Lniversitat
wien

DISSERTATION

Titel der Dissertation

,Novel Pseudomonas aeruginosa small regulatory RNAs*

Verfasserin

Mag. rer. nat. Theresa Sorger-Domenigg

angestrebter akademischer Grad

Doktorin der Naturwissenschaften (Dr. rer. nat.)

Wien, 2010

Studienkennzahl It. Studienblatt: A 091 441
Dissertationsgebiet It. Studienblatt: Genetik-Mikrobiologie

Betreuer: Univ.-Prof. Dr. Udo Blasi






INHALTSVERZEICHNIS

1 ZUSAMMENFASSUNG

2 SUMMARY

3 INTRODUCTION

31

3.2
3.3
3.4

3.5
3.6

Base-pairing SRNAs
3.1.1 Cis-acting SRNAs
3.1.2 Trans-acting SRNAs
3.1.3 Hfqg
3.1.4 Regulatory RNAs that modulate protein activity
3.1.5 CRISPR-Clustered regularly interspaced short palindromic repeats

How to find regulatory RNAs
SRNA target search

Pseudomonas aeruginosa regulatory RNAS
3.4.1 Pseudomonas aeruginosa
3.4.2 P. aeruginosa housekeeping SRNAs
3.4.3 Protein sequestering sRNAs
3.4.41 RsmX/Y/Z
3.4.4.2 CrcZ
3.4.4 P. aeruginosa sRNAs
3.4.4.1 Prrfl/2
3.4.4.2 RgsA
3.4.4.3 PhrS and PhrD
3.4.44 CRISPR
3.4.4.5 Uncharacterized P. aeruginosa sRNAs

Aim of the work

References

MANUSCRIPTS

4.1 Detection of small RNAs in Pseudomonas aeruginosa by RNomics and
structure-based bioinformatic tools

4.2 The sRNA Paell of Pseudomonas aeruginosa isinduced upon nutrient
l[imitation

4.3 The sRNA Paelll of Pseudomonas aeruginosa regul ates antibiotic

susceptibility and rpoS expression



4.4 Distinct and overlapping binding sites of Pseudomonas aeruginosa Hfq

and RsmA proteins on the non-coding RNA RsmY 144
5 CURRICULUM VITAE 150

6 DANKSAGUNG 151



1 ZUSAMMENFASSUNG

Kleine regulatorische RNAs (SRNASs) spielen eine immer wichtigere Rolle, indem sie
eine Vielzahl von physiologischen Prozessen modulieren. Die Gruppe der bakteriellen SRNAs
beinhaltet MRNA leader Sequenzen, die die Genexpression in cis beeinflussen, SRNAs, die an
Proteine binden oder Basenpaarungen mit RNA oder DNA eingehen. SRNAs kontrollieren die
Expression von Virulenzgenen in pathogenen Bakterien, wie zum Beispiel in Pseudomonas
aeruginosa, Vibrio cholerae und Saphylococcus aureus.  Aufgrund  neuer
Detektionsmethoden, die das gesamte Genom untersuchen, wéchst die Zahl von sSRNAs stetig
an, deren Funktionen hingegen bleiben weitgehend unbekannt und stellen den Gegenstand
gegenwartiger Untersuchungen dar.

Das Ziel meiner Arbeit war es neue unbekannte SRNAs in P. aeruginosa zu detektieren
und ihre Funktion zu charakterisieren. Dafir wurde einerseits eine Methode zur direkten
Klonierung von sRNAs (RNomics) verwendet und andererseits eine bioinformatische
Methode, die SRNAs basierend auf der evolutiondr konservierten RNA Struktur selektiert.
Mithilfe von RNomics konnten drei neue SRNAs detektiert werden und mithilfe der
Bioinformatik wurden sieben weitere SRNAs vorrausgesagt, von denen bei zwei die
Expression experimentell nachgewiesen werden konnte. Weiters wurde eine alternative auf
Bioinformatik basierte Suche nach potentiellen sRNAs angewendet, wobei folgende
Suchkriterien verwendet wurden: intergene Regionen, 80-300 Nukleotide lange sRNAs, die
von einem Promoter als auch einem Rho-unabhangigen Terminator flankiert werden. Das
Ergebnis dieser Suche waren die drei SRNA Kandidaten Pael, Paell und Paelll.

Die Synthese von Paell wird von einem RpoN-abhéngigen Promoter kontrolliert. Paell
wird geh&uft unter Nahrstoff limitierenden Bedingungen exprimiert und hangt von der
Guanosin Tetraphosphat Konzentration in der Bakterienzelle ab. Vergleichende Analysen des

Transkriptoms des Wildtyp Stammes mit einer paell Mutante zeigten, dass die mRNA



Konzentration einiger Gene, die fur Proteine des Purin Biosynthese Apparates kodieren, in
der Gegenwart von Paell verringert ist. Es ist zu vermuten, dass die Purin Biosynthese unter
Né&hrstoffmangel durch Paell abgeschalten werden kdnnte, da sie zu diesem Zeitpunkt nicht
bendtigt wird.

Paelll wird preferentiell wéhrend der stationdren Wachstumsphase und in Medium, dem
humanes Serum zugesetzt wurde, exprimiert. Dabei handelt es sich um Bedingungen, die
denen wahrend einer Infektion ahneln. Eine Untersuchung des Transkriptoms indizierte bei
Uberexpression von paelll eine hohere Synthese von Komponenten der MexX/Y ,,Multidrug*
Effluxpumpe, die fur den Transport einer Vielzahl von Antibiotika verwendet wird, sowie des
Typ 1l Sekretionsapparates. Im Gegensatz dazu werden Gene, die in Pyocin- und
Aminosaurebiosynthese und in anaerober Atmung involviert sind, bei paelll Uberexpression
reprimiert, weiters scheint Paelll die Translation von rpoS, das fir c° kodiert, negativ zu
regulieren.

Zusétzlich, wurde der Effekt von Hfq auf die P. aeruginosa SRNAs RsmY und RsmZ
untersucht. Beide SRNAs binden an das Repressorprotein RsmA und verhindern, dass das
Protein an mRNAs bindet und deren Translation blockiert. RsmA kontrolliert vor allem die
Expression von Virulenzgenen. Vorangegangene Experimente bewiesen, dass Hfg an RsmY,
aber nicht an RsmZ, bindet und es dadurch stabilisiert. Ich konnte experimentell zeigen, dass
die Bindung von Hfg RNase E Schnittstellen und folglich auch die Prozessierung durch
RNase E blockiert, aber keinen Einfluss auf die Bindungsfahigkeit von RsmA an RsmY hat.
Dieses Ergebnis erklart die Notwendigkeit von Hfq fur die translationale Regulation durch

RsmA.



2 SUMMARY

Small regulatory RNAs are an emerging group of regulators that modulate a wide range
of physiological processes. In Bacteria they include mMRNA leaders that affect expression in
cis, small RNAs that bind to proteins or base-pair with target RNAs or DNA. sRNAs are also
known to regulate virulence gene expression in several pathogenic bacteria, including
Pseudomonas aeruginosa, Vibrio cholerae and Staphylococcus aureus. Due to genome wide
detection methods the number of SRNAs is rising, but for the majority of them their function
remains to be determined.

This work concentrated on the detection and characterization of novel sRNAs in P.
aeruginosa. We used a shotgun-cloning approach (RNomics) as well as bioinformatic tools to
identify novel SRNAs. The RNomics approach revealed three novel SRNAs and the in silico
analyis, which was based on the evolutionary conservation of the RNA structure yielded
seven potential SRNA candidates out of which two were shown to be expressed. An additional
bioinformatic approach focussed on SRNA genes with an overall length between 80-300 nts
preferably located in intergenic regions which are preceded by a promoter and followed by a
Rho-independent terminator. This analysis yielded three candidate SRNAs, Pael, Paell and
Paelll.

The synthesis of the SRNA Paell is governed by an RpoN-dependent promoter. Paell is
vigorously expressed under nutrient limiting conditions, and was shown to be dependent on
guanosine tetraphosphate levels. A comparative analysis of the transcriptome profiles of the
parental wt strain and the paell deletion mutant revealed that the steady state levels of genes
involved in purine biosynthesis were down-regulated in the presence of Paell. We interpret
this result as showing that Paell serves to block purine biosynthesis during nutrient starvation.

Paelll is preferentially expressed in stationary phase and upon challenge with non-

inactivated human serum, conditions that are related to infection. A transcriptome analysis



upon paelll over-expression revealed that expression of components of the MexX/Y
multidrug efflux pump as well as that of the type Ill secretion apparatus is increased. In
opposite, the expression of genes involved in pyocin and amino acid biosynthesis and genes
involved in anaerobic respiration was decreased. Among the repressed genes was also rpoS
whose translation was shown to be regulated by Paelll.

In addition, the effect of Hfg on the P. aeruginosa SRNAs RsmY and RsmZ was studied.
Both sSRNAs sequester the translational repressor protein RsmA, and thereby regulate the
expression of virulence genes. Previous results have shown that Hfg binds to and stabilizes
the SRNA RsmY, but not the functionally homologous SRNA RsmZ. Here, | could show that
Hfq stabilizes RsmY by blocking RNase E cleavage and that binding of Hfq still permits
RsmY- mediated titration of RsmA. These results explained why Hfq is required for full

fledged translational regulation by RsmA.



3 INTRODUCTION

Small bacterial regulatory RNAs, also known as riboregulators, are regulatory elements
that modulate gene expression at the post-transcriptional level (Waters and Storz, 2009). The
majority of the identified SRNAs adjust bacterial physiology in response to environmental
changes or stress conditions. One class of SRNAs base-pairs with mRNAs and changes their
translation efficiency and/or stability. The second class of SRNAs interacts with proteins and
modulates their activity. In addition, there is evidence that SRNAs binding to DNA can cause
transcriptional attenuation (Giangrossi et al., 2010).

SRNAs are either generated through processing or synthesized as primary transcripts. The
size of “small” regulatory RNAs ranges from 50-500 nts. SRNAs are generally non-coding,
but there are also known sRNAs that encode polypeptides and simultanously act as
riboregulators. For instance, the Saphylococcus aureus RNAIII and Escherichia coli SgrS
encode for the 6-hemolysin and SgrT protein, respectively (Janzon et al., 1989; Wadler and
Vanderpool, 2007). In pathogenic bacteria, such as Pseudomonas aeruginosa, SRNAs have
been found to be involved in regulation of virulence gene expression. In addition to binding to
proteins and mMRNA, sRNAs can target DNA, as exemplified for the clustered regularly
interspaced short palindromic repeats (CRISPR) in Streptococcus thermophilus (van der Oost

et al., 2009) and the Shigella flexneri SRNA RnaG (Giangrossi et al., 2010).

3.1 Base-pairing sRNAs

3.1.1 Cis-acting sRNAs
The majority of cis-acting SRNAs which are transcribed convergently to their target genes

are encoded by accessory genetic elements; plasmids, transposons and phages. Only a few
have been found in the bacterial chromosome (Brantl, 2007). These RNAs are usually small
(50-300 nt) and regulate biological processes such as replication, conjugation, suicide,

transposition, mRNA degradation and translation initiation. In addition, some control



metabolic processes, such as the p3 RNA of Clostridium acetobutylicum that is involved in
glutamine synthesis (Fierro-Monti et al., 1992). Another SRNA class acts as antitoxin to
repress translation of genes encoding toxic proteins (e. g. RatA/TxpA of B. subtilis (Silvaggi
et al., 2005)). The mechanisms of action (Fig. 1) include transcription attenuation, translation
inhibition, inhibition of primer maturation, promotion or inhibition of mMRNA degradation and
inhibition of RNA pseudoknot formation (Brantl, 2007). A novel mechanism entails
premature termination of transcription of the cis-encoded mRNA target icsA by RnaG in
Shigella flexneri (Giangrossi et al., 2010). Cis-encoded sRNAs are generally complementary
to their target MRNAs. Therefore, the RNA-RNA interaction is usually strong and does not
require proteins that facilitate annealing, such as the RNA chaperone Hfqg. Tiling array
approaches (Toledo-Arana et al., 2009) as well as genomic SELEX (Lorenz et al., 2006;
Lorenz et al., 2010) suggested that the number of chromosomally encoded cis-antisense
RNAs is increasing. Long (> 1000 nt) RNAs spanning more than one gene as well as cis-
acting sSRNAs that overlap with the 5* or 3° UTR of mRNAs have been detected (Toledo-

Arana et al., 2009).
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Fig. 1. Gene arrangement and regulatory functions of base pairing regulatory RNAs. (A) Regulatory
mechanisms of cis-encoded antisense SRNAs (red) imposed on their target RNAs (blue). Base pairing
of a SRNA encoded opposite to the 5° UTR inhibits ribosome binding and often leads to target mMRNA
degradation (left panel). Base-pairing of an SRNA encoded opposite to the sequence separating two
genes in an operon to its target, can target RNases to this region and can cause mRNA cleavage or
transcriptional termination (right panels) (B) Regulatory Functions of trans-encoded sRNAs. Trans-
encoded sSRNA can act negatively by base pairing with the 5> UTR and block ribosome binding (left
panel) and/or targeting the SRNA-mRNA duplex for degradation by RNases (middle panel). Trans-
encoded sRNA can act positively by preventing the formation of an inhibitory structure, which
sequesters the ribosome-binding site (RBS) (right panel) (Waters and Storz, 2009).

3.1.2 Trans-acting sRNAs

In contrast to the aforementioned cis-encoded antisense RNAs, trans-acting SRNAs are
generally encoded distantly from their target mRNA(S). The majority of the hitherto
characterized sRNAs act as negative regulators by preventing ribosome loading onto the
MRNA through base-pairing with, or in the vicinity of the ribosome binding site (Fig. 1). As a
result, the respective mRNA is prone to rapid decay (for review, Gottesman, 2004; Kaberdin
and Blasi, 2006; Papenfort and Vogel, 2009). Variations of negative regulation by sRNAs
exerted distantly from the Shine and Dalgarno (SD) sequence can further include binding to
and obstructing of an upstream ribosome loading site (Darfeuille et al., 2007), obstruction of a
C/A rich element (Sharma et al., 2007) as well as binding to the immediate (Bouvier et al.,
2008) or within the mRNA coding region (Pfeiffer et al., 2009). Positive regulation by SRNAs
appears to be less frequent. In this case the SRNAs act by an “anti-antisense” mechanism and
compete with the formation of or melt intramolecular secondary structures, which block
ribosome binding (Fig. 1, Morfeldt et al., 1995; Repoila et al., 2003; Urban and Vogel, 2008).
In addition, indirect translation silencing by repressing translation of an upstream reading
frame to which the target mRNA is positively translationally coupled has also been reported
(Vecerek et al., 2007). In the case of V. cholerae Qrr SRNA the same region is even used to
activate and repress mRNAs (Lenz et al., 2004).

Another hallmark of trans-acting sSRNAs is their imperfect complementary with their
MRNA targets. As a result, many sRNAs can interact with several mMRNA targets (Papenfort

and Vogel, 2009). This limited complementarity apears to be the cause for the requirement of



a dedicated RNA chaperone, which facilitates SRNA-mRNA interaction. Trans-encoded
SRNAs are generally synthesized under certain growth or stress conditions (Repoila and
Darfeuille, 2009). For instance the E. coli specific SRNAs are synthesized under low iron,
oxidative stress, outer membrane stress, elevated glycine, changes in glucose concentration,
and elevated glucose-phophate levels (Urbanowski et al., 2000; Gottesman, 2005; Johansen et

al., 2006; Gorke and Vogel, 2008; De Lay and Gottesman, 2009).

3.1.3 Hfqg
The post-transcritional regulator Hfq was first discovered as a host factor required for

replication of the bacteriophage QB (Franze de Fernandez et al., 1968). It belongs to the
eukaryotic and archaeal family of Sm- and Sm-like proteins (Mgller et al., 2002; Sun et al.,
2002; Zhang et al., 2002). The size of thermostable Hfq proteins ranges from 70 to 110 amino
acids in different bacterial species and forms homo-hexamers (Fig. 2, Mgller et al., 2002;
Schumacher et al., 2002; Zhang et al., 2002; Sauter et al., 2003; Valentin-Hansen et al., 2004;
Nikulin et al., 2005; Link et al., 2009). Recent studies suggested, that the SRNA binds to the
proximal side of the hexamer (Fig. 2, Schumacher et al., 2002; Mikulecky et al., 2004),
whereas the C-terminal extension constitutes a mRNA interaction surface (Vecerek et al.,
2008). These observations support a model in which the sRNA and the mRNA bind
concomitantly to Hfg, which in turn results in an increased local concentration, aiding the
RNA-RNA interaction. Furthermore, this would explain why bacterial Hfq proteins with short
C-termini seem not to contribute to SRNA- mRNA interactions. Unlike uridine-containing

sequences poly(A) tract binds to the distal face of Hfg (Link et al., 2009).



Figure 2. (A) The structure of the Hfg protein from P. aeruginosa. Top view of the Hfq hexameric
ring (Nikulin et al., 2005). (B) Structure of the N-terminal 72 aa of E. coli Hfg. Top and side views of
the Hfq hexameric doughnut. Secondary structure elements are highlighted in one monomer with the
N-terminal a-helix in pink and the five B-strands in blue (Sauter et al., 2003). (C) Structure of S.
aureus Hfg bound to a hepta- oligoribonucleotide (orange) (Schumacher et al., 2002). (D) A ribbon
diagram of the Hfg hexamer and A5 oligonucleotide superimposed onto the apo Hfg hexamer (green).
The Hfq trimers and Ag oligonucleotides of the 2-fold related asymmetric units are gray and black,
respectively. One of the 6 tripartite binding repeats is labeled A (adenosine site), R (purine nucleotide
site), and E (entrance/exit site) (Link et al., 2009).

This protein preferentially binds to AU-rich single stranded regions either preceded or
followed by a stem-loop structure (Brescia et al., 2003; Moll et al., 2003b; Mikulecky et al.,
2004; Sun and Wartell, 2006; Lorenz et al., 2010). Hfq is one of the most abundant proteins
in E. coli with 30,000- 60,000 copies per cell (Kajitani et al., 1994). The high number of
molecules may reflect the pleitropic effects of hfg mutants, including decreased growth rates,
increased oxidation of carbon sources, increased sensitivity to ultraviolet light, mutagens and
antioxidants as well as abbarant cell growth (Tsui et al., 1994). The level of Hfg was reported
to decrease gradually during transition from logarithmic to stationary phase (Kajitani et al.,
1994; Azam and Ishihama, 1999). Contrary to these findings, the cellular amount of Hfg has
also been reported to increase under slow growth conditions and upon entry in stationary
phase (Tsui et al., 1997; Vytvytska et al., 1998; Sonnleitner et al., 2006). The expression of
Hfq is controlled at the transcriptional and at the translational level. The hfq gene is part of a

32 “heat shock™ promoters in addition to four

super-operon that encompasses at least three
o'%-dependent promoters. They ensure that high Hfq levels are maintained during stress
conditions. It also seems to modulate its own mRNA stability, and acts as an autogeneous

translational repressor (Tsui et al., 1997; Vecerek et al., 2005).



In addition to SRNA-dependent regulation, Hfq modulates the decay of some mRNAs by
binding to their poly(A) tails. Hfg has been shown to stimulate poly(A) adenylation by
poly(A) polymerase I, and to enhance degradation of the RNA (Hajnsdorf and Regnier, 2000).
On the other hand Hfq also protects messages from polynucleotide phosphorylase, RNase 11
and RNase E (Folichon et al., 2003; Mohanty et al., 2004; Folichon et al., 2005). Hfg was
also reported to have an ATPase activity, which could be linked to its RNA chaperone activity
(Sukhodolets and Garges, 2003).

Hfg was shown to protect the SRNAs RyhB and DsrA RNAs from cleavage by RNase E
(Massé et al., 2003; Moll et al., 2003a), the major endonuclease involved in mMRNA decay as
well as in the processing of tRNA and rRNA precursors. This observation can probably be
extended to many riboregulators, because Hfg binding sites appear to coincide with
recognition sites for RNase E, both of which recognize AU-rich sequences (Massé et al.,
2003; Moll et al., 2003a; Sorger-Domenigg et al., 2007).

Phylogenetic analyses revealed Hfg orthologues in many Gram-positive (Chlamydia
muridarum, Chlamydia trachomatis, Chlamydophlia pneumoniae, Borrelia burgdorferi,
Treponema pallidum, Cytophaga hutchinsonii, Deinococcus radiodurans, Mycobacterium
leprae, Thermobifida fusca, Streptomyces coelicolor, Nostoc sp., Nostoc punctiforme
Synechocystis sp., Prochlorococcus marinus, Synechococcus sp, Bacillus halodurans,
Mycoplasma genitalium, Bacillus subtilis, Clostridium acetobutylicum, Clostridium
perfringens, Ureaplasma urealyticum, Listeria innocua, Lactococcus lactis, Listeria
monocytogenes, Streptococcus pneumoniae, Staphylococcus aureus, Sreptococcus pyogenes,
Bacillus anthracis, Enterococcus faecium) and Gram-negative Bacteria (o/B/y/e
Proteobacteria, Prochlorococcus marinus, Synechocistis PCC6803) (Sun et al., 2002) as well
as in Archaea (Methanococcus jannaschii (Nielsen et al., 2007); Sulfolobus solfataricus (Kilic
et al., 2005)). The function of Hfg in Gram-positive bacteria is unknown, because except for

L. monocytogenes (Nielsen et al., 2009), it is either absent (Streptococcus pyogenes, Borrelia
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burgdorferri, Enterococcus faecalis, Streptomyces coelicolor, Chlamydia trachomatis) or
seems to be dispensable (Bacillus subtilis, Staphylococcus aureus) for SRNA controlled gene
regulation (Jousselin et al., 2009). So far, no additional RNA chaperones have been
discovered, which might substitute for the function of Hfg in Gram-positive bacteria. It has
been proposed that a link exists between the need for Hfg in SRNA-mRNA interactions and
(i) the overall GC content of bacterial genomes, (ii) the free energy for SRNA-mRNA pairing
interactions, (iii) genome size and (iv) structural variations among Hfq proteins (Jousselin et
al., 2009).

Hfq has been identified as a virulence factor in Yersinia enterocolitica, Brucella abortus,
Legionella pneumophila, Salmonella typhimurium and Vibrio cholerae (Nakao et al., 1995;
Robertson and Roop, 1999; Ding et al., 2004; McNealy et al., 2005; Sittka et al., 2007). A
Pseudomonas hfgq mutant showed a reduced virulence in larvae of Galleria mellonella and in
mice (Sonnleitner et al., 2003). As in E. coli (Sledjeski et al., 2001), Hfq is involved in
regulation of rpoS expression in PAO1 (Sonnleitner et al., 2003). However, Hfg also exerts
o>-independent effects on virulence factors, such as catalase, pyocyanin and elastase
production, and is required for PAO1 to swarm and twitch, which are important traits for
colonization and biofilm development (Sonnleitner et al., 2003). A comparative transcriptome
analysis of a PAO1 rpoS- and a rpoS-hfg-strain has indicated that Hfq affects approximately
5 % of the PAOL transcriptome (Sonnleitner et al., 2006). Among these transcripts, 72 are
known to be regulated by quorum sensing (QS), which is a cell density-dependent regulatory
mechanism that impacts on virulence gene expression (van Delden and Iglewski, 1998).

3.1.4 Regulatory RNAs that modulate protein activity

In contrast to protein-binding SRNAs with intrinsic catalytic activity (like RNase P
(Kazantsev and Pace, 2006)), CsrB/C (Babitzke and Romeo, 2007), 6S (Wassarman, 2007)
and GImY (Gorke and Vogel, 2008) act by antagonizing the function of their cognate proteins

through mimicking the structures of other nucleic acids (Fig. 3).
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Fig. 3. Protein-binding SRNAs (red) that antagonize regulatory proteins (Waters and Storz, 2009).

6S RNA accumulates during exponential growth and reaches elevated levels when cells
enter stationary phase. It sequesters the o'°-containing RNA-polymerase, and thus provokes a
reprogramming of the transcriptional activity. At outgrowth of stationary phase the NTP
levels increase to a threshold, and subsequently 6S is used as a template for the transcription
of pRNA, which leads to dissociation of the 6S-pRNA complex. As a consequence, all -
dependent promoters can be re-used (Wassarman, 2007). 6S is widespread among bacteria,
with B. subtilis carrying even two 6S RNA genes that interact with the houskeeping form of
RNA-polymerase and a third one with a distinct RNA-polymerase binding activity
(Trotochaud and Wassarman, 2005). A phylogenetic comparison revealed a highly conserved
secondary structure without notable conservation of the primary sequence (Barrick et al.,
2005; Trotochaud and Wassarman, 2005).

The E. coli CsrB/C sRNAs sequester the translational repressor CsrA, the central
regulator of carbon storage. The CsrA dimer binds to GGA-motifs in the 5’-UTR of target
MRNAs and thereby blocks translation. The BarA-UvrB two-component system senses an
hitherto unknown signal under poor growth conditions, which is possibly pH-dependent
(Mondragon et al., 2006), and thereby induces the expression of the sRNAs CsrB/C

(Gudapaty et al., 2001; Suzuki et al., 2002; Weilbacher et al., 2003). The sRNAs carry
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multiple GGA motifs, which are necessary to sequester CsrA, and thus prevents binding of
CsrA to translation initiation regions. In E. coli, the CsrB/C stability is regulated through
CsrD that recruits RNase E to degrade the SRNAs (Suzuki et al., 2006). Regulatory circuits
homologous to the CsrA/B/C system are found in a broad range of y-proteobacteria including
Salmonella, Erwinia, Vibrio, Yersinia, Legionella, Haemophilus and Pseudomonas, where
they impact on secondary metabolism, quorum sensing and epithelial cell invasion (Babitzke
and Romeo, 2007; Lapouge €t al., 2008; Lucchetti-Miganeh et al., 2008).

The sSRNA GImY was recently proposed to compete with YhbJ, a factor that binds to a
highly similar sSRNA GImZ to induce its cleavage (Gorke and Vogel, 2008). These two
seemingly homologous sRNAs act hierarchically to activate gimS translation, which encodes
glucosamine-6-phosphate synthetase. The gimS mRNA is derived from the bicistronic mMRNA
glmUS after processing by RNase E. The proposed model specifies that an inhibitory stem-
loop structure in the 5’-UTR of gimSis relieved upon binding of GImZ, and thereby frees the
SD-sequence and makes it accessible for ribosome-binding. The highly homologous sSRNA
GImY lacks the glmS complementary region, and therefore indirectly activates glmS
expression through inhibition of GImZ processing, which renders GImZ unable to activate

glmStranslation (Kalamorz et al., 2007; Reichenbach et al., 2008; Urban and VVogel, 2008).

3.1.5 CRISPR-Clustered regularly interspaced short palindromic repeats
Clustered regularly interspaced short palindromic repeats (CRISPRs) are a novel class of

repetitive DNA elements, where the repeats are interspersed with spacers homologous to
DNA from phages and plasmids (Sorek et al., 2008). Adjacent to those clusters CRISPR-
associated (Cas) genes are encoded, which are needed for CRISPR activity. It has been shown
that integration of a prophage into the CRISPR array confers resistance to subsequent phage
infections (Barrangou et al., 2007). This interspaced DNA is transcribed into a long RNA,

which is processed to by the cas gene products into single spacers in a manner reminiscent to
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the eukaryotic RNAI pathway. They directly base-pair with cognate nucleic acid targets with

DNA rather than RNA being the candidate for target interference (Waters and Storz, 2009).

New spacer from phage

Transcription

el —

RNA—(" 5 i § 5
Processing by Cas proteins
SRNA —_ ‘
Cas proteins }/
D ~sRNA
Phage mRNA or DNA
Degradation of i

phag@mRNADFDNA EE EEEE S EEEE EEEEEEE SN NN NN

Fig. 4.. Putative, simplified model for CRISPR action (Sorek et al., 2008). See text.

Although many details remain poorly understood, it has become clear that the CRISPR-
Cas system is a specific, dynamic and inheritable protection system in prokaryotes that

provides them with immunity towards accessory genetic elements (van der Oost et al., 2009).

3.2 How to find regulatory RNAs

The first SRNAs were identified incidentally through the use of genetic screens or through
radiolabelling of total RNA and subsequent isolation from gels (Wassarman et al., 1999).
Especially, highly expressed and housekeeping SRNAs such as the 4.5S RNA component of
the signal recognition particle, the 6S RNA, which modulates RNA polymerase activity, M1
RNA, the catalytic subunit of RNase P, tmRNA that releases stalled ribosomes on defective
MRNAs and the antisense regulator Spot42 have been discovered in this way. The majority of
SRNAs has been discovered in the last decade by systematic genome wide screens that were
based on: (i) computational prediction (ii) direct detection using microarrays (iii) direct
isolation, including shotgun cloning (RNomics) and (iv) co-purification with proteins (Vogel

and Sharma, 2005; Altuvia, 2007).
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The identification of SRNAs by biocomputation is challenging, due to a lack of conserved
features among sRNAs. In many bacterial species the consensus sequences of several sigma
factors and transcriptional regulators are ill defined, and are therefore not well suited as search
parameters. Most multilayered bioinformatic approaches concentrate on intergenic regions
and the conservation of the primary sequence or the secondary structure, which is preceded by
a promoter and followed by a Rho-independent terminator. Cis-encoded and sRNAs that
overlap with coding regions are overlooked by these bioinformatical approaches. Most search
algorithms use parameters that were deduced from the first identified SRNAs in E. coli and
are validated by counting the number of previously known sRNAs that they were able to
detect. However, each of them fails to identify all the experimentally verified E. coli SRNAs
(Pichon and Felden, 2008).

Genome-wide detection of SRNAs by experimental strategies was facilitated by the
increased availability of tiling arrays and the fast progress in high-throughput cDNA
sequencing (Sharma and Vogel, 2009). High-density oligonucleotide arrays that cover sense
and anti-sense strand including the intergenic regions allow a comparison of the transcriptome
under various growth conditions and from different mutant strains. This method revealed
differential expression of SRNAs in the presence and absence of Hfg in a cyanobacterial strain
(Steglich et al., 2008), as well as SRNAs of virulent bacteria that are up-regulated during and
required for successful host infection (Akama et al., 2009; Toledo-Arana et al., 2009). SRNAs
can be pre-selected by virtue of binding to Hfg (Tjaden et al., 2002; Zhang et al., 2003,
Sonnleitner et al., 2008). To reduce the number of rRNAs in the RNomics pool, the
ribosomes can be removed by ultracentrifugation (Sonnleitner et al., 2008), or the clones can
be pre-selected with rRNA or tRNA specific probes prior to sequencing (Vogel et al., 2003).
Depletion for rRNA can also be achieved by employing special RNA extraction kits (Ambion
MICROBEXxpress). Recently, a protocol for the elimination of small-sized 5S rRNA and

tRNAs by oligonucleotide-guided RNAse H treatment was introduced (Liu et al., 2009).
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DNA microarrays and shotgun cloning share the same drawback because they require cDNA
synthesis, which selects for highly abundant RNAs and for less structured and/or modified
SRNAs that are more easily transcribed by reverse transcriptase. A novel detection method
employing antibodies specific for RNA-DNA hybrids circumvents the problem of DNA
microarrays (Hu et al., 2006). An advantage of high-throughput sequencing and tiling arrays
is that bacterial transcriptomes can be profiled in a quantitative manner (Passalacqua et al.,
2009).

It is known from many sRNAs that they stably associate with cellular proteins and can
therefore be co-purified. Examples include E. coli CsrB and P. fluorescens RsmZ which co-
purified with their target proteins CsrA and RsmA, respectively (Liu et al., 1997; Heeb et al.,
2002). Total RNA pools which are enriched for sSRNAs can be analyzed by hybridization to
tiling arrays (Zhang et al., 2003), by direct sequencing (Christiansen et al., 2006) or by
conventional RNomics (Sonnleitner et al., 2008).

In the genomic SELEX approach developed in the Schroeder laboratory (Lorenz et al.,
2006) a library of random sequences idealy covering the whole E. coli genome is transcribed
by T7 Polymerase, and then the RNA is selected for Hfg binding. The retained RNA was then
converted to cDNA and subjected to additional rounds of selection and amplification. This
approach has the advantage that RNAs are generated independently of growth conditions and
that low abundant antisense RNAs can be detected. However, only a few known Hfg-
associated sSRNAs were identified (Lorenz et al., 2006), which raises the question of the

biological significance of this approach.

3.3 sRNA target search

Because of the emergence of high-throughput screens the number of identified SRNAS is
rapidly increasing. The remaining challenge is to identify their cellular interaction partners or

target mRNAs. Unlike cis-encoded anti-sense RNAs (Brantl, 2007), trans-encoded anti-sense
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RNAs typically have only limited complementarity to their mMRNA targets. Activation sites
are usually more than 20 nucleotides upstream of the translational start site (Fréhlich and
Vogel, 2009), whereas repression commonly takes generally place in close proximity to the
start codon (Waters and Storz, 2009). As mentioned above SRNAs can also act in the coding
region (Bouvier et al., 2008; Papenfort et al., 2009; Pfeiffer et al., 2009) or even in the 5’
UTR (Darfeuille et al., 2007). Therefore, it is difficult to predict the outcome of regulation by
the location of the interaction site. Furthermore, SRNAs do not exclusively repress or activate
translation, but can perform either function on different targets. For instance the E. coli SRNA
DsrA can repress hns mRNA (Lease et al., 1998) and activate rpoS mRNA (Lease et al.,
1998; Sledjeski et al., 2001; Resch et al., 2008).

Biocomputational approaches for SRNA target search make use of considerations that can
be incorporated into algorithms such as the lenght and position of the base-paired sequence,
structural and sequence conservation as well as the location of the target site. Web-based
platforms like TargetRNA (Tjaden et al., 2006) calculate the optimal hybridization score and
then rate the results. However, the paucity to detect known SRNA-mRNA interactions limits
several of these approaches. In addition, bioinformatical methods can not predict protein
interaction partners.

The comparison of transcriptome profiles of strains upon differential expression of the
SRNA can be used to find mRNA targets. It relies on the fact that mRNAs can be stabilized
by translation or subject to coupled degradation of the SRNA and its mRNA target. To
increase the chance of detecting direct SRNA targets over indirect secondary targets, SRNA
expression can be induced from a controllable promoter for a short time interval (10- 20 min)
followed by microarray analysis (Vogel and Wagner, 2007).

Proteomic approaches comparing strains lacking or over-expressing a SRNA resulted in

the identification of the MicA target ompA (Rasmussen et al., 2005; Udekwu et al., 2005). An
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inherent problem of this method is the low number of resolved proteins on 2D gels and that it
is not possible to distinguish direct from indirect targets.

Direct target mRNA capturing using the sSRNA as bait was successfully used in two
studies. One used Hfg-sRNA complexes which were incubated with a pool of extracted
MRNAs and the retained fragments were converted to cDNA and analysed (Antal et al.,
2005). In another approach the SRNA was bound to streptavidin magnetic beads, which were
incubated with extracted mRNAs, and the bound fragments were converted to cDNA and
hybridized to whole genome microarrays (Douchin et al., 2006).

To identify protein targets fishing experiments can be employed using the SRNA as bait.
This was done in the case of the plasmid ColE1 encoded sRNA Rcd, which was affinity
tagged and bound to the E. coli protein tryptophanase (Chant and Summers, 2007). It appears
to increase the affinity of the enzyme for its substrate tryptophan and thereby stimulates
indole synthesis (Chant and Summers, 2007).

Genetic approaches involving transposon mutagenesis rarely hit SRNA genes, because of
their small size and because most SRNAs are not essential under standard growth conditions.
For target discovery reporter gene fusions in combination with plasmid libraries carrying
cloned sRNA genes or genomic fragments can be used for the identification of SRNA targets.
This approach was successful for RybC, which targets the genes encoding the two component
system DpiA/B (Mandin and Gottesman, 2009).

Regardless of the route taken for target identification, the targets have to be validated.
Site specific mutagenesis at the interaction site of the SRNA or the target should abolish
regulation, which should be re-established by compensatory mutations. With the help of target
reporter gene fusions (lacZ, gfp) the effect of a SRNA on the target mRNA translation can be
assessed. If the target fusion is driven by the authentic promoter effects on transcriptional
level have to be ruled out by independent experiments. Urban and VVogel (2009) constructed a

set of vectors to confirm target mRNAs, which can be used to study SRNA-target interaction
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of different bacteria in E. coli. In vitro approaches (in vitro translation, bandshifts, toeprinting,

footprinting) can be applied to verify the in vivo interaction studies.

3.4 Pseudomonas aeruginosa regulatory RNAs

3.4.1 Pseudomonas aeruginosa
Pseudomonas aeruginosa (family Pseudomonaceae) is a Gram-negative, rod shaped,

aerobic, motile bacterium, which is known for its ability to survive in many habitats; in water,
soil, and vegetation. Being an opportunistic human pathogen, P. aeruginosa is the most
common Gram-negative bacterium found in nosocomial infections. It causes urinary tract
infections, respiratory system infections, dermatitis, soft tissue infections, bacteremia, bone
and joint infections, gastrointestinal infections and a variety of systemic infections,
particularly in immunosuppressed patients. Patients hospitalized with cancer, AIDS, cystic
fibrosis and severe burns are particularly prone to P. aeruginosa infections (van Delden and
Iglewski, 1998).

The capacity of P. aeruginosa to produce such diverse infections is due to an arsenal of
virulence factors (Fig. 5) (van Delden and Iglewski, 1998). P. aeruginosa produces cell-
associated (flagellum, pilus, nonpilus adhesins, alginate, lipopolysaccharide) and extracellular

virulence factors (proteases, hemolysins, exotoxin A, exoenzyme S, hydrogen cyanide and

pyocyanin).
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Fig. 5. Virulence factors of P. aeruginosa (modified from van Delden and Iglewski, 1998).

To initiate the infection, P. aeruginosa requires a substantial loss of first-line defenses by
the host. Adherence to epithelium is probably mediated by type 1V pili and several other non-
pilus adhesins. In addition, flagella, which are primarily responsible for motility, may act as
adhesins to epithelial cells (Feldman et al., 1998). P. aeruginosa produces several
extracellular products that, after colonization can cause extensive tissue damage, bloodstream
invasion, and dissemination. These include (i) exotoxin A (Wick et al., 1990), which is
responsible for local tissue damage, bacterial invasion, and possibly immunosuppression, (ii)
two hemolysins, phospholipase C and rhamnolipid, which may act synergistically to break
down lipids and lecithin, and thereby contribute to tissue invasion due to their cytotoxic
effects, and (iii) several proteases including LasB elastase, LasA elastase, and alkaline
protease (Gambello et al., 1993; Toder et al., 1994). P. aeruginosa uses secretion systems to
transport virulence factors. The type 11l secretion system is a powerful tool to directly inject
effector proteins (ExoS, ExoT, ExoU and ExoY) into the host cell (Hauser, 2009).

P. aeruginosa shows resistance against many structurally unrelated antibiotics. Resistance

mechanisms include low outer membrane permeability, multidrug efflux pumps (tetracycline,
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imipenem, flouroquinolones, aminoglycosides) and the production of antibiotic modifying
enzymes (aminoglycosidases, B-lactamases) (Nakae, 1995; Nikaido, 1996; Piddock, 2006). In
addition, the production of alginate and the ability of P. aeruginosa to form biofilms protects
the bacteria from therapeutic intervention (Davies et al., 1998).

P. aeruginosa is a highly adaptable organism with a large dynamic genome (Mathee et
al., 2008), approximately 10% of which is devoted to regulatory elements that tightly regulate
the production of virulence factors, secondary metabolites, expression of multidrug efflux
pumps and biofilm maturation. Those regulatory elements comprise quorum sensing, the
GacS-GacA two-component system, alternative sigma factors (RpoS, RpoN) and the post-
transcriptional repressor protein RsmA (Juhas et al., 2005). P. aeruginosa developed a
complex quorum sensing cascade to communicate, to sense environmental changes and to
modulate inflammatory and immune responses in mammals (Cooley et al., 2008). It consists
of three interlinked systems (Las, Rhl, PQS) employing acyl-homoserinelactones and alkyl
quinolones as signalling molecules (Williams and Camara, 2009). The quorum sensing
systems are interlinked and modulated by a large number of regulators, such as RpoS, RsmA,

MvaT, PtxR, GacA, RpoN and Hfq.

3.4.2 P. aeruginosa housekeeping sRNAs
P. aeruginosa shares a number of “housekeeping SRNAs” with E. coli, including 6S RNA

(Vogel et al., 1987; Sonnleitner et al., 2008), which is needed for transcriptional
reprogramming in the transition from exponential to stationary phase of growth and vice versa
(Wassarman, 2007). It was experimentally verified in P. aeruginosa (Vogel et al., 1987) and
appeared in a bioinformatic screen, which did not rely on the presence of Rho-independent
terminators (Sonnleitner et al., 2008). The primary and secondary structure of P. aeruginosa
6S RNA is similar to the one of E. coli (Vogel et al., 1987), and therefore similar mechansm

can be hypothesized.
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4.5S RNA is part of the signal recognition particle, which is needed to target proteins to
the cytoplasmatic membrane. P. aeruginosa 4.5S RNA was identified in 2 bioinformatic
screens (Gonzalez et al., 2008; Sonnleitner et al., 2008) but has not been experimentally
verified. P. aeruginosa 4.5S RNA has 75% sequence identity with E. coli 4.5S RNA, and thus
likely has the same function in both organisms. E. coli 4.5S RNA is processed from a longer
precurser by RNase P, an enzyme that contains a catalytic RNA (rnpB). Pseudomonal rnpB
has been first isolated from P. fluorescens (James et al., 1988) but was also detected by three
bioinformatical screens (Livny et al., 2006; Gonzalez et al., 2008; Sonnleitner et al., 2008) in
P. aeruginosa.

Transfer-messenger RNA (tmRNA) has features of tRNA and mRNA (Keiler, 2007). In
case of ribosome stalling, it is charged with alanine and enters the ribosomal A-site. The
nascent polypeptide is then transferred to the alanyl-tmRNA and a small ORF encoded by the
mMRNA part of tmRNA, is subjected to further eleongation and tags the polypeptide for
proteolysis. In case of premature termination or mRNA truncation this mechanism ensures the
release of stalled ribosomes and degradation of the truncated and tagged polypeptide. The tag
sequence of P. aeruginosa tmRNA is similar to the one of E. coli, which made it possible to

clone P. aeruginosa tmRNA (Williams and Bartel, 1996).

3.4.3 Protein sequestering sRNAs

3.4.3.1 RsmX/Y/Z
The sRNAs of the Rsm system RsmX/Y/Z (homologues of E. coli CsrB/C) modulate the

activity of the translational repressor protein RsmA (Lapouge et al., 2008). In pseudomonads
the homodimers RsmA and RsmE (P. fluorescens) negatively control expression of virulence
factors by binding to GGA motifs in the leader of their target mMRNAs (Lapouge et al., 2007;
Schubert et al., 2007). In addition, the stationary and stress sigma factor rpoSis either directly
or indirectly under control of RsmA, which greatly expands the number of genes and

processes governed by the Rsm system (Heeb et al., 2005).
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Expression of the SRNAs RsmX/Y/Z is induced by the GacA/GacS two component
system, which is modulated by the two hybrid sensor kinases RetS and LadS (Ventre et al.,
2006). RetS has been shown to be pivotal for the transcription of genes associated with
cytotoxicity and acute infections including the type Il secretion system (Goodman et al.,
2004; Laskowski et al., 2004; Ventre et al., 2006). On the other hand RetS negatively controls
transcription of genes which are associated with the synthesis of biofilm oligosaccharides
(Goodman et al., 2004; Ventre et al., 2006). It directly interacts with GacS (Goodman et al.,
2009) and acts as an antagonist of GacA/S by blocking RsmZ transcription (Ventre et al.,
2006). RetS seems to be temperature-sensitive in P. fluorescens (Humair et al., 2009). The
kinases LadS and GacS, on the other hand, directly counteract RetS, as they stimulate the
expression of the psl and pel operons by upregulating the expression of the RsmA-antagonist
RsmZ (Kay et al., 2006; Ventre et al., 2006). This signal transduction network in which the
activities of the signal-receiving sensor kinases LadS, RetS, and GacS regulate expression of
virulence at the transcriptional and posttranscriptional level provides a “switch” between
acute and chronic infection phenotypes (Fig. 6., Ventre et al., 2006).

Furthermore, the sRNAs can inhibit their own transcription through a feedback
mechanism by interfering with the GacS/GacA system, most probably by allosterically
inhibiting GacA phosphorylation or by binding to the putative GacA box (Lapouge et al.,
2008). It was shown that the A+T-rich DNA segment upstream of rsmZ is bound and silenced
by MvaT and MvaU, the global gene regulators of the H-NS family (Brencic et al., 2009). In
addition, in P. aeruginosa the sigma factor RpoN affects GacA expression in a negative

manner (Heurlier et al., 2003).
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Fig. 6. General mechanism of the Rsm/Gac pathway in P. aeruginosa. v, positive effect; L, negative
effect; ?, unknown target. In response to environmental signals the sensor kinases GacS and LadS
phosphorylate the response regulator GacA which leads to transcriptional activation of the sRNAs
RsmY and RsmZ. The hybrid sensor kinase RetS acts in opposite by blocking autophosphorylation of
GacS. The sRNAs are able to sequester the translational repressor RsmA, thereby preventing
translational regulation of RsmA target mMRNAs. RsmA activates type Il secretion, pilus formation
and mobility but represses biofilm formation and quorum sensing. RsmY interacst with and is
stabilized by Hfg, which is known to facilitate base-pairing of SRNAs with their mRNA targets.
Potential targets for RsmY besides sequestering RsmA are currently unknown (modified from
Sonnleitner et al., 2010).

The GacA regulated SRNAs vary in size between 100 and 479 nt, the largest known being
RsmB of Erwinia carotovora (Babitzke and Romeo, 2007). All of them possess multiple
GGA motifs that are located in single-stranded RNA regions, mostly in loops or between
stem-loop structures. These motifs were shown to be required for interaction with RsmA
(Valverde et al., 2004). P. aeruginosa contains two RsmA binding SRNAs, RsmY and RsmZ
(Kay et al., 2006), whereas P. fluorescens contains three RsmX, RsmY and RsmZ (Kay et al.,
2005), all of which function as antagonists of RsmA. The synthesis of the SRNAs as well as
of RsmA and/or RsmE inreases throughout cell growth, whereas rsmZ expression is observed
later in the growth cycle (Kay et al., 2005). It has been observed that RsmA and RsmE

strongly stabilize the SRNAs, possibly through protection from nucleases (Reimmann et al.,
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2005; Kay et al., 2006). Moreover, it was shown that binding of Hfq stabilizes RsmY
(Sonnleitner et al., 2006) and that RsmA and Hfg can concomitantly bind to RsmY (Sorger-
Domenigg et al., 2007). Binding of Hfg to RsmY was shown to protect the SRNA from
RNase E cleavage in vitro (Sorger-Domenigg et al., 2007). This effect of Hfg on the SRNA
could only be observed for P. aeruginosa RsmY but not for its homologue RsmZ (Sonnleitner

et al., 2006).

3.4.3.2 CrcZ
Catabolite repression prevents transcription of genes required for degradation of the less-

preferred substrate in the presence of the preferred substrate (Ullmann, 1996; Gorke and
Stilke, 2008). In P. aeruginosa the RNA binding protein Crc is responsible for regulation of
genes involved in sugar degradation pathways, e.g. amiE, encoding aliphatic amidase
(Sonnleitner et al., 2009). Crc acts as a translational repressor by binding to CA-motifs in the
vicinity of the ribosomal binding site of target mMRNASs. The similarity to RsmA in terms of
translational repression led Sonnleitner et al. (2009) to the hypothesis that Crc could be
antagonized by sRNAs. A screen in intergenic regions for CA motifs led to the discovery of
the SRNA CrcZ which is transcribed in inverse orientation to the previously published P30
SRNA (Livny et al., 2006) and contains five CA- rich motifs (Sonnleitner et al., 2009). The
SRNA CrcZ was shown to antagonize Crc in catabolite repression and is induced in a RpoN-
dependent manner by the CbrA/B two component system in the presence of a non-preferred
carbon source, such as mannitol (Sonnleitner et al., 2009). CrcZ binds to Crc and thereby

alleviates the negative control exerted by Crc on target mMRNAs (Fig. 7).
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Fig. 7. Model of CrcZ as an antagonist of Crc in catabolite repression (Sonnleitner et al., 2009). In the
presence of the preferred carbon source Crc binds to catabolite-repression sensitive mRNAs (e. g.
amiE) and blocks ribosome binding. In the presence of a non-preferred carbon source, such as
mannitol, the CbrA/CbrB two component-system induces expression of the sRNA CrcZ, which
sequesters Crc and thereby allows translation of target mRNAs.

Interestingly, CrcZ does not have a Rho-independent terminator stem-loop, and thus

might depend on Rho (Sonnleitner et al., 2009).

3.4.4 P. aeruginosa sRNAs
In pseudomonads several bioinformatic screens (Wilderman et al., 2004; Livny et al.,

2006; Gonzalez et al., 2008; Sonnleitner et al., 2008), a shotgun cloning approach
(Sonnleitner et al., 2008) and co-purification with protein RsmA (Heeb et al., 2002; Valverde

et al., 2003) were employed to unravel novel SRNAs.

3.4.4.1 Prrf1/2
Iron is one of the most important metals in nature. It serves as a cofactor of many

enzymes, which are involved in metabolic pathways such as the tricarboxylic (TCA) cycle,
respiration, DNA synthesis and the synthesis of metabolites. Moreover, iron acquisition is a
central prerequisit for successful establishment of pathogens in mammalian hosts. In most

Gram-negative bacteria the ferric uptake regulator Fur negatively controls the expression of
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genes involved in iron acquisition and of iron-regulated genes involved in virulence (Hantke,
2001). Fur can also act indirectly via extra-cytoplasmatic sigma factors or the SRNA RyhB
(Massé and Gottesman, 2002; Masse et al., 2007). During iron starvation E. coli Fur becomes
inactive and the SRNA RyhB, which is under negative control of Fur is expressed. In the
presence of Hfq it binds to its target MRNAs and thereby blocks synthesis of iron-containing
enzymes including superoxide dismutase (sodB) (Massé et al., 2003). In this way the RyhB
leads to iron sparing in the cell, which is required to ensure cell maintainance (Jacques et al.,
2006). The P. aeruginosa intergenic regions were queried for Fur boxes followed by an up to
200 nt long spacer and a Rho-independent terminator. In this way two RyhB orthologs (Prrfl
and Prrf2) were discovered (Wilderman et al., 2004). They are located in tandem, share 95%
identity and each of them is preceded by a Fur-box (Wilderman et al., 2004). A model for

their proposed function is shown in Fig. 8.
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Fig. 8. PrrF expression depends on iron levels and controls translation of iron-containig enzymes, such
as superoxide dismutase (sodB). Under iron replete conditions the Fur homo-dimer binds Fe®* ions.
Active Fe?*-Fur binds to target mRNAs (e. g. prrfl/2) and blocks transcription. In the absence of
Prrf1/2 mRNA targets are translated. When iron is scarce Fur becomes inactive and the Prrf1/2 SRNAs
are transcribed. Binding of Prrf1/2 to regions in close proximity to the RBS of target mMRNAs blocks
translation.
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Moreover, two putative prrF sequence homologs were found in Pseudomonas putida,
Pseudomonas fluorescens, and Pseudomonas syringae, but they are not located in tandem as
in P. aeruginosa (Wilderman et al., 2004). Microarray analysis revealed a large number of
canditate Prrf-regulated genes. Among them were several genes involved in iron storage and
oxidative stress protection, but the majority of Prrf-repressed genes appears to encode
enzymes that participate in aerobic and anaerobic metabolism (Vasil, 2007; Oglesby et al.,
2008). Several of these functions are involved in the TCA cycle (aconitase A, aconitase B,
succinate dehydrogenase), which have been also previously identified as being repressed by
RyhB in E. coli (Massé and Gottesman, 2002; Massé et al., 2005). Moreover, Oglesby et. al.
(2008) showed that Prrf represses genes required for the degradation of anthranilate (antABC
and catBCA), a precursor of the Pseudomonas guinolone quorum sensing signal (PQS). They
proposed that repression of antABC could occur via direct interaction of Prrf with the mRNA
encoding both AntA and its activator, AntR (Oglesby et al., 2008). In this way iron could
affect quorum sensing through regulation of PQS production. However, up to now no direct
base-pairing interaction of Prrfl/2 with potential target mMRNAs has been experimentally

verified.

3.4.4.2 RgsA
The P. aeruginosa sSRNA RgsA (regulation by GacA and stress; 1698 (Gonzalez et al.,

2008); P16 (Livny et al., 2006)) was identified in two bioinformatic screens and is expressed
during stationary phase of growth. RgsA expression is directly dependent on the stationary
sigma factor RpoS and is probably indirectly activated by GacA. Further experiments
revealed a decreased survival of RgsA mutants under oxidative stress (Gonzalez et al., 2008).
Its sequence is strongly conserved in other pseudomonads and it contains a GGA motif, which
is typical for RsmA binding SRNAs, but it appears to be unable to sequester RsmA or RsmE

(Gonzalez et al., 2008).
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3.4.4.3 PhrS and PhrD
The sRNAs PhrD and PhrS (P20 in Livny et al., 2006; 1887 in Gonzales et al., 2008)

detected by RNomics after coimmunoprecipitation of RNAs with Hfq were verified by
Northern-blot analysis. They encode 72 and 212 nt long RNAs, respectively (Sonnleitner et
al., 2008). Both bind to Hfg. Both of them show reduced steady state levels in an hfg- mutant,
but their half-lifes are not affected, which suggests that Hfg is somehow required for their
transcription. Several efforts to over-express PhrD failed, which could suggest that over-
expression is lethal (Sonnleitner et al., 2008). Plasmid-mediated over-expression of phrS
which was followed by a proteome analysis revealed GroEL, OprD and PA5153 (putative
periplasmic binding protein) as potential targets of PhrS (Sonnleitner et al., 2008). Inspection
of the PhrS sequence disclosed an ORF encoding a 37 aa peptide, which was shown to be
translated, but the function remains to be elucidated (Sonnleitner et al., 2008). Preliminary
data indicate that it is membrane associated (Sonnleitner et al., unpublished). PhrS is induced
upon hypoxia and requires the oxygen-responsive regulator ANR. In silico analyses together
with transcriptome profiling studies upon overproduction of PhrS indicated that the SRNA
targets the pgsR (MviR) transcript, encoding an upstream transcriptional regulator involved in
the pathway leading to synthesis of quinolone signal molecules and the virulence factor
pyocyanin. Genetic studies suggested a novel mode of regulation by a SRNA, whereby PhrS
activates a short open reading frame located upstream of pgsR, which in turn stimulates pgsR

translation (Sonnleitner et al., unpublished).

3.4.4.4 CRISPR
By using the CRISPRfinder webtool (Grissa et al., 2007) CRISPR elements were located

in several sequenced pseudomonads (P. aeruginosa UCBPP-PA14/ LESB58/ PA7, P.
entomophila L48, P. fluorescens Pf-5, P. mendocina ymp, P. putida F1/ KT2440/ W619, P
stutzeri A1501, P. syringae pv. phaseolicola 1448A/ pv. syringae B728a) harbour CRISPR

similar sequences. However, no CRISPR were detected in P. aeruginosa PAO1, P fluorescens
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PfO-1 and SPW25, P. putida GB-1 and in P. synringae pv. tomato str. DC3000. It was shown
in P. aeruginosa PA14 that lysogenic infection with the phage DMS3 inhibits biofilm
formation as well as swarming motility and that this inhibition requires the CRISPR locus in
the host (Zegans et al., 2009). The authors hypothesized that the bacterium might
“quarantine” itself from biofilms to reduce the risk of infecting the larger community.
Alternatively, inhibition of biofilm formation and swarming could provide a survival
advantage to phage DMS3 (Zegans et al., 2009). The CRISPR locus in P. aeruginosa PA14 is
flanked by cas genes. Structural analysis of Casl revealed that it is a metal-dependent DNA
specific endonuclease and probably involved in processing foreign DNA (Wiedenheft et al.,

2009).

3.4.4.5 Uncharacterized P. aeruginosa sRNAs
In P. aeruginosa bioinformatic screens were mainly employed to discover SRNAs. One

approach focussed on Rho-independent terminators within conserved intergenic regions
(Livny et al., 2006). This screen yielded 38 potential candidates 17 of which could be verified
by Northern-blot analysis. In addition, all four known aforementioned SRNAs (RsmZ, RsmY,
Prrfl and Prrf2) were detected in this screen.

Another screen (Gonzalez et al., 2008) analyzed intergenic regions > 50 nt for sequence
conservation among pseudomonads and subjected them to QRNA analysis (Rivas and Eddy,
2001). Among the 162 intergenic regions 32 contained tRNA and rRNA. Out of the remaining
130, for 49 a Rho-independent terminator and a potential promoter element was dicernable.
14 sRNAs were reproducibly detected by Northern-blot analysis. Among these were the
previously described RNA of RNase P, 4.5S RNA, Prrfl/2 and three RNAs, which were
detected before by Livny et al. (2006). In conclusion, this approach resulted in 8 novel
SRNAs.

In our lab the bioinformatic tool RNAz was applied (Washietl et al., 2005), which relies

on the evolutionary conservation of RNA structure from a multiple sequence alignment. The
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algorithm is based on the notion that structured RNAs fold into more stable secondary
structures than the genomic background sequence of the same compostion (Sonnleitner et al.,
2008). This approach revealed seven sRNA loci, of which two were shown to be transcribed
(Sonnleitner et al., 2008). In addition, we used a shotgun-cloning approach in combination
with Hfg co-immunopreciptation. This approach revealed three novel SRNA candidates PhrD,
PhrX and PhrY (Sonnleitner et al., 2008). In addition, tmRNA and two RNAs (PhrS, Phrw)
identified by Livny et al. (2006) (P20, P28) and Gonzalez et al. (2008) (1887, 2510) were as
well among the candidates. Moreover, RsmY, which is known to interact with Hfq
(Sonnleitner et al., 2006) was repeatedly present in the cDNA library (Sonnleitner et al.,
2008). In total 28 SRNAs have been detected in P. aeruginosa by Northern-blot analysis, the

functions of which remain unknown.

3.5 Aim of the work

The aim of this PhD-thesis was to detect and characterize novel P. aeruginosa sSRNAs. The
search approaches concentrated on sRNAs, which act through base-pairing and thereby
modulate translation and/or stability of messenger RNAs. First, bioinformatic screens as well
as a shotgun cloning approach in combination with an Hfg co-immunoprecipitation were used
to discover novel sRNA candidates. The sRNAs Paell and Paelll were predicted by a
bioinformatic screen and their expression was verified by Northern-blot analysis. Second,
proteome and transcriptome analyses were employed to identify target genes. Third, it was
attempted to elucidate the mechanism through which the SRNAs adjust gene expression. The

research focussed primarily on SRNAs that are involved in the regulation of virulence genes.
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Inactivation of the Pseudomonas aeruginosa (PAO1) hfq gene, encoding the Sm-like Hfq protein,
resulted in pleiotropic effects that included an attenuated virulence. As regulation by Hfq often
involves the action of small regulatory RNAs (sRNAs), we have used a shotgun cloning approach
(RNomics) and bioinformatic tools to identify sSRNAs in strain PAO1. For cDNA library
construction, total RNA was extracted from PAO1 cultures either grown to stationary phase or
exposed to human serum. The cDNA libraries were generated from small-sized RNAs of PAO1
after co-immunoprecipitation with Hfg. Of 400 sequenced cDNA clones, 11 mapped to intergenic
regions. Band-shift assays and Northern blot analyses performed with two selected sRNAs
confirmed that Hfq binds to and affects the steady-state levels of these RNAs. A proteome study
performed upon overproduction of one sRNA, PhrS, implicated it in riboregulation. PhrS contains
an ORF, and evidence for its translation is presented. In addition, based on surveys with
structure-based bioinformatic tools, we provide an electronic compilation of putative sRNA and
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non-coding RNA genes of PAO1 based on their evolutionarily conserved structure.

INTRODUCTION

During the last few years an increasing number of non-
coding RNAs (ncRNAs) and small regulatory RNAs
(sRNAs) has been described in different pathogenic
bacteria, such as Escherichia coli, Listeria monocytogenes,
Staphylococcus aureus, Vibrio cholerae and Pseudomonas
aeruginosa (strain PAO1) (Argaman et al, 2001; Sittka
et al., 2007; Heurlier et al, 2004; Lenz et al., 2004;
Wilderman et al., 2004; Zhang et al., 2003). Some of these
sRNAs are involved in quorum sensing (QS) and bacterial
pathogenesis, such as RsmY and RsmZ in PAO1 (Heurlier
et al., 2004; Sonnleitner et al., 2006) and Qrrl-4 in V.

Abbreviations: ncRNA, non-coding RNA; QS, quorum sensing; sRNA,
small regulatory RNA; SVM, support vector machine.

Three supplementary figures showing the genetic organization and
predicted secondary structures of PhrX and PhrY, the detection of
transcription of the phrX and phrY loci by RT-PCR, and the transcription
of loci 72/101 and 102/16, and two supplementary tables showing the
DNA oligonucleotides used in this study, and the matching sRNAs/
ncRNAs detected by RNomics, Livny et al. (2006) and Gonzélez et al.
(2008), are available with the online version of this paper.

cholerae (Lenz et al, 2004). Another group of sRNAs
modulates the stress response by regulating the expression
of the alternative sigma factor ¢ (Repoila et al., 2003),
while others are important for iron metabolism (Massé &
Gottesman, 2002; Wilderman et al, 2004), catabolite
regulation (Mpller et al., 2002) and for remodelling of
the outer membrane (Guillier et al., 2006). A large number
of sRNAs has been shown to associate with Hfq and to
require this protein for post-transcriptional regulation
(Gottesman, 2005; Massé et al, 2003). Part of this
requirement can be explained by Hfq-mediated stabiliza-
tion of some of the studied sRNAs, e.g. DsrA, Spot42 RNA,
RyhB and RsmY (Moller et al, 2002; Moll et al., 2003a;
Sledjeski et al., 2001; Sonnleitner et al., 2006), as well as by
the RNA chaperone function of Hfq (Moll et al., 2003b),
which facilitates the interaction of sSRNAs with their target
mRNAs (Kawamoto et al., 2006; Zhang et al., 2002).

Hfq has been identified as a virulence factor in Yersinia
enterocolitica, Brucella abortus, Legionella pneumophila,
Salmonella typhimurium and V. cholerae (Sittka et al.,
2007; Ding et al., 2004; McNealy et al., 2005; Nakao et al.,
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1995; Robertson & Roop, 1999). A P. aeruginosa PAO1hfq—
mutant showed a reduced virulence in larvae of Galleria
mellonella and in mice (Sonnleitner et al., 2003). As in E. coli
(Sledjeski et al., 2001), Hfq is involved in regulation of rpoS
expression in PAO1 (Sonnleitner et al., 2003). However, Hfq
also exerts o°-independent effects on catalase, pyocyanin and
elastase production, and is required for PAO1 to swarm and
twitch, which are important traits for colonization and
biofilm development (Sonnleitner et al., 2003). A compar-
ative transcriptome analysis of a PAO1 rpoS— and a
rpoS—hfq— strain has indicated that Hfq affects approxi-
mately 5 % of the PAO1 transcripts (Sonnleitner et al., 2006).
Among these transcripts, 72 are known to be regulated by
QS, which is a cell density-dependent regulatory mechanism,
impacting on virulence gene expression (Van Delden &
Iglewski, 1998). Hfq has been suggested to affect QS and QS-
controlled genes in at least two ways: by a non-specific
positive regulation of the QS repressor QscR and of the pgsH
gene, and by RsmY-mediated indirect positive regulation of
the QS regulator RhlI (Sonnleitner et al, 2006).

To date, the functions of only a small number of sSRNAs are
known in PAO1. The sRNAs RsmY (Valverde et al., 2003)
and RsmZ (Heurlier et al., 2004) act by sequestration of the
regulatory protein RsmA (Pessi et al, 2001). As RsmA acts
as a translational repressor of several virulence genes (Pessi
et al., 2001), RsmY and RsmZ RNA stimulate indirectly the
synthesis of these virulence factors. The sRNAs PrrF1 and
PrrF2 (Wilderman et al., 2004) are orthologues of the E.
coli sSRNA RyhB, and are involved in regulation of iron
acquisition and storage functions.

While this work was in progress, 25 small PAO1 RNAs of
unknown function have been computationally predicted
based on sequence conservation, and their expression has
been experimentally verified (Livny et al., 2006; Gonzalez
et al., 2008). In contrast to those studies, here we have used

(i) a shotgun-cloning approach (RNomics) (Vogel et al.,
2003), and (ii) bioinformatics tools based on the evolution-
ary conservation of RNA structure rather than on sequence
conservation to reveal candidate sRNAs in PAOIL. In
summary, RNomics revealed three novel sSRNA candidates,
PhrD, PhrX and PhrY, the transcriptional start sites of which
were analysed. Another sSRNA, PhrS, which has likewise been
identified in recent screens (Livny et al, 2006; Gonzalez et
al., 2008), was studied in more detail. The bioinformatic tool
RNAz (Washietl et al., 2005a) identified seven novel sSRNA
and/or ncRNA loci, of which two were shown to be
transcribed. A compilation of matching PAO1 sRNAs/
ncRNAs detected by RNomics, RNAz, Livny et al. (2006)
and Gonzalez et al. (2008) is provided.

METHODS

Bacterial strains, plasmids and growth conditions. The strains
and plasmids used in this study are listed in Table 1. The bacterial
cultures were grown at 37 °C in Luria—Bertani (LB) medium (Miller,
1972) supplemented with appropriate antibiotics. Antibiotics were
added to final concentrations of 200 pg spectinomycin ml™", 200 pg
streptomycin ml ™', 50 pg gentamicin ml™", 125 pg tetracycline ml ™",
100 pg ampicillin ml™" and 100 pg rifampicin ml ™",

RNomics. Total RNA was extracted from PAO1 cultures grown to
early stationary phase (LB medium; ODgyp=2) and from PAO1
cultures, which were grown in 200 ml LB to ODgq 1.0, followed by
further incubation for 4 h in 50 ml PBS buffer (160 mM NaCl, 4 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4) containing 15 %
non-inactivated human serum HS-AB-100 (PromoCell). The cells
were resuspended in VD buffer (10 mM Tris/HCl, pH 7.4, 6 mM
NH,Cl, 6 mM p-mercaptoethanol) containing 2 mM magnesium
acetate, and lysed by sonication. The extracts were centrifuged at
150000 g for 6 h to pellet ribosomes and rRNA. The supernatant was
treated with DNase I (Fermentas), and the RNA was purified by
phenol/chloroform extraction. Total RNA was size-fractionated on
denaturing 6 % polyacrylamide/8 M urea gels. RNAs in the range

Table 1. Strains and plasmids used in this study

Strain or plasmid Genotype/relevant features Source/reference
P. aeruginosa strains
PAO1 Wild-type Holloway et al. (1979)
PAO1hfq— PAO1 hfq:: aadA, Sm/Sp® Sonnleitner et al. (2003)
E. coli strains
Topl0 Stratagene
Plasmids
pGEM-T Vector Promega
pME4510 Broad—host-range promoter-probe plasmid, Gm"® Rist & Kertesz (1998)
pMEphrD PME4510 harbouring phrD (authentic promoter) This study
pMEphrS PME4510 harbouring phrS (authentic promoter) This study
pUC19 colE1 ori, Amp® Yanisch-Perron et al. (1985)
pUC19-T7phrD pUCI19 bearing phrD under T7 promoter control This study
pUC19-T7phrS pUC19 bearing phrS under T7 promoter control This study
pME6013/14/15 Cloning vectors for translational lacZ fusions, Tc® Schnider-Keel et al. (2000)
pME9651 PME6013 with phrs-ORF'~'lacZ This study
pPME9651-1 PME6013 with phrs-ORFayg—.cuc'—'lacZ This study
3176 Microbiology 154
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between ~50 and 500 nt were excised from the gel, eluted and
ethanol-precipitated. Ten micrograms of gel-purified RNA was added
to 1 nmol purified PAO1 Hfq. After 10 min on ice, 10 pl polyclonal
rabbit anti-Hfq IgG was added and incubation was extended for
45 min on ice. Then, 20 pul Dynabeads Protein G (Dynal Biotech),
washed once with 0.1 M sodium acetate and twice with VD buffer
containing 2 mM magnesium acetate, was added. After 40 min at
room temperature the mixture was subjected to a magnetic device
(Dynal MPC) to capture Hfg-bound RNAs. To remove unbound
components, the beads were washed four times with VD buffer
containing 2 mM magnesium acetate and 480 mM NH,CI. The Hfq-
bound RNAs were eluted from the beads by phenol/chloroform
extraction, and subsequently precipitated with ethanol. For the cDNA
library, the RNAs were polyC-tailed by poly(A) polymerase
(Invitrogen), the C-tailed RNAs were ligated to a 5’ oligonucleotide
linker, and the RNAs were then converted into cDNA by RT-PCR, as
described by Hiittenhofer & Vogel (2006), employing primers
complementary to the 5’ linker and the poly(C) tail, followed by
cloning into the pGEM-T vector (Promega). The cDNA clones were
sequenced (Lung et al, 2006), and the cDNA sequences were
compared with one another using the Lasergene Seqman II program
package to identify identical sequences (DNASTAR). Following a BLASTN
search against the PAO1 genome (http://www.pseudomonas.com), all
sequences corresponding to intergenic regions or to the opposite
strand of protein-coding regions were considered to encode potential
novel sSRNAs/ncRNAs.

Construction of plasmids and RNA preparation. For in vitro
transcription of PhrD and PhrS, the plasmids pUC19-T7phrD and
pUC19-T7phrS (Table 1) were constructed by inserting the PCR
products generated with primer pair Z32 and Y32 (phrD;
Supplementary Table S1), and primer pair J33 and 133 (phrS;
Supplementary Table S1), respectively, into the Xbal-Psfl site of
plasmid pUC19. The forward primers Z32 and J33 contained a T7®10
promoter sequence.

The plasmids pME9651 and pME9651-1, harbouring the phrS-ORF'—
"lacZ and the phrS-ORFpug—.cuc'—'lacZ fusion genes, respectively,
were constructed as follows. The promoter region of phrS and the first
47 bp of phrS were amplified (Fig. 1) using primer C2_phrSlacZfw
together with primer D2_phrSlacZrev or primer O5_phrSstop
(Supplementary Table S1) and genomic DNA of PAOI as template.
The PCR fragments were digested with EcoRI and PstI and ligated into
the corresponding sites of pME6013 (Table 1), resulting in pME9651
and pME9651-1, respectively.

For overproduction of the PhrD and PhrS RNAs, the plasmids
PMEphrD and pMEphrS (Table 1) were constructed. The respective
DNA sequences of phrD and phrS, including their authentic
promoters, were amplified by PCR using the primer pairs T33 and
Y32 for phrD and H33 and 133 for phrS (Supplementary Table S1),
containing a BamHI or Pst restriction site (highlighted in bold type
in Supplementary Table S1). The PCR fragments were then cloned
into the corresponding sites of plasmid pME4510 (Table 1), resulting
in pMEphrD and pMEphrS, respectively.

Northern blotting. Total RNA of PAO1 and PAO1hfq— was purified
using the hot phenol method (Lin-Chao & Bremer, 1986). The
abundance of the PhrD and PhrS RNAs was determined by Northern
blotting using 15 pg total RNA. The signals were normalized to the
hybridization signal obtained for ribosomal 5S rRNA, as described by
Sonnleitner et al. (2006). The RNA samples were denatured for 5 min
at 65 °C in loading buffer containing 50 % formamide, separated on
8% polyacrylamide/8 M urea gels, and then transferred to nylon
membranes by electroblotting. The RNAs were cross-linked to the
membrane by exposure to UV light. The membranes were hybridized
with gene-specific *?P-end-labelled oligonucleotides (PhrD, P31;
PhrS, 030; 55 rRNA, 126; see Supplementary Table S1), and the

hybridization signals were visualized using a PhosphorImager
(Molecular Dynamics).

Determination of the half-lives of PhrD and PhrS in PAO1 and
PAO1hfq-. PAO1 and PAOhfg— were grown in LB medium to
ODggp 2.0, then rifampicin (final concentration 100 pg ml™!) was
added to both strains and 10 ml aliquots were withdrawn at 0, 5, 15,
30 and 45 min thereafter for isolation of total RNA (see above). Total
RNA (6 pg) of each sample was loaded on an 8 % polyacrylamide/
8 M urea gel and blotted to a Hybond-N membrane (Amersham).
PhrD and PhrS were visualized with DIG-labelled double-stranded
probes. Chromosomal DNA of PAO1 was used as a template for the
DIG-labelling procedure, as described by the manufacturer (DIG
DNA Labeling Mix, Roche) with the primer pairs PhrDfw and
PhrDrev for PhrD, PhrSfw and PhrSrev for PhrS, and 5S-rRNA-1 and
5S-rRNA-2 for 5S rRNA (Supplementary Table S1), which served as a
loading control.

Primer extension analysis. For determination of the 5 ends of
PhrD and PhrS (Fig. 2), and PhrX and PhrY (Supplementary Fig. S1),
total RNA was purified using the hot phenol method (Lin-Chao &
Bremer, 1986) after growth of PAO1 in LB medium to ODggg 2.0.
Primer extension was performed with AMV reverse transcriptase
(Promega) using 2 pg total RNA and the 5" end-labelled oligonucleo-
tides P31 for PhrD, O30 for PhrS, I37 and B32 for PhrX, and K37 and
R30 for PhrY (Supplementary Table S1). The plasmids pMEphrD and
PMEphrS were used as templates in DNA sequencing reactions.

To verify overexpression of the plasmid-encoded PhrS RNA, total
RNA was purified from PAO1 harbouring plasmids pME4510 or
PMEphrS in LB medium during exponential growth (ODggo=0.8), or
upon growth to early stationary (ODggo=1.5) or stationary phase
(ODgpp=2.5). The primer extension experiments were carried out as
mentioned above, and the normalization of the primer extension
signal for PhrS to the 5S rRNA signal was performed as described by
Sonnleitner et al. (2006).

RT-PCR. Total RNA of PAO1 was purified using the RNA/DNA Maxi
kit for low-molecular-weight RNAs (Qiagen). Purified RNA (10 pg)
was treated with 20 U RNase-free DNase I (Roche). For ¢cDNA
synthesis, 20 pmol of primers I37 (PhrX), K37 (PhrY), T34 (RsmY),
E47 (RNA 72/101) and G47 (RNA 102/16) (Supplementary Table S1)
were annealed to 2 pg RNA for 2 min at 80 °C. Upon cooling on ice,
RNase-free AMV Reverse Transcriptase buffer (Promega) and dNTPs
(10 mM) in a total volume of 20 ul were added. Then, 30 U AMV
reverse transcriptase (Promega) was added, and the reaction was
allowed to proceed for 1 h at 42 °C. Aliquots of 0.5 pl of these cDNA
reactions were used as templates in 25 pl PCR amplification reactions
using primers H37 and 137 for PhrX, J37 and K37 for PhrY, G40 and
T34 for RsmY, D47 and E47 for RNA 72/101, and F47 and G47 for
RNA 102/16 (1 uM final concentrations; Supplementary Table S1)
and GoTaq Green Master Mix (Promega). The PCR fragments
generated were analysed on 6% polyacrylamide gels stained with
ethidium bromide. Chromosomal DNA of PAO1 was used as a
positive control and RT-PCR performed in the absence of reverse
transcriptase was used as a negative control.

Gel mobility shift assays. The PhrD and PhrS RNAs were
transcribed in vitro using T7 polymerase (Fermentas) and the Pstl-
linearized plasmids pUC-T7phrD and pUC-T7phrS, as described by
Sonnleitner et al. (2006). The in vitro-transcribed RNAs were 5’ end-
labelled with [y->*PJATP (Amersham) and purified on 6% poly-
acrylamide/8 M urea gels. Labelled RNA (0.05 pmol) was incubated
with increasing amounts of purified Hfq hexamer protein (Hfqe), as
described by Sonnleitner et al. (2006). Non-labelled PhrD, PhrS and
RsmY RNA, respectively, were used as specific competitors, and E. coli
bulk tRNA as a non-specific competitor. Immediately before loading,
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Fig. 1. Genetic organization and predicted secondary structures of PhrD and PhrS. (a) PhrD (black arrow) is located between
the genes PAO714 and PA0715 (white arrows). (b) PhrS (black arrow) is located between the genes PA3305 and PA3306
(white arrows). Secondary structures of PhrD and PhrS predicted with mfold (Mathews et al., 1999; Zuker, 2003) are shown on
the right. The start and stop codons of the internal ORF encoded by PhrS are boxed. The putative Shine—Dalgarno (SD)
sequence is indicated by a bar. Putative transcriptional terminators are indicated by stem—loop structures. Inset: expression of
the phrS-ORF as evidenced by synthesis of the PhrS®LacZ fusion protein. The fi-galactosidase activities obtained with the
strains PAO1(pME9651) (phrS-ORF-/acZ) (B) and PAO1(pME9651-1) (phrS-ORFayg_.cuc—/acZ) (A) were determined as
described by Miller (1972) at different growth phases. The experiment was performed in triplicate. Error bars, sp.

the samples were mixed with 4 pl loading dye (25 % glycerol, 0.2 mg
xylencyanol 17! and bromphenol blue), and loaded on a native 4 %
polyacrylamide gel. Electrophoresis was performed in Tris-acetate/
EDTA buffer at 160 V. The radioactively labelled bands were
visualized with a PhosphorImager (Molecular Dynamics).

2D gel analysis. To detect PhrS-mediated regulatory effects,
differences in the proteome profile were analysed, upon plasmid-
directed overexpression of PhrS RNA. Total cellular extracts of strain
PAO1 harbouring plasmid pME4510 or pMEphrS were extracted and
compared by 2D gel electrophoresis. The experiment was performed
twice to ensure reproducibility. The strains were grown in LB
medium to ODggg 1.5, and equal amounts of cells were dissolved in
lysis buffer [8 M urea, 4 % (w/v) CHAPS, 40 mM Tris base]. The cells
were disrupted by repeated freezing in liquid N, and thawing at
37 °C, followed by incubation at 37 °C for 1 h to achieve complete
lysis. For the first dimension, the Immobiline Dry Strip pH 3-10
(18 cm; Amersham Pharmacia Biotech) was used with the following
IEF program: 12 h rehydration at 40 V, 0.5 h at 300 V, 0.5 h at

1000 V, 0.5 h at 2000 V, 0.5 h at 3000 V, 9 h at 7000 V at 18 °C
(IPGphor isoelectric focusing system). Resolution in the second
dimension was performed on 12% SDS-polyacryamide gels for
15 min at 15 mA, and then for 4 h at 20 mA. Buffers and conditions
were used according to the manufacturer’s instructions. The gels were
silver-stained as described elsewhere (Shevchenko et al, 1996).
Selected protein spots were excised from the gel and the protein
identities were assessed by MS.

RNAZz screen. The tool NcDNAlign (Rose et al., 2008) was used to
construct multiple sequence alignments based on the known genome
sequences of P. aeruginosa PAO1 (NC 002516), P. aeruginosa UCBPP-
PA14 (NC 008463), Pseudomonas entomophila (NC 008027),
Pseudomonas fluorescens Pf-5 (NC 004129), P. fluorescens PfO-1
(NC 007492), Pseudomonas putida KT2440 (NC 002947),
Pseudomonas syringae pv. phaseolicola 1448A (NC 005773), P. syringae
(NC 007005), P. syringae pv. tomato str. DC3000 (NC 004578) and P.
fluorescens SBW25 (ftp://ftp.sanger.ac.uk/pub/pathogens/pf/PF.dbs).
Briefly, the program is based on pairwise BLASTN (Altschul et al., 1990)
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Fig. 2. Detection of PhrD (a) and PhrS (b) by
Northern blot analyses. For the detection of
PhrD, PAO1 cells were exposed to human
serum as described in Methods. For the
detection of PhrS, PAO1 was grown in LB
medium to early stationary phase. Northern
blots were performed with total RNA using
strand-specific probes for PhrD and PhrS, as
described in Methods. The size of RNA
markers (M) is indicated on the right. Primer
extension analyses were performed to deter-
mine the 5’ ends of PhrD (c) and PhrS (d)
RNA. Lanes A, T and C represent sequencing
ladders. The 5’ ends are indicated in bold type
in the sequence. (e) Promoter sequences of
phrD and phrS. The putative —10 and —35
boxes are in underlined bold type and the
transcriptional start sites determined (c, d) are
highlighted in bold type and marked with an
arrow.

(e-value <10™°) comparisons, which are combined to multiple
alignments. For comparison, MultiZ (Blanchette et al., 2004) was
additionally used to produce an alternative set of genome-wide
alignments. Both alignments were used as input for the RNAz
pipeline (Washietl et al., 2005a, b). The RNAz approach searches for
signatures of conservation of RNA secondary structure in a multiple
sequence alignment and uses a support vector machine (SVM) to
distinguish conserved RNA structure elements from genomic
background. In order to assess the reliability of the predictions, the
procedure was repeated two times with two different sets of input
alignments. In each case the procedure outlined in the current version
of the RNAz manual was used (Washietl, 2006). As the SVM of RNAz
cannot handle more than six aligned sequences, from alignments
exceeding six, the pipeline selects a subset of six sequences that have
approximately equal pairwise sequence similarities. Input alignments
are cut into windows of length 120 with 40 nt overlap between
adjacent slices, which are scored individually. Finally, the predictions
are combined to contiguous structured loci at the reference genome,
in this case PAOL. As RNAz returns a classification confidence, we
report the results for two cutoff values: p >0.5 and a high confidence
set with p >0.9. The predicted structured RNAs were compared using
BLASTN to the available public databases, the sequences reported by
Livny et al. (2006) and Gonzalez et al. (2008), and the Hfq-binding

RNAs listed in Table 2. To identify known PAO1 ncRNAs among the
predictions, rnazAnnotate.pl and a minimum overlap of 0.7 were
used.

RESULTS AND DISCUSSION

Identification of ncRNAs and sRNA candidates by
Rnomics

With the aim of identifying sSRNAs in PAO1, we used an
RNomics approach, which is based on the generation of
specialized cDNA libraries encoding potential novel sSRNA
species (Hiittenhofer et al, 2004; Hiittenhofer & Vogel,
2006; Vogel et al., 2003). In an initial attempt, we shotgun-
cloned size-fractionated total RNA (50-300 nt). However,
as revealed by subsequent sequencing, this approach
yielded mainly RNA fragments originating from rRNA
and tRNA (not shown). In a second experiment, a cell
extract was used for co-immunoprecipitation of Hfq-
binding RNAs with PAOI1-Hfq specific antibodies upon
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Table 2. RNAs mapping to intergenic regions of PAO1

sRNA* Adjacent genes Strandf Growthi 5’ end$ 3’ end|| Length¥Y Identified sequence#
RsmY dnr/PA0528 — e S 586 867 586 990 124 586 867—586 960
PhrC PA0667/tyrZ PRRINEN LB 720 082-720 136
PhrD™? PA0714/PA0715 ——s S/LB 785497 785570 72 785 498-785 547
tmRNA PA0826/PA0827 PEDEDIS LB 901 536-901 640
PhrR mobA/PA3031 e — LB 3394 727-3 394 805
PhrS(P20/1887)** PA3305/PA3306 PEDEDIS LB 3705522 3705309 212 3705 342-3705515
amiE leader amiE/PA3367 e — LB 3778134 3778034 100 37780543778 098
PhrU PA3868/PA3869 e — S 4332627—4332676
PhrW(P2/2510)** PA4421/PA4422 e LB 4956 3484956 591
PhrXRT-PeR PA5183/PA5184 —e— — S 5836429 5836579 151 5836 4505 836 479
Phry®!-FeR argA/PA5205 — LB 5859480 5859674 195 5859471-5859616

*New sRNA candidates revealed by RNomics detected by Northern-blotting ™ or by RT-PCR ®T® are highlighted in bold type.
1The middle arrow indicates the orientation of the RNAs, while the flanking arrows indicate the orientation of the adjacent genes. Genes present on
the strand given in the PAO1 genome database (http://v2.pseudomonas.com) (—); genes present on the complementary strand (<).
$sRNA fragments were detected in PAO1 grown to early stationary phase in LB medium (LB) and/or after serum exposure (S) as described in

Methods.
§Determined by primer extension.

lICalculated from Northern blot experiments and the presence of a putative rho-independent terminator.

9The calculated RNA length includes the U-run.

#Identified sequence by RNomics, the numbers represent the location on the PAO1 genome (http://v2.pseudomonas.com).
**PhrS and PhrW were recently detected as P20/1887 and P28/2510, respectively (Livny et al., 2006; Gonzalez et al., 2008). PhrW/P28/2510 likely
corresponds to RnpB, which in E. coli is a component of RNase P (Livny et al., 2006).

removal of ribosomes by centrifugation. Although this
modification of the protocol significantly decreased the
number of rRNA clones, the majority of the cloned RNAs
originated from larger mRNA fragments, in accordance
with the capacity of Hfq to bind to mRNAs (Vecerek et al.,
2003). Therefore, total RNA obtained after removal of
ribosomes was first size-fractionated (50-300 nt), followed
by co-immunoprecipitation of Hfq-binding RNAs. The
procedure was carried out with cells grown to early
stationary phase or with cells exposed to human serum (see
Methods) to mimic systemic PAO1 infection (Van Delden,
2004). The protocol used here deviates from the co-
immunoprecipitation of sRNA with Hfq antibodies from
cell lysates (Zhang et al., 2003), and is biased against SRNAs
that eventually associate with ribosomes (Worhunsky et al.,
2003).

A total of 400 ¢cDNA sequences were analysed by first
grouping identical cDNA clones, followed by their location
by bioinformatics on the PAO1 genome. Although the cell
extracts were centrifuged at 150000 g to remove ribo-
somes, ~15% of the sequenced clones from stationary-
phase or serum-treated cells represented rRNA fragments.
Of the clones, 40 and 20% were derived from coding
regions of PAOIl (presumably representing mRNA
degradation intermediates) and from the opposite strand
of protein-coding regions, respectively. Eleven candidate
sRNA-encoding genes (Table 2) were predicted to localize
to intergenic regions based on the presence of putative
rho-independent terminators.

Of the 11 candidate sRNAs, two ncRNAs, RsmY and
tmRNA (Table 2), have been previously described
(Sonnleitner et al., 2006; Williams & Bartel, 1996). When
PAOI1 was exposed to human serum, the RsmY RNA gene
was repeatedly present in the cDNA library (nine ¢cDNA
clones were found), which verified the RsmY interaction
with Hfq (Sonnleitner et al., 2006) and could point to its
involvement in the regulation of virulence factors (Kay
et al., 2006). The tmRNA, also known as ssrA RNA or 10Sa
RNA, functions as both tRNA and mRNA (Komine et al.,
1994). A fragment of the PAO1 tmRNA (Table 2) co-
immunoprecipitated with Hfq. However, as the E. coli
tmRNA does not bind to Hfq (Wassarman et al., 2001) and
the PAO1 tmRNA has previously been annotated, we did
not further study whether full-length PAO1 tmRNA binds
to Hfq. In addition, one Hfq-binding RNA fragment was
identified as part of the leader RNA of the amidase operon
(Table 2; Drew, 1984; Wilson & Drew, 1995), and another
Hfq-binding RNA termed PhrW (Table 2) corresponded to
P28/2510, which was recently detected by Livny et al
(2006) and Gonzalez et al. (2008). PhrW/P28/2510 shows
significant homology with RnpB, which in E. coli is part of
RNase P (Livny et al, 2006). Because of their known or
inferred function, the last two RNAs were likewise not
further studied.

Next, specific probes were designed for the detection of the
remaining seven sRNA candidates by Northern hybridiza-
tion performed with total RNA from PAO1 cultures grown
to early stationary phase and after exposure to human
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serum. Only two Pseudomonas Hfq-binding RNAs, termed
PhrD and PhrS (Fig. la, b), isolated from cells exposed to
serum and from stationary-phase cells, respectively, were
detected (Fig. 2a, b, Table 2). PhrS matched with the
recently described, but not further characterized, sRNA
P20/1887 (Livny et al., 2006; Gonzalez et al., 2008). From
the determination of their major 5 ends by primer
extension (Fig. 2¢, d), and from the position of the
putative transcriptional terminator, the sizes of these
sRNAs were estimated to be 72 nt (PhrD) and 212 nt
(PhrS), which was in agreement with the size of the
corresponding signals detected on Northern blots (Fig. 2a,
b). A putative —10 box (TATGAT) and a putative —35 box
(TTGCAT) were found upstream of the predicted tran-
scription start site of phrD. A putative o’ promoter with a
—10 box (TAATCT) and a —35 box (TTGTGC) was
likewise detected upstream of the transcriptional start site
of phrS (Fig. 2e). However, with only 13 bp, the spacing
between the —35 and the —10 region would deviate from
that of canonical ¢’° promoters. Nonetheless, as shown
below (Fig. 5), this putative promoter was able to direct
transcription of the plasmid-borne phrS gene. A BLASTN
search of PhrD with all bacterial sequences in the NCBI
homepage  (http://www.ncbi.nlm.nih.gov/sutils/genom_
table.cgi) revealed that PhrD is only present in PAOI,
whereas homologues of PhrS are found in different isolates
of P. aeruginosa (PACS2, C3719, 2192, UCBPP-PA14 and
PA7), although not in other Gram-negative bacteria.

Among the remaining five candidate sRNA genes, the
transcription of phrX and phrY sequences could be verified
by RT-PCR (Supplementary Figs S1 and S2a, b). PhrX and
PhrY were isolated from c¢DNA libraries generated from
cells exposed to human serum and from cells grown to
early stationary phase, respectively. From the primer
extension analyses (Supplementary Fig. S2c¢), and from
the position of the putative transcriptional terminator, the
sizes of these RNAs were calculated to be 151 nt (PhrX;
Supplementary Fig. S1) and 174 nt (PhrY; Supplementary
Fig. S1), respectively. PhrX and PhrY are transcribed from
the intergenic regions between PA5183 and PA5184
(Supplementary Fig. Sla, Table 2) and between argA,
encoding an N-acetylglutamate synthase, and PA5205,
encoding a conserved hypothetical membrane protein
(Supplementary Fig. S1b, Table 2), respectively.

PhrS contains an ORF

Inspection of the phrS gene revealed an ORF with the
capacity to encode a 37 aa peptide (Fig. 1b). To date, only a
few regulatory RNAs have been shown to have protein-
coding capacity. For instance, the RNAIII gene of Staph.
aureus contains an ORF hld, which encodes delta-
haemolysin (Janzon & Arvidson, 1990), and the E. coli
SrgS sRNA, besides being a riboregulator, encodes the
43 aa SgrT polypeptide with a function in glucose uptake
(Wadler & Vanderpool, 2007). To test whether the internal
ORF of phrS (phrS-ORF) is expressed, a translational

fusion between the phrS-ORF and the lacZ reporter gene
was engineered. In plasmid pME9651 transcription of the
phrS-ORF-lacZ gene is driven by the authentic phrS
promoter. The control plasmid pME9651-1, which har-
bours the same phrS-ORF-lacZ gene, but wherein the start
codon of phrS-ORF is changed to a CUG (phrS-
ORFayc_.cuc—lacZ), did not direct synthesis of the fusion
protein. In contrast, plasmid pME9651 directed synthesis
of the PhrS®LacZ protein (Fig. 1b, inset), indicating that
the internal ORF of phrS is indeed translated. Thus, PhrS
appears to be another candidate for a bifunctional sSRNA
acting as a riboregulator (see below) and as mRNA. The
function of the encoded peptide remains to be elucidated.

Binding of PhrD and PhrS to Hfq

As PhrD and PhrS were abundant RNA species (Fig. 2), we
focused in further experiments on these sRNAs. First, we
verified that they bind to Hfq by performing band-shift
assays with purified PAO1 Hfq protein. Hfqs was added in
increasing molar ratios to 5 nM of the respective 5’ end-
labelled RNA. When Hfqe was added to PhrD in a molar
ratio of 1: 1, two band shifts were observed (Fig. 3a, lane 2;
B1 and B2). However, the amount of PhrD present in shift
B2 was only marginal and did not increase with higher
concentrations of Hfqs. The apparent Ky value was
5.54+3.7 nM when 50% of PhrD RNA was present in
complex Bl. The competition experiment suggested that
PhrD binds specifically to Hfq. Unlabelled PhrD RNA
competed with the Hfq—PhrD complex (Fig. 3a, lane7)
when added in twofold molar excess over Hfq, whereas the
non-specific competitor E. coli tRNA did not (Fig. 3a, lanes
8-9).

When Hfqs was added in increasing molar excess to PhrS
RNA, two bands were observed (Fig. 3b, lanes 2-5; B1 and
B2). The second shift could indicate a 2: 1 stoichiometry of
Hfqe to PhrS, which is consistent with the observation that
the second shift is more prominent at a higher molar excess
of Hfqe (Fig. 3b, lane 5). The apparent Ky values were
13.9+3.6 nM for the first shift and 32.2+6.8 nM for the
supershift. Binding of Hfq to PhrS RNA was verified as
described above with unlabelled PhrS RNA (Fig. 3b, lanes 6
and 7), with the Hfg-binding PAO1 RsmY RNA (Fig. 3b,
lanes 8 and 9) (Sonnleitner et al, 2006), and the non-
specific competitor E. coli tRNA (Fig. 3b, lanes 10 and 11).

Abundance of PhrD and PhrS in the presence and
absence of Hfq

To test whether Hfq affects the abundance of PhrD and
PhrS, their steady-state levels were assessed by Northern
blotting using total RNA isolated from PAOI, from
PAO1hfg— grown in LB medium to ODggo 2 (Fig. 4), or
after growth in LB to ODgqp 1.0, followed by exposure to
non-inactivated human serum in PBS buffer (Serum; Fig.
4). When compared with PAO1, the steady-state level of
PhrD was reduced ~50% in the hfg— strain under both
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absence (lane 1) or in the presence of 5 nM
(lane 2), 10 nM (lane 3), 25 nM (lane 4) and
50 nM (lane 5) Hfge. The Hfgg: RNA ratio is
indicated at the top. Unlabelled PhrD and PhrS
RNA (lanes 6 and 7), PAO1 RsmY RNA (b,
lanes 8 and 9) and tRNA (a, lanes 8 and 9; b,
lanes 10 and 11) were added as competitors.
The positions of free (F) and Hfg-bound (B)

10 1 RNA are indicated.

conditions (Fig. 4a). PhrS was predominantly synthesized
in early stationary phase, and was absent upon serum
exposure (Fig. 4b). When compared to PAO1, the steady-
state level of PhrS was ~50 % reduced in the PAO1hfq—
mutant (Fig. 4b). These experiments indicated that Hfq
affects the abundance of PhrD and PhrS, which could
result from direct or indirect effects of Hfq on transcription
of the two sRNAs, or from Hfq-mediated protection of
these sRNAs from degradation (Moll et al., 2003a; Sorger-
Domenigg et al, 2007). To distinguish between these
possibilities, we next determined the half-lives of both
sRNAs. The half-lives of PhrD and PhrS were comparable
in PAOI and in the PAO1hfg— mutant strain (Fig. 4c).
Hence, Hfq appears to affect expression of these sSRNAs
rather than stabilizing them.

Expression of chromosomally and plasmid-
encoded phrS at different growth phases

Next, we tested whether expression of phrD and phrS from
plasmids pMEphrD and pMEphrS, respectively, resulted in
an enhanced level of the corresponding RNAs. This was
done with the aim of using plasmid-mediated over-

production of the respective RNAs for the identification
of possible target genes in proteome studies. Several efforts
to transform plasmid pMEphrD in PAO1 failed, which
could suggest that overexpression of phrD is lethal.
Therefore, these studies were only continued with PhrS.
As PhrS was isolated from cells grown to stationary phase,
we first determined the steady-state levels of PhrS in LB
medium during exponential growth (ODgo=0.8) as well as
in early (ODgyp=1.5) and late stationary phase
(ODggo=2.5). The plasmid- and chromosomally encoded
PhrS RNA was predominantly expressed when cells entered
stationary phase (Fig. 5a, lanes 3 and 4), whereas the
abundance of PhrS was decreased at an ODgyy of 2.5
(Fig. 5a, lanes 5 and 6).

Proteome analyses upon overproduction of PhrS

Under the premise that riboregulation by an sRNA can
result in a decreased or increased synthesis of the protein
encoded by the target mRNA, plasmid-directed over-
expression of phrS followed by proteomics was used as a
means to identify putative PhrS targets. When compared to
chromosome-directed background synthesis in strain
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Table 3. Summary of the NcDNAlign- and MultiZ-based RNAz screens

Shown are the counts of SRNA hits with a BLAST e-value cutoff of 1e”> for the NcDNAlign and MultiZ approaches. The hits of each run are
partitioned in two groups according to prediction confidence (p; >0.5 and 0.9, respectively). RNAz hits which map to existing annotations are
given for sSRNAs/ncRNAs listed in the PAO1 B GenBank (gpk), database entries in Rfam, Noncode, tmRDB and ncRNAdbD, as well as for hits

produced by tRNAscan.

sRNA hits NcDNAlign MultiZ
p =05 p =09 p =05 p =09

RNAz loci 115 98 221 166
RNAz windows 464 360 843 564
Annotated 101 89 85 74
Unknown 14 9 136 92
Overlap PAO1gbk- 88 78 60 55
Rfam 82 72 61 53
Noncode 5 3 6 5
tmRNA-db 0 1

ncRNA-db 5 4 4 2
tRNAscan 43 38 26 24
Livny et al. (2006)* 4 3 10 9
Gonzalez et al. (2008)F 4 3 6
sRNAs RNomics$ 2 1 3 3

*RNAz hits that match with sSRNAs/ncRNAs predicted or experimentally tested by Livny et al. (2006) are indicated.
TRNAz hits that match with sSRNAs/ncRNAs predicted or experimentally tested by Gonzalez et al. (2008) are indicated.

+sRNAs identified by RNomics (see text).

PAO1(pME4510), the levels of PhrS were 12-fold increased
in strain PAO1(pMEphrS) when the cells entered early
stationary phase (Fig. 5a, lanes 3 and 4). Therefore, samples
for 2D gel analysis were withdrawn at ODggo 1.5. The 2D
protein pattern of PAO1(pME4510) was compared to that
of PAO1(pMEphrS) (Fig. 5b), and three distinct protein
spots were selected for identification by MS. The three
possible targets of PhrS included the heat-shock chaper-
onin GroEL, the outer membrane porin OprD and the
putative periplasmic binding protein PA5153, all of which
were upregulated in the presence of increased levels of PhrS
(Fig. 5b). GroEL is among the most highly conserved
proteins in nature (Segal & Ron, 1996), and functions
together with GroES to maintain protein integrity, which
enables cells to survive a variety of environmental stresses
(Hendrick & Hartl, 1993). A strong antibody response to
GroEL has been found in cystic fibrosis patients with
chronic pulmonary infection caused by P. aeruginosa
(Ulanova et al., 1997), which suggests a role for PhrS
under these conditions. The outer membrane porin OprD
has been shown to facilitate diffusion of basic amino acids
as well as of small peptides, and also serves as a channel for
the fS-lactam antibiotic imipenem (Trias & Nikaido 1990),
whereby the loss of OprD can lead to imipenem resistance
(Lynch et al., 1987). The proteome analysis upon over-
production of PhrS suggests that the sSRNA could function
as a riboregulator. Studies are under way to test whether
PhrS regulates the identified protein genes in a direct or
indirect manner.

PAO1 sRNAs predicted by RNAz

In addition to the RNomic approach, we made use of
recently developed bioinformatics tools to search for
sRNAs/ncRNAs in PAO1. The majority of the computa-
tional approaches to detect small ncRNAs in bacterial
genomes, such as sSRNAPredict (Livny et al., 2006), search
for putative genes without a recognizable ORF. In contrast,
RNAz (Washietl et al., 2005a) used here extracts informa-
tion based on the evolutionary conservation of RNA
structure from a multiple sequence alignment based on the
notion that structured RNAs fold into more stable
secondary structures than the genomic background
sequence of the same composition. RNAz also evaluates
the pattern of substitutions in a multiple sequence
alignment of related species. Substitutions that are
consistent with preserving a base pair (e.g. GC—GU) or
that are compensatory (e.g. GC—UA) provide direct
evidence for the conservation of secondary structure.
RNAz uses an SVM approach to decide based on this
input information whether a multiple sequence alignment
contains a conserved RNA structure. As RNAz relies on
both sequence and structure conservation across genomes,
it cannot detect unstructured anti-sense regulators or
species-specific SRNAs. Therefore, none of the candidate
Hfq-binding sRNAs encoded in the opposite strand of
protein-coding regions detected by RNomics was predicted
by RNAz (not shown).

Using NcDNAlign alignments as input we found 115
structured candidate loci, of which 101 were previously
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Fig. 4. Steady-state levels of PhrD (a) and PhrS (b) in the presence
(wt) or absence of Hfq (hfg—) at ODgog 2 upon growth in LB medium
and after serum exposure (Serum; see text). (c) Stability of PhrD
(triangles) and PhrS (squares) in the presence (PAO1; closed
symbols) and absence of Hfq (PAO1hfg—; open symbols). Strains
PAO1 and PAO1hfq— were grown in LB medium to ODggo 2.0.
Total RNA was purified 0, 5, 15, 30 and 45 min after addition of
rifampicin (100 ug ml™" final concentration). The signals for the
sRNAs were normalized to the respective signals of the 5S rRNA
(loading control). The experiment was done in duplicate. Error bars,
sD. The half-lives determined are given below the graph.

known and 14 are novel sSRNA/ncRNA predictions. Based
on the less restrictive MultiZ alignments, 221 candidates
were predicted, of which 85 correspond to known sRNAs/

(2)
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Fig. 5. (a) Comparison of the expression of plasmid-encoded
phrS (a, lanes 2, 4 and 6; pMEphrS) and chromosomally encoded
phrS (a, lanes 1, 3 and 5; pME4510). Total RNA was extracted
from cells during exponential growth (ODgp=0.8; lanes 1 and 2),
upon growth to early stationary phase (ODggp=1.5; lanes 3 and 4)
and to stationary phase (ODgpp=2.5; lanes 5 and 6) in LB
medium. In pMEphrS, the phrS gene was cloned under the
transcriptional control of its authentic promoter (see Fig. 1e). (b)
Identification of putative targets of PhrS by proteomics. The protein
pattern of PAO1(pME4510) (left-hand panels) was compared to
that of PAO1 harbouring pMEphrS (right-hand panels). The
protein samples were taken in early stationary phase. Selected
prominent spots of different intensity (black arrows) were identified
by MS. Putative targets of PhrS were identified as GroEL, PA5153
and OprD. Only the relevant sections of the gels are shown.

ncRNAs. Details of the predicted loci are provided at http://
www.bioinf.uni-leipzig.de/Publications/SUPPLEMENTS/
07-023/. The results of the RNAz screen for both MultiZ-
and NcDNAlign-generated alignments are shown in
Table 3. The number of RNAz hits that matched with
sRNAs /ncRNAs predicted or experimentally tested by
Livny et al. (2006) and Gonzalez et al. (2008) are
indicated in Table 3. Information on these matches can
be found at http://www.bioinf.uni-leipzig.de/Publications/
SUPPLEMENTS/07-023/. MultiZ-based alignments result in
significantly more RNAz hits, both at high and low
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Table 4. Novel RNAs predicted by both the MultiZ-based and
the NcDNAlign-based runs

NcDNAlign run MultiZ run
Locus* pt Locus* pt

1 0.88 41 0.93
4 0.81 44 0.83
52 0.99 75 0.99
72% 0.94 101% 0.94
96 0.99 167 0.98
102% 0.99 16% 0.96
115 0.50 99 0.95

*Information on the sRNAs/ncRNAs encoded by the different
loci is available at http://www.bioinf.uni-leipzig.de/Publications/
SUPPLEMENTS/07-023/. The loci in each row encode the same
putative SRNA/ncRNA.

tPrediction confidence; see Table 3.

$Expression of these loci, i.e. RNAs, has been verified by RT-PCR.

confidence. NcDNAlign, however, identifies more annota-
table hits than MultiZ at the cost of only a few novel sRNAs.
Only 57 hits are shared between MultiZ- and NcDNAlign-
based screens. Of these hits, only seven are novel, and all of
them are high-confidence RNAz predictions (see Table 4).
In an effort to demonstrate expression of these seven
candidate sRNAs/ncRNAs, RT-PCR was exploited. As
shown in Supplementary Fig. S3, transcription of the
sRNAs/ncRNAs encoded by the loci 72/101 and 102/16
(Table 4) predicted by NcDNAlign and MultiZ, respectively,
could be verified.

Three Hfq-binding sRNAs detected by RNomics were
likewise predicted by the RNAz screens. PhrW (input
NcDNAlign, locus 73; input MultiZ, locus 100; probable
RNase P component; P28 in Livny et al, 2006) and PhrH
(input NcDNAlign, locus 20; input MultiZ, locus 77),
which represents tmRNA, are highly conserved among
pseudomonads  (see  http://www.bioinf.uni-leipzig.de/
Publications/SUPPLEMENTS/07-023/). PhrS, which corre-
sponds to P20 in Livny et al. (2006) and 1887 in Gonzalez
et al. (2008), was also predicted by RNAz using MultiZ
alignments as input (locus 114; see http://www.bioinf.uni-
leipzig.de/Publications/SUPPLEMENTS/07-023/). As PhrS
emerged from four different screens (Livny et al, 2006;
Gonzalez et al, 2008; Tables 2 and 3) and phrS over-
expression resulted in changes in the protein pattern, it
appears to be a prime candidate for an sRNA in
Pseudomonas. All other sRNA candidates detected by
RNomics, which mapped to intergenic regions (Table 2),
were not found in the RNAz screen, indicating that they are
species-specific. Likewise, none of them was identified by
Livay et al. (2006) and Gonzalez et al. (2008). A
compilation of matching sRNAs/ncRNAs predicted and/
or identified by RNomics, RNAz, and by Livny et al. (2006)
and Gonzalez et al. (2008) is shown in Supplementary
Table S2.
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4.2 The sRNA Paell of Pseudomonas aeruginosais induced upon

nutrient limitation
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Abstract

Small regulatory RNAs (sSRNASs) are known to control various cellular processes including
virulence gene expression in several bacterial pathogens. A bioinformatic approach employed to
analyze intergenic regions of Pseudomonas aeruginosa for sRNAs revealed Paell. Paell
expression is shown to be driven by a o”*—dependent: promoter, whereby vigorous synthesis
occurs under nutrient limiting conditions. Evidence is presented that Paell is processed by RNase
E, whereby only the processed form is evolutionarily conserved in other Pseudomonas spp. The
comparative analysis of the proteome profiles of the parenta and the P. aeruginosa paell
deletion strain revedled an up-regulation of the open reading frames PA1579 and PA3332,
whereas PA1244 and MvaTl, encoding a H-NS family protein involved in virulence gene
regulation, were down-regulated. In addition, a transcriptome analysis disclosed that the steady
state levels of PAQ740 (SdsAl) encoding a sodiumdodecylsulfate degrading sulfatase and
PA4407, encoding a | actate permease decreased in the absence of paell, whereas genes (PA3515-

3519) involved in purine biosynthesis were found to increase at least two-fold.
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Introduction

P. aeruginosa (PAO1) can adapt to a variety of environments, soil, water as well as to
different hosts. As an opportunistic pathogen it can cause severe infections especialy in
immunocompromised patients. Due to its ability to form biofilms, PAOL is able to escape host
defence mechanisms and antibiotic treatment (Costerton et al., 1999). Many virulence factors of
PAOL1 are controlled by three interlinked quorum sensing systems termed Las, Rhl and PQS,
numerous two component systems as well as extra-cytoplasmatic sigma factors (for review van
Delden and Iglewski, 1998).

Small regulatory RNAs (rRNAs) can modulate stress responses (i) by regulating the
synthesis of the alternative sigma factor RpoS (Repoila et al., 2003), (ii) through their function in
iron metabolism (Masseé et al., 2007) and catabolite repression (Sonnleitner et al., 2009) or (iii)
by remodelling the outer membrane (Vogel and Papenfort, 2006). A large number of SRNAs
associate with the RNA chaperone Hfg and require it to exert their function in post-
transcriptional regulation (for review Valentin-Hansen et al., 2004; Aiba, 2007; Brennan and
Link, 2007; Waters and Storz, 2009). A PAO1hfq mutant was attenuated in virulence, suggesting
that SRNAs are involved in pathogenicity (Sonnleitner et al., 2003). To date, the function of only
afew PAO1 sRNAs has been studied in greater detail. Prrf1/2 are involved in maintaining iron
homeostasis (Wilderman et al., 2004; Oglesby et al., 2008), whereas the GacA controlled RgsA
appears to be involved in protection of PAOL from oxidative stress (Gonzalez et al., 2008).
RsmY/Z and CrcZ sequester the transational repressor of virulence genes RsmA (Burrowes et
al., 2006; Kay et al., 2006) and the trandationa repressor Crc involved in catabolite repression
(Sonnleitner et al., 2009), respectively. Moreover, approximately 30 sRNAs with unknown
function have been recognized in PAO1, most of which have been predicted by biocomputation
(Livny et al., 2006; Gonzaez et al., 2008; Sonnleitner et al., 2008), while others were identified

by RNomics (Sonnleitner et al., 2008). Here, we analyzed the intergenic regions of PAOL by

59



bioinformatics to expand the number of SRNAs in this pathogen. Among other SRNA candidates,
the screen revealed the sRNA Peell, which was further studied. First, we characterized the
primary structure of Paell and conditions that evoke paell expression. Second, we identified
regulators required for or involved in paell transcription. Third, a proteome and a transcriptome

anaysis were performed to reveal potentia target genes of Paell.

60



Materials and Methods

Bacterial strains, plasmids and growth conditions

The strains and plasmids used in this study are listed in Table 1. Unless indicated otherwise,
bacterial cultures were grown a 37°C in LuriaBertani (LB) medium (Miller, 1972),
supplemented with appropriate antibiotics. BM2 minimal medium (40 mM K,;HPO,, 22 mM
KH2PO4, 7 mM (NH4),S0,4, 0.5 mM MgSO,, 0.01 mM FeSO,4, 20 mM sugar (either succinate,
mannitol, glutamate, glycerol or glucose, as indicated in the text) and M9 minimal medium
supplemented with 20 mM glucose were used to mimic starvation, respectively. Antibiotics were
added to a fina concentration of 200 pug/ml spectinomycin-streptomycin, 50 pg/ml gentamicin,
125 pg/ml tetracyclin and 300 ug/ml carbenicillin for P. aeruginosa and 50 pg/ml gentamicin, 50

ug/ml tetracyclin and 100 pg/ml ampicillin for E. coli.

Bioinformatics

A search agorithm that follows the general scheme described by Lenz et al. (2004) was used to
unravel novel sSRNAs: (i) Most SRNAs are located in intergenic regions, therefore we restricted
our search to regions between annotated genes. The P. aeruginosa intergenic regions were
downloaded from http://www.pseudomonas.com (Intergenic DNA, Pseudomonas aeruginosa
PAOQOL, version 2004-01-14). (ii) We assumed that the putative RNAs contain a Rho-independent
terminator. 524 P. aeruginosa Rho-independent terminators were downloaded from
http://www.tigr.org/software/transterm.html, of which 502 were found to be located in intergenic
regions. (iii) The upstream region of the RNA loci were searched for ac™*- (or ac™) binding site.
Using PATSER (http://liv.bmc.uu.se:16080/rsa-tools, Pattern Matching, PATSER), the P
.aeruginosa intergenic regions were screened for potential >*-binding sites with a weight matrix
constructed from a compiled set of ~180 ¢>*-binding sites from multiple bacteria species

(Dombrecht et al., 2002). All matches with a score higher than or equal to the cutoff score 8.9
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(Dombrecht et al., 2002) were considered as potentia hits. The number of these 214 potential
hits was further reduced to 168 by the assumption that the distance between the potential SRNASs
and the next coding region should be at least 50 nucleotides. Combining these 168 hits with the
list of Rho-independent terminators resulted in alist of 22 intergenic regions which are supposed
to contain both a Rho-independent terminator and a ¢>*-binding site. A final check of these 22
hits (the 6>*-binding site and the terminator sequences must have the same orientation - plus or
minus, length and localization of the potential SRNAs within the intergenic region) left us with
one sRNA candidate located in the intergenic region between the ORFs PA1781-PA1782.

A similar procedure was carried out to detect potential SRNAs carrying both a ¢™-binding
site and a Rho-independent terminator. Again, the P. aeruginosa intergenic regions were
screened with PATSER. We tested al of the best 11 weight matrices for the ¢"°-binding site
recognition (Huerta and Collado-Vides, 2003). The results were combined with the list of Rho-
independent terminators and length and distance restrictions were applied. As a result of this
procedure, we obtained four potential SRNA candidates, two of them are located in the intergenic
region between the ORFs PA4704-PA4705, named PrrF1 and PrrF2 (Wilderman et al., 2004),
and the candidates in the intergenic region between the ORFs PA3535-PA3536 and the

intergenic region between the ORFs PA4040-PA4041.

Creation of the paell deletion mutant

To construct a PAOL paell deletion mutant, the sequence upstream (nucleotides -558 to -6 with
regard to the transcriptiona start) and the downstream sequence (nucleotides +79 to +680) of
paell were amplified by PCR using the oligonucleotide pairsQ 53and R_ 53 and S 53 and T_53
(Table 2), respectively, and chromosomal PAOl1 DNA as a template. The 602 nt long
downstream fragment was cloned into the Pvul and EcoRI site of plasmid pSUP202, resulting in
pSUP202-Pael Idn. The 553 nt long upstream sequence was cloned into the Ndel and Pvul site of

pSUP202-Pael Idn, resulting in pSUP202-Paellko. This plasmid was transformed into the E. coli
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strain S17-1 and transferred by conjugation to PAOL. The following homologous recombination
resulted in the chromosomal deletion of paell. The deletion was verified by PCR and Northern-
blot analysis with gene-specific *P-end-labelled oligonucleotides (Paell: V_28; 5S rRNA: |_26;

Table 2).

Northern-Blot Analysis

Total RNA of PAOL was purified using the hot phenol method (Lin-Chao and Bremer, 1986).
The abundance of the RNAs was determined by Northern-blot hybridization using total RNA.
The signals were normalized to the hybridization signal obtained for ribosomal 5S rRNA. The
RNA samples were denatured for 5 min at 65°C in loading buffer, containing 50% formamide
and then separated on 8% polyacrylamide (PAA) — 8 M urea gels followed by transfer to nylon
membranes (Hybond N, GE-Heathcare) by electroblotting (Bio-Rad). The RNAS were cross-
linked to the membrane by exposure to UV light. The membranes were hybridized with gene-
specific ¥*P-end-labelled oligonuclectides (Paell: V_28; 5S rRNA: |_26; CrcZ: E_2; Table 2),

and the hybridization signals were visualized using a Phospholmager (Molecular Dynamics).

RpoN promoter -probe plasmid construction

To test for the paell promoter activity the plasmids pMEPael |, pM EPaelI-RpoN1 and pMEPael |-
RpoN5 were constructed. The respective DNA sequence of paell, including its authentic
promoter was amplified by primer pairs K_29 and L_29 (Table 2) and blunt-end ligated into the
Smal site of vector pME4510. The forward primer, containing the mutated paell promoter
region, Y_57 (Table 2) was used for PCR together with reverse primer L_29 (Table 2), followed
by ligation of the PCR fragments into Smal restriction site of pMEA4510 resulting in plasmid
pMEPael I-RpoN5, respectively. The Paell levels were analyzed by Northern-blot analysis with
gene-specific **P-end-labelled oligonucleotides (Paell: V_28; 5S rRNA: |_26; Table 2). The

Paell transcript levels present in strain PAO1Apaell (pME-Paell) was set as 100%.
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Expression of paell under different stress conditions

PAOL cultures were grown in LB medium to an ODgy Of 1.0 in LB medium at 37°C and then
exposed to 43°C for 15 min (heat shock), to 15°C for 30 min (cold shock), to 1mM hydrogen-
peroxide for 15 min (oxidative stress), to 500 uM dipyridyl for 15 min (iron deprivation), to 0.3
M NaCl for 15 min (osmotic shock) or to HCI, pH=3 for 15 min (low pH). To mimic starvation,
PAO1 was grown in BM2 minima medium (40 mM K3;HPO,4, 22 mM KH;PO,4, 7 mM
(NH4)2S04, 0.5 mM M@gSO,, 0.01 mM FeSO,) supplemented with 20 mM succinate to an
ODgyo Of 1.0. After those treatments, total RNA was isolated and 10 ug of the total RNA were

subjected to Northern-blot analysis (Paell: V_28; 5SrRNA: |_26; Table 2).

RNA preparation

Paell and RsmY RNA were in vitro transcribed with T7 RNA polymerase (Epicentre
AmpliScribe™ T7-Flash™ Transcription Kit) from PCR templates. The paell PCR fragment
was amplified using the forward primer A_57 and the reverse primer L_29 (Table 2). For RsmY
transcription the oligonucleotides U 26 and V_26 (Table 2) were used as previously described
(Sonnleitner et al., 2006). The forward primers A_57 and U_26 contained a T7®10 promoter
sequence. After in vitro transcription the RNAs were purified on a 6% polyacrylamide-8 M urea

gel, and the RNA concentration was determined by measuring the absorbance at 260 nm.

Hfqg binding assay

Gel purified Paell RNA was 5'-end labelled with [y-*2P]-ATP (Hartmann), and re-purified on a
6% polyacrylamide-8M urea gel as described (Sonnleitner et al., 2006). Labelled RNA (0.05
pmol) was first incubated at room temperature for 5 min, and then for 15 min with or without
increasing concentrations of purified Hfg-hexamer (Hfge) (0.1, 0.2, 0.4, 0.8, 0.16 or 0.32 pmol)

in 10 pl VD buffer (10 mM Tris, pH 7.4, 60 mM NH4CI, 6 mM B-mercaptoethanol and 2 mM
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Mg-acetate). 0.25 and 1 pmol Paell, RsmY and tRNA were added as competitors to labelled
Paell RNA. The samples were mixed with 4 ul of loading dye (75% glycerol, 0,01%
xylencyanol, 0,01% bromphenol blue) and then separated on a native 4% polyacrylamide gel.
Electrophoresis was performed in TAE buffer at 160 V at 4°C. The radioactively labelled bands

were visualized with a Phospholmager (Molecular Dynamics).

Mapping of the 5 and 3'termini of Pael

Simultanous mapping of the 5 and 3' ends of Paell was performed as previously described
(Toledo-Arana et al., 2009). 6 ug of total RNA was incubated for 45 min at 37°C with the
corresponding buffer, in the presence or absence of Tobacco Acid Pyrophosphatase (TAP)
(Epicentre biotechnologies). This step allows to distinguish between a 5-end generated by
transcription initiation and a 5’-end resulting from endonucleolytic processing. It was therefore
omitted to map the paell processing site. After phenol and chloroform extraction and ethanol
precipitation, seria dilutions (from 500 ng to 0.5 ng) of the TAP+ and TAP- treated RNAS were
prepared. Each sample was ligated with 40 U of T4 RNA ligase | (Fermentas) in the presence of
1x RNA ligase buffer supplemented with 8% DM SO, 10 U of RNase Inhibitor, 1 U of DNase |
and RNase-free water in a total volume of 25 ul at 37°C for 1 h. After phenol and chloroform
extraction and ethanol precipitation, the ligated RNAs were resuspended in 10 ul of RNase-free
water. The RT-PCR reactions were performed using specific outward primers V_51 and W_51
(Table 2) and the SuperScript One-Step RTPCR kit (Invitrogen). Bands only present in the TAP+
reactions with the expected size were purified using the Gel Extraction kit (QIAGEN) and cloned
using the pPGEM®-T Easy Vector System (Promega). 10 plasmid clones containing the expected
size of insert were sequenced. The sequences were compared with the P. aeruginosa genome

(www.pseudomonas.com) to localize the 5’ - and 3’-ends.
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Deter mination of Pael |l stability and abundance

The steady state levels and the stability of Paell were determined in strains PAOL1 and PAO1hfqg™.
At an ODgy of 1, rifampicin (500 pg/ul) was added and 4 ml aiquots were withdrawn 0, 2.5, 5,
10 and 20 min thereafter for isolation of total RNA. Tota RNA was purified by the hot phenol
method (Lin-Chao and Bremer, 1986). The Paell concentrations were determined by Northern-
blot hybridization, using the 5’ -end labeled oligonucleotide V_28 for Paell (Table 2). The 5S

rRNA was used as an internal control and was detected with primer |_26 (Table 2).

RNase E cleavage

0.15 pmol of 5-[*?P] labelled Paell RNA was incubated with hexameric Hfq (Hfgg) (0.3 pmol or
0,6 pmol) for 15 min at room temperature. Paell cleavage was carried out using 25 ng of the
purified N-termina fragment of E. coli RNase E (Rne498) (Kaberdin et al., 2000) in VD buffer
in the presence of 5 mM EGTA. The cleavage reaction was started by addition of MgOAc to a
final concentration of 5 mM, and was continued for 30 min at 37°C. The cleavage reaction was
terminated by addition of 1ul of 1ug/ul glycogen in 250 mM EDTA solution. Sequence ladders
were obtained by RNase A and T1 digestion under denaturing conditions as described (Kuchino
and Nishimura, 1989). After phenol extraction, the RNA was precipitated and analyzed on a 10%
polyacrylamide-8M urea gel. The radioactively labelled bands were visualized using a

Phospholmager (Molecular Dynamics).

Proteomics

To detect Paell-mediated regulatory effects, the protein patterns of total cellular extracts of strain
PAOL1 and PAOlApaell were compared by two-dimensional gel electrophoresis. The strains
were grown in BM2 minima medium containing mannitol to an ODggo Of 1, and equal amounts
of cells were dissolved in lysis buffer (8 M urea, 4% (w/v) CHAPS and 40 mM Tris-base). The

cells were disrupted by repeated freezing in liquid N, and thawing at 37°C followed by
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incubation at 37°C for 1 h to achieve complete lysis. For the first dimension, the Immobiline Dry
Strip pH 3-10 (18 cm; Amersham Pharmacia Biotech) was used with the following |EF program:
12 h rehydration at 40V, 0.5 h at 300 V, 0.5 h at 1000 V, 0.5 h at 2000 V, 0.5 h at 3000 V, 9 h at
7000 V at 18°C (IPGphor isoelectric focusing system). The resolution in the second dimension
was performed on 12% SDS-polyacryamide gels for 15 min at 15 mA, and then for 4 h at 20 mA.
Buffers and conditions were used according to the manufacturer's instructions. The gels were
silver-stained as described previously (Shevchenko et al., 1996). Selected protein spots with
different intensities were excised from the gel to assess the protein identities by mass

spectrometry.

DNA microarray studies

RNA was isolated from 10 ml of PAO1 and PAOl1A4paell cultures grown in BM2 minimal
medium supplemented with mannitol to an ODgg of 1. A total of 1 x 10° cells were mixed with
RNA Protect Bacteria Reagent (Quiagen) and processed as recommended by the manufacturer.
30 minutes after induction total RNA treated with RNA protect bacteria reagent® (Qiagen) was
purified by using the hot acid phenol method as described above. The integrity of total RNA was
confirmed by agarose gel electrophoresis and an RNA 6000 Nano LabChipin an Agilent 2100
bicanalyzer (Agilent Technologies, Palo Alto, CA). Total RNA isolation was tested for residual
DNA by PCR with oligonucleotides specific for 16S rRNA (L_37 and M_37, Table 2) and ladS
(O_45 and N_45, Table 2). For the microarray analysis P. aeruginosa GeneChip arrays
(Affymetrix, Inc., Santa Clara, CA) were used. cDNA synthesis, fragmentation, labeling,
hybridization, staining, and washing steps were performed according to the manufacturer's
protocol for the Affymetrix P. aeruginosa GeneChip arrays at the University of Lausanne, Center
for Integrative Genomics, as described previously (Frangipani et al., 2008). For each condition,
cultures were grown in triplicate, and RNAs from these cultures were pooled before proceeding

to cDNA synthesis. In addition, biological replicates for each condition were performed on a

67



separate day and run on a different microarray chip. The expression of paell under these
condition was verified by Northern blotting as described above with gene-specific *P-end-

labelled oligonucleotides (Paell: V_28; 5SrRNA: |_26; Table 2).
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Results and Discussion

Mapping of the5 and 3" termini of Paell.

The bioinformatic search based on the prediction of (i) a putative promoter, (ii) a Rho-
independent terminator, and (iii) alength between 50 and 300 nucleotides (nts) as well as (iv) the
location in an intergenic region revealed the SRNA candidate Paell, which is encoded between
the non-characterized open reading frames PA4040 and PA4041 (Stover et al., 2000). Paell is
predicted to contain three stem-loop structures. The 3'- terminal stem-loop structure, which is
followed by six consecutive U’s, most likely serves as a transcriptiona terminator (Fig. 1A).
Paell was estimated to be 108 nt in length, which was in agreement with the size of the
corresponding larger signal detected by Northern-blot analysis (Fig. 1B). In addition to the full
length Paell signal, a stronger signal with an approximate size of ~70 nt was as well detected
(Fig. 1B). To map the 5'and 3" termini of Paell, total RNA isolated from PAOL was circularized,
amplified, cloned and sequenced. This analysis reveaed that the full length Paell SRNA consists
of 108 nts (Fig. 1C). Circularization of RNA entails removal of the 5 -phosphate by Tobacco
acid pyrophosphatase (TAP) treatment. However, when the RNA was processed by an
endonuclease, the 5 -phosphate is removed and TAP treatment is dispensable for circularization.
When TAP treatment was omitted before circularization, the 3' end was mapped to nt position
+33 (Fig. 1C, open arrow). Thus, nuclease cleavage at nt position 33 could explain the
appearance of the 76 nt long processed fragment (Fig. 1B). The putative processing site in Paell
is AU-rich and located in a single stranded region adjacent to stem-loop structures (Fig. 1A and
1C). As this motif complies with the consensus recognition motif for RNAse E in E. coli
(Kaberdin, 2003), and E. coli RNase E has been used to mimic P. aeruginosa mRNA processing
(Gamper and Haas, 1993), we next used the catalytic fragment of purified RNase E to cleave
Paell RNA in vitro. RNase E cleavage assays were performed with **P-end-labelled paell RNA.

Two predominant RNAse E cleavage sites were detected in the AU-rich single stranded region
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between the two stem-loop structures (Fig. 2). In fact, cleavage site 1 coincided with the 5 end
which was mapped by 3'-5' circularization (Fig. 1C, open arrow).

A BlastN search (Altschul et al., 1997) with the paell sequence against the sequenced
genomes of different pseudomonads revealed that only the 3"-terminal part of paell is conserved
in P. mendocina, P. entomophila, P. stutzeri, P. putida and in P. fluorescens. The 5" terminal part
of paell, i.e. thefirst 32 nt are only conserved in the P. aeruginosa strains PAOL, PA14, LESB58
and PA7 (Fig. 1D). Therefore, the bioinformatic prediction of Paell was possible because -in
contrast to other bioinformatical approaches (Livny et al., 2006; Gonzalez et al., 2008)- sequence
conservation was not a primary search criterium. In some pseudomonads the paell homologous
sequences overlap with ORFs. In P. fluorescens Pf-5 the paell homologous sequence (genome
position: 6251515- 6251587) (Paulsen et al., 2005) overlaps for the first 72 nt with an open
reading frame encoding the putative lipoprotein PFL5479 (genome position: 6251196-6251585)
(Paulsen et al., 2005). In P. stutzeri it overlaps for a stretch of 26 nt with the sequence encoding
an inorganic pyrophosphatase (ppa-1, genome position: 3985344- 3985370) (Yan et al., 2008)
and in P. mendocina ymp for a stretch of 40 nt with an inorganic pyrophosphatase (genome

position: 4217394-4217420, http://genome.jgi-psf.org/pseme/pseme.home.html).

Nutrient limitation induces paell expression.

Non-coding RNAs are known to regulate different metabolic processes and many of them are
expressed as a response to certain stress conditions. To assess conditions that trigger paell
expression, different stress conditions were applied including heat-, cold-, osmotic-, pH-, iron-,
stationary phase- and oxidative- stress aswell as nutrient limitation. A massive induction of paell
expression was observed when PAO1 was grown in BM2 minima medium supplemented with
succinate and the majority of Paell was found to be processed to the shorter transcript (Fig. 3A,
lane 2). All other tested stress conditions had no major impact on paell transcription (Fig. 3A).

Paell is transcribed throughout growth, but peaked upon entry into stationary phase (Fig. 3B).

70



Further analyses revealed only dlight effects of the carbon source on paell expression. When
compared to rich medium (LB), other single carbon sources, like mannitol, glycerol or glucose
similarly stimulated paell expression (Fig. 3C). Even though paell expression is massively
induced in minimal medium it is not essential for bacterial surviva or growth, since growth of

the paell mutatant was not impaired in minimal medium (data not shown).

Two promotersdrive paell transcription

As shown in Fig. 1C the paell gene is preceded by a putative ¢ as well as by a putative
o"* dependent promoter. To test whether RpoN is required for paell transcription we first
compared the steady state levels of Paell in PAO1 with that in a PAO1ArpoN mutant strain. As
shown in Fig. 4A, when compared to PAO1 the steady state levels of paell were reduced by
~70% in the PAO1ArpoN strain. To verify the putative o>* dependent promoter several mutations
(Fig. 1C) were introduced in the -12 and -24 region (Fig. 1C) and the Paell levels obtained with
the plasmid borne paell gene were assessed in the PAO1Apaell strain by Northern-blot analysis.
As shown in Fig. 4B, the mutations in the putative ¢>* dependent promoter resulted in a
significant decrease of the paell levels. The Paell steady state levels decreased to 20% (Fig. 4B),
which is similar to the amount of Paell remaining in an rpoN mutant strain (Fig. 4A), and may be
explained by transcription from the ¢ dependent promoter.

Bacteria respond to starvation through the stringent response, i.e. by synthesis of the
alarmone ppGpp. In E. coli the level of ppGpp is controlled by two enzymes RelA, which
responds to amino-acid starvation (Xiao et al., 1991), and SpoT, which responds to nutrient and
micronutrient starvation, e.g. carbon-, phosphate- or iron starvation (Magnusson et al., 2005).
Orthologues of both, spoT and relA, are present in PAOL (van Delden et al., 2001). High level
transcription from the o”*—dependent Po promoter in both E. coli (Bernardo et al., 2006) and P.

putida (Bernardo et al., 2009) requires the bacterial alarmone ppGpp and DksA. Preliminary data
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based on a transcriptome analysis shows that the spoT steady state levels were two-fold
decreased upon rpoN deletion when cells were grown in LB medium (E. Sonnleitner,
unpublished observation). Thus, it appears that RpoN controls spoT expression, but it remains to
be shown if thisis aso the case under conditions when RpoN and/or SpoT are required. Most
likely, the observed up-regulation from a o°*~dependent promoter during the stringent response
is indirect and results from an increase in the quantity of the core RNA polymerase (RNAP),
which is available to form the o*~RNAP holoenzyme. The vigorous induction of paell
transcription observed during slow growth in minimal medium (Fig. 3A), i.e. under conditions
when ppGpp levels are anticipated to increase, would be in line with o”*—dependent expression
of paell. To support our hypothesis that paell transcription is predominantly achieved by
o *-RNAP we examined the Paell levels in PAOL relA, and relA/spoT mutant strains. When
compared to PAO1, the Paell levels were dlightly decreased in the ArelA strain NB159, whereas
a strong decrease was observed in the Arel A/AspoT double mutant NB170 (Fig. 4C). Similarly, a
significant decrease of the steady state levels of the SRNA CrcZ (used as a variation control), the
expression of which is known to be o>*-dependent (Sonnleitner et al., 2009), was observed in
strain NB170 (Fig. 4C).

Taken together, the paell expression studies revealed that this SRNA is primarily synthesized
under nutrient limitation in a manner dependent on ¢°*. In E. coli one example is known where a
SRNA is transcribed from both, a 6™ or 6™ dependent promoter (Reichenbach et al., 2009). In
this case both promoters overlap in a way that the corresponding transcriptional start sites map to
the same position (Reichenbach et al., 2009), which seemsto be also the case for paell (Fig. 1C).
This regulation would ensure a basal expression level during exponential growth dependent on

o"°, which can increase upon activation of the o>*- dependent promoter.
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Pael | steady state levelsaredecreased in a PAO1hfq strain

As Hfqg has been shown to affect the levels of some sRNAs in PAOL (Sonnleitner et al.,
2006; Sonnleitner et al., 2008), we next tested whether the RNA chaperone binds to and affects
Paell stability and/or abundance. The band-shift assays shown in Supplementary Fig. S1
suggested that Hfq binds to Paell, albeit with a rather low affinity. Paell and the competitor
RsmY (Sonnleitner et al., 2006) were able to compete efficiently for Hfgq binding
(Supplementary Fig. S1, lane 8 and 10), whereas the non-specific competitor tRNA was not.
Using band-shift assays it proved to be difficult to determine the affinity of Hfq for Paell. With
the exception of the B complex (Supplementary Fig. S1) a smear was constantly seen when
increasing amounts of Hfq were added to the RNA and higher molecular weight complexes
appeared to be retained in the wells. Whether the observed phenomenon is due to Hfq and/or
RNA aggregation was not further studied.

Next, we tested whether the stability of Paell depends on Hfq as shown for the PAO1 RsmY
RNA (Sonnleitner et al., 2006). Both strains, PAO1 and PAO1hfq” were grown in BM2 minimal
medium supplemented with 20 mM mannitol to an ODgy Of 1, when rifampicin was added.
Samples for RNA isolation were withdrawn before and several times after addition of the
antibiotic. As shown in Fig. 5A and 5C, Hfq had no magor impact on the stability of Paell.
Similarly, as shown before for the PAOL1 sRNA PhrS (Sonnleitner et al., 2008), the abundance of
Paell was decreased in the absence of Hfq (Fig. 5B). As Hfg and RNase E binding sites can
coincide (Moll et al., 2003; Sorger-Domenigg et al., 2007) we also tested whether Hfq can
protect Paell from processing by RNase E in vitro. As shown in Fig. 2 (lane 7 and 8) RNase E-
dependent processing of paell was not affected by the presence of Hfg. Taken together these
results suggest that Hfq affects paell transcription. Since a transcriptome analysis did not reveal
any regulatory effect of Hfg on the rpoN gene and the spoT levels were unatered in a hfg mutant
(Sonnleitner et al., 2006), these data further suggest that Hfg-mediated expression of paell is

indirect.
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Potential targets of Pael | revealed by proteomics and transcriptomics

Given the strong induction of paell expression under nutrient limitation we compared the
proteome profiles of strain PAOl1 and PAOlApaell grown in BM2 minimal medium
supplemented with 20 mM mannitol to reveal potentia targets of Paell. Four spots showing
different intensities in the 2D-gels were analyzed by mass-spectrometry to revea their identity.
The two proteins showing higher abundance in the presence of Paell were identified as encoded
by ORF PA1244 (Fig. 6, circle 1) and by the mvaT gene (Fig. 6, circle 3). PA1244 codes for a
protein with unknown function and and mvaT for atranscriptional regulator (Diggle et al., 2002).
MvaT belongs to the HN-S family of transcriptional regulators that binds to AT-rich regions,
which results in repression through their DNA-binding- and possible DNA-bridging activities
and they coordinately function as xenogeneic silencers in P. aeruginosa (Castang et al., 2008).
MvaT controls multiple functions including those involved in arginine metabolism, pyocyanin
synthesis and prophage activation (Li et al., 2009). However, no changes in pyocyanin
production were obvious between PAOL and PAO1Apaell (data not shown). Among the proteins
that were induced in the absence of Paell was PA1579 (Fig. 6, circle 2), a protein with unknown
function, which is exported across the inner membrane (Lewenza et al., 2005) and PA3332 (Fig.
6, circle 4), an uncharacterized protein belonging to the family of phenanzine biosynthesis genes
phzA/B, whose 3D-structure has been solved (RCSB PDB ID: 1715).

With the reasoning that a stimulating effect of a SRNA on translation generally results in
stabilization and that inhibition of translation by a SRNA results generally in destabilization of
the target MRNA we compared the transcriptome profiles of PAO1 and PAO1Apaell grown in
BM2 minima medium supplemented with 20 mM mannitol. The overall number of genes that
were significantly affected was surprisingly low, with two genes being up-regulated and seven
being down-regulated in the presence of Paell (Table 3). For the proteins that were detected by

proteomics no alterations in the transcriptome levels could be detected. Thus, more studies are
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needed to dicern whether Paell regulates the identified proteins in a direct or indirect manner.
The most down-regulated genes PA3515-3519 appear to form an operon
(www.pseudomonas.com). While the function of PA3515, PA3518 and PA3519 is unknown,
PA3516 and PA3517 are predicted to encode hypothetical lyases, which are linked to purine
biosynthesis. Both are predicted to have an adenylosuccinate lyase activity which converts
andenylosuccinate to AMP and fumarate during purine ribonucleotide biosynthesis. We speculate
that a down-regulation of de novo purine biosynthesis under starvation conditions alows P.
aeruginosa to maintain the expression of essential genes at the expense of DNA replication. The
alarmone ppGpp is aso known to control transcription and replication at different levels
(Srivatsan and Wang, 2008) and thereby could indirectly downregulate purine synthesis via
Paell. No reduction of the growth rate was observed in the absence of the SRNA in BM2 minimal
medium (data not shown). PA3520 (Table 3), which was ~2-fold down-regulated in the presence
of Paell was likewise found to be down-regulated in arhlR lasR double mutant. Thus, it seems to
be activated by quorum sensing, which is consistent with a putative las-rhl box-like sequence
upstream of the gene (Schuster et al., 2003). The most up-regulated gene in the presence of Pael |
was PA0740, which has been identified as a zinc-dependent, secreted sulfatase. This enzyme
allows PAOL1 to utilize primary sulfates such as sodiumdodecysulfate (SDS) as a sole carbon and
energy source (Hagelueken et al., 2006). A PA0740 mutant was shown to be attenuated in killing
of Caenorhabditis elegans (Wiehimann et al., 2007) and in the degradation of acyl-homoserine
lactones (Adams, 2004). The other up-regulated gene PA4407 (Table 3), a lactate permease, was
down-regulated in a rhIR lasR mutant, indicating that it is quorum-repressed (Schuster et al.,
2003). The effect of Paell on these two proteins may be explained in a way that Paell somehow
senses nutrient starvation and subsequently induces the expression of genes that are needed for

the uptake and usage of these alternative energy sources.
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TABLE 1. Bacteria strains and plasmids

Straing/plasmid Genotype/relevant features

Source/reference

P. aeruginosa

PAO1 wild-type
PAO1Apaell paell in frame deletion mutant
NB159 PAOlArelA
NB170 PAO1ArelA AspoT
PAOL rpoS PAO1rpoS101::aacCl, Gm®
PAO6358 PAO1ArpoN
PAO1hfg- PAO1hfq;:aadA, Sm/Spt
E. coli
Topl0 F-, mcrA, A(mrr-hsdRM S-merBC),p80lacZAM 15

AlacX74, deoR, recAl, araD139A(ara-leu) 7697,
galK, rpsL(StrR), endAl, nupG

S17-1 recAl pro thi; the tra genes of plasmid RP4

are integrated in the chromosome
plasmids
pGEM-T A/T cloning vector, Ap®
PHFQp, expression vector for purification of PAO1 Hfq
pME4510 Broad-host-range promoter-probe plasmid, Gm”®
pMEPael | pME4510 with paell promoter and paell gene
pM EPael I-RpoN5 pPMEPael| with mutated > promoter
pSUP202 pBR325, Ap®, CmR, Tc®, mob

pSUP202-Pael 1dn pSUP202 with paell downstream fragment
pSUP202-Pael 1ko pSUP202 with pael | deletion

(Holloway et al., 1979)
this study

(Boeset al., 2008)
(Boeset al., 2008)
(Suhetal., 1999)
(Heurlier et ., 2003)
(Sonnleitner et al., 2003)

Stratagene

(Simon et al., 1986)

Promega

(Nikulin et al., 2005)
(Rist and Kertesz, 1998)
this study

this study

(Simon et al., 1983)
this study

this study
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TABLE

2. Oligonuclectides used in this study

Name Sequence® Binding region”
1_26 CCCCACACTACCATCGGCGATGCGTCG 6039619-6039645
V_28 GGCTTTTCTGGGGTGGGGTTGGCTT 4523929- 4523905
Q53 TTTTCGATCGACCTGCCATTCGAACAGTTG 4523284-4523303
R 53 TTTTGAATTCTACTCTAGCAAACTCGGCCA 4523836-4523817
S 53 TTTTGAATTCCAGAAAAGCCGGCCACAA 4523920-4523937
T_53 TTTTCCATGGGACGCGATGAACCGCTAC 4524521-4524504
V_51 GTGGGGTTGGCTTACTTCT 4523917-4523900
W_51 CAGAAAAGCCGGCCACAA 4523920- 4523937
K_29 GCTCTAGAGCGGGATGCTGGGCAGGACTGG 4523798-4523819
L_29 GGAATTCGCATTAAAAAAGCCGGCTTGTGG 4523954-4523932
Y_57 TTTGAATTCGCGGGATGCTGGGCAGGACACGCCGAGTTACATAGAGTAGCGCTTC 4523798-4523843
A_57 TGCTCTAGACGTAATACGACTCACTATAGTCCTTCACGAGCCCTCGGC 4523842-4523860
U 26 CCGTCTAGACGTAATACGACTCACTATAGTCAGGACATTGCGCAGGAAGC 586867-586888
V_26 AAACTGCAGGAGCGACGCGGTTTTCCTCGGGC 587018-586996
L_37 ATCGTAGTCCGGATCGCAGT 723383-723402
M_37 AGTCATGAATCACTCCGTGGTA 723574-723553

0O 45 TTTTTTGGATCCCATGGCGCGTGAGCTTACCAC 4455889-4455869
N_45 TTTTTTCTGCAGCGACCTGCTCGTTGAAGCTCACCGC 4455601-4455625
E 2 CTTCTTCCGACTGGCTGCGGG 5308717-5308737

a. Restriction sites are highlighted in bold, T7 promoter sequences are underlined and introduced mutations are in

italics.

b. Binding position to PAOl genome based on the Pseudomonas aeruginosa PAO1 genome database:
http://v2.pseudomonas.com.
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TABLE 3. Microarray data

PAOL versus PAO1Apael |
a Fold A .
Gene ID P-Value b Target Description Functional class
Change

PAO0740 0,0017 5,57 SdsA1, probable beta-lactamase Putative enzymes

PA4770 0,0923 2,13 IldP, L-lactate permease Transport of small molecules

PA3516 0,004 -8,07 probable lyase Putative enzymes

PA3519 0,001 743 | hypothetical protein Hypothetical, unclassified,
unknown

PA3518 0,017 7,00 | hypothetical protein Hypothetical, unclassified,
unknown

PA3515 0,016 5,02 | hypothetical protein Hypothetical, unclassified,
unknown

PA3517 0,038 -4,35 probable lyase Carbon compound catabolism

PA3520 0,000 224 | hypothetical protein Hypothetical, unclassified,
unknown

PA3523 0,122 2,05 E:Ztc’z‘:’s'grRND efflux membrane fusion protein Transport of small molecules

a. Gene numbers are taken from the Pseudomonas genome project (http://www.pseudomonas.com).

b. The change means difference of the respective transcript levelsin strain PAO1 when compared to PAO1Apaell.
—downregulation; + upregulation.
c. RND: Resistance-Nodulation-Cell Division.
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Figure Legends

Fig. 1. Predicted Paell secondary structure, Paell conservation and expression signals. (A)
Secondary structure prediction of Paell using the program mfold (Zuker, 2003). (B) Northern-
blot analysis of total RNA from PAOL cells grown in LB to ODgy of 1 using a strand-specific
probe for Pagell (see Materidls and Methods). The size of the marker (M) is indicated at the left.
Arrows mark the full-lenght (F: 108 nt) and the processed (P. 76 nt) form of Paell. (C)
Sequences of putative paell promoters. The predicted o™ promoter region is underlined and the
probable RpoN-dependent promoter is boxed. Mutations introduced in the putative RpoN
promoter sequence are indicated. The transcriptiona start site is underlined and in italics. The 5
and 3' ends mapped by 5’-3 circularisation are indicated by black arrows. The open arrow marks
the processing site, which has been mapped by the 5'-3' circularisation procedure without TAP-
treatment of total RNA. The recognition sequence of oligonucleotide V_28, which has been used
for Northern-blot analysis, is indicated bold. (D) Sequence alignment of Paell in pseudomnads
using BLASTN 2.2.23+ (Altschul et al., 1997). (P.a.: P. aeruginosa PAO1/PA14/PA7/LESB57,

P.m.: P. mendocina, P.f.: P. fluorescens, P.e:P. entomophila, P.s.: P. stutzeri, P.p.: P. putida)

Fig. 2. Mapping of RNase E cleavage sitesin Paell RNA. 5 -[*P]-labelled Paell RNA (0.15
pmol) was incubated in the absence (lanes 4 and 5) or in the presence (lanes 6-9) of Hfge. The
molar ratios of protein:RNA are indicated on top of the autoradiograph. In vitro RNase E
cleavage of Paell RNA was performed in the absence (lane 5) or in the presence (lanes 6 and 7)
of Hfgs. The arrows on the right numbered 1 and 2 at the right indicate RNase E cleavage sitesin
Paell and the arrows 1 and 2 on the left denote the RNaseE cleavage sites in the paell sequence
(from position +1 to +51). Inlane 1, 2 and 3 an OH, RNase A and RNase T1 ladder was loaded,

respectively.
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Fig. 3. Nutrient limitation stimulates paell expression. (A) Paell levels were assessed by
Northern-blot analysis of total RNA from PAOL grown under different conditions (lane 1: LB
ODgpo=1, lane 2: BM2 minima medium ODgy=1, lane 3: LB ODgyp=3, lane 4: oxidative stress,
lane 5: osmotic stress, lane 6: heat stress, lane 7: cold stress, lane 8: iron depletion and lane 9:
low pH). For Paell the probe V_28 was used and as an interna control probe |26 for 5S rRNA.
(B) The Paell steady state levels in BM2 minimal medium supplemented with 20 mM succinate
at different cell densities (ODgpo= 0.5, 1, 1.8 and 2.6) were determined by Northern-blot analysis.
The experiment was done in duplicate. (C) The influence of different C-sources (succinate,
mannitol, glycerol and glutamate, glucose) and of the salt composition (BM2 minima medium
and M9 minima medium) on paell expression was assessed by Northern-blot analysis as

specified in (A). The experiment was done in duplicate.

Fig. 4. Transcriptional regulation of paell. (A) The steady-state levels of Paell in PAOL
(lane 1) and in strain PAO1ArpoN (lane 2) were determined by Northern-blot analysis (see Fig.
3A) upon growth in BM2 minimal medium supplemented with 20 mM mannitol and 20 mM
glutamine at an ODgpp=1.0. The PAO1ArpoN mutant strain is auxotroph for glutamine (Totten et
al., 1990). Therefore the minimal medium for PAO1 and PAO1ArpoN was supplemented with 20
mM glutamine. (B) Determination of the Paell steady state levels by Northern-blot analysis from
total RNA of PAO1Apaell carrying plasmid pME4510 (lane 1), pME-Paell (lane 2, wt promoter)
or pME-PaelI-RpoNS5 (lane 3, 5> promoter mutations (Fig. 1C)) a an ODggo of 1.0 upon growth
in BM2 minima medium supplemented with 20 mM mannitol and 20 mM glutamine. The
signals were quantified and normalized to 5S rRNA signals. (C) The steady-state levels of Paell
and CrcZ in PAOL (lane 1), PAO1ArelAAspoT (lane 2) and PAOl1ArelA (lane 3) at an ODggo Of
1.0 were assessed by Northern-blot analysis (see Fig. 3A) upon growth in BM2 minima medium

supplemented with 20 mM mannitol. The probe V_28 and the probe E_2 were used to detect
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Paell and CrcZ, respectively. Probe |26 served for detection of 5S rRNA. The transcript levels
of Paell (black bars) and CrcZ (white bars) present in strain PAO1 were set to 100%. The

experiment was done in duplicate.

Fig. 5. Hfq influences the Pagell steady state levels. (A) Paell levels remaining upon growth
in BM2 minamal medium supplemented with 20 mM mannitol in the presence and absence of
Hfq, 0, 2.5, 5, 10 and 20 min after addition of rifampicin, was assessed by Northern-blot analysis
(see Fig. 3A). (B) Steady state levels of Paell a an ODggo of 1.0 in PAOL (black bar) and
PAQO1hfg (white bar). The Northern-blot signals were quantified and normalized to the 5S rRNA
signas. The signa obtained for PAOL was set to 1. The experiment was done in duplicate. (C)
The relative amount of Paell at indicated time points in the presence ((1) and absence of Hfq ()
after rifampicin treatment were normalized to that of 5S rRNA. The experiment was done in

duplicate.

Fig. 6. Identification of putative Paell targets by proteomics. The protein pattern of PAOL
(left panel) was compared to that of PAOlApaell (right panel). The protein samples were
withdrawn at an ODggo of 1.0 after growth in BM2 minimal medium supplemented with 20 mM
mannitol. Selected spots with higher (dotted circles 1 and 3) or lower intensity (circles 2 and 4)
in the presence of the SRNA Paell were identified by mass-spectrometry. Putative targets of
Paell were identified as PA1244 (dotted circle 1), PA1579 (circle 2), MvaT (dotted circle 3) and

PA3332 (circle 4). Only the relevant section of the gel is shown.

Supplementary Fig. S1. Interaction of Hfg with Paell. Labelled RNA (5 nM) was incubated
in the absence (lane 1) or in the presence of 10 nM (lane 2), 20 nM (lane 3), 40 nM (lane 4), 80
nM (lane 5) or 160 nM (lane 6) hexameric Hfq (Hfgs). The Hfgs:RNA ratio is indicated.

Unlabelled Paell (lanes 7 and 8), PAOL1 RsmY RNA (lanes 9 and 10) and tRNA (lanes 11 and
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12) were added as competitors. Position of free (F1 and F2) and Hfg-bound (B) RNA are

indicated.
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Supplementary Figure S1
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4.3 The non-coding RNA Paelll of Pseudomonas aeruginosa

affects antibiotic susceptibility and rpoS expression
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Abstract

Small regulatory RNAs (sSRNAs) are known to control various cellular processes including
virulence gene expression in several bacterial pathogens. A bioinformatic approach employed
to analyze intergenic regions of Pseudomonas aeruginosa for SRNAs revealed Paelll. Paelll
expression is shown to be induced upon entry into stationary phase and in an rsmA mutant
strain. The proteome and transcriptome of the parental and the P. aeruginosa paelll over-
expressing strain were compared to unravel Paelll targets. The transcriptome analysis revealed
that the expression of genes encoding components of the MexXY multidrug efflux system as
well as that of genes encoding the Type Il secretion apparatus increased, whereas expression
of the stationary phase sigma-factor gene rpoS as well as expression of genes involved in

pyocin production and anaerobic respiration were found to be decreased.
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Introduction

P. aeruginosa (PAO1) can adapt to a variety of environments, soil, water as well as to
different hosts. As an opportunistic pathogen it can cause severe infections especially in
immunocompromised patients. Due to its ability to form biofilms, PAO1 is able to escape host
defence mechanisms and antibiotic treatment (Costerton et al., 1999). Many virulence factors
of PAOL are controlled by three interlinked quorum sensing (QS) systems termed Las, Rhl and
PQS, numerous two component systems as well as extra-cytoplasmatic sigma factors (for
review van Delden and Iglewski, 1998).

Small regulatory RNAs (sRNAs) can modulate stress responses (i) by regulating the
expression of the alternative sigma factor RpoS (Repoila et al., 2003), (ii) through their
function in iron metabolism (Massé et al., 2007) and catabolite repression (Sonnleitner et al.,
2009) or (iii) by remodelling the outer membrane (Vogel and Papenfort, 2006). A large number
of SRNAs associate with the RNA chaperone Hfg and require it to exert their function in post-
transcriptional regulation (for review Valentin-Hansen et al., 2004; Aiba, 2007; Brennan and
Link, 2007; Waters and Storz, 2009). A PAOlhfq mutant was attenuated in virulence,
suggesting that SRNAs are involved in pathogenicity (Sonnleitner et al., 2003). To date, the
function of only a few PAO1 sRNAs has been studied in greater detail. Prrf1/2 are involved in
maintaining iron homeostasis (Wilderman et al., 2004; Oglesby et al., 2008), whereas the
GacA controlled RgsA appears to be involved in protection of PAOL from oxidative stress
(Gonzalez et al., 2008). RsmY/Z and CrcZ sequester the translational repressor of virulence
genes RsmA (Burrowes et al., 2006; Kay et al., 2006) and the translational repressor Crc
involved in catabolite repression (Sonnleitner et al., 2009), respectively. Moreover,
approximately 30 sRNAs with unknown function have been recognized in PAO1, most of
which have been predicted by biocomputation (Livny et al., 2006; Gonzalez et al., 2008;

Sonnleitner et al., 2008), while others were identified by RNomics (Sonnleitner et al., 2008).
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Here, using bioinformatics we identified, among other sSRNA candidates the novel sRNA
Paelll. Upon verification of paelll expression, we studied conditions that provoke Paelll

synthesis as well as regulatory factors involved. Proteome and transcriptome analyses were

performed to reveal potential target genes of Paelll.
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Materials and Methods

Bacterial strains, plasmids and growth conditions

The strains and plasmids used in this study are listed in Table 1. Unless indicated
otherwise, bacterial cultures were grown at 37°C in Luria-Bertani (LB) medium (Miller, 1972),
supplemented with appropriate antibiotics. Antibiotics were added to a final concentration of
200 pg/ml spectinomycin-streptomycin, 50 pg/ml gentamicin, Img/ml kanamycin, 125 pg/ml
tetracyclin and 300 pg/ml carbenicillin for P. aeruginosa and 50 pg/ml gentamicin, 50 pg/ml

kanamycin, 50 pg/ml tetracyclin and 100 pg/ml ampicillin for E. coli.

Bioinformatics

A search algorithm that follows the general scheme described by Lenz et al. (2004) was used to
unravel novel sSRNAs: (i) Most SRNAs are located in intergenic regions, therefore we restricted
our search to regions between annotated genes. The P. aeruginosa intergenic regions were
downloaded from http://www.pseudomonas.com (Intergenic DNA, Pseudomonas aeruginosa
PAO1, version 2004-01-14). (ii) We assumed that the putative RNAs contain a Rho-
independent terminator. 524 P. aeruginosa Rho-independent terminators were downloaded
from http://www.tigr.org/software/transterm.html, of which 502 were found to be located in
intergenic regions. (iii) The upstream region of the RNA loci were searched for a >*- (or a 6™°)
binding site. Using PATSER (http://liv.omc.uu.se:16080/rsa-tools, Pattern Matching,
PATSER), the P .aeruginosa intergenic regions were screened for potential ¢>*-binding sites
with a weight matrix constructed from a compiled set of ~180 ¢>*-binding sites from multiple
bacterial species (Dombrecht et al., 2002). All matches with a score higher than or equal to the
cutoff score 8.9 (Dombrecht et al., 2002) were considered as potential hits. The number of

these 214 potential hits was further reduced to 168 by the assumption that the distance between

the potential SRNAs and the next coding region should be at least 50 nucleotides. Combining
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these 168 hits with the list of Rho-independent terminators resulted in a list of 22 intergenic
regions which are supposed to contain both a Rho-independent terminator and a ¢>*-binding
site. A final check of these 22 hits (the o>*-binding site and the terminator sequences must have
the same orientation - plus or minus, length and localization of the potential SRNAs within the
intergenic region) left us with one SRNA candidate located in the intergenic region between the
ORFs PA1781-PA1782.

A similar procedure was carried out to detect potential SRNAs carrying both a ¢'°-binding
site and a Rho-independent terminator. Again, the P. aeruginosa intergenic regions were
screened with PATSER. We tested all of the best 11 weight matrices for the ¢’°-binding site
recognition (Huerta and Collado-Vides, 2003). The results were combined with the list of Rho-
independent terminators and length and distance restrictions were applied. As a result of this
procedure, we obtained four potential SRNA candidates, two of them are located in the
intergenic region between the ORFs PA4704-PA4705, named PrrF1 and PrrF2 (Wilderman et
al., 2004), and the candidates in the intergenic region between the ORFs PA3535-PA3536 and

the intergenic region between the ORFs PA4040-PA4041.

Construction of a paelll deletion mutant

The sequence upstream (nucleotides -655 to -26 with regard to the transcriptional start) and
the downstream sequence (nucleotides +62 to +666) of paelll were amplified by PCR using
chromosomal PAO1 DNA as a template and the oligonucleotides V_34 and W_34 as well as
Q_32 and R_32 respectively (Table 2). The 629 nt long upstream fragment was cloned into the
Pstl and Pwul site of plasmid pSUP202, resulting in pSUP202-Paelllup. Thereafter, the 604 nt
long downstream sequence, containing the paelll Rho-independent terminator sequence, was
cloned into the Pvul and EcoRI site of pSUP202-Paelllup, resulting in pSUP202-Paelllko. This

plasmid was transformed into the E. coli strain S17-1 and transferred by conjugation to PAOL.
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The following homologous recombination resulted in the chromosomal deletion of paelll. The

deletion was verified by PCR and Northern-blot analysis.

Mapping of the 5 and 3'termini of Paelll

Simultanous mapping of the 5’ and 3’ ends of Paelll was performed as previously
described (Toledo-Arana et al., 2009). 6 ug of total RNA was incubated for 45 min at 37°C
with the corresponding buffer, in the presence or absence of Tobacco Acid Pyrophosphatase
(TAP) (Epicentre biotechnologies). This step allows to distinguish between a 5’-end generated
by transcription initiation and a 5’-end resulting from endonucleolytic processing. After phenol
and chloroform extraction and ethanol precipitation, serial dilutions (from 500 ng to 0.5 ng) of
the TAP+ and TAP- treated RNAs were prepared. Each sample was ligated with 40 U of T4
RNA ligase | (Fermentas) in the presence of 1x RNA ligase buffer supplemented with 8%
DMSO, 10 U of RNase Inhibitor, 1 U of DNase | and RNase-free water in a total volume of 25
ul at 37°C for 1 h. After phenol and chloroform extraction and ethanol precipitation, the ligated
RNAs were resuspended in 10 pl of RNase-free water. The RT-PCR reactions were performed
using specific outward primers B_53 and C_53 (Table 2) and the SuperScript One-Step
RTPCR kit (Invitrogen). Bands only present in the TAP+ reactions with the expected size were
purified using the Gel Extraction kit (QIAGEN) and cloned using the pGEM®-T Easy Vector
System (Promega). 10 plasmid clones containing the expected size of insert were sequenced.
The sequences were compared with the P. aeruginosa genome (www.pseudomonas.com) to

localize the 5’- and 3’-ends.

Detection of Pael Il by Northern-blot analysis
Total RNA of PAO1 was purified using the hot phenol method (Lin-Chao and Bremer,
1986). The abundance of the RNAs was determined by Northern-blot analysis using total RNA

and the signals were normalized to the hybridization signal obtained for ribosomal 5S rRNA.
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The RNA samples were denatured for 5 min at 65°C in loading buffer, containing 50%
formamide, separated on 8% polyacrylamide — 8 M urea gels, and then transferred to nylon
membranes by electroblotting. The RNAs were crosslinked to the membrane by exposure to
UV light. The membranes were hybridized with gene-specific *P-end-labelled oligonucleotides
W_28 (Paelll) and 1_26 (5S rRNA) (Table 2) over night and the hybridization signals were

visualized with a Phospholmager (Molecular Dynamics).

Construction of a Paelll harboring plasmids

To over-express Paelll under its own promoter plasmid pME-Paelll was constructed. The
DNA sequence of paelll, including its authentic promoter was amplified by primer pairs N_29
and O_29 (Table 2). The fragment was blunt-end ligated into the Smal site of vector pME4510.
Paelll over-expression was verified by Northern-blot analysis (Supplementary Fig. S3).

To construct a plasmid bearing an inducible copy of paelll, the full lenght paelll sequence
was amplified by PCR using primers V_40 and J_40 (Table 2), which contains a Spel and a
Kpnl restriction site, respectively. After cleavage with these enzymes the 107 nt long fragment
was cloned into the Spel and Kpnl restriction sites of plasmid pJT19, resulting in pJT19-Paelll.

The paelll over-expression was verified by Northern-blot analysis (Fig. 5A).

Construction of reporter-gene fusions

The tac promoter of pME3843 (Blumer et al., 1999) was PCR-amplified using
oligonucleotides Z_34, which creates a EcoRl site, and primer A_35, which creates a BamHI
site (Table 2). The 930 bp fragment containing the tac promoter was inserted into the EcoRI
and BamHI sites of plasmid pME3846 (Pessi and Haas, 2001). To construct a purE
translational fusion to lacZ, transcription of which is driven by the tac promoter, the purk

fragment was amplified by PCR using oligonucleotides J 39 and K 39 (Table 2) from
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chromosomal PAO1 DNA. The 97 nt long fragment was cleaved with BamHI and Pstl and
cloned into the corresponding restriction sites of plasmid pMEtac, resulting in pMEtac-PurE.

To construct a translational fusion between PAO1 ORF PA1202 and lacZ the PA1202
fragment was amplified by PCR using oligonucleotides B_35 and C_35 (Table 2). Upon
cleavage with Pstl and BamHI the 127 nt long fragment was cloned into the BamHI and Pstl
sites of plasmid pMEtac, resulting in pMEtac-PA1202.

For transcriptional and translational fusions of rpoS mexZ and PA5471 to lacZ the
plasmids pME6016 and pME6014 were used. In contrast to the aforedescribed translational
lacZ fusions, here the respective gene was under transcriptional control of the authentic
promoter. Therefore, the readouts of the translational lacZ-fusions (pME6014) reflect
transcriptional and translational changes. To distinguish this effects on transcription from that
on translation, transcriptional fusions were as well constructed using plasmid pME6016 (Table
1).

To construct a rpoSlacZ fusion gene a PCR fragment containing the rpoS promoter and
the first 56 codons was amplified by PCR using the oligonucleotides A_52 and B_52 (Table 2),
which contain a BamHI and a Pstl restriction site, respectively. The 755 nt long fragment was
cloned into the BamHI and Pstl restriction sites of plasmids pME6014 and pMEG6016, resulting
in plasmids pMEG6014-RpoS (translational lacZ-fusion) and pME6016-RpoS (transcriptional
lacZ-fusion), respectively.

For construction of the mexZ-lacZ fusion a PCR fragment containing the mexZ promoter
and the first 7 codons was amplified by PCR using the oligonucleotides T_47 and U_47 (Table
2), which contain an EcoRl and a Pstl restriction site, respectively. The 195 nt long fragment
was cloned into the EcoRI and Pstl restriction sites of plasmids pME6014 and pMEG6016,
resulting in plasmids pME6014-MexZ (translational lacZ-fusion) and pME6016-MexZ

(transcriptional lacZ-fusion), respectively.

102



For construction of the ORF PA5471-lacZ fusion a PCR fragment containing the PA5471
promoter and the first 9 codons was amplified by PCR using oligonucleotides V_47 and W_47
(Table 2), which contain an EcoRI and a Pstl restriction site, respectively. The 406 nt long
fragment was cloned into the EcoRIl and Pstl restriction sites of plasmids pME6014 and
pPMEG6016, resulting in plasmids pME6014-PA5471 (translational lacZ-fusion) and pME6016-

PA5471 (transcriptional lacZ-fusion), respectively.

Expression of paelll under different stress conditions

To test paelll expression under different stress conditions, strain PAO1 was grown in LB at
37°C to an ODggo of 1.0 and subsequently exposed to 43°C for 15 min (heat shock), to 15°C
for 30 min (cold shock), to ImM hydrogen-peroxide for 15 min (oxidative stress), to 500 uM
Dipyridyl for 15 min (iron deprivation), to 0.3 M NaCl for 15 min (osmotic shock) or to HCI,
pH=3 for 15 min (low pH). To mimic starvation PAO1 was grown in BM2 minimal medium
(40 mM K,HPO4, 22 mM KH,PO,, 7 mM (NH4),S04, 0.5 mM MgSO,, 0.01 mM FeSO.,)
supplemented with 20 mM succinate to an ODgg Of 1.0. After these treatments, total RNA was
isolated and 10 pg of the total RNA were subjected to Northern-blot analysis, using

oligonucleotides W_28 (Paelll) and 1_26 (5S rRNA) (Table 2).

RNA preparation

Paelll RNA was in vitro transcribed with T7 RNA polymerase (Epicentre AmpliScribe™
T7-Flash™ Transcription Kit) from PCR templates. The paelll PCR fragment was amplified
using the forward primer M_31 and the reverse primer O_29 (Table 2). The forward primer
M_31 contained a T7®10 promoter sequence (Table 2, underlined). After in vitro transcription
the SRNA was purified on a 6% polyacrylamide - 8 M urea gel, and the RNA concentration

was determined by measuring the absorbance at 260 nm.
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Hfqg binding assay

Gel purified Paelll RNA was 5’-end labelled with [y-*P]-ATP (Amersham), and re-
purified on a 6% polyacrylamide-8M urea gel as described (Sonnleitner et al., 2006). Labelled
RNA (0.05 pmol) was first incubated at room temperature for 5 min to refold, then for 15 min
with or without increasing concentrations of purified Hfg-hexamer (Hfgs) (0.1, 0.2, 0.4, 0.8,
0.16 or 0.32 pmol) in 10 pl VD buffer (10 mM Tris, pH 7.4, 60 mM NH4CI, 6 mM B-
mercaptoethanol and 2 mM Mg-acetate). 0.25 and 1 pmol Paelll and tRNA were added as
competitors to the labelled Paelll RNA. Immediately before loading, the samples were mixed
with 4 pl of loading dye (75% glycerol, 0,01% xylencyanol, 0,01% bromphenol blue) and
loaded on a native 4% polyacrylamide gel. Electrophoresis was performed in TAE buffer at
160 V at 4°C. The radioactively labelled bands were visualized with a Phospholmager

(Molecular Dynamics).

Deter mination of Paelll stability and abundance

The steady state levels and the stability of Paelll were determined in strains PAO1 and
PAOLlhfq. At an ODggy of 1, rifampicin (500 pg/ul) was added and 4 ml aliquots were
withdrawn 0, 15, 30, 60 and 90 min thereafter for isolation of total RNA. Total RNA was
purified by the hot phenol method (Lin-Chao and Bremer, 1986). The Paelll concentrations
were determined by Northern-blot analysis (2,5 pg total RNA) using the 5’-end labeled
oligonucleotide W_28 for Paelll (Table 2). The 5S rRNA was used as an internal control and

was detected with the oligonucleotide probe 1_26 (Table 2).

Proteomics
To detect Paelll-mediated regulatory effects, differences in the proteome profile were
analyzed, upon plasmid-directed over-expression of the RNA. Total cellular extracts of strain

PAOl1 (pME4510) and PAO1l (pME-Paelll) were compared by two-dimensional gel
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electrophoresis. The strains were grown in LB to an ODgy of 2, and equal amounts of cells
were dissolved in lysis buffer (8 M urea, 4% (w/v) CHAPS and 40 mM Tris-base). The cells
were disrupted by repeated freezing in liquid N, and thawing at 37°C followed by incubation at
37°C for 1 h to achieve complete lysis. For the first dimension, the Immobiline Dry Strip pH 3-
10 (18 cm; Amersham Pharmacia Biotech) was used with the following IEF program: 12 h
rehydration at 40 V, 0.5 h at 300 V, 0.5 h at 1000 V, 0.5 h at 2000 V, 0.5 h at 3000 V, 9 h at
7000 V at 18°C (IPGphor isoelectric focusing system). Resolution in the second dimension was
performed on 12% SDS-polyacryamide gels for 15 min at 15 mA, and then for 4 h at 20 mA.
Buffers and conditions were used according to the manufacturer's instructions. The gels were
silver-stained as described previously (Shevchenko et al., 1996). Selected protein spots with
different intensities were identified and excised from the gel to assess the protein identities by

mass spectrometry.

Transcriptomics

PAOQOL1 carrying either the empty backbone vector pJT19 or the paelll over-expression
plasmid pJT-Paelll was grown in LB medium to an ODggo 0of 1.0. Then, paelll expression was
induced with 2mM toluate. 30 minutes after induction total RNA treated with RNA protect
bacteria reagent® (Qiagen) was purified by using the hot phenol method as described (Leoni et
al., 1996) followed by DNase | treatment (Roche). Briefly, the cell pellets of 10 ml cultures
were mixed with pre-heated (65°C) 2.5 ml lysis buffer (2% Sodium dodecyl sulfate, 30 mM
Na-acetate and 3 mM EDTA, pH 5.5) and 5 ml Phenol (pH 5.5). The mixture was vigorously
shaken for 8 min, incubated for 5 min on ice, and then centrifuged at 4°C for 15 min at 5000
rpm. Total RNA was purified by phenol-chloroform extraction and precipitated with ethanol
and Na-acetate (pH 5.5). To eliminate DNA contamination, the total RNA was treated with 40
Units of DNAsel (Roche) followed by phenol-chloroform extraction and ethanol precipitation.

Successful DNAse treatment was verified by PCR. The integrity of total RNA was confirmed
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by agarose gel electrophoresis and an RNA 6000 Nano LabChip in an Agilent 2100 bioanalyzer
(Agilent Technologies, Palo Alto, CA). For the microarray analysis P. aeruginosa GeneChip
arrays (Affymetrix, Inc., Santa Clara, CA) were used. cDNA synthesis, fragmentation,
labelling, hybridization, staining, and washing steps were performed according to the
manufacturer's protocol for the Affymetrix P. aeruginosa GeneChip arrays at the University of
Lausanne, Center for Integrative Genomics, as described previously (Frangipani et al., 2008).
For each condition, the cultures were grown in triplicate, and RNAs from these cultures were
pooled before proceeding to cDNA synthesis. In addition, biological replicates for each
condition were performed on a separate day and run on a different microarray chip. The over-
expression of paelll under these condition was verified by Northern-blot analysis as described

above with *P-end-labelled oligonucleotides W_28 (Paelll) and |_26 (5S rRNA) (Table 2).

p-Galactosidase assays
The PAOL strains were grown in LB under aeration at 37°C, triplicate samples were
withdrawn and B-Galactosidase activities were quantified as described elsewhere (Miller,

1972).
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Results and Discussion

Paelll, a98 nt long PAO1 sRNA

A bioinformatic screen revealed the putative SRNA Paelll, which is located in an
intergenic region located between two hypothetical proteins, PA3535 and PA3536 (Stover et
al., 2000) (Fig. 1A). A Northern blot anaylsis verified expression of the paelll gene (Fig 1B).
The transcriptional start was mapped to the genome position 3958053 by 5°-3” circularisation
(Fig. 1C). The sSRNA is predicted to be transcribed from a ¢’ dependent promoter (Fig. 1C,
underlined and in italics). The presence of only one signal for the SRNA in the Northern-blot
indicated that the 98 nt long SRNA is not processed (Fig. 1B). According to secondary structure
predictions, the SRNA consists of two stem-loops and a strong Rho-independent terminator
(Fig. 1D). According to BLASTN analysis (Altschul et al., 1997) the sequence of the Paelll is
only conserved among the P. aeruginosa strains PAO1, UCBPP-PA14, LESB58 and PA7, but

no homologs were found in other pseudomonads.

Pael Il synthesisisdecreased in the presence of Hfq

The RNA chaperone Hfq is known to mediate SRNA-mRNA interactions. In PAOL1 Hfq
was shown to bind to and to stabilize the SRNA RsmY (Sonnleitner et al., 2006; Sorger-
Domenigg et al., 2007), and to bind a number of other SRNAs (Sonnleitner et al., 2008). The
steady state levels of Paelll in strains PAO1 and PAO1hfq were determined by Northern-blot
analysis at different growth phases (Fig. 2A). When compared to strain PAQO1, the steady state
levels of Paelll were increased in strain PAO1hfq (Fig. 2A and B). The stability of Paelll was
comparable in the presence and absence of Hfg (Fig. 2C). Paelll is very stable, even 90
minutes after inhibition of transcription, no reduction in the amounts of Paelll was observed
(Fig. 2C). In band-shift assays, Paelll was observed to bind to Hfg but with a rather low

affinity (Kd~100 nM) (see Supplementary Fig. S1), which can explain why Paelll was not
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detected in a RNomics approach upon co-immunoprecipitation with Hfq (Sonnleitner et al.,
2008). The higher abundance of Paelll in the absence of Hfg may be explained by an indirect

inhibitory effect of Hfg on transcription of Paelll.

Expression of paelll isgrowth-phase and RsmA-dependent

Next, paelll expression was assessed upon exposure of the cells to different stress
conditions, including heat-, cold-, osmolarity-, pH-, iron depletion-, stationary phase- and
oxidative stress as well as nutrient starvation. The highest levels of Paelll were detected in
stationary phase (Fig. 3A, lane 3) and upon pH stress (Fig. 3A, lane 9). However, paelll
expression did not depend on the stationary phase sigma factor RpoS. The Paelll steady state
levels (Fig. 3B, lanes 11 and 12) and the stability of the SRNA (data not shown) were not
altered in an rpoS mutant strain.

To identify regulators involved in paelll expression, we next assessed Paelll synthesis in
different PAOL strains deficient for distinct transcriptional regulators. Total RNA from the
different PAOL1 mutant strains was isolated and analyzed for Paelll levels by Northern-blot
analysis (Fig. 3B). When compared with the wild-type strain (Fig. 3B, lane 2), the expression
of paelll was increased in an rsmA mutant strain by two-fold in stationary phase (Fig. 3B, lane
16). Thus far, RsmA was only shown to act as a translational repressor but not at the
transcriptional level. The protein RsmA blocks translation by binding to GGA motifs in the 5’
UTR of target mRNAs (Schubert et al., 2007; Lapouge et al., 2008). In stationary phase the
SRNA RsmY alleviates this inhibitory effect by sequestering RsmA (Lapouge et al., 2008).
Hence, it seems conceivable that RsmA acts by repressing a positive regulator required for
paelll transcription.

In addition, growth in synthetic sputum cystic fibrosis medium (Palmer et al., 2007) (Fig.
3B, lane 3) and the absence of RpoN (Fig. 3B, lane 13) resulted in increased paelll expression.

Likewise, exposure of P. aeruginosa to human serum (Sonnleitner et al., 2008), -as a means to

108



mimic the human environment during systemic infections-, appeared to induce paelll
expression in the PAO1 (Fig. 3C, lane 2) as well as in the PAO1hfqg- strain (Fig. 3C, lane 4) in
comparison to cells grown in LB (Fig. 3C lanes 1 and 3). These results indicated that Paelll
might play a role during infection, and therefore might be involved in the regulation of

virulence gene expression.

Proteome analysis upon over-expression of Pael .

Riboregulation by sRNAs can result in decreased or increased synthesis of the protein
encoded by the target mMRNA. Therefore, we first used a proteome approach as a means to
identify Paelll targets. Paelll was cloned into plasmid pME4510 under its own promoter. As
shown in Supplementary Fig. S2, when compared to PAO1 (pME4510) the gene dosage effect
resulted in increased expression of paelll in strain PAOl (pME-Paelll). Next PAO1
(pPME4510) and PAO1 (pME-Paelll) were grown in LB medium to an ODgy of 2.0. Then, the
2D protein pattern of PAO1 (pME4510) was compared to that of PAO1 (pME-Paelll), and
three distinct protein spots (Fig. 4A and B) were selected for analysis by mass-spectrometry.
The protein PA1202 was up-regulated at increased levels of Paelll (Fig. 4A). PA1202 is
annotated as a probable hydrolase with structural features of the isochorismatase family of
enzymes. PA1202 is 84% identical to the E. coli protein YcaC, of which the crystal structure
has been determined (Colovos et al., 1998). However, its function remains unknown. Two
proteins that were downregulated upon Paelll over-expression were identfied as
phosphoribosylaminoimidazole carboxylase PurE and PA4739, which is 60% identical to the
inducible periplasmic protein OsmY from E. coli (Fig. 4B). PA4739 is located in an operon
together with PA4738 and the corresponding protein is exported (Lewenza et al., 2005). PurE
encodes the catalytic subunit of the enzyme phosphoribosylaminoimidazole carboxylase that is

involved in purine biosynthesis. The purE gene is situated in an operon together with purK,
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encoding the other subunit of the enzyme. No hints for a concerted regulation of PA1202,
PA4738 and Purk were found in the literature.

Next, we tested whether Paelll acts as a riboregulator on the mRNAs encoding these
identified proteins. When compared to PAO1 (pME4510) no differences in the translational
efficiency conferred by both, the PA1202-lacZ and the purE-lacZ fusion, in the paelll over-
expressing strain PAO1 (pME-Paelll) were observed (Supplementary Fig. S3A and S3B).
Furthermore, in vitro translation of PA1202 was not affected by the presence of paelll RNA
(data not shown). Most likely the positive effect of Paelll on the synthesis of both proteins is

indirect.

Microarray analysisreveals Pael || targets.

Microarrays are a useful tool to monitor changes in RNA levels at a genome wide scale.
Duplex formation between a sRNAs and its target mRNAs can lead to degradation,
translational inhibition or stabilization of the mRNA (Vogel and Wagner, 2007). Strain PAO1
(pJT19) and strain PAOL (pJT-Paelll) were grown in LB to an ODgy of 1.0. Then, toluic acid
was added to induce transcription of paelll, and 30 min afterwards samples were withdrawn.
Under these conditions the control strain expressed moderate levels of paelll, whereas a
significant increase was observed in the paelll over-expressing strain (Fig. 5B). Paelll over-
expression resulted amongst others in increased levels of genes encoding the type 111 secretion
system (T3SS) and secreted factors (Hauser, 2009) (Fig. 5B and Table 3). The P. aeruginosa
T3SS is induced via ExsA upon host contact and low extracellular calcium concentrations,
whereas it is repressed by metabolic stress, DNA damage, high concentrations of extracellular
copper and low osmolarity (Yahr and Wolfgang, 2006). However, only sub-populations
respond to these signals (Hornef et al., 2000; Rietsch and Mekalanos, 2006), leading to a
phenomenon called bistability (Dubnau and Losick, 2006). In addition, the sensor proteins

RetS and LadsS regulate T3SS gene expression and biofilm formation in an reciprocal manner
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(Ventre et al., 2006). The induction of several genes involved in T3SS by Paelll could be due
to the 1.9 fold increased levels (not shown) of the major regulator gene exsA (Yahr and
Wolfgang, 2006). As mentioned above, the Paelll levels are increased in a rsmA mutant strain
(Fig. 3B, lane 16) but in contrast to this result rsmA mutants have been shown to down-regulate
T3SS (Brencic and Lory, 2009). This discrepancy could be due to the different growth phases,
under which the samples for the transcriptome analysis and the Northern-blot analysis (Fig. 3B)
were taken. Moreover, P. aeruginosa cells over-express the T3SS when two citrate synthase
isoenzymes, GItA and PrpC, are inhibited by mutation, which leads to increased cCAMP levels
(Rietsch and Mekalanos, 2006). The transcriptome analysis revealed that gItA and prpC are
-1.59 and -3.81 fold down-regulated, respectively. Thus, the results obtained by Rietsch and
Melkalanos (2006) can be reconciled with the transcriptome analysis upon paelll over-
expression.

The other group of proteins which was induced by Paelll includes components of the
MexX/Y multidrug efflux pump and the regulators MexZ and PA5471 (Fig. 5B; Table 3).
MexZ acts as an repressor of mexX/Y by binding to a 20 bp palindromic sequence in the 5’
UTR of mexX (Yamamoto et al., 2009), whereas PA5471 was shown to promote mexX/Y
expression (Morita et al., 2006). PA5471 interacts with MexZ, blocks its function, and
facilitates transcription of the mexX/Y operon (Yamamoto et al., 2009). The 4.55-fold increase
of PA5471 during over-expression of paelll may therefore alleviate the repressor function of
MexZ and may explain the >5- fold increase in MexX/Y (Table 3). The MexX/Y-OprM
multidrug efflux pump responds to ribosomes impaired in their function (Jeannot et al., 2005;
Caughlan et al., 2009). PA5471 is induced when ribosomes are inactivated by antibiotics,
which can cause mistranslation and the production of aberrant polypeptides. Similarily,
reactive oxygen species can damage ribosomal components, which again can yield aberrant
polypeptides or damage of normal polypeptides (Poole, 2008). A recent study showed that an

increased copy number of ORF PA0547 (up-regulated under paelll over-expression; Table 3)
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leads to an increased aminoglycoside resistance (Struble and Gill, 2009). Therefore, ORF
PAO0547 might be involved in the regulation of MexX/Y expression. Possible interaction sites
of Paelll with PA0547 could be discerned using the program TargetRNA (Supplementary Fig.
S4A). The possible interaction sites of Paelll with PA0547 (Supplementary Fig. S4A) is far
upstream of the start codon in the 5> UTR. Nonetheless, it was shown recently that binding of a
SRNA to an upstream region can regulate the downstream gene (Holmqvist et al., 2010).

The repressed genes encode proteins involved in amino acid biosynthesis and metabolism,
and genes that are related to phage (pyocins). In addition, gene functions involved in carbon
compound and central intermediary metabolism were as well down-regulated (Fig. 5B, Table
4). Components of R2 and F2 bacteriocins that act against the same or closely related species
are termed pyocins, and resemble phage tails (Nakayama et al., 2000). Pyocins are involved in
modulating bacterial population dynamics in biofilms, particularly under anaerobic growth
conditions, which were shown to induce pyocin production (Waite and Curtis, 2009).
Furthermore, pyocins can be induced by hydrogen peroxide. They could serve to kill closely
related species or to exert an defense mechanism against oxidative attack by host cells (Chang
et al., 2005).

Another potential target is rpoS which was 2.9 fold down-regulated upon paelll over-
expression (Table 4). In P. aeruginosa, RpoS is involved in the regulation of QS via RhIR and
LasR (Latifi et al., 1996), but it also controls the secretion of extracellular virulence factors
such as alginate, exotoxin A, elastases and exoenzyme S (Suh et al., 1999; Sonnleitner et al.,
2003; Hogardt et al., 2004). ExoS synthesis is down-regulated in the presence of RpoS,
whereas proteins needed for biofilm development are up-regulated (Hogardt et al., 2004).
These studies are in agreement with the paelll transcriptome data. Upon over-expression of
paelll, T3SS synthesis is increased. In opposite, rpoS was decreased, and accordingly genes
involved in anaerobic respiration, pyocin production and genes regulated by ANR are down-

regulated. The transcription of rpoS is controlled by GacA/S, QS and the transcriptional
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activator protein PsrA (-1,2 fold) (Bertani et al., 2003; Kojic et al., 2005). When direct PsrA
regulated genes (Kojic et al., 2005) are compared to potential Paelll targets only three
overlapping genes (PA2951-53, -1.9, -1.32 and -1.31 fold , respectively) were found. This
suggests that Paelll does not affect rpoSexpression via PSrA.

The synthesis of PA1202 was found to be up-regulated by Paelll in the proteome analysis
(Fig. 4A). However, PA1202 was -2.17 fold repressed in the transcriptome analysis upon
paelll over-expression (Table 4). Recently, PA1202 was found to be under control of the
bistable expression regulator BexR (-1.52 fold). This regulation apperently results in
heterogenous expression of target genes within a cell population by generating diversity in an
isogenic population (Turner et al., 2009). This mechanism of regulation could explain the
varying effects of Paelll on PA1202 expression. Another possibility could be that the different
means of over-expressing paelll, plasmid-mediated (proteomics) and inducible
(transcriptomics), can cause a different outcome with regard to PA1202 synthesis.

Among the down-regulated genes were the hcnABC-(Pessi and Haas, 2000) and the
arcABC operons (Gamper et al., 1991), genes involved in denitrification (nirNCMS narK1L)
(Arai et al., 1997; Schreiber et al., 2007) and the cytochrome c¢ peroxidase ccpR (Ray and
Williams, 1997), all of which are regulated by the anaerobic regulator ANR (Table 3). ANR
induces expression of target genes coordinately with the two component regulatory system
NarXL (Schreiber et al., 2007), the mRNA levels of which were down-regulated -1.99 fold
upon paelll over-expression.

In summary, the transcriptome analysis revealed an induction by Paelll of genes involved
in T3SS, antibiotic resistance, and a repression of genes required for anaerobic respiration as
well as for pyocin production. The GacA/S system together with the sensor kinases RetS and
LadS plays an important role in the regulation of these gene families (Ventre et al., 2006), .
Bioinformatic analysis using TargetRNA (Tjaden et al., 2006) revealed the virulence gene

regulator LadS as a potential target of Paelll, with a possible interaction site overlapping with
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the Shine and Dalgarno and the start codon of ladS (Fig. 5C). However, the data from
transcriptome analysis revealed no changes in ladS mRNA levels upon paelll over-expression.
However the effects caused by translational regulation on target genes may not always be
reflected in the steady state MRNA levels. Base-pairing of a SRNA with a mRNA may block
translation without immediate destruction of the mRNA (Caron et al., 2010), which may not be

obvious in the transcriptome analysis.

Verification of potential Pael Il targets

Next, we used antibiotic susceptibility tests and transcriptional- and translational-lacZ reporter
gene fusions to validate potential Paelll targets predicted by the proteome and the
transcriptome analysis. We focussed on regulators of virulence gene expression, such as MexZ,
PA5471 and RpoS.

To investigate a possible effect of Paelll on MexX/Y induced multidrug efflux, the
antibiotic susceptibility of PAO1 and PAOlApaelll was compared to the paelll over-
expressing strain (Fig. 6). MexX/Y is known to respond to antimicrobial agents that target the
ribosome (Masuda et al., 2000; Jeannot et al., 2005). The same CFU of strains PAO1
(pPME4510), PAO1 (pME-Paelll) and PAO1Apaelll (pME4510) were spotted onto LB plates
containing two different tetracyclin concentrations. This experiment showed that PAO1Apaelll
(pPME4510) and PAOL1 (pME4510) were more sensitive to the antbiotic than the paelll over-
expressing strain PAO1 (pME-Paelll) (Fig. 6). Given the results obtained in the transcriptome
analysis, we hypothesized that Paelll induces MexX/Y by controlling one of the regulators of
the multidrug efflux pump. Therefore, transcriptional and translational lacZ-fusions to mexZ
and ORF PA5471 were constructed. The transcription and translation of the mexZ-lacZ fusion
was not changed upon paelll over-expression (data not shown). Expression and drug
inducibility of ORF PA5471 requires the entire PA5472-PA5471 intergenic region which also

harbours a possible paelll complementarity region (Supplementary Fig. S4B). A 5’ truncation
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of 21 nt lead to little or no transcription (Morita et al., 2009). The constructs (PME6014-
PA5471 and pME6016-PA5471) used in this study lacked 8 nt of this intergenic region. It
contained the entire promoter region as well as the interrupted inverted repeats, which were
hypothesized to be necessary for binding of a transcriptional regulator (Morita et al., 2009).
However, the B-galactosidase activity conferred by the translational ORF PA5471-lacZ fusion
in PAO1 as well as in PAOL over-expressing paelll was very low (data not shown). In
addition, no effect of paelll on the transcription of ORF PA5471 using plasmid pMEG6016-
PA5471 could be detected (data not shown). Another possibility is that the aforementioned
transcriptional regulator PA0547 (Struble and Gill, 2009), which was 2.13 fold up-regulated
upon paelll over-expression (Table 3), is a direct target of paelll and that it can activate
MexX/Y expression.

The transcriptome analysis revealed a decrease of the rpoSmRNA levels upon paelll over-
expression (Table 3). Furthermore, TargetRNA (Tjaden et al., 2006) predicted a possible
interaction of the first loop of Paelll (Fig. 1D) with the Shine and Dalgarno sequence of rpoS
(Fig. 7C). Transcriptional and translational lacZ-fusions to rpoS were constructed and the -
galactosidase activity was measured in strains PAO1 and PAO1Apaelll. In the presence of
Paelll a decraese in translation was observed (Fig 7A), whereas transcription was not affected
(Fig. 7B). The comparative analysis of rpoStargets (Schuster et al., 2004) and potential paelll
targets, revealed by transcriptomics, did not show significant overlaps. Bioinformatic analysis
revealed a potential paelll complementarity region in the 5> UTR of hfg (Fig. 7D) that covers
the Shine and Dalgarno sequence. Hfq has been shown to be required for efficient rpoS
translation in E. coli (Muffler et al., 1996) as well as in P. aeruginosa (Sonnleitner et al.,
2003). The transcriptome analysis did not reveal any changes in hfqg mRNA upon paelll over-
expression. Nontheless, it is possible that paelll affects RpoS translation via Hfg. Also, the fact

that the Paelll steady state levels were decreased in the presence of hfq may be explained by an
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inhibitory base-pairing interaction between hfqg mRNA and Paelll followed by coupled

degradation of both.
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TABLE 1. Bacterial strains and plasmid

Strains/plasmid

Genotype/relevant features

Source/reference

P. aeruginosa

PAO1
PAO1lApaelll
PAO6261
PAO6281
PAO6358
PA0O6852
PAO1 pvdS
PAOL rpoS
PAZH13
PAO1hfq
E. coli
Topl0

S17-1

plasmids
pGEM-T
PHFQp,

pME4510
pME-Paelll
pJT19
pJT19-Paelll
pSUP202

pSUP202-Paelllup
pSUP202-Paelllko

pME3843
pME3846
pME6014
pME6016

wild-type

in frame deletion of paelll
PAOlAanr

PAO1 gacA::aadA, Sm/Sp°
PAO1ArpoN

PAO1 algU::TcR

PAO1 rpoS101::aacCl, Gm®
PAO1ArsmA
PAO1 hfq::aadA, Sm/Sp®

F-, mcrA, A(mrr-hsdRMS-merBC),p80lacZAM 15
AlacX74, deoR, recAl, araD139A(ara-leu) 7697,
galK, rpsL(StrR), endAl, nupG

recAl pro thi; the tra genes of plasmid RP4

are integrated in the chromosome

AJ/T cloning vector, Ap®

T7 expression vector for purification of P.

aeruginosa Hfg, Ap®

Broad-range promoter-probe plasmid, Gm®
PME4510 harbouring paelll (authentic promoter)
plasmid carrying inducible Pm/xylSpromoter, Kan®

pJT19 harbouring pael I
pBR325, Ap®, Cm®, Tc®, mob

pSUP202 harbouring paelll upstream region
pSUP202-Paelllup harbouring paelll downstream

region

translational hcnA-lacZ fusion under tac promoter
rhil::lacZ translational fusion, TcR

cloning vectors for translational lacZ fusions, Tc®

(Holloway et al., 1979)
this study

(Ye et al., 1995)
(Reimmann et al., 1997)
(Heurlier et al., 2003)
(Martin et al., 1994)
Haas laboratory

(Suh et al., 1999)

(Pessi et al., 2001)
(Sonnleitner et al., 2003)

Stratagene

(Simon et al., 1986)

Promega
(Nikulin et al., 2005)

(Rist and Kertesz, 1998)

this study

(Winther-Larsen et al., 2000)
this study

(Simon et al., 1983)

this study

this study

(Blumer et al., 1999)
(Pessi et al., 2001)
(Schnider-Keel et al., 2000)

cloning vectors for transcriptional lacZ fusions, Tc® (Schnider-Keel et al., 2000)
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pMEtac
pMEtac-PA1202
pMEtac-PurE
pMEG6014-RpoS
pMEG6016-RpoS
pMEG6014-MexZ
pME6016-MexZ

PME3846 carrying tac promoter in EcoRI/ BamHI
pMEtac bearing PA1202 in frame lacZ-fusion®
pMEtac bearing PA1202 in frame lacZ-fusion®
pPME6014 bearing RpoS in frame lacZ-fusion®
PME6016 bearing RpoS lacZ-fusion”

PME6014 bearing MexZ in frame lacZ-fusion®
PME6016 bearing MexZ lacZ-fusion”

PME6014-PA5471 pME6014 bearing PA5471 in frame lacZ-fusion®
PME6016-PA5471 pMEG6016 bearing PA5471 lacZ-fusion”

this study
this study
this study
this study
this study
this study
this study
this study
this study

a. translational gene fusions.
b. transcriptional gene fusions.
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TABLE 2. Oligonucleotides used in this study

Name Sequence® Binding region®
1_26 CCCCACACTACCATCGGCGATGCGTCG 6039619-6039645
W_28 CGTGCGGCACGGTGGTGCGGG 3958114-3958094
V_34 GGCACCGGGTCGCGATCAG 3958095- 3958077
W_34 CGCACGAGCCCCGGAGATC 3958109- 3958127
Q_32 AAAAAACGATCGACGAGCCCCGGAGATCCGCAC 3958112-3958132
R_32 AAAAAGAATTCCACACGGGAGAAACACTCGC 3958716-3958697
V_40 TTTTTTTTACTAGTCCAGCGCTGTACTATCCCTTCC 3958051-3958072
J_40 TTTTAAAAGGTACCGAAAAGGTGAGCCCCGGAGGT 3958150-3958131
M_31 GCTCTAGATAATACGACTCACTATAGGCCAGCGCTGTACTATCCCTTCCAG 3958051-3958074
N_29 GCTCTAGACCGCTGCAAATATGAGAAAAAGACCTAACT 3957982-3958011
0_29 GGAATTCAAAAGGTGAGCCCCGGAGGTGCG 3958150-3958128
B_35 TGTAGGATCCTCTTGATGGGCGGCGTGCG 1302589-1302607
C_ 35 TCTTCTGCAGGTCGCTTGTAGGTGAAGGACATG 1302717-1302695
J_39 TTTTACATCTGCAGAACCCATGATCACGCCAACCAGT 6106733-6106755
K39 TTTTTGTAGGATCCCCTCGACGAAGCGTGGCTTGT 6106828-6106808
V_47 TTTTGAATTCCTCATTTCCATCGCGAAGCC 616059-6161040
W_47 TTTTCTGCAGCGGACAAAGGCTTGATGTA 6160672-6160690
T 47 TTTTGAATTCTGTCCCTCGATTCGTGAACTC 2212516-2212536
U 47 TTTTCTGCAGCCTCTTTGGTTTTCCTGGCC 2212698-2212679
A 52  AAAAGGATCCGTTCCACCCGCAGTTAGTACG 4059497-4059477
B_52 TTTTCTGCAGGCGTGTAGTCGATGTGCTTGTG 4058742-4058763
Z_34 TACTGAATTCCTTAATGGGCCCGCTAACAGC

A 35 TTTTGGATCCCACACATTATACGAGCCGATG

B_53 GGCACCGGGTCGCGATCAG 3958095-3958077
C_ 53 CGCACGAGCCCCGGAGATC 3958109-3958127

a. Restriction sites are highlighted in bold and T7 promoter sequences are underlined.
b. The numbers indicate the binding sites on the chromosome of PAO1 according to the Pseudomonas genome
database: http://v2.pseudomonas.com.
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TABLE 3. Transcripts, which are >2-fold up-regulated in PAO1 (pJT-Paelll)

Fold Gene
ID* Change® | P-value Target Description® Name

PA0431 2,13 10,0002 | hypothetical protein

PA0547 2,13 10,0029 | probable transcriptional regulator

PA1183 5,11 0,0402 | C4-dicarboxylate transport protein dctA
PA1317 3,35 0,0169 | cytochrome o ubiquinol oxidase subunit Il CyoA
PA1318 2,25 0,0045 | cytochrome o ubiquinol oxidase subunit | cyoB
PA1319 2,62 0,0007 | cytochrome o ubiquinol oxidase subunit lll cyoC
PA1321 2,45 0,0019 | cytochrome o ubiquinol oxidase protein CyoE cyoE
PA1696 2,09 0,0003 | translocation protein in type Ill secretion pscO
PA1701 2,271 0,0002 | conserved hypothetical protein in type lll secretion ---
PA1707 2,12 0,0006 | regulatory protein PcrH pcrH
PA1708 2,17 10,0005 | translocator protein PopB popB
PA1710 2,90 0,0016 | exoenzyme S synthesis protein C precursor exsC
PA1711 4,13 0,0000 | hypothetical protein
PA1712 2,18 0,0002 | exoenzyme S synthesis protein B exsB
PA1714 2,09 0,0002 | hypothetical protein
PA1718 3,76 | 0,0002 | type Ill export protein PscE pscE
PA1719 2,02 10,0007 | type lll export protein PscF pscF
PA1722 2,26 | 0,0001 | type lll export protein Pscl pscl

PA2018 5,31/ 0,0000 | Resistance-Nodulation-Cell Division (RND) multidrug efflux transporter | mexY

Resistance-Nodulation-Cell Division (RND) multidrug efflux membrane
PA2019 7,25 0,0000 | fusion protein precursor mexX

PA2020 2,20 0,0007 | probable transcriptional regulator mexZ

PA2459 2,15]0,0013 | hypothetical protein ---

PA2840 2,36 | 0,0050 | probable ATP-dependent RNA helicase

PA3179 2,64 | 0,0001 | conserved hypothetical protein ---

PA3841 2,46 | 0,0048 | exoenzyme S exoSs

PA3842 2,57 10,0003 | probable chaperone

PA5030 2,43 0,0003 | probable maijor facilitator superfamily (MFS) transporter

PA5470 6,76 | 0,0000 | probable peptide chain release factor

PA5471 4,551 0,0001 | hypothetical protein

PA5530 2,64 | 0,0430 | probable MFS dicarboxylate transporter

ig 2,24 10,0428 | intergenic region 1427453-1428080°

ig 2,54 0,0002 | intergenic region 3874653-3873835¢

a. Gene numbers are taken from the Pseudomonas genome project (http://www.pseudomonas.com). ig: intergenic
region.

b. The change means increase of the respective transcript levels in strain PAO1 (pJT-Paelll) when compared to
PAO1(pJT19).

¢. RND: Resistance-Nodulation-Cell Division, MFS: major facilitator superfamily.

d. Position on the PAO1 genome according to the Pseudomonas genome project (http://www.pseudomonas.com).
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TABLE 4. Transcripts, which are >2-fold down-regulated in PAO1 (pJT-Paelll)

Fold Gene
ID* P-Value | Change® Target Description® Name

PA0141 -2,43 | 0,1154 | conserved hypothetical protein ---
PA0277 -2,05| 0,0222 | conserved hypothetical protein
PA0284 -2,30| 0,0026 | hypothetical protein ---
PA0298 -2,11| 0,0009 | probable glutamine synthetase spuB
PA0399 -2,33 | 0,0083 | cystathionine beta-synthase
PA0482 -2,42 | 0,0002 | malate synthase G glcB
PA0493 -2,35| 0,0003 | probable biotin-requiring enzyme
PA0495 -2,48 | 0,0010 | hypothetical protein -
PA0509 -2,02| 0,0812 | probable c-type cytochrome nirN
PA0515 -2,73 | 0,1452 | probable transcriptional regulator ---
PA0517 -2,34 | 0,2080 | probable c-type cytochrome precursor nirC
PA0518 -2,26 | 0,1149 | cytochrome c-551 precursor nirM
PA0519 -2,34 | 0,1181 | nitrite reductase precursor nirS
PA0537 -2,02| 0,0007 | conserved hypothetical protein
PA0614 -2,34| 0,0111 | hypothetical protein ---
PA0616 -2,69| 0,0001 | hypothetical protein -
PA0618 -2,18 | 0,0002 | probable bacteriophage protein
PA0619 -2,04 | 0,0010 | probable bacteriophage protein
PA0621 -2,54 | 0,0011 | conserved hypothetical protein
PA0622 -2,94 | 0,0004 | probable bacteriophage protein
PA0623 -2,45| 0,0001 | probable bacteriophage protein
PA06G27 -2,01| 0,0002 | conserved hypothetical protein
PA0633 -3,37 | 0,0000 | hypothetical protein
PA0635 -2,23 | 0,0008 | hypothetical protein -
PA0636 -2,46 | 0,0002 | hypothetical protein -
PA0638 -2,10| 0,0002 | probable bacteriophage protein
PA0639 -2,48 | 0,0003 | conserved hypothetical protein
PAQ782 -2,22 | 0,0083 | proline dehydrogenase PutA putA
PAQ783 -2,04 | 0,0007 | sodium/proline symporter PutP putP
PA0789 -3,17 | 0,0007 | probable amino acid permease
PAO795 -3,81| 0,0000 | citrate synthase 2 prpC
PAQ0796 -2,35| 0,0004 | carboxyphosphonoenolpyruvate phosphonomutase prpB
PA0833 -2,20 | 0,0004 | hypothetical protein
PA0865 -4,61| 0,0003 | 4-hydroxyphenylpyruvate dioxygenase hpd
PAO870| -2,88| 0,0015 | aromatic amino acid aminotransferase phhC
PA0871 -2,27 | 0,0027 | pterin-4-alpha-carbinolamine dehydratase phhB
PAQ0872 -3,07 | 0,0010 | phenylalanine-4-hydroxylase phhA
PA0887 -6,59 | 0,0001 | acetyl-coenzyme A synthetase acsA
PA0888 -2,00| 0,0011 | arginine/ornithine binding protein AotJ aotJ
PA0895 -2,19| 0,0068 | N-succinylglutamate 5-semialdehyde dehydrogenase aruC
PA0900 -2,02| 0,0109 | hypothetical protein -
PA1070 -2,68 | 0,0015 | branched-chain amino acid transport protein BraG braG
PA1071 -2,22 | 0,0001 | branched-chain amino acid transport protein BraF braF
PA1072 -2,46 | 0,0015 | branched-chain amino acid transport protein BrakE braE
PA1073 -3,73 | 0,0000 | branched-chain amino acid transport protein BraD braD
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PA1074 -2,27 | 0,0003 | branched-chain amino acid transport protein BraC braC
PA1202 -2,17 | 0,1335 | probable hydrolase
PA1288 -2,08 | 0,0001 | probable outer membrane protein precursor
PA1337 -3,32| 0,0016 | glutaminase-asparaginase ansB
PA1339 -2,11| 0,0019 | probable ATP-binding component of ABC transporter ---
PA1341 -2,25| 0,0004 | probable permease of ABC transporter
PA1342 -2,60| 0,0004 | probable binding protein component of ABC transporter
PA1418 -2,71| 0,0006 | probable sodium:solute symport protein
PA1420 -2,88 | 0,0001 | hypothetical protein
PA1421 -5,30 | 0,0001 | guanidinobutyrase gbuA
PA1555 -2,59| 0,1115 ] probable cytochrome ¢
PA1556 -4,27 | 0,0318 | probable cytochrome c oxidase subunit
PA1557 -3,72 | 0,0445 | probable cytochrome oxidase subunit (cbb3-type)
PA1579 -2,23 | 0,0001 | hypothetical protein ---
PA1818 -3,03| 0,0004 | probable Orn/Arg/Lys decarboxylase
PA1838 -2,31| 0,0027 | sulfite reductase cysl
PA1984 -7,04 | 0,0035 | probable aldehyde dehydrogenase
PA1999 -2,14 | 0,0743 | probable CoA transferase, subunit A
PA2008 -3,77 | 0,0024 | fumarylacetoacetase fahA
PA2009 -4,45| 0,0066 | homogentisate 1,2-dioxygenase hmgA
PA2112 -2,03 | 0,0309 | conserved hypothetical protein
PA2193 -3,94 | 0,0890 | hydrogen cyanide synthase HcnA hcnA
PA2194 -2,55| 0,1987 | hydrogen cyanide synthase HcnB hcnB
PA2195 -2,67 | 0,2080 | hydrogen cyanide synthase HcnC hcnC
PA2204 -3,07 | 0,0003 | probable binding protein component of ABC transporter ---
PA2247 -2,20| 0,0574 | 2-oxoisovalerate dehydrogenase (alpha subunit) bkdA1l
PA2248 -2,03| 0,0934 | 2-oxoisovalerate dehydrogenase (beta subunit) bkdA2
PA2381 -2,37 | 0,1173 | hypothetical protein
PA2444 -2,10| 0,0062 | serine hydroxymethyltransferase glyA2
PA2445 -2,51| 0,0121 | glycine cleavage system protein P2 gcvP2
PA2446 -2,53 | 0,0056 | glycine cleavage system protein H2 gcvH2
PA2634 -2,14 | 0,0012 | probable isocitrate lyase aceA
PA2639 -2,20| 0,0018 | NADH dehydrogenase | chain C,D nuoD
PA2649 -2,50 | 0,0006 | NADH dehydrogenase | chain N nuoN
PA2760 -2,11| 0,0001 | probable outer membrane protein precursor
PA3031 -2,19| 0,0003 | hypothetical protein /// tRNA-Pro
PA3038 -4,41| 0,0000 | probable porin
PA3155 -2,06 | 0,0063 | probable aminotransferase WbpE whbpE
PA3187 -3,68 | 0,0799 | probable ATP-binding component of ABC transporter -—-
PA3190 -3,76 | 0,0464 | probable binding protein component of ABC sugar transporter
PA3195 -2,13| 0,0122 | glyceraldehyde 3-phosphate dehydrogenase gapA
PA3205 -2,03| 0,0034 | hypothetical protein ---
PA3227 -2,20 | 0,0005 | peptidyl-prolyl cis-trans isomerase A ppiA
PA3331 -2,39| 0,1348 | cytochrome P450
PA3333 -2,11| 0,1526 | 3-oxoacyl-[acyl-carrier-protein] synthase llI fabH2
PA3531 -2,37| 0,0047 | bacterioferritin bfrB
PA3575 -2,11| 0,0125 | hypothetical protein
PA3622 -2,87 | 0,0010 | sigma factor RpoS rpoS
PA3779 -2,45| 0,0001 | hypothetical protein ---
PA3837 -2,21| 0,0024 | probable permease of ABC transporter
PA3877 -2,25| 0,0369 | nitrite extrusion protein 1 narK1l
PA3915 -2,49| 0,0025 | molybdopterin biosynthetic protein B1 moaB1
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PA4015 -2,07 | 0,0009 | conserved hypothetical protein

PA4130 -2,03| 0,2152 | probable sulfite or nitrite reductase

PA4131 -5,58 | 0,0831 | probable iron-sulfur protein

PA4132 -2,12| 0,1703 | conserved hypothetical protein ---

PA4133 -3,41| 0,1214 | cytochrome c oxidase subunit (cbb3-type)

PA4211 -2,31| 0,1933 | probable phenazine biosynthesis protein phzB
PA4236| -2,62| 0,0263 | catalase katA
PA4310 -2,07 | 0,0283 | chemotactic transducer PctB pctB
PA4430 -2,51| 0,0002 | probable cytochrome b

PA4443 -2,54 | 0,0001 | ATP sulfurylase small subunit cysD

PA4496 -2,76 | 0,0003 | probable binding protein component of ABC transporter

PA4500 -3,75| 0,0000 | probable binding protein component of ABC transporter

PA4501 -3,67 | 0,0000 | probable porin

PA4502 -5,98 | 0,0000 | probable binding protein component of ABC transporter

PA4503 -4,52 | 0,0000 | probable permease of ABC transporter

PA4504 -6,58 | 0,0000 | probable permease of ABC transporter

PA4505 -4,88 | 0,0000 | probable ATP-binding component of ABC transporter ---

PA4506 -5,75| 0,0000 | probable ATP-binding component of ABC dipeptide transporter

PA4571 -2,57 | 0,0336 | probable cytochrome ¢

PA4587 -2,20 | 0,1354 | cytochrome c551 peroxidase precursor ccpR

PA4675 -2,09| 0,0001 | probable TonB-dependent receptor

PA4714 -2,02 | 0,0053 | conserved hypothetical protein

PA4880 -3,43 | 0,0002 | probable bacterioferritin

PA5112 -2,34 | 0,0004 | esterase EstA estA

PA5152 -2,23 | 0,0001 | probable ATP-binding component of ABC transporter -

PA5153 -3,70| 0,0000 | probable periplasmic binding protein

PA5171 -3,25| 0,0432 | arginine deiminase arcA
PA5172 -4,63 | 0,0262 | ornithine carbamoyltransferase, catabolic arcB
PA5173 -3,58 | 0,0676 | carbamate kinase arcC

PA5212 -2,01| 0,0004 | hypothetical protein ---

PA5303 -2,53 | 0,0001 | conserved hypothetical protein

PA5435 -2,06 | 0,0031 | probable transcarboxylase subunit

PA5436 -2,25| 0,0137 | probable biotin carboxylase subunit of a transcarboxylase

PA5445 -2,00| 0,0148 | probable coenzyme A transferase

PA5490 -2,06 | 0,0023 | cytochrome c4 precursor cc4

PA5506 -2,09| 0,0015 | hypothetical protein

PA5507 -2,50 | 0,0006 | hypothetical protein -

PA5508 -2,08 | 0,0003 | probable glutamine synthetase

a. Gene numbers are taken from the Pseudomonas genome project (http://www.pseudomonas.com). ig:
intergenic region.

b. The change means decrease of the respective transcript levels in strain PAOL (pJT-Paelll) when compared to
PAO1(pJT19).

c. RND: Resistance-Nodulation-Cell Division, MFS: major facilitator superfamily, ABC: ATP-binding cassette.
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Figure Legends

Fig. 1. Genetic organisation, expression and expression signals of paelll and predicted
secondary structure of Paelll. (A) Paelll (black arrow) is located between the genes PA3535
and PA3536 (grey arrows). (B) Northern-blot analysis of PAOL1 total RNA from cells grown in
LB to an ODgg of 2 using the strand-specific probe W_28 for Paelll (Table 2). The sizes of the
RNA markers (M) are indicated at the left. The arrow denotes the Paelll signal. (C) Sequence
of Paelll (bold) with predicted promoter region (underlined and in italics), and the
transcriptional start site of paelll (underlined, in bold and in italics). The stop codon of PA3535
is underlined. The complementary sequence of primer W_28 is underlined and in bold. The
sequence of oligonucleotide N_29 is boxed. 5’ and 3’ ends mapped by 5°-3” circularization are
indicated by arrows. (D) Secondary structure prediction of Paelll using the RNAfold
WebServer (Gruber et al., 2008). Base pairing probabilities are indicated by colours according

to the spectrum in the left lower corner ranging from 0 (magenta) to 1 (red). .

Fig. 2. Influence of Hfq on Paelll steady state levels and stability. (A) The steady state
levels of Paelll were determined by Northern-blot analysis with total RNA isolated at an ODggo
of 0.5, 1.5, 2.5 and 3.5. The Northern-blot signals were obtained using radioactively labelled
probes W_28 and |_26 against Paelll and 5S rRNA, respectively (Table 2). (B) Relative
amounts of Paelll in PAO1 (0) and PAO1hfq (A). The Northern-blot signals were quantified
and normalized to that of 5S rRNA signals. The Paelll levels in PAO1 at ODgy= 0.5 were set
to 1. The experiment was performed in duplicate. (C) Determination of the stability of Paelll O,
10, 30, 45, 60 and 90 min after addition of rifampicin by Northern-blot analysis using probes

for Paelll and 5S rRNA.
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Fig. 3. Influence of growth and stress on Paelll levels. (A) Determination of the steady
state levels of Paelll by Northern-blot analysis under different growth and stress conditions
(lane 1: LB ODggo=1, lane 2: BM2 minimal medium ODgp=1, lane 3: LB ODg=3, lane 4:
oxidative stress, lane 5: osmotic stress, lane 6: heat stress, lane 7: cold stress, lane 8: iron
depletion and lane 9: low pH). For the detection of Paelll the probe W_28 was used and as an
internal control probe 1_26 for 5S rRNA. (B) Steady state levels of Paelll in different PAO1
mutant strains at ODgop=1 (black bars) and at ODgy=3 (white bars) grown in LB medium
(lanes 1,2,5-18) or synthetic sputum medium (lanes 3 and 4). (C) Steady-state levels of Paelll
in the presence (lanes 1 and 2; black bar and vertical stripes) or absence of Hfq (lanes 3 and 4;
white bar and horizontal stripes) at an ODgyo of 2 upon growth in LB medium (lanes 1 and 3)
and after serum exposure (lanes 2 and 4) (Sonnleitner et al., 2008, see Materials and Methods),

respectively.

Fig. 4. Identification of putative Paelll targets by proteomics. The protein pattern of PAO1
(pME-Paelll) (left panel) was compared to that of PAO1l (pME4510) (right panel). The
samples were taken at an ODggo 0Of 2 upon growth in LB. (A) The selected spot (circles), which
was increased when Paelll was over-expressed, was excised and identified by mass-
spectrometry as PA1202. (B) The selected spots, which were decreased (dotted circles) when
Paelll was over-expressed were identified by mass-spectrometry as PurE (dotted circle 1) and

PA4739 (dotted circle 2). Only the relevant sections of the gels are shown.

Fig. 5. Microarray analysis reveals putative Paelll targets. (A) Over-expression of paelll
detected by Northern-blot analysis. in strains PAO1 (pJT19) and PAOL1 (pJT-Paelll) 0, 15 and
30 min after addition of 2 mM toluic acid. The Northern-blot signals were obtained using
probes against Paelll and 5S rRNA as described in the legend to Fig. 2. (B) The functional

classes (www.pseudomonas.com) of genes that are activated (black bars) or repressed (white
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bars) after paelll over-expression are shown. Only genes with a minimum fold-change of >2
are included. (C) Possible interaction site of ladSand Paelll revealed by TargetRNA (Tjaden et
al., 2006). Numbers mark the distance from the transcriptional start for paelll (+1) and the

distance from the A (+1) of the start codon of ladS The start codon is underlined.

Fig. 6. Paelll increases antibiotic susceptibility. Growth of PAO1 (pME4510), PAO1
(pPME-Paelll) and PAO1Apaelll (pPME4510) on LB agar plates containing 8 mg/l or 16 mg/l
tetracyclin. Dilutions with the same optical density of exponentially growing cultures were

spotted and incubated overnight at 37°C.

Fig. 7. Paelll decreases RpoS translation. (A) B- galactosidase activity of a translational
rpoS:lacZ-fusion (pME6014-RpoS) measured throughout growth in the PAOl (m) and
PAO1Apaelll (A) grown in LB medium. (B) - galactosidase activity of a transcriptional rpoS
lacZ-fusion (pME6016-RpoS) measured throughout growth in PAO1 (m) and PAO1Apaelll (A)
grown in LB medium. (C) Complementarity identified by TargetRNA software (Tjaden et al.,
2006) between the rpoS 5° UTR and Paelll. Numbers mark the distance from the
transcriptional start of paelll (+1) and the distance from the A (+1) of the start codon rpoS The
start codon is underlined. (D) Complementarity identified by TargetRNA software (Tjaden et
al., 2006) between hfq 5 UTR and paelll. Numbers mark the distance from the transcriptional

start of paelll (+1) and the distance from the A (+1) of the start codon of hfq.

Supplementary Fig. S1. Paelll binds to Hfg. Labelled RNA (5 nM) was incubated in the
absence (lane 1) or in the presence of 10 nM (lane 2), 25 nM (lane 3), 50 nM (lane 4), 100 nM
(lane 5), 250 nM (lane 6), 350nM (lane 7) or 500 nM (lane 8) Hfgs. The Hfgs:RNA ratio is
indicated at the top. Unlabelled tRNA (lane 9 and 10) and Paelll (lane 11 and 12) were added

as competitors. The position of free (F) and Hfg-bound (B) RNA is indicated.
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Supplementary Fig. S2. Steady state levels of Paelll determined by Northern-blot analysis
from total RNA isolated at an ODgy of 0.7, 2 and 4 from the indicated PAOL1 strains. Paelll
and 5S rRNA were detected with probes against Paelll and 5S rRNA as specified in the legend

to Fig. 2.

Supplementary Fig. S3. (A) B- galactosidase activity of a translational PA1202 lacZ-
fusion measured during growth in PAO1 (pME4510) (7) and upon over-expression of paelll in
strain PAOL1 (pME-Paelll) (¢) grown in LB medium. (B) B- galactosidase activity of a
translational purE lacZ-fusion during growth in LB medium in the PAO1 (pME4510) () and

upon over-expression of paelll in strain PAOL (pME-Paelll) (o).

Supplementary Fig. S4. Complementarity identified by TargetRNA software (Tjaden et
al., 2006) between the 5 UTR of PA0547 (A) and PA5471 (B) respectively, with Paelll.
Numbers mark the distance from the transcriptional start of paelll (+1) and the distance from

the A (+1) of the start codon of PA0547 and PA5471.
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Figure 1
A B
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Supplementary Figure S1
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Supplementary Figure S2
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Supplementary Figure S3
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4.4 Distinct and overlapping binding sites of Pseudomonas
aeruginosa Hfg and RsmA proteins on the non-coding RNA

RsmY
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Abstract

In Pseudomonas aeruginosa the Rsm system is involved in regulation of quorum-sensing and virulence gene expression. Our recent
studies revealed that the stability and abundance of the non-coding RNA RsmY, which antagonizes the translational regulator RsmA,
is dependent on Hfq. Here, we show that Hfq and RsmA bind concurrently to RsmY. Enzymatic probing of RsmY RNA in the presence
of RsmA and Hfq verified the proposed -GGA- motifs as RsmA binding sites and located Hfq binding sites in single-stranded regions
adjacent to stem-loop structures, respectively. We conclude that distinct binding of Hfg and RsmA on RsmY RNA permits RsmY-med-
iated RsmA titration upon binding to and stabilization of RsmY RNA by Hfq. In addition, we provide evidence that Hfq sequesters
RNase E cleavage sites on RsmY, which explains the previously observed dependence of RsmY RNA stability on Hfq.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Hfq; Non-coding RNA; P. aeruginosa; RsmA; RsmY

The pathogenicity of Pseudomonas aeruginosa can be
ascribed to number of intra- and extra-cellular virulence
factors, the regulation of which is governed by several
interlinked systems, including quorum-sensing (QS), the
GacS-GacA two-component system, alternative sigma fac-
tors (RpoS, RpoN) as well as the translational repressor
protein RsmA [1]. In P. aeruginosa the phosphorylated
response regulator GacA activates transcription of the
small non-coding RNA (ncRNA) genes rsmY and rsmZ
[2,3], which are predominantly expressed during stationary
phase [2-4]. These ncRNAs bind to the translational
repressor protein RsmA and antagonize its negative effect
on synthesis of virulence factors [2,3,5], including protease,
elastase, staphylolytic activity (LasA protease), cytotoxic
PA-IL lectin, hydrogen cyanide, and the phenanzine pig-
ment pyocyanin [5]. Like its Escherichia coli homologue
CsrA [6], the Pseudomonas fluorescens RsmA homo-dimer
binds to GGA-motifs in RsmY and RsmZ RNA, which

* Corresponding author. Fax: +43 1 4277 9546.
E-mail address: Udo.Blaesi@univie.ac.at (U. Blési).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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are located in the loops of secondary structures [7], and it
was shown that binding of RsmA/E elevates the stability
of RsmY/Z [8]. In P. aeruginosa RsmY RNA these
GGA-motifs are present as well and it has been suggested
that they are required for RsmA binding [9].

Hfq is a global regulatory protein [10], which forms
homo-hexameric rings [11-13]. Major physiological tasks
of Hfq include stability control of small regulatory RNAs
[14,15] and mRNAs [16] as well as positive or negative
translational regulation of target mRNAs by small non-
coding RNAs [17,18]. In some cases Hfq binding sites have
been shown to coincide with RNase E cleavage sites, which
can be reconciled with the stabilizing effect of Hfq on small
regulatory RNAs [15,19].

A P. aeruginosa hfqg~ mutant strain showed attenuated
virulence, which could be partially ascribed to positive reg-
ulation by Hfq of the rpoS gene, encoding the stationary
phase sigma factor [20] and by Hfg-mediated regulation
of QS-controlled genes by RsmY-mediated indirect posi-
tive regulation of the QS regulator RhlI [21]. In addition,
these studies revealed that Hfq stabilizes RsmY RNA [21].
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Here, we show that Hfq and RsmA bind concomitantly
to RsmY RNA at distinct as well as overlapping sites and
that Hfq can potentially inhibit RNase E cleavage of
RsmY RNA. The distinct binding sites are in agreement
with a recently proposed model [21] for Hfq-mediated posi-
tive control of the autoinducer C4-HSL synthetase, RhlI.

Materials and methods

Bacterial strains, plasmids, and growth conditions. The strains and
plasmids used in this study are listed in Table 1. Unless indicated other-
wise, bacterial cultures were grown at 37°C in Luria—Bertani (LB)
medium [22] supplemented with appropriate antibiotics.

Gel-mobility shift assays. Pseudomonas aeruginosa Hfq and RsmA
proteins were purified using E. coli strain BL21(DE3) upon plasmid-
mediated (Table 1) over-expression of the corresponding genes as recently
described [21]. Gel-purified RsmY RNA was 5'-end labelled with [y->*P]-
ATP (Amersham) and re-purified on a 6% polyacrylamide-8 M urea gel
[21]. Labelled RNA (0.05 pmol) was first incubated at room temperature
for 5 min to refold, then for 15 min with purified P. aeruginosa Hfq-hex-
amer [21] (Hfgg) (0.5 or 1 pmol) or purified RsmA [21] (2.5 pmol) proteins
in 10ul VD buffer (100mM Tris, pH 7.4, 60 mM NH,Cl, 6 mM
B-mercaptoethanol, and 2 M Mg-acetate). Concominant binding of Hfq
and RsmA was tested by addition of either Hfqs (0.25, 0.5, 0.75, 1 or
2 pmol) or RsmA (0.25, 0.5, 1, 2 or 4 pmol) to pre-formed RsmA-RsmY

Table 1
Bacterial strains and plasmid
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or Hfg-RsmY complexes for 15min at 4 °C as specified in Fig. 1.
Immediately before loading, the samples were mixed with 4 pl of loading
dye (75% glycerol, 0.01% xylencyanol, 0.01% bromphenol blue), and
loaded on a native 4% polyacrylamide gel. Electrophoresis was performed
in TAE buffer at 160 V at 4 °C. The radioactively labelled bands were
visualized with a Phospholmager (Molecular Dynamics).

Enzymatic probing. Aliquots containing 0.16 pmol of 5'-[*?P}abelled
RsmY RNA [21] were either added to Hfge (0.8, 2.4 or 4.8 pmol) or RsmA
(3.2, 6.4 or 12.8 pmol) and incubated for 20 min at room temperature in
VD buffer. Then 1 U endoribonuclease T; (Boehringer) or 1 U endori-
bonuclease T, (Sigma-Aldrich) was added and incubation at room tem-
perature was continued for 10 and 4 min, respectively. T, and T, cleavage
reactions were stopped by addition of one volume phenol/chloroform.
After phenol/chloroform extraction, the RNA was precipitated with two
volumes of ethanol, and loaded on 10% polyacryamide gels containing
8 M urea. A sequence ladder was obtained by T, digestion under dena-
turing conditions as described [23]. The radioactively labelled bands were
visualized with a Phospholmager (Molecular Dynamics).

In vitro RNase E cleavage. 0.16 pmol of 5’-[**P}-labelled RsmY RNA,
refolded 5 min at room temperature, was incubated with Hfge (0.8, 2.4 or
4.8 pmol) for 15 min at room temperature. The RNA was first incubated
with 25 ng of purified N-terminal fragment of E. coli RNaseE (Rne498)
[24] in VD buffer in the presence of 1 mM EGTA. The cleavage reaction
was started by addition of MgOAc to a final concentration of 5 mM and
was continued for 30 min at 37 °C. The cleavage reaction was quenched by
addition of 1 ul of 1 pg/pl glycogen in 250 mM EDTA solution. After
phenol extraction, the RNA was precipitated, and analyzed on a 10%
polyacrylamide-8 M urea gel. The radioactively labelled bands were
visualized with a Phospholmager (Molecular Dynamics).

Strains/ Genotype/relevant features Source/ . .
plasmid reference Results and discussion
Pseudomonas aeruginosa ) o
PAOI Wild-type [30] Concomitant binding of Hfq and RsmA to RsmY RNA
Escherichia coli . . . .
BL21(DE3) E. coli B, F~, dem, ompT, hsdS(rgms) Stratagene A model, dev1§§d to explain the qu-medlated. positive
gal\(DE3), effects on the stability of RsmY and on rhll expression, sug-
Plasmids gested that Hfq and RsmA bind concomitantly to RsmY
pHFQp, T7 expression vector for purification of [12] RNA [21]. To obtain further support for this model, 5'-
P. aeruginosa Hfq, Ap® [**P}labelled RsmY RNA was pre-incubated with Hfq
PET-rsmd  pET22b(+) enclgdes RsmA witha C-terminal  [21] (Fig. 1, lanes 4-8) or RsmA (Fig. 1, lanes 10-14), and then
His-tag, Ap increasing concentrations of RsmA or Hfq were added. In
Hfgs: RsmY molar ratio . 10 «— 20— » . 5 10 15 20 40
RsmA: RsmY molar ratio R R R 5 10 20 40 80 < 50 >

B2»
Ble

..u‘uuv

A

B4
B3

A

1 2 3 4 5

6 7 8 9 10 1 12 13 14

Fig. 1. Concomitant binding of RsmA and Hfq to RsmY RNA. 5’-End-labelled RNA (0.05 pmol) RNA was incubated with either Hfq or RsmA at the
molar ratios as indicated on top of the autoradiograph. Then, increasing amounts of either RsmA (lanes 4-8) or Hfge (lanes 10-14) were added to the pre-
formed Hfg-RsmY or RsmA-RsmY ribonucleoprotein complexes, respectively, at the molar ratios (protein:RNA) specified on top of the autoradiograph.
Lanes 1-3 and 9, controls. The positions of RsmA-RsmY-Hfq complex and of Hfqe-RsmY-RsmA complex are indicated with B1/B2 and B3/B4,

respectively.
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either case, the addition of RsmA or Hfq resulted in addi-
tional retardation of the ribonucleoprotein complexes
(Fig. 1). Two additional bands appeared upon addition
of increasing amounts of RsmA and Hfq to pre-formed
RsmY-Hfq complexes (Fig. 1; Bl and B2) and to
RsmY-RsmA complexes (Fig. 1; B3 and B4). These results
supported the idea that RsmA and Hfq bind concomitantly
to RsmY.

RsmY secondary structure

RNA folding algorithms [25] predicted that the 124
nucleotide (nt) long RsmY RNA [3] contains three stem-
loop structures (see Fig. 3; [-11I) with -GGA— motifs locat-
ed in the loops as well as a rho-independent terminator (see
Fig. 3; IV). The predicted RsmY secondary structure was
experimentally tested by cleavage with the endoribonuc-
leases T and T,, which cleave preferentially 3’ of unpaired
guanine and adenine residues, respectively. Regions pro-
tected from cleavage by T; and T, in RsmY RNA were
observed the stems of stem-loop structures I-1II (Fig. 2A
and B; lane 3). Stem-loop IV was likewise verified upon
cleavage with RNase T2 (Fig. 2A, lane 3). According to
these probing experiments three GGA-motifs are located
in the loops of hairpins I-III (see Fig. 3). Thus, the struc-
tural pattern of P. aeruginosa RsmY RNA is similar to
its P. fluorescens homologue [7], but the number of stem-
loops and exposed -GGA- motifs varies.

RsmA and Hfq binding sites on RsmY RN A

It is known that Hfq binds preferentially to AU-rich
regions adjacent to stem-loop structures [15,26,27]. There-
fore RNase T,, which cleaves 3’ of adenine residues, was
used to map Hfq binding sites on RsmY RNA. Protection
by Hfq against RNase T, cleavage was observed at sites A
and B (Fig. 2A; lanes 4-6). As shown in Fig. 3, the Hfq
binding sites on RsmY RNA agree with the criteria for
Hfq binding sites; in that they are AU-rich and are overlap-
ping with or adjacent to stem-loop structures. In addition,
the mapping experiment agreed with the gel-mobility shift
assays, in that RsmY RNA pre-bound to RsmA was able
to bind two additional Hfg-hexamers (Fig. 1; B3 and B4).

As RsmA binding sites comprise -GGA-motifs RNase
T, which cleaves 3’ of guanine residues, was used to reveal
protection by RsmA of RsmY RNA. Protection by RsmA
from Rnase T;cleavage was observed at five positions in
RsmY RNA (Fig. 2B; lanes 4-6, C-G). As anticipated
from other studies on P. fluorescens [7,8] RsmY RNA,
three RsmA binding sites encompass -GGA-motifs located
in the loops of stem-loop structures (Fig. 3; C, F, and G).
Two RsmA binding sites reside in single-stranded regions
5" of hairpin IT (Fig. 3; D and E), whereby one of them
overlaps with Hfq binding site B (Fig. 3; D). In the gel-mo-
bility shift assay two additional bands could be discerned
after binding of RsmA to Hfg—RsmY complexes. Hfq
was shown to have a higher affinity for RsmY than RsmA
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[21]. It is therefore, conceivable that binding of Hfq at posi-
tions A and B and/or structural changes imposed by Hfq
binding interferes with RsmA binding at positions C, D,
and E (Fig. 3).

Hfq binding blocks cleavage by RNase E

When compared with a P. aeruginosa hfg-strain, the sta-
bility and abundance of RsmY RNA is elevated in the cor-
responding wild-type strain [21]. As RNase E and Hfq
binding sites can coincide [15], we tested whether Hfgq can
protect RsmY RNA from cleavage by the catalytic domain
of E. coli RNase E in vitro. The N-terminal part of E. coli
RNase E displays 68% identity with the N-terminal 540
amino acids of P. aeruginosa RNase E protein, and E. coli
RNase E has been used to mimic P. aeruginosa mRNA
processing [28]. Purified 5’-[>*P}-labelled RsmY RNA was
subjected to in vitro cleavage by RNase E in the presence
and absence of Hfq as indicated in Fig. 2A. Hfg-protected
RsmY RNA from RNase E cleavage at five positions
(Fig. 2A, arrows 1-5), at nucleotide position A10 in the sin-
gle stranded region 5’ of stem-loop 1, at positions A33 and
A35 as well as at positions A39 and A40. Escherichia coli
RNase E preferentially cleaves at the consensus sequence
(G,A)(C,A)N(G)(G,U,A)U(A,U)(C,U)N(C,A)(C,A) fol-
lowed by stem-loop structures [29]. The five RNase E cleav-
age sites in RsmY sRNA do not completely share
homology with the E. coli consensus sequence. Neverthe-
less, like in E. coli the RNase E cleavage sites in RsmY
RNA are AU-rich, and are located in single-stranded
regions adjacent to stem-loop structures (Fig. 3, arrows
1-5).

In summary, our results show that RsmA and Hfq can
bind concomitantly to RsmY RNA (Fig. 1), and that bind-
ing of Hfq to RsmY can potentially protect RsmY from
endonucleolytic cleavage by RNase E (Fig. 2A), which in
turn can be reconciled with the observed increased stability
of RsmY in the presence of Hfq [21]. Hfq has a higher
affinity for RsmY than RsmA [21]. As binding of Hfq
appears to interfere with RsmA binding (see Figs. 2 and
3), binding of Hfq to RsmY would result in a decreased
capacity of RsmY to titrate RsmA. However, the 3-fold
increase in the half-life of RsmY in the presence of Hfq
[21], when compared to its absence, might compensate
for the reduced titration capacity. Taken together, these
results corroborated the hypothesis that binding of Hfq
to RsmY does not eliminate the antagonizing function on
RsmA [21]. Nevertheless, at present it cannot be excluded
whether RsmY—in addition to its role in sequestration of
RsmA—serves another role in gene expression. Since
RsmZ, the only other ncRNA known in P. aeruginosa
to titrate RsmA [2,3] did not interact with Hfq [21], and
as many small regulatory RNAs require Hfq for transla-
tional silencing or activation of mRNAs [18], we are
currently testing the possibility whether RsmY regulates
translation of mRNA(s), i.e. whether it serves as well as a
riboregulator.
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Fig. 3. RsmA (circles; C-G) and Hfqg (grey hexamers; A and B) binding
sites and RNase E cleavage sites on RsmY RNA. The arrows numbered 1-5
indicate RNase E cleavage sites that are protected upon binding of Hfq to
RsmY RNA. Roman numbers I-IV assign stem-loop structures. Filled
arrowheads indicate RNase T, and open arrowheads RNase T, cleavage
sites in RsmY RNA, in the absence of either Hfq or RsmA, respectively.
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