hfg gene encoding the host factor for phage Q. Bacteriol, 176(2), 531-534.

Kalamorz, F., Reichenbach, B., &k, W., Rak, B. & @rke, B. (2007). Feedback control of
glucosamine-6-phosphate synthase GImS expression deparitle small RNA GImZ and involves
the novel protein YhbJ ikscherichia coli Mol Microbiol, 65(6), 1518-1533.

Karzai, A. W., Susskind, M. M. & Sauer, R. T. (1999). SmpB, é&ue RNA-binding protein essential for
the peptide-tagging activity of SsrA (tmRNAEMBO J, 18(13), 3793-3799.

Kawamoto, H., Koide, Y., Morita, T. & Aiba, H. (2006). Baseaigng requirement for RNA silencing by a
bacterial small RNA and acceleration of duplex formatiorHfg. Mol. Microbiol., 61(4), 1013-1022.

Kawano, M., Aravind, L. & Storz, G. (2007). An antisense RNgntrols synthesis of an SOS-induced
toxin evolved from an antitoxinMol. Microbiol., 64(3), 738-754.

Kawano, M., Reynolds, A. A., Miranda-Rios, J. & Storz, G.@30. Detection of 5’- and 3’-UTR-derived
small RNAs anctis-encoded antisense RNAsHscherichia coli Nucleic Acids Res33(3),
1040-1050.

Kawano, M., Storz, G., Rao, B. S., Rosner, J. L. & Martin, R(Z205). Detection of low-level promoter
activity within open reading frame sequencegstherichia coli Nucleic Acids Res33(19),
6268—6276.

Kelly, A., Goldberg, M. D., Carroll, R. K., Danino, V., Hintg J. C. D. & Dorman, C. J. (2004). A global
role for Fis in the transcriptional control of metabolisndagpe Il secretion irSalmonella enterica
serovar TyphimuriumMicrobiology, 150(Pt 7), 2037—2053.

Kim, K. & Lee, Y. (2004). Regulation of 6S RNA biogenesis byitwliing utilization of both sigma factors
and endoribonucleaseNucleic Acids Res32(20), 6057—-6068.

Kingsford, C. L., Ayanbule, K. & L.Salzberg, S. (2007). Rapaccurate, computational discovery of
Rho-independent transcription terminators illuminatesrtrelationship to DNA uptakesenome Bigl
8(2), R22.



199

Klose, J. & Kobalz, U. (1995). Two-dimensional electropgis of proteins: an updated protocol and
implications for a functional analysis of the genon#ectrophoresis16(6), 1034—1059.

Komarova, A. V., Tchufistova, L. S., Dreyfus, M. & Boni, I. \2Q05). AU-rich sequences within 5’
untranslated leaders enhance translation and stabilizéAfR Escherichia coli J. Bacteriol, 187(4),
1344-1349.

Krek, A., Giun, D., Poy, M. N., Wolf, R., Rosenberg, L., Epstein, E. J.cManamin, P., da Piedade, I.,
Gunsalus, K. C., Stoffel, M. & Rajewsky, N. (2005). Combiorédl microRNA target predictions.
Nat. Genet.37(5), 495-500.

Lagos-Quintana, M., Rauhut, R., Lendeckel, W. & Tuschl,ZDQ1). Identification of novel genes coding
for small expressed RNAScience294(5543), 853—-858.

Landt, S. G., Abeliuk, E., McGrath, P. T., Lesley, J. A., Makds, H. H. & Shapiro, L. (2008). Small
non-coding RNAs irCaulobacter crescentudlol. Microbiol., 68(3), 600-614.

Lau, N. C., Lim, L. P., Weinstein, E. G. & Bartel, D. P. (200Bn abundant class of tiny RNAs with
probable regulatory roles i@aenorhabditis elegansScience294(5543), 858—862.

Lease, R. A. & Belfort, M. (2000). A trans-acting RNA as a aohswitch inEscherichia coti DsrA
modulates function by forming alternative structursoc. Nat. Acad. Sci. U.S.A7(18), 9919-9924.

Lease, R. A., Cusick, M. E. & Belfort, M. (1998). Riboregudat in Escherichia coli DsrA RNA acts by
RNA:RNA interactions at multiple lociProc. Nat. Acad. Sci. U.S.£05(21), 12456-12461.

Lease, R. A., Smith, D., McDonough, K. & Belfort, M. (2004)h& small noncoding DsrA RNA is an acid
resistance regulator scherichia coli J. Bacteriol, 186(18), 6179—6185.

Lease, R. A. & Woodson, S. A. (2004). Cycling of the Sm-liketgin Hfg on the DsrA small regulatory
RNA. J. Mol. Biol,, 344(5), 1211-1223.

Lee, C. A. & Falkow, S. (1990). The ability &almonellao enter mammalian cells is affected by bacterial
growth stateProc. Nat. Acad. Sci. U.S.A87(11), 4304—-4308.

Lee, R. C. & Ambros, V. (2001). An extensive class of small RNACaenorhabditis elegans$science
294(5543), 862—-864.

Lee, T. & Feig, A. L. (2008). The RNA binding protein Hfq ingaats specifically with tRNASRNA 14(3),
514-523.

Lee, W. K., An, Y. S., Kim, K. H., Kim, S. H., Song, J. Y., Ryu, B., Choi, Y. J., Yoon, Y. H., Baik, S. C.,
Rhee, K. H. & Cho, M. J. (1997). Construction oHelicobacter pylori-Escherichia coshuttle
vector for gene transfer iHelicobacter pylori Appl. Environ. Microbiol, 63(12), 4866-4871.

Lenz, D. H., Miller, M. B., Zhu, J., Kulkarni, R. V. & BassleR. L. (2005). CsrA and three redundant small
RNAs regulate quorum sensingVWibrio cholerae Mol. Microbiol., 58(4), 1186-1202.

Lenz, D. H., Mok, K. C., Lilley, B. N., Kulkarni, R. V., Wingren, N. S. & Bassler, B. L. (2004). The small
RNA chaperone Hfg and multiple small RNAs control quorumsseg inVibrio harveyiandVibrio
cholerae Cell, 118(1), 69-82.

Lesnik, E. A., Sampath, R., Levene, H. B., Henderson, T. dN&ll, J. A. & Ecker, D. J. (2001). Prediction
of rho-independent transcriptional terminator&scherichia coli Nucleic Acids Res29(17),
3583-3594.

Leying, H., Suerbaum, S., Geis, G. & Haas, R. (1992). Cloaing genetic characterization of a
Helicobacter pyloriflagellin gene Mol. Microbiol., 6(19), 2863—2874.

Lister, R., O'Malley, R. C., Tonti-Filippini, J., Gregor. D., Berry, C. C., Millar, A. H. & Ecker, J. R.
(2008). Highly integrated single-base resolution mapsief@pigenome idrabidopsis Cell, 133(3),
523-536.



200

CHAPTER 9. References

Liu, J. M., Livny, J., Lawrence, M. S., Kimball, M. D., Walddvl. K. & Camilli, A. (2009). Experimental
discovery of sSRNAs itVibrio choleraeby direct cloning, 5S/tRNA depletion and parallel sequegci
Nucleic Acids Res10.1093, 1-10.

Liu, M. Y., Gui, G., Wei, B., Preston, J. F., Oakford, L.iiksel, U., Giedroc, D. P. & Romeo, T. (1997). The
RNA molecule CsrB binds to the global regulatory proteinACand antagonizes its activity in
Escherichia coli J. Biol. Chem.272(28), 17502—-17510.

Liu, Y., Cui, Y., Mukherjee, A. & Chatterjee, A. K. (1998). @hacterization of a novel RNA regulator of
Erwinia carotovorassp. carotovora that controls production of extracellafazymes and secondary
metabolitesMol. Microbiol., 29(1), 219-234.

Livny, J., Brencic, A., Lory, S. & Waldor, M. K. (2006). Idefitation of 17Pseudomonas aeruginosa
SRNAs and prediction of SRNA-encoding genes in 10 diversegagens using the bioinformatic tool
sRNAPredict2 Nucleic Acids Res34(12), 3484—-3493.

Livny, J., Fogel, M. A., Davis, B. M. & Waldor, M. K. (2005). $f\Predict: an integrative computational
approach to identify SRNAs in bacterial genomisicleic Acids Res33(13), 4096—4105.

Livny, J., Teonadi, H., Livny, M. & Waldor, M. K. (2008). Higthroughput, kingdom-wide prediction and
annotation of bacterial non-coding RNABL0oS ONE 3(9), €3197.

Livny, J. & Waldor, M. K. (2007). Identification of small RNAs diverse bacterial specie€urr. Opin.
Microbiol., 10(2), 96—-101.

Lorenz, C., von Pelchrzim, F. & Schroeder, R. (2006). Germystematic evolution of ligands by
exponential enrichment (Genomic SELEX) for the identifmaif protein-binding RNAs
independent of their expression levelat. Protoc, 1(5), 2204-2212.

Lu, C., Tej, S. S., Luo, S., Haudenschild, C. D., Meyers, B&Green, P. J. (2005). Elucidation of the
small RNA component of the transcriptonfecience309(5740), 1567-1569.

Lutz, R. & Bujard, H. (1997). Independent and tight reguatof transcriptional units ikEscherichia coli
via the LacR/O, the TetR/O and AraC/I1-12 regulatory eletaeNucleic Acids Res25(6),
1203-1210.

Lynn, S. P., Gardner, J. F. & Reznikoff, W. S. (1982). Attetrraregulation in thehr operon of
Escherichia colK-12: molecular cloning and transcription of the contmadliregion.J. Bacteriol,
152(1), 363-371.

Ma, W., Cui, Y., Liu, Y., Dumenyo, C. K., Mukherjee, A. & Chatfee, A. K. (2001). Molecular
characterization of global regulatory RNA species thatiaipathogenicity factors iErwinia
amylovoraandErwinia herbicolapv. gypsophilaeJ. Bacteriol, 183(6), 1870-1880.

Macke, T. J., Ecker, D. J., Gutell, R. R., Gautheret, D., CBsd. & Sampath, R. (2001). RNAMoatif, an
RNA secondary structure definition and search algorithiucleic Acids Res29(22), 4724-4735.

Majdalani, N., Chen, S., Murrow, J., John, K. St & Gottesnfan(2001). Regulation of RpoS by a novel
small RNA: the characterization of RprMol. Microbiol., 39(5), 1382-1394.

Majdalani, N., Cunning, C., Sledjeski, D., Elliott, T. & Gesman, S. (1998). DsrA RNA regulates
translation of RpoS message by an anti-antisense mechangpendent of its action as an
antisilencer of transcriptiorProc. Nat. Acad. Sci. U.S.£05(21), 12462-12467.

Majdalani, N., Hernandez, D. & Gottesman, S. (2002). Rdgnand mode of action of the second small
RNA activator of RpoS translation, RprAlol. Microbiol., 46(3), 813-826.

Majdalani, N., Vanderpool, C. K. & Gottesman, S. (2005). t8aal small RNA regulatorsCrit. Rev.
Biochem. Mol. Biol.40(2), 93-113.

Maki, K., Uno, K., Morita, T. & Aiba, H. (2008). RNA, but not ptein partners, is directly responsible for
translational silencing by a bacterial Hfg-binding small&R Proc. Nat. Acad. Sci. U.S.AL05(30),
10332-10337.



201

Mandal, M. & Breaker, R. R. (2004). Gene regulation by ribibshes.Nat. Rev. Mol. Cell Bio.5(6),
451-463.

Mandin, P., Repoila, F., Vergassola, M., Geissmann, T. &@dsP. (2007). Identification of new
noncoding RNAs irListeria monocytogeneand prediction of MRNA targetdNucleic Acids Res.
35(3), 962-974.

Mao, C., Evans, C., Jensen, R. V. & Sobral, B. W. (2008). lifieation of new genes isinorhizobium
meliloti using the Genome Sequencer FLX syst&MC Microbiol,, 8, 72.

Marcus, E. A. & Scott, D. R. (2001). Cell lysis is responsifiiethe appearance of extracellular urease in
Helicobacter pylori Helicobacter 6(2), 93—-99.

Margulies, M., Egholm, M., Altman, W. E., Attiya, S., Badér,S., Bemben, L. A., Berka, J.,
Braverman, M. S., Chen, Y., Chen, Z., Dewell, S. B., Du, Lerf, J. M., Gomes, X. V.,
Godwin, B. C., He, W., Helgesen, S., Ho, C. H., Ho, C. H., IrzZ8 P., Jando, S. C., Alenquer, M.
L. 1., Jarvie, T. P, Jirage, K. B., Kim, J., Knight, J. R., lzan J. R., Leamon, J. H., Lefkowitz, S. M.,
Lei, M., Li, J., Lohman, K. L., Lu, H., Makhijani, V. B., McDag K. E., McKenna, M. P.,
Myers, E. W., Nickerson, E., Nobile, J. R., Plant, R., PucPBRonan, M. T., Roth, G. T,
Sarkis, G. J., Simons, J. F., Simpson, J. W., SrinivasanTaftaro, K. R., Tomasz, A., Vogt, K. A.,
Volkmer, G. A., Wang, S. H., Wang, Y., Weiner, M. P, Yu, P.gBs, R. F. & Rothberg, J. M. (2005).
Genome sequencing in microfabricated high-density gieoteactorsNature 437(7057), 376—380.

Mariner, P. D., Walters, R. D., Espinoza, C. A., DrullingerfF., Wagner, S. D., Kugel, J. F. &
Goodrich, J. A. (2008). Human Alu RNA is a modular transagtiepressor of mRNA transcription
during heat shockMol. Cell, 29(4), 499-509.

Marker, C., Zemann, A., Teihst, T., Kiefmann, M., Kastenmayer, J. P., Green, P., Béaie J. P.,
Brosius, J. & Hittenhofer, A. (2002). Experimental RNomics: identifioatof 140 candidates for
small non-messenger RNASs in the pl@wabidopsis thalianaCurr. Biol., 12(23), 2002—-2013.

Martin-Farmer, J. & Janssen, G. R. (1999). A downstream (W&aiesequence increases translation from
leadered and unleadered mRNAEscherichia coli Mol. Microbiol., 31(4), 1025-1038.

Maruyama, K., Sato, N. & Ohta, N. (1999). Conservation afcure and cold-regulation of RNA-binding
proteins in cyanobacteria: probable convergent evolutitin eukaryotic glycine-rich RNA-binding
proteins.Nucleic Acids Res27(9), 2029-2036.

Mas, E., Escorcia, F. E. & Gottesman, S. (2003). Coupled degiadof a small regulatory RNA and its
MRNA targets inEscherichia coli Genes Dey.17(19), 2374-2383.

Masg, E. & Gottesman, S. (2002). A small RNA regulates the exgioesof genes involved in iron
metabolism irEscherichia coli Proc. Nat. Acad. Sci. U.S.29(7), 4620—-4625.

Mase, E., Vanderpool, C. K. & Gottesman, S. (2005). Effect of Bymall RNA on global iron use in
Escherichia coli J. Bacteriol, 187(20), 6962—6971.

Mathews, D. H., Disney, M. D., Childs, J. L., Schroeder, SZaker, M. & Turner, D. H. (2004).
Incorporating chemical modification constraints into aawic programming algorithm for prediction
of RNA secondary structuré2roc. Nat. Acad. Sci. U.S.AL01(19), 7287—-7292.

Mattatall, N. R. & Sanderson, K. E. (1996}almonella typhimuriurhT2 possesses three distinct 23S
rRNA intervening sequenceg. Bacteriol, 178(8), 2272-2278.

Datsenko, K. A. & Wanner, B. L. (2000). One-step inactivatad chromosomal genes Escherichia coli
K-12 using PCR product®2roc. Nat. Acad. Sci. U.S.27(12), 6640-6645.

Wassarman, K. M., Repoila, F., Rosenow, C., Storz, G. & Gattn, S. (2001). Identification of novel
small RNAs using comparative genomics and microarr&@enes Dey.15(13), 1637-1651.

McArthur, S. D., Pulvermacher, S. C. & Stauffer, G. V. (2008he Yersinia pestis gcvBene encodes two
small regulatory RNA molecule8MC Microbiol, 6, 52.



202

CHAPTER 9. References

McClelland, M., Sanderson, K. E., Spieth, J., Clifton, S, Wétreille, P., Courtney, L., Porwollik, S., Ali, J.,
Dante, M., Du, F., Hou, S., Layman, D., Leonard, S., NguyensCott, K., Holmes, A., Grewal, N.,
Mulvaney, E., Ryan, E., Sun, H., Florea, L., Miller, W., Sé&ing, T., Nhan, M., Waterston, R. &
Wilson, R. K. (2001). Complete genome sequenc8alfonella entericaerovar Typhimurium LT2.
Natureg 413(6858), 852—856.

McGowan, C. C., Necheva, A. S., Forsyth, M. H., Cover, T. L. &ager, M. J. (2003). Promoter analysis of
Helicobacter pylorigenes with enhanced expression at low jpl. Microbiol., 48(5), 1225-1239.

Miuckstein, U., Tafer, H., Hackeiifler, J., Bernhart, S. H., Stadler, P. F. & Hofacker, I. L@B).
Thermodynamics of RNA-RNA bindingBioinformatics 22(10), 1177-1182.

Meibom, K. L., Forslund, A., Kuoppa, K., Alkhuder, K., Dulbdi, Dupuis, M., Forsberg, A. & Charbit, A.
(2009). Hfg, a novel pleiotropic regulator of virulencesasiated genes ifrancisella tularensis
Infect. Immun.

Mika, F., Sharma, C. M., Bouvier, M., Papenfort, K. & Vogel(d009). Small RNA binding to 5° mRNA
coding region inhibits translational initiation. (Subted).

Mikulecky, P. J., Kaw, M. K., Brescia, C. C., Takach, J. Cedjéski, D. D. & Feig, A. L. (2004).
Escherichia coliHfg has distinct interaction surfaces for DsmfypSand poly(A) RNAs.Nat. Struct.
Mol. Biol., 11(12), 1206-1214.

Mironov, A. S., Gusarov, |., Rafikov, R., Lopez, L. Errais a&lin, K., Kreneva, R. A., Perumov, D. A. &
Nudler, E. (2002). Sensing small molecules by nascent RNAeehanism to control transcription in
bacteria.Cell, 111(5), 747-756.

Mitarai, N., Andersson, A. M. C., Krishna, S., Semsey, S. &@wen, K. (2007). Efficient degradation and
expression prioritization with small RNA®hys. Biol, 4(3), 164-171.

Mizuno, T., Chou, M. Y. & Inouye, M. (1984). A unique mechamisegulating gene expression:
translational inhibition by a complementary RNA transt(imicRNA). Proc. Nat. Acad. Sci. U.S.A.
81(7), 1966-1970.

Miller, S., Frster, J. & Beier, D. (2006). Repeated sequence motifsaithicobacter pyloriP; 408
promoter do not affect its transcriptioMicrobiol. Res, 161(3), 212-221.

Mgiller, T., Franch, T., P.Hgjrup, Keene, D. Radhinger, H. P., Brennan, R. G. & Valentin-Hansen, P.
(2002). Hfg: a bacterial Sm-like protein that mediates RRNA interaction.Mol. Cell, 9(1), 23-30.

Mohanty, B. K., Maples, V. F. & Kushner, S. R. (2004). The Ske-protein Hfg regulates polyadenylation
dependent mRNA decay Hscherichia coli Mol. Microbiol., 54(4), 905-920.

Moll, I., Grill, S., Gualerzi, C. O. & Basi, U. (2002). Leaderless mRNAs in bacteria: surprisedbosomal
recruitment and translational contrdflol. Microbiol., 43(1), 239-246.

Moll, I., Hirokawa, G., Kiel, M. C., Kaji, A. & Blasi, U. (2004). Translation initiation with 70S ribosomes:
an alternative pathway for leaderless mRNAIcleic Acids Res32(11), 3354-3363.

Moll, 1., Leitsch, D., Steinhauser, T. & Bbi, U. (2003). RNA chaperone activity of the Sm-like Hfq
protein. EMBO Rep.4(3), 284—-289.

Mgiller, T., Franch, T., Udesen, C., Gerdes, K. & Valentimblen, P. (2002). Spot42 RNA mediates
discoordinate expression of tke coli galactose operorGenes Dey.16(13), 1696—-1706.

Molnar, A., Schwach, F., Studholme, D. J., Thuenemann, E. C. &d®abe, D. C. (2007). miRNAs
control gene expression in the single-cell altfdamydomonas reinhardtiNature 447(7148),
1126-1129.

Morita, T., Maki, K. & Aiba, H. (2005). RNase E-based ribofeaprotein complexes: mechanical basis of
MRNA destabilization mediated by bacterial noncoding RN&snes Dey.19(18), 2176—-2186.



203

Morita, T., Mochizuki, Y. & Aiba, H. (2006). Translationagpression is sufficient for gene silencing by
bacterial small noncoding RNAs in the absence of mMRNA destm. Proc. Nat. Acad. Sci. U.S.A.
103(13), 4858-4863.

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L. & \Wh B. (2008). Mapping and quantifying
mammalian transcriptomes by RNA-Sddat. Methods5(7), 621-628.

Muffler, A., Fischer, D. & Hengge-Aronis, R. (1996). The RNvading protein HF-1, known as a host
factor for phage @ RNA replication, is essential fapoStranslation inEscherichia coli Genes Dey.
10(9), 1143-1151.

Murakawa, G. J. & Nierlich, D. P. (1989). Mapping tleeZ ribosome binding site by RNA footprinting.
Biochemistry 28(20), 8067—-8072.

Nagalakshmi, U., Wang, Z., Waern, K., Shou, C., Raha, D.stgar, M. & Snyder, M. (2008). The
transcriptional landscape of the yeast genome defined by s&dgfiencingScience320(5881),
1344-1349.

Nakao, H., Watanabe, H., Nakayama, S. & Takeda, T. (19g8ene expression i¥ersinia enterocolitica
is positively regulated by a chromosomal region that is lyitjomologous tdEscherichia colihost
factor 1 genelffg). Mol. Microbiol., 18(5), 859—-865.

Neu, H. C. & Heppel, L. A. (1965). The release of enzymes fisnherichia colby osmotic shock and
during the formation of spheroplasts.Biol. Chem.240(9), 3685—-3692.

Nicholson, A. W. (1999). Function, mechanism and regutatibbacterial ribonucleaseEEMS Microbiol.
Rev, 23(3), 371-390.

Nielsen, J. S., Bgggild, A., Andersen, C. B. F., Nielsen Baysen, A., Brodersen, D. E. &
Valentin-Hansen, P. (2007). An Hfg-like protein in archaemystal structure and functional
characterization of the Sm protein frdwethanococcus jannaschiRNA 13(12), 2213-2223.

Nikulin, A., Stolboushkina, E., Perederina, A., Vassidiel,, Blaesi, U., Moll, I., Kachalova, G.,
Yokoyama, S., Vassylyev, D., Garber, M. & Nikonov, S. (200S)ructure oPseudomonas aeruginosa
Hfq protein. Acta Crystallogr. D. Biol. Crystallogr.61(Pt 2), 141-146.

Novick, R. P., Ross, H. F., Projan, S. J., Kornblum, J., Kr@ih, B. & Moghazeh, S. (1993). Synthesis of
staphylococcal virulence factors is controlled by a reguiaRNA molecule.EMBO J, 12(10),
3967-3975.

Ochsner, U. A., .Wilderman, P. J, Vasil, A. |. & Vasil, M. L.@22). GeneChip expression analysis of the
iron starvation response Pseudomonas aeruginasdentification of novel pyoverdine biosynthesis
genes.Mol. Microbiol., 45(5), 1277-1287.

Odenbreit, S., Till, M., Hofreuter, D., Faller, G. & Haas,®999). Genetic and functional characterization
of thealpABgene locus essential for the adhesiofeficobacter pylorito human gastric tissuéol.
Microbiol., 31(5), 1537-1548.

Oh, J. D., Kling-Backhed, H., Giannakis, M., Xu, J., Fulton, R. S., Fulton, L,.@ordum, H. S., Wang, C.,
Elliott, G., Edwards, J., Mardis, E. R., Engstrand, L. G. &@an, J. |. (2006). The complete genome
sequence of a chronic atrophic gastritislicobacter pyloristrain: evolution during disease
progressionProc. Nat. Acad. Sci. U.S.AL03(26), 9999-10004.

O’Hara, E. B., Chekanova, J. A., Ingle, C. A., Kushner, Z.FReters, E. & Kushner, S. R. (1995).
Polyadenylylation helps regulate mMRNA decayEscherichia coli Proc. Nat. Acad. Sci. U.S.A.
92(6), 1807-1811.

Ohnishi, K., Hasegawa, A., Matsubara, K., Date, T., Okad&, Kiritani, K. (1988). Cloning and
nucleotide sequence of thenQ gene, the structural gene for a membrane-associated camipain
the LIV-II transport system for branched-chain amino a@dSalmonella typhimuriumJpn. J. Genet.
63(4), 343-357.



204

CHAPTER 9. References

Opdyke, J. A., Kang, J. & Storz, G. (2004). GadY, a small-RN4gulator of acid response genes in
Escherichia coli J. Bacteriol, 186(20), 6698—6705.

Ow, M. C., Perwez, T. & Kushner, S. R. (2003). RNase &stherichia coliexhibits only limited
functional overlap with its essential homologue, RNas&/&l. Microbiol., 49(3), 607-622.

Padalon-Brauch, G., Hershberg, R., Elgrably-Weiss, MtuBla, K., Rosenshine, I., Margalit, H. &
Altuvia, S. (2008). Small RNAs encoded within genetic islaof Salmonella typhimuriurahow
host-induced expression and role in virulenblelcleic Acids Res36(6), 1913-1927.

Papenfort, K., Pfeiffer, V., F.Mika, S.Lucchini, Hinton,Q D & Vogel, J. (2006) s5-dependent small
RNAs of Salmonellarespond to membrane stress by accelerating glotngimRNA decay.Mol.
Microbiol., 62(6), 1674-1688.

Papenfort, K., Pfeiffer, V., Lucchini, S., Sonawane, A.ntéin, J. C. D. & Vogel, J. (2008). Systematic
deletion ofSalmonellasmall RNA genes identifies CyaR, a conserved CRP-depenitenégulator of
OmpX synthesisMol. Microbiol., 68(4), 890-906.

Papenfort, K. & Vogel, J. (2009). Multiple target regulatioy small noncoding RNAs rewires gene
expression at the post-transcriptional leweés. Microbiol, in press.

Pesci, E. C. & Pickett, C. L. (1994). Genetic organizatiod anzymatic activity of a superoxide dismutase
from the microaerophilic human pathogétglicobacter pylori Geng 143(1), 111-116.

Petersen, L., Larsen, T. S., Ussery, D. W.,, On, S. L. W. & Krtagh(2003). RpoD promoters in
Campylobacter jejunéxhibit a strong periodic signal instead of a -35 bdxMol. Biol., 326(5),
1361-1372.

Pfeiffer, V., Sittka, A., Tomer, R., Tedin, K., Brinkmann, & Vogel, J. (2007). A small non-coding RNA of
the invasion gene island (SPI-1) represses outer membratedrpsynthesis from th8almonellecore
genome.Mol. Microbiol., 66(5), 1174-1191.

Pflock, M., Bathon, M., Schr, J., Miller, S., Mollenkopf, H., Meyer, T. F. & Beier, D. (2007). &lorphan
response regulator HP1021lgélicobacter pyloriregulates transcription of a gene cluster presumably
involved in acetone metabolisrd. Bacteriol, 189(6), 2339-2349.

Pflock, M., Dietz, P., Scir, J. & Beier, D. (2004). Genetic evidence for histidinedsa HP165 being an
acid sensor oHelicobacter pylori FEMS Microbiol. Lett. 234(1), 51-61.

Pflock, M., Finsterer, N., Joseph, B., Mollenkopf, H., MeyerF. & Beier, D. (2006). Characterization of
the ArsRS regulon aflelicobacter pylorj involved in acid adaptationl. Bacteriol, 188(10),
3449-3462.

Pflock, M., Kennard, S., Delany, |., Scarlato, V. & Beier, R005). Acid-induced activation of the urease
promoters is mediated directly by the ArsRS two-compongstiesn ofHelicobacter pylori Infect.
Immun, 73(10), 6437—6445.

Phadnis, S. H., Parlow, M. H., Levy, M., llver, D., Caulkiigs, M., Connors, J. B. & Dunn, B. E. (1996).
Surface localization dfielicobacter pyloriurease and a heat shock protein homolog requires bacterial
autolysis.Infect. Immun.64(3), 905-912.

Pichon, C. & Felden, B. (2003). Intergenic sequence ingpesearching and identifying bacterial RNAs.
Bioinformatics 19(13), 1707-1709.

Pichon, C. & Felden, B. (2005). Small RNA genes expressead Staphylococcus aureggnomic and
pathogenicity islands with specific expression among gthit strainsProc. Nat. Acad. Sci. U.S.A.
102(40), 14249-14254.

Pichon, C. & Felden, B. (2007). Proteins that interact wilsterial small RNA regulatord&EMS
Microbiol. Rey, 31(5), 614-625.



205

Pichon, C. & Felden, B. (2008). Small RNA gene identificatémd mRNA target predictions in bacteria.
Bioinformatics 24(24), 2807—-2813.

Platt, T. & Yanofsky, C. (1975). An intercistronic regiondanibosome-binding site in bacterial messenger
RNA. Proc. Nat. Acad. Sci. U.S.A72(6), 2399-2403.

Panek, J., Bobek, J., MikiK, K., Basler, M. & Vohradsl, J. (2008). Biocomputational prediction of small
non-coding RNAs irStreptomycesBMC Genomics9, 217.

Porwollik, S. & McClelland, M. (2003). Lateral gene transiie Salmonella Microbes Infect.5(11),
977-989.

Porwollik, S., Noonan, B. & O'Toole, P. W. (1999). Moleculararacterization of a flagellar export locus of
Helicobacter pylori Infect. Immun.67(5), 2060—2070.

Préevost, K., Salvail, H., Desnoyers, G., Jacques, J., PhaBe&f Mas£, E. (2007). The small RNA RyhB
activates the translation shiAmRNA encoding a permease of shikimate, a compound involved i
siderophore synthesi#lol. Microbiol., 64(5), 1260-1273.

Pulvermacher, S. C., Stauffer, L. T. & Stauffer, G. V. (200Rple of the SRNA GcvB in regulation afycA
in Escherichia coli Microbiology, 155(Pt 1), 106—-114.

Pulvermacher, S. C., Stauffer, L. T. & Stauffer, G. V. (200Bhe small RNA GcvB regulatesstTmRNA
expression irfEscherichia coli J. Bacteriol, 191(1), 238—-248.

Rajewsky, N. (2006). microRNA target predictions in anim®at. Genet.38 Suppl, S8-13.
Rajkowitsch, L. & Schroeder, R. (2007). Dissecting RNA ofiame activity.RNA 13(12), 2053—-2060.

Rasmussen, A. A., Eriksen, M., Gilany, K., Udesen, C., Hnang Petersen, C. & Valentin-Hansen, P.
(2005). Regulation ocbmpAmMRNA stability: the role of a small regulatory RNA in growth
phase-dependent contrdllol. Microbiol., 58(5), 1421-1429.

Reeder, J. & Giegerich, R. (2005). Consensus shapes: analte to the Sankoff algorithm for RNA
consensus structure predictiddioinformatics 21(17), 3516-3523.

Regalia, M., Rosenblad, M. A. & Samuelsson, T. (2002). Riteat of signal recognition particle RNA
genes.Nucleic Acids Res30(15), 3368—-3377.

Rehmsmeier, M., Steffen, P., Hochsmann, M. & Giegerich2R04). Fast and effective prediction of
microRNA/target duplexesRNA 10(10), 1507-1517.

Reichenbach, B., Maes, A., Kalamorz, F., Hajnsdorf, E. &ke, B. (2008). The small RNA GImY acts
upstream of the SRNA GImZ in the activationglmSexpression and is subject to regulation by
polyadenylation irEscherichia coli Nucleic Acids Res36(8), 2570-2580.

Repoila, F. & Gottesman, S. (2001). Signal transductiocaades for regulation of RpoS: temperature
regulation of DsrA.J. Bacteriol, 183(13), 4012—-4023.

Régnier, P. & Arraiano, C. M. (2000). Degradation of mRNA ircteaia: emergence of ubiquitous features.
Bioessays22(3), 235-244.

Régnier, P. & Grunberg-Manago, M. (1990). RNase Il cleagagenon-coding leaders @&scherichia coli
transcripts control mRNA stability and genetic expressidiochimie 72(11), 825-834.

Rijk, Peter De, Wuyts, Jan & Wachter, Rupert De (2003). Ra@Vian improved representation of RNA
secondary structuréioinformatics 19(2), 299-300.

Rivas, E. & Eddy, S. R. (2001). Noncoding RNA gene detectisingicomparative sequence analy&sIC
Bioinformatics 2, 8.

Rivas, E., Klein, R. J., Jones, T. A. & Eddy, S. R. (2001). Catafional identification of noncoding RNAs
in E. coli by comparative genomic&urr. Biol., 11(17), 1369-1373.



206

CHAPTER 9. References

Robbins, J. C. & Oxender, D. L. (1973). Transport systemsfanine, serine, and glycine Escherichia
coli K-12. J. Bacteriol, 116(1), 12-18.

Robertson, G. T. & Roop, R. M. (1999). TiBzucella abortushost factor | (HF-I) protein contributes to
stress resistance during stationary phase and is a magndeant of virulence in miceMol.
Microbiol., 34(4), 690-700.

Romeo, T. (1998). Global regulation by the small RNA-birgdprotein CsrA and the non-coding RNA
molecule CsrBMol. Microbiol., 29(6), 1321-1330.

Ruby, J. G., Jan, C., Player, C., Axtell, M. J., Lee, W., NusbaC., Ge, H. & Bartel, D. P. (2006).
Large-scale sequencing reveals 21U-RNAs and additiorabRNAs and endogenous siRNAS in
C.elegansCell, 127(6), 1193-1207.

Russell, R. R. (1972). Mapping of a D-cycloserine resistdocus inEscherichia coliK-12. J. Bacteriol,
111(2), 622-624.

Saetrom, P., Sneve, R., Kristiansen, K. I., Sngve, Qinid, T., Rognes, T. & Seeberg, E. (2005).
Predicting non-coding RNA genes Escherichia coliwith boosted genetic programminbjucleic
Acids Res.33(10), 3263-3270.

Said, N., Rieder, R., Hurwitz, R., Deckert, J., Urlaub, H. &J¢él, J. (2009)In vivo expression and
purification of aptamer-tagged small RNA regulators. (Sittea).

Salzberg, S. L., Delcher, A. L., Kasif, S. & White, O. (1998)ickbbial gene identification using
interpolated Markov modelNucleic Acids Res26(2), 544-548.

Sambrook, J. & Russell, D.W. (2001)lolecular cloning: A laboratory manualCold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York, USA, 3rdiedi

Santos, J. M., Drider, D., Marujo, P. E., Lopez, P. & Arraia@oM. (1997). Determinant role @&. coli
RNase Il in the decay of both specific and heterologous mRNAIMS Microbiol. Lett, 157(1),
31-38.

Sarkar, N. (1997). Polyadenylation of mMRNA in prokaryotdsnu. Rev. Biochen66, 173—-197.

Sauter, C., Basquin, J. & Suck, D. (2003). Sm-like protemBubacteria: the crystal structure of the Hfq
protein fromEscherichia coli Nucleic Acids Res31(14), 4091-4098.

Scheibe, M., Bonin, S., Hajnsdorf, E., Betat, H. &Kl M. (2007). Hfg stimulates the activity of the
CCA-adding enzymeBMC Mol. Biol, 8, 92.

Schmitz, A., Josenhans, C. & Suerbaum, S. (1997). Clonidgharacterization of thilelicobacter pylori
flbA gene, which codes for a membrane protein involved in coatdthexpression of flagellar genes.
J. Bacteriol, 179(4), 987-997.

Schumacher, M. A., Pearson, R. F., Mgller, T., Valentin-$tam P. & Brennan, R. G. (2002). Structures of
the pleiotropic translational regulator Hfq and an Hfg-Rbi#mplex: a bacterial Sm-like protein.
EMBO J 21(13), 3546—3556.

Selinger, D. W., Cheung, K. J., Mei, R., Johansson, E. M.hRiond, C. S., Blattner, F. R.,
Lockhart, D. J. & Church, G. M. (2000). RNA expression analysing a 30 base pair resolution
Escherichia coligenome arrayNat. Biotechnol.18(12), 1262—1268.

Sharma, A. K. & Payne, S. M. (2006). Induction of expressibhfqby DksA is essential foBhigella
flexnerivirulence.Mol. Microbiol., 62(2), 469-479.

Sharma, C. M., Darfeuille, F., Plantinga, T. H. & Vogel, 00Z). A small RNA regulates multiple ABC
transporter mRNAs by targeting C/A-rich elements inside apstream of ribosome-binding sites.
Genes Dey21(21), 2804-2817.

Shirai, M., Fujinaga, R., Akada, J. K. & Nakazawa, T. (1998gtivation of Helicobacter pylori ureA
promoter by a hybridscherichia coli-H. pylori rpoDgene inE. coli. Geneg 239(2), 351-359.



207

Silvaggi, J. M., Perkins, J. B. & Losick, R. (2005). Small tamslated RNA antitoxin iBacillus subtilis
J. Bacteriol, 187(19), 6641-6650.

Silvaggi, J. M., Perkins, J. B. & Losick, R. (2006). Genesdorall, noncoding RNAs under sporulation
control inBacillus subtilis J. Bacteriol, 188(2), 532-541.

Simons, R. W. & Kleckner, N. (1983). Translational contrbl®10 transpositionCell, 34(2), 683-691.

Singer, B. S., Shtatland, T., Brown, D. & Gold, L. (1997). takes for genomic SELEXNucleic Acids
Res, 25(4), 781-786.

Sittka, A., Pfeiffer, V., Tedin, K. & J.Vogel (2007). The RN#haperone Hfq is essential for the virulence of
Salmonella typhimuriumMol. Microbiol., 63(1), 193-217.

Sittka, A., Sharma, C. M., Rolle, K. & Vogel, J. (2009). Deegsencing oBalmonellaRNA associated
with heterologous Hfq proteiria vivoreveals small RNAs as a major target class and identifies RNA
processing phenotypeRNA Biology 6(3), 1-10.

Sittka, A., S.Lucchini, Papenfort, K., Sharma, C. M., Role, Binnewies, T. T., Hinton, J. C. D. &
\Vogel, J. (2008). Deep sequencing analysis of small nomgo@NA and mRNA targets of the global
post-transcriptional regulator, Hf(PLoS Genet4(8), €1000163.

Sittka, A. & Vogel, J. (2008). A glimpse at the evolution ofwience controlCell Host Microbe 4(4),
310-312.

Sledjeski, D. & Gottesman, S. (1995). A small RNA acts as disiéencer of the H-NS-silencedsAgene
of Escherichia coli Proc. Nat. Acad. Sci. U.S.£02(6), 2003—-2007.

Sledjeski, D. D., Gupta, A. & Gottesman, S. (1996). The siRalA, DsrA, is essential for the low
temperature expression of RpoS during exponential grawscherichia coli EMBO J, 15(15),
3993-4000.

Song, M., Kim, H., Kim, E. Y, Shin, M., Lee, H. C., Hong, Y., B&, J. H., Yoon, H., Ryu, S., Lim, S. &
Choy, H. E. (2004). ppGpp-dependent stationary phase fimfucf genes orSalmonella
pathogenicity island 1J. Biol. Chem.279(33), 34183-34190.

Song, T., Mika, F., Lindmark, B., Liu, Z., Schild, S., Bishak., Zhu, J., Camilli, A., Johansson, J.,
J.Vogel & Wai, S. N. (2008). A newibrio choleraesRNA modulates colonization and affects release
of outer membrane vesiclellol. Microbiol., 70(1), 100-111.

Sonnleitner, E., Hagens, S., Rosenau, F., Wilhelm, S., HAhelager, K. & Blasi, U. (2003). Reduced
virulence of ahfqmutant ofPseudomonas aerugino§xl. Microb. Pathog, 35(5), 217-228.

Sonnleitner, E., Schuster, M., Sorger-Domenigg, T., Gueay E. P. & U.Basi (2006). Hfg-dependent
alterations of the transcriptome profile and effects on gomosensing ilPseudomonas aeruginasa
Mol. Microbiol., 59(5), 1542—1558.

Sonnleitner, E., Sorger-Domenigg, Th., Madej, M. J., FissleS., Hackeriler, J., A.Hittenhofer,
Stadler, P. F., Bisi, U. & Moll, I. (2008). Detection of small RNAs iRseudomonas aeruginobg
RNomics and structure-based bioinformatic todiscrobiology, 154(Pt 10), 3175-3187.

Soppa, J., Straub, J., Brenneis, Ma., Jellen-Ritter, Aye&R., Fischer, S., Granzow, M., Voss, B.,
Hess, W. R., Tjaden, B. & Marchfelder, A. (2009). Small RNAste halophilic archaeoHaloferax
volcanii. Biochem. Soc. Trans37(Pt 1), 133-136.

Spohn, G., Beier, D., Rappuoli, R. & Scarlato, V. (1997).r&eriptional analysis of the divergecaigAB
genes encoded by the pathogenicity islan#ieficobacter pylori Mol. Microbiol., 26(2), 361-372.

Spohn, G. & Scarlato, V. (1999). Motility dfilelicobacter pyloriis coordinately regulated by the
transcriptional activator FIgR, an NtrC homolaogj.Bacteriol, 181(2), 593-599.

Spohn, G. & Scarlato, V. (1999). The autoregulatory HspResgor protein governs chaperone gene
transcription inHelicobacter pylori Mol. Microbiol., 34(4), 663—-674.



208 CHAPTER 9. References

Stauffer, L. T. & Stauffer, G. V. (2005). GcvA interacts witleth the alpha and sigma subunits of RNA
polymerase to activate thescherichia coli gcvBjene and thgcvTHPoperon.FEMS Microbiol. Lett,
242(2), 333-338.

Ostberg, Y., Bunikis, |., Berggim, S. & Johansson, J. (2004). The etiological agent of Lyisease,
Borrelia burgdorferj appears to contain only a few small RNA moleculésBacteriol, 186(24),
8472-8477.

Steffen, P., Voss, B., Rehmsmeier, M., Reeder, J. & GiejeRc (2006). RNAshapes: an integrated RNA
analysis package based on abstract shepiemformatics 22(4), 500-503.

Steglich, C., Futschik, M. E., Lindell, D., Voss, B., Chigmp S. W. & Hess, W. R. (2008). The challenge of
regulation in a minimal photoautotroph: non-coding RNA®mchlorococcusPL0OS Genet4(8),
€1000173.

Steitz, J. A. & Jakes, K. (1975). How ribosomes select itotiaegions in mMRNA: base pair formation
between the 3’ terminus of 16S rRNA and the mRNA during itiitia of protein synthesis in
Escherichia coli Proc. Nat. Acad. Sci. U.S.A72(12), 4734-4738.

Sternberg, N. L. & Maurer, R. (1991). Bacteriophage-mediafeneralized transductionkischerichia coli
andSalmonella typhimuriumMethods EnzympR04, 18-43.

Stork, M., Lorenzo, M. Di, Welch, T. J. & Crosa, J. H. (2007)yaiiscription termination within the iron
transport-biosynthesis operon\dbrio anguillarumrequires an antisense RNA. Bacteriol, 189(9),
3479-3488.

Storz, G. (2002). An expanding universe of noncoding RNdaence296(5571), 1260-1263.

Storz, G., Altuvia, S. & Wassarman, K. M. (2005). An abundanotRNA regulatorsAnnu. Rev. Biochem.
74,199-217.

Storz, G., Opdyke, J. A. & Zhang, A. (2004). Controlling mRN#ability and translation with small,
noncoding RNAs Curr. Opin. Microbiol, 7(2), 140-144.

Stougaard, P., Molin, S. & Nordgtm, K. (1981). RNAs involved in copy-number control and
incompatibility of plasmid R1Proc. Nat. Acad. Sci. U.S.A78(10), 6008-6012.

Straub, J., Brenneis, M., Jellen-Ritter, A., Heyer, R.,[@0p. & Marchfelder, A. (2009). Small RNAs in
haloarchaea: Identification, differential expression biatbgical function.RNA Biol, 6(3).

Suerbaum, S., Thiberge, J. M., Kansau, |., Ferrero, R. L. Bidgae, A. (1994) Helicobacter pylori
hspA-hspBieat-shock gene cluster: nucleotide sequence, expregsitative function and
immunogenicity.Mol. Microbiol., 14(5), 959-974.

Sukhodolets, M. V. & Garges, S. (2003). InteractiorEstherichia colRNA polymerase with the
ribosomal protein S1 and the Sm-like ATPase Hipchemistry42(26), 8022—8034.

Sultan, M., Schulz, M. H., Richard, H., Magen, A., Klingeffthé., Scherf, M., Seifert, M., Borodina, T.,
Soldatov, A., Parkhomchuk, D., Schmidt, D., O’Keeffe, Sagd, S., Vingron, M., Lehrach, H. &
Yaspo, M. (2008). A global view of gene activity and alteimatplicing by deep sequencing of the
human transcriptomeScience321(5891), 956—960.

Sun, X., Zhulin, I. & Wartell, R. M. (2002). Predicted struo¢ and phyletic distribution of the
RNA-binding protein Hfg.Nucleic Acids Res30(17), 3662—3671.

Suzuma, S., Asari, S., Bunai, K., Yoshino, K., Ando, Y., Kslkiéa, H., Fujita, M., Nakamura, K. &
Yamane, K. (2002). Identification and characterization@fat small RNAs in theaspS-yrvM
intergenic region of th&acillus subtilisgenome Microbiology, 148(Pt 8), 2591-2598.

Svoboda, P. (2007). Off-targeting and other non-specifeces of RNAI experiments in mammalian cells.
Curr. Opin. Mol. Ther. 9(3), 248-257.



209

Swiercz, J. P., Hindra, Bobek, J., Bobek, J., Haiser, H.&raRlo, C. Di, Tjaden, B. & Elliot, M. . (2008).
Small non-coding RNAs istreptomyces coelicoloNucleic Acids Res36(22), 7240-7251.

Tafer, H. & Hofacker, 1. L. (2008). RNAplex: a fast tool for FINRNA interaction searchBioinformatics
24(22), 2657-2663.

Tang, T., Bachellerie, J., Rozhdestvensky, T., Bortolin, Nuber, H., Drungowski, M., Elge, T.,
Brosius, J. & Hittenhofer, A. (2002). Identification of 86 candidates foradl non-messenger RNAs
from the archaeoArchaeoglobus fulgidusProc. Nat. Acad. Sci. U.S.29(11), 7536-7541.

Tang, T., Polacek, N., Zywicki, M., Huber, H., Brugger, Karett, R., Bachellerie, J. P. &iktenhofer, A.
(2005). Identification of novel non-coding RNAs as potdrdiatisense regulators in the archaeon
Sulfolobus solfataricusMol. Microbiol., 55(2), 469-481.

Tenenbaum, S. A., Lager, P. J., Carson, C. C. & Keene, J. D2j2Ribonomics: identifying mRNA
subsets in MRNP complexes using antibodies to RNA-bindintems and genomic arrayslethods
26(2), 191-198.

Tjaden, B. (2008). TargetRNA: a tool for predicting targetsmall RNA action in bacteriaNucleic Acids
Res, 36(Web Server issue), W109-W113.

Tjaden, B., Goodwin, S. S., Opdyke, J. A., Guillier, M., Fu,)D, Gottesman, S. & Storz, G. (2006). Target
prediction for small, noncoding RNAs in bacteriucleic Acids Res34(9), 2791-2802.

Tjaden, B., Saxena, R. M., Stolyar, S., Haynor, D. R., Kglke& Rosenow, C. (2002). Transcriptome
analysis ofEscherichia colusing high-density oligonucleotide probe arraigicleic Acids Res.
30(17), 3732-3738.

Tomb, J. F., White, O., Kerlavage, A. R., Clayton, R. A., Saft&@. G., Fleischmann, R. D.,
Ketchum, K. A., Klenk, H. P., Gill, S., Dougherty, B. A., Nels, K., Quackenbush, J., Zhou, L.,
Kirkness, E. F., Peterson, S., Loftus, B., Richardson, Bddon, R., Khalak, H. G., Glodek, A.,
McKenney, K., Fitzegerald, L. M., Lee, N., Adams, M. D., Higk E. K., Berg, D. E., Gocayne, J. D.,
Utterback, T. R., Peterson, J. D., Kelley, J. M., Cotton, M.\Deidman, J. M., Fujii, C., Bowman, C.,
Watthey, L., Wallin, E., Hayes, W. S., Borodovsky, M., KaRD., Smith, H. O., Fraser, C. M. &
Venter, J. C. (1997). The complete genome sequence of tiwcgasthogerHelicobacter pylori
Nature 388(6642), 539-547.

Tomizawa, J., Itoh, T., Selzer, G. & Som, T. (1981). Inhihitiof ColE1 RNA primer formation by a
plasmid-specified small RNAProc. Nat. Acad. Sci. U.S.A78(3), 1421-1425.

Tramonti, A., De Canio, M. & De Biase, D. (2008). GadX/Gad@pdndent regulation of thescherichia
coli acid fitness island: transcriptional control at teel Y-gad\WHivergent promoters and identification
of four novel 42 bp GadX/GadW-specific binding sité4ol. Microbiol., 70(4), 965-982.

Trotochaud, A. E. & Wassarman, K. M. (2004). 6S RNA functiomances long-term cell survival.
J. Bacteriol, 186(15), 4978-4985.

Trotochaud, A. E. & Wassarman, K. M. (2005). A highly congzh6S RNA structure is required for
regulation of transcriptionNat. Struct. Mol. Biol.12(4), 313-319.

Tsui, H. C., Leung, H. C. & Winkler, M. E. (1994). Charactetion of broadly pleiotropic phenotypes
caused by ahfqinsertion mutation irfEscherichia colK-12. Mol. Microbiol., 13(1), 35-49.

Udagawa, T., Shimizu, Y. & Ueda, T. (2004). Evidence for tlams¢lation initiation of leaderless mRNAs by
the intact 70 S ribosome without its dissociation into stitsun eubacteriaJ. Biol. Chem,.279(10),
8539-8546.

Udekwu, K. 1., Darfeuille, F., Vogel, J., Reimagl, J., Holmgvist, E. & Wagner, E. G. H. (2005).
Hfg-dependent regulation of OmpA synthesis is mediatedrbgrdisense RNAGenes Dey.19(19),
2355-2366.



210

CHAPTER 9. References

Ulbrandt, N. D., Newitt, J. A. & Bernstein, H. D. (1997). TEecoli signal recognition patrticle is required
for the insertion of a subset of inner membrane prote@ell, 88(2), 187—-196.

Ulve, V. M., Sevin, E. W., Céaron, A. & Barloy-Hubler, F. (2007). Identification of chresomal
alpha-proteobacterial small RNAs by comparative genonadyais and detection iSinorhizobium
meliloti strain 1021.BMC Genomics8, 467.

Urban, J. H., Papenfort, K., J.Thomsen, .Schmitz, R. A & Vo@g2007). A conserved small RNA
promotes discoordinate expression of ¢hmUSoperon mRNA to activate GImS synthesis.
J. Mol. Biol,, 373(3), 521-528.

Urban, J. H. & Vogel, J. (2007). Translational control andj&h recognition byEscherichia colsmall
RNAsin vivo. Nucleic Acids Res35(3), 1018-1037.

Urban, J. H. & Vogel, J. (2008). Two seemingly homologousamating RNAs act hierarchically to activate
gImSmRNA translation.PLoS Bio] 6(3), e64.

Urbanowski, M. L., Stauffer, L. T. & Stauffer, G. V. (2000) h&gcvBgene encodes a small untranslated
RNA involved in expression of the dipeptide and oligopepticinsport systems tscherichia coli
Mol. Microbiol., 37(4), 856—868.

Uzzau, S., Figueroa-Bossi, N., Rubino, S. & Bossi, L. (20@Epitope tagging of chromosomal genes in
SalmonellaProc. Nat. Acad. Sci. U.S.£98(26), 15264—-15269.

Valentin-Hansen, P., Eriksen, M. & Udesen, C. (2004). Thadréal Sm-like protein Hfg: a key player in
RNA transactionsMol. Microbiol., 51(6), 1525-1533.

Valverde, C., Heeb, S., Keel, C. & Haas, D. (2003). RsmY, allsmgulatory RNA, is required in concert
with RsmZ for GacA-dependent expression of biocontrotdrai Pseudomonas fluoresce@siAO.
Mol. Microbiol., 50(4), 1361-1379.

Valverde, C., Lindell, M., Wagner, E. G. H. & Haas, D. (200A)repeated GGA motif is critical for the
activity and stability of the riboregulator RsmY Bseudomonas fluorescerds Biol. Chem.279(24),
25066-25074.

Valverde, C., Livny, J., Sciiter, J., Reinkensmeier, J., Becker, A. & Parisi, G. (20@8¢diction of
Sinorhizobium melilotsRNA genes and experimental detection in strain 2@BMC Genomics9,
416.

Vanderpool, C. K. & Gottesman, S. (2004). Involvement of gaghdranscriptional activator and small RNA
in post-transcriptional regulation of the glucose phogtudpyruvate phosphotransferase system.
Mol. Microbiol., 54(4), 1076-1089.

Vanet, A. & Labigne, A. (1998). Evidence for specific seartiather than autolysis in the release of some
Helicobacter pyloriproteins.Infect. Immun.66(3), 1023-1027.

Vanet, A., Marsan, L., Labigne, A. & Sagot, M. F. (2000). Imfieg regulatory elements from a whole
genome. An analysis ddelicobacter pyloric®® family of promoter signalsJ. Mol. Biol, 297(2),
335-353.

Vecerek, B., Moll, I. & BR&si, U. (2005). Translational autocontrol of tBscherichia coli hf(RNA
chaperone gend&?NA 11(6), 976-984.

Vecerek, B., Moll, I. & BB&si, U. (2007). Control of Fur synthesis by the non-coding®RRyhB and
iron-responsive decodingEMBO J, 26(4), 965-975.

Viegas, S. C. & Arraiano, C. M. (2008). Regulating the retpist How ribonucleases dictate the rules in
the control of small non-coding RNA&RNA Biol, 5(4), 230-243.

Viegas, S. C., Pfeiffer, V., Sittka, A., Silva, I. J., Vogél,& Arraiano, C. M. (2007). Characterization of the
role of ribonucleases i8almonellasmall RNA decayNucleic Acids Res35(22), 7651-7664.



211

Vogel, J., Argaman, L., Wagner, E. G. H. & Altuvia, S. (200Fhe small RNA IstR inhibits synthesis of an
SOS-induced toxic peptid€urr. Biol., 14(24), 2271-2276.

Vogel, J., Bartels, V., Tang, T. H., Churakov, G., Slagté&gel, J. G., ldttenhofer, A. & Wagner, E. G. H.
(2003). RNomics irEscherichia coldetects new sRNA species and indicates parallel transmradt
output in bacteriaNucleic Acids Res31(22), 6435—6443.

Vogel, J. & Papenfort, K. (2006). Small non-coding RNAs &lnel bacterial outer membran€urr. Opin.
Microbiol., 9(6), 605—-611.

Vogel, J. & Sharma, C. M. (2005). How to find small non-codingA® in bacteriaBiol. Chem, 386(12),
1219-1238.

Vogel, J. & Wagner, E. G. H. (2007). Target identification wfadl noncoding RNAs in bacteriaCurr.
Opin. Microbiol, 10(3), 262—270.

Vytvytska, O., Moll, I., Kaberdin, V. R., von Gabain, A. & B$i, U. (2000). Hfg (HF1) stimulatesmpA
MRNA decay by interfering with ribosome bindinGenes Dey.14(9), 1109-1118.

Wadler, C. S. & Vanderpool, C. K. (2007). A dual function fobacterial small RNA: SgrS performs base
pairing-dependent regulation and encodes a functiongppptide.Proc. Nat. Acad. Sci. U.S.A.
104(51), 20454-20459.

Wagner, E.G. & Darfeuille, F. (2006). Small Regulatory RNA®acteria. INSmall RNAs: Analysis and
regulatory functiongNellen, W. & Hamann, C., eds), pp. 1-29.

Wagner, E. G. H., Altuvia, S. & Romby, P. (2002). AntisenseARNh bacteria and their genetic elements.
Adv. Genet.46, 361-398.

Waldminghaus, T., Fippinger, A., Alfsmann, J. & Narberhdug2005). RNA thermometers are common in
alpha- and gamma-proteobacteitiol. Chem, 386(12), 1279-1286.

Waldminghaus, T., Heidrich, N., Brantl, S. & Narberhauq2007). FourU: a novel type of RNA
thermometer irBalmonella Mol. Microbiol., 65(2), 413-424.

Walz, A., Pirrotta, V. & Ineichen, K. (1976). Lambda repressegulates the switch between PR and Prm
promoters.Naturg 262(5570), 665-669.

Wang, Z., Gerstein, M. & Snyder, M. (2009). RNA-Seq: a retioloary tool for transcriptomicdNat. Rev.
Genet, 10(1), 57-63.

Wang, Z. & Wang, G. (2004). APD: the Antimicrobial PeptidetBlzase Nucleic Acids Res32(Database
issue), D590-D592.

Wargel, R. J., Hadur, C. A. & Neuhaus, F. C. (1971). Mecharo$ib-cycloserine action: transport mutants
for D-alanine, D-cycloserine, and glycinég. Bacteriol, 105(3), 1028-1035.

Washietl, S. & Hofacker, I. L. (2004). Consensus folding lifrzed sequences as a new measure for the
detection of functional RNAs by comparative genomigsMol. Biol,, 342(1), 19-30.

Washietl, S., Hofacker, I. L. & Stadler, P. F. (2005). Fast egliable prediction of noncoding RNAs.
Proc. Nat. Acad. Sci. U.S.AL02(7), 2454—2459.

Washio, T., Sasayama, J. & Tomita, M. (1998). Analysis of plate genomes suggests that many
prokaryotes do not rely on hairpin formation in transcoptiermination.Nucleic Acids Res26(23),
5456-5463.

Wassarman, K.M., Repoila, F., Rosenow, C., Storz, G. & Gatt, S. (2001). Identification of novel small
RNAs using comparative genomics and microarrdysnes Dey.15(13), 1637-1651.

Wassarman, K. M. (2007). 6S RNA: a regulator of transcriptidol. Microbiol., 65(6), 1425-1431.

Wassarman, K. M. & Saecker, R. M. (2006). Synthesis-mediggkease of a small RNA inhibitor of RNA
polymerase Science314(5805), 1601-1603.



212

CHAPTER 9. References

Wassarman, K. M. & Storz, G. (2000). 6S RNA regulaesoli RNA polymerase activityCell, 101(6),
613-623.

Wassarman, K. M., Zhang, A. & Storz, G. (1999). Small RNA&stherichia coli Trends Microbiol, 7(1),
37-45.

Watanabe, T., Sugiura, M. & Sugita, M. (1997). A novel smibée RNA, 6Sa RNA, from the
cyanobacteriunsynechococcusp. strain PCC630IFEBS Lett. 416(3), 302—-306.

Waters, Lauren S & Storz, Gisela (2009). Regulatory RNAsactéria.Cell, 136(4), 615-628.

Weber, A. P. M., Weber, K. L., Carr, K., Wilkerson, C. & Ohlgg, J. B. (2007). Sampling the Arabidopsis
transcriptome with massively parallel pyrosequencipignt Physiol, 144(1), 32-42.

Weilbacher, T., Suzuki, K., Dubey, A. K., Wang, X., Gudap&y, Morozov, |., Baker, C. S., Georgellis, D.,
Babitzke, P. & Romeo, T. (2003). A novel SRNA component of¢dhgbon storage regulatory system
of Escherichia coli Mol. Microbiol., 48(3), 657-670.

Weinberg, Z., Barrick, J. E., Yao, Z., Roth, A., Kim, J. N.,18pJ., Wang, J. X, Lee, E. R., Block, K. F.,
Sudarsan, N., Neph, S., Tompa, M., Ruzzo, W. L. & Breaker, R2B07). Identification of 22
candidate structured RNAs in bacteria using the CMfinderpamative genomics pipelin@ucleic
Acids Res.35(14), 4809-4819.

Wen, Y., Feng, J., Scott, D. R., Marcus, E. A. & Sachs, G. (200%e HP0165-HP0166 two-component
system (ArsRS) regulates acid-induced expression of HP&A@&rbonic anhydrase idelicobacter
pylori by activating the pH-dependent promotérBacteriol, 189(6), 2426—2434.

Wilderman, P. J., Sowa, N. A., FitzGerald, D. J., FitzGer®IdC., Gottesman, S., Ochsner, U. A. &
Vasil, M. L. (2004). Identification of tandem duplicate régpory small RNAs inPseudomonas
aeruginosanvolved in iron homeostasifroc. Nat. Acad. Sci. U.S.AL01(26), 9792-9797.

Wilhelm, B. T., Marguerat, S., Watt, S., Schubert, F., WoddGoodhead, I., Penkett, C. J., Rogers, J. &
Bahler, J. (2008). Dynamic repertoire of a eukaryotic trapsame surveyed at single-nucleotide
resolution.Nature 453(7199), 1239-1243.

Will, S., Reiche, K., Hofacker, I. L., Stadler, P. F. & Backaf R. (2007). Inferring noncoding RNA families
and classes by means of genome-scale structure-basesticigsPLoS Comput. Biol.3(4), €65.

Williams, K. P. & Bartel, D. P. (1996). Phylogenetic anafysf tmRNA secondary structur®&NA 2(12),
1306-1310.

Willins, D. A., Ryan, C. W., Platko, J. V. & Calvo, J. M. (1991Characterization of Lrp, anischerichia
coli regulatory protein that mediates a global response torieudi Biol. Chem.266(17),
10768-10774.

Willkomm, D. K., Minnerup, J., Fittenhofer, A. & Hartmann, R. K. (2005). Experimental RNomin
Aquifex aeolicusidentification of small non-coding RNAs and the putativeRISA homolog.
Nucleic Acids Res33(6), 1949-1960.

Wilson, J. W., Ott, C. M., zu Bentrup, K.&her, Ramamurthy, R., Quick, L., Porwollik, S., Cheng, P.,
McClelland, M., Tsaprailis, G., Radabaugh, T., Hunt, Arrfgadez, D., Richter, E., Shah, M.,
Kilcoyne, M., Joshi, L., Nelman-Gonzalez, M., Hing, S., RaM., Dumars, P., Norwood, K.,

Bober, R., Devich, J., Ruggles, A., Goulart, C., Rupert, Madieck, L., Stafford, P., Catella, L.,
Schurr, M. J., Buchanan, K., Morici, L., McCracken, J., All®., Baker-Coleman, C., Hammond, T.,
Vogel, J., Nelson, R., Pierson, D. L., Stefanyshyn-PipeiMH& Nickerson, C. A. (2007). Space
flight alters bacterial gene expression and virulence avehie a role for global regulator Hfg.

Proc. Nat. Acad. Sci. U.S.AL04(41), 16299-16304.

Wilusz, C. J. & Wilusz, J. (2005). Eukaryotic Lsm proteinsssons from bacteridNat. Struct. Mol. Biol.
12(12), 1031-1036.



213

Windbichler, N., von Pelchrzim, F., Mayer, O., Csaszar, ESéroeder, R. (2008). Isolation of small
RNA-binding proteins fronk. coli: evidence for frequent interaction of RNAs with RNA polyrase.
RNA Biol, 5(1), 30—40.

Winkler, W. C., Nahvi, A., Roth, A., Collins, J. A. & BreakeR. R. (2004). Control of gene expression by a
natural metabolite-responsive ribozynidature 428(6980), 281-286.

Xiao, B., Li, W., Guo, G., Li, B., Liu, Z., Jia, K., Guo, Y., MaX. & Zou, Q. (2009). Identification of small
noncoding RNAs irHelicobacter pyloriby a bioinformatics-based approad@urr. Microbiol., 58(3),
258-263.

Xiao, B., Li, W., Guo, G., Li, B., Liu, Z., Tang, B., Mao, X. & 4q Q. (2009). Screening and identification
of natural antisense transcriptsHielicobacter pyloriby a novel approach based on RNase | protection
assay.Mol. Biol. Rep, 36(7), 1853-1858.

Xu, F. & Cohen, S. N. (1995). RNA degradationkscherichia colregulated by 3’ adenylation and 5’
phosphorylationNaturg 374(6518), 180-183.

Yachie, N., Numata, K., Saito, R., Kanai, A. & Tomita, M. (&)0 Prediction of non-coding and antisense
RNA genes irEscherichia coliwith Gapped Markov ModelGene 372, 171-181.

Yamanaka, K., Fang, L. & Inouye, M. (1998). The CspA familyEscherichia coli multiple gene
duplication for stress adaptatiool. Microbiol., 27(2), 247—-255.

Yassour, M., Kaplan, T., Fraser, H. B., Levin, J. Z., Pfiffner Adiconis, X., Schroth, G., Luo, S.,
Khrebtukova, I., Gnirke, A., Nusbaum, C., Thompson, D.e8iman, N. & Regev, A. (2009Ab initio
construction of a eukaryotic transcriptome by massivehala mRNA sequencing.

Proc. Nat. Acad. Sci. U.S.AL06(9), 3264—3269.

Yoder-Himes, D. R., Chain, P. S G, Zhu, Y., Wurtzel, O., RulEinM., Tiedje, James M & Sorek, R. (2009).
Mapping theBurkholderia cenocepaciaiche response via high-throughput sequencing.
Proc. Nat. Acad. Sci. U.S.AL06(10), 3976-3981.

Yuan, G., Kkmbt, C., Bachellerie, J., Brosius, J. &itenhofer, A. (2003). RNomics iDrosophila
melanogasteridentification of 66 candidates for novel non-messengeA&Nucleic Acids Res.
31(10), 2495-2507.

Yusupova, G., Jenner, L., Rees, B., Moras, D. & Yusupov, M0@). Structural basis for messenger RNA
movement on the ribosomélature 444(7117), 391-394.

Yusupova, G. Z., Yusupov, M. M., Cate, J. H. & Noller, H. F. (2). The path of messenger RNA through
the ribosomeCell, 106(2), 233—-241.

Zhang, A., Altuvia, S., Tiwari, A., Argaman, L., Hengge-Auie, R. & Storz, G. (1998). The OxyS
regulatory RNA repressepoStranslation and binds the Hfq (HF-I) proteiBMBO J, 17(20),
6061-6068.

Zhang, A., Wassarman, K. M., Ortega, J., Steven, A. C. & $16r12002). The Sm-like Hfg protein
increases OxyS RNA interaction with target mRNAol. Cell, 9(1), 11-22.

Zhang, A., Wassarman, K. M., Rosenow, C., Tjaden, B. C.,z5tr & Gottesman, S. (2003). Global
analysis of small RNA and mRNA targets of Hflylol. Microbiol., 50(4), 1111-1124.

Zhang, Y., Sun, S., Wu, T., Wang, J., Liu, C., Chen, L., Zhy,2Zhao, Y., Zhang, Z., Shi, B., Lu, H. &
Chen, R. (2006). Identifying Hfg-binding small RNA targ@&tsEscherichia coli Biochem. Biophys.
Res. Commun343(3), 950-955.

Zhang, Y., Zhang, Z., Ling, L., Shi, B. & Chen, R. (2004). Cenation analysis of small RNA genes in
Escherichia coli Bioinformatics 20(5), 599-603.

Zhao, T., Li, G., Mi, S., Li, S., Hannon, G. J., Wang, X. & Qi,(2007). A complex system of small RNAs
in the unicellular green algéghlamydomonas reinhardtiGenes Dey.21(10), 1190-1203.



Ziolkowska, K., Derreumaux, P., Folichon, M., Pellegridi, Regnier, P., Boni, I. V. & Hajnsdorf, E.
(2006). Hfg variant with altered RNA binding functionsucleic Acids Res34(2), 709-720.

Zuker, M. (2003). Mfold web server for nucleic acid foldingdahybridization predictionNucleic Acids
Res, 31(13), 3406—3415.



CHAPTER 10

APPENDICES

The following Table 10.1 lists the bacterial strains that were used in Chaptdrsand 5 of this
thesis.

Table 10.1: Bacterial strains.

Strain Relevant markers/ genotype Reference/ source
S. typhimurium
SL1344 Stf hisG rpsL xyl Hoiseth & Stocker,

1981, provided by D.
Bumann, MPI-IB Berlin

JVS-0255 SL1344\hfqg::Cm’ Sittkaet al,, 2007
JVS-0236 SL1344\gcvB::Kn'? this study
JVS-0617 SL1344\gevB/Ahfg this study
JVS-1338 SL1344fq 29 Pfeifferet al, 2007
E. coli
TOP10 mcrA A(mrr-hsdRMS-mcrBCP80lacZAM15 AlacX74  Invitrogen

deoR recAl araD13%(ara-leu)7/697galU galK rpsL

endAl nupG
TOP10F Flaclg Tn10 (Tet®) mcrA A(mrr-hsdRMS-mcrBC) Invitrogen

®80lacZ AM15 AlacX74 deoR recAl aral39
A(ara-leu)r697galU galK rpsL endAl nupG
JVS-6081 TOP1@\gcvB::Knmf? this study

Plasmids that were used or constructed in Chapters 3 and 4 of this thelsisealé the following
Table 10.2.
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Table 10.2: Plasmids that were used or constructed in Chapters 3 andhksdhesis.

Name Synonym Relevant Comment Origin/ Reference
fragment marker
pKD3 Template for mutant construction;| oriR~/ Datsenko &
carries chloramphenicol cassette | AmpR Wanner, 2000
pKD4 Template for mutant construction; | oriRv/ Datsenko &
carries kanamycin cassette AmpR Wanner, 2000
pKD46 Parag-v-3-exo Temperature sensitive red oriR101/ Datsenko &
recombinase expression plasmid | Amp’ Wanner, 2000
pCP20 Temperature sensitive FLP oriR101/ Datsenko &
recombinase expression plasmid | AmpR, Wanner, 2000
CnR
pJV300 ColE1 control plasmid, based on | ColE1/ Sittkaet al,,
pZE124uc, -1 site of Rjaco Amp?h 2007
promoter religated to second
position of Xbal site (destroyed),
yields~ 50 nt nonsense transcript
derived fromrrnB terminator
pJV968-1 ‘lacz ColE control plasmid, carries 1.5 | ColE1/ Vogelet al,
kb internallacZ fragment AmpR 2004
pJVv846-11 PLiacogcvB SalmonelleSL1344gcvB ColE1/ Sharmeet al,,
high-copy expression plasmid, AmpR 2007
gcvBis controlled by the
constitutive Pjaco promoter
pZE12iuc luc General expression plasmid ColE1/ Lutz &
AmpR Bujard, 1997
pTP11 control plasmid Control plasmid based on pJV300| p15A/ Sharmeet al,,
ColE1 origin replaced by p15A AmpR 2007
origin
pTP24 control plasmid 'lacz’ Low copy control plasmid, based | pl5A/ Sharmeet al,
on pJV968-1; ColE1 origin AmpR 2007
replaced by p15A origin
pTPO2 Pgeve-gcvB SalmonellaSL1344gcvB ColE1l/ Sharmeet al,,
high-copy expression plasmid, AmpR 2007
gcvBis controlled by its own
promoter
pTPO5 pgcvB Pgcve-gcvB SalmonelleSL1344gcvBmid-copy | p15A/ Sharmeet al,,
expression plasmidjcvBis AmpR 2007
controlled by its own promoter
pTPO9 pA. gcvB PLiaco-gcvB SalmonelleSL1344gcvBmid-copy | p15A/ Sharmeet al,,
expression plasmidjcvBis AmpR 2007
controlled by the constitutive
PLiaco promoter
pJLO3-15 pgcvBaRr1 Pwt-gCVvBAR1 SalmonellaSL1344gcvBaRr: p15A/ Sharmeet al,,
(deletion of position 66 - 89) AmpR 2007
mid-copy expression plasmid,
gcvBaRrs is controlled by its own
promoter
pJL16-10 pgcvBaARr2 Pwt-gCcvBAR2 SalmonellaSL1344gcvBar2 pl5A/ Sharmeet al,
(deletion of position 136 - 144) AmpR 2007
mid-copy expression plasmid,
gcvBaRs is controlled by its own
promoter
pJLO5-16 pgcvBs A Pwt-gcvBs A SalmonellaSL1344gcvBs A p15A/ Sharmeet al,
(deletion of position 1 - 91) AmpR 2007
mid-copy expression plasmid,
gcvBs A is controlled by its own
promoter
continued on next page
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Name Synonym Relevant Comment Origin/ Reference
fragment marker
pJLO1-1 pgcvBs A Pwt-gcvBs A SalmonellaSL1344gcvBs A p15A/ Sharmeet al,,
(deletion of position 135 - 206) AmpR 2007
mid-copy expression plasmid,
gcvBs A is controlled by its own
promoter
pJL17-6 pgcvBy AT Pwt-gcvBs AT SalmonellaSL1344gcvBy AT pl5A/ Sharmeet al,,
(deletion of bp 135 - 206 and AmpR 2007
stabilized terminator) mid-copy
expression plasmidjcvBs At is
controlled by its own promoter
pJL22 pP.gcvBaRr1 PLiaco-gcvBAR1 SalmonellaSL1344gcvBaRr: pl5A/ Sharmeet al,
(deletion of position 66 - 89) AmpR 2007
mid-copy expression plasmid,
gcvBaRs is controlled by the
constitutive Rjaco promoter
pJL23 pR.gcvBar2 PLiaco-gcVvBAR2 SalmonellaSL1344gcvBar2 p15A/ Sharmeet al.,,
(deletion of position 136 - 144) AmpR 2007
mid-copy expression plasmid,
gcvBaRy is controlled by the
constitutive Rjaco promoter
pJL29-4 pR.gcvBs A Pliaco -9¢VBy A SalmonellaSL1344gcvBs A pl5A/ Sharmeet al,,
(deletion of position 1 - 91) AmpR 2007
mid-copy expression plasmid,
gcvBs a is controlled by the
constitutive Rjaco promoter
pJL13-12 pgcvBs AT Pat-gcvBs AT SalmonellaSL1344gcvBy AT p15A/ Sharmeet al,
(deletion of bp 135-206 and AmpR 2007
mutated SL3) mid-copy expression
plasmid,gcvBy A7 is controlled
by its own promoter
pJV752-1 pZE124uc with modified p15A p15A/ J. Vogel,
origin (no Xbal site) AmpR unpublished
pXG-0 no gfp luc non-fluorescent control plasmid, np pSC101*/ | Urban &
(pJU-004) gfp CnR Vogel, 2007
pXG-1 afp PLieto-afp Fluorescent GFP control plasmid,| pSC101*/ | Urban &
(pJVv859-8) constitutively expresses full-length  CmR Vogel, 2007
gfp
pXG-10 PLieto-lacZ::gfp standard plasmid for directional pSC101*/ | Urban &
cloning of a target mRNA as CmR Vogel, 2007
N-translational fusion to GFP
pXG-20 PLieto-lacZ::gfp plasmid for RACEgfp fusion pSC101* | Urban &
cloning CmR Vogel, 2007
pJL18-1 dppA::gfp PLieto-dppA::gfp | Salmonella dppAranslational GFP| pSC101* | Sharmeetal,
fusion plasmid CnR 2007
pJL19-1 oppA::gfp PLieto-oppA::gfp | Salmonella oppAranslational GFP| pSC101* | Sharmeet al,
fusion plasmid CmR 2007
pJL24-1 gltl::gfp PLieto-gltl::gfp Salmonella gltitranslational GFP | pSC101*/ | Sharmeetal,
fusion plasmid CnR 2007
pJL20-1 livd::gfp PLietolivd::gfp Salmonella livXranslational GFP | pSC101*/ | Sharmeetal,
fusion plasmid CmR 2007
pJL31-24 livK::gfp PLieto-livK::gfp Salmonella livKtranslational GFP | pSC101*/ | Sharmeet al,
fusion plasmid CnR 2007
pJL27-2 argT::gfp PLieto-argT::gfp Salmonella argTranslational GFP | pSC101*/ | Sharmeet al,
fusion plasmid CmR 2007
pTP28 STM4351::gfp PLteto- SalmonellaSSTM4351 translational| pSC101*/ | Sharmeet al,
STM4351:gfp GFP fusion plasmid CmR 2007
pJU-63 ompR::gfp PLieto-ompR::gfp | E. coli ompRused togfp at aa 35 pSC101* | Urban &
CmR Vogel, 2007
continued on next page
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Name Synonym Relevant Comment Origin/ Reference
fragment marker
pJL45-3 gltl aca::gfp PLteto- Salmonella gltl::gfpfusion plasmid | pSC101*/ | Sharmeet al,
gltl aca::afp with deletion of CA-rich region CmR 2007
from 5’UTR of gltl
pJL50-11 ompRea::gfp PLteto E. coli ompR ::gfpwith insertion of | pSC101*/ | Sharmeet al,
ompRea::gfp CA-rich element fronSalmonella | CmR 2007
gltl 5’'UTR
pJL56-2 gltlvz::ofp PLteto- Salmonella gltl::gfgfusion plasmid | pSC101*/ | Sharmeetal,
gltly2::ofp with two mutations to disrupt CmR 2007
stem-loop structure in 5’UTR of
gltl
pFS133-3 | ygjU:gfp PLieto-ygjU::gfp Salmonella ygjU (sstT) pSC101*/ | this study
translational GFP fusion plasmid | CmR®
pFM27-1 yaeC::gfp PLieto-yaeC::gfp | Salmonella yae@anslational GFP| pSC101* | F.Mika,
fusion plasmid CmR unpublished
pJL69-5 gdhA::gfp PLieto-gdhA::gfp | Salmonella gdhAranslational GFP| pSC101* | this study
fusion plasmid CmR
pFS116-1 | asd:gfp PLieto-asd::gfp Salmonella asdranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pFS103-3 Irp::gfp PLieto-Irp::gfp Salmonella Irptranslational GFP pSC101*/ | this study
fusion plasmid CmR
pJL68-1 ilvC::gfp PLieto-ilvC::gfp Salmonella ilvGranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pFS121-1 | ciA:gfp PLieto-iCiA::gfp Salmonella iciAranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pFS105-3 brnQ::gfp PLieto-brnQ::gfp Salmonella brnQranslational GFP| pSC101*/ | this study
fusion plasmid CmR
pSP25-7 iIVE::gfp PLieto-ilVE::gfp Salmonella ilvBranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pSP20-1 thrL::gfp PLieto-thrL::gfp Salmonella thrltranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pSP21-2 ybdH::gfp PLieto-ybdH::gfp | Salmonella ybdHranslational GFP| pSC101* | this study
fusion plasmid CmR
pFS115-2 ndk::gfp PLieto-ndk::gfp Salmonella ndiranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pFS117-1 | serA:gfp PLieto-serA::gfp Salmonella serAranslational GFP | pSC101*/ | this study
fusion plasmid CmR
pJL30-14 cycA:gfp PLteto-CycA::gfp Salmonella cycAranslational GFP | pSC101*/ | this study
fusion plasmid to 18 amino acid CmR
pJL83-2 cycA10th:gfp PLteto- Salmonella cycAranslational GFP | pSC101*/ | this study
cycA10th::gfp fusion plasmid to 18 amino acid | Cn®
pJL70-9 ydgR ::gfp PLieto-ydgR::gfp | Salmonella ydgR (tppB) pSC101*/ | this study
translational GFP fusion plasmid | CnmR
pKP6-21 Pgap-micA SalmonellaMlicA expression pBR322/ Papenforet
plasmid,micAis under control of AmpR al.,
Psap promoter unpublished
pKP8-35 control plasmid pBAD control plasmid, expresses | pBR322/ Papenfort
~ 50 nt nonsense RNA derived AmpR etal, 2006
from rrnB terminator
pKP1-1 pBAD-GcvB Psap-gcvB GcevB expression plasmidgcvBis pBR322/ this study
controlled by the plasmid-borne AmpR
Psap promoter
pKP2-6 pBAD-GcvBaRr: | Psap-gcvBar: GcvB aRr1 (deletion of position 66 | pBR322/ this study
- 89) expression plasmid, AmpR
gcvBaRiis controlled by the
plasmid-borne Eap promoter
continued on next page
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Name

Synonym

Relevant
fragment

Comment

Origin/
marker

Reference

pKP30-1

pBAD-GCVBARz

Psap-gcvBar2

GcevBaR2 (deletion of position 136
- 144) expression plasmid,
gcvBaRy is controlled by the
plasmid-borne Eap promoter

pBR322/
AmpR

this study

pJL36-5

pR.-
gCVBAR1& AR2

PLiaco~
gCVBAR1& AR2

SalmonellaSL1344

gCVBAR1 & AR2 (deletion of
position 66 - 89 and 136 - 144)
mid-copy expression plasmid,
gCVBAR1 & AR2 IS controlled by
the constitutive Baco promoter

p15A/
AmpR

this study

pIL57-1

pRL-
gevBr A & AR2

PLiaco~
gevBr A & AR2

SalmonellaSL1344

gcvBs A ¢ AR (deletion of
position 1 - 91 and 136 - 144)
mid-copy expression plasmid,
gcvBs A & ARz IS controlled by the
constitutive Rjaco promoter

pl5A/
AmpR

this study

pJL65-3

PPRLgCVBAsL2

PLiaco-gCVBAsL2

SalmonellaSL1344gcvBas) 2
(deletion of position 92 - 113)
mid-copy expression plasmid,
gcvBas) 2 is controlled by the
constitutive Rjaco promoter

p15A/
AmpR

this study

pIL66-12

pR.-
gcvBasL2& AsL3

PLIacO‘
gCVvBAsL2& AsL3

SalmonellaSL1344

gCcvBAsi 24 AsL3 (deletion of
position 92 - 134) mid-copy
expression plasmid,

gcvBAsL2& AsL3 is controlled by
the constitutive Baco promoter

p15A/
AmpR

this study

pFS127-2

pR.-
gcvBsi, sLagsLs

PLIacO‘
gcvBsL1, sLa&sLs

SalmonellaSL1344

gCVBSLl’ SL4 & SL5 (deletion of
position 66 - 144) mid-copy
expression plasmid,

gcvBsL1, sL4 & sisis controlled by
the constitutive Baco promoter

p15A/
AmpR

this study

pFS129-2

PPRLYcVBsL4 & 515

PLIacO‘
gcvBsi4gsLs

SalmonellaSL1344gcvBs 4¢ s15
(deletion of position 1 - 144)
mid-copy expression plasmid,
gcvBsi 4 15 1S controlled by the
constitutive Rjacopromoter

p15A/
AmpR

this study

pFS130-1

PR.-

gcvBr2, si4&sLs

PLIa(:O'
gcvBRr2 sL4&sLs

SalmonellaSL1344

gCVB}zV SL4&SL5 (deletion of
position 1 - 134) mid-copy
expression plasmid,

gevBra, siae sisis controlled by
the constitutive Baco promoter

p15A/
AmpR

this study

pFS131-1

PYCVBAR1& 3 AT

Pur-
gCVBAR1I& AT

SalmonellaSL1344

OCVBAR1& 3AT (66 - 89, deletion
of bp 135 - 206 and stabilized
terminator) mid-copy expression
plasmid,gcvBaRr1 & 37 AT IS
controlled its own promoter

p15A/
AmpR

this study

pIL73-14

pPRLgcvBsL1gsL5

PLIa(:O'
gcvBsi1gsis

SalmoneIIeSL1344gchs|_1&SL5
(deletion of position 66 - 177 )
mid-copy expression plasmid,
gcvBs; 1 g 515 is controlled by the
constitutive Rjaco promoter

p15A/
AmpR

this study

continue

on next page
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Synonym

Relevant
fragment

Comment

Origin/
marker

Reference

pJL79-16

pPLgcvBuz, Rz,
SL4&SL5

PLIacO‘
gcvBuz, R,
SL4&SL5

SalmonellaSL1344

gcvBy2, r2, sLa sLs (deletion of
position 1- 134, G43—C,
C158—G) mid-copy expression
plasmid,gcvByz, re, sL4&SL51S
controlled by the constitutive
PLiaco promoter

p15A/
AmpR

this study

pIL78-11

PRLYCVBs A12nt,
SL1&SL5

PLiaco-
gcvBs Aront,
SL1&SL5

SalmonellaSL1344
gcvBs A12nt, sL1&sLs(deletion of
position 1 - 12, 66 - 177) mid-copy
expression plasmid,
gCVBj’Alzm,SLl&SLSiS controlled
by the constitutive Raco promoter

p15A/
AmpR

this study

pIL77-3

PgcVBs A12nt,
ARL&IAT

Pwt-gcvBs A12nt,
ARL&3IAT

SalmonellaSL1344

gevBs a12ntAR13' AT (1- 12, 66
- 89, deletion of bp 135 - 206 and
stabilized terminator) mid-copy
expression plasmid,
gCVBs A12nt, ARL& 3 AT IS
controlled its own promoter

p15A/
AmpR

this study

pJL85-4

pgcvBapL

gcvBapL

SalmonellaSL1344gcvBapL
(deletion of position (-1) - (-35))
mid-copy expression plasmid,
gcvBap has a deletion of the
constitutive Rjaco promoter

p15A/
AmpR

this study

pSP9-1

pRL-

gcvBs 1 g sis,c3

PLIacO'
gcvBsiigsis, c3

SalmonellaSL1344
gcvBsiie SL5,C3 (deletion of
position 66 - 177, single nucleotide
exchange T—C) mid-copy
expression plasmid,
gcvBsy1 g sis, cais controlled by
the constitutive Raco promoter

p15A/
AmpR

this study

pSP11-1

pR.-
gcvBsiiesis, cs

F’LIacO'
gcvBsiigsis, cs

SalmonelleSL1344
gevBs e SL5,C8 (deletion of
position 66 - 177, single nucleotide
exchange @—C) mid-copy
expression plasmid,
gcvBsi1 g sis, csis controlled by
the constitutive Baco promoter

p15A/
AmpR

this study

pSP10-1

pR-

gcvBsLigsLs, 611

PLiaco-
gcvBsL1 & sLs, G11

SalmonellaSL1344
gcvBsL1 g sLs, 11 (deletion of
position 66 - 177, single nucleotide
exchange ¢ —G) mid-copy
expression plasmid,

gcvBs1 ¢ sis, G11is controlled by
the constitutive Baco promoter

pl5A/
AmpR

this study




10.1. Appendix to Chapter 3

221

10.1. Appendix to Chapter 3

This section contains supplementary Figures and Tables to Chapter 3.

Table 10.3: DNA oligonucleotides used in this study.

Sequences are given in 5% 3’ direction and 5’P denotes a 5’-mono-phosphate.

Name Sequence Used for
pZE-T1 CGGCGGATTTGTCCTACT T7 template
PLlacO-C 5 P-GTGCTCAGTATCTTGTTATCCG SRNA cloning
pZE-B GGCGTATCTCTTCATAGCCTTAT SRNA cloning
pZE-A GTGCCACCTGACGTCTAAGA SRNA cloning
JVO-0076 | GAAGTATTACAGGTTGTTGGTG Knockout construction
JVO-0077 | GCATCATAACGGTCAAACA Knockout construction
JVO-0131 TTCTACCAGCAAATACCTATAGTGGCGGCACTTCCTGAGCC Knockout construction
GGAAGTGTAGGCTGGAGCTGCTTC
JVO-0132 | TCGCGATCGCAAGGTAAAAAAAAGCACCGCAATTAGGCGGT | Knockout construction
GCTAGGTCCATATGAATATCCTCCTTAG
JVO-0133 TTCTACCAGCAAATACCTATAGTGGCGGCACTTCCTGAGCC Knockout construction
GGAAGTGTAGGCTGGAGCTGCTTC
JVO-0134 | TAACCGTTTGTTATACAAAAAAAAGCACCGCAATATGGCGG Knockout construction
TGCTAGGTCCATATGAATATCCTCCTTAG
JVO-0135 | GTTTTTCTCGAGCGGTCAGCAGGAGTGAA Knockout construction
JVO-0136 | GTTTTTTCTAGACATCGTCTCTGACGGCA Knockout construction
JVO-0137 | GTTTTTCTCGAGCGGCGGAACAGTTTTA Knockout construction, sSRNA
cloning
JVO-0138 | GTTTTTTCTAGACCGATAACGATACCGGTAT Knockout construction, SRNA
cloning
JVO-0155 | CCGTATGTAGCATCACCTTC Northern blot probe
JVO-0237 ACTTCCTGAGCCGGAAC sRNA cloning
JVO-0322 | CTACGGCGTTTCACTTCTGAGTTC Northern blot probe
JVO-0367 | ACTGACATGGAGGAGGGA GFP fusion cloning
JVO-0424 GTTTTTGCTAGCCATCCCTGACTTCTTCAAG GFP fusion cloning
JVO-0427 | GTTTTTGCTAGCAGACAGTCCCATGAC GFP fusion cloning
JVO-0619 | CTCTAGAGGCATCAAATAAAAC sRNA cloning
JVO-0656 | GTTTTGCTAGCAGTGAGTATTCCCGCTG GFP fusion cloning
JVO-0728 | GTTTTTGCTAGCGATACATCCTGCCAATAAC GFP fusion cloning
JVO-0731 GTTTTATGCATCAGAATAGCACCCTGCG GFP fusion cloning
JVO-0732 GTTTTTGCTAGCTAACAGCATGACAATAAGTTTT GFP fusion cloning
JVO-0742 | 5 P-AAAAAAGGGTAGTCTCGCTAC sSRNA cloning, T7 template
JVO-0743 5 P-GCCGCCACTATAGGTATT sRNA cloning
JVO-0744 5 P-ATTGGTCTGCGATTCAGA sRNA cloning
JVO-0745 | 5 P-ACCGTAAGCCAAAAGC SRNA cloning
JVO-0746 | 5 P-CAATTGGTCTGCGATTC SRNA cloning
JVO-0749 | TTCGTTCCGGCTCAGGA Northern blot probe
JVO-0750 | AATCACTATGGACAGACAGGGTA Northern blot probe
JVO-0796 | GTTTTTGCTAGCGCCCAGACCTATCAGCAA GFP fusion cloning
JVO-0800 GTTTTTGCTAGCAACAATCCCTGCGATTATT GFP fusion cloning
JVO-0892 5 P-AAAAAAAACGGTAGCGTTTCCGCTACCGTGGTCTGA SRNA cloning
JVO-0895 5 P-ACATTTACCCTGTCTGTCC SRNA cloning
JVO-0896 5" P-GAAAAAGGGTAGTCTCGC sRNA cloning
JVO-0937 GTTTTTTTTAATACGACTCACTATAGGAAAGACGCGCATTT T7 template

continued on next page
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Name Sequence Used for
JVO-0938 AAAGGCCACTCACGG T7 template
JVO-0941 | GTTTTTTTTAATACGACTCACTATAGGACTTCCTGAGCCGG T7 template
JVO-0942 | AAAGCACCGCAATATG T7 template
JVO-1034 | GTTTTTTTTAATACGACTCACTATAGGATGAGGGGCATTTTATG | T7 template
JVO-1035 | TTGCTGCAACGGTCAT T7 template, toeprinting
JVO-1037 | GTTTTTTTTAATACGACTCACTATAGGATCGACGAAAGGCGAT | T7 template
JVO-1038 | GATGAGCGCAGTGAGTATT T7 template
JVO-1039 | GTTTTTTTTAATACGACTCACTATAGGATAACACTGCACGCGC | T7 template
JVO-1040 CCATCTTCTGCGTGC T7 template
JVO-1048 | GTTTTTTTTAATACGACTCACTATAGGATCAGCAGGACGCACT | T7 template
JVO-1049 | TAACATCACCATCTAATTCAAC T7 template
JVO-1060 | GTTTTTTTTAATACGACTCACTATAGGAGGACAATATTGCAAC T7 template

GTT
JVO-1061 | CAATACGAACCGTTTGC T7 template
JVO-1062 | GTTTTTTTTAATACGACTCACTATAGGCATTAATGAGTCAGTA T7 template

AAAAGC
JVO-1063 | GTTTTTTTTAATACGACTCACTATAGGATCTATAGCGAAAAGC T7 template

AGAATA
JVO-1064 | CCTGCGAGACTGCTAAT T7 template
JVO-1065 | GTTTTTTTTAATACGACTCACTATAGGAGTATGCTGCTAAAGC | T7 template

AC
JVO-1066 | GAATGCCATATGGCTTAAT T7 template
JVO-1067 | GTTTTTTTTAATACGACTCACTATAGGATCAGAATAGCACCCT T7 template

GC
JVO-1068 | TGCCAAAATGTAATGTTCTG T7 template
JVO-1117 | TCAGCCATTTTGTGCGCTT gRT-PCR
JVO-1118 | TTCAGGATCGACAACGCCTT gRT-PCR
JVO-1254 | CCGACAAGCAAACGTTGGTAC gRT-PCR
JVO-1255 TCACGGCTGACGTTCGATT gRT-PCR
JVO-1256 TGCCGGATCTGATTAGCGA gRT-PCR
JVO-1257 | TGGCTAAATCGGCAAGGAAC gRT-PCR
JVO-1271 | GTTTTATGCATATCTATAGCGAAAAGCAGAATA GFP fusion cloning
JVO-1340 | CGCCTGGTAGATATCGAGCAA gRT-PCR
JVO-1341 | AATACGGCGCAGTGCGTTA gRT-PCR
JVO-1381 | GGACGCGACTGCTGACTAAAA gRT-PCR
JVO-1382 | AGAATTTCAGAGGTCGTCCCG gRT-PCR
JVO-1628 CGGAAATCGCCAAATACCTG gRT-PCR
JVO-1629 CACGCCGAACTCAAATCCTT gRT-PCR
JVO-1775 | ATCTTCTGCGTGCGCAA toeprinting
JVO-1973 | 5 P-TGCGCGTGCAGTGTTAT GFP fusion cloning
JVO-1974 | 5 P-AGCTATCAATGCGTCGACG GFP fusion cloning
JVO-2154 | 5 P-AACAACATCACAATACACGCTTACAAATTGTTGC GFP fusion cloning
JVO-2155 | ATTGCCTGCAACTATTCTTAAAAAAGCATGCATGT GFP fusion cloning
JVO-2233 | GTTTTTTTTAATACGACTCACTATAGGCTTTTTTAAGAATACA T7 template

CGCTTACA
JVO-2234 | GTTTTTTTTAATACGACTCACTATAGGCTTTTTTAAGAATAGT T7 template

TGCAGG
JVO-2326 | AGTACATTATGCGTACCGCCG gRT-PCR
JVO-2327 | AATGATAGCGATGCGCTGC gRT-PCR
JVO-2328 | TGGAATCGCTGAAAGGCAAG gRT-PCR
JVO-2329 GCCACCACATCCACACCTTTA gRT-PCR
JVO-2330 ATGCAAGCGGAGTGCTCATT gRT-PCR
JVO-2331 | TCATATCCATACCGGCGATCA gRT-PCR




+1 gcvAmRNA .10 box -35 box +1 GevB RNA
1 47 gevA -35box gcvA -10 box > consensus 1

100 180

1 GAGACATTATA| CTACCA[CAAATACC GT{-GCGGCACTTCCT-GAGCCGGAA-CGAAAAG-TTTTATCGGAATGCGTGTTCTGATGGGCTTT ACGGTTGTGATGTTGTGTTGTTGTGTTTGCART TG~
CR AGACATTATE el TACCA[CARATAC( TE-G ' CGAARAG-TTTTATCGGAATGCG 'ACGGTTGTGATGTTGT TGT! RTTG--
CCA[CARATACC GAA-CGAARAG-TTTTATCGGAATGCGTGTTCTGGTGAACTTTTGG— ACGGTTGTGATGTTGTG CARTTG-—
“TACCAGBCAAATACOTATAGTE-GCGGCACTTCCT-GAGCCGGAR-CGAAAAG-TTTTATCGGAATGCGTATTCTGGTGAACTTTTGG— TTACGGTTGTGATGTTGTGITGTTGTGTTTGCARTTG-~
FTTCTACCAGCARATACC ~GCGGCACTTCCT-GAGCCGGAA-CGAGAAGCTTTTTTTGGAATGCGTGTTCCATCAAGCTTTTG TTACGGTTGTGATGTTGTGITGTTGTGTTTGCARTTG-~
FTTCTACCACAAATA CGAAGAGCTTTTTTTGGAATGCGTGTTCCAACAAGCTTTTG! ACGGTTGTGATGTTGTGTTGTTGTGTTTGCART TG~
FATACGCCAFTARATACK AARAGTAGGTTTGGTATCCCAGGTACTGAAATGCTT GTG--GTGGTGATGTITGTGTTTGCARATG-~
GFATGCGCCAGCARATAC CTTCCC-GGGCCGGAA-CGARRAGGGAGTG-GGTGTCGAGGACGCCGATGAACTTTTG 5--GTTGTGHTGTTGTGTTTGCARATT -~
GFATACACCAGTAAATCCOTATAGTE-GCGCCACTTCCT-AAGCCGGAA-CGARRAGTGAATCAG-~~~~CTTAACGCTATGARACTTTTGG-~ ~TGTG--GTTGTGATGTTGTGTTTGCARGTT-~
FATGTACCAGCARATACATATATTR-GCGCAACTTCCT-GG AL-CGAARAGTGCGGAGGG- ~GTGACCTGAGGTGCTTTTGG— GTG--GTTGTGATGTTGTGTTTGCTATTTTT

—C

vc \CIATTATA| FAQCGACCA FCACCGCGCAACGG-CGGCCTGAA-CGGCTTGATTT- CCTTGTARATCAATAG! -AGTTGTTGCGATGTTGTGTTTGCARACTCG
v ATTATAA FAACAGCC, TI'CACCCCGCAACGC-TAGCCTGAA-CGGCTTGATTT- CTTTGTAAATCAATTG! -AGTTGTTGCGATGTTGTGTTTGCARACTCG
HD SCAGGTG TLACGTTGTACT TARAGGGACTGAAATAGTTTAGTGTTTATT- TCTTTAATGCTATTARATCCATCTATTTCAAATTTAAGTATGATGTTGTGTTTGCAATT -~

MS AA(TCCTTA(TCC-CCCHTATAATACGCCGCG-TACTTAATGATTAAGCAATTCCTTT-TTC———— ATAAAGAGTTTCATT---------CTT---—-, A--TTAAGTATTATGTTGTGTTTGCATATT -~
PM ACTCTCTTATTTC-CCTQTAAAATECGC-GCA-TACTTAATGATTG-GTAATTCCTTA-CTG-~ ~GTTAAGAGTTTCGGA-~ ~A----- AGTATGATGTTGTGTTTGCATAT
As CTCTGCTTI'CTT-TTTQTACAATACGC-GCA-TACTTAATGACTG-GTAATTCCTTAATTG-~ ~ATTAAGAGTTGAATC-- TGTTGTGTTTGCAATT -~

. consensus 2 .

ST ACTTCCTGTA GTCTGTCCATAGTGATT-A-~-ATGTAGC! TTTTTTTTGTATAACAARACGGTTA
CR ACTTCCTGTA TGTCTGTCCATAGTGA A--ATGTAGC. TTTTTTTTACCTT-CAGACGCTGA
EC T-CAGACCATGGTAGC “ACTTCCTGTA(L? TGTCTGTCCATAGTGA' A--ATGTAGC. ACCTTGCGATCGCGAA
SF T-CAGACCATGGTAG! el HACTTCCTGTA TGTCTGTCCATAGTGATT-A--ATGTAGC. ACCTTGCGATCGCGAA

TTTTTGCCTTTTTACTGCCTT
CTTTTTTTTGCCTGCTARAAACCAR
TTTTTTTTATCCTAT--TTTCGAG

TGTCTGTCCATAGTGATTTA--ATGTA
TGTCTGTCCATAGTGATTTA--ATGTAGC.
GTCTGTCCATAGTGATTTT-~-ATGCAGC!

KP
KO
YP

TGCAGACCCTGGTAG! 5C o C---4ACTTCCTGTA|
TGCGGACCATGGTAGC o JACTTCCTGTA(
--TGCCAGACATAGTAGC-~-T-AAGCTA-~ ~ACTTCCTGTA|

SM --TTCCGGACATGGTAGC--T-AGGCTA: “ACTT GTACA' TGTCTGTCCATAGTGATTTT--ATGCAGC! TTTTTTTTGCCTGACGGTTACTGG
PL AACCGGACCCTC C '] 4ACTTCCTGTA GTCTGTCCATAGTGA 'GGCATAAGG---CGTG
EW —~TTGCAGATGTGGTAG! ‘ =---4ACTTCCTGTA| TGTCTGTCTAAAGT! TTTTTTTTG-CTTACGATTTCACG

ve GCCACAAAACAAATACTTCCTGTA| GTCTGTCAA TTTTTTATCTGCATTTTTAGCTCC

vV GTGACAAAACCTATACTTCCTGTA| GTCTGTCAA- GTGTTTTTTTATCTGCGAAATATGCTCA
HD —~ACTAGACTAGAGTAACAGTTAAGTTA AACTTCCTGTAA’ TTTTGGTTTATT! TTTTTTTACTTAAATTTTAACTAT
Ms ACCGAACGCAAGTAA- -CTTA--- GTTAC 4ACTTCCTGTANATTT---TTAAACCTAATTTTGGGTTC- 'ATCTCTTAAGATATTAAA
PM ACCAARCA-GAGTAA- ~CTTATCTTAAGTTAC HACTTCCTGTAATTTATTTTAG. -CTTTTGG-— "TATCTGTTCGATTCTAACA

STGTTTTTTTATATCG-ARATTCTATCA

CTTAAACTCCARAARAGT:!

HACTTCCTGTAATTTA---—CT:

G
AS TGGGTA- —~ACCAAACAAAAGTAATTAATCCTTCTATTTAATTACTTATTA-— ATTTTAGGTT—

Figure 10.1: Multiple alignment of gcvB genes in different eubacteria. To identify gcvB homologues in diversg-proteobacteria, BLAST searches for the
divergently encoded GcvA protein were carried out. The Gophtream regions corresponding to the genomic locatiagreBin E. coli and Salmonellawere
extracted, and transcriptional terminators of possjaleBgenes were predicted by RNAmotif as described in Gitead. (2002). Based on sequence conservation
and the assumption that tigevBlocation is conserved, GecvB homologues could be identified wide range of eubacteri&T: Salmonella typhimuriupCR:
Citrobacter rodentiumEC: Escherichia coli SF: Shigella flexneri KP: Klebsiella pneumonigeKO: Klebsiella oxytocaYP: Yersinia pestisSM: Serratia
marcescens”L: Photorhabdus luminescensW: Erwinia carotovora VC: Vibrio cholerag VV: Vibrio vulnificus HD: Haemophilus ducreyMS: Mannheimia
succiniciproducensPM: Pasteurella multocidaAS: Actinobacillus succinogenedPromoter elements afcvAandgcvB genes are marked by black boxes; the
transcriptional start sites are indicated by arrows. Tleendbop of thegcvB transcriptional terminator is indicated by two arrows. Tiwe highly conserved
regions, consensus R1 and R2, that are present in all GevBlbgoes are highlighted by yellow boxes.
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1 100
ST_dppA ATGAGGGGCA TTTTATGGAG AATCCGCACT GCAACTCAGT CGATTATGCG AAC-GGAATC CCCACCTCTC ACTACTGACC TGACCAGGTA ARARACARAA
EC_dppA ACGAGGGGCA TTTTATGGAG GATCCGCACT GTTACACTGA TGTTAATTAG TAC-GGCATC CCCACCTCAT AACGTTGACC CGACCGGGCA AAAAACAARAA
YP_dppA ATTGAGGTGA TTTCACACAG ---CCAAAAT GGGGGCCTGG ATAGAATTTT ATCTGGTATC TCAATCCTGC ATCCCTGTGT TCAACGGGCC AAAA-CGGCA
EW_dppA ATACAGGTCT GGCCAACCAT ACCCAATTGA TTTCGAGATG CAGGACAGAA CATCGGCGTT GTTAATCACT GTATTTTTAA CCGCAGTGTT TTAA-CAACG
PL_dppA TTTCCTGTTG TTTATGACAT CTGTTGAGAT CTTATTGACG CAAGAGACAA CAGTTGTTTA ATTGATAAGC TGAAAATAAT AAACAAAATC TAGA-CAGCG

101 200
ST_dppA AAGGCCGGGC GGTAA-AAGC CTTTGCAAAG GGC---- T- GGAGCAGAAG A--ATGAGTA TTTCCTTGAA GAAGTCAGGG
EC_dppA AAGGTCAGGC AGCGACAACC CACTGCAAAG GGT---TAAA ACAACAAACA TCACAAT--T GGAGCAGAAT A--ATGCGTA TTTCCTTGAA AAAGTCAGGG
YP_dppA CAGTCCATGG ACTAAAAAAT TATAGAGTCT GGCCGTATAC ACAACACACA TCACCATAAT GGAGCACAAG CG-ATGACGA TTTCCTTGAG AAGAACAGGG
EW_dppA CGTATGCAGC TTGGAGTAGG =GCGGGTA-T AGC--=-- AC ACAACA-TCA TCCACAA--T GGAGCATAAG TA-ATGGAAA AATCCCTGGT TAAATCAAGG
PL_dppA CAGTTTCTGA CAGGA--AGT -GCGGATTCT GGC--IGTAC ATAACA-ACA TCACAAA--T GGAGTGCAAG AAAATGACAA CTTTCTCTAA AAGAGCGARAG

201
ST_dppA ATG
EC_dppA ATG
YP dppA ATA
EW_dppA GTG
PL_dppA TTA

B
5'-...A A A A UG...-3' EC dppA
AAC ACA ACAUCACRAAUUG GAGC GAA
UUG UGU UGUAGUGUUGGC UUCG UUU
3'-...G A G U...-5' EC GevB
5'- ...C A c AUG...- 3' YP dppA
AACACA CAUCACCAU AUGGAG CA AAGCG
UUGUGU GUAGUGGUG UGUUUC GU UUCGU
3'- ...U U G G U A...-5' YP GcvB
5'-...G c v uc A G U AUG...-3' EW dppA
AGUAGG G GGG AUAGC A CACAACAUCA C AC AU GAG CA AAGUA
UCGUCU U UUU UAUCG U GUGUUGUAGU G UG UG UUC GU UUCGU
3'-...U Gu U U U U G G U G...-5' EW GcvB
5'-...C c a A G U A AAUG...-3' PL dppA
UGUA AU ACAACAUCACAA UG AG GC AGAA
ACGU UG UGUUGUAGUGUU GU UU CG UUUU
3'-...A U G G U G C...-5' PL GcvB

Figure 10.2: Alignment of dppA leaders. (A)Alignment ofdppAleaders of diverse enterobacteria indicates
conservation of the GevB interaction si®T: Salmonella typhimuriupEC: Escherichia coli YP: Yersinia
pestis EW: Erwinia carotovora PL: Photorhabdus luminescens Shine-Dalgarno and start codon (ATG)
are indicated in red bold letteréB) Mapped GcvB interaction site f@almonellaand predicted interaction
sites are highlighted in blue and grey, respectively.
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A
1
ST_oppA ATCGACG--A AAGGCGATCG AACGAATCGT CAGAATAAAT AAAGTCG-GT
EC_oppA ATCGACA--T AAGGTGATCG TCTGAATCAC CAGAATAAAT AAAGTCG-GT
YP_oppA GTCGTTG--A TAGCTAATTG ACCATCGCCA TAGACAAAAT ATCACCACAT
PL_oppA AGCGACTGTA TAGGATAARA AATTAGACAG TAGCTTTATT CAAAAGAGTT
EW_oppA GAAGTGA GCGAGCAGCG ATTAATTTGG TGTTTAATCT CTGGTTACCC
101
ST_oppA CTGCACAGGA ACCCTGAC-G GGATTAAACA GGCTGGTARA AACCAGTAAT
EC_oppA CTGTGCAGGG TCCCAATCCG GGATTACACA TGCTGGTTAA TACCAGTAAT
YP_oppA ---TTTAGAA TACCGTTTAA AGGTGAGTTT GCCTGTTCAC TGGGCAATAC
PL_oppA --GTAATCCA CCCCTTATTT CTGGGCCGTC GGCTGATAAA AAGTCTGACG
EW _oppA TTCTCACAGG ACTCTCATTC AGGAATCGTG CTGGGATAAC TAACACGACA
201 225
ST_oppA TGATTGCAGC GGGAATACTC ACTGC
EC_oppA TAGTAGCAGC TGGCGTTCTG GCTGC
YP_oppA TCATTACAGC TGCTGTAGCC GTTGC
PL_oppA TACTTACTGT CAGCATCAGC GCTGC
EW_oppA GAGTAGCTGC CGCTATTATC GCGGC
B
5'-...A A C...-3" EC oppA
AAA ACAAUGAC CAACAUCAC
UUU UGUUGUUG GUUGUAGUG
3'-...G G U U...-5" EC GcvB
5'-...GGA C A G A AC A...-3' YP oppA
GUA AUAUA ACAU ACC AC U ACAAAG
CGU UGUGU UGUA UGG UG G UGUUUC
3'-...A U G G...-5"' YP GcvB
5'-...G A A...-3'" EW oppA
GAGAAAAUA U GACAC ACAUCACAACUA
UUUUUUUAU G UUGUG UGUAGUGUUGGU
3'-...G cu U G...-5" EW GcvB
5'-...A A A...-3' PL oppA

UG UAAACACRACG
AC GUUUGUGUUGU

3'-...A A...- 5' PL GcvB

GATAGCAAAA
GATAGTAATA
GTGAGGTTTA
ACTGAGACCC
ATT---CCTA

TATAATGAGT
TATAATGAG-
ATAATAAAAT
ATGTAAAATT
ACATTACA--

100
-GCAGTGACA GA----CCTG ---GCAGTAC ACCACCAGTG
CGTAACGATA AAGTAACCTG ACAGCAGAAA GTCTCCGAGC
CGTTACCGGG TTCGTTCC-- —--- CCAGGT AACGCAAA--
TGCAAACAAA ATCGTTCCT- —------ TTTG TATGCAGGTG
CTCTGTGGGA ATGGGTCGTG AGTCGAATCG ATTAATCGTC

200

ceacT ARG AN GHEEI,. . 7 A2 GTT
GGAGTCCAAA AAACAATGAC CAACATCACC AAGAGAAGTT
GGAGTACATA TAAACATGAC CAACATCACA AAGAAGAATC
GGAGT--AGA AAAAGATGAT AAACACAACG ARAAAGAGAC
denes- -+ A ABAATAATGAC ACACATCACA ACTAAAAAAA

Figure 10.3: Alignment of oppA leaders. (A)Alignment ofoppAleaders of diverse enterobacteria indicates

conservation of the GevB interaction sit®T: Salmonella typhimuriugrEC: Escherichia coli YP: Yersinia

pestis EW: Erwinia carotovora PL: Photorhabdus luminescens Shine-Dalgarno and start codon (ATG)

are indicated in red bold letteré8) Mapped GcvB interaction site f@almonellaand predicted interaction

sites are highlighted in blue and grey, respectively.
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A
1 100
ST gltI ATAACACTGC ACGCGCANGINICONCCOANIIANCHADAS S CACAANG. GCCTATCAA TGCGTCGACG GCGCAGATGA ---TAAAGGA GTTGGAT-AT
EC gltI ACAACACTGC ACAATAAAGT TGCAGACGAT AACAACACAA ACACTCACAA CGGGTATCCA TGCGTTCTTA ACGCAGAAGA ---TAAAGGA GTTGGAT-AT
YPigltI ACATAAGA GCGTTTTAAT ATAAGAACGT TTCAACATAG CCA-TGTGTT TTCACATCAC AACATTAAGC AAGAARRACAA CAGCAAAGGA GTTGGACCAT
EW_gltI AGACAATGTT AACTTGAAGA TAACGGACACHATTAACCCTANTGG=TTATTG GTGACAGCGC TATAACTATT GCAGCAACGA CAGCAAAGGA GTTAGAACAT
PL gltI ATACAACAGC AAATGATCCT AGATTAAAAA CAAATCACAG AGA--GACTT TTGCAAACAC AACATCGCAA ACGATAGCCA CATTAAAGGA GTTATAT-AT
101 158
STigltI GCAATTACGT AAGCTAACCA CAGCAATGCT GGTCATGGGA CTGTCTGCGG GCCTTGCG
EC_gltI GCAATTACGT ARACCTGCCA CAGCAATCCT CGCCCTGGCG CTTTCCGCAG GACTGGCA
YP gltI GCARATGCGT AAATTGGCGT TAGTGCTACT GTTAGCAGGG ATGACAAGTA GCGTGGCT
EW gltI GCAAATGCGT AAACTGGCAT TATCACTGAT TCTTCTTGGC ACTGCCGCCA GTGCAGCC
PLigltI GCGTATGCGT AATCTAGTAT TAACCATGAT GTTACTTGGC ATGGCGGGGG CTGCTCARA
B

5'-...A G A C G...-3'" EC gltI
AGUUGCAGAC AUAACAACACA ACA UCACAAC
UUAACGUUUG UGUUGUUGUGU UGU AGUGUUG

3'-...G G...-5"'" EC GcvB
5'-...U A...-3' YP gltI
CACAACAUUA
GUGUUGUAGU
3'-...U G...-5" YP GcvB
5'-...0 A u C...- 3" PL gltTI

UGCAAACACAACAUCGCAA CG A AGCCA
ACGUUUGUGUUGUAGUGUU GU U UCGGU
3'-...A G GU U...-5" PL GcvB

two alternative sites are predicted for Erwinia:
5'-...C C U A GC A...-3'" EW gltI
AGC G UAUAAC AUUGCAGC AC A AGC AAAGG
UCG U GUGUUG UAGUGUUG UG U UCG UuuUC
3'-...A uu G G G...-5' EW GcvB
5'-...U0 U c U U...-3' EW gltTI
AACG GACA CA UAACC UA GGUUA

UUGU UUGU GU GUUGG GU UCGGU
3'-...0 G A 8) U...-5' EW GcvB

Figure 10.4: Alignment of gltl leaders. (A)Alignment ofgltl leaders of diverse enterobacteria indicates
conservation of the GevB interaction si®T: Salmonella typhimuriupEC: Escherichia coli YP: Yersinia
pestis EW: Erwinia carotovora PL: Photorhabdus luminescens Shine-Dalgarno and start codon (ATG)
are indicated in red bold letteréB) Mapped GcvB interaction site f@almonellaand predicted interaction
sites are highlighted in blue and grey, respectively.
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1
STilivK ATCTATAG-- —————- CGAA AAGCAGAATA TTATCTTTTC TTAATAGACT
EC_livK ATCTATCA-- ------ ATAA ATTCAGAATA TTATCTGTTC TTAATCGACT
YP_livK TTCTGCTTGT CTTAGTTGAT TTGCAGCATA AAACTCCTGT TTAATGGTAT
EW_1ivK TTCTGACAGG GTGAGTTGAT TTGCAGCATA AAACTCCTGT TTAATAATAT
PL_1ivK AGCTACCTTG TTAATTTGAT TTTAAGCATG AAATGCTATT TTAATAACAT
101
ST_1ivK TTAATGAGTC AGTAAAAAGC -GCACCATTT ATAAAAAGTA CAGTCTGCTT
EC_1livK TTAATCAGAC AGGCAAAAAC AGTGCAGTAT AAAAAARAGAA CAGTCTGATT
YP_1livK TTATTACTTA TGAACAAAAT GTTAC-ATTA ATGCTAAAA- CACTCAG---
EW_1ivK TTCTTACTTA T-AAGAAAAT AGCAG-GTTA TGGCAGAAGG CGGTCAG---
PL_1ivK CAAAAGATCA CGGTTATCCC ATTAG-ATAA T--CGGAGAT CTAAAAG
201 248
ST_1ivK -CACATGAAA CGGAAAGCG- --AAAACAAT AATCGCAGGG ATTGTTGC
EC_livK -ACTATGAAA CGGARATGCG- --AARACTAT CATCGCAGGG ATGATTGC
YP_1ivK -CGGATGAAA TTAACAAAAG GTAAAGTGTT GCTGGCTGGG TGTATGGC
EWilivK —-AA-ATGAAA TTCAGTAAAG GTAAAGTATT GCTGATGGGT TGTATGGC
PL_1livK TAAAATGAAA ATCATAGCAG GTAAAACGCT ATTAGCAGGC TGTATTGC
5'"-...A A A...-3' EC 1ivK
AAACA AGCAACACAACAUCACGA
UUUGU UUGUUGUGUUGUAGUGUU
3'-...G G G...-5' EC GcvB
5'-...A A G G U A U...-3'" YP 1ivK
CAAACACAAC A CAU U UCACAA G CAGA
GUUUGUGUUG U GUG G GGUGUU C GUUU
3'-...C A 8) U G U...-5' YP GcvB
5'-...G C G A...-3' EW livk
GCAAUAUC AUAAU ACAG
UGUUGUAG UGUUG UGUU
3'-...G G C...-5'" EW GcvB
5'-...G A A A...-3'" PL 1ivKk
GUAAACACAAU A UUA GACCA
CGUUUGUGUUG U AGU UUGGU
3'-...A G G...-5"'" PL GcvB

GAARAATAGA
GAAARATAGG
GAAAAATAAA
GAAAAATARAA
GAAAAATARAA

TTTAACCAGC
TGTTAACACA
—~ACAAACACA
-GTTTTCGGC
-GTAAACACA

GATTTTAATC
GATTTTAATC
G-TCTTATTA
G-CCTTATTA
A-TTTTATTA

ARAAAACAAA
TAAAAACARAA
ACAAGCATGT

ATAAATTAGA

TTATTATGCT
GCTATTATCA
GAAAAAATAA
GAAAACATTA
ATAAARATTA

ACA

GCAACACAAC
TCACAATGAC
CCATAATGAC
CCA--ATCAC

TTARATGCTG
CAAAATACTG
AGACTTTCAA
CTAATAATAA
CTTTATCTAA

TG
ATCACGAATG
A----GA-TG
A----GA-TG

100
CGCTAACTCA
CGCTAACCCC
GGTTAAATCA
C-CTAAGCCT
TCAGTGATCA

200
GGGATACAGG
GGGATTTTTG
GGGAATTC-G
GGGTAAAA-A

A-AC-A--G GGGATAAACT

Figure 10.5: Alignment of livK leaders. (A)Alignment oflivK leaders of diverse enterobacteria indicates

conservation of the GevB interaction siteT: Salmonella typhimuriupEC: Escherichia coli YP: Yersinia

pestis EW: Erwinia carotovora PL: Photorhabdus luminescens Shine-Dalgarno and start codon (ATG)

are indicated in red bold letteré8) Mapped GcvB interaction site f@almonellaand predicted interaction

sites are highlighted in blue and grey, respectively.
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1 100
ST_1ivJ GAGTATGCTG CTAARAGCACG GGTAGCTAGC CAATAATCGA AATAAAGTGC TGAACAATHANOHCONONAONNCHOEINNCMMNEEY CAATAAT GGGGATTATC
EC_1ivJ GAGTATGCTG CTAAAGCACG GGTAGTCATG CATAAAACGA AATAAAGTGC TGAAAAAGAANCATCACAACANCACCTAATAANGEAGAAGAAT GGGGATTCTC
101 144
ST_1ivJ AGGATGAATA TGAAGGGTAA AACGTTATTG GCAGGATGTA TCGC
EC_1ivJ AGGATGAACA TAAAGGGTAA AGCGTTACTG GCAGGATGTA TCGC
5'-...C c A A...-3' EC 1livJ
AACAU ACAACAC ACGU AUAACC
UUGUG UGUUGUG UGUA UGUUGG
3'-...U U U G C...-5' EC GecvB
1 100

ST _argT AGGACAATAT TGCAACGTTT TATTAACAAA TTTAACGTCG AATCGTTTTG CTGACGTGAA AATGGCATAA GACCTGCATG AAAAAGT
EC_argT AGGACAATAA TGCAACGTCT TATTAACATA TTTAACGTTG AATGTTACTG TTGTCGTCAA GATGGCATAA GACCTGCATG AAAGAGCCEG CAAACACACA

101 193
ST_argT [MBGEICACGTA AAACATAAGA AARATGACGC- CACTTGAGGG GTATGTATGA AGAAGACCGT TCTCGCTTTG TCTTTGCTGA TAGGTCTGGG CGC
EC_argT |ACACAATACAICAACATAAAA AAGCCATTTT CACTTGAGGG TTATGTATGA AGAAGTCGAT TCTCGCTCTG TCTTTGTTAG TCGGTCTCTC CAC

5'-...C A...-3' EC argT
UGCAAACACA CAACACAAUA CACAAC
ACGUUUGUGU GUUGUGUUGU GUGUUG

3'-...A U A G...-5" EC GcvB

Figure 10.6: Alignment of livd and argT leaders. (A, B)Alignment ofliv] andargT leaders oSalmonella
and E. coli indicates conservation of the GcvB interaction sit8T: Salmonella typhimuriumEC: Es-
cherichia coli Shine-Dalgarno and start codon (ATG) are indicated in reld fetters. Mapped GcvB
interaction site folSalmonellaand predicted interaction sites are highlighted in bluegreg, respectively.
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10.2. Appendix to Chapter 4

This section contains a supplementary Table to Chapter 4.

Table 10.4: DNA oligonucleotides used in this study.

Sequences are given in 5% 3’ direction and 5’P denotes a 5’-mono-phosphate.

Name Sequence Used for
JVO-0367 | ACTGACATGGAGGAGGGA GFP fusion cloning
JVO-1275 GTTTTGCTAGCTAGCGACTGTTCAGCCG GFP fusion cloning
JVO-2850 | GTTTTTATGCATGCCGTTTCCCCTCCAAT GFP fusion cloning
JVO-2851 | GTTTTTGCTAGCGTTCAAACTGACGCTTTCAGTT GFP fusion cloning
JVO-2971 GTTTTTATGCATGCAAACACTTTGTTACATCCTG GFP fusion cloning
JVO-3087 GTTTTTGCTAGCTGATGCTCGTTGCGTAGC GFP fusion cloning
JVO-2058 | GTTTTTATGCATTAACGTTAAACACAACACAAAT GFP fusion cloning
JVO-2059 GTTTTTGCTAGCACCCACTGCCGCA GFP fusion cloning
JVO-2806 GTTTTATGCATGCAAATACATATTCTGATAAAACG GFP fusion cloning
JVO-2807 | GTTTTTGCTAGCGAGGAACGATTCCAGAGAAC GFP fusion cloning
JVO-2969 GTTTTTATGCATTTAATTTCACTTGCGACTTTG GFP fusion cloning
JVO-2970 | GTTTTTGCTAGCCCAGCCGATAAAACCAAC GFP fusion cloning
JVO-2800 GTTTTATGCATGGAAGAAAAAACTGTGTTATGTATGT GFP fusion cloning
JVO-2801 GTTTTTGCTAGCGATACGGTCGAGATCTTTGC GFP fusion cloning
JVO-2804 | GTTTTATGCATATTCGCACAGATAGCAATCTG GFP fusion cloning
JVO-2805 GTTTTTGCTAGCGCGCAGATTCAGTGTATTAAAG GFP fusion cloning
JVO-2973 GTTTTTATGCATAAAAAATAACAGGAGCATGACAC GFP fusion cloning
JVO-2874 | GTTTTTGCTAGCCAGCGCCTGTAGTGTTCTG GFP fusion cloning
JVO-2842 GTTTTTATGCATTCAGGTGCTGTCATTACGAC GFP fusion cloning
JVO-2843 GTTTTTGCTAGCGATATCGCGCGATTTTAACT GFP fusion cloning
JVO-3388 GTTTTTATGCATAGTTAAGTAAACTGGTAGATGTTGC GFP fusion cloning
JVO-3389 GTTTTTGCTAGCATTGAACCAAATATAATCAGCTTT GFP fusion cloning
JVO-3378 GTTTTTATGCATATACAAGACAGACAAATAAAAATGAC GFP fusion cloning
JVO-3379 | GTTTTTGCTAGCACCGTTACCTGTGGTAATGG GFP fusion cloning
JVO-3380 GTTTTTATGCATATTTGGCAATCAAGACGTT GFP fusion cloning
JVO-3381 GTTTTTGCTAGCGGTAACGACGCGGATCT GFP fusion cloning
JVO-2965 GTTTTTATGCATCTGACATAACAACAGAACATATTTCA GFP fusion cloning
JVO-2808 GTTTTTGCTAGCGTTGGGTTTAATGATGGAAAAAG GFP fusion cloning
JVO-2967 GTTTTTATGCATTTCATCTGCTATTTCCCGC GFP fusion cloning
JVO-2968 GTTTTTGCTAGCTTTATCTTTCTCCAGCGATACCT GFP fusion cloning
JVO-3330 TTTTTGCTAGCGTCGGCTGCGACTTTTA GFP fusion cloning
JVO-0323 | CCCTTTGCTAGCAAAGGAGAAGAACTTTTCACTG GFP fusion cloning
JVO-0749 | TTCGTTCCGGCTCAGGA Northern blot probe
JVO-0750 | AATCACTATGGACAGACAGGGTA Northern blot probe
JVO-0322 | CTACGGCGTTTCACTTCTGAGTTC Northern blot probe
JVO-0897 | 5’P-ACTTCCTGAGCCGGAAC sRNA cloning
PZE-Xbal TCGTTTTATTTGATGCCTCTAGA SRNA cloning
PLlaco-D GTGCTCAGTATCTTGTTATCCG SRNA cloning
JVO-0895 5'P-ACATTTACCCTGTCTGTCC sRNA cloning
JVO-0896 5'P-GAAAAAGGGTAGTCTCGC sRNA cloning
JVO-2856 | 5'P-TGCAAACACAACAACACAA SRNA cloning
JVO-2857 | GGTAGCGAGACTACCCTTTT SRNA cloning
JVO-2858 CACTTCCTGTACATTTACCCTG sRNA cloning

continued on next page
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Name Sequence Used for
JVO-0745 | 5’P-ACCGTAAGCCAAAAGC sRNA cloning
JVO-2989 | 5’P-CACTTCCTGTACATTTACCCTG sRNA cloning
JVO-0746 | 5'P-CAATTGGTCTGCGATTC sRNA cloning
JVO-2986 | AGCACCGCCATATTGC sRNA cloning
JVO-3327 | ACTTCCTCTACATTTACCCTGTGTGTCCATAGTGATTAATGTAG | sRNA cloning
CAC
JVO-3328 | ATGGACACACAGGGTAAATGTAGAGGAAGTGGTGCTCAGTAT | sRNA cloning
CT
JVO-2990 | 5'P-GGAACGAAAAGTTTTATCGG SRNA cloning
JVO-0743 | 5'P-GCCGCCACTATAGGTATT sRNA cloning
JVO-3355 | TTGTTATCCGCTCACAATTC sRNA cloning
JVO-1396 5'P-ACTTCCTGAGCCGGAAC sRNA cloning
JVO-3466 AGCACACCTCCTGAGCCGGAACG SRNA cloning
JVO-3467 | CTCAGGAGGTGTGCTCAGTATCTTGTTATCC sRNA cloning
JVO-3464 | ACTTCCTCAGCCGGAACGAAAAGTTT sRNA cloning
JVO-3465 TCCGGCTGAGGAAGTGTGCTCAGTATCTTGT SRNA cloning
JVO-3468 | TCCTGAGGCGGAACGAAAAGTTTTATCG sRNA cloning
JVO-3469 CGTTCCGCCTCAGGAAGTGTGCTCAGTATCT sRNA cloning
JVO-0941 | GTTTTTTTTAATACGACTCACTATAGGACTTCCTGAGCCGG T7 template
JVO-0942 | AAAGCACCGCAATATG T7 template
JVO-0742 | 5'P-AAAAAAGGGTAGTCTCGCTAC T7 template
JVO-0937 | GTTTTTTTTAATACGACTCACTATAGGAAAGACGCGCATTT T7 template
JVO-0938 | AAAGGCCACTCACGG T7 template
JVO-1274 | GTTTTTTTTAATACGACTCACTATAGGTCCTGATAACAGGATC T7 template
GT
JVO-1042 | TATGACGGTTTGTAAGATTG T7 template
JVO-1976 | TCACCATCTAATTCAACAAGAATTG T7 template, toeprinting
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10.3. Appendix to Chapter 5

This section contains supplementary Tables to Chapter 5.

Table 10.5: SalmonellarRNAs, tRNAa, and housekeeping RNAS listed in the annatatie
LT2 r RNAt RNA_ hkRNAs. t xt .

Product Name Start End Strand Length  GenelD Locus Loags Links
16S ribosomal RNA 289189 290732 + 1544 1251767  rrsH STM0249 -
lle tRNA 290800 290873 + 74 1251768 ileV STM0250 -
Asx tRNA 290986 291058 + 73 1251769 alaVv STM0251 -
23Sribosomal RNA 291244 294336 + 3093 1251770 rrlH STM0252 -
5S ribosomal RNA 294519 294640 + 122 1251771  rrfH STMO0253 -
Val tRNA 294838 294911 + 74 1251772  aspU STM0254 -
Sec tRNA 304277 304350 + 74 1251783 aspV STM0265 -
Thr tRNA 368806 368878 + 73 1251842  thrw STM0323 -
4.5S ribosomal RNA 524424 524539 + 116 1251987 _SRP STMO467SRP -
Arg tRNA 613567 613640 + 74 1252073 arguU STMO0553 -
- 617984 618056 + 73 2673761 - STMO05559.T1 -
GIn tRNA 738011 738082 - 72 1252193 gInX STM0673 -
GIn tRNA 738129 738200 - 72 1252194 gInVv STM0674 -
Xaa tRNA 738250 738323 - 74 1252195 metU STMO0675 -
GIn tRNA 738342 738413 - 72 1252196  glnw STMO0676 -
GIn tRNA 738452 738523 - 72 1252197 ginU STM0677 -
Leu tRNA 738550 738631 - 82 1252198  leuwW STMO0678 -
Met tRNA 738643 738716 - 74 1252199  metT STMO0679 -
Lys tRNA 818775 818847 + 73 1252271  lysT STMO751 -
Val tRNA 818982 819054 + 73 1252272  valT STM0752 -
Lys tRNA 819061 819133 + 73 1252273  lyswW STMO0753 -
Lys tRNA 819186 819258 + 73 1252274  lysY STM0754 -
Lys tRNA 819396 819468 + 73 1252275 lysz STMO0755 -
Ser tRNA 1027441 1027525 - 85 1252468  serW STM0949 -
Ser tRNA 1175321 1175405 + 85 1252604  serT STM1086 -
Ser tRNA 1224743 1224827 - 85 1252652  serX STM1134 -
Xaa tRNA 1333209 1333282 + 74 1252765 - STM1247 -
Xaa tRNA 1345647 1345720 + 74 1252780 - STM1262 -
Val tRNA 1501640 1501713 - 74 1252941  valw STM1423 -
Val tRNA 1501727 1501800 - 74 1252942  valVv STM1424 -
Tyr tRNA 1852570 1852651 + 82 1253276  tyrT STM1757 -
Tyr tRNA 1852859 1852940 + 82 1253278  tyrV STM1759 -
Leu tRNA 2035366 2035449 - 84 1253463 leuz STM1942 -
Cys tRNA 2035464 2035534 - 71 1253464  cysT STM1943 -
Gly tRNA 2035590 2035662 - 73 1253465 glyw STM1944 -
Ser tRNA 2082177 2082263 - 87 1253521  serU STM2000 -
Asn tRNA 2083250 2083322 + 73 1253523 asnT STM2002 -
Asn tRNA 2084220 2084292 + 73 1253525 asnT STM2004 -
Asn tRNA 2094165 2094237 - 73 1253533 asnW STM2012 -
Asn tRNA 2095995 2096067 + 73 1253535 asnU STM2014 -
Pro tRNA 2330749 2330822 + 74 1253751 tRNAPro2 STM2229 -
Arg tRNA 2505822 2505893 + 72 1253916  argW STM2394 -
Ala tRNA 2528939 2529011 - 73 1253933 alaX STM2411 -
Ala tRNA 2529057 2529129 - 73 1253934 alaw STM2412 -
Val tRNA 2531835 2531907 + 73 1253938 valu STM2416 -
Val tRNA 2531956 2532028 + 73 1253939 valX STM2417 -
Val tRNA 2532073 2532145 + 73 1253940 valY STM2418 -
Lys tRNA 2532153 2532225 + 73 1253941  lysV STM2419 -
Xaa tRNA 2761647 2761720 - 74 1254138 - STM2615

5S ribosomal RNA 2796440 2796561 - 122 1254179 rfG STM2656 -
23Sribosomal RNA 2796755 2799764 - 3010 1254180 rrlG STM2657 -
Sec tRNA 2799958 2800030 - 73 1254181 ghtw STM2658 -

continued on next page
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Product Name Start End Strand Length  GenelD Locus Loags Links
16S ribosomal RNA 2800118 2801660 - 1543 1254182  rrsG STM2659 -
regulatory RNA 2843947 2844309 + 363 1254216 tmRNA STM288BNA -

Arg tRNA 2969928 2970001 - 74 1254344 - STM2821 -
Arg tRNA 2970198 2970271 - 74 1254345 - STM2822 -
Arg tRNA 2970337 2970410 - 74 1254346 - STM2823 -
Arg tRNA 2970476 2970549 - 74 1254347 - STM2824 -
Ser tRNA 2970556 2970645 - 90 1254348 - STM2825 -
Met tRNA 3141064 3141137 + 74 1254512 metZ STM2989 -
Met tRNA 3141170 3141243 + 74 1254513 metW STM2990 -
Gly tRNA 3197425 3197495 - 71 1254560 glyu STM3037 -
Phe tRNA 3276146 3276218 + 73 1254639 pheV STM3116 -
lle tRNA 3379004 3379076 + 73 1254736 ileX STM3213 -
regulatory RNA 3414805 3415177 - 377 1254769 rnpB STM3RMaseP -
Met tRNA 3458506 3458579 - 74 1254812  metY STM3289 -
Leu tRNA 3461755 3461838 - 84 1254815 leuU STM3292 -
5S ribosomal RNA 3566622 3566743 - 122 1254916  rrfF STM3393 -
Thr tRNA 3566784 3566856 - 73 1254917  thrV STM3394 -
5S ribosomal RNA 3566867 3566988 - 122 1254918 rrfD STM3395 -
23Sribosomal RNA 3567078 3570071 - 2994 1254919 D STM3396 -

GIn tRNA 3570307 3570379 - 73 1254920 - STM3397 -
16S ribosomal RNA 3570463 3572006 - 1544 1254921  rrsD STM3398 -

Pro tRNA 3820412 3820485 - 74 1255158  proK STM3634 -
Sec tRNA 3948576 3948666 + 91 1255275  selC STM3751 -
16Sribosomal RNA 4100132 4101675 + 1544 1255416  rrsC STM3889 -

Trp tRNA 4101759 4101831 + 73 1255417  gltu STM3890 -
23Sribosomal RNA 4102028 4105021 + 2994 1255418 rrlC STM3891 -

5S ribosomal RNA 4105111 4105230 + 120 1255420 rrfC STM3894 -
Sec tRNA 4105283 4105362 + 80 1255421  aspT STM3895 -
Xaa tRNA 4105368 4105440 + 73 1255422  trpT STM3896 -
Arg tRNA 4140908 4140981 + 74 1255457  argX STM3931 -
His tRNA 4141039 4141111 + 73 1255458  hisR STM3932 -
Leu tRNA 4141135 4141218 + 84 1255459  leuT STM3933 -
Pro tRNA 4141264 4141337 + 74 1255460 proM STM3934 -
16S ribosomal RNA 4196059 4197600 + 1542 1255514  rrsA STM3988 -

lle tRNA 4197670 4197743 + 74 1255515 ileT STM3989 -
Asx tRNA 4197858 4197930 + 73 1255516 alaT STM3990 -
23Sribosomal RNA 4198116 4201110 + 2995 1255517  rrlA STM3991 -

5S ribosomal RNA 4201302 4201423 + 122 1255518  rrfA STM3992 -
16S ribosomal RNA 4351130 4352673 + 1544 1255658  rrsB STM4132 -

Val tRNA 4352741 4352814  + 74 1255659 ileU STM4133 -
Ala tRNA 4352929 4353001 + 73 1255660 - STM4134 -
23Sribosomal RNA 4353187 4356180 + 2994 1255661  rrlB STM4135 -

58S ribosomal RNA 4356373 4356493 + 121 1255662  rrfB STM4136 -
Thr tRNA 4360046 4360118 + 73 1255668 thrU STM4142 -
Tyr tRNA 4360130 4360211 + 82 1255669  tyrU STM4143 -
Gly tRNA 4360331 4360402 + 72 1255670 glyT STM4144 -
Thr tRNA 4360412 4360484 + 73 1255671  thrT STM4145 -
16S ribosomal RNA 4394675 4396219 + 1545 1255703  rrsE STM4177 -

Sec tRNA 4396303 4396375 + 73 1255704  gltv STM4178 -
23Sribosomal RNA 4396611 4399604  + 2994 1255705 rrlE STM4179 -

5S ribosomal RNA 4399797 4399918 + 122 1255706  rrfE STM4180 -
Phe tRNA 4566577 4566649 - 73 1255847  pheR STM4321 -
Gly tRNA 4596412 4596484 + 73 1255878  glyVv STM4352 -
Gly tRNA 4596644 4596716 + 73 1255879  glyX STM4353 -
Gly tRNA 4596876 4596948 + 73 1255880 glyY STM4354 -
Leu tRNA 4730996 4731077 + 82 1256013 leuX STM4487 -
Leu tRNA 4810613 4810696 - 84 1256079  leuV STM4553 -
Leu tRNA 4810731 4810814 - 84 1256080 leuP STM4554 -

Leu tRNA 4810845 4810928 - 84 1256081 leuQ STM4555 -
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Table 10.6: Known SalmonellasRNAs listed in the annotation fileT2 _known_sRNAs. t xt .

Product Name  Start End Strand Length GenelD Locus Loags Links
sRNA 13507 13591 + 84 1 IGRnaK.dnaJ tpkell -
SRNA 126707 126796 - 90 2 IGBpA_yabN SroA -
sRNA 128574 128812 + 239 3 IGiRabNLleuD sgrs -
SRNA 176082 176238 - 157 4 IGRPdhRaceE tp2 -
SRNA 254130 254268 + 139 5 IGRaprpsB t44 -
SRNA 505384 505439 - 56 6 IGBIpX_lon sraA -
SRNA 556005 556085 + 81 8 IGRbaK ybaP sroB -
sRNA 728761 728913 - 153 9 IGRItIgltl sroC -
sRNA 902040 902128 - 89 10 IGRIP.STM0835 rybA -
sRNA 942554 942632 - 79 11 IGRTM086QSTM0870  rybB -
SRNA 1275071 1275236 + 166 12 IGReFyceD sraB -
sRNA 1444832 1444938 - 107 13 IGRIIL _ydiK rprA

SRNA 1450415 1450519 + 105 14 IGRIIH_.STM1368 rydB -
sRNA 1729673 1729738 + 66 15 IGRTM1638cybB rydC -
SRNA 1745678 1745786 - 109 16 IGRfJ_ynaF micC -
sRNA 1968053 1968155 - 103 17 IGRTM1871STM1872  ryeB -
SRNA 2068649 2068736 - 88 18 IGpdD_yedP dsrA -
sRNA 2077175 2077269 + 95 19 IGRTM19940mpS rsexX -
SRNA 2213871 2214016 + 146 21 IGRgD.STM2126 ryeC -
sRNA 2231130 2231216 + 87 20 IGRgQSTM2137 ryeE -
SRNA 2366913 2367005 + 93 22 IGmpCyojN micF -
SRNA 2515608 2516006 - 399 23 IGRIg-yfdZ tpke70 -
SRNA 2674934 2675228 + 295 24 IGRTM2564sseB ryfA -
SRNA 2707664 2707847 - 183 25 IGRNK _purG sroF -
sRNA 2966853 2966926 + 74 27 IGIRXxS_gshA micA -
sSRNA 2987638 2987745 + 108 28 IGRbD_hypF C0664 -
sRNA 3044924 3045015 + 93 47 IGRVH_STM2901 invR -
SRNA 3116697 3117059 - 363 29 IGR|cC.syd csrB -
sRNA 3135317 3135522 + 206 30 IGgRvA_ygdL gcvB -
SRNA 3170122 3170208 - 87 31 IG&asgalR omrA -
sRNA 3170323 3170408 - 86 32 IGaasgalR omrB -
SRNA 3222098 3222280 + 183 33 IGRIFE_ygfA ssrS -
sRNA 3222913 3223065 + 153 34 IGRIfA_serA rygC -
SRNA 3362327 3362474 - 148 35 IGRjiK _rfaE rygD -
SRNA 3392069 3392261 + 193 36 IGRR-ygjT sraF -
SRNA 3451437 3451607 + 174 38 1GBhp.rpsO sraG -
SRNA 3490383 3490500 + 118 39 IGfbL_arcB sraH -
SRNA 3715401 3715495 - 95 40 IGhhX_yhhY ryhB -
sRNA 3998018 3998147 - 130 41 IGRB_emrD istR -
SRNA 4141650 4141854 + 205 42 IGRFK _hemY sraJ -
SRNA 4209066 4209175 + 110 43 IGBOIA_yihA spot42 -
sRNA 4210157 4210400 + 244 44 IGRhA _yihl csrC -
SRNA 4342866 4342986 - 121 45 IGRgH.oxyR OxXyS -
sRNA 4504870 4505010 - 141 46 IGROXRSTM4267 sralL -
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Table 10.7: Predicted Salmonella sRNAs listed in the annotation file SRNAs
LT2 predi ct ed sSRNAs. t xt .

Product Name  Start End Strand Length GenelD Locus Loags Links
SRNA 46050 46114 - 65 1 IGRTM0038nhaA STncl0 -
sSRNA 51926 52260 + 335 2 IGRTM0042rpsT STnc20 -
SRNA 58792 58923 + 132 3 IGR/tB_STM0050 STnc30 -
SRNA 161464 161537 + 74 4 IGRecAmutT STnc40 -
sRNA 182458 182539 - 82 5 IGRJA-STM0155 STnc50 -
sRNA 230063 230277 - 215 6 IGRuB_stfA STnc60 -
SRNA 670157 670305 + 149 7 IGBsbGahpC STnc70 -
SRNA 967580 967900 + 321 8 IGRTM0897.STM0898  STnc80 -
SRNA 974284 974363 + 80 9 IGRTMO0903STM0904  STnc90 -
SRNA 975011 975224 + 214 10 IGBRTM0904STM0905  STncl100 -
SRNA 976578 976765 + 188 11 IGRTM0905STM0906  STncl110 -
SRNA 1004432 1004777 - 346 12 IGRTM09290rfB STncl20 -
SRNA 1045098 1045232 - 135 13 IGFerSdmsA STncl30 -
SRNA 1113681 1113750 + 70 14 IGRTM1025STM1026  STncl40 -
SRNA 1325649 1325914 - 266 15 IGBRJA_STM1239 STncl50 -
SRNA 1345732 1345782 - 51 16 IGRTM1262STM1263  STncl60 -
SRNA 1605784 1606116 - 333 17 IGRTM1528STM1530 STncl70 -
SRNA 1807565 1807776 - 212 18 IG&NA cysB STncl90 -
SRNA 1937518 1937652 + 135 19 IGRTM1841kdgR STnc200 -
sRNA 1979550 1979598 - 49 20 IG&dd zwf STnc210 -
sSRNA 2032404 2032580 + 177 21 IGRCA STM1939 STnc220 -
sRNA 2078990 2079068 - 79 22 IGEMpScspB STnc240 -
SRNA 2115370 2115452 + 83 23 IGBOCR pduF STnc250 -
SRNA 2147333 2147409 - 77 24 IGjeeFyeeY STnc260 -
SRNA 2596789 2596882 - 94 25 IG&erDyffB STnc270 -
SRNA 2966073 2966247 + 175 26 IGRTM28161uxS STnc290 -
SRNA 3179540 3179622 + 82 27 IGRIul_ygeF STnc310 -
SRNA 3194914 3194996 - 83 28 IGIRpA_4_.STM3033 STnc320 -
SRNA 3283807 3283965 - 159 29 IGRTM3123STM3124  STnc330 -
SRNA 3393267 3393327 - 61 30 IGR) T ygjuU STnc340 -
SRNA 3404895 3404949 + 55 31 IGEha0.tdcG STnc350 -
SRNA 3468497 3468553 - 57 32 IGreA dacB STnc360 -
sRNA 3635756 3635884 - 129 33 IGRpA_5_yhfL STnc370 -
SRNA 3761373 3761440 - 68 34 IGESpA.yhiP STnc380 -
SRNA 3780254 3780402 + 149 35 IGRyhji®jC STnc390 -
SRNA 3839688 3839758 + 71 36 IGRTM36544lyS STnc400 -
sRNA 3885629 3885736 - 108 37 IGRTM3691lIdP STnc410 -
sSRNA 3902594 3902653 - 60 38 IGRbD_tdh STnc420 -
sRNA 4051145 4051340 + 196 39 IGRTM3844STM3845  STnc430 -
SRNA 4072507 4072730 + 224 40 IGHMU_STM3863 STnc440 -
SRNA 4251480 4251539 - 60 41 IGRIG_STM4041 STnc450 -
SRNA 4441898 4442059 - 162 42 IGRyi.yjbE STnc460 -
sSRNA 4559193 4559277 + 85 43 IGRTM431QtnpA_6 STnc470 -
SRNA 4645079 4645134 - 56 44 IGRfL _msrA STnc480 -

sRNA 4758187 4758332 - 146 45 IGRTM4503STM4504  STnc490 -




Table 10.8: Coverage of known and candidé&@almonellassRNA loci in pyrosequencing data.

SRNA! Alternative IDs® Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot*®

STncl0 - \Y STMO0038hhaA ——— 46114 46050 0 0 np

STnc20 - V STMO0042fpsT — 51926 52260 1 2 2.0 np

STnc30 - \% lytB/STMO05 ——— 58792 58923 1 0 np

STnc470 - 1\ STMO0081/STM0082 ——— 94548 94770 0 70 >70.0 ~ 1250nt

srs ryaA | yabN/leuD e 128574 128812 3 61 20.3

STnc40 - \ secA/mutT ——— 161464 161537 0 0 np

STnc50 - \% IpdA/ISTM0155 ——— 182539 182458 0 0 np

STnc60 - \% fhuB/stfA — 230277 230063 0 0 np

isrA - 1l STM0294.In/STM0295 ——— 339338 339760 0 0

0B rybC | ybaK/ybaP pa—— 556005 556085 27 1530 56.7

STnc480 - \Y gIxK/yIbA e 587848 587926 4 74 18.5 nd

STnc70 - V dsbG/ahpC ——— 670157 670305 5 7 1.4 np

sroC - | gltd/gltl PRI 728913 728761 26 898 345

rybB p25 1 STMO0869/STM0870 —r—— 942632 942554 3 103 34.3

STnc80 - \Y STM0897/STM0898 —— 967580 967900 0 0 np

STnc90 - V STM0903/STM0904 — 974284 974363 0 0 np

STncl00 - \% STM0904/STM0905 ——— 975011 975224 0 0 np

STncll0 - \% STM0905/STM0906 ——— 976578 976765 0 0 np

STncl20 - \Y STM0929brfB ——— 1004777 1004432 0 0 np

STnc496* - vV clpA/tnpAl ——— 1024975 1025165 75 385 5.1 ~ 85nt

STncl30 - V serS/dmsA ——— 1045232 1045098 0 0 nd

isrB-1 - l sbcASTM1010 —— 1104179 1104266 2 4 2.0

STncl140 - \% STM1025/STM1026 —— 1113681 1113750 0 0 np

STnc500 - \Y STM1127/STM1128 e 1216157 1216440 7 84 12.0 ~ 65nt

sraB pke2 I yceFlyceD ——— 1275071 1275236 0 0

STnc640 - \Y icdA/'STM1239 ——— 1325636 1326082 0 10 >10.0 ~ 1500nt

STncl50 - V icdA/'STM1239 ——— 1325914 1325649 0 1 >1.0 ~90nt

isrC - Il envF/msgA e 1329145 1329432 0 1 >1.0

STnc510 - v STM1245pagC ——— 1331440 1332250 4 28 7.0 nd

STnc520 - 1\ STM1248/STM1249 — 1332809 1334044 12 100 8.3 ~ 80nt

STncl60 - \% STM1262/STM1263 ——— 1345782 1345732 0 0 np

isrD - Il STM1261/STM1263 ——— 1345788 1345738 0 0

ryhB-2 isrE 1 STM1273keaQ ——— 1352987 1352875 0 0

STnc530 - 1\ yeallyeaH ——— 1359779 1360418 2 15 7.5 nd

continued on next page
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SRNA! Alternative IDs?® Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot™°

STnc540 - \Y himA/btuC ——— 1419369 1419570 7 23 3.3 ~ 85nt

rprA 1S083 | ydiK/ydiL — 1444938 1444832 37 286 7.7

rydB tpe7, 1S082 | ydiH/STM1368 — e 1450415 1450519 4 10 2.5

STnc550 - \Y purR/sodB — 1508946 1509412 6 10 1.7 nd

STnc5732  yneMORF \Y ydellydeE e 1593723 1594413 2 21 105  ~190nt

STnc560 1\ ydel/ydeE — 1593723 1594413 10 290 29.0 ~ 90nt

STncl70 - V STM1528/STM1530 ——— 1606116 1605784 0 0 np

isrF - Il STM1552/STM1554 e 1630160 1629871 1 0

rydC 1S067 | STM1638¢ybB — 1729673 1729738 5 245 49.0

micC 1S063, tke8 1 nifJ/ynaF ——— 1745786 1745678 0 15 >15.0

STnc580 - \Y dbpASTM1656 e 1749662 1750147 11 311 28.3 ~100nt

STncl80 - V acnAlcysB e 1807776 1807565 1 5 5.0 = 2000nt

STncl90 - \Y STM1841kdgR — 1937518 1937652 1 12 12.0 ~ 500nt

ryeB tpke79 | STM1871/STM1872 e 1968155 1968053 24 653 27.2

STnc200 - V edd/zwf e 1979598 1979550 0 3 >3.0 nd

STnc210 - V yecASTM1939 e 2032404 2032580 0 0 np

dsrA - | yodD/yedP e 2068736 2068649 6 149 24.8

rsexX - | STM1994bmpS ——— 2077175 2077269 0 3 >3.0

STnc220 - V ompS/cspB e 2079068 2078990 0 8 >8.0 nd

STnc230 - V pocR/pduF — 2115370 2115452 0 0 np

STnc240 - V yeeF/yeeY e 2147409 2147333 0 1 >1.0 np

ryeC tpll | yegD'STM2126 ——— 2213871 2214016 42 72 1.7

cyaR ryeg 11 yegQSTM2137 ——— 2231130 2231216 31 659 21.3

isrG - 1l STM2243/STM2244 ——— 2344732 2345013 0 0

micF - 11 ompClyojN ——— 2366913 2367005 0 11 >11.0

isrH-2 - Il glpC/ISTM2287 ——— 2394582 2394303 0 0

isrH-1 - 1l glpC/ISTM2287 ——— 2394753 2394303 0 0

STnc2502 ypfM ORF \Y} acrD/yffB e 2596882 2596789 6 24 4.0 ~220nt

ryfA tpl | STM2534$seB e 2674934 2675228 3 6 2.0

glmy tkel,sroF | yfhK/purG e 2707847 2707664 20 92 4.6

isrl - 1l STM2614/STM2616 e 2761576 2761329 0 2 >2.0

isrd - 1l STM2614/STM2616 e 2762031 2761957 1 0

isrK - 1l STM2616/STM2617 e 2762867 2762791 0 0

isrB-2 - 1l STM26316bcA ——— 2770965 2770872 0 0

isrL - 1l smpBSTM2690 ——— 2839399 2839055 0 0

isrM - 1l STM2762/STM2763 ——— 2905050 2905378 0 0

continued on next page
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SRNA! Alternative IDs?> Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot*°

isrN - 1 STM2764/STM2765 e 2906925 2907067 0 0

STnc260 - V STM2816luxS e 2966073 2966247 0 0 np

micA sraD | luxS/gshA —— 2966853 2966926 1 128 128.0

STnc590 - 1\ avrA/sprB e 3010807 3010966 8 27 9.0 nd

STnc600 - \Y hilD/hilA ——— 3018766 3019855 3 68 22.7 nd

invk STnc270 ] invH/STM2901 ——— 3044924 3045014 113 3236 28.6

csrB ] i yqcClsyd e 3117059 3116697 69 67

govB 1S145 Il gevAlygd! P 3135317 3135522 12 402 33.5

omrA rygB 1 aas/galR ——— 3170208 3170122 0 51 >51.0

omrB 159, rygA, srakE I aas/galR e 3170408 3170322 1 52 52.0

STnc280 ; v kdullyqeF e 3179540 3179622 0 1 >1.0 np

STnc290 - V tnpA4/STM3033 e 3194996 3194914 2 72 36.0 ~ 85nt

isrO - 1l STM3038/STM3039 ——— 3198380 3198580 0 0

'S - | yOfE/GA mr— 3222098 3222280 836 451

rygC t27 | ygfA/serA — 3222913 3223065 14 17 1.2

STnc300 - V STM3123/STM3124 s 3283965 3283807 0 0 np

rygD tp8, C0730 | yqiK/rfaE e 3362474 3362327 17 104 6.1

saF tpk1, 1S160 | VOiRIYGT NN 3392069 3392261 0 25 >25.0

SThc310 - Vv yoiTlygju e 3393327 3393267 0 0 np

STnc320 - \% yhaO/tdcG e 3404895 3404949 0 1 >1.0 np

STnc610 - 1\ yhbC/metY e 3458296 3458578 1 19 19.0 =~ 1250nt

STnc330 - V greA/dacB e 3468553 3468497 1 12 12.0 ~ 1500nt

sraH ryhA | yhbL/arcB e 3490383 3490500 55 2292 41.7

STnc340 - V tnpA.5/yhfL ——— 3635884 3635756 0 0 nd

ryhB-1 sral, 1IS176 | yhhX/yhhY ——— 3715495 3715401 0 2 >2.0

STnc350 - V uspA/yhiP ——— 3761440 3761373 0 0 nd

STnc360 - v yhjBlyhjC - 3780254 3780402 0 0 np

STnc370 - \% STM36544lyS e 3839688 3839758 0 0 np

STnc380 - \% STM3691lldP — 3885736 3885629 0 0 np

STnc390 - \ yibD/tdh e 3902653 3902594 0 0 nd

istR-1 VI ilvB/emrD ——— 3998147 3998018 0 0 ~75nt

istR-2 \Y| ilvB/emrD e 3998147 3998018 0 0 ~ 140nt

STnc400 - V STM3844/STM3845 ——— 4051145 4051340 112 42 =~ 55nt

STnc410 - V gImU/STM3863 D 4072507 4072730 0 0 np

glmz k19, ryiA, srad | yifK/hemY — 4141650 4141854 20 196 9.8

spf spf | polA/yihA e 4209066 4209175 2 33 16.5

continued on next page
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SRNA! Alternative IDs?® Referencé Adjacent gene$ Orientation®  Start® End® Reads Reads  Enrichment® Northern
colP-Ctr’  Hfg-colP® blot™°

csC sraK, ryiB, tpk2___ 1l vihAyinl p— 4210157 4210400 63 64

STnc420 - V yiiG/STM4041 e 4251539 4251480 0 0 np

isrP - 1l STM4097/STM4098 e 4306719 4306866 0 2 >2.0

oxyS - | argH/oxyR e 4342986 4342866 0 10 >10.0

STnc430 - Vv pgilyibE ey 4442059 4441898 0 0 np

STnc620 - \Y ssSTM4257 ——— 4476817 4477856 4 41 10.3 nd

sraL ryjA 11 SOXRSTM4267 ——— 4505010 4504870 0 0

STnc630 - \Y proP/basS — 4532473 4532638 1 27 27.0 nd

STnc440 - \Y% STM4310tnpA 6 ——— 4559193 4559277 9 456 50.7 ~ 85nt

STnc450 - Vv ytfL/msrA — 4645134 4645079 0 0 np

STnc460 - V STM4503/STM4504 ——— 4758332 4758187 0 0 np

isrQ - Il STM4508/STM4509 ——— 4762997 4763158 0 0

! Gene names ddalmonellasRNAs that were identified in this and previous studies. The identificationaméshgiven in the third column. sRNA names follow tBalmonella
and/orE. colinomenclature referenced in Hershbet@l. (2003), Padalon-Braucét al. (2008), and Papenfoet al. (2008).

2 Alternative sSRNA IDs. References in Hershbetgl. (2003), Padalon-Braudét al. (2008), and Papenfoet al. (2008) except STnc490, 500, 520, 540, 560, 570, 580, whicé hav
been newly predicted in this study.

3 Evidence for sRNAs irsalmonella (1) Conserved sRNAs found iBalmonellacDNA libraries and previously shown to be expresset .inoli (relevant ref. in Papenfot al.,
2008; Table 1).(I) sRNA previously predicted and validated on Northern blotSaimonellaby Padalon-Brauckt al. (2008). (Ill) sRNA previously validated on Northern
blots in Salmonella(Altier et al., 2000a; Figueroa-Bosst al, 2006; Fortuneet al, 2006; Papenforet al., 2006, 2008; Pfeiffeet al, 2007; Sharmat al., 2007; Viegat al,
2007).(1V) sRNA predicted through cDNA sequencing and validated by Northerrablaiysis in this study(V) sRNA previously predicted by Pfeiffet al. (2007) is recovered
in cDNA sequences and validated by Northern blot analysis in this s{y.IstR sSRNAs (Vogekt al,, 2004) were not recovered in cDNA sequences but their expression
Salmonellavas validated by Northern blot analysis in the complete study (Sattkd, 2008).

4 Flanking genes of the intergenic region in which the sRNA candidate is lacated

® Orientation of SRNA candidate (middle) and flanking genesand«— denote location of a gene on the clockwise or the counterclockwise stfémei®almonellachromosome).

6 Genomic location of SRNA candidate gene according tcS#ienonella typhimuriurhT2 genome. For STnc470 through STnc640 start and end of the @ridrgenic region are
given.

" Out of 145,873 sequences in total.

8 Out of 122,326 sequences in total.

® Enrichment factor calculated by dividing the number of reads fromdef& by the number of reads from the control colP.

10 Denotes verification on Northern blot in this study for new RNA transcriptsgestimated size is given in nucleotides (np = not probed; nd = no ddeetetfscript).

1 The cDNA reads map antisense internally of the 1S200 element. Basejoarse identity they map to all 1IS200 elemetnpA 1 to tnpA6).

12 3Tnc250 and STnc570 contain small ORFs annotatggféandyneM respectively, irE. coli (Wassarmaet al., 2001).
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Table 10.9: DNA Oligonucleotides used for Northern Blot de¢ction.

| Name | Sequence | Target region
JVO-2405 CCTATGGGAGCGCGGTG STnc250
JVO-2406 GTCAGAATACGACATTTTGGTACTC STnc290
JVO-2407 TTATTTGGACTACCTGGATG STnc340
JVO-2408 TATGAGGAGGACAATTACCG STnc440
JVO-2445 TACCGGACAATAATCCCTAC STncl30
JVO-2446 GATAACCTGAGACCCCCCTG STncl50
JVO-2448 ATATAAACGCGCCAGTCCAT STncl80
JVO-2466 TCTGGCGGAACCTGCC STnc220
JVO-2468 CACACCTGTCGGGCGTT STnc310
JVO-2469 CGCAGTCCCAGGTCAGC STnc330
JVO-2498 CTTATGTGGGCGTTTTGTTT STnc350
JVO-2499 AATGACACCAACCTTTTACG STnc390
JVO-2500 CTAGAGGAGGCGCTAGAAAG STnc400
JVO-3140 CGGGTGGGATGAAATCGTAA STncl90
JVO-3141 TTAGTGTCTGGCGAAACGCT STnc400
JVO-3142 GTTGCTGCGGTGTAATAAGACA STncl80
JVO-3143 TACGTTTGAGCTCAGGGTCG STncl80
JVO-3144 TCATGTTACCGGTAAAATACCACC STnc200
JVO-3249 AGAGAGTCAGCGCCGGG STnc600
JVO-3250 AATTAAAACCACCCGCCG STnc620
JVO-3251 CAGGCTACCAACCACCTCC STnc590
JVO-3252 TATGGAGCGCAACGCC STnc580
JVO-3253 GCGGTCTGGTGTACCTTCC STnc610
JVO-3254 CGGGTCATCTTTCAGGCTG STnc540
JVO-3255 TGCTTATACGCTACCGGGC STnc560
JVO-3256 CTGCCTAACATCTCGTTTCTCC STnc570
JVO-3257 GCCACGGTTCTCACCG STnc480
JVO-3258 CAGCACACTACACAGGGTCG STnc630
JVO-3259 ACCTTGCTGGCGCTCTC STnc470
JVO-3260 CATCTTGCGGTCTGGCA STnc490
JVO-3261 CATCGCGTTGCCAACTT STnc500
JVO-3262 AAGACCCTGGCGCGGTT STnc520
JVO-3263 CTTAGCAGCCTTGTAGAAGAGC STnc640
JVO-3264 AAACTTGACACCGTTCGGC STnc510
JVO-3265 GTGCCTCCGAACGGAAG STnc530
JVO-3266 GCGACAATCACGCCCAG STnc550
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10.4. Appendix to Chapter 6

This section contains supplementary Figures and Tables to Chapter 6.

1 HP1067 <- 100

IG|433_HP1066_HP1067
IGR_jhp0358_3hp_0359 C
Consensus C

1G|433_HP1066_HP1067 2
IGR_jhp0358_jhp_0359 A
Consensus

IG|433_HP1066_HP1067 G
IGR_jhp0358_jhp_0359 A GACTA CTCATTTG
Consensus GTTT A C C C TTCTCATT]

IG|433_HP1066_HP1067 AAT AAGTAATAA
IGR_jhp0358_jhp_0359 AR
Consensus

401 HP1066 -> 495
TGTCTTCTTCTTATCAAATAGGCACGG

1G|433_HP1066_HP1067
IGR_jhp0358_jhp_0359 TTATT'
Consensus

TGTCTTCTTCT

Figure 10.7: Alignment sSRNA candidate 1G433.The intergenic region between HP1067 and HP1066 as
well as 100 bp of the flanking genes frdth pylori strain 26695 was aligned with the homologous region of
H. pylori strain J99 usingvul t al i gn (Corpet, 1988). Predicted promoter and terminator arecaidd in
yellow and blue, respectively. Brackets indicate pairesklsan the predicted terminator stem-loop. Flanking
genes are indicated in grey and their start or stop codonsedii@ bold. The position of the transcriptional
start site according to 5’ RACE analysis is indicated by buldleotides.

1 HP1108 <- 100
IG|449_HP1107_HP1108 CTTGCACTTCTTTGCCTGTTTTTGAAATCACATCAGCCAACCCTTTAGCGCCAGTGATTGCACCTTGACCCGCTCGTGCATGCCATCTAATTTGARACAT

IGR_jhpl1034_jhpl035 CT TCTT AGCTAGTCC CGC T
Consensus ‘

IG|449_HP1107_HP1108
IGR_jhp1034_jhpl035
Consensus

201 <<<<LLLL<L >>>>>>>>
IG|449_HP1107_HP1108 ATT A
IGR_jhpl034_jhp1035
Consensus

IG|449_HP1107_HP1108 TAT
IGR_jhp1034_3jhpl035
Consensus

401 489
IG|449_HP1107_HP1108 AACGGTTAAAATATTAATGGGCATGGCGTTATTATCATCGCTTCAAGCCGCAGAGGCAG
IGR_jhpl034_3jhpl035 AACAATTA. o7 g
Consensus AACaaTTA;

Gttt it it e e,

Figure 10.8: Alignment sRNA candidate 1G449.The intergenic region between HP1108 and HP1107 as
well as 100 bp of the flanking genes frdth pylori strain 26695 was aligned with the homologous region of
H. pylori strain J99 usindvul t al i gn (Corpet, 1988). Predicted promoter and terminator arecatdd in
yellow and blue, respectively. Brackets indicate pairesklsan the predicted terminator stem-loop. Flanking
genes are indicated in grey and their start or stop codonseaie bold.
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HPO175 <-
C

IG|75_HPO174_HPO175 TC.
IGR_jhp0160_jhp0161

Consensus

+1 +1 in 5'RACE
200
IG|75_HPO174 HPO175
IGR_jhp0160_jhp0l6l
Consensus

IG|75_HPO174_HPO175
IGR_jhp0160_jhp0161
Consensus

IG|75_HPO174_HP0175
IGR_jhp0160_jhp0161
Consensus

401 500
<<<<L<< S>>>>>
IG|75_HPO174 HPO175
IGR_jhp0160_jhp0l6l
Consensus

600
IG|75_HP0174_HP0175 GGTTATGGTTTTGTCTTTATCTAT
IGR_jhp0160_jhp0l61 G TTGTTTC' AT

Consensus

601 680
IG|75_HP0174_HP0175 CCTTARAAAAAGCTITAATGATTTITTTAAGCA

IGR_jhp0160_jhp0l6l TTTT

GATTTTTT.

“GCTAGAATGCTTTTAATCAATCTTGGCCCTATCCTTTTGAGTTTGGCGT

Figure 10.9: Alignment sRNA candidate 1G75. The intergenic region between HP0175 and HP0174 as
well as 100 bp of the flanking genes frdr pylori strain 26695 was aligned with the homologous region
of H. pylori strain J99 usingvul t al i gn (Corpet, 1988). The predicted terminator is indicated unebl
Brackets indicate paired bases in the predicted termis&on-loop. The position of the transcriptional start
site according to 5’ RACE analysis is indicated by bold natitles and a predicted promoter which fits to
this start site is indicated in yellow. Alternative pre@idtpromoters are indicated in green. Flanking genes
are indicated in grey and their start or stop codons are dmilth

1 HP1178 —> 100
1G1480_HP1177_HP1178 AGICTCAGATCACTTAATCACTAAAGAAGCCTTAAGCCCTAAAGAAAGGGTAGAAAGCTTTGATAACATGATAATTTTGGCTITGGAGATGATGAGTTAG
IGR_jhpl103_3hpl104 A AC TA TT
Consensus A

IG|480_HP1177_HP1178
IGR_jhp1103_3jhp1104
Consensus

IG|480_HP1177_HP1178
IGR_jhpl103_3jhpl104
Consensus

301 <LL<LLL< >>>>>>>> 400
IG|480_HP1177_HP1178 C.
IGR_jhpl103_3jhpl104
Consensus

IG|480_HP1177_HP1178 C.
IGR_jhpl103_jhpl104
Consensus

IG|480_HP1177_HP1178
IGR_jhpl103_jhpl104
Consensus

601 HP1177 -> 663
IG|480_HP1177_HP1178 CTCTCGCGGCGTCATTGCTCCATGCTGAAGACAACGGCGTTTTTTTAAGCGTGGGTTATCAAA
IGR_jhpll03_jhpll04 C GTCATTGCTCCATGCTGAAGACA. TTTTTTA GGGCTATCRAA

Figure 10.10: Alignment sSRNA candidate 1G480.The intergenic region between HP1178 and HP1177 as
well as 100 bp of the flanking genes frdm pylori strain 26695 was aligned with the homologous region
of H. pylori strain J99 usindvul t al i gn (Corpet, 1988). The predicted terminator is indicated unebl
Brackets indicate paired bases in the predicted termis&ton-loop. The position of the transcriptional start
site according to 5’ RACE analysis is indicated by bold natikes and a predicted promoter which fits to
this start site is indicated in yellow. Alternative pre@idtpromoters are indicated in green. Flanking genes
are indicated in grey and their start or stop codons are dmilth
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1 HP1198 <- 100

IG|494_HP1198_HP1199
IGR_jhpll2l_jhpll22 TGT
Consensus :

IG|494_HP1198_HP1199 A
IGR_jhpll2l_jhpll22 A
Consensus

201 300

IG|494_HP1198_HP1199 A
IGR_jhpll2l_jhpll22 A
Consensus A

301 >>>>>>> HP1199 <- 400

IG|494_HP1198_HP1199
IGR_jhpll2l_jhpl122
Consensus

CTTACTTGACTTCAACCTTAGCGCCTACTTCTTCAAGTTTCTTCTTGATGGTTTCAGCTTCTTCTTTATTCACG
CTT TTA TCTTC! TTTAT

401 427
1G|494_HP1198_HP1199 CCCTCTTTAAGCACATGAGGCCTTTTT
TT, TTT!

IGR jhpll2l jhpll22 C
Consensus

T

TT, TTT

Figure 10.11: Alignment sSRNA candidate 1G494.The intergenic region between HP1198 and HP1199 as
well as 100 bp of the flanking genes frdth pylori strain 26695 was aligned with the homologous region of
H. pylori strain J99 usindwul t al i gn (Corpet, 1988). Predicted promoter and terminator arecaidd in
yellow and blue, respectively. Brackets indicate pairesklsan the predicted terminator stem-loop. Flanking
genes are indicated in grey and their start or stop codonseaiia bold. The position of the transcriptional
start site according to 5’ RACE analysis is indicated by buldleotides.

>IG|550 HP1387 HP1388 plus

HP1387 ->
TAAAAGCAACCAGTTAAACGAAAGCTGTTTAATGGGGTTTATGGGGACTGAAATTTTAGC
ATCTCTATTTGATACTTTTGAATGTTGCCTAGTATTTTGATTTTATCGGTTACTTCGCAC
TCATCGTATATCTTTTTGTATTCTTGTATGATATTGACTTCATCGTTGTTTTTATTTTTC

-35 -10 +1 site in 5'RACE
ATGCTCATAGTAGGATTATACTAAAATAATAAAGTTATGTTATAGTTCGGTATCGTTTGT
<LLLLKL >>>>>>

TTTTTTAAAGCAAAAANGCCCOTTATANANT ACCEECTITTT T TGCTATTTCTTGACT
TGTTTTAACTGCGCTATTTCTTTTTTTAACTTGGATACTTCTTGCTGTAGCGTTTTAAGT
CGGTTTTCTAACAACACCACTTTTGCAACTATTGAATACATATCAGCATTGGATTGCTGT
AGTTGTTCGTTGTTTATTTTTACTTTATTGTCAATCCTTACTAACGCCTTTGTGATTTCT
TTAATCAAGTTAGGATTAAGTGGGTTTATAAGCTTGTTAAAAACCTAACCCTTAAAAGTT
CAAAACAAAATAGCTAGAATTTTTGTCTTATTCTATTTTTGGTAGAATAATAATTTTTCA
CAAGGAATTACACATGAATAATATTTGGTTTCAGTATAAAATTGGCAAGCAACTAGATGA
ATTAGAAATTGAAGATTCTTTATGTCTTTCTTTATTCAAATCTCTTGAAAATT
HP1388 ->

Figure 10.12: Small RNA candidate IG550 Small RNA candidate 1G550 is located in the intergenic ragio
between HP1387 and HP1388tafpylori strain 26695. Predicted promoter and terminator are itelicen
yellow and blue, respectively. Brackets indicate paireselsan the predicted terminator stem-loop. The 100
bp of each flanking genes are indicated in grey and theiratatbp codons are set in bold, respectively. The
position of the transcriptional start site according to BGE analysis is indicated by a bold nucleotide.



Table 10.10:Biocomputationally predicted SRNA candidatedHalicobacter pylori

IGR Strand Length Terminator LFG RFG Orientation © Start End Distance Distance
Score toLFG toRFG

IG7T5P1 - 240 -3.18 HPO174 HP0175 (cell e 181542 181781 108 84
(hyp. protein) binding factor 2)

IG75 P2 - 146 -3.18 HPO174 HP0175 (cell e 181542 181687 108 178
(hyp. protein) binding factor 2)

1G433 - 101 -4.3 HP1066 HP1067 ¢heY) e 1126097 1126187 120 81
(hyp. protein)

1G449 - 70 -3.05 HP110Mmp23 HP1108 (porC, ——— 1169977 1170046 99 92

porG)

1G480 - 81 -6.31 HP117mp23) HP1178 (lecD e 1245700 1245780 192 184

1G494 + 174 -5.48 HP1198goBC) HP1199 (plL) e 1277094 1277267 45 6

IG55C¢ + 75 -8.19 HP1387 (DNA  HP1388 ——— 1449783 1449857 109 331
polymerase I (hyp. protein)
subunite)

& LFG: left flanking gene.
b RFG: right flanking gene.

¢ Orientation of SRNA candidate (middle) and flanking geresand« denote location of a gene on the clockwise or the counterclockwise stiémettelicobacterchromosome).

9 For IG75 two promoters were predicted
¢ sRNA candidate 1G550 is specific to HP26695
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Table 10.11:Experimentally mappeHelicobacter pyloripromoters based on primer extension or 5’RACE.

Number Gene Location Strand Distance +1sitein TSS Clas® Distance Comment Reference
AUG [bp] H.pylori [bp]°©
26695

HP0011 hspA (groES) 9268..9624 - -59 9683 9683 P 0o o Spohn & Scarlato,
1999b; Suerbaum
etal, 1994

HPO0071 urel 74747..75334 - -65 75399 75398 P 1 e Akadaet al., 2000
Pflocket al., 2005

HP0073 ureA 77240..77956 - -57 78012 78012 P 0 o Shiraiet al,, 1999;
Spohn & Scarlato,
1999a

HPO0088 rpoD 92952..94967 - -72 95039 95040 P -1 80 Beieret al., 1998

HPO0097 hyp. prot. 101643..102356 - -40 102396 102396 P 0 o McGowanet al.,,
2003

HP0103 tibB 109025..110722 - -140 110862 110862 P 0 o0 Delanyet al,
2002b

HPO111 hrcA 118823..119653 - -15 119668 119668 P 0 o Spohn & Scarlato,
1999b

HP0115 flaB 122948..124492 - -25 124517 124517 P 0 e Spohn & Scarlato,
1999a

HPO0119 hyp. prot. 129383..130768 - -43 130811 130811 P 0 % Dietz et al., 2002

HP0166 response 173778..174455 - -67 174522 174520 P 2 80 Dietz et al., 2002;

regulator Forsythet al., 2002

HP0220 nifS 228339..229502 + -252 228087 228285 P -198 ? Pfbcit, 2007

HP0389 sodB 398432..399073 - -21 399094 399094 P 0 %0 Pesci & Pickett,
1994

HP0407 bisC 419077..421467 + -34 419043 419043 P 0 o7 McGowanet al,,
2003

HP0427 hyp. prot. 444265..444600 - 2 444598 444600 P -2 80 Dietz et al., 2002
Mtller et al., 2006;
Pflocket al., 2004

- cagF P2 578740..579087 - P2:-581 579668 579669 0 S Spohnet al,, 1997,

HP0547 cagA 579921..583481 + P1:-104 579817 579817 P 0 o™ Spohnet al., 1997

HPO0578 hyp. prot. 608300..610336 - -58 610394 - P - ? McGatah,
2003

continued on next page
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Number Gene Location Strand Distance +1sitein TSS Clas® Distance Comment Reference
AUG [bp] H.pylori [bp]©
26695

HP0600 spaB 635337..637118 - =21 637145 637146 P =1l o0 McGowanet al.,
2003

HP0601 flaAd 637282..638814 + -50 637232 637232 P 0 o28(P-50) Leyinget al., 1992
McGowanet al.,
2003; Spohn &
Scarlato, 1999a

HP0653 pfr 698770..699273 - -29 699302 699301 P 1 o830 Delanyet al,
2001b

HP0654 hyp. prot. 699570..700652 + -26 699544 699544 P 0 o Delanyet al,
2001b

HP0682 hyp. prot. 732133..732513 5 -6 732519 732519 P 0 o0 Forsythet al,, 2002

HP0690 fadA 740559..741734 + -106 740453 740534 P -81 ? Pfickt., 2007

HP0695 hyuA 745801..747942 + -39 745762 745763 P =il o0 Pflocket al, 2007

HP0698 hyp.prot. - 750956..751045 + -22 750934 750935 P 1 0% Spohn & Scarlato,

flgR (HP0698) 1999a

HP0797 hpaA 965177..966724 - -80 (-72) 854819 854817 P 2 o°(P-80), Jonest al, 1997
McGowanet al.,
2003

HP0870 flgE 920417..922573 - -30 922603 922604 P -1 o™ Spohn & Scarlato,
1999a

HP0875 katA 925571..927088 - -55 927143 927143 P 0 " Delanyet al,
2001a

HP0876 frpB 927411..929786 + -78 927333 927332 P 1 % Delanyet al,
2001a

HP0878 hyp. prot. 930391..930564 + -10 930313 930313 P 0 o™ McGowanet al.,
2003

HP0906 hyp. prot. 956485..958068 + -45 956440 - P - o™ Spohn & Scarlato,
1999a

HP0912 hopC 637282..638814 + -105 965072 965072 P 0 o™ McGowanet al.,
2003; Odenbreit
etal, 1999

HP1010 ppk 1072429..1074456 + -43 1072386 - P - g0 McGowanet al.,

2003

continued on next page
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Number Gene Location Strand Distance +1sitein TSS$ Clas® Distance Comment Reference
AUG [bp] H.pylori [bp]°©
26695
HP1018- hyp. prot.- 1081440..1081586  + -42 1081398 1081400 P -2 o’ Pflocket al,, 2004
HP1019 htrA
HP1024 cbpA 1087633..1088499 + -27 1087606 1087516 P 90 o Spohn & Scarlato,
1999b
HP1027 fur 1090212..1090664  + -41 1090171 1090171 P 0 o0 Delanyet al,
2002a
HP1041 flbA (flhA) 1100927..1103128 + -64 1100863 1100883 P -20 o Schmitzet al,,
1997
HP1043 response 1104745..1105416 - -34 1105450 1105449 P 1 o0 Delanyet al,
regulator 2002b
HP1067 cheY 1126268..1126642 + -84 1126184 1126183 P 1 % Beieret al,, 1997
HP1120 hyp. prot.... 1186442..1186876 - -24 1186900 - P - ot Spohn & Scarlato,
flgK 1999a
HP1139 S0j 1200639..1201433 - -117 1201550 1201551 S 1 o7 McGowanet al.,
2003
HP1186 carbonic 1255772..1256380 + -43 1255729 1255729 P 0 o0 Wenet al, 2007
anhydrase
HP1260 NnuoA 1333813..1334214 + -38 1333775 1333777 P 2 o0 McGowanet al.,
2003
HP1335 trmU 1395894..1396976 - -24 1397000 1396947 P 53 o™ McGowanet al.,
2003
HP1362 dnaB 1422915..1424381 - -154 1424535 1424702 P -167 o McGowanet al,,
2003
HP1400 fecA3 1461431..1463959 + -113 1461318 1461028 P 290 " Ernstet al, 2006
HP1408 hyp. prot. 1477542..1477877 + 2 1477544 1477542 P 2 % Dietzet al,, 2002;

Mtller et al., 2006;
Pflocket al.,, 2004

HP1423 orf03 1494708..1494962 - 0 1494962 1494962 P 0 o0 Porwollik et al,,
1999
HP1432 histidine and 1502586..1502804 + -44 1502542 1502550 P -8 o% Forsythet al, 2002
glutamine-
rich
protein

continued on next page
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Number Gene Location Strand Distance +1sitein TSS Clas® Distance Comment Reference
AUG [bp] H.pylori [bp]©
26695
HP1494 murE 1567157..1568500  + -39 1567118 - P - o McGowanet al.,
2003
HP1512 froB4 1584447..1587080 + -55 1584392 1584392 o0 Ernstet al, 2006
HP1559 flgBC 1640954..1641376 - 25 1641401 1641505 P -104 o> Spohn & Scarlato,
1999a
HP1562 ceuE 1643982..1644983 - -25 1645008 1645007 o0 Delanyet al,
2001a
HP1563 tsaA 1645224..1645820 + -96 1645128 1645128 P 0 G Delanyet al,
2001a
HPNc6350 asRNA A 1245700.. 1245780 - - 1245780 1245780 o0 5'RACE, this
study
HPnc6320 asRNA B 1243405.. 1243474 - - 1243474 1243474 0 o0 5' RACE, this
study
HPnc7630 asRNA C 1503081.. 1503160 - - 1503160 1503160 o0 5'RACE, this
study
HPNnc8170 asRNA D 1612518.. 1612596 - - 1612596 1612596 0 " 5'RACE, this
study
HPNnc0040 asRNA E 22856.. 22931 - - 22931 22931 o0 5'RACE, this
study
HPNc8060 asRNA F 1589890.. 1589984 - - 1589984 1589984 0 G 5' RACE, this
study
HPNc7620 SpRNA C 1503081..1503361 + - 1503081 1503081 o0 5'RACE, this
study
HPnc8160 SpRNA D 1612518..1612827 + - 1612518 1612518 0 o0 5'RACE, this
study
HPNc6670 sRNA B 1307822..1307963 - - 1307963 1307963 o0 5'RACE, this
study
HPNnc2090 sRNA C1 479770..479856 - - 479856 479856 0 " 5'RACE, this
study
HPNnc2640 sRNA D 568309..568522 - - 568522 568522 o0 5'RACE, this
study
HPNnc2420 sRNA H 537522..537624 - - 537624 537624 0 s 5' RACE, this
study

continued on next page
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Number Gene Location Strand Distance +1sitein TSS$ Clas® Distance Comment Reference
AUG [bp] H.pylori [bp]°©
26695

HPNnc4590 SRNA | 964751..964802 + - 964751 964751 0 o 5'RACE, this
study

HPnc7830 sRNA MP1 1524441.. 1524681 - - 1524681 1524681 0 o 5'RACE, this
study

HPnc6160 asRNA 3 1217306..1217378 + - 1217306 1217306 0 % 5'RACE, this
study

HPnc4870 asRNA 5 998717..998848 + 5 998717 998717 0 o%°5’ RACE, this
study

HPNc7430 asRNA 10 1470865..1470983 - - 1470983 1470983 0 %95 RACE, this
study

HPnc1880 asRNA 11 445011.. 445139 - - 445139 445139 0 o0 5'RACE, this
study

HPnc1810 ssRNA llla 438178.. 438908 - - 438908 438908 0 0% 5'RACE, this
study

HPro1 23S rRNA 445248..448223 + > 444979 444979 P 0 e 5'RACE, this
study

HPro6 23S rRNA 1473917..1476893 - - 1477163 1477163 P 0 &% 5'RACE, this
study

& Transcriptional start site (TSS) mappeddnpylori 26695 based on 454 deep sequencing data.

b TSS class according to the manual annotation described in Section 6Qh&jiter 6. P: primary, S: secondary, and O: orphan.

¢ Distance between the transcriptional start site described in the literaturgpped by 5’ RACE and the TSS based on the 454 dataid@®/srace- TSSisa.
4 Promoters foureAandflaAwere confirmed by 5 RACE

¢ ThecagBgene was identified in strain G27 but is not annotateld.ipylori 26695.

f TheflgRpromoter is located upstream of HP0698.
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Table 10.12: Read distribution on annotations.

Library Total <12 No 23S 16S 58 tRNA tmRNA RNaseP | SRP | mRNA as IGR as
reads nt maitch rRNA rRNA rRNA RNA RNA mMRNA rRNAs,
in HP hkRNAs
26695 and
tRNAs
C- 528373 | 7515 75888 224307 | 101306 | 5411 38364 1998 1169 1282 | 60782 3272 7046 33
C+ 528169 | 14984 | 90257 81177 | 33560 18794 | 142788 | 1598 8849 5577 | 115119 | 6164 9246 56
AS- 427455 | 8265 63906 52012 | 42930 8634 45326 3683 2482 2683 | 169410 | 13383 14554 | 187
AS+ 540133 | 18019 | 108421 | 30899 | 9849 13935 | 133956 | 1525 8174 4868 | 159737 | 24203 26263 | 284
PL- 268841 | 5130 61008 49677 | 37018 4396 47628 1242 893 1168 | 51943 3790 4880 68
PL+ 315309 | 6602 57064 39014 | 14553 20032 | 89390 844 3248 2635 | 68218 5768 7838 103
AGS- 280713 | 4547 93030 44836 | 35744 4681 40998 982 696 876 44424 4498 5335 66
AGS+ 223705 | 5280 78117 18332 | 6510 10414 | 57476 375 1633 1842 | 35184 3881 4582 79
Huh7- 266621 | 865 66905 58946 | 38699 4858 8090 1076 533 205 75632 5415 5362 35
HuH7- 308759 | 657 100705 | 52265 | 12699 10927 | 20300 1313 2396 936 88559 11114 6751 137

9 Jaydey) o1 xipuaddy 0T
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Table 10.13: Leaderless mRNAs irHelicobacter pylori. Genes that turned out to be leaderless during
transcriptional start site annotation fh pylori 26695 based on deep sequencing data. Location indicates
start and end of the ORF in th& pylori 2695 genome. ‘R” following a gene name indicates that this gene
was reannotated based on the 454 data and conservationstatheodon in othérlelicobacterstrains.

Gene Location of AUG start ~ Description

codon
HP1529 1608997 - 1608995 dnaA chromosomal replication initiation protein
HP1139 1201433 - 1201431 Spo0J regulasof)(chromosome partitioning protein
HP0925 988604 - 988606 recombination protein RecR
HP0376 384259 - 384261 ferrochelatdsemH
HP0929 991805 - 991807 geranyltranstransferase (IspA)
HP0413 426838 - 426836 putative transposase
HP0414 426876 - 426878 IS200 insertion sequence from SARA17
HP1008 1069967 - 1069969 1S200 insertion sequence from SARA
HP1181 1249488 - 1249490 multidrug-efflux transporter
HP1183 1252759 - 1252757 Na+/H+ antiporteagA
HP1216 1293586 - 1293584 organic solvent tolerance protein
HPO0818R 870451 - 870453 osmoprotection protgino\VX)
HP0498 524081 - 524083 sodium- and chloride-dependerggaater;

neurotransmitter:Na+ symporter

HP1365 1427604 - 1427602 response regulator, OmpR family
HP0329 345305 - 345303 NH(3)-dependent NAD+ synthetaaeH)
HP1394 1455819 - 1455817 hypothetical protein NAD+ kinase
HPO112R 120046 - 120048 hypothetical protein
HP0427 444600 - 444598 hypothetical protein
HP0820 872931 - 872933 hypothetical protein
HP1408 1477542 - 1477544 hypothetical protein
HP1423 1494962 - 1494960 hypothetical protein
HPO151R 161202 - 161204 hypothetical protein
HP0806 860357 - 860359 hypothetical protein
HP0O897R 950133 - 950135 hypothetical protein
HP1007 1069927 - 1069929 frameshift gene
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Table 10.14: DNA Oligonucleotides used for Northern Blot deection.

5" — 3'direction.

Gene Name Oligo Sequence

mpB RNase P RNA JVO-0210 CGAAGCGTGTATCAATTTAGAC

ffs SRP RNA JVO-0211 GGGACTCTGCTGTATTCCTAC
tmRNA tMRNA JV0-0212 CTGGAGCGTAATCTGTGTTG

5S rRNA 5S rRNA JVO-0485 TCGGAATGGTTAACTGGGTAGTTCCT
23S rRNA 23S rRNA JVO-0586 GCATAGCTTATCGCAGTCTAGT
HPNc6350 asRNA A JVO-0231 GAGTTTGTCATGGCTACCAA
HPNc6320 asRNA B JVO-0513 GCCATGGAAAATTAAAAATG
HPnc7630 asRNA C JVO-0514 CATGCCATGAAACACAAAAG
HPNc8170 asRNA D JVO-0548 GCAGACCAACATTGCA

HPNc8060 asRNA F JVO-0550 CTAATTTTTATTCCACTAGAGATTA
HPNc7620 spRNA C JVO-2303 CCTTTTGACATAGGATTTGC
HPnc8160 spRNA D JVO-2135 GATCGCATGGCATGCT

HPnc6561 6S RNA JVO-2136 AACACGAATCATCTAGGCGAT
HPNc5490 sRNA A JVO-2134 AAACCATAAGGAATGGTTGGAT
HPNnc6670 sRNA B JVO-2621 AATGCTGAAGCTTCTAGAATGAT
HPNc2630 sRNA D JVO-2623 GATTTGTTTGTTTATGCCAAA
HPnc2240/ asRNA la/b JVO-2133 GTGAACCATAGGTTGAGTTCCTATAG
HPnc6000

HPNnc2450 asRNA 7 JVO-2635 CGAGAAATACCTCCACACAAT
HPnc1880/ asRNA 11 JVO-2702 GCGTTATAAAAAGATTAGGGATCA
HPNnc7450

HPnc1470 sRNA L JVO-2708 TTAAACTTTAACAACTCTTTAATTTTCAA
HPNnc3320 ssRNA | JVO-2627 CTCATTTGTACATCCGCTTTA
HPnc1810/ ssRNA llla/b JVO-2707 CTATCCTCTTTCTCTTTAGGAGTTG
HPNnc7520

HPnc4160 asRNA G JVO-2624 GTTGATTAAAATGCTAAGTTATAGTAAAGA
HPnc4170 spRNA G JVO-2625 CTGACGCTCTTACCTTAATTGA
HPNc2090/ sRNA C1/2 JVO-2622 AGAAAAGGAGATAACCTAACATGA
HPnc5320

HPnc4590 sRNA | JVO-2704 AAAGGAGATAACCAACTATGAAGTT
invR SalmonellanvR JVO-0222 GATAAATGCAACGTAAGAGACAAATG
sraH SalmonellaSraH JVO-0157 GGGTGCGCGAATACTG

rrf SalmonellebS rRNA JVO-0322 CTACGGCGTTTCACTTCTGAGTTC

Sequences are given in
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Table 10.15: DNA Oligonucleotides used for 5’ RACE analysisSequences are given in-5} 3'direction.

Gene Name Oligo Sequence
IG75 IG75 JVO-0226 AGAATGCATACAACAATAATTACG
1G433 1G433 JV0O-0240 GAACGCTCCATTTA
1G550 1G550 JVO-0245 GGGGCTTTTTTG
HP0601 flaA JVO-0974 TCAATCGCTCCAATGAAGTT
HPO0073 ureA JVO-0214 TACCGCTTCTACATAGTTAAGCTT
HPnc6350 asRNA A JVO-0231 GAGTTTGTCATGGCTACCAA
(1G480)
HPNc6320 asRNA B JVO-0794 ATAAATTCTAAAAAGGAGTTTGCCA
HPnc7630 asRNA C JVO-0514 CATGCCATGAAACACAAAAG
HPnc8170 asRNA D JVO-0548 GCAGACCAACATTGCA
HPnc0040 asRNA E JVO-0549 GCCTCATAGTTAGGATATGG
HPnc8060 asRNA F JVO-0795 TCTAGGAGACTTCTATGAGAAAAAATC
HPnc7620 spRNA C JVO-2304 CTTTTGTGTTTCATGGCATG
HPNnc8160 spRNA D JVO-2135 GATCGCATGGCATGCT
HPnc6670 sRNA B JVO-2621 AATGCTGAAGCTTCTAGAATGAT
HPnc2090 sRNA C1 JVO-2622 AGAAAAGGAGATAACCTAACATGA
HPNc2640 sRNA D JVO-2623 GATTTGTTTGTTTATGCCAAA
HPnc2420 sRNAH JVO-2703 ACACAAGGCAAGTGTGATAAAC
HPNc4590 sRNA | JVO-2704 AAAGGAGATAACCAACTATGAAGTT
HPnc7830 sRNA MP1 JVO-2709 CTCTCACGCATCATATCTATAAAG
HPNc6160 asRNA 3 JVO-2631 CTAATGTGACCGGTGTGTTG
HPNnc4870 asRNA 5 JVO-2633 AAGAACAAGCCCTAAAATTTGT
HPnc7430 asRNA 10 JVO-2698 TGGGAATAAAGACTTGGAAAATTTAAGT
HPnc1880 asRNA 11 JVO-2702 GCGTTATAAAAAGATTAGGGATCA
HPnc1810 ssRNA llla JVO-2707 CTATCCTCTTTCTCTTTAGGAGTTG
HPro1 23S rRNA JVO-2741 AGCTTTTAGCTTGTAGAACTTGCTT
HPro6 23S rRNA JVO-2741 AGCTTTTAGCTTGTAGAACTTGCTT




