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SUMMARY

1 SUMMARY

1.1 Abstract

Staphylococcus aureus asymptomatically colonizes the skin and anterior nares of 20-30% of the healthy
human population. As an opportunistic human pathogen it elicits a variety of infections ranging from
skin and soft tissue infections to highly severe manifestations such as pneumonia, endocarditis and
osteomyelitis. Due to the emergence of multi resistant strains, treatment of staphylococcal infections
becomes more and more challenging and the WHO therefore classified S. aureus as a “superbug”. The
variety of diseases triggered by S. aureus is the result of a versatile expression of a large set of virulence
factors. The most prominent virulence factor is the cytotoxic and haemolytic pore-forming a-toxin
whose expression is mediated by a complex regulatory network involving two-component systems
such as the agr quorum-sensing system, accessory transcriptional regulators and alternative sigma-
factors. However, the intricate regulatory network is not yet understood in its entirety. Recently, a
transposon mutation screen identified the AraC-family transcriptional regulator ‘Repressor of surface
proteins’ (Rsp) to regulate haemolysis, cytotoxicity and the expression of various virulence associated
factors. Deletion of rsp was accompanied by a complete loss of transcription of a 1232 nt long non-

coding RNA, SSR42.

This doctoral thesis focuses on the molecular and functional characterization of SSR42. By analysing
the transcriptome and proteome of mutants in either SSR42 or both SSR42 and rsp, as well as by
complementation of SSR42 in trans, the ncRNA was identified as the main effector of Rsp-mediated
virulence. Mutants in SSR42 exhibited strong effects on transcriptional and translational level when
compared to wild-type bacteria. These changes resulted in phenotypic alterations such as strongly
reduced haemolytic activity and cytotoxicity towards epithelial cells as well as reduced virulence in a
murine infection model. Deletion of SSR42 further promoted the formation of small colony variants
(SCV) during long term infection of endothelial cells and demonstrated the importance of this molecule
for intracellular bacteria. The impact of this ncRNA on staphylococcal haemolysis was revealed to be
executed by modulation of sae mRNA stability and by applying mutational studies functional domains

within SSR42 were identified.

Moreover, various stressors modulated the transcription of SSR42 and antibiotic challenge resulted in
SSR42-dependently increased haemolysis and cytotoxicity. Transcription of SSR42 itself was found
under control of various important global regulators including AgrA, SaeS, CodY and oB, thereby

illustrating a central position in S. aureus virulence gene regulation.

The present study thus demonstrates SSR42 as a global virulence regulatory RNA which is important
for haemolysis, disease progression and adaption of S. aureus to intracellular conditions via formation
of SCVs.
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SUMMARY

1.2 Zusammenfassung

Staphylococcus aureus kolonisiert asymptomatisch als Kommensal die Haut und Nasenschleimhaute
von circa 20-30% der gesunden Weltbevolkerung. Als opportunistisches Humanpathogen |6st S. aureus
dagegen eine Reihe von Krankheiten aus, die von leichten Hautinfektionen und Abszessen bis hin zu
schwerwiegenden und lebensbedrohlichen Krankheitsformen wie Pneumonie, Endokarditis und
Osteomyelitis reichen konnen. Die Behandlung von Staphylokokken-Infektionen stellt aufgrund der
Entstehung multi-resistenter Staimme vermehrt eine Herausforderung dar, weshalb S. aureus von der
WHO als ,,superbug” klassifiziert wurde. Die Vielzahl an moéglichen Krankheitsformen sind das Ergebnis
der anpassungsfahigen und koordinierten Expression einer Vielzahl von Virulenzfaktoren. Der dabei
wohl bedeutendste und am besten charakterisierte Virulenzfaktor ist das porenbildende a-toxin,
dessen zytotoxische und hamolytische Aktivitat fir eine Reihe diverser Krankheiten verantwortlich ist.
Die Expression dieses Toxins wird durch ein komplexes, bis jetzt noch nicht komplett verstandenes,
regulatorisches Netzwerk gesteuert, das sowohl Zwei-Komponentensysteme wie das agr Quorum-
sensing System, diverse akzessorische transkriptionelle Regulatoren sowie alternative Sigmafaktoren
beinhaltet. Kiirzlich wurde in einem Transposon-Mutanten-Screen der AraC-Familie transkriptionelle
Regulator ,Repressor of surface proteins” (Rsp) identifiziert, der die Expression diverser Virulenz-
assoziierter Faktoren beeinflusste. Eine Deletion von rsp ging, neben reduzierter Hamolyse und
Zytotoxizitat, auch mit dem kompletten Verlust der Transkription einer 1232 nt langen nicht-

kodierenden RNA, SSR42, einher.

Diese Doktorarbeit befasst sich mit der molekularen und funktionellen Charakterisierung dieser nicht-
kodierenden RNA. Mittels Transkriptom- und Proteomanalysen wurden eine SSR42 Deletionsmutante
sowie eine Doppelmutante in SSR42 und rsp charakterisiert und SSR42 als Hauptfaktor der Rsp-
vermittelten Virulenzregulation identifiziert. Neben weitreichenden Verdnderungen auf trans-
kriptioneller und translationaler Ebene wiesen Mutanten in SSR42 eine stark reduzierte hamolytische
und zytotoxische Aktivitdt sowie verringerte Virulenz in einem murinen Infektionsmodell auf. Eine
Deletion von SSR42 begiinstigte weiterhin die Bildung von sog. ,small colony variants” wahrend
Langzeit-Infektionen von Endothelzellen und demonstrierte die Bedeutung dieser nicht-codierenden
RNA fiir intrazelluldare Staphylokokken. Die regulatorische Wirkung von SSR42 auf die hamolytische
Aktivitat von S. aureus wurde in dieser Arbeit aufgeklart. Dabei konnte ein stabilisierender Einfluss der
nicht-kodierenden RNA auf sae mRNA nachgewiesen werden. Weiterhin wurde SSR42 durch
Mutagenese-Studien auf molekularer Ebene charakterisiert, wobei funktionelle und stabilisierende

Domanen identifiziert wurden.

Ebenso wurden in dieser Arbeit diverse Stressoren und Antibiotika erfasst, die eine modulatorische

Wirkung auf die Transkription von SSR42 ausiiben. Neben einer Erh6hung der Transkription von SSR42
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resultierte eine Behandlung von S. aureus mit sub-inhibitorischen Konzentrationen von Antibiotika in
einer drastischen, SSR42-abhangigen, Steigerung der hamolytischen und zytotoxischen Aktivitat.
Mithilfe von Promotoraktivitdtsstudien wurde der Einfluss diverser Regulatoren wie AgrA, SaeS, CodY
und oB auf die transkriptionellen Regulation von SSR42 identifiziert und SSR42 somit eine zentrale

Rolle in der Regulation von Virulenzgenen verliehen.

SSR42 wurde demnach als ein neuartiger globaler Regulator identifiziert, der eine wichtige Rolle fir
Hamolyse, den Krankheitsverlauf sowie bei der Anpassung an intrazelluldre Bedingungen, (iber die

Bildung von ,,small colony variants”, spielt.
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2 INTRODUCTION

2.1 Staphylococcus aureus

2.1.1 General Information

Staphylococcus aureus, subsp. aureus is a gram-positive, catalase positive, nitrate reducing, facultative
anerobic, coccoid bacterium which was first identified by Sir Alexander Ogston while examinating
purulence from abscesses of a human patient after surgery in 1880 (Aberdeen, United Kingdom;
Ogston, 1882). The name Staphylococcus aureus was later established by the German researcher
Friedrich Julius Rosenbach (1884). The name derives from the Greek words ‘staphyle’ and ‘kokkos’
translating to bunch of grapes and the Latin word ‘aureus’ meaning golden thereby describing the
appearance of this 0.8 — 1.2 um yellow pigmented, coccoid bacterium that appears in microscopic
images in grape-like clusters (Fig. 2.1). Friedrich Julius Rosenbach initially classified S. aureus in an own
genus, ‘Staphylococcus’ (Rosenbach, 1884). While taxonomic classification was later reversed twice
(Fliigge, 1886; Gotz et al., 2006), Staphylococci were finally placed into the family of Staphylococcaceae
(2010) containing 44 different species. S. aureus further belongs to the phylum of Firmicutes and the
class of Bacilli. S. aureus contains a circular genome encompassing ~2.8 Mbp with a GC-content of 33
mol% (Kuroda et al., 2001). The genome can be subdivided into a ‘core genome’ and a variable part,
the ‘accessory genome’. The core genome constitutes genes encoding essential cellular functions such
as metabolism, replication and growth which are conserved in all strains. In contrast approximately
22% of the genes of S. aureus compose the ‘accessory genome’ including pathogenicity islands (SaPls),

genomic islands, transposons, integrated plasmids and prophages that often encode virulence factors

and resistance genes (Lindsay et al., 2006; reviewed in Feng et al., 2008).

Figure 2.1: Macroscopic and microscopic images of Staphylococcus aureus. S. aureus colonies on agar
supplemented with sheep blood (left) and electron-microscopic presentation of S. aureus invading into an
epithelial cell (right, source: www.helmholtz-hzi.de).
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2.1.2 Host colonization

As a facultative pathogen S. aureus represents a frequent cause of community- and hospital-acquired
infections while colonizing asymptomatically about 25-30% of the healthy population as a human
commensal (Kluytmans et al., 1997). Despite humans S. aureus further colonizes animals including
dogs, horses, cattle and pigs (Khanna et al., 2008; Morgan, 2008; Hasman et al., 2010) thereby
depicting a potential risk factor for zoonosis (Hanselman et al., 2006, Voss et al., 2005; Witte et al.,
2007; Wulf et al., 2008; reviewed in Springer et al., 2009). With healthy humans being a natural
asymptomatic reservoir for S. aureus colonization takes place at mucosal surfaces, primarily the
anterior nares, but also skin, gastro-intestinal tract, throat, rectum and vagina (Cook et al., 2007; Senn
et al., 2012; reviewed in Wertheim et al., 2005; Fig. 2.2). Approximately 20% of the human population
is permanently colonized asymptomatically, while 60% are intermittent carriers characterized by only
short-term colonization, whereas 20% are never or seldom colonized by S. aureus (Eriksen et al., 1995;
reviewed in Kluytmans et al., 1997; Williams, 1963). Nasal carriage of S. aureus seldom results in overt
infections which can partially be explained by the down-regulation of virulence factor expression which
was observed during the colonization phase (Burian et al., 2010). The attachment of S. aureus to host
surfaces is an important step in colonization and is dependent on bacterial adhesins and surface
structures (Weidenmaier et al., 2012; Speziale et al., 2009). Pre-existing diseases like rheumatoid
arthritis as well as other host factors such as gender, age, diet, smoking and drug addiction have been
associated with influencing nasal carriage (Sollid et al., 2014; Choi et al., 2006; Laudien et al., 2010;
Olsen et al., 2012; Tuazon et al., 1975; Berman et al., 1987; Miller et al., 2003). However, the genetic

determinants influencing colonization remain elusive.

Nasal carriage of S. aureus constitutes a major risk factor for ensuing infections. This was demonstrated
in a bacteraemia study which identified the colonizing strains as the source of infection in 80% of the

cases (von Eiff et al., 2001).
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Figure 2.2: S. aureus infection manifestations. S. aureus is both a human commensal and colonizes skin and
nares (green) as well as an opportunistic pathogen that is responsible for a variety of infections (red). (Figure
modified after https://upload.wikimedia.org/wikipedia/commons/2/29/Human_body_schemes.png and
https://www.freepik.com/free-vector/ human-organs_595348.htm#term=kidney&page=1&position=2)

2.1.3 Methicillin-resistant Staphylococcus aureus (MRSA)

A major problem regarding staphylococcal infection represents the emergence of antibiotic resistances
in S. aureus impeding treatment and rendering many infections untreatable. Already shortly after
introduction of the first antibiotic in use, the B-lactam antibiotic Penicillin, resistances arose in S.
aureus impairing the treatment of infections. Thus, in 1959 the B-lactam derivate methicillin (also

known as oxacillin) was introduced into clinical settings. However, methicillin-resistant S. aureus
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strains were already reported in the early 1960s (Jevons, 1961; Sutherland and Rolinson, 1964).
Resistance against B-lactam antibiotics such as methicillin and penicillin is conferred in S. aureus by
acquisition of a mobile genetic element, the methicillin cassette chromosome (SCC) mec. SCCmec
harbours the resistance gene mecA encoding a low affinity Penicillin-binding protein, PBP21 (Ubukata
et al., 1990), which was most likely acquired by horizontal gene transfer from coagulase-negative
staphylococcal species (Tsubakishita et al., 2010). S. aureus strains harbouring the SCCmec cassette
are referred to as methicillin-resistant S. aureus (MRSA) and are mainly accountable for treatment
impairment of staphylococcal infections (Mera et al., 2011). Despite MRSA strains, the emergence of
strains with resistance against vancomycin (VRSA) further contributes to this problem (Appelbaum,
2007). In the US, the prevalence of MRSA accounting to staphylococcal infections increased to over
50% over the last decade thereby playing a major role for both nosocomial as well as community-
acquired infections (Mera et al., 2011). Although in 2011 the prevalence of invasive MRSA infections
with an estimated number of 80,461 dropped by 30,800 compared to the prevalence of MRSA
infections in 2005 (Dantes et al., 2013), MRSA are still considered the predominant pathogenic bacteria
in the US regarding skin and soft tissue infections (Talan et al., 2011). Among these approximately
48,000 were found to be hospital-acquired (HA)-MRSA whereas 16,000 infections were community-
acquired (CA-) infections. In addition to the dropping number of total MRSA infections the prevalence
of hospital-acquired infections decreased in the last decade (Dantes et al., 2013). However, the
prevalence of community-acquired (CA-) MRSA infections increased especially regarding invasive
infections in children, which have risen from 1.1 in 2005 to 1.7 incidents in 2010 per 100,000 infections
(lwamoto et al., 2013).

Using pulse-field electrophoresis (PFGE) methicillin-resistant S. aureus strains from the US were
classified according to their electrophoresis pattern and designated from “USA100” to “USA800”. In
the US, the most common community-acquired S. aureus infections result from USA300 strains
belonging to sequence type (ST) 8 (McDougal et al.,, 2003). USA300 strains are characterized by
acquisition of the SCCmec type IV cassette conferring methicillin-resistance, presence of the arginine
catabolic mobile element (ACME) and Panton-Valentine leukocidin encoding operon pvl. Apart from
the importance of USA300 in the US, USA300 strains were reported to be responsible for
approximately 40% of all S. aureus infections in Europe thereby representing the most prevalent S.

aureus sequence type in Europe (Rolo et al., 2012).

2.1.4 S. aureus infections and diseases
Upon breaking of natural barriers, such as the skin or mucosal surfaces, the commensal bacterium S.
aureus becomes an opportunistic pathogen eliciting a multitude of infections such as skin and soft-
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tissue infections (SSTIs), surgical-site infections (SSls), septic arthritis, osteomyelitis, urinary tract
infections, toxic-shock syndrome (TSS), endocarditis, bacteraemia (SAB) and sepsis (Engemann et al.,
2003; Bunikowski et al., 2000; Corey, 2009; Hartman et al., 1984; Stryjewski and Chambers, 2008;

reviewed in Tong et al., 2015).

Being the leading cause of SSTIs the importance of S. aureus has increased over the last decade
climaxing in a worldwide epidemic of community-acquired (CA-) MRSA infections (DelLeo et al., 2010;
David and Daum, 2010). Staphylococcal skin and soft-tissue infections encompass impetigo,
necrotising skin lesions, cutaneous abscesses and purulent cellulitis. In some cases, complex
manifestations of SSTIs can result in life-threatening conditions such as systemic inflammation and

subsequent bacteraemia (Burton et al., 2009).

In addition to its importance in SSTIs S. aureus represents a major cause of blood stream infections in
humans with an incidence ranging from 10-30 per 100,000 persons in industrialized countries
(Laupland et al., 2013). Staphylococcal bacteraemia (SAB) often results from SSTls, catheter-related
infections, or infections of orthopaedic implants (Engemann et al., 2003) and is associated with a high
morbidity and mortality. The occurrence of complications such as infective endocarditis and metastatic
infections can even worsen the outcome of SAB (Fowler et al., 2005; Troidle et al., 2007). SAB thereby

represents one of the leading causes of S. aureus-related morbidities.

S. aureus further constitutes the leading cause of osteomyelitis (Sheehy et al., 2010; Inoue et al., 2013),
an invasive bone infection resulting in inflammation and necrosis of the bone and can be identified in
30-60% of clinical osteomyelitis manifestations (reviewed in Tong et al., 2015). Although healthy bone
tissue is highly resistant against bacterial infections, S. aureus established several mechanisms to
overcome this natural resistance: The expression of surface proteins aids in the adherence to the bone
matrix (Darouiche et al.,, 1997), the formation of biofilms on catheters and orthopaedic implants
confers protection against antimicrobial agents (Fischer et al., 1996) and the bacterial invasion of

osteoblasts (Shi and Zhang, 2012) is important to evade the host immune system.

Another manifestation of S. aureus infection represents the toxic shock syndrome, which is
characterized by symptoms including fever, strong decrease of blood pressure and organ failure
(McCormick et al., 2001). TSS was first associated with tampon usage in menstruating women in the
1980s (Herzer, 2001; Issa and Thompson, 2001) and results from the expression of a superantigen, the
toxic-shock syndrome toxin 1 (TSST-1), which elicits a strong inflammatory response in the human host
(Crass and Bergdoll, 1986; Musser et al., 1990; Fraser et al., 2000). Apart from tampon-associated TSS,

non-menstrual cases of TSS are common and often associated with proceeding SSTIs (DeVries et al.,
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2011; Descloux et al., 2008). Nowadays the incidence of menstrual and non-menstrual associated TSS

is comparable with 0.32 incidents per 100,000 total population (DeVries et al., 2011).

S. aureus frequently induces infections of the lower respiratory tract and acute pneumonia with a high
morbidity and mortality. In this connection MRSA represents one of the most common causes for
healthcare-associated, hospital-acquired as well as ventilator-associated pneumonia (Shorr et al.,

2006; Shorr et al., 2010; Kollef et al., 2005; Rubinstein et al., 2008).

2.2 Virulence factors of S. aureus

The human host possesses several lines of defence against invading pathogens ranging from
coagulation of blood, the production of antimicrobial peptides, the complement system to phagocytic
cells efficiently killing intruding bacteria. In order to overcome the host defence and to successfully
establish an infection in the host, S. aureus expresses a plethora of virulence factors (Fig. 2.3). These
virulence factors can be generally classified into two groups: surface-associated factors including

adhesins and secreted proteins including toxins and immuno-modulatory proteins.

SERAMs
Emp, Eap
J Qn) O proteases
Ea
° lipases
MSRCAMMSs \ - nucleases
FnbA/B C‘/Q
CIfA/B m\
o‘«?o - Pore-forming toxins
/ {9 Leukocidin DE, GH, PVL-FS,
S. aureus HIgCA CB
a-toxin

(‘\QS'

lgG-binding proteins

staphylococcal protein A (SpA),
Sbi

Figure 2.3: Graphical overview of virulence factors. Depicted are selected cell-surface associated and secreted
staphylococcal virulence factors. Figure adapted from Choi et al., 2014 and Lowy, 1998.
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2.2.1 Surface-associated virulence factors

As representative for gram-positive bacteria the cell wall of S. aureus consists of a peptidoglycan multi-
layer. In S. aureus the peptidoglycan strands are further characteristically cross-linked by a
pentaglycine bridge (Ghuysen and Strominger, 1963). The cell surface of S. aureus is highly decorated
with proteins and glycopolymers mediating the attachment to host cells and non-organic surfaces and
the evasion of the host immune system (Mempel et al., 1998; Foster and McDevitt, 1994; Foster et al.,
2014). Those surface-associated virulence factors of S. aureus are either covalently linked to the cell

wall or interact with it via hydrophobic or ionic bonds (reviewed in Heilmann, 2011).

2.2.1.1 Teichoic acids

S. aureus produces two types of teichoic acids which are either covalently linked to the peptidoglycan
layer (wall teichoic acids, WTA) or to the lipid bilayer of the cytoplasm membrane (lipoteichoic acid,
LTA) (Xia et al., 2010). Staphylococcal teichoic acids consist of repetitive polyol-phosphate subunits
that are linked by phosphodiester bonds. While the expression of LTA has been linked to various
phenotypes in S. aureus such as bacterial growth and cell division (Griindling and Schneewind, 2007),
biofilm formation and penetration of the blood-brain barrier in the host (Fedtke et al., 2007; Sheen et
al., 2010), the expression of WTA instead is associated with adherence to nasal epithelial cells and
nasal colonization (Weidenmaier et al., 2012). Further roles for WTA and LTA in S. aureus constitute
the protection against cell damage caused by various stressors (Peschel et al., 1999; Peschel et al.,
2000; Hoover and Gray, 1977; reviewed in Xia et al., 2010) and the mediation of receptor interactions

(Greenberg et al., 1996; Dunne et al., 1994; reviewed in Xia et al., 2010).

2.2.1.2 Microbial surface components recognizing adhesive matrix molecules (MSCRAMMs)

S. aureus expresses a variety of cell-wall anchored proteins that aid in interaction with extracellular
matrix components of the host and thus are crucial for colonization (Foster and Hook, 1998). These
proteins belong to the family of microbial surface components recognizing adhesive matrix molecules
(MSCRAMMs) and are exported via a sortase-mediated mechanism and attached to the cell wall via an
LPXTG-motif (reviewed in Marraffini et al., 2006). Examples for MSCRAMMS in S. aureus are protein A
(SpA), Fibronectin-binding proteins, (FnBPs) and Clumping factors (CIf) (Foster and Hook, 1998).
Despite mediating the binding to host matrix components such as fibronectin, fibrinogen and collagen,
MSCRAMMs play a crucial role for evading the host immune system and the establishment of
infections especially endovascular, bone and orthopaedic or prosthetic device-associated infections

(Darouiche et al., 1997; Hudson et al., 1999).

The MSCRAMM Staphylococcal protein A (SpA) mediates the attachment to the host protein von
Willebrand factor (Hartleib et al., 2000) and binds to the Fc domain of human immunoglobulin G (IgG)
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and the Fab domains of immunoglobulin M (IgM), thereby inhibiting opsonisation by host
immunoglobulins and the subsequent phagocytosis by immune cells (Forsgren and Nordstrom, 1974;
Cedergren et al., 1993). SpA has been associated with various infection manifestations especially skin
lesions (Patel et al., 1987) and inflammation of airway epithelia cells (Gomez et al., 2004). Moreover,
protein A was reported to activate host RhoA-GTPases, thus influencing cellular trafficking and
facilitating invasion of S. aureus via a zipper-like mechanism (Soong et al., 2011).

S. aureus expresses two Clumping factors (CIfA, CIfB) implicated in attachment to fibrinogen, plasma
clots and non-organic material (Deivanayagam et al., 2002; McDevitt et al., 1995; Ganesh et al., 2011;
reviewed in Foster et al., 2014). While CIfA further mediates the binding to human platelets and was
associated with endocarditis in a rat infection model (Siboo et al., 2001; George et al., 2006; Shinji et
al., 2011; Que et al., 2005; Veloso et al., 2013), CIfB was shown to mediate the attachment to human
type 1 cytokeratin 10 and cell clumping in the presence of soluble fibrinogen (Walsh et al., 2004;
O’Brien et al., 2002). Since both Clumping factors were demonstrated to recognize different parts of
fibrinogen it was hypothesized that they could act in synergy to promote a firm attachment to thrombi
under the harsh conditions faced in the bloodstream of the eukaryotic host (Entenza et al., 2000;
Kerrigan et al., 2008; reviewed in Foster et al., 2014).

S. aureus expresses two distinct fibronectin-binding proteins (FnbA, FnbB), which are crucial for the
invasion of non-phagocytic host cells. The fibronectin-binding proteins bind to the N-terminal domain
of fibronectin, an abundant extracellular matrix protein of host cells (Keane et al., 2007; Burke et al.,
2011), thereby bridging host integrin molecules, which allows the subsequent invasion via a zipper-like
mechanism (Peacock et al., 1999; Sinha et al., 2000; see section 2.3.1). Apart from mediating invasion
FnbPs have been associated with platelet aggregation (Heilmann et al., 2004), eliciting pro-
inflammatory responses in the host (Palmguvist et al., 2005), virulence in an experimental endocarditis
model (Que et al.,, 2005) and biofilm formation (O’'Neill et al., 2008). Biofilms constitute sessile
microbial communities, which are attached to a surface and embedded in a matrix consisting of
microbial cells, water, proteins, DNA, polysaccharides and nutrients. The formation of a bacterial
biofilm is executed in three different stages including the initial attachment, the maturation of the
biofilm and the eventual dispersal (Archer et al., 2011; Costerton et al., 1995). The expression of
various surface-adhesive proteins such as the above-mentioned fibronectin binding proteins plays a
crucial role for the initial stage of biofilm formation by mediating the adherence to non-organic
surfaces (O’Neill et al., 2008; Zapotoczna et al., 2015). The adherence to and formation of biofilms on
non-organic surfaces such as medical devices and orthopaedic implants, depicts a major problem in
hospital settings promoting various disease manifestations (Archer et al., 2011; Costerton et al., 1999;
Stewart and Costerton, 2001; Reffuveille et al., 2017). Bacteria residing in biofilms are largely protected

from the impact of antimicrobial substances and components of the host immune system (Ferran et
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al., 2016; Scherr et al., 2014). Staphylococcal biofilms thus not only promote infections but further

impair the treatment of such infection manifestations.

2.2.1.3 Secretable expanded repertoire adhesive molecules (SERAMs)

Besides MSCRAMMs, which are covalently linked to the cell wall S. aureus further expresses surface-
associated virulence factors that are linked to the cell envelope via hydrophobic or ionic bonds and can
subsequently dissociate from the cell wall. These factors are referred to as secretable expanded
repertoire adhesive molecules (SERAMs) and include proteins such as the von Willebrand-factor
binding protein (vWbp), the extracellular fibrinogen binding protein (Efb), the staphylocoagulase (Coa),
the extracellular adherence protein (Eap) and the extracellular matrix binding protein (Emp). Apart
from attachment to surfaces SERAMs have been reported to play a role in the interference with the
host immune system and other host defence mechanisms (Chavakis et al., 2005; Chavakis et al., 2002).
Both vWbp and staphylocoagulase activate human prothrombin resulting in blood coagulation and
formation of fibrin cables (Friedrich et al., 2003; Thomer et al., 2013; Kroh et al., 2009; Hendrix et al.,
1983) thereby promoting the establishment of infections such as sepsis, endocarditis and abscess
formation which has been demonstrated in various experimental infection models (Cheng et al., 2010;
McAdow et al., 2011; Panizzi et al., 2011).

The extracellular fibrinogen binding protein (Efb) instead triggers the accumulation of fibrinogen on
the bacterial cell surface resulting in a capsule-like protective barrier against phagocytosis by host
immune cells (Ko et al., 2013). Efb was further demonstrated to prevent aggregation of platelets
thereby contributing to staphylococcal virulence by inhibiting the wound healing process and
prolonging the bleeding time in an experimental murine wound infection model (Shannon and Flock,
2004; Shannon et al., 2005).

The extracellular adherence protein Eap exhibits a diverse role for staphylococcal virulence facilitating
bacterial aggregation (Palma et al., 1999), invasion into host cells (Hussain et al., 2002, Haggar et al.,
2003), wound healing and angiogenesis (Athanasopoulos et al., 2006) as well as leukocyte recruitment
(Chavakis et al., 2002, Lee et al., 2002, Xie et al., 2006). Expression of Eap was further shown to enhance
disease severity in a bacteraemia model (Edwards et al., 2012). The complex function of Eap is thought
to be executed via formation of protein-protein interactions with various ligands such as host plasma
and extracellular matrix molecules (Hussain et al., 2001; Palma et al., 1999, Boden and Flock, 1992,
McGavin et al., 1993), interaction with host surface adhesion molecule ICAM-1 (Chavakis et al., 2002)
and by rebinding of Eap to the staphylococcal cell surface-located neutral phosphatase (Flock and
Flock, 2001).

The SERAM protein Emp binds to various host extracellular matrix molecules such as fibrinogen,

fibronectin, vitronectin and collagen (Geraci et al., 2017) thereby executing a versatile role regarding
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staphylococcal virulence. Emp was demonstrated to interfere with abscess formation and persistence
in host tissue by promoting staphylococcal accumulation (Cheng et al., 2009). Expression of Emp was
further shown to promote biofilm formation under low-iron conditions (Johnson et al., 2008) and was

found enhanced in S. aureus osteomyelitis isolates (Kalinka et al., 2014).

2.2.2 Secreted virulence factors
S. aureus secretes a wide array of small peptides, exotoxins and immuno-modulatory proteins to
establish infections, inducing cytotoxicity, evading the host immune system and to survive inside the

host.

2.2.2.1 Pore-forming toxins
Pore-forming toxins constitute a class of specific lipid-binding proteins, which disrupt the cellular
integrity via formation of membranous pores. S. aureus expresses and secretes a variety of such pore-

forming toxins targeting several different host cell types.

The water-soluble, B-barrel structured staphylococcal a-toxin is one of the best-studied pore-forming
toxins. a-toxin targets various cell types including epithelial and endothelial cells, fibroblasts and
immune cells such as lymphocytes, macrophages and monocytes and exhibits cytolytic as well as
dermonecrotic properties (Bhakdi et al., 1989; Bhakdi and Tranum-Jensen, 1991; Walev et al., 1994).
a-toxin, also known as a-haemolysin, further features haemolytic properties characterized by the
release of haeme from ruptured erythrocytes (Cassidy and Harshman, 1976; Cooper et al., 1964; Freer
et al., 1973; Bhakdi and Tranum-Jensen, 1991). This a-toxin-mediated erythrocyte lysis is represented
by characteristic clearance zones around the staphylococcal colonies on sheep or rabbit blood agar. a-
toxin is secreted as 33 kDa hydrophilic single chain monomers (Bhakdi and Tranum-Jensen, 1991). At
low dosages of a-toxin a receptor-mediated contact with the host membrane triggers oligomerization
of a-toxin monomers leading to formation of homo-heptameric pre-pores (Walker et al., 1992; Valeva
et al., 1995; Valeva et al., 2001). The high affinity receptor involved in this process was identified to be
A Disintegrin And Metalloprotease 10 (ADAM10), which is expressed on various eukaryotic cell types
(Wilke and Bubeck Wardenburg, 2010). A subsequent conformational change of the pre-pore and the
insertion of the B-barrel domain into the host cell lipid bilayer results in a heptameric, water-filled
trans-membrane pore (Fig. 2.4). With a diameter of approximately 1-2 nm a-toxin trans-membrane
pores allow the flow of water, ions such as K*, ATP and molecules up to a weight of 4 kDa (Menestrina,
1986; Bhakdi and Tranum-Jensen 1991, Song et al., 1996). Low dosages of a-toxin were shown to
activate caspases thereby inducing apoptosis (Bantel et al., 2001). Interaction with ADAM10 was
further reported to facilitate cleavage of adherence junction protein E-cadherin resulting in a
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subsequent disruption of epithelial barrier function promoting pathogenesis in a lung infection model
(Inoshima et al., 2011). In contrast, when a-toxin is present in high concentrations (>6 pg/ml) it adsorbs
non-specifically to the host cell membrane. This triggers the formation of larger pores resulting in a
massive influx of extra-cellular Ca?* promoting necrotic cell death (Essmann et al., 2003, Suttorp and
Habben, 1988). Apart from a-toxin, S. aureus expresses another toxin with haemolytic properties, the
neutral sphingomyelinase (SMase), B-toxin. B-toxin is further known as the “hot-cold” haemolysin
since apart from binding to erythrocytes at 37°C, lysis is only triggered after exposure to a cold shock
(Smyth et al.,, 1975). Due to insertion of a prophage (¢Sa3mw) into the hlb gene B-toxin is not

expressed by a variety of S. aureus strains (Coleman et al., 1991).

A B C

Figure 2.4: Graphical illustration of the oligomerization of a-toxin monomers and formation of B-barrel pores.
a-toxin is secreted as 33 kDa hydrophilic single chain monomers (A) which upon receptor-mediated contact with
the host membrane (B) oligomerize resulting in formation of a homo-heptameric pre-pore (C). Formation of the
pre-pore is followed by a subsequent conformational change and insertion of the B-barrel domain into the host
cell lipid bilayer resulting in a heptameric, water-filled trans-membrane pore (D). Figure modified after Montoya
and Gouaux, 2003.

Leukocidins are a family of bi-component toxins consisting of the two different subunits S (slow eluting)
and F (fast eluting) that together induce formation of cation selective pores in the plasma membrane
of host immune cells (Finck-Barbancon et al., 1991). Cation flux through the leukocidin-induced pores
results in osmotic imbalance subsequently leading to cell death (Menestrina et al., 2003). Seven
leukocidins have been identified so far in S. aureus: HIgAB, HIgCB, LukAB/HG (Ventura et al., 2010),
LukED (Gravet et al., 1998), Panton-Valentine leukocidine (LukSF-PV/PVL; Panton and Valentine, 1932),
LukMF (Barrio et al., 2006) and LUKPQ (Koop et al., 2017), among which the latter two are exclusively
found in zoonotic S. aureus strains (Koop et al., 2017). HIgAB, HIgCB and LukAB/HG are encoded in the

core genome of S. aureus and thus conserved among all S. aureus strains. LUKED is encoded on the
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common pathogenicity island (vSaf) (Baba et al., 2002), whereas Panton-Valentine leukocidine, LuUkMF
and LukPQ are encoded on prophages (Zou et al., 2000; Koop et al., 2017). Leukocidins target host cells
of both innate and adaptive immunity such as leukocytes, natural killer cells, T-lymphocytes and
dendritic cells (DuMont et al., 2011; Alonzo et al., 2012; Alonzo et al., 2013; Alonzo and Torres, 2014)
and were found to be crucial for the survival of S. aureus by mediating killing of host immune cells and
promoting immune evasion. Leukocidins were further shown to be vital during the establishment and
for the dissemination of staphylococcal infections (Yoong and Torres 2013, Alonzo and Torres 2014).
HIgAB and HIgCB are further able to lyse erythrocytes and are thus often referred to as y-haemolysin
(Prévost et al., 1995). Expression of PVL is characteristic for highly cytotoxic and clinically relevant
isolates and is associated with abscess formation and severe forms of necrotizing pneumonia (Gillet et
al., 2002).

Leukocidins only exhibit their cytolytic properties after self-assembly of the water-soluble components
on host cell surfaces and subsequent pore-formation (Vandenesch et al., 2012). For this, each
polypeptide subunit first binds as a monomer to the cell surface. This step is followed by
oligomerization of each four molecules of S and F polypeptides resulting in an alternating arrangement
of F and S subunits into a hetero-octamer B-barrel pore (Olson et al., 1999; Menestrina et al., 2001).
Formation of the B-barrel pore provokes ion fluxes through the cell membrane and extrusion of cellular
contents resulting in osmotic imbalance and subsequent host cell death (Menestrina et al., 2001;

Alonzo and Torres, 2014).

Phenol soluble modulins (PSMs) constitute a family of small alpha-helical, amphipathic membrane
active peptides ranging from 20-44 amino acids in length and are found in several staphylococcal
species (Peschel and Otto, 2013). PSMs were first identified in the phenol-soluble fraction of S.
epidermidis culture supernatants after hot phenol extraction (Mehlin et al., 1999). PSMs exhibit both
cytolytic and biosurfactant properties (Wang et al., 2007) and were reported to activate neutrophils
(Kretschmer et al., 2010) and induce allergic skin reactions (Nakamura et al., 2013). Further, a crucial
role for PSMs in bacterial escape from phagolysosomes of host cells into the host cytoplasm was
demonstrated (Grosz et al., 2014). Their ability to interfere with host cell membranes independent of
a specific receptor accounts to their large activity spectrum. PSMs target a large subset of host cell
ranging from osteoblasts to a variety of human immune cells such as erythrocytes, monocytes and
neutrophils (Wang et al., 2007, Cheung et al., 2012, Cassat et al., 2013). PSMs play a crucial role for
many different manifestations of S. aureus infections such as SSTIs (Wang et al., 2007) by promoting
abscess formation in murine infection models, atopic dermatitis (Nakamura et al., 2013) and
osteomyelitis (Cassat et al., 2013). At least 8 PSMs are expressed in S. aureus which differ in their size.

PSMa and PSMP are encoded on the core genome from three different genetic locations and

24



INTRODUCTION

contribute to the success of community-acquired staphylococcal isolates (Wang et al., 2007). &-toxin
is encoded within the regulatory RNA RNAIII (Janzon et al., 1989). The only PSM not encoded on the
core genome is PSM-mec, which is encoded on the staphylococcal chromosome cassette SCCmec and
is thus only present in a subset of S. aureus isolates (Queck et al., 2009). With only 20-25 amino acids
in length a-type PSMs (PSMa 1-4), 6-toxin and PMS-mec are about half the size of B-type PSMs (PSMpB
1-2), which consists of approximately 44 amino acids (Cheung et al., 2014). PSMs are exported into the
culture supernatant via a four-component system transporter (phenol-soluble modulin transporter,
Pmt) whose functionality is crucial for self-protection against the highly cytolytic PSMs, which
otherwise would accumulate in the bacterial cytosol resulting in damage of the cell membrane,
abnormal cell division culminating in severe growth defects. Besides conferring self-resistance against
PSMs expression of Pmt was further shown to grant resistance against non-self PSMs (Chatterjee et

al., 2013).

2.2.2.2 Immune evasion proteins

In order to evade the host immune system S. aureus established different strategies enabling the
establishment of infection and disease progression. Disinfection by host immune cells is prevented by
expression of various immune evasion proteins such as the chemotaxis-inhibitory protein (CHIPS),
staphopain A (ScpA), which inhibit neutrophil communication and chemotaxis. A further defence
mechanism is represented by lysis of immune cells by the action of various toxins as described in

chapter 2.2.3.1, and inhibition of opsonisation by proteins such as SpA as described in chapter 2.2.1.2.

CHIPS is a secreted protein binding to host formyl peptide receptors (FPRs) thereby inhibiting the
recruitment of phagocytes such as neutrophils and monocytes by blocking the interaction of those
receptors with their natural ligands (de Haas et al., 2004; Postma et al., 2004). The gene encoding
CHIPS (chs), together with staphylococcal complement inhibitor (SCIN), staphylokinase (SAK) and
enterotoxin A or P (SEA, SEP) is encoded on the B-haemolysin converting-bacteriophage (van Wamel
et al., 2006). With SAK inhibiting neutrophil defensins (Jin et al., 2004) and the superantigens SEA and
SEP inhibiting phagocyte function (Xu et al., 2014, Lei et al., 2001, Hopkins et al., 2005) this mobile

genetic element constitutes a so-called immune evasion cluster (IEC).

ScpA was likewise shown to inhibit neutrophil chemotaxis. In contrast to CHIPS the chemotaxis
inhibitory function of ScpA is mediated via cleavage of the N-terminal region of chemokine receptor
CVCR2 thereby blocking signal transduction by chemokines such as IL-8 and GROa (Laarman et al.,
2012).
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2.2.3 Iron acquisition

Iron is an important cofactor for diverse biochemical reactions and therefore essential for growth of
bacteria. As a part of defence against invading pathogens, vertebrate hosts sequester iron within
proteins, such as transferrin and lactoferrin, thereby limiting free iron. Pathogenic bacteria therefore

established several iron acquisition mechanisms (Weinberg, 1978) to overcome the iron limitation.

One mechanism of iron acquisition established by bacteria is the expression of siderophores, small
secreted molecules characterized by a high affinity towards iron (Saha et al., 2013). S. aureus expresses
two of such iron-chelators (staphylofferin A and B), which both were demonstrated to be crucial for
survival of S. aureus in serum (Beasley et al., 2009). The import of iron bound to staphyloferrin A is
mediated via the lipoprotein HtsA and the permease HtsBC (Beasley et al., 2009) whereas transport of
staphyloferrin B across the cytoplasma membrane is executed via lipoprotein SirA and permease SirBC

(Dale et al., 2004, reviewed in Hammer and Skaar, 2011).

Besides chelated by proteins such as lactoferrin and transferrin the primary source of iron within the
vertebrate host constitutes haeme. Using isotope labelling haeme-iron was identified as the
preferential iron source of S. aureus during the course of infection (Skaar et al., 2004a). The most
abundant haemoprotein represents haemoglobin which can be, upon lysis of erythrocytes, liberated
and used as an iron source (Pishchany et al., 2013). For this, S. aureus expresses a variety of so-called
haemolysins, erythrocyte lysing proteins (see chapter 2.2.2.1). Enabling the transport of haeme S.
aureus expresses the iron-regulated surface determinant system (Isd), which is encoded by five
different operons (isdA, isdB, isdCDEFsrtBisdG, isdH and isdl) (Hammer and Skaar, 2011). The haeme
transport apparatus constitutes of the proteins IsdA, IsdB and IsdH, that are anchored via a Sortase A-
dependent mechanism to the cell-wall of S. aureus, IsdC which is embedded into the cell wall by SrtB
and IsdDEF constituting a membrane-localized ABC-transporter (Mazmanian et al., 2003). IsdA, IsdB,
IsdH and IsdC have been shown to bind haeme via an N-terminal NEAr iron transporter (NEAT) motif
(Grigg et al., 2007) thereby triggering the passage of haeme across the cell wall to the haeme-receptor
lipoprotein IsdE. The transport across the cytoplasm membrane is mediated by IsdF and energised by
the ATP-hydrolysing activity of IsdD (Grigg et al., 2007; Liu et al., 2008; Muryoi et al., 2008). Upon
reaching the cytoplasm, haeme is degraded by IsdG and Isdl resulting in release of iron and production
of staphylobilin (Reniere et al., 2010; Skaar et al., 2004b). Besides acquisition of iron Isd proteins were
associated with resistance to innate host defence represented by neutrophil derived-H,0, (Palazzolo-
Ballance et al., 2008). IsdA was further shown to be crucial for resistance against bactericidal human
skin fatty acids and peptides thereby enabling survival on and colonizing of human skin (Clarke et al.,

2007).
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2.3 Intracellular virulence and persistence of S. aureus

2.3.1 Adhesion

Although previously considered an exclusive extracellular pathogen S. aureus was recently shown to
be able to invade a variety of non-professional phagocytes ranging from epithelial and endothelial
cells, fibroblasts to osteoblasts (Strobel et al., 2016; Jevon et al., 1999; Lammers et al., 1999;
Dziewanowska et al., 1999; Peacock et al., 1999; Kintarak et al., 2004; Fraunholz and Sinha, 2012). As
a prerequisite for invasion, the adhesion of S. aureus to matrix molecules of host cells is mediated by
the combined action of the expressed surface adhesive molecules (MSCRAMM; SERAM; see section
2.2.1). Adhesion of S. aureus to host cells is mainly mediated via the fibronectin binding proteins
(FnbPs) (Edwards et al., 2010). Binding of the C-terminal fibronectin-binding motifs of FnbA or FnbB to
the N-terminal F1 domain of the host molecule fibronectin triggers a zipper-like invasion mechanism
(Foster et al., 2014). Fibronectin in turn binds the host receptor a5B1 integrin (Huveneers et al., 2008)
thereby bridging bacterial FnbPs and host integrin (Sinha et al.,, 1999). One FnbP molecule can
simultaneously bind 6-9 fibronectin molecules (Bingham et al., 2008) which subsequently results in
clustering of host receptor a5p1 integrin molecules at the adherence site (Josse et al., 2017; Schwarz-
Linek et al., 2004; Schwarz-Linek et al., 2003). This in turn triggers Src kinase-mediated rearrangement

of host cytoskeleton resulting in invasion of S. aureus (Agerer et al., 2003).

2.3.2 Intracellular fate of S. aureus

The fate of S. aureus inside the infected host cells is dependent on the staphylococcal strain or isolate
and the expressed genes and virulence determinants as well as on the host cell type and their
susceptibilities towards staphylococcal virulence factors (Strobel et al., 2016). Upon invasion S. aureus
thrives in an endosomal vesicle (Fig. 2.5), which will undergo a subsequent maturation process
involving various fusion events resulting in the formation of a lysosome (Desjardins et al., 1994; Fairn
and Grinstein, 2012). The lysosomal formation includes acidification of the endosomal vesicle and the
accumulation of reactive oxygen and nitrogen species as well as hydrolases which eventually leads to
degradation of the endosomal content (Fairn and Grinstein, 2012). In order to avoid degradation, a
variety of bacteria established different mechanism to escape the endosomal vesicle (Gaillard et al.,
1987; Clemens et al.,, 2004; Sansonetti et al., 1986). In S. aureus this process is referred to as
phagosomal escape and was first described in 1998 for bovine mastitis isolates which escaped from
endosomes of MAC-T cells. The escape from the endosomal compartment was followed by induction
of host cell death (Bayles et al., 1998). However, phagsomal escape was reported to occur at rather
late time points during infection (~2.5 h) and to proceed replication and subsequent host cell death

(Grosz et al., 2014).
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Initially phagosomal escape was attributed to the pore-forming action of a-toxin since agr expression
was found to be increased in bacteria residing in phagosomes (Grosz et al., 2014) and mutants in agr
were not capable of escaping the phagosome (Blattner et al., 2016; Miinzenmayer et al., 2016;
Shompole et al., 2003). However, in epithelial cells a-toxin was not required for phagosomal escape
(Giese et al., 2009), whereas overexpression of both B-toxin and the phenol soluble modulin &-toxin
indicated a synergistic role in triggering phagosomal escape (Giese et al., 2011). In contrast another
agr-regulated factor, the cytolytic phenol soluble modulin PSMa has been identified as a vital factor
contributing to phagsosomal escape (Grosz et al., 2014). Further, only recently, a crucial role for a non-
ribosomal peptide synthetase (NRPS) in eliciting phagosomal escape has been identified (Blattner et
al., 2016). Upon escape from the phagosome, a prerequisite for proliferation, S. aureus triggers host
cell death either via apoptotic or necrotic pathways (Grosz et al., 2014; Bayles et al., 1998; reviewed in
Horn et al., 2018a; Fraunholz and Sinha, 2012), which involves the coordinated action of various
cytotoxins (see chapter 2.3.2).

The most frequent form of cell death observed in S. aureus infected cells represents the caspase-
mediated programmed cell death, apoptosis (Menzies and Kourteva, 2000; Bayles et al., 1998;
Haslinger-Loffler et al., 2005; Haslinger et al., 2003; Genestier et al., 2005). Induction of apoptosis
during S. aureus infection was associated with the regulatory action of agr and the alternative sigma-
factor oB (Haslinger-Loffler et al., 2005; Wesson et al., 1998). As an agr-regulated factor, the pore-
forming a-toxin was identified to activate caspases thereby triggering the apoptotic pathway
(Haslinger et al., 2003; Bantel et al., 2001; Essmann et al., 2003). In contrast, however, high dosages of
a-toxin triggered necrosis, which was accompanied by release of cytokines in the same studies

(Haslinger et al., 2003; Bantel et al., 2001; Essmann et al., 2003).

Despite escaping the phagolysosome, S. aureus has been reported to reside inside phagocytes or
endothelial cells for extended periods (Hamill et al., 1986; Kubica et al., 2008; Tuchscherr et al., 2011).
Prolonged intracellular residence has been associated with chronic staphylococcal infections (Plouin-
Gaudon et al., 2006; Proctor et al., 1995). This so-called persistency is most often accompanied by a
small colony phenotype (SCV), which displays a metabolically steady phenotype characterized by a
much slower growth rate and a higher resistance towards different antibiotic compounds (Proctor et
al., 1994; Proctor et al., 1995; Proctor et al., 2006; Sendi and Proctor, 2009). SCVs further bypass the
activation of the host immune system (Tuchscherr et al., 2010; Tuchscherr et al., 2011). SCVs are
characterized by changes in the transcriptome and proteome (Garzoni et al., 2007; Kriegeskorte et al.,
2011), are most often non-haemolytic and non-pigmented and display a thick cell wall (Bulger and
Bulger, 1967; Proctor et al.,, 1994). In many cases SCV possess reversible auxothrophies regarding

oxidative phosphorylation and heme biosysnthesis as well as alterations in electron transport due to
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mutations in menadione and hemin biosynthesis genes (Proctor et al., 1994; Proctor et al., 2006).
Further mutants in agr and sarA are often found in persistent S. aureus-induced infections. Such
mutants are characterized by an enhanced expression of oB indicating the involvement of this
alternative sigma-factor in SCV formation and adaption to host environments (Tuchscherr et al., 2015).
The harsh intracellular conditions are thought to select for SCV phenotypes (Vesga et al., 1996), since
small colony variants display higher resistance against ROS (Painter et al., 2015) and can thus withstand
host defence mechanisms (Kahl et al., 1998; Proctor et al., 1995). Recently it was demonstrated that
during infection a high amount of the initial inoculum can switch to the stress-resistant SCV phenotype
(Tuchscherr et al., 2011). Hence, SCV formation represents a potential intracellular reservoir for

reoccurring infections (Kipp et al., 2003; Proctor et al., 1995; Proctor et al., 2006; Schréder et al., 2006).
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Figure 2.5: Schematic representation of the intracellular fate of S. aureus in host cells. S. aureus binds to
components of the host extracellular matrix (A), which triggers internalization via a zipper-like mechanism (B). S.
aureus resides in phagosomes inside the host cells from which it can escape via a mechanism called phagosomal
escape (C). Once escaped from the phagosome S. aureus replicates inside the cytoplasm (D) and subsequently
induces the death of the host cell (E). Adapted from Horn et al., 2018a.
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2.4 Regulation of virulence

The ability to cause a plethora of different infection manifestations is dependent on both the virulence
factors and the coordination of their expression during infection. The expression of staphylococcal
virulence factors is governed by a vast array of regulators, including two-component systems,

alternative sigma-factors, accessory DNA-binding proteins as well as non-coding RNAs.

2.4.1 Two-component systems

2.4.1.1 The agr quorum-sensing system

A major virulence regulatory element in S. aureus is the well-studied agr quorum-sensing system,
which constitutes an extended two-component system with sensor histidine kinase AgrC and the DNA-
binding response regulator AgrA (reviewed in Junecko et al., 2012; Novick, 2003, Ji et al., 1995). Kinase
AgrC senses the extracellular concentration of an octapeptide, AIP (auto-inducing peptide), which is
encoded by agrD as a precursor peptide. This precursor peptide is secreted and modified by a further
component of the agr quorum-sensing system, AgrB (Zhang and Ji, 2004; Thoendel and Horswill, 2009).
Upon perceiving high extracellular concentrations of AIP, which can either result from high bacterial
density or a limitation of available space, as found in a phagosome, AgrC auto-phosphorylates (Ji et al.,
1995; Lina et al., 1998). Thus, the agr system constitutes both a quorum-sensing and a diffusion-sensing
system (Shompole et al., 2003) illustrating its important role for both extracellular and intracellular
Staphylococci. Autophosphorylation of AgrC subsequently triggers the transfer of a phosphate group
to the response regulator AgrA (Fig. 2.6). The agr locus encompasses two divergent transcriptional
units whose transcription is driven from two divergent promoters, P2 and P3. Phosphorylation of AgrA
facilitates the binding to these two agr promotor regions thereby enhancing transcription of both
transcriptional units (Novick, 2003, Koenig et al., 2004). Binding to the P2 promotor region, which
drives transcription of RNAII, encoding the components of the agr quorum-sensing system (agrBDCA),
provokes a positive feedback loop (Novick et al., 1995). Instead, binding of AgrA-P to P3 enhances
transcription of RNAIII, a 514 nt long non-coding regulatory RNA, which constitutes the major effector
of the agr quorum-sensing system (Novick et al., 1993; Queck et al., 2008). RNAIll comprises a short
open reading frame (ORF) encoding the PSM &-toxin (Janzon et al., 1989; Janzon and Arvidson, 1990,

see section 2.2.3.1).

30



INTRODUCTION

/

Py, AIP
precursor > PSMs
AgrD
P2
agrA agrC  agrD “ agrB m
PP >
( ) ‘_. toxins
RNAII RNAIII surface-
associated
factors

Figure 2.6: Schematic representation of the S. aureus accessory gene regulator. Expression of the agr operon is
driven by two divergent promotors, P2 and P3, which control the expression of the two transcripts RNAII and
RNAIII. AgrD constitutes the AIP precursor peptide which is secreted and modified by the transmembrane protein
AgrB. Upon sensing high AIP concentrations kinase AgrC gets autophosphorylated and subsequently transfers a
phosphate group to response regulator AgrA. Phosphorylated AgrA binds to the promotor of the agr operon
thereby initiating a feedback loop and activating the expression of various toxins such as the phenol soluble
modulins. Further target genes are regulated by RNAIII. Figure adapted from Painter et al., 2014.

The agr quorum-sensing system was reported to both directly as well as indirectly regulate 174 genes
among which 90 genes were found to be regulated in a RNAIll-independent manner (Queck et al.,
2008). Independently of RNAIII, the agr system positively regulates transcription of PSMal-4 and
PSMB1-2 via direct binding of AgrA-P to the respective promotor region (Queck et al., 2008). The agr
regulon further includes a variety of virulence factors associated with immune evasion (e.g. spA, sbi),
cytotoxicity (e.g. hla, hlb) and metabolism (e.g. ureABCEF). While the expression of exoproteins and
extracellular proteases is induced by the agr system, the expression of Repressor of toxins (Rot) and
immune evasion factors such as SpA and Sbi instead is repressed (Queck et al., 2008, Geisinger et al.,
2006; Boisset et al., 2007). Mutations in agr are associated with strongly impaired virulence in various
infection models including pneumonia, endocarditis, osteomyelitis and SSTls as well as with enhanced

biofilm formation (Cheung et al., 1994; Gillaspy et al., 1995; Bubeck Wardenburg et al., 2007; Schwan
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etal., 2003; Boles and Horswill, 2008; Beenken et al., 2010) emphasizing the importance of a functional

agr quorum-sensing system for establishing various disease manifestations in S. aureus.

2.4.1.2 The SaeRS two-component system

Besides agr, a major regulatory system of S. aureus is the SaeRS two-component system. Deletion of
saeRS results in reduced virulence phenotypes similar to those observed in agr mutants regarding
necrotizing pneumonia and skin infections (Montgomery et al., 2010). Further a role for the SaeRS two-
component system in invasion of lung epithelial cells was reported (Liang et al., 2006). Despite the
resemblance of virulence phenotypes of both agr and saeRS mutants the SaeRS system was
demonstrated to be epistatic as well as downstream of the agr quorum-sensing system (Montgomery
et al., 2010; Novick and Jiang, 2003). The SaeRS two-component system consists of the sensor kinase
SaeS and the DNA-binding regulator SaeR and is transcribed from a four gene operon saePQRS from
two divergent promotors, P1 and P3 (Steinhuber et al., 2003, Jeong et al., 2011). The sae operon
further encompasses the auxiliary genes saeP and saeQ, which encode a lipoprotein and a membrane
protein, respectively (Novick and Jiang, 2003), which were demonstrated to be vital for activation of
the phosphatase activity of histidine kinase SaeS by forming a ternary complex (Jeong et al., 2012).
Promotor sae P1 drives transcription of the unstable transcript T1, which comprises the whole four
gene operon. T1 is subsequently processed by endoribonuclease RNase Y resulting in the saeQRS
encoding stable transcript T2 (Geiger et al., 2008; Adhikari and Novick, 2008, Marincola et al., 2012).
Transcription initiated at the weaker but constitutively active promotor P3 results in transcript T3
encoding only saeRS, which provides basal expression levels of SaeRS sufficient for receiving and
responding to correspondent signals (Geiger et al., 2008; Jeong et al., 2011). A fourth transcript (T4)
encoding only lipoprotein SaeP is driven by P1 and results either from premature termination or from
RNase Y-dependent processing of transcript T1 (Fig. 2.7; Steinhuber et al., 2003; Adhikari and Novick,
2008).

The bifunctional histidine kinase SaeS consists of a kinase, a transmembrane domain and an a-helical
region, which is typical for bacterial sensors, the so called HAMP domain. The transmembrane domain
comprises two transmembrane helices connected by a nine aa long linker peptide (Liu et al., 2015;
Adhikari and Novick, 2008). With 9 aa in length the linker peptide is considered too small to function
as a ligand binding domain which is why SaeS is classified as an intermembrane sensing histidine kinase
(Mascher, 2014). As a bifunctional histidine kinase, SaeS possesses both a kinase and phosphatase
activity (Jeong et al., 2012). The kinase function of SaeS displays a low basal activity which is sufficient
for activation of a subset of target genes. Those so-called class Il genes contain high affinity binding
sites for SaeR-P and include the haemolysins hla and hib. Instead, a further subset of target genes, the

class | genes, which include coa, eap, emp, fnbA, fib and saeP is characterized by low affinity binding
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sites for SaeR-P and hence require activation of the SaeRS two-component system to ensure high levels
of SaeR-P for transcriptional activation (Mainiero et al., 2010; Liu et al., 2015).

The SaeRS system was shown to be activated by presence of human neutrophil peptides, calprotectin,
H,0,, an acidic pH and sub-inhibitory concentrations of B-lactam antibiotics, while 1 M NaCl and
presence of silkkworm apolipophorin protein inhibited the two-component system (Cho et al., 2015;
Geiger et al., 2008; Kuroda et al., 2007; Weinrick et al., 2004). However, the sensing mechanism of

those stimuli is not yet understood.
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Figure 2.7: Graphical representation of the S. aureus sae operon and regulation mechanism by two-component
system SaeRS. The sae operon constitutes besides saeS and saeR the two auxiliary genes saeP and saeQ.
Expression of the sae operon is driven by two divergent promotors, P1 and P3, which control the expression of
four different transcripts. Expression of transcript T1 which encodes the whole sae operon is driven by P1 while
transcription initiated at P3 results in transcript T3. Transcript T2 instead results from processing of T1 by RNase
Y. The smallest of the four transcripts T4 results either from a processing event or premature termination.
Different stimuli such as B-lactam antibiotics activate the SaeRS system. Upon sensing differnt stimuli histidine
kinase SaeS gets autophosphorylated and subsequently transfers a phosphate group to response regulator SaeR.
Phosphorylation activiates the response regulator SaeR which regulates the expression of a variety of target
genes that are subdivided into two classes (I and 1) according to their affinities towards SaeR-P. The auxiliary
proteins SaeQ and SaeP are vital for the phosphatase activity of kinase SaeS. Adapted from Haag and Bagnoli,
2017.
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2.4.1.3 Further two-component systems regulating virulence

Further important two-component systems regulating staphylococcal virulence are the ArIRS, VraRS
and SrrAB two-component system.

Disruption of the two-component system ArIRS results in an increase in production of secreted
virulence factors such as a-toxin, lipases, coagulase, serine proteases and SpA thus resulting in an
opposite phenotype compared to mutants in agr. ArIRS induces the expression of the transcriptional
regulator SarA, which is thought to be responsible for the observed effects on exoprotein production
in an arIRS mutant (Fournier et al., 2001). Besides SarA, ArIRS was shown to activate the expression of
another important regulator, the MarR-type transcriptional regulator, MgrA (Crosby et al., 2016).
Regulation of MgrA is thought to account to the clumping defect observed in an ar/lRS mutant (Walker
et al., 2013). The two-component system ArIRS was further shown to positively regulate the expression
of the agr quorum-sensing system. Regulation was mostly observed in stationary growth phase of S.
aureus (Liang et al., 2005). Disruption of ArlRS was linked to various virulence phenotypes ranging from
endothelial cell damage, endocarditis, haematogenous pyelonephritis and systemic infection (Seidl et
al., 2018; Liang et al., 2005; Benton et al., 2004). ArIRS was further identified as one of the key
regulators in biofilm formation on implanted catheters thereby contributing to catheter-related
infections (Burgui et al., 2018). The importance of ArIRS in infection is further illustrated by its role in
reducing the demand for manganese, which is thought to confer resistance against neutrophil-derived
calprotectin-induced manganese starvation (Radin et al., 2016). While the signals to which ArIRS is
responding remain rather ambiguous, a role for ArIRS in pyruvate-induced expression reprofiling was
recently identified (Harper et al., 2018).

The two-component system SrrAB is induced during hypoxia (Kinkel et al., 2013) and was associated
with virulence in a murine endocarditis (Pragman et al., 2004) and pyelonephritis model (Throup et al.,
2001). SrrAB induces the transcription of both virulence factors and metabolism associated genes
involved in cytochrome assembly (quoxABCD, cydAB, hemABCX), anaerobic metabolism (pfIAB, adhE,
nrdDG), iron-sulfur cluster repair (scdA) and NO detoxification (hmp) (Kinkel et al., 2013). The
regulation of the virulence associated target genes such as tsst-1 and spA is executed partly via
inhibition of RNAIIl expression (Yarwood et al., 2001).

Another two-component system of S. aureus, VraRS, was reported to respond to various cell-wall
targeting antibiotics such as oxacillin, vancomycin, teicoplanin and d-cycloserine (Gardete et al., 2006;
Steidl et al., 2008; Kuroda et al., 2003; Yin et al., 2006) and to play a crucial role in resistance against
glycopeptide antibiotics (Galbusera et al., 2011). VraRS regulates the expression of genes associated
with cell wall peptidoglycan biosynthesis (pbp2, sgtB, murZ, fmtA, tcaA/tcaB) and proteolytic quality
control (spsA, ctpA) but also virulence genes such as coa, saeRS, sbi, higA, hlgB and hlgC (Kuroda et al.,
2003).
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2.4.2 SarA-family of transcriptional regulators

Regulation of virulence in S. aureus is further executed by a family of staphylococcal transcriptional
regulators (Sar) including the prototypic member SarA, a 124 aa long DNA binding protein (Liu et al.,
2006). The SarA-family is a protein family of DNA-binding proteins which exploit Helix-turn-Helix motifs
to facilitate DNA-binding and thereby regulate the transcription of virulence associated genes (Cheung
et al., 2008). The members of the SarA-family can be subdivided into three classes regarding sequence
alignment and secondary structure: single-domain proteins such as SarA, SarR, SarT, SarV, SarX and
Rot, double-domain proteins including SarS, SarU and SarY and homologues to the E.coli MarR-protein
family MgrA and SarZ.

Different possible mechanisms of gene regulation by SarA homologues are proposed. Some Sar-
proteins, for instance SarR, are able to bend DNA facilitating the contact of the regulatory protein with
DNA. SarA has the ability to form dimers whereof three of such dimers can be covered by promotor
DNA. This configuration is not accessible for the transcription machinery thereby inhibiting
transcription of target genes (Liu et al., 2006; Cheung et al., 2004). Binding of Sar homodimers to target
DNA sequences can be interfered by formation of heterodimers with a different Sar protein (Liu et al.,
2001) or by displacement of the Sar protein from the target DNA sequence by another homolog
(Manna and Cheung, 2006a). By binding to the promotor region of agr SarA induces up-regulation of
several exotoxins including a-toxin, B-toxin, and &-toxin during post-exponential growth phase
(Cheung et al., 2004) thereby contributing to several manifestations of S. aureus pathogenesis such as
septic arthritis and endocarditis (Cheung et al., 1994, Nilsson et al., 1996).

Another member of the single-domain subclass is the SarA antagonist SarR, a 115-residue protein. SarR
was shown to bind to the promotor region of sarA thereby repressing the transcription of SarA (Manna
and Cheung, 2001). Besides its action on transcriptional regulation of SarA, both molecules were
shown to compete for the same binding site within the P2 promotor region of agr (Manna and Cheung,
2006a). The higher affinity of SarR towards the agr P2 region leads to displacement of SarA during
transition to late stationary growth phase resulting in a subsequent repression of agr expression (Reyes
et al., 2011). Similar to SarR, SarX was identified as another repressor of agr expression (Manna and
Cheung, 2006b).

Instead, SarT and SarV are under negative control of single-domain protein SarA (Manna et al., 2004,
Schmidt et al., 2001). While SarV contributes to autolysis (Manna et al., 2004) SarT was reported to
negatively influence expression of a-toxin (Schmidt et al., 2001).

While mostly repressing toxins and enhancing the expression of surface proteins a single-domain
member of the SarA-family proteins, a 14.3 kDa protein, was entitled repressor of toxins (Rot).
Compared to the regulatory action of the agr quorum-sensing system, Rot displays an opposing role

regarding the regulation of a plethora of virulence genes including various toxins and surface proteins
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(Said-Salim et al., 2003; Killikelly et al., 2015). Translation of rot mRNA was further shown to be
impeded by RNAIII, illustrating the complex regulatory cascades in S. aureus (Boisset et al., 2007). The
double-domain protein SarS was implicated in regulation of protein A (SpA) expression (Tegmark et al.,
2000) while being under negative control of agr and another member of the SarA-familiy, MgrA
(Ingavale et al., 2005). Expression of SarS was further shown to be positively regulated by single-
domain SarA-family protein SarT (Schmidt et al., 2003).

While the double-domain protein SarU serves as an activator of agr (Cheung et al., 2004) and was
demonstrated to be under negative transcriptional control of SarT (Manna and Cheung, 2003), the
regulatory role of homologue SarY, however, remains elusive.

The MarR-like proteins MgrA and SarZ display higher sequence identity to the MarR protein from E.
coli than to SarA of S. aureus and were thus grouped into a special class of SarA-family proteins. MgrA
represents a major virulence factor positively influencing a total of 175 genes including capsular
biosynthesis genes, serine proteases, leukocidins as well as SarA (Luong et al., 2006), agr and hla
(Ingavale et al., 2005) while repressing the expression of 180 genes including urease subunit encoding
genes, sarS and spA (Luong et al., 2006). mgrA mRNA itself was shown to be stabilized by the agr
effector RNAIII (Gupta et al., 2015). Mutants in mgrA are characterized by increased autolysis (Ingavale
et al., 2005) which is thought to result from regulation of SarV (Manna et al., 2004; Cheung et al., 2008).
MgrA, features a particular cysteine residue which oxidizes in the presence of reactive oxygen species
(ROS) hence serving as an oxidation-sensing mechanism. Oxidation triggers dissociation of MgrA from
DNA thereby changing the expression pattern resulting in subsequent activation of antibiotic
resistance genes (Chen et al., 2006).

The last member of the SarA-family, SarZ is involved in regulation of haemolysis by binding to the
promotor region of a-toxin encoding gene hla. SarZ was further demonstrated to play a crucial role for

virulence in a silkworm infection model (Kaito et al., 2006).

2.4.3 Alternative o-factors

Regulation of virulence in bacteria is often achieved by the action of dissociable subunits of prokaryotic
RNA polymerase, the so-called sigma-factors (Kazmierczak et al., 2005). Besides the house-keeping
sigma-factor oA S. aureus expresses the alternative sigma-factors oH, oB and the extracytoplasmatic
function (ECF) sigma-factor aS. While oH was shown to regulate the natural competence of S. aureus
(Fagerlund et al., 2014; Morikawa et al., 2012) oB plays a major role in virulence regulation of S. aureus
regulating the expression of over 100 genes: SarA, catalase (katA), the alkaline shock protein (asp23),
Na*/H* antiporters as well as capsular genes were identified among the oB regulon (Bischoff et al.,
2004, Pané-Farré et al.,, 2006). oB-dependent regulation of virulence occurs mainly in stationary

growth phase of S. aureus or when bacteria are challenged with heat, alkaline conditions, MnCl, or
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NaCl (Entenza et al., 2005; Nicholas et al., 1999; Pané-Farré et al., 2006; Ziebandt et al., 2004; Ziebandt
et al., 2001). oB activity itself depends on the oB-activating protein RsbU (Giachino et al., 2001; Pané-
Farré et al., 2009). In absence of stress the anti-sigma-factor RsbW binds to oB thereby blocking
interaction with the RNA polymerase and subsequent gene expression (Miyazaki et al., 1999). Further,
RsbW phosphorylates and thus inactivates the anti-sigma antagonist RsbV whose activity is dependent
on its phosphorylation state. Only when in its un-phosphorylated state, RsbV competes with oB for
RsbW binding, which subsequently results in release of oB. Dephosphorylation of RsbV-P occurs in
response to stress by the action of two phosphatases RsbU and RsbP (Pané-Farré et al., 2009; Miyazaki
et al., 1999; Senn et al., 2005; Palma and Cheung, 2001).

The third alternative sigma-factor, the ECF sigma-factor oS, protects S. aureus against both cytoplasmic
and extracytoplasmic stresses thereby contributing to the overall fitness of this pathogen (Miller et al.,
2012; Shaw et al., 2008). Growth in serum-rich media and phagocytosis by RAW264.7 murine
macrophage-like cells was shown to induce the activity of ECF sigma-factor aS (Miller et al., 2012).

However, the regulon of oS remains still elusive.

2.4.4 Repressor of surface proteins (Rsp)

Expression of bacterial genes can further be modulated by DNA-binding regulators of the AraC/XyIS
family of transcriptional regulators, which were named after AraC from E. coli (Wallace et al., 1980;
Schleif, 2010) and XylS from Pseudomonas putida (Inouye et al., 1986). Members of this family harbour
two helix-turn-helix domains facilitating binding to the target DNA. AraC/XylS transcriptional
regulators are found in a large variety of bacterial species and are implicated in regulation of various
processes of metabolism and virulence (Gallegos et al., 1997).

S. aureus expresses five AraC/XylS transcriptional regulators (lbarra et al., 2013) among which Rbf and
Rsp have been implicated in regulation of biofilm formation (Cue et al., 2009, Lei et al., 2011). Rsp was

further shown to play a crucial role for regulation of cytotoxicity (Das et al., 2016, Li et al., 2016).

The AraC-type transcriptional regulator Rsp, a 701 amino acid protein, harbours both the
characteristically helix-turn-helix motifs as well as a glycosyl hydrolase domain of yet unknown
function. Rsp was initially identified to repress the expression of surface proteins such as FnbA and was
thus implicated in repressing biofilm formation (Lei et al., 2011). Due to its repressive action on surface
protein expression it was referred to as ‘Repressor of surface proteins’ (Rsp). Recently a role for Rsp in
regulation of a multitude of virulence factors, including hla, saeRS, lukA, chs, scpA and hlgC, was
identified (Das et al., 2016; Li et al., 2016). Regulation of those virulence factors was found to be
partially executed by induction of agr expression via binding to the P2 promotor region (Li et al., 2016).
Further, the loss of functional Rsp resulted in a complete absence of transcription of a ncRNA whose
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length was determined by TEX-treatment RNA-seq to be 1232 nt (Das et al., 2016; Fig. 2.8). In this study
transcription of rsp itself was inducible upon stimulation with hydrogen peroxide, which further
resulted in an enhancement of expression of a subset of Rsp-regulated virulence genes such as SSR42,
isdA, lukAB and lukS-PV (Das et al., 2016). Rsp was further demonstrated to be a crucial regulator
especially with regard to intracellular virulence and disease establishment in murine pneumonia and
skin infection models (Das et al., 2016, Li et al., 2016). Mutants in rsp are characterized by a loss of
haemolysis, strong reduction and delay of cytotoxicity due to reduced cytotoxin production and a
prolonged intracellular residence within host cells. However, the ability to establish bloodstream

infection was unaltered in mutants lacking Rsp (Das et al., 2016).
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Figure 2.8: Long non-coding RNA SSR42. TEX-treatment RNA-seq shows absence of a 1232 nt long primary
transcript encoding ncRNA SSR42 in mutants lacking functional Rsp. Figure modified from Das et al., 2016.

2.4.5 Regulatory link between metabolism and virulence regulation
S. aureus exploits a wide array of host niches for growth and thus requires mechanism to adapt to the
different environments. For this reason, metabolism and virulence gene regulation must be linked
closely. S. aureus possesses several regulatory factors bridging metabolism and virulence regulation
such as the global repressor CodY, transcriptional regulator RpiRc and catabolite control protein E
(CcpE).
The global repressor CodY regulates the expression of a large variety of virulence genes including agr,
saes, sodA, hla and hib and genes involved in nucleotide metabolism (Pohl et al., 2009, Majerczyk et
al.,, 2010). Only when bound to GTP or branched chain amino acids (BCAAs) CodY executes its
repressive function (Majerczyk et al., 2010). During nutrient depletion, characterized by a shortage of
BCAA and GTP, CodY remains unbound resulting in a subsequent de-repression of the CodY regulon
(Majerczyk et al., 2010). Amino acid starvation further induces the synthesis of alarmones ((p)ppGpp)
thereby reducing the availability of GTP (Geiger et al., 2014; Manav et al., 2018). The synthesis of
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alarmones subsequently triggers transcriptional repression of the protein synthesis machinery
resulting in proliferation arrest. Both stringent response and CodY are connected via the GTP-pool and
the expression of most Cody-regulated genes was shown to be affected by the production of
alarmones (Geiger et al., 2012) thereby bridging metabolism and virulence regulation in S. aureus.
Another factor contributing to the connection between virulence regulation and the metabolic state
of S. aureus is RpiRc, a member of the RpiR family of transcriptional regulators. RpiRc positively
regulates the expression of genes from the pentose phosphate pathway (Zhu et al., 2011) while
repressing the transcription of RNAIIl (Gaupp et al., 2016) and leukocidins (Balasubramanian et al.,
2016). RpiRc was implicated in pathogenicity with mutants displaying an attenuated virulence
phenotype in a murine pneumonia model (Gaupp et al., 2016). In contrast, loss of RpiRc further
resulted in an increase in abscess formation in visceral organs in the same study (Gaupp et al., 2016)
and lead to an increase in killing of host neutrophils as well as in pathogenesis of blood stream
infections (Balasubramanian et al., 2016). RpiRc was proposed to execute virulence regulation partially
indirectly by means of oB and SarA (Gaupp et al., 2016).

The presence of glucose was reported to repress the expression of both virulence factors such as hla,
psma and regulatory RNA RNAIII as well as metabolic genes corresponding to the TCA cycle via the
regulatory action of catabolite control protein CcpE (Hartmann et al., 2014). Mutants in CcpE exhibit
enhanced virulence in murine lung, skin and systemic infection models (Ding et al., 2014, Hartmann et
al., 2014) and CcpE is hence thought to contribute to virulence of intracellular S. aureus by regulating
the transition between different host environments via sensing the varying glucose concentrations

(reviewed in Horn et al., 2018a).

2.5 Non-coding RNAs

2.5.1 Gene regulation by non-coding RNAs

Besides regulation by two-component systems and other regulatory proteins a major part of the
virulome of S. aureus is regulated by non-coding RNAs (ncRNA). Regulatory ncRNAs either base-pair to
their respective target mRNA forming RNA duplexes thereby modulating the efficiency of translation
or stability of the target mRNA (Fig. 2.9). The formation of RNA-RNA duplexes is often facilitated by
RNA-binding proteins such as Hfg (reviewed in Guillet et al., 2013). A further regulatory mechanism
employed by ncRNAs is via binding to proteins. By mimicking the protein binding sequence of mRNAs
NncRNAs can titrate binding affinities of proteins and mRNAs thereby modulating their activities

(Chambers and Sauer, 2013; Svensson and Sharma, 2016).
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Figure 2.9: Mechanism of posttranscriptional regulation by regulatory RNAs. Expression repression and
activation mechanisms employed by ncRNAs (red). Base-pairing of ncRNAs to the target mRNA (blue) can either
block the ribosomal access or lead to recruitment of Rnases thereby decreasing mRNA translation. In contrast,
base-pairing of ncRNA and mRNAs can result in release of occluded ribosomal binding sites or protect the mRNA
from RNases thus increase mRNA stability or translation. Figure modified from Svensson and Sharma, 2016.

Non-coding RNAs can be subdivided into two classes: cis- and trans-encoded ncRNAs (Fig. 2.10). While
cis-encoded ncRNAs are transcribed on the opposite DNA strand of their target mMRNA and thus execute
their regulatory properties via perfect complementary base-pairing, trans-encoded ncRNAs are
transcribed from a different genetic locus than the respective target mRNA. Trans-encoded RNAs thus
only share partial complementarity to their target mRNA (Thomason and Storz, 2010). While in E.coli
a so-called seeding sequence of 6-7 nucleotides is sufficient for initiation of a ncRNA-mRNA interaction
(Papenfort and Vogel, 2010), this was shown to be not sufficient for ncRNAs of S. aureus. For most
ncRNAs of S. aureus the interaction of ncRNA and mRNA involves a much longer sequence. This is

thought to result from the high A-T content of the S. aureus genome (Guillet et al., 2013).
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Figure 2.10: Graphical representation of the mode of action of cis- and trans-encoded sRNAs. A) While cis-
encoded sRNAs (red) are encoded on the same genetic locus as their target mMRNAs (blue) trans-encoded sRNAs
are located on different genetic loci than their target mRNA. Adapted from Prasse et al., 2013.
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2.5.2 RNA-binding protein Hfq

The imperfect complementarity of trans-encoded ncRNAs to their respective target-mRNA often
requires the aid of auxiliary factors such as Hfq. This RNA-binding protein can be found in a large array
of bacterial species and serves as an RNA-chaperone stabilizing the interaction of trans-encoded
ncRNAs and their respective target mRNAs (Vogel and Luisi, 2011; Valentin-Hansen et al., 2004). Hfq
forms a homo-hexameric ring-like structure featuring two single-stranded RNA binding domains
located on opposing sites of the molecule (Fig. 2.11). While the distal RNA-binding domain only
interacts with poly-A sequences the proximal domain binds ncRNAs via interaction with AU-rich
sequences thereby allowing a simultaneous interaction with both ncRNA and their respective target
mRNA (Link et al., 2009; Schumacher et al., 2002).

While in E. coli Hfq not only facilitates ncRNA-mRNA interactions but was further shown to interfere
with RNA turnover by recruiting RNase E (Bandyra et al., 2012; Urban und Vogel, 2007), the exact
function for Hfq in S. aureus remains elusive and needs further investigation. Deletion of hfg was
analysed in three different S. aureus strains (RN6390, COL and Newman) where it had no impact on
more than 2,000 different phenotypes of S. aureus (Bohn et al., 2007). However, inactivation of Hfq in
strain 8325-4, a natural rsbU mutant, altered the expression of 116 genes including the carotenoid
pigment staphyloxanthin (Liu et al.,, 2010). This Hfg-dependent differential regulation of
staphyloxanthin expression was observed in strain N315 as well (Castro et al., 2011). While
involvement of Hfqg in base-pairing of RNAIIl to spA or sa1000 mRNA was excluded (Huntzinger et al.,
2005), RNAIIl and Hfq could be co-purified using a Hfg-pulldown approach (Liu et al., 2010). In this
study Hfg was further co-purified with sbi, sucD and rot mRNA, which are regulated by the non-coding
RNAs SprD, RsaE and RNAIII, respectively (Liu et al., 2010), hence indicating a potential role for Hfq in
facilitating ncRNA-mediated regulation of target genes in S. aureus. However, the role of Hfq in ncRNA-
dependent regulation of target genes remains rather ambiguous and requires further investigation.
The discrepancies in the regulatory impact of Hfq in the different studies could result from the

expression levels of hfg, which vary drastically in different S. aureus strains (Liu et al., 2010).

Proximal face

Distal face

Figure 2.11: Two-dimensional structure of RNA-binding protein Hfq. Hfg forms a homo-hexameric ring-like
structure exhibiting two faces for binding of RNAs (represented in orange). The distal domain interacts with poly-
A sequences while the proximal part binds ncRNAs via AU-rich sequences. Modified from Vogel and Luisi, 2011.
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2.5.3 RNA-turnover

In E. coli the turnover of mRNA is mainly executed by endoribonuclease RNase E followed by the
activities of PNPase, DEAD-box RNA helicase RhIB and enolase constituting the so-called degradosome
(Carpousis, 2007). However, most gram-positive bacteria do not express RNase E but orthologues of
RNase E and the other components of the degradosome (Cho, 2017). In S. aureus the RNase E function
is executed via the orthologous endoribonuclease RNase Y, which was reported to initiate degradation
of approximately one hundred mRNA species and some sRNAs (Khemici et al., 2015, Marincola et al.,
2012). Cleavage by RNase Y triggers subsequent mRNA decay. The resulting RNA fragments are thought
to be further degraded by the 5°-3"exoribonuclease activity of RNase J1 and by PNPase (Durand et al.,
2012; Lehnik-Habrink et al., 2012; Cho, 2017). While not required for growth RNase Y was reported to
be crucial for virulence in a murine bacteraemia model and implicated in regulation of transcription of
virulence genes including spA and hlgC. A further important role regarding virulence gene regulation
is executed via processing the unstable primary transcript T1 encoding saePQRS to obtain the more
stable transcript T2 (Marincola et al., 2012; see section 2.4.1.2). Recently a further protein, the DEAD-
box helicase CshA, was identified to interact with components of the RNA degradosome of S. aureus
(Giraud et al., 2015) thus acting as a functional homologue for RhIB of E. coli. Besides affecting bulk
mRNA turnover, CshA was reported to affect virulence phenotypes such as biofilm formation and
haemolysis via modulating the stability of agr mRNA (Oun et al., 2013) and to be required for formation
and subsequent stabilization of SRNA teg049 encoded in the 5'"UTR of sarA mRNA (Kim et al., 2016).
Moreover, interaction with CshA confers a protective role against the endoribonuclease activity of
toxin MazF. While induction of MazF results in cleavage of a majority of virulence-associated mRNAs,
most house-keeping mRNAs, sarA mRNA and several sRNAs are protected by presence of the RNA-
binding protein CshA and their stability was reported to be significantly reduced in mutants lacking

cshA (Kim et al., 2016).

2.5.4 Non-coding RNAs in Staphylococcus aureus

In S. aureus more than 250 genes encoding small RNAs (sRNA), mostly encoded on the core genome,
were identified by various experimental approaches (Abu-Qatouseh et al., 2010; Anderson et al., 2006;
Beaume et al., 2010; Bohn et al., 2010; Geissmann 2009; Novick et al., 1989; Novick et al., 1993; Pichon
and Felden, 2005). However, the function of most sRNAs in S. aureus remains elusive. The best
characterized ncRNA of S. aureus is RNAIIl, the main effector of the agr quorum-sensing system (see
chapter 2.4.1.1, Boisset et al., 2007, Bronesky et al., 2016, Huntzinger et al., 2005). The regulation of
target genes by RNAIIl is executed mainly via base-pairing to target mRNAs thereby modulating
translation by granting or blocking access to the Shine-Dalgarno sequence (Morfeldt et al., 1995;

Geisinger et al., 2006) or facilitating degradation (Chevalier et al., 2010; Fig. 2.12). By these means
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RNAIII facilitates the translation of a-toxin. The high complementarity between the 5’end of RNAIIl and
the 5’untranslated region (UTR) of hla mRNA leads to formation of a RNA-duplex which prevents the
intramolecular base-pairing of hla mRNA that would block translation. Regulation of a-toxin expression
by RNAIIl is hence executed by enabling ribosomal access to the Shine-Dalgarno sequence via base
complementarity to hla mRNA (Morfeldt et al., 1995). RNAIIl was further shown to block the
translation of a major transcription, factor repressor of toxins (rot), by blocking its translation
(Geisinger et al., 2006).

The ncRNA psm-mec, which is encoded on the SCCmec mobile genetic element was reported to repress
translation of agrA mRNA thereby attenuating the virulence potential of S. aureus (Kaito et al., 2013).
Another ncRNA of S. aureus SprD, encoded on a pathogenicity island (Pichon and Felden, 2005) was
implicated in regulation of sbi translation (Chabelskaya et al., 2014). Recently AgrA-repressed toxin
regulating sSRNA (ArtR) was identified to regulate a-toxin expression via binding to the 5" UTR of sarT

mRNA thereby facilitating its degradation (Xue et al., 2014).
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Figure 2.12: Two-dimensional structure of ncRNA RNAIII of S. aureus and mechanisms of expression regulation.
RNAIII consist 14 stem loop structures that are involved in virulence factor regulation by liberation of ribsosomal
binding sites, stabilization, translation activation, translation repression or recruitment of RNase Ill. Modified
from Bronesky et al., 2016.
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Several sRNAs of S. aureus such as sRNAs from the Rsa family and RNAIIl share a common motif
featuring the consensus sequence UCCC, which is involved in the initial pairing to the target mRNA
(Geissmann et al., 2009). RNAIIIl harbours such UCCC motifs in loop H7, H13 and H14 which were
demonstrated to be involved in the interaction with the Shine-Dalgarno sequence of target mRNAs
such as spA, coa and rot mRNA (Benito et al., 2000; Chevalier et al., 2010; Geisinger et al., 2006; Guillet
et al., 2013). Such UCCC motifs can further be found in other gram-positive bacteria and are
hypothesized to be a common feature of translation regulation by ncRNAs (Gaballa et al., 2008;

Mandin et al., 2007; Nielsen et al., 2008; Toledo-Arana et al., 2009).

While for most ncRNAs in S. aureus the exact function remains elusive a role for ncRNA SSR42 in
regulation of haemolysis and expression of 80 mMRNA species has been proposed (Morrison et al.,
2012a). SSR42 was identified as 891 nt long ncRNA which was stabilized during stationary growth phase
in S. aureus (Olson et al., 2011; Morrison et al., 2012a). SSR42 has also been detected in other studies
although with slightly different length estimates: Teg27: 1176 nt (Beaume et al., 2010), srn_4470: 1174
nt (Sassi et al., 2015), or RsaX28: 1177 nt (Khemici et al., 2015). A genome-wide identification of RNase
Y processing sites identified a single cleavage site within the SSR42 molecule (Khemici et al., 2015).
SSR42 was grouped into the so-called small stable RNAs, which are thought to adopt crucial functions
during otherwise detrimental conditions (Anderson et al., 2006; Anderson et al., 2010; Olson et al.,
2011; Roberts et al., 2006). Mutants in SSR42 were shown to display reduced haemolysis, resistance
towards human neutrophil killing and virulence in a murine model of SSTls. Regulation of haemolysis
was demonstrated to be executed via modulation of the hla promotor activity (Morrsion et al., 2012a).
In a recent study SSR42 was identified as a major target of global regulator Rsp (see section 2.4.4). Lack
of Rsp resulted in a complete loss of SSR42 transcription, reduced haemolysis and cytotoxicity. SSR42
was thus proposed to be a potential effector of Rsp-mediated virulence. However, in this study, the
length of the primary transcript of SSR42 was determined to encompass 1232 nt via TEX-treatment

RNA-seq (Das et al., 2016).

44



INTRODUCTION

2.6 Aim of the study

S. aureus regulates virulence to a large proportion via ncRNAs. Whereas, the mostly non-coding RNA
RNAIIl is well-studied, little is known about the regulatory role of other ncRNAs. Recently, the ncRNA
SSR42 was identified as main target of Repressor of surface proteins, Rsp, however, the regulatory role

of SSR42 remained largely elusive.

The aim of this study hence was the functional characterization of SSR42 by phenotypic analysis,
thereby investigating the effects resulting from deletion of this ncRNA on staphylococcal haemolysis,
cytotoxicity and virulence. In order to gain insight into the regulatory properties of SSR42 the regulon
of this ncRNA will be identified by employing high-throughput analyses on RNA and protein level. Apart
from phenotypic analysis this study aims to characterize ncRNA SSR42 on a molecular level by
employing secondary structure predictions as well as mutational approaches in order to identify
functional domains within this molecule. Promotor activity studies will be applied to study the
expression of SSR42 during different growth phases and to identify stressors influencing the
transcription of this ncRNA. These promotor activity studies will further be applied in different S.
aureus regulator mutants to resolve the position of SSR42 in the virulence regulatory network of S.

aureus.
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3 MATERIAL AND METHODS
3.1 Material
3.1.1 Bacterial strains

Table 3.1: Bacterial strains used in this study.

Strain

Description

Source

Staphylococcus aureus

UAMS-1

Osteomyelitis isolate, Little Rock, AR, USA

Gillaspy et al., 1995

UAMS-1 pPssra2-GFP

UAMS-1 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

UAMS-1 pPrsp'G FP

UAMS-1 expressing GFP under control of the
promotor of rsp; used for analysis of rsp

promotor activity

This study

HGO003

NCTC8325, rsbU*, tcaR*

Herbert et al., 2010

HGO003 pPssra2-GFP

HGO003 expressing GFP under control of the

promotor of SSR42; used for analysis of

This study

SSR42 promotor activity
N315 Pharyngeal smear isolate, Japan, 1985, ORSA  Kuroda et al., 2001
N315 pPssra2-GFP N315 expressing GFP under control of the This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
CcoL Archaic MRSA strain from UK Gill et al., 2005
COL pPssra2-GFP COL expressing GFP under control of the This study

promotor of SSR42; used for analysis of

SSR42 promotor activity

MwW2

Community-acquired isolate causing

septicaemia and septic arthritis, North

Baba et al., 2002

Dakota
MW2 pPssra2-GFP MW?2 expressing GFP under control of the This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
Cowan | Non-haemolytic, protein A overproducer ATCC 12598
Cowan | pPssra2-GFP Cowan | expressing GFP under control of the  This study

promotor of SSR42; used for analysis of

SSR42 promotor activity

Newman

Strong producer of clumping factor

Duthie and Lorenz, 1952
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Newman pPssra2-GFP

Newman expressing GFP under control of
the promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

RN4220

Derivative of NCTC8325-4 accepting foreign
DNA

Kreiswirth et al., 1983

RN4220 pPssra2-GFP

RN4220 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

JE2

USA300 LAC MRSA, plasmid-cured; erm®

Fey et al., 2013

JE2 pPssra2-BgaB

JE2 expressing BgaB under control of the
promotor of SSR42; used for analysis of
SSR42 promotor activity in disc diffusion

assays

This study

JE2 pAHT-SSR42

JE2 expressing SSR42 under control of an

AHT-inducible promotor

This study

JE2 pPssra2-GFP

JE2 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

JE2 pPrsp'GFP

JE2 expressing GFP under control of the
promotor of rsp; used for analysis of rsp

promotor activity

This study

JE2 pPhia-GFP

JE2 expressing GFP under control of the
promotor of hla; used for analysis of hla

promotor activity

This study

NE1614 JE2, SAUSA300_2325::Bursa Fey et al., 2013
NE954 JE2, SAUSA300_2327::Bursa Fey et al., 2013
NE1622 JE2, saeR::Bursa (SAUSA300_0691) Fey et al., 2013
NE1622 pAHT-SSR42 NE1622 expressing SSR42 under control of This study

an AHT-inducible promotor
NE1622 pPssra2-GFP NE1622 expressing GFP under control of the  This study

promotor of SSR42; used for analysis of

SSR42 promotor activity

NE1532

JE2, agrA::Bursa (SAUSA300_1992)

Fey et al., 2013

NE1532 pPssra2-GFP

NE1532 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study
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NE1532 pP:sp-GFP

NE1532 expressing GFP under control of the
promotor of rsp; used for analysis of rsp

promotor activity

This study

NE217

JE2, pknB ::Bursa (SAUSA300_1113)

Fey et al., 2013

NE217 pPssra2-GFP

NE217 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

NE1296 JE2, saeS::Bursa (SAUSA300_0690) Fey et al., 2013
NE1296 pPssra2-GFP NE1296 expressing GFP under control of the  This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE1296 pP:s,-GFP NE1296 expressing GFP under control of the  This study

promotor of rsp; used for analysis of rsp

promotor activity

NE1304

JE2, rsp::Bursa (SAUSA300_2326)

Fey et al., 2013

NE1304 pS2217-3xFLAG

NE1304 expressing triple FLAG-tagged Rsp

under control of native promotor

Sudip Das, PhD thesis

NE1304 pPssra2-GFP

NE1304 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

NE1109 JE2, rpoF::Bursa (SAUSA300_2022) Fey etal., 2013
NE1109 pPssra2-GFP NE1109 expressing GFP under control of the  This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE1109 pP:sp-GFP NE1109 expressing GFP under control of the  This study

promotor of rsp; used for analysis of rsp

promotor activity

NE1607 JE2, rsbU::Bursa (SAUSA300_2025) Fey et al., 2013
NE1607 pPssra2-GFP NE1607 expressing GFP under control of the  This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE1607 pP:sp-GFP NE1607 expressing GFP under control of the  This study

promotor of rsp; used for analysis of rsp

promotor activity

NE1560

JE2, ccpE::Bursa ( SAUSA300_0658)

Fey et al., 2013

NE1560 pPssra2-GFP

NE1560 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study
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NE1560 pP:sp-GFP

NE1560 expressing GFP under control of the
promotor of rsp; used for analysis of rsp

promotor activity

This study

NE1555 JE2, codY::Bursa (SAUSA300_1148) Fey et al., 2013
NE1555 pPssra2-GFP NE1555 expressing GFP under control of the  This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE1555 pP:sp-GFP NE1555 expressing GFP under control of the  This study

promotor of rsp; used for analysis of rsp

promotor activity

NE554

JE2, vraR::Bursa (SAUSA300_1865)

Fey et al., 2013

NE554 pPssra2-GFP

NE554 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42promotor activity

This study

NE823

JE2, vraS::Bursa (SAUSA300_1866)

Fey et al., 2013

NE823 pPssra2-GFP

NE823 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

NE229 JE2, vfrB::Bursa (SAUSA300_1119) Fey et al., 2013
NE229 pPssra2-GFP NE229 expressing GFP under control of the This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE229 pP:sp-GFP NE229 expressing GFP under control of the This study

promotor of rsp; used for analysis of rsp

promotor activity

NE1684 JE2, arIR::Bursa (SAUSA300_1308) Fey et al., 2013
NE1684 pPssra2-GFP NE1684 expressing GFP under control of the  This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE1684 pP:s,-GFP NE1684 expressing GFP under control of the  This study

promotor of rsp; used for analysis of rsp

promotor activity

NE1183

JE2, arlS::Bursa (SAUSA300_1307)

Fey et al., 2013

NE1183 pPssra2-GFP

NE1183 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

NE1309

JE2, srrA::Bursa (SAUSA300_1442)

Fey et al., 2013
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NE1309 pPssra2-GFP NE1309 expressing GFP under control of the  This study
promotor of SSR42; used for analysis of
SSR42 promotor activity

NE1309 pP:s,-GFP NE1309 expressing GFP under control of the  This study

promotor of rsp; used for analysis of rsp

promotor activity

NE588 JE2, srrB::Bursa (SAUSA300_1441) Fey et al., 2013
NE588 pPssra2-GFP NE588 expressing GFP under control of the This study
promotor of SSR42; used for analysis of
SSR42 promotor activity
NE588 pP:sp-GFP NE588 expressing GFP under control of the This study

promotor of rsp; used for analysis of rsp

promotor activity

JE2-217

JE2 Arny, deletion of gene rny encoding

RNase Y (SAUSA300_1179)

Marincola et al., 2012

JE2-217 pCG296

JE-217 complemented in trans with rny

under control of its native promotor

Marincola et al., 2012

JE2-217 pPssra2-GFP

JE-217 expressing GFP under control of the
promotor of SSR42; used for analysis of

SSR42 promotor activity

This study

JE2 Arelp Arelq Arsh

JE2, deletion of alarmone production

encoding genes relp, relqg and rsh

Geiger et al., 2014

JE2 Arelp Arelq Arsh pPssra2-GFP

JE2 Arelp Arelq Arsh expressing GFP under
control of the promotor of SSR42; used for

analysis of SSR42 promotor activity

This study

JE2 ArpiRc

JE2, deletion of gene rpiRc
(SAUSA300_2264)

Gaupp et al., 2016

JE2 ArpiRc pPssra2-GFP JE2 ArpiRc expressing GFP under control of This study
the promotor of SSR42; used for analysis of
SSR42 promotor activity

JE2 ArpiRc pPrsp-GFP JE2 ArpiRc expressing GFP under control of This study
the promotor of rsp; used for analysis of rsp
promotor activity

JE2 AsigS JE2, markerless deletion of gene sigS This study
encoding alternative sigma factor oS

JE2 AsigS pPssra2-GFP JE2 AsigS expressing GFP under control of This study

the promotor of SSR42; used for analysis of

SSR42 promotor activity
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JE2 2500639R JE2, SSR42::Bursa Fey et al., 2013

JE2 2500639R pSSR42 JE2 2500639R complemented in trans for This study
SSR42 and upstream ORF RSAU_002216

under control of the native promotors

JE2 2500639R pPhia-GFP JE2 2500639R expressing GFP under control  This study
of the promotor of hla; used for analysis of

hla promotor activity

6850 MSSA, isolated from a patient with a Vann and Proctor, 1987
skin abscess, progressed to bacteraemia,
osteomyelitis, septic arthritis, and multiple

systemic abscesses

6850 pragrp3-GFP 6850 expressing GFP under control of agr P3  This study
the agr P3 promotor; used for analysis of

SSR42 promotor activity

6850 pPssra2-BgaB 6850 expressing BgaB under control of the This study
promotor of SSR42; used for analysis of
SSR42 promotor activity in disc diffusion

assays

6850 pPssra2-GFP 6850 expressing GFP under control of the This study
promotor of SSR42; used for analysis of

SSR42 promotor activity

6850 pP:sp-GFP 6850 expressing GFP under control of the This study
promotor of rsp; used for analysis of rsp

promotor activity

6850 pPhia-GFP 6850 expressing GFP under control of the This study
promotor of hla; used for analysis of hla

promotor activity

6850 pPsaer1-GFP 6850 expressing GFP under control of the This study
promotor of sae P1; used for analysis of sae

P1 promotor activity

6850 pPcoa-GFP 6850 expressing GFP under control of the This study
promotor of coa; used for analysis of coa

promotor activity

6850 pPidho-GFP 6850 expressing GFP under control of the This study
promotor of IdhD; used for analysis of /[dhD

promotor activity
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6850 pPpsma-GFP 6850 expressing GFP under control of the This study
promotor of psma; used for analysis of psma

promotor activity

6850 Arsp 6850 with targeted deletion of gene locus Das et al., 2016
RSAU_002217 (rsp)

6850 Arsp pS2217-3xFLAG JE2 expressing triple FLAG-tagged Rsp under  Sudip Das, PhD thesis

control of native promotor

6850 Arsp pPssra2-BgaB 6850 Arsp expressing BgaB under control of  This study
the promotor of SSR42; used for analysis of

SSR42 promotor activity in disc diffusion

assays
6850 Arsp pRsp-Pssra2-BgaB 6850 Arsp complemented in trans for ORF Stefanie Feuerbaum,
RSA_002217 (rsp) expressing BgaB under Master thesis

control of the promotor of SSR42; used for
analysis of SSR42 promotor activity in disc

diffusion assays

6850 Arsp pPssra2-GFP 6850 Arsp expressing GFP under control of This study
the promotor of SSR42; used for analysis of

SSR42 promotor activity

6850 Ahla 6850 with targeted deletion of gene locus Sudip Das, PhD thesis
RSAU_001044 (hla gene)

6850 ASSR42 6850 with targeted deletion of ncRNA SSR42  This study

6850 ASSR42 pPhia-GFP 6850 ASSR42 expressing GFP under control This study
of the promotor of hla; used for analysis of

hla promotor activity

6850 ASSR42 pPsaep1-GFP 6850 ASSR42 expressing GFP under control This study
of the promotor of sae P1; used for analysis

of sae P1 promotor activity

6850 ASSR42 pPcoa-GFP 6850 ASSR42 expressing GFP under control This study
of the promotor of coa; used for analysis of

coa promotor activity

6850 ASSR42 pPpsma-GFP 6850 ASSR42 expressing GFP under control This study
of the promotor of psma; used for analysis

of psma promotor activity

6850 ASSR42 pPiahp-GFP 6850 ASSR42 expressing GFP under control This study
of the promotor of IdhD; used for analysis of

IdhD promotor activity
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6850 ASSR42 pSSR42 6850 ASSR42 complemented in trans for This study
SSR42 and upstream ORF RSAU_002216

under control of the native promotors

6850 ASSR42 pSSR42-rsp 6850 ASSR42 complemented in trans for This study
SSR42, upstream ORF RSAU_002216 and rsp

under control of the native promotors

6850 ASSR42 p2216-2218 6850 ASSR42 complemented in trans for This study
SSR42, upstream ORF RSAU_002216, rsp and
downstream ORF RSAU_002218 under

control of the native promotors

6850 ASSR42 pAHT-SSR42 6850 ASSR42 complemented in trans for This study
SSR42 under control of an AHT-inducible

promotor

6850 ASSR42 pAHT-SSR42-5ms2 6850 ASSR42 complemented in trans for This study
SSR42 under control of an AHT-inducible
promotor; SSR42 is tagged at the 5’end with

a ms2-aptamer

6850 ASSR42 pAHT-MS2-Ter 6850 ASSR42 expressing a ms2-aptamer This study

under control of an AHT-inducible promotor

6850 ASSR42 pAHT-SSR42- 6850 ASSR42 complemented in trans for This study
14mer SSR42 under control of an AHT-inducible
promotor; SSR42 is tagged at the 5’end with

a 14 nt long aptamer

6850 ASSR42 pAHT-14mer-Ter 6850 ASSR42 expressing a 14 nt long This study
aptamer under control of an AHT-inducible

promotor

6850 ASSR42 pSSR42A1 6850 ASSR42 complemented in trans for This study
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,023-2,352,099

6850 ASSR42 pSSR42A2 6850 ASSR42 complemented in trans for This study
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,157-2,352,221

6850 ASSR42 pSSR42A3 6850 ASSR42 complemented in trans for This study
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp ,2352,282-2,352,348
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6850 ASSR42 pSSR42A4

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,415-2,352,483

This study

6850 ASSR42 pSSR42A5

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,535-2,352,607

This study

6850 ASSR42 pSSR42A6

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,688-2,352,742

This study

6850 ASSR42 pSSR42A7

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,858-2,352,794

This study

6850 ASSR42 pSSR42A8

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a small deletion

encompassing bp 2,352,917-2,352,978

This study

6850 ASSR42 pSSR42-rsp-
RNaseY-mutG

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a nucleotide exchange in the
RNase Y-cleavage initiating guanosine (bp

2,352,899)

This study

6850 ASSR42 pSSR42-rsp-
mutORF

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a nucleotide exchange in the

putative ORF 3 (bp 2,352,818)

This study

6850 ASSR42 pSSR42-rsp-
delRNaseY

6850 ASSR42 complemented in trans for
SSR42 under control of the native promotor;
SSR42 harbours a small deletion
encompassing the RNase Y cleavage

sequence (bp 2,352,844-2,352914)

This study

6850 ASSR42 pSSR42 mini-1

6850 ASSR42 complemented in trans for a
drastically reduced to 780 nt long SSR42

under control of the native promotor

This study
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(deleted nucleotides: bp 2,352,219 -
2,352,658)

6850 ASSR42 pSSR42 mini-2

6850 ASSR42 complemented in trans for a
drastically reduced to 643 nt long SSR42
under control of the native promotor
(deleted nucleotides: bp 2,352,916-
2,353,044)

This study

6850 ASSR42 pStemLoop2-Term

6850 ASSR42 complemented in trans for
only a certain, stem loop featuring region of
SSR42 under control of the native promotor

(bp 2,351,984-2,352,137)

This study

6850 ASSR42-rsp

6850 with targeted deletion of ncRNA SSR42
and gene locus RSAU_002217 (rsp)

This study

6850 ASSR42-rsp pSSR42

6850 ASSR42-rsp complemented in trans for
SSR42 and upstream ORF RSAU_002216

under control of the native promotors

This study

6850 ASSR42-rsp pS2217

6850 ASSR42-rsp complemented in trans for
ORF RSAU_002217 (rsp) under control of the

native promotor

This study

6850 ASSR42-rsp pSSR42-2217

6850 ASSR42-rsp complemented in trans for
SSR42, upstream ORF RSAU_002216 and rsp

under control of the native promotors

This study

6850 ASSR42-rsp p2216-2218

6850 ASSR42-rsp complemented in trans for
SSR42, upstream ORF RSAU_002216, rsp and
downstream ORF RSAU_002218 under

control of the native promotors

This study

6850 ASSR42-rsp pAHT-SSR42

6850 ASSR42-rsp complemented in trans for
SSR42 under control of an AHT-inducible

promotor

This study

6850 ASSR42-rsp pAHT-rsp

6850 ASSR42-rsp complemented in trans for
RSAU_002217 (rsp) under control of an AHT-

inducible promotor

This study

6850 ASSR42-spec’

6850 with targeted deletion of ncRNA
SSR42. SSR42 locus was exchanged with

spectinomycin resistance cassette

This study

HGO001 /exA-G94E

HGO0O01, /exA-G94E

Schroder et al., 2013

HGO01 /exA-G9AE pPssra>-BgaB

HGO001 /exA-G94E expressing BgaB under

control of the promotor of SSR42; used for

This study
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analysis of SSR42 promotor activity in disc

diffusion assays

Escherichia coli

the constitutive sarAP1 promoter

DH5a fhuA2 lac(del)U169 phoA ginV44 ©80’ Hanahan, 1983;
lacZ(del)M15 gyrA96 recAl relAl endAl thi- BRL Life Technology
1 hsdR17; used for cloning
3.1.2 Plasmids
Table 3.2: Used plasmids in this study.
Name Description/ purpose Source
p2085 Derivative of pALC2084 (Bateman et al., 2001), Giese et al., 2009
shuttle vector with pC194 and pUC19 backbones,
containing tetR and Pxyi/tet promoter driving GFPuvr
expression, CmF
pBASE6 Derivate of pBT2 vector for targeted deletion Geiger et al., 2012
pJL78 Vector expressing gfp in S. aureus under control of  Liese et al., 2013

pPBASE6-SSR42 Derivate of pBASE®6, plasmid for targeted, This study
markerless deletion of SSR42

pBASE6-SSR42-rsp Derivate of pBASE®6, plasmid for targeted, This study
markerless deletion of SSR42 and ORF
RSAU_002217 (rsp)

pBASE6-SSR42-spek Derivate of pBASE®6, plasmid for targeted deletion  This study
of SSR42 and insertion of spectinomycin resistance
cassette

pSSR42 Complementation of SSR42; expression driven by This study
native promotor

pPSSR42-rsp Complementation of SSR42; expression driven by This study
native promotor

p2216-2218 Complementation of SSR42, upstream and This study
downstream genes

pS2217 Complementation of rsp,; expression driven by Das et al., 2016
native promotor

PAHT-SSR42 Complementation of SSR42 under control of AHT-  This study
inducible promotor

PAHT-rsp Complementation of rsp under control of AHT- This study

inducible promotor
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pS2217-3xFLAG

Complementation of rsp with triple FLAG-tag;

expression driven by native promotor

Sudip Das, PhD thesis

pPagrr3-GFP GFP transcription under control of agr P3 This study
Promotor; used for promotor activity studies

pPssra2-GFP GFP transcription under control of SSR42 This study
Promotor; used for promotor activity studies

PPrsp-GFP GFP transcription under control of rsp Promotor; This study
used for promotor activity studies

PPsaer1-GFP GFP transcription under control of sae P1 This study
Promotor; used for promotor activity studies

pPPcoa-GFP GFP transcription under control of coa Promotor; This study
used for promotor activity studies

pPhia-GFP GFP transcription under control of hla Promotor; This study
used for promotor activity studies

pPidhp-GFP GFP transcription under control of /dhD Promotor;  This study
used for promotor activity studies

PPpsma-GFP GFP transcription under control of psma This study

Promotor; used for promotor activity studies

pPssra2-BgaB

B-galactosidase (BgaB)transcription under control

of SSR42 Promotor

Stefanie Feuerbaum; Master

thesis

pPRsp-Pssra2-BgaB

B-galactosidase (BgaB)transcription under control

Stefanie Feuerbaum; Master

of SSR42 Promotor; including ORF rsp thesis
(RSAU_002217)

pSSR42A1 Complementation of SSR42 with small deletion in This study
2,352,023-2,352,099 bp; native promotor

pSSR42A2 Complementation of SSR42 with small deletion in This study
2,352,157-2,352,221bp; native promotor

pSSR42A3 Complementation of SSR42 with small deletion in This study
2,352,282-2,352,348 bp; native promotor

pSSR42A4 Complementation of SSR42 with small deletion in This study
2,352,415-2,352,483 bp; native promotor

pSSR42A5 Complementation of SSR42 with small deletion in This study
2,352,535-2,352,607 bp; native promotor

pSSR42A6 Complementation of SSR42 with small deletion in This study
2,352,688-2,352,742 bp; native promotor

pPSSR42A7 Complementation of SSR42 with small deletion in This study

2,352,858-2,352,794 bp; native promotor
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pPSSR42A8

Complementation of SSR42 with small deletion in

2,352,917-2,352,978 bp; native promotor

This study

PSSR42 mini-1

Derivate of pSSR42 for creation of minimal, 793 nt
long ncRNA SSR42 mini-1; transcription driven by
native promotor (deleted nucleotides: bp

2,352,219 -2,352,658)

This study

PSSR42 mini-2

Derivate of pSSR42 for creation of minimal, 643 nt
long ncRNA SSR42 mini-1; transcription driven by
native promotor (deleted nucleotides: bp

2,352,916-2,353,044)

This study

pGCG296

Complementation of rny; transcription driven by

native promotor

Marincola et al., 2012

PSSR42-rsp-delRNaseY Derivate of pSSR42-rsp with 69 nt deletion This study
encompassing RNase Y cleavage site in SSR42 (bp
2,352,844-2,352914); SSR42 transcription driven
by native promotor

PSSR42-rsp-mutORF Derivate of pSSR42-rsp encompassing a nucleotide  This study
exchange in the putative ORF 3 (bp 2,352,818);
native promotor

PSSR42-rsp-RNaseY_mutG Derivate of pSSR42-rsp; SSR42 harbours a This study
nucleotide exchange in the RNase Y-cleavage
initiating guanosine (bp 2,352,899; G> U)

PAHT-SSR42-5ms2 AHT-inducible expression of SSR42 with 5°-ms2- This study
tag; used for MS2-pulldown

pAHT-MS2-Ter AHT-inducible expression of ms2-tag; used for This study
MS2-pulldown as negative control

pMS2-Ter Constitutive expression of ms2-tag; used for MS2-  This study
pulldown as negative control

pPAHT-SSR42-14mer AHT-inducible expression of SSR42 with 5°-14 nt This study
tag; used for oligo capture-pulldown

PAHT-5S-14mer AHT-inducible expression of 55 rRNA with 5-14 nt  This study
tag; used for oligo capture-pulldown as positive
control

pAHT-14mer-Ter AHT-inducible expression of 14 nt tag; used for This study
oligo capture-pulldown as negative control

pStemLoop2-Ter Complementation plasmid for only a certain, stem  This study

loop featuring region of SSR42 (bp 2,351,984-
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2,352,137); SSRA42 transcription driven by native

promotor

3.1.3 Cell lines

Table 3.3: Cell lines used in this study.

Cell line Description Source

Hela 2000 Adherent tumour epithelial cell line; derived DSMZ; ACC 57
from human cervix adenocarcinoma

EA.Hy926 Human umbilical vein endothelial cells fused Edgell et al., 1983

with permanent human cell line A549

3.1.4 Oligonucleotides and Northern blot probes

Table 3.4: Oligonucleotides used for cloning.

Name Sequence purpose
Af_baseb CCGGAGCTCGGTACCCAACACTCTATTATCATTTTAT Construction of various deletion and
complementation constructs
Ar_Sacll CTAGCCGCGGCCGCACTATCTCTTTCTTTTTGTGTTTA  Construction of ASSR42 and
ASSR42-rsp
Br_Base6 GATCTGCGCGCTAGCCCGACGATCTAAATAACCAT Construction of ASSR42
Bf_Sacll TGCGGCCGCGGCTAGCACCAAATAATTTAATTAGAC Construction of ASSR42
Cr_BASE6 GATCTGCGCGCTAGCCCAGCTAACATGTTCAATTGCT  Construction of various deletion and
GG complementation constructs
Cf_Sacll TGCGGCCGCGGCTAGTACTAACAGTCCTCTTGTGTTT  Construction of ASSR42-rsp
AG
upstream A TGCTTATAATTCATATATTTAGCCTCC Verification of SSR42 and SSR42-rsp

deletion mutant

downstream B

TCTATAATACTTTGACCTATAATTTTCCCC

Verification of SSR42 deletion

mutant

downstream C

TATTACATAAAATTAATTTAAAAAGACACACC

Verification of SSR42-rsp deletion

mutant
vek_pbase- TTTATTACTTTAATTTACCGCGGCTAGCACCAAATA  Construction of SSR42 deletion
SSR4_F ATTTAATTAGAC construct harbouring spectinomycin
resistance cassette
vek_pbase- TACTCTTCTTTTTAAGGGTGCCGCGGCCGCACTAT Construction of SSR42 deletion
SSR4_R CTCTTTCTTTTTG construct harbouring spectinomycin

resistance cassette
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TAGTGCGGCCGCGGCACCCTTAAAAAAGAAGAGT

Construction of SSR42 deletion

inf-spek F
AATGGAATTAGAAAAAG construct harbouring spectinomycin
resistance cassette
inf-spek r TTGGTGCTAGCCGCGGTAAATTAAAGTAATAAAGC  Construction of SSR42 deletion
GTTCTCTAATTTC construct harbouring spectinomycin
resistance cassette
delspek TAGCCAAATCAGGATCATAGCTTGGTTCCTG Verification of SSR42 deletion
mutant with spectinomycin
resistance
compvek-f GGGCTAGCGCGCAGATCTGTCGACGACTGGCCGTCG  Cloning of pSSR42, pSSR42-rsp and
TTTTACAAC p2216-2218
compvek-r GGTACCGAGCTCCGGAATTCGTCGAGTTATCGATACC  Cloning of pSSR42, pSSR42-rsp and

GTC

p2216-2218

comp_no_rsp_re

\")

GATCTGCGCGCTAGCCCGTTGAATATTTTTGAAAAGG
TAATAGTG

Cloning of pSSR42

comp_no2218_r

GATCTGCGCGCTAGCCCCTTATGATATAAATAGCCTTT
ACG

Cloning of pSSR42-rsp

Ssr-vec-f_vecl-f

CTATCTCTTTCTTGAATTCACTGGCCGTCGTTTTACAAC

Cloning of pAHT-SSR42 and pAHT-
SSR42-5ms2

ssr-vec-r_vecl-r

GTTTGAAATCTATATTAAACGCGTTATTTTAATTATAC

Cloning of pAHT-SSR42 and pAHT-

TCTATC SSR42-5ms2
ssr42-r CGACGGCCAGTGAATTCAAGAAAGAGATAGATTG Cloning of pAHT-SSR42
ssr42-f TAACGCGTTTAATATAGATTTCAAACC Cloning of pAHT-SSR42

22170RF-Pmel-f

GACGTTTAAACATGACATGCCAACTTAAAATACATC

Cloning of pAHT-rsp

21270RF_EcoRI_
R

AATATAGAATTCCCTCATTAGCTAGGTTTAAAGCAAAT

ATATTTAA

Cloning of pAHT-rsp

2217_ssrProm-
SF-r

GATGAATTCATTAATTATGCACCAAATAATTTAATTAG
AC

Cloning of pJL78-Prsp-gfp

2217_ssrProm-

GATCGGTACCAGCATGCTTAGCTAGGTTTAAAGC

Cloning of pJL78-Prsp-gfp

SF-f

bgab-sf-f CATCGAATTCTTAGGAGGTGATTATTTATGAATGTGTT  Cloning of pRsp-Pssrar-BgaB
ATCCTCAATTTG

bgab-sf-r CTATGGCGCGCCCTAAACCTTCCCCGGCTTCATCATGC — Cloning of pRsp-Pssraz-BgaB

pGFP-Inf-Prom F

GAATTCTTAGGAGGATGATTATTTATGAGTAAAGGAG
AAGAAC

Cloning of GFP-promotor reporter

plasmids (hla, coa, rsp, IdhD, psma)

pGFP vec R

GCATGCAAGCTTTTAAAAAGCAAATATGAGCCAAATA
AA

Cloning of GFP-promotor reporter

plasmids (hla, coa, rsp, IdhD, psma)
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P3-Inf-Prom F TTTAAAAGCTTGCATGCTCACTGTCATTATACGATTAG  Cloning of pPagre3-GFP
TACA

P3-Inf-Prom R CATCCTCCTAAGAATTCTCTAGTTATATTAAAACATGC  Cloning of pPagre3-GFP
TAAAAGCATTTA

hla-Inf-Prom R CATCCTCCTAAGAATTCTATTTTTTAAAACGATTTGAG  Cloning of pPhia-GFP
GAAACAATAA

hla prom F CTAGCATGCTCCTGAATTTTTCGAAATTTTATAG Cloning of pPhia-GFP

Rsp-Inf-Prom F

TTTAAAAGCTTGCATGCTGCACCAAATAATTTAATTAG
ACT

Cloning of pPrsp-GFP

rsp-Inf-Prom R

CATCCTCCTAAGAATTCTATACCTATTATAGTTGAATA

Cloning of pPrsp-GFP

TTTTTGAAAA

SaeP1 rev CATCCTCCTAAGAATTCTGTTAAGTTTAAAATGAAGGC  Cloning of pPsaer1-GFP
AAATAATATG

SaeP1 fwd TTTAAAAGCTTGCATGCTAATACCAAAACTATAAAAC  Cloning of pPsaer1-GFP

ACTTCTG

coa Prom Inf R2

CCTCCTAAGAATTCAATTTTTTAATTCCTCCAAAATGTA
ATTGCCC

Cloning of Pcoa-GFP

coa Prom Inf F2

TTTAAAAGCTTGCATGCTTTCATTCGTTTATAATCATAT
GACAAG

CIoning of Pcoa-GFP

PpsmAlF

TTTAAAAGCTTGCATGCCTGCATAACCTCCTTATTTCT
AATCTCTCGC

Cloning of Ppsma-GFP

PpsmAlR

CATCCTCCTAAGAATTCTAAGATTACCTCCTTTGCTTAT
GAGTTAACT
TC

Cloning of Ppsma-GFP

PldhD F2

TTTAAAAGCTTGCATGCGCTCGCTGTATCTAATTGTTT
CGCTGCAC

Cloning of Pianho-GFP

PldhD R2

CATCCTCCTAAGAATTCTATTAAAAACCTCGCTTTTAA
AAGATTGAAA
AGTAAATG

Cloning of Pianho-GFP

P3-Inf-Prom R

CATCCTCCTAAGAATTCTCTAGTTATATTAAAACATGC
TAAAAAGCATT

Cloning of Pagrp3-GFP

P3-Inf-Prom F

TTTAAAAGCTTGCATGCTCACTGTCATTATACGATTTA
GTACA

Cloning of Pagrp3-GFP

sig-S-Dr-Base6b

GATCTGCGCGCTAGCCCGCCTGTTACCTTGCTAATGC

Construction of AsigS

SSR42 trunc 2
fwd

CCCTTAATTATTACATTGTTTAGTAGAAATTGAGTGTG
AAAGT

Construction of pSSR42A1

SSR42 trunc 2 rev

TAAACAATGTAATAATTAAGGGTATAAATTG

Construction of pSSR42A1

SSR42 trunc 3
fwd

CTAGTAACATAATTAATTCGCTATTCTAGATGAGTTTC
TTAG

Construction of pSSR42A2

SSR42 trunc 3 rev

GAATTAATTATGTTACTAGCTAAATCATC

Construction of pSSR42A2
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SSR42 trunc 4
fwd

ATGAAGTTATCTATGATGTTACTATCTTGGTGACGTTT
CTAG

Construction of pSSR42A3

SSR42 trunc 4 rev

TAACATCATAGATAACTTCATCAAGACAGG

Construction of pSSR42A3

SSR42 trunc 5
fwd

TGATGTAAAATCTAAGATGTTGCATTTTCTCATGATGA
ATC

Construction of pSSR42A4

SSR42 trunc 5 rev

AACATCTTAGATTTTACATCAAGAGATGCG

Construction of pSSR42A4

SSR42 trunc 6 TCATTGATGTGTGCTGTTTCCGGCAATAACTAGATGG  Construction of pSSR42A5
fwd ATT

SSR42 trunc 6 rev.  GAAACAGCACACATCAATGAATTAACACC Construction of pSSR42A5
SSR42 trunc 7 TAGATGTTTATACTTATCTTGGTTGTTGATTTGAATAA  Construction of pSSR42A6
fwd TTTG

SSR42 trunc 7 rev

CAAGATAAGTATAAACATCTAGAAAAGTG

Construction of pSSR42A6

SSR42 trunc 8
fwd

TTGTAACAGGGCTACTAAGAACCAAACTTAAATAATG
GCG

Construction of pSSR42A7

SSR42 trunc 8 rev

TTCTTAGTAGCCCTGTTACAAAATATTCG

Construction of pSSR42A7

SSR42 trunc 9
fwd

TACATTTAATGTTTTTTGATTGCAAGTTAGTTCAAAAT
GGC

Construction of pSSR42A8

SSR42 trunc 9 rev

AATCAAAAAACATTAAATGTACCCATGAC

Construction of pSSR42A8

miniSSR42_1J rev

CTTATCTTGATGTTTTCTAAACAGAACTTTTAAACG

Cloning of minimal SSR42
complementation plasmid pSSR42

mini-1

miniSSR42_1)
fwd

GTTCTGTTTAGAAAACATCAAGATAAGTTCATCAAGA
ACAGTATCTAAC

Cloning of minimal SSR42
complementation plasmid pSSR42

mini-1

miniSSR42_2 rev

TTATGCACCAAATAATTTAATTAGACTC

Cloning of minimal SSR42
complementation plasmid pSSR42

mini-2

miniSSR42_2 fwd

TAAATTATTTGGTGCATAACATTAAATGTACCCATGAC
TTAA

Cloning of minimal SSR42
complementation plasmid pSSR42

mini-2

dRnaseY-rev

GATTCAAACTTCCATTTTGGTCAATTTGC

Cloning of plasmid pSSR42-rsp-
delRNaseY

dRnaseY-fwd

CCAAAATGGAAGTTTGAATCCATCAAACGCTGAAAAT
TAGTAC

Cloning of plasmid pSSR42-rsp-
delRNaseY

RNaseY G mut R

TTTAAGTCATGGGTATATTTAATGTTTTTTG

Cloning of plasmid pSSR42-rsp-
RNaseY_mutG
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RNaseY G mut F

CAAAAAACATTAAATATACCCATGACTTAAA

Cloning of plasmid pSSR42-rsp-
RNaseY_mutG

deltaOrfL-r

CAAGAAGTGATTTCGATCGTACTAATTTTC

Cloning of plasmid pSSR42-rsp-
mutORF

deltaOrfL-F

GAAAATTAGTACGATCGAAATCACTTCTTG

Cloning of plasmid pSSR42-rsp-
mutORF

Stem loop 2 neu
R

CAGGTCGTCCTGCTGGCAGATACCATACACATTTAATT
AGTTACAGC

Cloning of plasmid pStemLoop2-

Term

Stem loop 2 neu

GTATAATTAAAATAACGTGACTATATATGAATTAATTA

Cloning of plasmid pStemLoop2-

F TGTTACTAG Term
Vek Term F2 GCCAGCAGGACGACCTGCTGGTTTT Cloning of plasmid pStemLoop2-
Term
CGTTATTTTAATTATACTCTATCAATGATAGAGTGTC Cloning of plasmid pStemLoop2-
Vek Term R
Term
5ms2-fwd CAGGGTACGTTTTTCAGACACCATCAGGGTCTGCAGT  Cloning of plasmid pAHT-SSR42-
TAATATAGATTTC 5ms2
5ms2-rev GTCTGAAAAACGTACCCTGATGGTGTACGCGTATTTT  Cloning of plasmid pAHT-SSR42-
AATTATACTCTATC 5ms2
PE-term-f GCCAGCAGGACGACCTGCTGGTTTTTTTTG Cloning of pAHT-MS2-Ter
PE-term-r AATTCAAAAAAAACCAGCAGGTCGTCCTGCTGGCT  Cloning of pAHT-MS2-Ter
GCA
deltaTetRf TAATTCCTCCTTTTTGTTGACACTC Cloning of pMS2-Ter
deltaTetRr AAGCAGCATAACCTTTTTCCGTGATGG Cloning of pMS2-Ter

Oligo capture

2’MeOH-AGGCUAGGUCUCCC-Biotin

Oligo-capture pulldown

Table 3.5: Oligonucleotides used for Quantitative real time PCR.

Name Sequence 5°-3° target
RT-gyrB-F CGACTTTGATCTAGCGAAAG gyrB
RT-gyrB-R ATAGCCTGCTTCAATTAACG gyrB
RT agrB F GCAGGTCTTAGCTGTAAATATAGG agrB
RT agrB R CACCATGTGCATGTCTTC agrB
RT-RNAIII-F ACATAGCACTGAGTCCAAGG RNAIII
RT-RNAIII-R TCGACACAGTGAACAAATTC RNAIII
RT-saeS-F TTGCAACCATATGAGCAAC saeS
RT-saeS-R AATATCAATGCGACTACCAAC saeS
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RT-SSR42-F TATCTTGTTGCTGCTAATTCTATTG SSR42
RT-SSR42-R CACCTAACATCAAAGAATATTCATC SSR42
RT-2217-F TTCACTCGTTTCCAAGATTAC rsp
RT-2217-R GACTTCGATCTTTCGGATT rsp
RT-hla-F CAATTTGTTGAAGTCCAATG hla
RT-hla-R GATCCTAACAAAGCAAGTTCTC hla
RT-CHIPS-F ATCAGTACACACCATCATTCAG chs
RT-CHIPS-R ATCAGTACACACCATCATTCAG chs
RT-scpA-F TTAATGTCGAGGACAAGAGTG ScpA
RT-scpA-R GGTTCACCAAGTGTATACGAG ScpA
RT_2216_F AATGCTTTTGATCATATGTGG RSAU_2216
RT_2216_R TCTAATAAAGTTTGGGTGTCGA RSAU_2216
isdB-RT-F GGTTTACAATCAGGTCAATTTT isdB
isdB-RT-R TGAGTTGAACTTACAATTTTAACG isdB
cifA-RT-F GTGACGGTATCGATAAACCT clfA
clfA-RT-R TCTGAACCGCTATCTGAATC clfA
ffh-RT-F GTAGGGAAACAAATTGATATTCC ffh
ffh-RT-R GTTCATCAATGCTTCATCG ffh
WxG-RT-F GAGTCCAGAGGAAATCAGAG esxA
WxG-RT-R GACTAAGTTGTTGGAATTGCTC esxA
RT-PSMalpha-f GGCCATTCACATGGAATTCGT psma
RT-PSMalpha-r GCCATCGTTTTGTCCTCCTG psma
ureB-RT-F CTCCAGCTGGAATATCTAAATG ureB
ureB-RT-R CAGAGGTTGAAATTAATAACCAT ureB
capD-RT-F CAGCTGAAAAAAGTTGAAGTAG hisD
capD-RT-R CGTTCTGGATAGAAATTACAAAC hisD
IdhD-RT-F CACAACATTGTGATATCTAACGT hisD
IdhD-RT-R TGGTTTAGACATGATTTCTGC hisD
coaRTF AGTGACGAATCAACGTACTG coa
coa RTR AGCATCAAATCCATCTTTATG coa
eapRTF CCCAGTAACAATAAATAAATTTGA eap
eap RTR ACACTTTATACACTGCGCG eap
emp RTF GTACAAAGAAATTAATAATCGCG emp
emp RTR CTTTCTTGTAGTGGGTTTGC emp
hisD RT F AGCATATCAAGAAAGTATTAAGCA hisD
hisD RTR CTTGTGCTAAAGTCGCTGT hisD
isaB RTF ACCAGTAAAGTTTGTGTAGCAG isaB
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isaB RTR CCAGAATAAAATTAGCATTATTACC isaB

ssaA3RTF AGGTAACTACCATTACACATGGA ssaA3

ssaA3 RTR GTAGTTGTTGTAACGGCTGTAG ssaA3
RT-lukG-forward CATGACCATACGAGACAATTAAC lukG
RT-lukG-reverse GATTAAACCCTTCAGACACAGT lukG

RT-sigB-F CTTTGAACGGAAGTTTGAAG rpoF

RT-sigB-R GGCCCAATTTCTTTAATACG rpoF

codYRTF GGAAATCTTACGTGAGAAGC codY

codY RTR CAACTTTTGATGCGATTAATAG codY

PSLRTF TCACACTCAATTTCTACATCTAATCATC SSR42 pStemLoop2
pSL RT R: ACCATACACATTTAATTAGTTACAGC SSR42 pStemLoop2

Table 3.6: Northern blot probes used in this study.

Name Sequence 5°-3° target
RT-SSR42-F TATCTTGTTGCTGCTAATTCTATTG SSR42 = probe 2
RT-SSR42-R CACCTAACATCAAAGAATATTCATC

NB-SSR42-up-F
NB-SSR42-up-R rev

ATAGATTTCAAACCTATGTATTTC
ATAAAATTTAAGTCATGGGTAC

SSR42 5’end = probe 1

RT-saeS-F
RT-saeS-R

TTGCAACCATATGAGCAAC
AATATCAATGCGACTACCAAC

saeS

SSR42 trunc-RT rev

TTTCTAAACAGAACTTTTAAACGC

SSR42 minimal versions =

SSR42 trunc-RT fwd TATCGCCATTATTTAAGTTTGG probe 3

Table 3.7: Antibodies
Name Origin Dilution Reference
a-toxin rabbit polyclonal 1:2000 Sigma
Sae$S rabbit polyclonal 1:1000 Jeong et al., 2011
SaeR rabbit polyclonal 1:1000 Jeong et al., 2011
FLAG mouse monoclonal 1:1000 Sigma

3.1.5 Media and buffers

Table 3.8: Cell culture media.

Media and solutions for cell culture ingredients

RPMI full medium RPMI 1640 Glutamax™
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10% FCS
Penicillin-Streptomycin (1000 U/ml)

Sodium Pyruvate (1 mM)

RPMI infection medium

RPMI 1640 Glutamax™
10% FCS

Sodium Pyruvate (1 mM)

LDH assay medium

RPMI 1640 Glutamax™ (without phenol red)
1% FCS

Sodium Pyruvate (1 mM)

Cryopreservative medium 90% FCS
10% DMSO
Dulbecco’s Phosphate Buffer Saline (1x) 1x PBS

Table 3.9: Bacterial culture media used in this study.

Bacterial culture media

ingredients

50% Glucose solution

D-(+)-Glucose (500 g/1) in dH20

Tryptic Soy Broth (TSB)

27.5 g/l Tryptone Soya Broth without glucose

5 ml/1 50% glucose solution

Tryptic Soy Agar (TSA)

30 g/l Tryptic Soy Broth

15 g/l European agar

Columbia Blood Agar

44 g/| Columbia Blood agar base
5% v/v defibrinated sheep blood

Miiller-Hinton Agar

23 g/l Miiller-Hinton broth

15 g/L European agar

Luria-Bertani broth (LB)

10 g/l Tryptone
10 g/l NaCl

5 g/l yeast extract

Luria-Bertani agar

10 g/l Tryptone
10 g/l NaCl
5 g/l yeast extract

15 g/l European agar

Luria-Bertani softagar

10 g/l Tryptone
10 g/I NacCl
5 g/l yeast extract

6 g/l European agar

Phage top agar

10 g/l Tryptone
10 g/l NaCl
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5 g/l yeast extract
6 g/l European agar
20 mM NazCeHs07

Table 3.10: Buffers for cloning used in this study.

Buffer

Composition

Annealing buffer

100 mM NacCl

50 mM Tris-HCl pH 7.9
10 mM MgCl2
1 mM DTT

Table 3.11: Buffers for agarose gel electrophoresis, SDS-PAGE, staining and Western blot.

Buffer

Composition

1 x TAE buffer

40 mM Tris-HCI (pH 8.5)
1 mM EDTA

20 mM acetic acid

2.5 x Laemmli buffer

62.5 mM Tris-HCl pH 8

10% (w/v) glycine

2% (w/v) SDS

5% (w/v) 2-mercaptoethanol

0.05 % (w/v) bromphenol blue

SDS-PAGE running buffer

25 mM Tris
0.25 M glycin
0.1% (w/v) SDS

4% PAA stacking gel

1 ml Acrylamid/bis (37.5/1)

750 ul 1.5 M Tris pH 6.8

0.1 % (w/v) SDS

4.1 ml dH20

60 ul 10 % (w/v) ammonium persulphate (APS) 4 ul
tetramethylethylenediamine (TEMED)

12% PAA dissolving gel

4 ml Acrylamid/Bis (37.5/1)
2.5ml 1.5 M Tris pH 8.8
0.1 % (w/v) SDS

3.3 ml dH20
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100 ul 10 % (w/v) ammonium persulphate (APS) 8 pl

tetramethylethylenediamine (TEMED)

Colloidal coomassie fixation solution

7% acetic acid

40% methanol

Colloidal coomassie staining solution A

2.375% phosphoric acid,

10% (w/v) ammonium sulphate

Colloidal coomassie staining solution B

5% (w/v) Coomassie G-250

Colloidal coomassie neutralization solution

1.2% (w/v) Tris,

adjust with phosphoric acid to pH 6.5

Colloidal coomassie washing solution

25% methanol

Silver staining fixation solution

50% (v/v) ethanol
12% (v/v) acetic acid
0.5 ml/L formaldehyde (37%)

Silver staining washing solution

50% (v/v) ethanol

Silver staining senistizing solution

0.2 g/l Na25203 x 5H.0

Silver staining solution

2 g/I AgNOs
0.750 ml/I formaldehyde (37%)

Silver staining developer

60 g/I Na>COs
4 mg/l NazS203x 5H20
0.5 ml/l formaldehyde (37%)

Silver staining stop solution

1% (v/v) glycine

1 x TBS (tris buffered saline)

20 mM Tris-HCl pH 7.6
137 mM NacCl

1 xTBS-T

20 mM Tris-HCl pH 7.6
137 mM NacCl
0.05% (w/v) Tween-20

Transferbuffer

44 mM Tris

40 mM glycine

1.3 mM SDS

20% (v/v) methanol

Western blot blocking buffer

1x TBS-T

5% non-fatty milk powder

ECL solution 1

2.5 mM luminol

0.4 mM p-coumaric acid

ECL solution 2

100 mM Tris-HCI pH 8.5
0.02% H»0:
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Table 3.12: Buffers for RNA extraction, gels and Northern blots.

Buffer

Composition

Buffer A

10 % (v/v) glucose
12.5 mM Tris-HCl pH 7.6
10 mM EDTA

10x MOPS running buffer

0.2 M 3-(N-Morpholino)propanesulfonic acid
10 mM EDTA
50 mM sodium acetate

40 mM NaOH

RNA loading dye

750 pl deionized formamide
150 pl 10x MOPS buffer
262 pul 37% formaldehyde

50 pg ethidiumbromide

Blue juice

65% sucrose

10 mM Tris-HCl pH 7.5

10 mM EDTA

0.3% (v/v) bromphenol blue

0.3% (v/v) xylenecyanol

1% agarose RNA gel

0.8 g agarose

68 m| DEPC-treated H20
8 ml 10x MOPS

4 ml 37% formaldehyde

5x phosphate buffer

0.5 M Na2HPO4
0.5 M NaH2PO4

Alkaline transfer buffer

3 M Nacl
2mM N-Lauroylsarcosin

8 mM NaOH

20x SSC

3 M NaCl
0,3 M NazCeHsO7
pH7

High SDS hybridization buffer

2.5MSSC
100 ml 10x blocking solution (Roche Digoxigenin

labeling and detection kit)

Buffer 1

100 mM maleic acid
150 mM NacCl
adjust to pH 7.5

Washing buffer

Buffer 1 + 0.3% (v/v) Tween-20
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Blocking solution (Buffer 2)

Buffer 1
1x blocking solution (Roche Digoxigenin labeling and

detection kit)

Buffer 3

100 mM Tris-HCI pH 9.5
100 mM NacCl
50 mM MgCl>

Oligo-capture pulldown lysis buffer

50 mM Tris-HCl pH 8
150 mM KCl

5% glycerol

1 mMDTT

1 mM AEBSF

1 mM MgClz

0.05 % Tween-20

Oligo-capture pulldown wash buffer 1

Lysis buffer + 300 mM KCl

Oligo-capture pulldown wash buffer 2

Lysis buffer + 0.1% Triton X-100

MS2 pulldown lysis buffer

20 mM Tris pH8.0
150 mM KCl

1 mM MgClz

1 mM DTT

MS2 pulldown lysis buffer

Lysis buffer + 15 mM maltose

Table 3.13: Buffer for working with S. aureus.

Buffer

Composition

Electroporation buffer:

0.5 M saccharose

10% (v/v) glycerol

Phage buffer

LB media
0.5 mM CaCl;

Genomic DNA lysis buffer

200 pg/ml lysostaphin

20 mM Tris-HCl pH 8.0
2 mM EDTA

1.2% (v/v) Triton X-100
160 pg/ml RNase A

Protein lysis buffer

20 mM Tris-HCl pH 8.0
150 mM KCl

1 mM MgCl2

1 mM DTT
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3.1.6 Antibiotics and chemicals

Table 3.14: Concentration of antibiotics used in this study.

Antibiotic stock solutions

Composition

Chloramphenicol

10 pg/ml in EtOH for selection of S. aureus

Erythromycin

5 ug/ml in EtOH for selection of S. aureus

Ampicillin

100 pg/ml in dH20 for selection of E. coli

Spectinomycin

150 pg/ml in dH20 for selection of S. aureus

Anhydrous tetracycline

200 pg/ml in EtOH for induction of inducible

plasmids in S. aureus

Table 3.15: Chemicals used in this study.

Chemicals Manufacturer
Acrylmide Rotiphorese Gel 30 (37.5:1) Carl-Roth
Ammonium persulphate (APS) Merck
Ampicillin Carl-Roth

Antimicrobial Susceptibility Discs

Thermo Scientific (Oxoid)

Aqua-Phenol Carl-Roth
Chloramphenicol Sigma
Columbia blood agar base Sigma
Coomassie G-250 Carl-Roth
D-(+)-Glucose Sigma
Diethylpyrocarbonat (DEPC) Carl-Roth
Dimethyl sulfoxide (DMSO) Intas

dNTPS Genaxxon Bioscience
Dulbecco’s Phosphate Buffer Saline (1x) Sigma

European agar Oxoid

Erythromycin Carl-Roth

Fetal calf serum GIBCO

Intas HD Green

Quanta Biosciences

Lysostaphin

Carl-Roth

MIC strips (Oxacillin, Imipenem)

Thermo Scientific (Oxoid)

Miiller-Hinton broth

BD

Penicillin-Streptomycin

GIBCO

Rifampicin Fluka Analytica
RPMI 1640 Glutamax™ GIBCO
Sodium Pyruvate PAA
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Spectinomycin

AppliChem

Tetramethylethylenediamine (TEMED)

Fluka Analytics

TRI Reagent™ Solution

Thermo Scientific

Tryptone

BD

Tryptone Soya Broth without Dextrose

Sigma (Lot: BCBP7262V)

Tryptic Soy Broth

Sigma (Lot: SLBW1709)

Quanta Biosciences Perfecta SYBR Green FastMix

Quanta Biosciences

Yeast extract

Carl-Roth

All other chemicals were obtained from Carl-Roth, Sigma-Aldrich, Serva, Merck Chemicals or Fluka

Analytica if not stated otherwise.

3.1.7 Enzymes
Table 3.16: Enzymes used in this study.

Enzymes

Manufacturer

Restriction enzymes

Thermo Scientific

Phusion High-Fidelity DNA polymerase

Thermo Scientific

Taq Polymerase

Genaxxon Bioscience

T4 DNA ligase

Thermo Scientific

FastAP (Thermosensitive

alkaline phosphatase)

Thermo Scientific

TURBO™ DNase

Thermo Scientific

RNase A

Thermo Scientific

T4 DNA ligase

Thermo Scientific

T4 Polynucleotide kinase (PNK)

Thermo Scientific

3.1.8 Size standards
Table 3.17: Size standards used in this study.

Size standard/ loading dye

Manufacturer

GeneRuler 1 kb DNA ladder

Thermo Scientific

GeneRuler 50 bp DNA ladder

Thermo Scientific

Page Ruler Prestained Protein Ladder

Thermo Scientific

RNA Molecular Weight Marker I, DIG-labeled

Sigma Aldrich

loading dye 6x

Thermo Scientific
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3.1.9 Kits
Table 3.18: Kits used in this study.

Name Purpose Manufacturer
Cytotoxicity Detection Kit (LDH) Cytotoxicity assay Roche
In-Fusion HD Cloning Kit Cloning Takara

NucleoSpin Gel and PCR Clean up

PCR purification

Machery-Nagel

NucleoSpin Plasmid QuickPure

Plasmid isolation E. coli

Machery-Nagel

QIAmp DNA Mini Kit

Genomic DNA isolation

Qiagen

QlAprep Spin Miniprep Kit

Plasmid isolation S. aureus

Qiagen

RevertAid First Strand

Synthesis Kit

cDNA

Reverse transcriptase

Thermo Scientific

TURBO DNA free kit

Digestion of DNA

Thermo Scientific

DIG DNA labeling and detection kit Labeling of DNA probes and Sigma-Aldrich
detection of RNA via Northern
blot
3.1.10 Technical equipment
Table 3.19: Technical equipment used in this study
Equipment Manufacturer
Autoclave WEBECO, Sytec VX 150

Chemiluminescence camera system (Intas Lablmage

Chemostar)

Intas

Electrophoresis power supplies (Peqlab EV202)

Peglab Biotechnology

FastPrep FP120

MP Biomedicals

Gel imager (BiostepDark hood DH-40/50)

Biostep GmbH

Megafuge 1.0R

Heraeus

MicroPulserTM

Bio-Rad

Microcentrifuge (Hettich MIKRO 200)

Hettich Lab tech

NanoDrop 1000 spectrophotometer

Peqlab Biotechnology

PCR Thermocycler (PEQLAB peqSTAR)

VWR International

PerfectBLue™ Gel system

Peglab Biotechnology

PerfectBLue™ Semi-Dry Elektroblotter

Peqlab Biotechnology

pH electrode SenTix

WTW series inolab

Photometer Ultraspec 3100 Pro

Amersham Biosciences

Plate reader (TECAN Infinite M200)

TECAN

refrigerated Microcentrifuge (Hitachi himac CT15RE)

Hitachi-Koki
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Step One Plus real-time PCR system

Applied Biosystems

Thermo mixer comfort

Eppendorf

UV Crosslinker

Stratalinker

Vortex REAX 2000

Heidolph

3.1.11 Applied Software

Table 3.20: Applied Software and web tools.

Software

Manufacturer/ homepage

ApE A plasmid Editor 8.5.2.0

M. Wayne Davis (biologylabs.utah.eu)

Argus x1 version 7.6.17 Biostep GmbH
Artemis Sanger Institute
CLC Workbench tool QIAGEN Bioinformatics

Coral Draw X8

Corel Corporation

CodonCode Aligner 4.0.4

CodonCode Corporation

EndNoteX8.1

Thomson Reuters

Imagel W. Rasband, National Institutes of Health;
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MATERIAL AND METHODS

3.2 Methods

3.2.1 Cultivation of bacteria

3.2.1.1 Bacterial culture conditions

For growth of Escherichia coli LB broth or agar supplemented with the required antibiotics was used.
All Staphylococcus aureus strains were grown on Tryptic soy agar (TSA), or in Tryptic soy broth
supplemented with glucose (0.25%, w/vol) and appropriate antibiotics. All strains were cultivated
aerobically at 37°C overnight at 180 rpm. Only when bacteria were transformed with plasmid pBASES6,
harbouring a temperature sensitive origin of replication, bacteria were grown aerobically overnight at

30°C.

3.2.1.2 Bacterial cryo-stocks for preservation
For generation of bacterial cryo-stocks bacteria were grown in liquid culture and mixed with sterile

50% glycerol to an end concentration of 12.5% (v/v) and stored at -80°C.

3.2.1.3 Bacterial growth curves and determination of minimum inhibitory concentration (MIC)

In order to determine differences in growth bacterial growth was recorded over time in a 48 micro-
well plate using a TECAN Infinite M200 plate reader. For this, S. aureus strains were grown overnight
in TSB in triplicates. Bacterial cultures were diluted to an ODggo of 0.1 in 400 ul fresh TSB. Sterile
medium was used as a reference. The plate reader was preheated to 37°C before starting the
measurement. Optical density at 600 nm was measured every ten minutes for a time course of 23 h.

The micro-well plate was shaken between each measurement at an amplitude of 6 mm.

When the MIC of a test substance was investigated, the respective substance was added directly to
the bacterial cultures at t=0. Growth rates were determined from the mean of all three biological

replicates at every time point.

3.2.1.4 Determination of MIC of antibiotics on agar plates

To determine the MIC of antibiotics S. aureus strains were grown aerobically overnight in Miller-
Hinton broth at 37°C. Bacterial cultures were normalized to their optical densities and plated on
Miller-Hinton agar. Commercially available MIC strips were laid on top. The plates were incubated
overnight at 37°C. The minimum inhibitory concentration was determined according to the

manufacturer’s instructions.
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3.2.2 Genetic manipulation of bacteria

3.2.2.1 Preparation of competent E. coli

E. coli DH5a were grown overnight at 37°Cin 10 ml LB. 100 ml fresh LB was inoculated with 1 ml of the
overnight culture and grown until logarithmic growth phase was reached (ODggo 0.4-0.7). Bacteria were
harvested at 4000 rpm for 10 min, resuspended in 20 ml 0.1 M CaCl, and incubated on ice for 30 min.
Afterwards bacteria were harvested again and resuspended in 10 ml 0.1 CaCl, containing 20% glycerol.

Bacteria were aliquoted and stored at -80°C.

3.2.2.2 Transformation of E. coli

100 pl of chemically competent E. coli were thawed on ice and incubated with a plasmid on ice for 30
minutes. Bacteria were heat-shocked for 90 sec at 42°C and chilled afterwards for 2 min on ice. After
addition of 1 ml LB bacteria were incubated for 1 h at 37°C and 180 rpm shaking. After incubation

bacteria were plated on LB agar supplemented with the respective antibiotics.

3.2.2.3 Preparation of electro-competent S. aureus

S. aureus strains were grown overnight at 37°C. Bacterial cultures were diluted to ODgp=0.05 in 100
ml fresh TSB. Bacteria were grown aerobically at 37°C and 180 rpm until ODgp0=0.6-0.8 was reached.
Bacteria were incubated on ice for 15 min before harvested at 3000 x g for 10 min at 4°C. Bacterial
pellet was washed three times with 30, 25 and 10 ml of sterile ice-cold water. Pellet was afterwards
washed twice with 10 and 5 ml of ice cold sterile 10% glycerol and harvested at 3500 x g for 15 min.
After the last washing step the pellet was resuspended in 1-2.5 ml ice cold 10% glycerol and divided

into 50 pl aliquots which were kept at -80°C.

3.2.2.4 Electroporation of S. aureus

Electro-competent S. aureus were thawed for 5 min on ice. After incubation for 15 min at room
temperature, 120 ul of electroporation buffer and 5 pg of plasmid DNA were added. This mixture was
incubated for 20 min at room temperature before bacteria were electroporated in 2 mm
electroporation cuvettes. For electroporation of S. aureus a Bio-Rad MicroPulser was used at 1.8 kV
for a 2.5 milli-second pulse. Immediately after electroporation 1 ml of BHI broth was added and
bacteria were incubated for 1.5 h at 37°C at 200 rpm before plating on TSB agar supplemented with

the respective antibiotic.
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3.2.2.5 Transduction of DNA via phage transduction
To transduce genetic material into S. aureus Bacteriophage 11, 80 or 85 were used. This method was
either used for transduction of plasmid DNA or for transducing insertional mutations from one strain

into another.

Amplifying of phages: S. aureus RN4220 was grown overnight in phage buffer. Bacteria were incubated
at 53°C for 2 min. Bacteriophages were added to 300 ul of the bacterial culture and incubated for 2 h
at room temperature. Using LB-softagar containing 0.5 mM CaCl, bacteria were plated on TSA. After
incubation overnight at 37°C the softagar was scraped off and incubated with 3 ml phage buffer for 3

h. Afterwards the bacteriophages were harvested via centrifugation at 2000 rpm for 10 min.

Preparation of transducing phages: Donor strain RN4220 harbouring the respective plasmid or a strain
harbouring an insertional mutation were grown overnight in 5 ml phage buffer. Bacterial cultures were
diluted 100-fold in 5 ml phage buffer and grown until ODg=1.0. 1 ml of donor bacteria were diluted
with 1 ml of fresh phage buffer and incubated at 30°C with 100 pl of bacteriophage 11, 80 or 85 solution
until lysis was visible. Cellular debris was separated from transducing phages by centrifugation at
14000 rpm for 1 min. For transduction of plasmid DNA or insertional mutation the recipient strain was
grown in phage buffer overnight. 300 pl of bacterial culture was heat-shocked at 53°C for 2 min before
100 ul of the transducing phage solution was added. Bacteria were incubated with phage solution for
2.5 h at room temperature before they were plated on TSA with the respective antibiotics using 0.6%
of LB phage top agar containing sodium citrate. To avoid secondary site mutations, all S. aureus
insertional transposon mutants obtained from the Nebraska library were transduced via phage 11, 80

or 85 into the genetic background of wild-type S. aureus JE2.

3.2.3 Desoxyribonucleic acid techniques

3.2.3.1 Isolation of Plasmid DNA from E. coli

For Isolation of plasmid DNA from E. coli strains NucleoSpin Plasmid Kit (Machery Nagel) was used
according to manufacturer’s protocol. Briefly, E. coli was grown in 5 ml LB overnight at 37°C. Bacteria
were harvested and plasmid was isolated by passing through spin columns. Elution was performed

using 30 ul of prewarmed elution buffer.

3.2.3.2 Isolation of Plasmid DNA from S. aureus
For Isolation of plasmid DNA from S. aureus strains QlAprep Spin Miniprep Kit (Qiagen) was used
according to manufacturer’s protocol. Briefly, S. aureus were grown in TSB overnight at 37°C. 2 ml of

bacteria were harvested and resuspended in buffer Al. In order to lyse cells 50 pg of lysostaphin was
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added and bacteria were incubated at 37°C at 1400 rpm. The plasmid DNA was afterwards isolated
according to the manufacturer’s protocol by passing through spin columns. DNA was eluted from

columns using 30 ul of prewarmed elution buffer.

3.2.3.3 Isolation of genomic DNA from S. aureus

For isolation of genomic DNA of S. aureus DNA mini kit (Qiagen) was used with some modifications. S.
aureus strains were grown overnight in TSB, harvested and resuspended in 180 pl of Lysisbuffer and
incubated at 37°C at 1400 rpm. After visible lysis of bacterial cells 200 ul of buffer AL and 20 pl of
proteinase K solution were added. Lysed bacteria were incubated at 56°C for 30 min. After incubation
200 pl of absolute EtOH was added and the solution was vigorously vortexed. The mixture was loaded
onto spin columns and washed according to manufacturer’s protocol. DNA was eluted from columns

using 50 ul of water.

3.2.3.4 Polymerase-Chain-Reaction (PCR)

Polymerase chain reactions were performed in a volume of 50 ul using 50 ng template DNA, 1x
polymerase buffer, 0.2 pmol of each forward and reverse primer, 0.2 uM dNTPs and 1U thermostable
polymerase. Depending on the application Phusion polymerase (Invitrogen) with 3°-5’exonuclease
activity or Taq polymerase (Genaxxon) without proofreading activity was used. After an initial step at
95°C for 5 min reaction continues with 30 cycles of each 30 sec at 95°C, 30 sec at 50-60°C (depending
on the primer’s melting temperatures) and 72°C elongation step and a final step for 10 min at 72°C.
The duration of the elongation step is dependent on product length (30 sec/ kb for Phusion and 1 min
/kb for Taq). PCR products were subsequently analysed on 0.8-2% TAE agarose gels. For visualization
of DNA under UV light 0.005% HD Green Plus was added to the agarose gel. PCR products were purified
using Nuclespin Gel and PCR Clean-up kit (Machery-Nagel) according to manufacturer’s protocol.

For screening of bacterial cultures expressing a transformed plasmid colony PCRs were performed

using 10 ul of heat-lysed bacterial suspensions.

3.2.3.5 Quickchange mutagenesis PCR

Quickchange polymerase chain reactions were performed in a volume of 50 ul using 50 ng template
plasmid DNA, 1x polymerase buffer, 0.2 pmol of each forward and reverse primer, 0.2 uM dNTPs and
1U thermostable phusion polymerase. The oligonucleotides for quickchange mutagenesis PCR were
designed reverse complementary harbouring the base exchange in the middle. After an initial step at

98°C for 30 sec the reaction continues with 18 cycles of each 15 sec at 98°C, 30 sec at 62°C and a 72°C

78



MATERIAL AND METHODS

elongation step and a final step for 10 min at 72°C. Remaining wild-type plasmids were removed by

Dpnl digestion for 1 h at 37°C, followed by inactivation of Dpnl at 80°C for 20 min.

3.2.3.6 Annealing of oligonucleotides
For annealing of oligonucleotides 20 uM of each oligonucleotide was mixed with 1 /10 of annealing
buffer and heated for 5 min at 95°C. Annealing occurred by slowly cooling the heated oligonucleotides

to room temperature.

3.2.3.7 Phosphorylation of DNA
DNA obtained via PCR amplification was phosphorylated using 1 pl of PNK in 1/10 of ligase buffer for
20 min at 37°C.

3.2.3.8 Cloning of DNA into a vector

Purified PCR fragments and cloning vectors were digested using appropriate restriction enzymes and
buffers. Serial digestion was performed in case of incompatible restriction enzyme buffers. The vector
was dephosphorylated afterwards using FastAP Thermosensitive Alkaline Phosphatase (Invitrogen) for
15 min at 37°C. Ligation was performed using T4 DNA ligase (Invitrogen) using an insert vector ratio of
3:1 in a total volume of 10 ul at 16°C overnight. The ligation mixture was transformed into chemo-

competent E. coli DH5a.

3.2.3.9 In-Fusion cloning

Cloning of plasmids was done using the In-Fusion HD Cloning kit (Takara). For this, fragments contained
15-19 bp overlaps to each other or the vector. Cloning was performed according to manufacturer’s
recommendation. Resulting plasmids were transformed into chemo-competent E. coli DH5a and

sequenced via Sanger sequencing (Seqlab, Géttingen).

3.2.3.10 Generation of targeted deletion mutants in S. aureus

Targeted deletionsin S. aureus were obtained by the help of plasmid pBASE6 which derived from fusing
a fragment of plasmid pKOR1 with parts of pBT2. Approximately 500 bp fragments flanking the target
ORF or gene region were amplified by PCR and cloned via In-Fusion cloning into Smal opened pBASE6.
The plasmid was transformed into E. coli DH5a. Recombinant plasmids were confirmed via Sanger
sequencing (Seqlab, Gottingen), and subsequently transformed via electroporation into S. aureus.
Such recombinant S. aureus were grown in TSB containing 10 pg/ml chloramphenicol (Cam) at 30°C.

Recombinant bacteria were plated on TSA/Cam overnight at 30 °C. For inducing homologous

79



MATERIAL AND METHODS

recombination bacteria were grown in TSB containing 5 pg/ml Cam overnight at 42°C. Bacteria were
streaked on TSA. Resulting colonies were grown overnight in TSB without any antibiotic thereby
allowing co-integrate resolution. Cultures were diluted 1:10,000 and plated on TSA containing 100
ng/ml anhydrous tetracycline. The cultures were grown overnight at 37°C. Resulting colonies were

tested for successful deletion via PCR using genomic DNA and primers flanking the integration site.

Construction of SSR42 and SSR42-rsp knockout mutants: Targeted deletion of 1232 nt long SSR42 and
SSR42-rsp in S. aureus 6850 was obtained by the help of plasmid pBASE®6. For this, approximately 500
bp fragments flanking the 1232 bp long DNA-sequence of ncRNA SSR42 were amplified by PCR using
the primers Af_base6 and Ar_Sacll to amplify the upstream sequence and primers Br_Base6 and
Bf Sacll to amplify the downstream sequence. SSR42 and the downstream ORF RSAU_002217
encoding rsp were deleted from the genome of S. aureus 6850 by the help of plasmid pBASE6-SSR42-
rsp. This plasmid was constructed by amplification of approximately 500 bp fragments flanking the
sequences of ncRNA SSR42 and rsp using the primer pairs Af_base6 and Ar_Sacll and Cr_BASE6 and
Cf_Sacll. For construction of a spectinomycin resistant SSR42 knockout mutant the resistance cassette
was amplified using oligonucleotides inf-spek F and inf-spek R from the genomic DNA of S. aureus strain
N315. The vector was amplified from pBASE6-SSR42 using oligonucleotides vek pbase-SSR4_F and
vek_pbase-SSR4_R. The plasmids were transferred in S. aureus 6850 which was subsequently screened
for knockout mutants. Successful deletion was confirmed via amplifying the flanking genome regions

using the primers listed in table 3.4.

3.2.3.11 Construction of plasmids used in this study

Construction of SSR42 complementation plasmids: The oligonucleotides compvek-rev and compvek-
fwd were used for amplifying a linearized vector from plasmid p2085. For construction of pSSR42,
pSSR42-rsp and p2216-2218 the respective sequences were amplified with the primers listed in table

3.4 and cloned via the In-Fusion system in the prepared vector.

Construction of BgaB reporter constructs: The ORF encoding rsp and SSR42 promotor sequence were
amplified from genomic DNA of S. aureus 6850 using primers 2217_ssrProm-SF-rev and 2217_ssrProm-
SF-fwd and cloned via Sphl and EcoRl in pJL78 containing a gfpmut2 sequence. The resulting plasmid
was called pJL78-Pr-rsp-gfp. B-galactosidase encoding ORF (bgaB) was amplified from pMAD using
primers bgab-sf-fwd and bgab-sf-rev. bgaB sequence was cloned via EcoRIl and Ascl into pJL78-Pr-rsp-
gfp. After digestion with EcoRIl and Kasl the resulting DNA fragment consisting of rsp, bgaB and SSR42
promotor sequence was cloned into p2085. The resulting plasmid was called pRsp-Pssra2-BgaB.
Plasmid pRsp-Pssra2-BgaB was digested with Pacl and Xhol and religated in order to remove the ORF

encoding rsp resulting in plasmid pPssra2-BgaB.
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Construction of GFP reporter constructs: For construction of pPssrs2-GFP the SSR42 promotor, rsp and
gfpmut2 encoding sequences were obtained from digestion of plasmid pJL78-Pr-rsp-gfp with Kasl and
Sphl and cloned into vector p2085. The plasmid was subsequently digested with Pacl and Xhol and
religated in order to remove the rsp encoding ORF. For construction of pPha-GFP, pPcoa-GFP, pPpsma-
GFP, pPiaho-GFP, pPsaep1-GFP and pPagr3-GFP the respective promotor sequences were amplified using
the primers listed in table 3.4. Using oligonucleotides pGFP-Inf-Prom F and pGFP vec R a vector was
amplified using plasmid pPssra2-GFP as a template. The promotor sequences were cloned in the

prepared vector using the In-Fusion system.

Construction of a vector for AHT-induced transcription of SSR42 or rsp: For inducible
complementation plasmids pAHT-SSR42 and pAHT-rsp were constructed. Using oligonucleotides ssr-
vec-f_vecl-f and ssr-vec-r_vecl-r the linearized vector containing an AHT-inducible promotor
sequence was amplified from plasmid p2085. Sequence of SSR42 was amplified from genomic DNA of
S. aureus 6850 using oligonucleotides ssr42-r and ssr42-f and cloned via In-Fusion cloning into the
prepared vector. The open reading frame of rsp was amplified from genomic DNA using
oligonucleotides 22170RF-Pmel-f and 21270RF_EcoRI_Reverse. The resulting 2134 bp sequence was
initially TA-cloned into pCR2.1 TOPO TA (Invitrogen). Digestion with Pmel and EcoRlI created a 2216 bp
fragment which was cloned into accordingly treated p2085. For induction of gene transcription 200
ng/ml AHT was added to a S. aureus liquid culture in TSB. If not stated otherwise transcription was

induced in exponential phase cultures of S. aureus. (ODgy=0.4) for 1.5 at 37°C.

Construction of plasmids harbouring small deletions in SSR42: Small deletion mutants in SSR42 were
contructed by amplifying the sequence of SSR42 from plasmid pSSR42 using the oligonucleotides listed

in table 3.4 via mutagenesis PCR. Remaining wild-type pSSR42 sequence was digested with Dpnl.

Construction of minimal versions of SSR42: Minimal versions of SSR42 were constructed by amplifying
SSR42 from pSSR42 using primer miniSSR42_1J rev and miniSSR42_1J fwd for pSSR42_mini-1 and
miniSSR42_2 rev and miniSSR42_2 fwd for cloning of pSSR42_mini-2, via mutagenesis PCR

respectively. Remaining wild-type pSSR42 sequence was digested with Dpnl.

Construction of pStemLoop2: For construction of pStemlLoop2, a complementation plasmid
harbouring only a certain stemn loop featuring region of SSR42 (bp 2,351,984-2,352,137), the SSR42
sequence, was amplified from genomic DNA of S. aureus 6850 using primers Stem loop 2 neu R and

Stem loop 2 neu F and cloned using In-Fusion cloning in the prepared vector. The vector was prepared
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via amplification of pMS2-Ter using the primer Vek Term R and Vek Term F2 thereby cutting-out the

ms2-tag encoding sequence.

Construction of RNase Y cleavage site mutants: The plasmid pSSR42-rsp-delRNaseY harbouring a 69
nt long deletion (bp 2,352,844-2,352914) in the RNase Y cleavage site in SSR42 was constructed by
amplifying SSR42 from plasmid pSSR42-rsp using primer dRnaseY-rev and dRnaseY-fwd via
mutagenesis PCR. A mutation of the RNase Y-cleavage initiating guanosine in SSR42 was accomplished
by amplifying SSR42 from plasmid pSSR42-rsp using the oligonucleotides RNaseY G mut R and RNaseY
G mut F via mutagenesis PCR. The resulting plasmid pSSR42-rsp-RNaseY_mutG harbours an adenosine
instead of a guanosine at position bp 2,352,899. In both cases the remaining wild-type plasmid

sequence was digested using Dpnl.

Construction of pSSR42-rsp-mutORF harbouring a mutation in putative ORF 3: The plasmid pSSR42-
rsp-mutORF was constructed via mutagenesis PCR from plasmid pSSR42-rsp using the oligonucleotides
deltaOrfL-r and deltaOrfL-f. The remaining wild-type plasmid sequence was digested using Dpnl. The
resulting plasmid pSSR42-rsp-mutORF harbours a guanosince instead of a thymidine at position bp

2,352,818 in the sequence encoding SSR42.

Construction of plasmids for RNA pulldowns: For the MS2-pulldown plasmid pAHT-SSR42-5ms2 and
pPAHT-SSR42-5ms2 were constructed. pAHT-SSR42-5ms2 was constructed by amplifying SSR42 from
genomic DNA of S. aureus 6850 using the oligonucleotides 5ms2-rev and 5ms2-fwd. The vector was
amplified from plasmid p2085 using the primer vecl-f and vecl-r. The 1295 nt long SSR42
encompassing sequence was cloned using In-Fusion cloning in the prepared vector. As a negative
control for MS2-pulldown the plasmid pAHT-MS2-Ter was amplified by annealing the oligonucleotides
PE-term-f and PE-term-r encompassing a terminator sequence. The annealed oligonucleotides were
cloned into the Pstl and EcoRI digested pAHT-SSR42-5ms2 therby cutting-out the SSR42 encoding
sequence. A further negative control plasmid, referred to as pMS2-Ter, was constructed. For this,
plasmid pAHT-MS2-Ter was amplified using the oligonucleotides deltaTetRf and deltaTetRr thereby
removing the tet repressor. The PCR product was phosphorylated and religated.

For the oligo-capture pulldown the plasmids pAHT-SSR42-14mer, pAHT-55-14mer and pAHT-14mer-
Ter were contructed. The vector was prepared from plasmid pAHT-SSR42 via PCR using the
oligonucleotides Vek 14 mer F and Vek 14 mer R thereby cutting-out the SSR42 encoding sequence.
The inserts were amplified from genomic DNA of S. aureus 6850 using the primer 55-14mer F and 5S-
In-Fusion R or SSR42-14mer F and SSR42-Infusion R, respectively. The obtained fragments were used

in a further PCR to add a 14 nt long aptamer. For this, a PCR with oligonucleotides 5S-14mer-Infus F
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and 5S-Infusion R or SSR42-14mer Infusion F and SSR42-Infusion R was performed respectively. The
inserts were cloned via In-Fusion cloning in the prepared vector. As negative control plasmid pAHT-
14mer-Ter was constructed by digesting pAHT-me2-Ter with Mlul and Pstl. The oligonucleotides 14mer

anneal F and 14mer Mlul Pstl R were annealed and ligated into the prepared vector.

3.2.4 Ribonucleic acid techniques

3.2.4.1 RNA isolation

Bacterial RNA was extracted using the TRIzol method (Lasa et al., 2011). Bacteria were harvested at
desired optical densities, flash-frozen in liquid nitrogen and stored at -80°C. Pellets were thawed on
ice with addition of EDTA to a final concentration of 65 mM and resuspended in Buffer A. Bacteria were
lysed using Lysin matrix B tubes (MP Biomedicals) containing 500 pl of acidic phenol, using a FastPrep
FP120 at 6 m/s for 45 seconds. Every step was performed in a cooling centrifuge or on ice if not
mentioned otherwise. Phases were separated at 10,000 x g for 10 min at 4°C. The upper, aqueous layer
was transferred to 1 ml TRI reagent and incubated for 5 min at room temperature. Afterwards 100 pl
chloroform was added and sample was shaken vigorously and incubated for 3 min at room
temperature. Phases were separated again at 17,900 x g for 10 min. The aqueous phase was mixed
with 200 pl chloroform and incubated at room temperature for 5 min. After another phase separation
step the aqueous phase was precipitated using isopropanol. After 15 min incubation at room
temperature RNA was precipitated for at least 30 min at 17,900 x g. The resulting pellet was washed
once with 75% ethanol, air-dried in a fume-hood and dissolved in DEPC-treated water. RNA was stored

at -80°C.

After isolation of total RNA residing DNA contamination was digested using TURBO DNase | (Thermo
Scientific). For this, 10 ug of total RNA was digested according to manufacturer’s protocol for 30 min
at 37°C. The digestion reaction was stopped by addition of a DNase I-inactivation reagent and
incubation for 5 min. RNA was separated from the inactivation reagent via centrifugation at 10,000 x

g for 2 min. RNA samples were tested via PCR for residual DNA contamination.

3.2.4.2 Generation of cDNA via reverse transcription
cDNA was generated from DNase I|-treated RNA using RevertAid Kit (Thermo Scientific) according to
manufacturer’s protocol. For this, 1 ug of RNA was used. The resulting cDNA was diluted 5-fold and

kept at -20°C.
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3.2.4.3 Quantitative real time PCR (QRT-PCR)

Real time PCR was performed using Quanta Biosciences Perfecta SYBR Green FastMix (2x, Quanta
Biosciences) on a StepOne® Plus Real Time PCR system (Applied Biosystems) in 96 well format.
Composition of reaction mixture and cycle settings were chosen according to manufacturer’s
recommendation. The SYBR Green master mix was diluted to 1X in dH,0 and mixed with each 0.9 uM
of forward and reverse primers. Approximately 10 ng of template cDNA in a total volume of 20 ul per
well was used. Reactions were performed in technical triplicates.

Reactions were run for 40 cycles. After an initial step at 95°C for 10 min, each cycle was run for 15 sec
at 95°C followed by 60°C for 1 min. Analysis of relative transcription was done according to the 225
method (Livak and Schmittgen, 2001). For normalization of the relative transcript levels the expression

of target genes was compared to the expression of housekeeping gene gyrB (gyrase subunit B).

3.2.4.4 Northern blotting

For Northern blot 10 ug of DNase I-treated RNA was used. RNA was mixed with 3x volumes of RNA
loading buffer before heating at 65°C for 15 min. Afterwards 1/6 volumes of blue juice was added. RNA
was loaded onto a 1% formaldehyde agarose gel. RNA was separated in MOPS-buffer at 50 V for
approximately 3.5 h. RNA was visualized under UV light, washed three times in DEPC-treated water
and transferred to a nylon membrane using alkaline transfer for 2.5 h. The nylon membrane was
incubated in 1x phosphate buffer for 5 min and RNA was UV-cross-linked to the membrane according
to manufacturer’s recommendation (Stratalinker). The membrane was pre-hybridized at 64°C for 30
min. Digoxigenin-labelled DNA-fragments were used as probes and produced using PCR DIG Labeling
kit (Roche Digoxigenin Detection kit) according to manufacturer’s protocol. The DNA probes were
heated for 10 min at 95°C and subsequently added to fresh hybridization buffer. The nylon membrane
was hybridized overnight at 64°C. The nylon membrane was washed twice with 2x SSC containing 0.1%
SDS for 5 min at room temperature and twice with 0.2x SSC containing 0.1% SDS for 15 min at 64°C.
To detect the digoxigenin labelled probes the membrane was equilibrated in maleic acid washing
buffer and blocked in buffer 2 (all buffers from Roche Digoxigenin Detection kit). Anti-Digoxigenin
antibody (Roche Digoxigenin Detection kit) was used in a 1:10,000-fold dilution. The Northern blot was
incubated in the antibody for 30 min. The membrane was washed twice with maleic acid washing
buffer for 20 min and once with buffer 3 for 3 min. The signal was developed using CSPD readymade
solution (Roche) according to manufacturer’s recommendation and recorded using Intas Lablmage

Chemostar imager.
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3.2.4.5 Investigation of transcript stabilities by rifampicin assay

To test the stability of transcripts a rifampicin assay was used. For this, S. aureus was grown overnight
in TSB or until the respective growth phase was reached. rifampicin was added to a final concentration
of 500 pg/mlin DMSO. Bacteria were harvested at time point 0 and at the respective time points, flash-
frozen in liquid nitrogen and stored at -80°C until RNA was isolated. RNA was separated and detected

using Northern blotting. Signal strength was measured quantitatively using ImageJ.

3.2.4.6 RNA-Sequencing (RNA-seq)

DNase I-treated RNA samples were rRNA depleted and converted into cDNA libraries for Illlumina
sequencing by Max-Planck Genome Centre Cologne, Cologne, Germany. Paired-end read sequencing
was performed on an Illlumina HiSeq2000 machine aiming for a total of 5 million reads for sequencing
of each cDNA library. RNA-seq was performed in biological triplicates.

Statistical analysis was performed by Maximilian Klepsch (Department of Microbiology, University
Wirzburg, Germany). In short quality control of reads was performed with FASTQ, followed by
trimming using trimmomatic (sliding window: 4, 12). Mapping to the genome of S. aureus 6850 was
performed using bowtie2 (default parameter: very sensitive local). Data was converted, sorted and
compressed in a bamfile using samtools before quantification of reads was performed using feature

counts. Differential analysis was performed via Deseq2 and reporting tools.

3.2.4.7 Gradient profiling by sequencing (Grad-seq)

Grad-Seq was performed as described in Smirnov et al., 2016. In short bacteria were lysed; cleared
lysates were fractionated into 20 equal fractions using linear 10-40% (wt/vol) glycerol gradients.
Fractionating was performed in Beckman SW40Ti tubes at 100,000 x g for 17 h at 4 °C. RNA was isolated
from the fractions and sequenced on an Illumina HiSeq 2000 platform. Statistical analysis was

performed by Konrad Forstner.

3.2.4.8 RNA pulldown approaches

MS2-tagged RNA pulldown

The MS2-tagged RNA pulldown approach was adapted from Yoon et al., 2012. Bacteria at an ODggo Of
50 were resuspended in 600 ml lysis buffer and lysed in Lysing matrix B tubes in a a fast prep at 6 m/s
for 45 s. Cellular debris was pelleted for 10 min at 16, 000 x g at 4°C. The cleared lysate was added to
the prepared column. For preparation of the resin (2 ml Bio-spin disposable chromatography columns;
BioRad) 70 pl of amylose beads (BioRad) was added and washed three times with 2 ml lysis buffer
before 250 pmol of purified MS2-MPB was added to the column. The cleared lysate was added and

incubated with the resin for 5 min at 4°C. Afterwards the resin was washed five times with 2 ml lysis
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buffer. Bound proteins and RNA was eluted using 300 ul elution buffer. RNA and proteins were
separated by Phenol-Chloroform precipitation. RNA was further precipitated with EtOH:NaAcetate
(30:12).

Oligo-capture RNA pulldown

The Oligo-capture pulldown approach was adapted from Treiber et al., 2017. Bacterial cells at an ODgoo
of 50 of the respective S. aureus strain expressing a target RNA with a 14 nt tag were lysed in 500 pl
lysis buffer in lysine matrix B tubes using a fast prep at 6 m/s for 45 s. Cellular debris was pelleted by
centrifugation for 30 min at 20,000 x g. 50 pl of streptavidin beads were washed three times with 500
ul lysis buffer. Beads were incubated with 4 ug of biotin-labeled 2°OH methylated RNA oligo (Oligo-
capture) in 500 pl lysis buffer for 1 h at 4°C. After incubation the beads were washed twice with 500 pl
lysis buffer.

The prepared lysate was added to the oligo-labelled beads and incubated over night at 4°C. Afterwards
beads were washed once with wash buffer 1, once with wash buffer 2 and once with lysis buffer. For
eluation of bound proteins beads were resuspended in 30 pl of Laemmli buffer and incubated for 5
min at 95°C. Proteins were separated on a 12% PAA gel and stained with colloidal coomassie or silver

staining.

3.2.5 Investigation of promotor activities

B-galactosidase assay for testing the effect of antibiotics on the activity of promotors: SSR42
promotor activity upon treatment with chemical substances was analysed using a B-galactosidase
reporter construct. Strains harbouring such reporter plasmids were grown overnight at 37°C in TSB
supplemented with 10 pg/ml chloramphenicol. 100 pl of bacterial culture was added to 5 ml soft agar
containing 40 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal). Softagar was poured
on LB agar containing 40 mg/ml X-Gal. Diffusion discs containing the substance of interest were placed
on top of the softagar. Bacteria were incubated overnight at 37°C. Formation of indigo colour indicated

induction of promotor activity.

Fluorescence-based promotor activity assay: Promotor activities during planktonic growth were
assessed by monitoring GFP fluorescence (excitation: 488+9 nm, emission: 518+20 nm) and optical
density (600 nm) over a time course of 23 h. GFP and optical density were measured using a TECAN
Infinite M200 plate reader. For this, bacteria were cultured overnight at 37°C. Bacterial cultures were
diluted in 400 pl TSB to OD600=0.1 in triplicates and grown for 23 h in a 48 microwell plate. Optical
density and GFP fluorescence was measured every ten minutes for a time course of 23 h. The micro-

well plate was shaken between each measurement at an amplitude of 6 mm.
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Heatmaps were generated via calculating the difference in relative fluorescence units between each
tested mutant and respective wild-type for each time point. Using the library pheatmap from R the

resulting matrix was visualized.

3.2.6 Investigation of haemolytic capacities in S. aureus

Quantitative haemolysis assay: S. aureus possesses virulence factors, e.g. a-toxin, which lead to
disruption of erythrocytes and release of haemoglobin. This release of haemoglobin can be measured
in order to determine the haemolytic potential of S. aureus. For such quantitative measurements
sheep erythrocytes (Fiebig Nahrstofftechnik, Germany) were washed twice with 0.9% NaCl and diluted
in 0.9% NaCl to a final concentration of 1% erythrocytes. Bacteria were grown for 16 h in TSB at 37°C,
normalized according to their optical densities, harvested and supernatants were collected.
Supernatants were sterile filtered (0.45 um). 5% (v/v) of sterile-filtered supernatant of S. aureus was
added to 1 ml of a 1% erythrocyte dilution. This mixture was incubated for 1 h at 37°C at 550 rpm. The
suspension was centrifuged and supernatants were analysed for liberated haemoglobin by measuring
the absorbance at 405+ 9 nm using a TECAN Infinite M200 plate reader. As negative control
erythrocytes were incubated with sterile TSB. Relative haemolysis was determined as a percentage of
S. aureus wild-type haemolysis potential.

Haemolysis assay using sheep blood agar: For analysis of haemolysis of S. aureus in a non-quantitative
way bacteria were grown overnight in TSB at 37°C, diluted 100-fold and spotted on Columbia agar (BD

Biosciences) supplemented with 5% of defibrinated sheep blood (Fiebig Nahrstofftechnik, Germany).

3.2.7 Protein techniques

3.2.7.1 Isolation of bacterial proteins

Isolation of cytosolic bacterial proteins: For isolation of cytosolic proteins of stationary phase S. aureus
bacteria were grown overnight in TSB at 37°C and harvested at 4,200 rpm for 20 min at 4°C. Bacterial
pellet was washed once with PBS and flash-frozen. For analysis of exponential phase proteins bacteria
were inoculated in fresh TSB to ODgy0=0.05 and grown until exponential phase (ODegw0=0.6) was
reached. Bacteria were harvested, washed and pellet was flash-frozen.

Samples were thawed on ice, resuspended in 300 ul protein lysis buffer and transferred to Lysing
matrix B tubes (MP Biomedicals). Bacteria were lysed using a FastPrep FP120 (MP Biomedicals) at 6
m/s for 45 seconds. Cellular debris was removed by centrifugation at 14,000 rpm for 10 min.

Supernatant was collected and stored at -20°C.

Isolation of secreted bacterial proteins: For analysing the secreted protein fraction of S. aureus
bacteria were grown overnight in TSB at 37°C and harvested or inoculated in fresh TSB to ODgy=0.05

and grown until exponential phase was reached (ODs00=0.6). Bacteria were harvested at the given time
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points at 4,200 rpm for 20 min at 4°C. Supernatant was sterile filtered (0.45 um) and proteins were
precipitated with acetone. For the precipitation of proteins from bacterial supernatants the
supernatant was mixed with 4x the volume ice-cold acetone in order to precipitate secreted proteins.
Precipitation was performed overnight at -20°C followed by centrifugation for 60 min at 6,000 rpm at
4°C. Precipitated proteins were washed once with ice cold acetone, air-dried and resuspended in an

appropriate amount of PBS. Proteins were stored at -20°C.

3.2.7.2 Bradford assay
For measuring the protein amount of a sample Bradford assay was performed using Roti Quant
according to manufacturer’s protocol (Roth). A calibration line was performed using a 1 mg/ml BSA

solution.

3.2.7.3 SDS PAGE
For separation of proteins according to their masses via electrophoresis SDS-PAGE was performed. For
this, the samples were denatured with Laemmli buffer by heating at 95°C for 5 min. The gel consisted

of a 4% PAA stacking and a 7-15% PAA resolving gel. Proteins were separated at 150 V and 25 mA.

3.2.7.4 Staining of proteins

Colloidal coomassie staining: For visualization of proteins separated by SDS-PAGE colloidal coomassie
G-250 was used. Gels were fixed for 1 h in fixing solution before staining overnight in colloidal staining
solution. Staining solution was prepared freshly by mixing 400 ml of Staining A, 10 ml of Staining B and
100 ml of methanol. Gels were incubated afterwards for 5 min in neutralizing solution, washed for 15

min in washing solution and until destaining was sufficient in dH,0.

Silver staining: Small amounts of proteins were visualized using silver staining. For this, gels were fixed
for 1 hin fixing solution, washed twice for 20 min in washing solution and incubated for 1 min in the
sensitizer. The gel was washed three times for 20 sec with dH,0 before silver staining solution was
added for 20 min. After staining the gel was washed twice for 20 sec with dH,0 before the developing
solution was added. The gel was incubated until the strength of the staining was sufficient and
developing was stopped by incubating the gel for 2 min in stop solution. The gel was afterwards

washed with dH,0.

3.2.7.5 Western blotting
The transfer of proteins from SDS-PAGE on a polyvinylidene fluoride (PVDF) membrane was carried

out using semi-dry blotting for 1.5 h at 0.9 mA/ cm?. The membrane was blocked in 5% skim milk in
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TBS-T for 2 h. Incubation with the first antibody was done at 4°C overnight. Afterwards the membrane
was washed once for 15 min and three times for 5 min in TBS-T before it was incubated with the HRP-
linked secondary antibody (diluted 1:3000 in TBS-T) for 1 h at room temperature. The membrane was
washed three times afterwards with TBS-T for 30 min. To develop the Western blot ECL-1 and ECL-2
solution were mixed in equivalent amounts and added to the membrane. The signal was detected
using an Intas Lablmage Chemostar system.

Signal strength was measured quantitatively using Imagel. As loading control proteins separated via

SDS-PAGE were stained using silver staining.

3.2.7.6 Mass spectrometry analysis

Isolated cytosolic and secreted proteins were sent to University of Greifswald, Institute for
Microbiology, for Mass spectrometry. Experiment was performed in biological triplicates by Andreas
Otto and Dorte Becher.

Statistical analysis was performed by Maximilian Klepsch (Department of Microbiology, University
Wirzburg, Germany) using MeV 4.9.0 for two-way Anova, followed by Tukey’s HSD test as post-hoc

test.

3.2.8 Cell culture techniques

3.2.8.1 Cultivation of cell lines

Hela 2000 cells were cultivated in cell culture medium supplemented with 10% FCS and 10% sodium-
pyruvate in 75 cm? cell culture flasks at 37°C and 5% CO..

For revitalizing frozen cell pellet was washed in 10 ml of cell culture medium at 1,500 rpm for 10 min.
Cells were resuspended in 20 ml fresh medium and transferred into a cell culture flask.

Passaging of cells occurred every second day in order to maintain confluency of approximately 80-90%.
For this, cells were washed twice with PBS before 1 ml of trypsin was added. Cells were incubated for
5 min at 37°C and reaction was stopped afterwards by addition of 10 ml cell culture medium.

For cryopreservation cells were grown until reaching confluency, detached using trypsin, washed once
with PBS and harvested at 1,500 rpm for 10 min. The cell pellet was resuspended in an appropriate
amount of FCS supplemented with 10% DMSO and transferred to cryo tubes. The cryo tubes were
kept at -80°C in an isopropanol chamber for short term storage. For long term storage cells were

transferred to a liquid nitrogen container.
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3.2.8.2 Infection of Hela cells with S. aureus

Cells were seeded in a 12 well microwell plate at density of 1*10°/ well in cell culture media and grown
for approximately 24 h. 30-60 min before starting the experiment cells were washed twice with PBS
and cell culture medium was replaced by 500 pl infection media.

For infection S. aureus strains were grown overnight in TSB at 37°C. Bacterial cultures were inoculated
in fresh TSB to ODeuo=0.4 and grown at 37°C for 45 min until reaching logarithmic growth phase.
Bacteria were harvested, washed once with infection media and resuspended in infection media. Using
a Thoma chamber bacteria were counted. A MOI of 10 was used to infect the cells. For this, bacteria
were added to the cells and cells were centrifuged at 1,000 rpm for 10 min to sediment the bacteria.
1 h post infection cells were washed once with PBS and medium was replaced by 500 ul infection media
containing 20 pg/ml lysostaphin to digest extracellular bacteria. 1.5 h post infection cells were washed

twice with PBS and medium was replaced by 500 pl infection media containing 2 pg/ml lysostaphin.

3.2.8.3 CFU enumeration

CFU enumeration of S. aureus from infected cells was performed at the indicated time points. For this,
infected cells were washed once with PBS and once with sterile dH,0. Cells were incubated for
approximately 20 min in 500 ul dH,0 at 37°C until lysis of cells was observed. Cells were mechanically
cracked and bacteria were diluted and plated on TSA. Bacteria were incubated overnight at 37°C. CFU

were counted.

3.2.8.4 Cytotoxicity assay (LDH release assay)

For analysis of S. aureus-induced cell death LDH assay was performed according to manufacturer’s
protocol (Roche). Infection of cells was performed as described earlier (chapter 3.2.8.5). 1.5 h post
infection cells were washed twice with PBS and medium was replaced by 500 ul infection media
without phenol red supplemented with 1% FCS and 2 pg/ml lysostaphin. 4 h post infection LDH assay
was performed according to manufacturer’s protocol (Roche) using 100 pl of supernatant. Experiment
was performed in technical duplicates. Uninfected cells were used as a control. LDH release was
measured at 492 nm + 9 nm using a TECAN M200 plate reader. Cytoxicity (%) was calculated according

to manufacturer’s recommendation.

3.2.8.5 Long-term infection of EA.Hy926 cells

Infection of EA.Hy926 cells with S. aureus for CFU and SCV count was performed by Lorena Tuchscherr
(Institute University clinics, Jena). Confluent cell monolayers were washed, invasion medium
(containing 1% human serum albumin and 25 mM HEPES) was added to the cells, and cells were

infected with S. aureus using a MOI of 50. Infected cells were incubated for 30 min at room
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temperature to allow sedimentation before they were shifted for 3 h to 37°C to allow invasion of the
bacteria. Afterwards, cells were washed and lysostaphin was added to a final concentration of 20 pg/ml
for 30 min. After the incubation time cells were washed and incubated with fresh culture medium
(M199, 10% human serum, penicillin, 100 IU/ml; streptomycin, 10 ug/ml). The infected cells were
incubated for 7 days. Lysostaphin treatment and medium exchange was repeated every 24 h. CFU were

enumerated and bacteria were plated on TSA.

3.2.9 In vivo infection models

Acute and chronic infection model in mice: C57BL/6 female mice (8 weeks old) were purchased from
Harlan-Winkelmann (Borchen, Germany), kept under pathogen-free conditions and housed in
microisolator cages. For infection with S. aureus 6850 mice were inoculated with 1 x 10® CFU of S.
aureus in 0.2 ml of PBS via a lateral tail vein. Mice were sacrificed by CO; asphyxiation at the indicated
time point (day 2 for acute; day 7 and day 14 for chronic infection). For CFU counting homogenates of
kidneys, liver and tibia were prepared in PBS and plated by 10-fold serial dilutions on blood agar.

Infection and CFU assay were performed by Eva Medina (Helmholtz Centre Braunschweig).
3.2.10 Statistics

If not declared otherwise, statistical analysis was performed using two tailed Student’s t-test using

Excel 2010: *: p< 0.05; ***: p< 0.001.
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4 RESULTS

4.1 Characterization of SSR42, a long ncRNA of S. aureus

ncRNAs have been identified to play a crucial role for virulence regulation in S. aureus (Felden et al.,
2011). Among these, small stable RNAs (SSR) are often found to enhance pathogen survival in
detrimental conditions (Anderson et al., 2006; Anderson et al., 2010; Olson et al., 2011). One of such
SSRs SSR42, was implicated in regulating virulence in two S. aureus strains, UAMS-1 and USA300.
However, the authors of this study determined the length of SSR42 at 891 nt (Morrsion et al., 2012a)
while TEX-treatment RNA-seq in a recent study identified a 1232 nt long primary transcript of SSR42
(Das et al., 2016). Thus, potentially a processed form of the transcript was analysed instead of the full-

length ncRNA. The prescence of this longer ncRNA was therefore analysed in this chapter.

4.1.1 SSR42 sequence conservation

Investigating a potential conservation of ncRNA SSR42 in other species, the DNA-sequence encoding
1232 nt long ncRNA SSR42 of S. aureus 6850 was analysed by NCBI BLASTN
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) applying "discontiguous megablast” against the ‘nucleotide
collection” (see Appendix Table 7.1). The complete sequence encoding SSR42 was only found in
Staphylococcus aureus sp. aureus and Staphylococcus argenteus but not in other members of the
Staphylococcaceae family. In S. agenteus the SSR42 encoding sequence exhibited 94% identity (E-
value=0) towards the sequence of S. aureus 6850. 18 gaps and several nucleotide exchanges were
present within the sequence in S. agenteus (see Appendix table 7.2, Fig. 7.1). The SSR42 sequence of
strain 6850 further showed an identity of 77% (E-value=2.3) towards 63 nt of a sequence found in
Ceratosolen solmsi marchali mRNA encoding the WASH complex subunit 7, an identity of 82% (E-value=
2.3) towards 44 nt of a sequence found in the genome of Dracunculus medinensis and 85% identity (E-
value= 8.1) towards 38 nt of a sequence found in the genome of Schistosoma curassoni (see Appendix

table 7.2).

The complete sequence of SSR42 displayed high conservation with 99% identity in all S. aureus strains
and isolates existing in the NCBI datatbase. Moreover, the more precise analysis revealed that in most
strains only single nucleotide exchanges differed from the SSR42 sequence of S. aureus 6850. For
example, in the USA300 isolate COL the SSR42 sequence exhibited a single nucleotide exchange at nt
334 compared to the sequence of S. aureus 6850 (Fig. 4.1). Thus, while only further found in S.

argenteus, the sequence encoding SSR42 is highly conserved within Staphylococcus aureus sp. aureus.
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6850 301 ACAATAACCATCAACTAAGAAATTTTAAACAATCCACTAAAAAATAAAGCGTTTAAAAGT 360

CcoL ACAATAACCATCAACTAAGAAATTTTAAACAATCTACTAAAAAATAAAGCGTTTAAAAGT

Figure 4.1: SSRA42 is highly conserved among S. aureus strains. Sequence comparison of SSR42 from S. aureus
strain 6850 and strain COL revealed one nucleotide exchange at nucleotide 334 (highlighted in yellow).

4.1.2 The genomic locus of SSR42 in S. aureus

The SSR42 encoding gene is located directly upstream on the opposite DNA strand of the gene
encoding the AraC-transcriptional regulator Rsp. Transcription start site analysis revealed divergent
transcription start sites for both SSR42 and rsp. While both genes are transcribed bidirectionally,
distinct predicted -10 and -35 boxes for both rsp an SSR42 were found indicating the transcription from
divergent, independent promotors (Das et al., 2016). Upstream of SSR42 on the other DNA strand the
385 bp encompassing ORF RSAU 002216 is located. The ORF of RSAU 002216 overlaps by 5
nucleotides at the 3’ end with the 3’ end of the sequence encoding SSR42. Protein family analysis using
the web tool Pfam (https://pfam.xfam.org) characterized RSAU_002216 as a protein of unknown
function belonging to the DUF1722 family of proteins (E-value= 7*10°%). The 432 bp encompassing
gene downstream of rsp on the same DNA strand is the general stress protein 26 RSAU_002218 (Fig.
4.2). Further analysis using Pfam characterized the encoded protein as putative pyridoxamine 5’-
phosphate oxidase (E-value= 2.8*10%°). The whole genomic locus around SSR42 is highly conserved in

all S. aureus strains (see Appendix table 7.3).

—> < | —>
Rsau_ooznx SSR42 IRSAU_OOZZI? (rs> RSAU_002218>—

Figure 4.2: Genomic localization of SSR42 in the genome of S. aureus. SSR42 is encoded upstream in antiparallel
orientation to rsp. RSAU_002216 and SSR42 overlap at both 3’ends. Arrows indicate transcription start sides.

4.1.3 Evidence for full-length SSR42 and procession by RNase Y

In a previous study the length of SSR42 was determined by RACE to be 891 nt (Olson et al., 2011).
However, in a recently performed TEX-treatment RNA-seq a transcript for SSR42 encompasing 1232 nt
has been detected (Das et al., 2016). Analysing the role of this 1232 nt long transcript of SSR42 a
deletion mutant was constructed. The 1232 nt long SSR42 encoding sequence was therefore deleted

from the genome of S. aureus 6850 using a targeted deletion approach (Fig. 4.3A; see section 3.2.3.10).
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The mutant, S. aureus 6850 ASSR42, did not show any growth defects when grown in TSB medium
compared to wild-type bacteria from the same strain background (Fig. 4.3B). The existence of a 1232
nt SSR42 transcript was verified using Northern blotting (Fig. 4.4). For this, a probe binding to the very
5’end of 1232 nt SSR42 (Fig. 4.4A,D; see Appendix Fig. 7.9; probe 1; nt 6-167 of SSR42) and a probe
binding to the middle part of SSR42 (Fig. 4.4B,D; probe 2; nt 889-991 of SSR42) were used. Total RNA
extracts of S. aureus 6850 wild-type bacteria, ASSR42 mutant and mutant complemented in trans for
SSR42 (pSSR42) were used. While employing probe 1 an approximately 1200 nt long transcript was
found for wild-type bacteria and complemented mutant verifying the via TEX-treatment RNA-seq
determined 5’end of full-length SSR42. This transcript was designated transcript 1 (T1). Using probe 2
a further approximately 1000 nt long transcript (T2) was detected indicating a potential processing of
SSR42. Both signals were absent in a ASSR42 mutant confirming the successful knockout and the
specificity of the used probes. The full-length transcript (T1) was further detected in S. aureus USA300
JE2 and strain UAMS-1, although for the latter much higher amounts of RNA had to be used (Fig. 4.4C).
Both strains were used in the previous studies characterizing 891 nt long SSR42 (Morrison et al.,
2012a). Thus, the existence of a ~1200 nt transcript of SSR42 was not only verified in S. aureus strain
6850 but also in various other strains. Northern blotting hence demonstrated that SSR42 exists in at
least two distinct transcripts lengths. Especially in S. aureus JE2 the longer transcript was found as the
predominant form in stationary phase bacteria while the smaller transcript, T2, potentially resulting

from a processing event was found at lower amounts.

A B
wild-type <>
—> > 12 ;
-*mu_ouzzm SSRA2 | RSAU_002217 (rsp))y RSAU_002218 E 11
S 08 -
=
G 06 1
ASSR42 mutant 2, e
—> g
|9 |9 202 -
{mu_oozzns RSAU_002217 (rsp mu_om1>— 0 e
o 4 8 122 1 20

time [h]

Figure 4.3: Deletion of SSR42 does not influence growth of S. aureus 6850. A) Schematic representation of
deletion of the 1232 nt long SSR42 encoding sequence. Genomic localization of SSR42 in wild-type S. aureus
(upper panel) and genomic situation in a ASSR42 mutant (lower panel). B) Growth curve of S. aureus 6850 wild-
type bacteria and ASSR42 mutant does not reveal any differences between the two groups. Growth curve was
monitored over a time course of 23 h.
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Figure 4.4: SSRA42 exists in at least two transcripts in S. aureus. Northern blot using RNA (10 pg) extracted from
stationary growth phase S. aureus 6850 wild-type, ASSR42 mutant and complemented mutant. Hybridization
with A) probe 1 (5’end of SSR42) and B) probe 2 (850-989 nt of SSR42) reveals the existence of two SSR42
transcript forms (T1 and T2). C) Northern blot using RNA obtained from stationary growth phase S. aureus JE2
(10 pg) and UASM-1 (40 pg). For detection of SSR42 probe 2 was used. D) Schematic representation of the
sequence encoding SSR42. Highlighted are the sequences encompassing binding of probe 1 and 2 as well as the
5’end suggested by Morrison et al., 2012a and the predicted RNase Y cleavage site (Khemici et al., 2015).

In S. aureus processing of a hundred of mMRNAs and ncRNAs occurs by RNase Y, which is thought to
initiate the further decay of RNAs (Khemici et al., 2015). During a global EMOTE screen a potential
cleavage site of endoribonuclease RNase Y within the sequence of SSR42 has been predicted (bp
2,352,898 of SSR42; Khemici et al., 2015, Fig. 4.4D). It was therefore hypothesized that cleavage by
RNase Y could result in the smaller SSR42 transcript T2. To confirm this hypothesis Northern blotting
was performed using RNA from S. aureus JE2 wild-type bacteria, a RNase Y knockout mutant (Arny)
and the mutant complemented for rny (pCG296) (Fig. 4.5A). Using probe 2 for Northern blotting a
complete loss of smaller SSR42 transcripts was detected in the Arny mutant. The presence of transcript
T2 was restored in the Arny mutant complemented in trans for rny (pCG296) verifying the emergence
of transcript T2 via processing by RNase Y. Using gRT-PCR SSR42 transcript levels were analysed in the
Arny mutant which revealed a slight but not significant increase (Fig. 4.5B; FC: 3.02, p=0.088) compared
to the transcript levels found in wild-type bacteria. Further, transcript levels of SSR42 were found

significantly increased in the complemented mutant (FC: 2.89, p=0.002). Therefore, a role of RNase Y
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in transcriptional regulation of SSR42 was ruled out. Further analysing this processing event a 70 nt
sequence spanning the predicted RNase Y cleavage site within the 5'end of SSR42 was deleted. This
mutated SSR42 sequence was re-introduced in the ASSR42 mutant via complementation plasmid
pSSR42-rsp-delRNaseY. A global EMOTE screen not only identified a cleavage site within SSR42 but
further found a guanosine marking the RNase Y-cleavage site in most of the target RNAs (Khemici et
al., 2015). In order to prevent cleavage of SSR42 by RNase Y the ASSR42 mutant was likewise
complemented in trans for SSR42 using plasmid pSSR42-rsp-RNaseY_mutG, thereby replacing the
RNase Y-cleavage site preceding guanosine (nt 145) by uracil. The RNA of both complemented mutants
was analysed via Northern blotting for the presence of smaller SSR42 transcripts (Fig. 4.5C). Neither
deletion of the cleavage site encompassing sequence nor changing the cleavage site preceding

nucleotide prevented the processing of SSR42 into smaller transcripts.
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Figure 4.5: RNase Y cleaves SSR42 producing an approximately 1050 nt product. A) Northern blot using RNA
obtained from stationary growth phase S. aureus JE2 wild-type, Arny and complemented mutant demonstrated
involvement of RNase Y in production of smaller SSR42 transcript T2. The approximately 1050 nt cleavage
product was lost in a Arny mutant. For hybridization probe 2 was used. B) gRT-PCR analysis revealed no significant
differences in total SSR42 transcript levels in absence of RNase Y. Statistical analysis was performed using
Student’s t-test. C) Cleavage of SSR42 by RNase Y is independent of the, by a global EMOTE assay, predicted
sequence encompassing a guanosine as demonstrated by Northern blot analysis. Northern blot of total RNA
extracted from stationary growth phase bacteria of S. aureus JE2 wild-type, Arny and complemented mutant as
well as complemented ASSR42 mutants harbouring either a ~70 nt deletion encompassing the RNase Y cleavage
site (delRNaseY) or a nucleotide exchange in the cleavage initiating guanosine (RNaseY_mutG).
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Whether processing of SSR42 by RNase Y has an effect on the stability of SSR42 was investigated using
rifampicin to arrest de novo transcription, followed by Northern blot analysis (Fig. 4.6). For this, wild-
type S. aureus JE2 and isogenic Arny mutant were challenged with rifampicin. No significant differences
in the overall stability of the SSR42 T1 transript could be detected in the Arny mutant (FC= 0.67,
p=0.156). In summary, RNase Y-mediated cleavage did neither influence overall transcription of SSR42

nor stability of the T1 transcript but the emergence of the smaller transcript T2.
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Figure 4.6: rny deletion does not affect SSR42 transcript stability. A) Lack of RNase Y (Arny) does not influence
the transcript stability of SSR42 as demonstrated by rifampicin assay followed by Northern blotting. B)
Quantification of chemiluminescence signals using Image). Statistical analysis was performed using Student’s t-
test.

4.1.4 Putative protein-coding sequences in SSR42

The nucleotide sequence of SSR42 from S. aureus 6850 was analysed for potential protein-coding
sequences within the sequence of SSR42 using the ‘find open reading frame” function of the CLC
Workbench tool. Using a minimum codon length of 12 and all known start codons as default settings
12 putative ORFs were identified ranging from 12 to 40 aa in length. All putative ORFs were not
preceeded by typical ribosomal binding sites (AGGAGGU) (McLaughlin et al., 1981) and are thus not
likely translated into a peptide. The putative peptide sequences were used to perform a BLAST search
using the collection of non-redundant protein sequences. For some of the potential protein encoding
sequences high similarities to small parts of proteins from various bacterial and other species were
found. However, the E-values of the found hits were rather high thus implying a high probability that
the hits were merely found by chance (Table 4.1; see Appendix table 7.4). No significant similarity was

found for the translated protein sequence of the largest ORF, ORF 3.
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ORF 1 was predicted to encompass 39 bp and covered nucleotides 21-59 of SSR42. For the deduced
amino acid sequence an identity of 67% to a hypothetical protein of Chryseobacterium sp. OV279 was
found. The E-value (Expect) was 2.9 (Table 4.1; see Appendix). For ORF 12 the highest of all similarities
with a protein from the NCBI database was found. The deduced amino acid sequence of ORF 12
exhibited an identity of 91% to a pentatricopeptide repeat containing protein from Apostasia
shenzhenica, a member of the family of orchids. However, with an E-value of 40 the alignment of both
aa sequences most likely occurred by chance and does not verify the existence of the putative peptide

encoded by ORF 12.

Since all ORFs were lacking a preceding typical Shine-Dalgarno sequence and the respective putative
protein sequences could not be aligned with any proteins of S. aureus it was concluded that the SSR42
encoding gene harbours various potential ORFs, which are not translated into proteins and thus do not

contribute to the regulatory function of ncRNA SSR42. A more complex analysis of a potential

regulatory role of the largest predicted ORF (ORF 3) was performed in section 4.7.3.

Table 4.1: Analysis of putative ORFs within SSR42 (S. aureus strain 6850).

ORF_ID  Position in length nucleotide sequence aasequence BLAST hit E-value
SSR42 gene (bp)

ORF 1 21-59 39 atgtatttcaaaaaacaata MYFKKQYIAI  Hypothetical protein 2.9
catagccattttgaactaa LN* (Chryseobacterium

sp.)

ORF 2 240-314 75 ttggacatacacttttgtcat LDIHFCHQTL Hypothetical protein 3.6
caaacgctgaaaattagtac  KISTIEITSC (Flavobacteriaceae
gattgaaatcacttcttgtta  YKNS bacterium)
taaaaattcttag

ORF 3 225-347 123 ttgaaatcacttcttgttata LKSLLVIKILSS - -
aaaattcttagtagccctgtt  PVTKYSLQIIQ
acaaaatattcgctacaaat INNNNHQLR
tattcaaatcaacaacaata  NFKQSTKK*
accatcaactaagaaatttt
aaacaatccactaaaaaat
aa

ORF 4 262-318 57 ctgttacaaaatattcgctac LLQNIRYKLF  Hypothetical protein 5.9
aaattattcaaatcaacaac  KSTTITIN* (Dictyostelium
aataaccatcaactaa purpureum)

ORF 5 362-406 45 ctgtttagaaaacatcaaga LFRKHQDKY  AAA family ATPase 3.0
taagtataaacatctagaaa KHLEK* (Burkholderia
agtga cepacian)

ORF 6 457-498 42 ttgaaaaagtgcattagaca LKKCIRQRNS Conserved 9.8
gcgaaattcaccatcaagat  PSR* hypothetical protein
aa (Leishmania

mexicana)

ORF 7 498-542 45 atgaagcaacaagaaacag MKQQETAHI  Structural 0.74
cacacatcaatgaattaaca  NELTP* maintenance of
ccttag chromosomes

protein 2
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(Schistosoma
haematobiu)

ORF 8 550-591 42 atgagaaaatgcatggcac MRKCMAQL  DUF4038 domain- 2.5
aactagatttaccatcaaga  DLPSR* containing protein
taa (Lachnoclostridium

sp.)

ORF 9 558-620 63 atgcatggcacaactagatt MHGTTRFTI Putative 4.0
taccatcaagataattcttaa  KIILKQRRINI  uncharacterized
gcagcgaagaattaacatct ¥ protein (Bacteroides
ag unifomis)

ORF 10 623-694 72 atgcataaacatcttagattt MHKHLRFYIK Glytaminyl-peptide 8.7
tacatcaagagatgcgataa RCDNYKQLE  cyclotransferase,
ctataaacaactagaaacgt TSPR* putative
caccaagatag (Plasmodium sp.

Gorilla clade G3)

ORF 11 876-965 90 ttgactatatatgaattaatt  LTIYELIMLLA Hypothetical protein  0.24
atgttactagctaaatcatct  KSSIINFHTQF  (Psychroserpens
attattaactttcacactcaa LHLIS damuponensi)
tttctacatctaatatca

ORF 12 1075-1119 45 atgtgtatggtatcttctaac  MCMVSSNIK  Pentatricopeptide 40
atcaagaaacgcattttaat  KRILI* repeat containing
atag protein (Apostasia

shenzenica)

4.1.5 Secondary structure analysis

The secondary structure of ncRNA SSR42 was predicted using the RNAfold WebServer
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; Gruber et al., 2008). The 1232 nt long
SSR42 nucleotide sequence was analysed by RNAfold using the default settings minimum free energy
(MFE) and partition function and avoid isolated base pairs. The WebServer provided two predictions
for the secondary structure of SSR42 (Fig. 4.7). The first structure was predicted via calculation of the
minimum free energy (MFE) while the second prediction was based on a thermodynamic ensemble
prediction and resulted in a centroid secondary structure. The calculated minimum free energy of the
SSR42 secondary structure was -192.8 kcal/mol while the free energy of the thermodynamic ensemble
was -216.15 kcal/mol. Both predicted secondary structures exhibited several stem loop structures and
a base-pairing between the 5°- and 3’-ends. Prediction using the Mfold web server (version 4.7;
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form; Zuker, 2003) at 37°C resulted in 8
predicted rather similar secondary structures (see Appendix Fig. 7.2). For further visualization the MFE-

based prediction secondary structure provided by RNAfold was chosen.

99


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form

RESULTS

base-pair probability
=

MFE secondary structure Centroid secondary structure

-192.8 kcal/mol -216.15 kcal/mol

Figure 4.7: Secondary structure prediction of SSR42. Secondary structure of SSR42 was predicted using the web
server RNAfold. Two different prediction approaches A) MFE-based and B) centroid-based were used. Colour
code depicts base-pairing propabilities.

The MFE-based predicted secondary structure exhibited 10 stem loop structures (Fig. 4.8). Each stem
loop structure consisted of several loop areas, which could serve as potential interaction sites with
target mRNAs, proteins or other ncRNAs due to their single-stranded areas. On account of the
extraordinary length of SSR42 the secondary structure prediction has to be viewed with a critical eye.
Recently it was found that some ncRNAs further fold into a tertiary structure (Abraham et al., 2008)
that determines their regulatory role. Thus, the potential secondary structure of the ncRNA molecule
might not be found in vivo and a potential tertiary structure has to be taken into consideration.
However, tertiary structure prediction tools are rather new and do not allow a prediction for a 1232
nt long molecule yet. Experimental analysis of secondary structures for example via digestion with
single-strand and double-strand cleaving nucleases followed by sequencing and generating of a PARS-
score and subsequent calculation of the secondary structure are limited in the length of the analysed
RNA (Righetti et al., 2016; Kertesz et al., 2010). Secondary structure predictions for long RNAs were
shown to be inaccurate and only 40% of predicted base pairs are thought to be predicted correctly
(Doshi et al., 2004). Therefore, the predicted secondary structure was only used as an illustrative tool

for a better visualization of addressed sequence areas.
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Figure 4.8: Analysis of stem loop structures within the predicted secondary structure of SSR42. MFE-based

secondary structure prediction of SSR42. Stem loop regions are numbered consecutively clockwise.

101



RESULTS

4.2 Regulation of haemolysis by Rsp and SSR42

The 891 nt long transcript of SSR42 was described to be implicated in regulating haemolysis in two S.
aureus strains, UAMS-1 and USA300. Further transcripton of Panton-Valentine leukocidin, protein A
and capsular genes were found to be dependent on presence of SSR42 (Morrison et al., 2012a). Since
in this study only 891 nt of SSR42 were deleted from the genome of S. aureus but complementation
was performed with the full senquence of the gene encoding SSR42 the haemolysis deficits of the
mutant could be successfully restored. Regulation of haemolysis by 1232 nt SSR42 was therefore
recapitulated in this chapter. Further, Rsp, an AraC-type transcriptional regulator was identified
recently to regulate the transcription of SSR42. Lack of rsp resulted in reduction of haemolysis and
reduced transcription of haemolysins such as a-toxin (Das et al., 2016; Li et al.,, 2016). Whether
haemolysis is indirectly regulated by Rsp via transcriptional regulation of SSR42 was investigated in this

chapter.

4.2.1 SSR42 is required for wild-type haemolysis in S. aureus 6850

S. aureus expresses several haemolysins which cause lysis of erythrocytes (Vandenesch et al., 2012).
The activity of those haemolysins can be tested by growing S. aureus on sheep blood agar plates. While
a-toxin-mediated erythrocyte lysis is represented by a characteristic bright and clear zone around the
staphylococcal colonies on agar supplemented with sheep blood, B-haemolysin causes a fainter
clearance zone, which is characterized by an incomplete rupture of erythrocytes (Fig. 4.9A). This is
referred to as a-haemolysis while the complete rupture of erythrocytes is called B-haemolysis. Lysis of
erythrocytes leads to liberation of haemoglobin. Due to the red colouring of haemoglobin the
haemolytic activity of S. aureus can be quantified by measuring the liberated haemoglobin
spectrophotometrically at 405 nm. Investigating the role of SSR42 for the haemolytic activity of S.
aureus culture supernatants of S. aureus 6850 wild-type bacteria, ASSR42 mutant and complemented
mutant were spotted on agar plates supplemented with 5% sheep blood. The ASSR42 mutant exhibited
a strongly reduced haemolysis zone on sheep blood agar compared to that of wild-type bacteria (Fig.
4.9B). While the a-haemolysis zone caused by B-toxin was not affected in the mutant, the B-haemolysis
zone was drastically reduced. Likewise, a SSR42 transposon insertion mutant from USA300 JE2
background (JE2 2500639R, see Appendix Figure 7.3) exhibited a reduced haemolysis zone on sheep
blood containing agar. Haemolytic activities were successfully restored in both genetic backgrounds

via ectopically expression of SSR42 in trans.
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Figure 4.9: SSR42 is required for efficient haemolysis. A) Schematic representation of typical haemolysis zones
of S. aureus grown on sheep blood agar. B) Lack of functional SSR42 affected haemolysis on sheep blood agar.
Overnight cultures of S. aureus 6850 wild-type, ASSR42 mutant and complemented mutant (upper panel) as well
as JE2 wild-type bacteria, insertional SSR42 mutant 2500639R and complemented mutant (lower panel) were
spotted on sheep blood agar. Haemolysis zones were drastically reduced in case of SSR42 mutants.

Using a quantitative erythrocyte lysis assay the haemolytic activity of S. aureus 6850 ASSR42 was
shown to be significantly and drastically reduced to 30.7% (p=4.2*10%) compared to the haemolytic
activity of wild-type bacteria from the same strain background. Haemolysis was successfully restored
to wild-type levels when SSR42 was complemented in trans. In order to exclude polar effects caused
by a potential damage of upstream (RSAU_002216) or downstream genes (rsp, RSAU_002218) the
ASSR42 mutant was complemented in trans using several plasmids: pSSR42, pSSR42-rsp and p2216-
2218 (Fig. 4.10A). Complementation of haemolysis was successfully obtained by using plasmid pSSR42,
harbouring the complete sequence of SSR42 and upstream gene RSAU_002216 which overlap in 5 nt
in both their 3’-ends. Haemolysis was further successfully restored using plasmid pSSR42-rsp
containing the complete sequence of SSR42, RSAU_002216, and rsp as well as when plasmid p2216-
2218 harbouring all of the four ORFs was used (Fig. 4.10B). Plasmid pSSR42 was used in the following
experiments to complement for ncRNA SSR42 in trans. Influence of both upstream and downstream
genes in haemolysis regulation was further ruled out by spotting overnight cultures of mutants in
RSAU_002216 (NE1614; RSAU_002216 corresponds to SAUSA300 2325 in strain JE2) and
RSAU_002218 (NE954; RSAU_002218 corresponds to SAUSA300_ 2327 in strain JE2) obtained from the
Nebraska mutant library (Fey et al., 2013). Insertional disruption of both ORFs did not influence the
haemolytic activity of S. aureus JE2 (Fig. 4.10C). Involvement of rsp in haemolysis regulation was
further addressed in section 4.2.3. S. aureus possesses several haemolysins capable of lysing
erythrocytes. Among such is the well-studied a-toxin. The expression of a-toxin was therefore analysed
via Western blotting of overnight culture supernatants. The amount of secreted a-toxin was
significantly reduced in the ASSR42 mutant (FC=0.7; p=0.00097; Fig. 4.10D) compared to that of wild-

type bacteria and was successfully complemented by expressing SSR42 in trans hence providing an
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explanation for the reduced haemolytic activity of mutants lacking ncRNA SSR42. In line with this, hla
mMRNA levels were found to be significantly decreased (FClogio: -0.34; p=0.011, Fig. 4.10E) in the SSR42
knockout mutant. hla transcript levels were successfully restored to wild-type levels in the mutant by

complementing for SSR42 in trans.
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Figure 4.10: Deletion of SSR42 affects lysis of sheep erythrocytes by reduction of a-toxin expression. A)
Schematic representation of various complementation plasmids containing SSR42 and neighbouring genes. B)
Lack of SSR42 reduced the haemolytic activity of S. aureus 6850 significantly. Quantitative haemolysis assay using
stationary growth phase supernatants of S. aureus 6850 wild-type, ASSR42 and various complementation
mutants demonstrated the requirement of SSR42 for efficient lysis of sheep erythrocytes. The haemolytic activity
of wild-type supernatants was set to 100%. C) Insertional disruption of neighbouring genes RSAU_002216
(SAUSA_2325; NE1614) and RSAU_002218 (SAUSA_2327; NE954) did not affect haemolyis as observed on sheep
blood agar. D) Deletion of SSR42 affected expression of a-toxin (Hla) as observed by immunoblotting using
stationary phase culture supernatants of each biological triplicates of 6850 wild-type, ASSR42 and complemented
mutant. E) SSR42 is required for hla transcription. gRT-PCR analysis of stationary phase RNA revealed significantly
less hla transcript levels in a ASSR42 mutant. Statistical analysis was performed using Student’s t-test.

104



RESULTS

4.2.2 Induced transcription of SSR42 is sufficient for hla transcription but not for haemolysis

Using an anhydrous tetracycline inducible promotor system (pAHT-SSR42) SSR42 was expressed in
trans in the ASSR42 mutant. While inducible transcription of SSR42 in stationary growth phase resulted
in a restored haemolytic activity, haemolysis could not be restored when SSR42 was ectopically
transcribed in logarithmic growth phase (ODgg=0.4) and remained comparable in both non-induced
and induced samples (Fig. 4.11A). Analysing transcript levels of logarithmic growth phase bacteria
confirmed the successful complementation of SSR42 and hla upon AHT-induced transcription of SSR42
(p=0.08). Transcript levels of hla were not only complemented by induction of ectopically SSR42
transcription but found to be strongly enhanced compared to that in wild-type bacteria treated with
AHT (p=0.03, Fig. 4.11B). Thus, although high hla mRNA levels were present upon transcriptional
induction of SSR42 in logarithmic growth phase, haemolysis could not be restored indicating the
involvement of other factors for translational regulation of a-toxin such as the quorum-sensing
effector RNAIIl. However, RNAIIl can only be detected in high amounts during stationary growth phase
(Boisset et al., 2007; Yarwood et al., 2002; Chabelskaya et al., 2014; Xiong et al., 2002) while being
essential for translation initiation of hla mRNA (Morfeldt et al., 1995). When the promotor activity of
RNAIII (Pagrp3) was analysed using a GFP reporter construct granting transcriptional fusion of agr and
GFP, P.grp3 activity was found to slowly start increasing at transition from logarithmic to stationary
growth phase (Fig. 4.11C). At an ODggo of 0.4 where ectopically transcription of SSR42 was induced only

a low activity of Pagp3 Was observed providing an explanation for the failure to restore haemolysis.
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Figure 4.11: Growth phase dependent effects of inducible SSR42 transcription. A) Induction of SSR42 during
stationary growth phase restored haemolysis defects of a ASSR42 mutant. Haemolytic activities of S. aureus
ASSR42 culture supernatants were only restored to wild-type levels by anhydrous tetracycline-induced
complementation of SSR42 (pAHT-SSR42) in stationary but not in exponential growth phase. + AHT indicates
addition of anhydrous tetracycline. For quantification of haemolytic activities sheep erythrocytes were treated
with bacterial culture supernatants. The haemolytic activity of wild-type supernatants was set to 100%. Statistical
analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001. B) Analysing hla transcript levels of
exponential growth phase ASSR42 mutant after AHT-induced transcription of SSR42 (pAHT-SSR42) via qRT-PCR
demonstrated successful complementation of hla transcription upon induction of SSR42 expression. Statistical
analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001. C) Growth curve and agr P3 promotor
(Pagrp3) activity profile in wild-type S. aureus 6850. agr P3 promotor activity started to increase upon entry of
stationary growth phase in S. aureus 6850.

4.2.3 SSR42 is required for restoring haemolysis in a ASSR42-rsp mutant

Distinguishing whether Rsp is regulating haemolysis in S. aureus directly or indirectly via transcriptional
regulation of ncRNA SSR42 the haemolytic properties were investigated in a ASSR42 and a mutant
lacking both SSR42 and rsp (ASSR42-rsp; Fig. 4.12A). Double knockout mutant S. aureus 6850 ASSR42-
rsp exhibited a significantly reduced haemolytic activity towards sheep erythrocytes (Fig. 4.12B-C;
23.5%; p=5.4*10") compared to that of wild-type bacteria. The haemolytic activity of the double
knockout mutant was of similar extent as seen in a single ASSR42 mutant (30.7%). In order to identify
which of both regulatory factors is responsible for the observed reduced haemolysis phenotype, the
double knockout mutant ASSR42-rsp was complemented in trans for either SSR42 (pSSR42), rsp
(pS2217) or both factors (pSSR42-rsp; Fig. 4.12C). Haemolysis could only be successfully restored when
both ncRNA SSR42 and rsp were introduced in trans via plasmid pSSR42-rsp.
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Figure 4.12: A double knockout mutant in SSR42 and rsp displays similar defects regarding the haemolytic
activity as a ASSR42 mutant. A) Genomic localization of SSR42 and rsp in S. aureus 6850 and genomic situation
in a ASSR42-rsp mutant. Arrows indicate transcription start sides. B) Lack of SSR42 and rsp results in reduced
haemolytic activity as observed on sheep blood agar. Overnight cultures of S. aureus 6850 wild-type and ASSR42-
rsp mutant were spotted on sheep blood agar. Haemolysis zones were drastically reduced in case of the ASSR42-
rsp mutant. C) Quantitative analysis of haemolytic activities of S. aureus 6850 ASSR42-rsp mutant and various
complemented mutants demonstrated a successful complementation only when both SSR42 and rsp were
expressed in trans (pSSR42-rsp). Episomal complementation with only SSR42 (pSSR42) or rsp (pS2217) did not
suffice in restoring haemolytic activities in the double knockout mutant ASSR42-rsp. For quantification of
haemolytic activities sheep erythrocytes were treated with bacterial culture supernatants. Wild-type haemolytic
activities were set to 100%. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.
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To elaborate this further transcriptional analysis using qRT-PCR was performed. Whereas transcription
of SSR42 could only be complemented using plasmid pSSR42-rsp, transcription of rsp was restored
using either pSSR42-rsp or pS2217 for complementation (Fig. 4.13A). Instead, transcription was only
restored to wild-type levels when both SSR42 and rsp were expressed (pSSR42-rsp) in trans. Thus,
neither complementation of only rsp nor SSR42 was sufficient to restore transcription of hla.
Furthermore, previous findings demonstrating a regulatory role for Rsp on transcription of SSR42 (Das
et al., 2016) were confirmed since transcription was not obtainable in the double knockout mutant

when SSR42 was under control of its native promotor (pSSR42).

To exclude secondary side-effects caused by potential mutations in global regulators such as the agr
guorum-sensing system or the SaeRS two-component system, which depict hot spots for secondary
site mutations, the transcription of the agr effector RNAIIl as well as saeS was investigated. While
RNAIII transcript levels did not differ significantly between wild-type bacteria, mutant and all of the
complemented mutants, saeS mRNA levels were found to be significantly elevated compared to the
transcript levels in wild-type bacteria when both SSR42 and rsp were expressed ectopically using

plasmid pSSR42-rsp (p=0.025).

Considering that hla transcription could only be successfully restored to wild-type levels when both
SSR42 and rsp were expressed but not when rsp alone was expressed, it was hypothesized that SSR42,
not Rsp, is executing the transcriptional regulation of a-toxin. Confirming this assumption double
knockout mutant ASSR42-rsp was complemented in trans for either SSR42 (pAHT-SSR42) or rsp (pAHT-
rsp) under control of an anhydrous tetracycline inducible promotor allowing timely targeted
expression neglecting the regulatory relationship of both factors and assuring SSR42 transcription in
absence of Rsp (Fig. 4.13B). Transcript levels of SSR42, rsp and hla were analysed upon transcriptional
induction via an AHT pulse in logarithmic growth phase (ODgoo=0.4). Only upon induction of SSR42
transcription a significant increase in hla mRNA levels was observed (p=0.0007) compared to the
transcript levels in non-induced bacteria. Induction of rsp transcription instead led to a slight increase
in hla mRNA levels comparable to the increase observed in wild-type bacteria, which were stimulated

with AHT indicating only a side-effect of AHT-treatment.

Thus, induction of SSR42 transcription was sufficient to restore hla transcription in the double

knockout mutant ASSR42-rsp.
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Figure 4.13: SSR42 is required for haemolysis in S. aureus while Rsp mediates transcription of SSR42. A) hla
transcription was only successfully restored by episomal complementation of both SSR42 and rsp (pSSR42-rsp)
but not by either only SSR42 (pSSR42) or rsp (pS2217). gRT-PCR analysis of SSR42, hla, rsp, saeS and RNAIII levels
in S. aureus 6850 wild-type, ASSR42-rsp mutant and various complemented mutants. Transcription of saeS and
RNAIII was not affected by deletion of both SSR42 and rsp. B) Expression of SSR42 is required for efficient hla
transcription. gRT-PCR analysis of hla levels in S. aureus wild-type, ASSR42-rsp mutant and mutant
complemented with either AHT-inducible expression of SSR42 (pAHT-SSR42) or rsp (pAHT-rsp). Only AHT-induced
transcription of SSR42 resulted in a significantly increase in hla transcript levels and successful complementation
of hla transcription. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001

4.3 ncRNA SSR42 is the main effector of Rsp-mediated virulence in S. aureus

With the aid of the double knockout mutant ASSR42-rsp the regulation of hla transcription was
deciphered and found to be executed via ncRNA SSR42 whilst Rsp was found to be essential for
ensuring transcription of SSR42. Thus, the previously detected reduced haemolytic properties of a Arsp
mutant resulted from loss of SSR42 transcription. Since many virulence factors were found to be
differentially regulated in a Arsp mutant (Das et al., 2016) the impact of SSR42 on regulation of those

factors was pursued.
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4.3.1 ncRNA SSR42 influences transcription of a plethora of virulence factors

For gene expression profiling by RNA-seq total RNA of stationary growth phase (16 h) and exponential
growth phase (ODg=0.6) bacteria was isolated. By using high throughput Illumina sequencing
differences in RNA abundances when either SSR42 or both SSR42 and rsp were not expressed were
uncovered (RNA-seq was performed in collaboration with Bruno Huettel and Richard Reinhardt,
Genome Centre Cologne and analysed by Maximilian Klepsch, University Wirzburg). Several mRNAs
encoding virulence factors were found at different transcript levels in the ASSR42 mutant when
compared to wild-type bacteria (table 4.2, 4.3, see Appendix tables 7.5, 7.6). These included, for
example, in exponential growth phase psma4 (phenol soluble modulin; log,FC: -2.56; padj= 3.5*101,
ureB (urease subunit beta; log,FC: 1.87; padj= 0.00162), /dhD (D-lactate dehydrogenase; log,FC: 2.59;
padj= 5.67E-09), and capD (capsular polysaccharide synthesis enzyme; log,FC: 1.50; padj= 0.00034)
and in stationary growth phase chs (chemotaxis inhibitory protein; log>FC :-1.81; padj= 0.000877), scpA
(staphopain A; log,FC: -1.80; padj= 7.24E-14), clfA (clumping factor A; log,FC: 2.56, padj= 1.75E-20),
isdB (haem uptake; logyFC: -2.35; padj= 7.81E-12) and ffh (signal recognition particle; log,FC: 0.85;
padj= 0.00028). Differential expression for several virulence factors was verified using gRT-PCR: in
exponential growth phase for psma (FClogi0:-0.64; p=0.03), ureB (FClog10:0.47; p=0.002), IdhD (FClogao:
1.03; p=0.03), capD (FClog10:0.36; p=0.02), RSAU_002216 (FClogo: -0.81; p=0.01; Fig. 4.14A). However,
for IrgA, nirB and sarR no significant differences in transcript levels could be detected in the SSR42

knockout mutant despite a significant differential regulation in the RNA-seq derived data (Fig. 4.14B).
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Figure 4.14: SSR42 regulates the expression of various virulence factors during exponential growth phase of S.
aureus 6850. A) Quantitative real time PCR analysis of psma, ureB, IdhD, capD and RSAU_002216 transcript levels
in S. aureus 6850 wild-type, ASSR42 mutant and complemented mutant revealed regulation of those genes by
ncRNA SSR42. B) Quantitative real time PCR analysis of IrgA, sarR and nirB mRNA in S. aureus 6850 wild-type,
ASSR42 mutant and complemented mutant revealed no regulatory impact of SSR42. Statistical analysis was
performed using Student’s t-test: *: p<0.05; ***: p< 0.001.
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In stationary growth phase chs (FClogio:-0.73; p=0.0003), scpA (FClog10:-0.78; p>0.0001), RSAU_002216
(FClogio: -0.83; p=0.0003), clfA (FClog10:0.78; p=0.003), isdB (FClogi0:-0.84; p>0.0001), ffh (FClogio:
0.21; p=0.001) and esxA (FClogio: 0.82; p=0.03) were found to be significant differentially expressed in
the ASSR42 mutant (Fig. 4.15A). However, no significant differences between expression levels in wild-

type bacteria and ASSR42 mutant were found for essA, sarX, gpxA and essB (Fig. 4.15B).
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Figure 4.15: SSR42 regulates the expression of various virulence factors during stationary growth phase of S.
aureus 6850. A) Quantitative real time PCR analysis of chs, scpA, RSAU_002216, isdB, ffh and esxA transcript
levelsin S. aureus 6850 wild-type, ASSR42 mutant and complemented mutant revealed regulation of those genes
by ncRNA SSR42. B) Quantitative real time PCR analysis of essA, essB, sarX and gxpA mRNA in S. aureus 6850
wild-type, ASSR42 mutant and complemented mutant revealed no regulatory impact of SSR42. Statistical analysis
was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.

Ruling out potential side-effects on expression of up-stream ORF RSAU_002216 caused by deletion of
SSR42 the ASSR42 mutant was complemented in trans with an AHT-inducible complementation
plasmid (pAHT-SSR42; Fig. 4.16) that only harbours the SSR42 encoding sequence and no up- or
downstream sequences. AHT-inducible complementation restored the expression of RSAU_ 002216
successfully verifying regulation by SSR42 and ruling out secondary side-effects of the targeted

deletion of SSR42.
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Figure 4.16: Expression of RSAU_002216 is regulated by SSR42. Quantitative real time PCR analysis of
RSAU_02216 transcript levels in S. aureus 6850, ASSR42 and complemented mutant (pAHT-SSR42). Expression of
RSAU_002216 was not reduced due to secondary site mutations but is regulated by SSR42 as observed in qRT-
PCR. Transcription of RSAU_002216 was successfully complemented by AHT-inducible expression of SSR42.
Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001

In order to decipher the regulatory impact of SSR42 and Rsp special consideration was given to the
comparison of the transcriptome of a single ASSR42 and the double knockout mutant ASSR42-rsp
(table 4.4, 4.5; see Appendix tables 7.7-7.10). Only a few mRNAs were found to differ between mutants
lacking either only SSR42 or both SSR42 and rsp. Among these hisD (histidinol dehydrogenase, log,FC
1.74; padj=0.02), isaB (immune dominant antigen B; log,FC 1.29; padj=0.031), lukG (leucocidin subunit
G; log,FC 1.23; padj= 0.006) and ssaA3 (secretory antigen precursor SsaA; logFC -1.54; padj=0.032)
were detected. Astonishingly, no additional gene other than rsp was found to be differentially
expressed during stationary growth phase in the double knockout mutant compared to the expression
patterns in the ASSR42 mutant. Differences in transcript levels of those genes were analysed using
gRT-PCR, thereby comparing the transcript levels of S. aureus 6850 wild-type bacteria, ASSR42-rsp
mutant and the double knockout mutant complemented only for rsp (pS2217; Fig. 4.17). A differential
regulation in ASSR42-rsp could only be confirmed for hisD (FClogio: 1.12; p>0.0001), ssaA3 (FClogao:
-0.79; p=0.007) and lukG (FClogio: 0.53; p=0.027). For transcript levels of isaB no significant difference

was detected.

Thus, the transcription of a majority of previous identified Rsp-regulated target genes is only indirectly

modulated by Rsp via transcriptional regulation of ncRNA SSR42.
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Figure 4.17: Rsp regulates the expression of hisD, ssaA3 and lukG in S. aureus 6850. Quantitative real time PCR
analysis of hisD, isaB, ssaA3 and lukG transcript levels in S. aureus 6850 wild-type, ASSR42-rsp double knockout
mutant and mutant complemented for rsp expression revealed regulation of hisD, ssaA3 and lukG but not isaB.
Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001

Table 4.2: Top 10 genes up-regulated in S. aureus 6850 ASSR42 in exponential and stationary growth

phase respectively.

gene logzFold adjusted product
change! p-value

exponential

growth phase

nirB 2.72 0.026 assimilatory nitrite reductase [NAD(P)H] large
subunit putative

RSAU_002525 2.67 0.001 ATP phosphorribosyl-transferase regulatory
regulatory subunit

IdhD 2.58 1.01*10°% D-lactate dehydrogenase

RSAU_000366 2.39 1.35*%10! hypothetical protein

hisA 2.39 0.005 1-(5-phosphoribosyl)-5-[(5-phosphoribosyl-
amino) methyl-ideneamino] imidazole-4-
carboxamide isomerase HisA

RSAU_001467 2.14 0.0004 LamB/YcsF family protein

ureB 1.89 2.07*10° urease B- subunit

RSAU_000185 1.81 0.01 flavohemoprotein putative

hisF 1.80 0.047 imidazole glycerol phosphate synthase
cyclase subunit HisF

RSAU_001651 1.78 0.046 calcium-binding lipoprotein putative

stationary growth

phase

RSAU_002545 2.56 7.0%10°® hypothetical protein

clfA 2.54 1.4*10%° clumping factor A

fadE 2.51 5.0%107 acyl-CoA synthetase putative

RSAU_000180 2.42 8.0%10" coenzyme A transferase

RSAU_000249 2.34 7.4*%1070° putative lipoprotein

RSAU_000228 2.18 4.2*101° WxG Protein EsxA (Typ VIl secretion system)

RSAU_000608 2.17 9.0*1018 bacteriophage tail tape measure protein
TP901 family

fadD 2.15 0.0002 acyl-CoA dehydrogenase putative

RSAU_000760 2.06 0.002 hypothetical protein

RSAU_000762 2.04 0.002 lipoprotein putative

1Compared to transcript levels in S. aureus 6850 wild-type bacteria
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Table 4.3: Top 10 genes down-regulated in S. aureus 6850 ASSR42 in exponential and stationary
growth phase respectively.

gene logzFold adjusted product
change! p-value

exponential growth

phase

RSAU_002216 -4.13 1.28*10% hypothetical protein

psmA4 -2.56 3.47*101%° phenol-soluble modulin alpha 4

RSAU_000768 -2.40 9.7*10° hypothetical protein

sarR -2.34 3.8%10-%° staphylococcal accessory regulator R

psmA2 -2.05 0.001 phenol-soluble modulin alpha 2

psmAl -1.90 0.04 phenol-soluble modulin alpha 1

psmA3 -1.82 0.0005 phenol-soluble modulin alpha 3

pyrF -1.79 1.6*10° orotidine 5-phosphate decarboxylase

pyrP -1.62 0.03 uracil permease PyrP putative

pyrAB -1.57 1.0*108 carbamoyl-phosphate synthase large subunit
PyrAB

stationary growth

phase

RSAU_002545 2.56 7.0%10°® hypothetical protein

clfA 2.54 1.4*10%° clumping factor A

fadE 2.51 5.0%10%7 acyl-CoA synthetase putative

RSAU_000180 2.42 8.0*10"7 coenzyme A transferase

RSAU_000249 2.34 7.4*%10°0° putative lipoprotein

RSAU_000228 2.18 4.2*101%0 WxG Protein EsxA (Typ VIl secretion system)

RSAU_000608 2.17 9.0*1018 bacteriophage tail tape measure protein
TP901 family

fadD 2.15 0.0002 acyl-CoA dehydrogenase putative

RSAU_000760 2.06 0.002 hypothetical protein

RSAU_000762 2.04 0.002 lipoprotein putative

1Compared to transcript levels in S. aureus 6850 wild-type bacteria

Table 4.4: Top 5 genes up-regulated in S. aureus 6850 ASSR42-rsp in exponential and stationary
growth phase respectively compared to transcript levels in S. aureus 6850 ASSR42.

Gene logz2Fold adjusted p-value product

change!
exponential
growth phase
psmA1 1.87 1.6*103 phenol-soluble modulin alpha 1
RSAU_000315 1.65 2.7*%10° staphylococcal enterotoxin putative
hisD 1.59 1.4*10°3 histidinol dehydrogenase HisD
RSAU_000317 1.43 1.4*10% putative lipoprotein putative
RSAU_002223 1.33 1.9*10* hypothetical protein
RSAU_000030 1.32 1.3*103 hypothetical protein
isaB 1.29 5.4*10* immunodominant antigen B IsaB
RSAU_000782 1.31 5.9%10* arsenate reductase putative
psmA4 1.26 6.9%10* phenol-soluble modulin alpha 4
lukG 1.21 9.9*10° F subunit LUKF-G putative
stationary

growth phase

1Compared to transcript levels in S. aureus 6850 ASSR42 mutant
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Table 4.5: Top 5 genes down-regulated in S. aureus 6850 ASSR42-rsp in exponential and stationary
growth phase respectively compared to transcript levels in S. aureus 6850 ASSR42.

Gene log,Fold adjusted p-value product
change?

exponential

growth phase

rsaF -1.56 3.8*10% Non-coding RNA

RSAU_002132 -1.56 7.2*10* secretory antigen precursor SsaA
putative

RSAU_001730 -1.57 1.3*10% tRNA-Ser

RSAU_001729 -1.59 1.9%10° tRNA-Met

RSAU_001687 -1.59 2.7*%10* tRNA-Phe

stationary

growth phase

rsp -7.53 2.1*%102? Repressor of surface proteins

1Compared to transcript levels in S. aureus 6850 ASSR42 mutant

4.3.2 ncRNA SSR42 influences the protein levels of a multitude of virulence factors

Analysis of the transcriptome of a ASSR42 mutant revealed several virulence factors, which are
regulated by SSR42. Further analysing the regulatory impact of SSR42 on the cytosolic and extracellular
proteome of stationary growth phase (16 h) and exponential growth phase (ODs00=0.6), bacteria were
analysed using mass spectrometry (table 4.6; 4,7, Appendix table 7.11, mass spectrometry was
performed by Andreas Otto and Dérte Becher, University of Greifswald and analysed by Maximilian
Klepsch, University Wirzburg). Relative protein abundances in S. aureus 6850 wild-type bacteria and
isogenic ASSR42 and ASSR42-rsp mutant were analysed (Appendix table 7.12) and compared focusing
again on the overlap of differentially regulated proteins in both mutants (table 4.8; 4.9, see Appendix
table 7.13). In the ASSR42 mutant several virulence associated proteins such as EsaA (RSAU_000229,
FC: 2.56; p=0.0068) and SarA (RSAU_000573 , FC: 1.76; p=0.019) were enriched in the cytosolic
fraction, while in the extracellular fraction virulence factors such as EsxA (RSAU_000228, FC: 7.6;
2.6*10®), Sbi (RSAU_002257, FC: 1.8; p=0.00091), B-haemolysin HIgB (RSAU_002260, FC: 4.3; p= 0.022)
and y-haemolysin HlgC (RSAU_002259, FC: 3.6 p=0.004) were found in higher amount in the SSR42
mutant (see Appendix table 7.11). When analysing the proteome of double knockout mutant ASSR42-
rsp similarities to a high degree to that of a ASSR42 mutant were detected again confirming the high
regulatory impact of SSR42. Differences between the ASSR42 and double knockout mutant ASSR42-rsp
were detected in exponential growth phase for example for Luk-H (RSAU_001838; FC: 1.82; p=0.048)
and in stationary growth phase for catalase (RSAU_001216; FC: 1.56; p=0.002). In summary, while most

of the virulence factors, which were differential expressed in a mutant lacking rsp (Das et al., 2016),
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were shown to be regulated by ncRNA SSR42, only a small subset of virulence factors was identified to

be regulated by AraC-type transcriptional regulator Rsp independently of SSR42.

Table 4.6: Top 5 hits of proteins with higher abundance in S. aureus 6850 ASSR42 in exponential

and stationary growth phase respectively.

gene fold adjusted fraction product
change! p-value

exponential

growth phase

RSAU_000228 7.6 2.6%10° extracellular WxG Protein EsxA (Typ VI
secretion system)

RSAU_002260 4.3 0.022 extracellular gamma-hemolysin component B
precursor, HigB

RSAU_001040 2.5 0.0003 extracellular Efb, extracellular fibrinogen
binding protein

RSAU_001833 2.5 0.005 extracellular map-like protein

RSAU_000940 2.2 4.4*10° extracellular Atl, Autolysin

stationary

growth phase

RSAU_002514 7.05 0.001 extracellular lipase precursor

RSAU_002340 7.0 0.0001 extracellular FnbB

RSAU_002259 3.6 0.004 extracellular gamma haemolysin HigC

RSAU_001553 3.6 0.007 cytosolic methylcitrat synthase

RSAU_1083 3.2 8.6%10° cytosolic aspartat carbamoyltransferase

(PyrB)

1Compared to transcript levels in S. aureus 6850 wild-type bacteria (ASSR42/WT)

Table 4.7: Top 5 hits of proteins with lower abundance in S. aureus 6850 ASSR42 in exponential and

stationary growth phase respectively.

gene fold adjusted fraction product
change! p-value

exponential

growth phase

RSAU_000449 0.4 0.0002 cytosolic hypoxanthine phosphoribosysl|-
transferase

RSAU_001860 0.4 0.02 extracellular 60 kDa chaperonin GroEL

RSAU_001445 0.4 0.0009 extracellular chaperone protein DnaK

RSAU_000452 0.4 2.0%10°® extracellular cysteine synthase A

RSAU_000754 0.6 0.002 extracellular enolase

stationary

growth phase

RSAU_001372 0.37 0.02 cytosolic glucose-6-P-1-dehydrogenase
(Zwf)

RSAU_002532 0.4 0.003 cytosolic Ycel domain protein

RSAU_001094 0.4 0.049 cytosolic primosomal assembly protein
PriA

RSAU_000449 0.4 0.006 extracellular hypoxanthine
phosphoribosysmtransferase

RSAU_000323 0.45 0.009 cytosolic alkyl hydroperoxid reductase

subunit F (AhpF)

1Compared to transcript levels in S. aureus 6850 wild-type bacteria (ASSR42/WT)
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Table 4.8: Influence of Rsp on virulence factor protein levels. Top 5 hits of proteins with higher
abundance in S. aureus ASSR42-rsp compared to ASSR42.

Gene fold p-value fraction Product
change!

exponential

growth phase

RSAU_000524 2.4 0.02 cytosolic hexulose-6-phosphate synthase

RSAU_001966 1.91 0.0004 cytosolic DNA-directed RNA polymerase

RSAU_001213 1.9 0.0019 cytosolic hydrolase haloacid
dehalogenase-like family

RSAU_001942 1.86 0.03 cytosolic FoF1-ATP synthase subunit
gamma

RSAU_001838 1.82 0.048 extracellular Leukocidin S subunit LukS-H

stationary

growth phase

RSAU_000494 1.9 0.025 extracellular DNA-dependent RNA
polymerase C beta subunit

RSAU_000936 1.72 0.0015 extracellular glutamyl endopeptidase
precursor putative

RSAU_001192 1.57 extracellular glutamine synthetase type |

RSAU_001216 1.56 0.002 extracellular catalase

RSAU_000009 1.56 0.005 extracellular seryl-tRNA synthetase

1Compared to transcript levels in S. aureus 6850 ASSR42 (ASSR42-rsp/ASSR42)

Table 4.9: Influence of Rsp on virulence factor protein levels. Top 5 hits of proteins with lower
abundance in S. aureus ASSR42-rsp compared to ASSR42.

Gene fold p-value fraction Product
change!

exponential

growth phase

RSAU_000940 0.34 0.014 cytosolic autolysin Atl

RSAU_002146 0.42 0.013 cytosolic formate dehydrogenase alpha
subunit putative

RSAU_001094 0.43 0.03 cytosolic primosomal assembly protein
PriA

RSAU_000495 0.46 0.02 cytosolic DNA directed RNA polymerase
beta-prime chain putative

RSAU_000494 0.48 0.03 cytosolic DNA-dependent
RNA polymerase beta subunit

stationary

growth phase

RSAU_000857 0.41 0.045 extracellular hypothetical protein

RSAU_001029 0.55 0.02 cytosolic thioredoxin TrxA

RSAU_001488 0.57 0.005 cytosolic transcriptional regulator

RSAU_001588 0.59 0.03 cytosolic formate-tetrahydrofolate ligase

RSAU_001615 0.68 0.003 cytosolic leucyl-tRNA synthetase

1Compared to transcript levels in S. aureus 6850 ASSR42 (ASSR42-rsp/ASSR42)
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4.3.3 Role of ncRNA in S. aureus-induced cell death

Analogue to the transcriptional analysis most differentially regulated proteins in the ASSR42-rsp
mutant were also found to be differentially regulated in the single SSR42 mutant indicating an
important role for SSR42 regulating virulence factor expression. Thus, the previous reported regulatory
role for Rsp was considered to be executed indirectly via ncRNA SSR42. Considering the strong impact
of SSR42 on the regulation of a plethora of virulence factors it was hypothesized that the previously
found phenotypic properties of a rsp mutant could result from lack of SSR42 transcription rather than
from Rsp itself. Regarding haemolysis regulation this hypothesis was already validated (see section

4.2.3).

Rsp was reported to be essential for intracellular cytotoxicity of infected host cells with mutants
displaying strongly reduced cytolytic properties (Das et al., 2016). The role of SSR42 in triggering host
cell death was therefore analysed. For this, HelLa 2000 cells were infected with a MOI of 10 with wild-
type bacteria, ASSR42 and complemented mutant from 6850 strain background and cell death was
measured 4 h post infection. LDH release was used as an indicator for dying host cells and found to be
at significantly lower levels when Hela 2000 cells were infected with the ASSR42 mutant (Fig. 4.18A;
58.15% normalized to wild-type levels of LDH release; p=0.003) compared to cells infected with wild-
type bacteria of the same strain background. The reduced cytotoxic activity of the ASSR42 mutant was
successfully restored when SSR42 was ectopically expressed (comp; 101.1%). Further LDH release from
Hela 200 cells infected with either a Arsp (54.4%; p=0.004) or a Ahla (52.5%; p=0.0002) mutant was
found to be significantly less compared to cells infected with wild-type bacteria from the same strain
background (Fig. 4.18B). Interestingly, the LDH release of the cells infected with those mutants was at
comparable levels to cells infected with the ASSR42 mutant. Thus, knockout of either rsp, SSR42 or hla
resulted in a similar phenotype regarding intracellular killing of host cells. Enumerating the colony
forming units (CFU) from the infected cells 90 min after infection revealed no differences between the
four groups indicating that similar bacterial abundances were present in the host cells at the initial
stages of infection ruling out potential invasion defects (Fig. 4.18C). Since mutants in rsp and SSR42
displayed similar reduced cytolytic activities towards host cells it was concluded that SSR42 is
responsible for the previous reported reduced cell-death phenotype of Arsp mutants. a-toxin, which
was previously shown to be regulated by ncRNA SSR42, was identified as the potential factor eliciting

host cell death from within the infected cells.

By expression of a plethora of cytolytic virulence factors S. aureus is not only able to kill cells from
within, but further the culture supernatant displays toxicity towards host cells. The toxicity of S. aureus
culture supernatants was analysed by intoxicating HeLa 2000 cells with 10% of supernatants collected

from wild-type bacteria, ASSR42 and complemented mutant. The culture supernatants obtained from
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the mutant lacking SSR42 exhibited significantly less toxicity towards HeL2000 cells measured by LDH
release (Fig. 4.18D; 41.47%; p>0.001). The effect was successfully recovered by complementation of
SSR42 (120.85%). Thus, SSR42 was shown to regulate virulence factors implicated in eliciting host cell
death.

A B
Hela 2000 infected with S. aureus MOI10 Hela 2000 infected with S. gureus MOI10
ns
120 - 100 ns
o
T 8 8100 - EEE w0 - ns
FER- v g
£ 80 ]
U w0 - = 60 -
g e 3 2
- % o 60 gz
E [=] 4?: o +« - a0 -
-1 ; g a0 - : E s
[T ] > 3
> 2 Z® -
ﬁ g—ﬁ 20 - 2 E‘ 2 20 -
e Bg?
o D ] D
ASSR42  ASSR42comp  Arsp ASSR42 Arsp Mhla
C D
Hela 2000 infected with S. aureus MOI10 Hela 2000 treated with 10% S. aureus supernatant
140 -
8 1 o
Xge 120 -
-]
6 - &= § 100 -
9 a2
g ® 3 & 80 -
A T o &
M 853 60
2 [ §
S 282 a0
2 52 % 1
o
] 20 -
0 A 0
ﬁSSR42 Mhla Arsp ASSR42 ﬁSSR42 comp

Figure 4.18: ncRNA SSR42 affects host cell death but not invasion. A) Deletion of SSR42 significantly reduces
toxicity of S. aureus 6850 towards Hela 2000 cells as observed by LDH release from host cells. Death of Hela
2000 cells infected with S. aureus 6850 wild-type, ASSR42 mutant, complemented mutants and Arsp mutant was
guantified via measuring LDH release. B) Deletion of either hla, SSR42 or rsp affects host cell death in a similar
way as detected by LDH release from infected HelLa 2000 cells. C) Invasion of S. aureus 6850 into HelLa 2000 cells
is not affected by knockout of either SSR42, hla or rsp. Enumeration of CFU obtained from infected HelLa 2000
cells after 1.5 h of infection. D) Stationary growth phase supernatant of S. aureus 6850 ASSR42 exhibited
significantly less cytotoxic activity towards HelLa 2000 cells. HeLa 2000 cells were treated with 10% stationary
growth phase supernatant of S. aureus 6850 wild-type, ASSR42 mutant and complemented mutant. Cell death
was measured via quantification of LDH release. Statistical analysis was performed using Student’s t-test: *: p<
0.05; ***: p< 0.001.
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4.3.4 Role of SSR42 in biofilm formation of S. aureus

Biofilm formation of S. aureus depicts a serious problem in health-care associated infections especially
regarding medical device-associated infections due to the higher antibiotic tolerance of bacterial cells
residing inside biofilms. Biofilm formation in Staphylococcus spp. is described to be a four-step process
of adherence, aggregation, maturation, and dispersal (Blttner et al., 2015). During the critical
adherence phase of biofilm formation fibronectin binding proteins were reported to be of great
importance (O'Neill et al., 2008; McCourt et al., 2014). Higher abundances of fnbA mRNA and FnbB
protein levels (see sections 4.3.1, 4.3.2) were found in a mutant deficient of SSR42 both indicating a
possible enhancement of biofilm formation in S. aureus. Hence, the ability to form biofilms was
analysed in mutants lacking SSR42 by measuring optical densities of crystal violet stained biofilms.
Significantly stronger biofilm formation was detected in case of the ASSR42 mutant (Fig. 4.19; FC:
121%; p>0.0001) compared to the ability of wild-type bacteria to form biofilms, whereas the effect

was recovered in case of SSR42 complementation (FC: 98.98%).
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Figure 4.19: SSR42 affects biofilm formation in S. aureus 6850. Deletion of SSR42 results in significantly
enhanced biofilm formation as observed by quantification of crystal violet stained biofilms in S. aureus 6850 wild-
type, ASSR42 and complemented mutant. Biofilm formation was normalized to growth of bacteria and biofilm
formation of wild-type bacteria was set to 100%. Statistical analysis was performed using Student’s t-test: *: p<
0.05; ***: p< 0.001.

4.3.5 SSR42 influences persistence of S. aureus in EA.Hy926 cells

Rsp was shown to be an important virulence regulator especially considering virulence, eliciting death
of host cells and intracellular residence (Das et al., 2016; Li et al., 2016). While residing in host cells
for extended periods the full cytotoxic potential of rsp mutants was reported to be only observable in
later stages of infection (Das et al., 2016). A strategy for persisting inside host cells is the formation of
small colony variants (SCV). Using a long-term infection model EA.Hy926 cells were infected with wild-
type bacteria, a ASSR42 and Arsp mutant from S. aureus 6850 strain background (experiment was
perfomed by Lorena Tuchscherr, University hospital Jena). Enumerating the CFU of infected cells at
day 0, 2 and 7 post infection revealed no significant differences between the three groups (Fig. 4.20A).
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However, while at day 7 of infection CFU counts did not differ between the used strains, significantly
more SCVs could be isolated from cells infected with either the Arsp (p=0.045) or ASSR42 (p= 0.023)
mutant (Fig. 4.20B-C). Therefore, it was demonstrated that mutants lacking SSR42 or rsp tend to form

SCVs during long term infection.
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Figure 4.20: ncRNA SSR42 has an impact on formation of small colony variants. A) CFU enumeration of S. aureus
6850 wild-type, ASSR42 and Arsp mutant obtained from infected EA.Hy926 cells after 2 and B) 7 days of infection
reveals no significantly differences between the three groups. C) Mutants in either SSR42 or rsp tend to form
more small colony variants during long term colonization of EA.Hy926 cells as observed by CFU enumeration.
Significantly more SCVs were observed for mutants in SSR42 and rsp after 7 days of infection of EA.Hy926 cells.
Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.

4.3.6 SSR42 plays a crucial role for pathogenesis of S. aureus
For investigating the influence of SSR42 on virulence in murine infection models, mice were infected
with 10® CFU of both wild-type, Arsp and ASSR42 mutant from 6850 background (experiment was
perfomed by Eva Medina, Helmholtz Centre Braunschweig). After 7 days mice were sacrificed and CFU
enumeration from infected tibia, kidneys and livers was performed (Fig. 4.21). For all three infection
models both mutants were found at significantly lower CFU numbers (Fig. 4.21A-C; tibia: Arsp: p=
0.0005, ASSR42: p=0.0001; kindey: Arsp: p= 0.0005, ASSR42: p=0.0013; liver: Arsp: p=<0.0001, ASSR42
p= <0.0001). Due to the detected lower number of mutants lacking SSR42 in the infected organs and
tibia of mice competition experiments were performed in order to assess potential fitness defects of
the ASSR42 mutant. A spectinomycin resistant mutant was used to distinguish between wild-type and
ASSR42 mutant. This mutant was constructed analogue to the previously used ASSR42 mutant by
placing a spectinomycin cassette between the sequence of RSAU_002216 and the ORF encoding rsp.
Growth defects were excluded via monitoring the planktonic growth in TSB over a time-course of 23 h
(see Appendix Fig. 7.4). Competition experiments were performed by infecting mice with 10° CFU of a
1:1 mixture of both wild-type and ASSR42-spec” mutant. After two days of infection half of the mice
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were sacrificed and CFU was enumerated from tibia and kidney homogenates plated on plain TSA and
TSA containing spectinomycin (Fig. 4.21D). Significantly lower CFUs were detected for the mutant
lacking SSR42 from both tibia (p=0.0104) and kidney homogenates (p=0.041) indicating fitness defects
during the colonization phase of infection. Analysing the fitness of both wild-type and mutant in a
chronic infection, mice were sacrificed 14 days post infection and CFU from tibia and kidney was
enumerated (Fig. 4.21D). Interestingly, while CFU numbers of the ASSR42 mutant dropped drastically
during the initial stages of infection (2 days), bacteria were not completely eradicated by the host’s

immune system from tibia (p=0.002) nor kidneys (p=0.0002) and still detectable after 14 days of

infection.
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Figure 4.21: SSR42 is required for efficient virulence of S. aureus 6850 in murine tibia, kidney and liver infection
models. CFU enumeration of S. aureus 6850 wild-type, ASSR42 and Arsp mutant harvested from infected murine
tibia (A), kidneys (B) and liver (C). Significantly less CFUs were obtained for mutants in rsp and SSR42 from all
three infection models after 7 days of infection. D) Comparison of CFUs obtained from infected murine kidneys
and tibia after two days (left panel) and 14 days (right panel) of infection. For the competition experiment mice
were infected with a 1:1 mixture of S. aureus wild-type and spectinomycin resistant ASSR42 mutant. CFUs were
enumerated after 2 and 14 days of infection. While CFUs number of the ASSR42 mutant were significantly
decreased at both time points compared to the CFU numbers of wild-type bacteria, the ASSR42 mutant was not
completely eradicated by the host after 14 days of infection. Statistical analysis was performed using Student’s
t-test: *: p<0.05; ***: p< 0.001.
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4.4 ncRNA SSR42 mediates haemolysis via regulation of the SaeRS two-component system in
S. aureus

Haemolysis regulation in S. aureus is governed by a plethora of different virulence factors. Most
important in this process are the agr quorum-sensing system with RNAIIl regulating translation of hla
mRNA (Morfeldt et al., 1995) and the two-component system SaeRS, which is essential for

transcription of hla (Mainiero et al., 2010).

4.4.1 Influence of ncRNA SSR42 on transcription of various major regulators in S. aureus

While SSR42 was shown to regulate the expression of a plethora of virulence factors, thus granting a
global regulatory role, the mechanism of regulation remains elusive. The high number of SSR42-
regulated factors obviated a direct interaction of SSR42 with all of the target mRNAs. Instead a
mechanism involving the interaction with a global regulator was proposed. Most of the differentially
regulated genes in a mutant lacking SSR42 were reported to be under control of other major regulators
such as the agr quorum-sensing system (AgrA and RNAIII), two-component system SaeRS, alternative
o-factor oB (encoded by rpoF) or global repressor CodY (reviewed in Junecko et al., 2012, see table
4.10). Identifying the regulatory mechanism of SSR42 the transcription of the above-mentioned factors
was analysed in absence of SSR42 (Fig. 4.22). While knockout of SSR42 did not affect transcript levels
of RNAIl (agrB), RNAIII, rpoF and codY the transcript levels of saeS were detected at significant

decreased levels (FClogio: 0.42; p=0.002) indicating a potential regulatory relationship.

Table 4.10: Exemplary genes whose transcript abundances differed in S. aureus 6850 ASSR42 and
their regulation by global regulators.

gene logzFold change!  Adjusted regulation

p-value
nirB 2.72 0.026 YhcSR (Yan et al., 2011)
hisA 2.39 0.005 CodyY (Pohl et al., 2009)
ureB 1.89 2.07*10° Rot (Said-Salim et al., 2003)

SaeRS (Voyich et al., 2009)
agr system (Queck et al., 2008)

hisF 1.80 0.047 CodY (Pohl et al., 2009)

gntkK 1.76 0.006 agr system (Queck et al., 2008)

hisD 1.75 0.03 CodY (Majerczyk et al., 2010)

IrgA 1.74 0.013 LytRS (Brunskill and Bayles, 1996)
SaeRS (Voyich et al., 2009)

capD 1.71 6.84*10° MgrA (Gupta et al., 2015)
CodY (Pohl et al., 2009)

asd 1.66 0.03 CodY (Pohl et al., 2009)

fnbA 1.58 1.48*107 CodY (Pohl et al., 2009)

ureA 1.58 0.0007 agr system (Queck et al., 2008)

opuCA 1.53 0.0003 CodY (Pohl et al., 2009)
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psmA4 -2.56 3.47*1010 AgrA (Queck et al., 2008)
psmA2 -2.05 0.001 AgrA (Queck et al., 2008)
psmAl -1.90 0.04 AgrA (Queck et al., 2008)
psmA3 -1.82 0.0005 AgrA (Queck et al., 2008)
pyrF -1.79 1.6*10° ThyA (Kriegeskorte et al., 2014)

agr system (Queck et al., 2008)
pyrP -1.62 0,0303307 CodY (Pohl et al., 2009)
pyrAB -1.57 1.0*10°® ClpP (Michel et al., 2006)
pyrAA -1.57 0.0005 agr system (Queck et al., 2008)
pyrE -1.56 1.45*10°® agr system (Queck et al., 2008)
RSAU_001681 -1.51 0.01 agr system (Queck et al., 2008)
capH1 1.87 0.002 CodY (Pohl et al., 2009)
fadB 1.79 4.5%10° CodY (Pohl et al., 2009)
sarX 1.42 6.3 *10°® MgrA (Manna and Cheung 2006b)
splB -1.87 0.0012 SaeRS (Voyich et al., 2009)
ScpA -1.83 1.1 *10%4 VfrB (Bose et al., 2014)

SarA (Jones et al., 2008)

agr system (Queck et al., 2008),
mtIF -1.78 3.0 *10% MgrA (Luong et al., 2006)
splA -1.61 1.4 *107 agr system (Queck et al., 2008)

MgrA (Luong et al., 2006)

oB (Ziebandt et al., 2001)

SaeRS (Rogasch et al., 2006)
1Compared to transcript levels in S. aureus 6850 wild-type bacteria (ASSR42/WT)
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Figure 4.22: Influence of SSR42 on the expression of various global regulators. Quantitative real time PCR
analysis of S. aureus wild-type and ASSR42 mutant indicates regulation of saeS expression by SSR42. While
transcript levels of rpoF, codY, agrB and RNAIIl remained unaltered only transcript levels of saeS differed
significantly a mutant lacking SSR42. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***:
p< 0.001.

4.4.2 SSR42 induces transcription of the sae operon and major targtes of the two-component system
SaeRS

Transcript levels of saeS were found to be significantly decreased in a mutant lacking SSR42.
Deciphering the impact of SSR42 on SaeRS further transcription of both saeS and saeP was analysed in

a ASSR42 mutant complemented in trans for SSR42 under the control of an AHT-inducible promotor.
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While under non-inducing conditions transcript levels of saeS (FClogio: -0.4, p=0.008) and saeP (FClogao:
-0.22, p=0.012) were significantly reduced, upon induction of SSR42 expression transcript levels of saeS
and saeP were found significantly elevated (saeS: FClogio: 0.92, p=0.004; saeP: FClogio: 0.81, p>0.001;
Fig. 4.23A). As described earlier, induced transcription of SSR42 resulted in significantly increased
transcript levels of hla (Fig. 4.11B), a direct class |l target of the SaeRS system. Further, the expression
of SaeRS class | targets coa (FClogio: 0.72, p=0.001), eap (FClogio: 0.999, p>0.001) and emp (FClogao:
1.12, p>0.001) was significantly enhanced upon AHT-induced transcription of SSR42 (Fig. 4.23B).
Instead, eap, emp and coa mRNA were detected at significantly reduced levels in the non-induced
control when compared to that of wild-type bacteria (coa: FClogio: -0.19; p=0.022, eap: FClogio: -0.43,
p>0.001 and emp: FClogio: -0.29, p=0.031). Thus, a role for SSR42 in regulating virulence factors via

regulation of saeRS transcript levels was identified.
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Figure 4.23: SSR42 modulated the expression of the sae operon and SaeRS class | target genes. A) Inducible
transcription of SSR42 results in significantly increased saeS and saeP transcript levels as observed by qRT-PCR
analysis of S. aureus 6850 wild-type and ASSR42 mutant complemented in trans with AHT-inducible transcription
of SSR42. Significantly elevated saeS and saeP transcript levels were observed when SSR42 transcription was
induced by an AHT pulse. + AHT indicates addition of anhydrous tetracycline. B) Elevated coa, eap and emp levels
were observed using gRT-PCR upon AHT-induced transcription of SSR42. Transcript analysis of S. aureus 6850
wild-type and ASSR42 mutant complemented in trans with AHT-inducible transcription of SSR42. + AHT indicates
addition of anhydrous tetracycline. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p<
0.001.

4.4.3 Regulation of hla transcription by SSR42 is dependent on functional SaeRS two-component
system

In order to elaborate the regulatory relationship between ncRNA SSR42 and the two-component
system SaeRS the transcription of SaeRS target genes was analysed in a SaeR deficient genetic

background. For that, the plasmid pAHT-SSR42 granting AHT-inducible SSR42 transcription was
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introduced into a transposon insertion mutant in saeR (saeR::Bursa; NE1622) obtained from the
Nebraska library (Fey et al., 2013) and wild-type bacteria from the same strain background (JE2). AHT-
inducible transcription of SSR42 resulted in a strong overexpression of SSR42 in bacteria from both
wild-type (FClogio: 2.77; p=0.008) and saeR::Bursa background (FClogio: 1.23 ; p=0.03). However, only
in wild-type bacteria hla mRNA levels were found significantly increased upon induction of SSR42
transcription (Fig. 4.24A; FClogio: 0.84; p=0.0011), while they remained unaltered in the saeR mutant
(p=0.44). Hence, the SSR42-dependent regulation of hla transcription was demonstrated to be
dependent on functional SaeRS. Affirming the conclusion that SSR42 operates upstream of the SaeRS
system the expression of the class Il target genes coa, eap and emp was analysed in this context. Similar
to hla the transcription of coa and eap could not be restored to wild-type levels in a non-functional
SaeR mutant despite induced overexpression of SSR42 (Fig. 4.24B). Although significantly increased
emp mRNA levels (FClogio: 0.16; p=0.02) were detected in the saeR mutant upon AHT-induced SSR42
transcription this was most likely caused by side-effects of AHT since treatment with AHT lead to a
similar higher emp expression in bacteria from wild-type background (FClogio: 0.16). It was thus
concluded that the reduced haemolysis observed in a ASSR42 mutant is caused by reduced expression
of the SaeRS two-component system and that ncRNA SSR42 regulates virulence partially via regulation

of the SaeRS system.
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Figure 4.24: SSR42 induced up-regulation of hla, coa, emp and eap expression is dependent on functional
SaeRS. Quantitative real time PCR analysis of hla (A) and coa, eap and emp (B) transcript levels in S. aureus JE2
wild-type bacteria and insertional saeR mutant (NE1622; saeR::Bursa). Expression of SSR42 was ectopically
induced by an AHT pulse (pAHT-SSR42) in wild-type and saeR mutant indicated by +AHT. Induced transcription
of SSR42 resulted in significantly enhanced hla, coa, eap and emp transcript levels in wild-type bacteria as
observed by gRT-PCR. In saeR mutants however, induction of SSR42 transcription did not alter the transcript
levels of the analysed genes. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.
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4.4.4 SSR42 regulates the stability of T1 and T2 transcripts of the saePQRS operon

The two-component system SaeRS is transcribed from a four gene operon further encoding the
auxiliary genes saeP and saeQ (see section 2.4.1.2). Transcription is governed from two distinct
promotors (P1 and P3). Transcription initiated at sae P1 results in unstable transcript T1 encoding the
whole operon while transcription from sae P3 results in a transcript (T3) encoding only saeR and saeS
(Steinhuber et al., 2003, Jeong et al., 2011). While sae P3 is described to be constitutively active (Jeong
et al., 2011), P1 is considered to be modulatory (Geiger et al., 2008; Kuroda et al., 2007).

Although ncRNA SSR42 was demonstrated to execute part of its regulatory properties via regulating
the transcription of two-component system SaeRS, the mechanism of this regulation remains elusive.
One possibility by which ncRNA SSR42 could regulate SaeRS is on the level of transcription. Since both
saeS and saeP transcript levels were affected by SSR42 overexpression, it was hypothesized that the
activity of promotor sae P1 could be regulated by SSR42. However, while monitoring the sae P1 activity
using a GFP-reporter (pPsaer1-GFP) construct granting transcriptional fusion of sae P1 and GFP in both
S. aureus 6850 wild-type bacteria and ASSR42 mutant no significant differences were detected (Fig.
4.25A). Activity of sae P3 promotor was not investigated due to its constitutive activity (Jeong et al.,

2011).

Another mechanism by which ncRNA SSR42 could regulate the transcript level of saeRS is by affecting
the turnover of sae transcripts. Therefore, the stability of sae transcripts was analysed using a
rifampicin assay to arrest de novo transcription (Fig. 4.25B-C). Despite a lower detected level of T1 and
T2 transcripts the stability of both transcripts was found significantly reduced 20 min after addition of
rifampicin in mutants lacking SSR42 (T1: FC: 0.73, p>0.001; T2: FC: 0.71, p>0.001). The reduced stability
of both transcripts in the ASSR42 mutant would explain the reduced transcript levels of saeS and saeP
in mutants lacking SSR42 (Fig. 4.23) and how overexpression of SSR42 could result in higher saeS and

saeP transcript levels.

Thus, a potential mechanism for regulation of sae transcript levels by ncRNA SSR42 was identified.
However, analysing the protein amount of SaeR and SaeS in stationary growth phase of S. aureus 6850

did not reveal any significant differences in a ASSR42 mutant (Fig. 4.26).
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Figure 4.25: SSR42 enhances the stability of sae transcripts. A) Growth curve, Psep1 activity profile and
normalization of GFP emission to bacterial growth (GFP/ODeoo) in wild-type S. aureus 6850 and isogenic ASSR42
mutant. Promotor activity of sae P1 was unaltered in mutants lacking SSR42 as observed by using transcriptional
fusion of Pseerz and a promotorless GFP. ODesoo and GFP emission were measured over a time course of 23 hin a
TECAN Infinite M200 plate reader. B) SSR42 affects stability of sae transcripts T1 and T2 as detected by rifampicin
assay followed by Northern blot analysis. Rifampicin assay was performed for S. aureus 6850 wild-type and
ASSR42 mutants (left panel) and revealed significantly less stability for sae transcript T1 and T2 in case of ASSR42
mutant. Chemiluminescence signals of Northern blots were quantified via Image) (right panel). Stability ratio of
wild-type bacteria was set to 1. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p<
0.001.
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Figure 4.26: SaeR and SaeS protein levels remain unaltered in absence of SSR42. Immunoblotting of proteins
obtained from stationary phase S. aureus 6850, ASSR42 mutant and complemented mutant using polyclonal
antibodies against Sae$S (A) or SaeR (B). Depicted are each biological triplicates. Chemiluminescent signals (upper
panels) were quantified using ImageJ (lower panels) which revealed no significant differences for SaeS or SaeR
levels in mutants lacking SSR42. Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p<
0.001.

4.4.5 ncRNA SSR42 regulates the promotor activities of hla, coa and psma

It was demonstrated that ncRNA SSR42 influences the transcript levels of multiple virulence factors
including hla, coa, IdhD and psma (see section 4.3). For regulation of hla and coa, which are both
known targets of the SaeRS system a mechanism via modulation of this two-component system was
assumed (see section 4.4.4). Since SaeR is known to regulate the expression of hla and coa by binding
to distinct sequences in their promotor regions (Mainiero et al., 2010; Sun et al., 2010; Nygaard et al.,
2010), the promotor activites of both genes were analysed in S. aureus 6850 of wild-type and SSR42
deficient background using GFP reporter constructs granting transcriptional fusion of Pna and Pcoa,
respectively (Fig. 4.27A-B). The promotor activities were assessed via monitoring the GFP fluorescence
over a time period of 23 h. In wild-type bacteria activity of P, was found maximal in late stationary
growth phase. Expression of hla was previously reported to be induced and stabilized during stationary
growth phase by factors such as the response regulator SaeR and transcriptional regulator SarA
(Nygaard et al., 2010; Morrison et al., 2012b). In contrast, Pna activity was drastically reduced in
mutants lacking SSR42 (9 h post inoculation: p=7.34 *10°° normalized to optical density) confirming the
previous finding that ncRNA SSR42 regulates a-toxin expression and confirming previous data obtained
for 891 nt long SSR42 (Morrison et al., 2012a). Analysing the activity of P.. in both wild-type bacteria
and ASSR42 mutant revealed a maximal activity upon reaching stationary growth phase. While the
overall activity of P, in mutants lacking ncRNA SSR42 was reduced, maximal P, activity was reached
approximately 2 h in advance. However, this was most likely caused by a better growth rate of the

ASSR42 mutant. Thus, SSR42 was shown to regulate the expression of coa and hla by modulating the
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promotor activities of both genes which strengthens the hypothesis that SSR42 regulates virulence in

part via the SaeRS system.
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Figure 4.27: SSR42 regulates expression of hla and coa via modulating the promotor activity. A) Analysis of
growth curve, hla promtor (Phia) activity profile and normalization of GFP emission to bacterial growth rates
(GFP/ODs0o) in wild-type S. aureus 6850 and isogenic ASSR42 mutant revealed a significantly lower P activity in
mutants lacking SSR42 as observed by using a transcriptional fusion of Pnia and promotorless GFP. B) Promotor
activity of coa (Pca) was significantly reduced in a ASSR42 mutant during stationary growth phase of S. aureus
6850 as measured using a transcriptional fusion construct of Pca and promotorless GFP. Growth rate (ODeoo) and
GFP emission were measured over a time course of 23 h in a TECAN Infinite M200 plate reader. GFP emission
was normalized to growth rate of bacteria.

To investigate whether the regulation of other identified targets of ncRNA SSR42 is likewise
accomplished via altering the promotor activities the psma operon and IdhD were chosen. The activity
of Ppsma and Pighp was analysed in both wild-type and ASSR42 mutant using GFP reporter constructs
(Fig. 4.28). While the activity of Ppsma Was significantly reduced over time in the ASSR42 mutant (Fig.
4.28A) the activity of Pigho was only affected slightly by deletion of SSR42 (Fig. 4.28B). The observed
enhancement of fluorescence corresponding to the Piahp activity was most likely caused by a slightly

better growth of mutants lacking SSR42 and was not observed in the normalized data set.

SSR42 was thus demonstrated to regulate the expression of various target genes via modulating
promotor activities. For hla and coa this is presumably accomplished indirectly via the SaeRS system.
However, the activity of Pighp was found to be unaltered by deletion of SSR42 indicating that regulation

by SSR42 occurs via another mechanism illustrating the complex regulatory role of ncRNA SSR42.
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Figure 4.28: SSR42 regulates the promotor activity of psma but not of /dhD. A) Monitoring of growth curve,
psma and IdhD promtor (Ppsma, Pidnp) activity profile and normalization of GFP emission to bacterial growth rate
(GFP/ODs0o) in wild-type S. aureus 6850 and isogenic ASSR42 mutant revealed significantly differences for the
activity of Ppsma (A) but not for Pianp (B). Activity of Ppsma Was significantly reduced in mutants lacking SSR42 as
demonstrated using a transcriptional fusion of the respective promotor and a promotorless GFP. Growth rate
(OD60o) and GFP emission were measured in parallel over a time course of 23 h in a TECAN Infinite M200 plate
reader. GFP emission was normalized to growth rate of bacteria.

4.5 Transcription of ncRNA SSR42 in S. aureus is induced by various stresses
Previous studies have shown that SSR42 transcript levels are maximal in stationary growth phase
where SSR42 is highly stable (Morrison et al., 2012a). However, it remained elusive under which

conditions transcription of SSR42 is induced and hence it was addressed in this chapter.

4.5.1 Transcription of SSR42 in S. aureus 6850 is maximal in stationary growth phase

Previous studies addressing ncRNA SSR42 (Morrison et al., 2012a) did not completely elucidate the
expression profile during the growth of S. aureus. Hence, SSR42 transcript levels were measured in S.
aureus 6850 during early exponential, exponential, stationary and late stationary growth phase using
gRT-PCR and were found to increase continuously from early exponential to late stationary growth
phase (Fig. 4.29A). Confirming previous studies (Morrison et al., 2012a) transcript levels were found to

be maximal in late stationary growth phase.
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For further analysis of transcription, a construct allowing transcriptional fusion of the SSR42 promotor
(Pssra2) and GFP was exploited. Fluorescence corresponding to the promotor activity of SSR42 was
recorded over a time course of 23 h in S. aureus 6850 (Fig. 4.29B). In line with the transcript level
analysis the activity of Pssraz increased over time climaxing upon entry of stationary growth phase.
After reaching the maximum, the activity of Pssra2 sSlowly declined. Comparison of the promotor activity
profile and the transcript level profile lead to the assumption that the high transcript levels in late
stationary growth phase resulted from stabilization of ncRNA SSR42 since the promotor activity during
that growth phase was already decreasing. Using rifampicin to arrest de novo transcription the stability
of SSR42 was analysed in late stationary growth phase using Northern blotting (Fig. 4.29C). The half-
life of SSR42 was determined to be approximately 60 min confirming previous findings, which
described a high stability of SSR42 in stationary growth phase (Morrison et al., 2012a). ncRNA SSR42
thus is detectable during all growth phases of S. aureus 6850. During transition to stationary growth
phase the promotor activity of SSR42 is strongest while stabilization of the molecule further increases

the amount of SSR42 transcripts.
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Figure 4.29: Expression and stability of SSR42 is maximal during stationary growth phase. A) qRT-PCR analysis
of SSR42 transcript levels in S. aureus 6850 during early exponential, exponential, stationary and late stationary
growth phase demonstrated a growth phase dependent increase in SSR42 transcript levels. SSR42 transcript
levels were detected at highest amount during late stationary growth of S. aureus 6850. B) Promotor activity of
Pssra2 peaked at transition to stationary growth phase in S. aureus 6850 as demonstrated by monitoring the
growth curve and SSR42 promotor activity (Pssra2) in wild-type S. aureus 6850 in parallel over a time course of 23
h using a TECAN Infinite M200 plate reader. GFP emission was normalized to growth rate of bacteria. C) SSR42
transcript is highly stable during stationary growth phase of S. aureus 6850 as observed with rifampicin assay
followed by Northern blot analysis (left panel). Chemiluminescence signals were quantified using Image) (right
panel).

4.5.2 Promotor activity profiles of ncRNA SSR42 vary in different S. aureus strains

SSR42 is encoded with high conservation in the genome of all known S. aureus strains and isolates (see
section 4.1.1). To analyse the expression pattern of SSR42 in various S. aureus strains the previous
employed promotor activity assay was used to monitor the activity of Pssraz in the MRSA strains JE2,
MW?2, COL, the laboratory strain RN4220, the non-cytotoxic strain Cowan |, the osteomyelitis isolate
UAMS-1 and strains Newman and HG0OO3 (Fig. 4.30). Excluding secondary effects, the highly conserved
promotor region of SSR42 was taken from strain 6850 and used for constructing the GFP reporter
contruct. By analysing the promotor profile in the mentioned strains two major profile types were
identified: While promotor activity peaked upon entry of stationary growth phase in the strains 6850,
RN4220, COL, HG003 and Cowan I, a sigmoid activation profile was observed in S. aureus USA300 JE2,
MW?2 and Newman. The promotor activity of SSR42 in UAMS-1, however, was detected at very low

levels.
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Figure 4.30: Pssra2 activity profile displays significantly different progressions dependent on the genetic
background. Monitoring of growth curve (ODsoo) and Pssrs2 activity over a time course of 23 h in a TECAN Infinite
M200 plate reader using a transcriptional fusion of Pssra2 and promotorless GFP revealed significant differences
in the course of Pssra2 activity in diverse S. aureus strains. S. aureus 6850, HG003, COL, RN4220 and Cowan |
displayed a one-peak activity profile while strains JE2, Newman and MW?2 displayed a sigmoid shaped profile
whereas Pssra2 activity was nearly undetectable in strain USAM-1. Pssra2 activity was normalized to growth of the
respective strain (GFP/ODeoo).

Rsp was previously described to be essential for transcription of SSR42 with mutants in rsp lacking
expression of SSR42 (Das et al., 2016). It was therefore hypothesized that strain-specific differences in
rsp expression could be responsible for the different Pssra2 activity profiles. Searching for a cause for
the observed differences in the SSR42 promotor activity profiles, strain 6850 and JE2 were chosen as
representatives for both profile types. Therefore, the activity of the promotor driving rsp transcription
was monitored in S. aureus 6850 and JE2 and compared to the activity profile of Pssraz (Fig. 4.31A-B).
While for MRSA strain JE2 the activity of P, showed a likewise sigmoid profile, the activity of Prpin
6850 peaked upon entry of stationary growth phase as observed for Pssraz. The similarities of both
promotor activity profiles in the respective strain supported the hypothesis that the distinct Pssraz
activity profiles result from a strain-specific expression pattern of rsp. Confirming this hypothesis, the
expression of Rsp was analysed. Due to the absence of a Rsp-specific antibody the expression of a triple
FLAG-tagged Rsp under control of the native promotor was analysed in mutants lacking wild-type Rsp
(6850 Arsp and JE2 NE1304; Fig. 4.31C). While Rsp-3xFLAG protein levels in strain JE2 increased
continuously from exponential to stationary growth phase they remained rather unaltered in MSSA
strain 6850 reflecting the observed strain-specific differences in the promotor activity profile. Thus,

the higher SSR42 expression in strain JE2 seems to be a direct outcome of elevated Rsp levels.
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Figure 4.31: Pssraz is strictly dependent on Prsp activity and subsequent Rsp protein levels in S. aureus strain
6850 and JE2. Monitoring of growth curve (ODsoo) and Pssraz (A), respectively Prsp (B) activity over a time course
of 23 h in a TECAN Infinite M200 plate reader. A transcriptional fusion of Pssra2 and Prsp with GFP revealed
similarities in both profiles in the respective genetic background of 6850 and JE2. Promotor activity was
normalized to growth rate of bacteria. C) JE2 expresses significantly more Rsp than strain 6850 as observed by
immunoblotting of triple FLAG-tagged Rsp in S. aureus 6850 and JE2 (left panel). Chemiluminescent signals were
quantified using Image) (right panel). Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***:
p< 0.001.

This regulatory relationship between SSR42 and Rsp was further observed for osteomyelitis isolate
UAMS-1. Here, the drastically reduced SSR42 levels (FC: 0.0014 compared to mRNA levels in strain
6850; p>0.001) were accompanied by significantly reduced rsp mRNA levels (FC: 0.34; p=0.02).
However, for the other tested strains this dependence of Rsp was not observed (Fig. 4.32). While
expression of SSR42 in strain Newman was significantly elevated (FC: 10.95; p=0.006) compared to

transcript levels in strain 6850, rsp transcript levels were detected at comparable levels. In the non-
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cytotoxic strain Cowan | instead, rsp mRNA was detected at drastically reduced levels (FC: 0.097;
p>0.001) whereas SSR42 transcript levels did not differ significantly to that found in strain 6850.
Moreover, SSR42 transcript levels in laboratory strain RN4220 were found significantly reduced
compared to the levels in strain 6850 (FC: 0.203; p>0.001) while rsp mRNA did not differ significantly.
The discrepancy between SSR42 and rsp levels in the tested strains disproveed the hypothesis that the
Rsp level determines the SSR42 promotor activity and that strain-specific differences in Rsp expression
could be responsible for the observed differences in SSR42 transcription. While for strain JE2 this
hypothesis could be confirmed (Fig. 4.31C) and the elevated SSR42 transcript levels seemed to be a
direct outcome of the Rsp protein levels, the regulation of SSR42 transcription seems to differ in the

other tested strains. The regulation of SSR42 transcription was further addressed in chapter 4.6.
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Figure 4.32: Expression of SSR42 and rsp is dependent on the genetic background in S. aureus. Quantitative
real time PCR analysis of RNA obtained from stationary phase S. aureus 6850, Newman, Cowan |, RN4220 and
UAMS-1 revealed significant differences regarding transcript levels of SSR42 and rsp. Statistical analysis was
performed using Student’s t-test: *: p< 0.05; ***: p<0.001.

4.5.3 Antibiotics treatment and various stresses influence the activity of Pssraz

The analysis of Pssraz activity and transcript levels revealed a growth phase dependent expression and
stabilization of SSR42. Despite the growth phase the stimuli activating Pssra2 remain rather ambiguous.
Until now only neutrophil-derived stimuli were reported to induce SSR42 transcription via up-
regulation of rsp expression (Das et al., 2016). In this section the activity of Pssra2 Upon treatment with
various antibiotics, chemicals and fatty acids was analysed using B-galactosidase and GFP reporter
constructs in order to gain further insight into stimuli modulating SSR42 transcription. For analysing
the impact of antibiotics on the activity of Pssra2 a reporter construct harbouring a transcriptional fusion
of Pssraz to the open reading frame bgaB encoding a B-galactosidase was generated. Detection of blue
indigo dye on agar plates containing X-Gal served as a marker for induction of Pssra; activity. Various
antibiotics were tested using a disc diffusion assay and induction of Pssra; promotor activity was
observed upon treatment with imipenem, meropenem, cefpodoxime and oxacillin, ofloxacin, cefoxitin
and trimethoprim-sulphamethoxazole (Fig. 4.33; table 4.2). Activation of Pssrs2 activity was found to
be dependent on functional Rsp since in a Arsp mutant blue indigo dye production was only observed
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when the ORF encoding rsp was re-introduced via the reporter plasmid (Fig. 4.33B). Using an oxacillin
MIC strip the production of the blue indigo dye was only detected in distinct zones in which sub-
inhibitory concentrations were present (Fig. 4.33C). Induction of Pssraz activity using oxacillin and
imipenem was further tested in the MRSA strain USA300 JE2 (Fig. 4.33D). In JE2 stimulation with those
antibiotics led to a likewise formation of the indigo dye. Stimulation with 1 pg of oxacillin resulted in a
distinct large indigo blue zone, which was accompanied by reduced growth of S. aureus without the
presence of a complete growth inhibition zone due to the resistance of strain JE2 against oxacillin.

A
S. aureus 6850 pPssr4,.BgaB

B
S. aureus 6850 Arsp pPssra;.BgaB  S. aureus 6850 Arsp pRsp-Pssrap-BgaB

C D
S. aureus 6850 pPssra, BgaB S. aureus JE2 pPssrs,.BgaB

Figure 4.33: SSR42 promotor Pssraz is activated upon exposure to sub-inhibitory concentrations of various
antibiotics in a Rsp-dependent way. Disc diffusion assay of S. aureus 6850 monitoring the activity of Pssra2 upon
stimulation with various antibiotics. A transcriptional fusion construct of Pssra2 with B-galactosidase BgaB was
used to observe the activity of Pssra2 by production of indigo dye on X-Gal agar plates. A) Testing the influence of
imipenem (IMP), cefpodoxim (CPD), meropenem (MEM), fusidic acid (FA), cefoxitin (FOX), trimethoprim-
sulphamethoxazole (SXT), piperacillin-tazobactam (TZP), ampicillin (AC), amoxicillin-clavulanate (AMC) and
oxacillin (OX) on X-Gal agar plates. B) Induction of Pssraz2 activity is strictly dependent on presence of Rsp as
demonstrated by disc diffusion assay with wild-type S. aureus 6850 and Arsp mutant harbouring transcriptional
fusion construct of Pssraz with BgaB. C) Pssra2 activity is induced by sub-inhibitory concentrations of oxacillin in S.
aureus 6850 as demonstrated by using an oxacillin MIC strip. D) Induction of Pssra2 activity in S. aureus JE2 with
oxacillin and imipenem on X-Gal agar plates.
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Interestingly, while most of the positively tested antibiotics affect cell wall turnover, induction of
promotor activity was further observed challenging S. aureus with the DNA damaging agent mitomycin
C (Fig. 4.34). The SOS response in S. aureus was reported to be induced by various antibiotics as well
as DNA-damaging substances such as mitomycin C (Maiques et al., 2006; Cirz et al., 2007; Anderson et
al., 2006). Thus, it was tested whether induction of Pssrsz activity was part of the SOS response in S.
aureus. For this, the mutant lexA-G94E, which is unable to autoproteolytic cleave LexA (Schroder et al.,
2013) and thus can not induce SOS-response was used. Treatment of both mutant /exA-G94E and
isogenic wild-type HG001 with mitomycin C resulted in comparable formation of the blue indigo dye

indicating that induction of Pssraz is not mediated via the SOS response in S. aureus.

S. aureus HG0OO1 S. aureus HGOO1 lexA G94E
PPssrar-BgaB PPssrap-BgaB

Figure 4.34: SSR42 promotor activity is stimulated by sub-inhibitory concentrations of DNA-damaging
substance mitomycin C in a LexA independent fashion. Disc diffusion assay of S. aureus HG001 wild-type and
lexA-G94E mutant harbouring a transcriptional fusion construct of Pssrs2 with B-galactosidase BgaB was used to
monitor the activity of Pssra2 upon stimulation with mitomycin C. Production of indigo dye on X-Gal agar plates
was observed for wild-type bacteria and /exA mutant upon stimulation with mitomycin C (MITC).

Treatment with colistin which leads to disruption of cell membranes instead lead to a slightly reduced
indigo blue dye formation (Fig. 4.35A) that was further analysed using the previously described GFP
reporter construct during 23 h of planktonic growth of S. aureus JE2 and 6850 (Fig. 4.35B-C). While in
strain JE2 treatment with colistin resulted in reduction of Pssraz activity in a concentration-dependent

manner, this effect was not observed for strain 6850.
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Figure 4.35: Pssra2 activity is inhibited by sub-inhibitory concentrations of colistin in S. aureus JE2. A) Disc
diffusion assay of S. aureus JE2 harbouring a transcriptional fusion construct of Pssra2 with B-galactosidase BgaB.
Stimulation of S. aureus JE2 with 40 ug of colistin reduced the formation of blue indigo dye on X-Gal agar plates.
B) Growth curve and Pssra2 activity were tracked in S. aureus JE2 harbouring a transcriptional fusion of Pssra2 with
GFP. Bacteria were treated with increasing sub-inhibitory concentrations of colistin which resulted in a
significantly decrease in Pssra2 activity. C) Instead stimulation of S. aureus 6850 with colistin did not affect Pssra2
activity significantly as observed by monitoring Pssra2 activities of bacteria harbouring a transcriptional fusion of
Pssra2 with GFP. Promotor activity was normalized to growth rate of bacteria.

139



RESULTS

Similarly, to the effects observed on agar plates, oxacillin treatment during planktonic growth of S.
aureus JE2 revealed a distinct effect on Pssraz activity (Fig. 4.36). While high concentrations of oxacillin
(64, 10 pg/ml) inhibited growth of JE2 and thus no activity of Psspa2 Was detectable, exposure to a
slightly inhibitory concentration of oxacillin (0.05 pg/ml) affected the promotor activity of SSR42 (Fig.
4.36A). Upon exposure to 0.05 pg/ml oxacillin Pssray activity was initially reduced and ascended
afterwards reaching even higher activity levels than in untreated bacteria. In contrast, treatment of S.
aureus strain 6850 with sub-inhibitory concentrations of oxacillin (0.025 pg/ml) enhanced the overall

activity of Pssraz significantly (Fig. 4.36B).
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Figure 4.36: Sub-inhibitory concentrations of oxacillin increase the activity of Pssra2. Monitoring of Pssra2 activity
and growth of S. aureus JE2 (A) and 6850 (B) harbouring a transcriptional fusion of Pssra2 with GFP upon treatment
with oxacillin. While high oxacillin concentrations inhibited bacterial growth and subsequent Pssrs2 activity,
challenging S. aureus JE2 with sub-inhibitory concentrations of oxacillin (0.05 pg/ml) resulted in a growth phase
dependent alteration of Pssraz activity. B) In contrast sub-inhibitory concentrations of oxacillin resulted in an
increase in Pssra2 activity in S aureus 6850. Promotor activity was normalized to growth rate of bacteria.
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Further, the effect of fatty acids on the activity of Pssra2 Was analysed using the GFP reporter construct.
Treatment of S. aureus with 0.001% oleic acid reduced the activity of Pssra; in comparable amount in
both MRSA JE2 (Fig. 4.37A) and MSSA 6850 (Fig. 4.37B). A similar effect was observed for treatment of
strains JE2 and 6850 with either 12.5 pug/ml or 6.25 ug/ml myristic acid (Fig. 4.38). Thus, the activity of
Pssra2 can be modulated by treatment with various substances ranging from B-lactam antibiotics, DNA

damaging substance to fatty acids (table 4.11).
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Figure 4.37: Pssra2 activity is inhibited by oleic acid in S. aureus JE2 and 6850. Treatment of sub-inhibitory
concentrations with oleic acid (0.001%) resulted in a significantly decrease in Pssra2 activity as observed by
monitoring the Pssra2 activity and growth of S. aureus JE2 (A) and 6850 (B) harbouring a transcriptional fusion of
Pssra2 with GFP. Promotor activity was normalized to growth rate of bacteria.
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Figure 4.38: Pssraz activity is inhibited by myristic acid in both S. aureus JE2 and 6850. Monitoring the Pssraz
activity and growth of S. aureus JE2 (A) and 6850 (B) harbouring a transcriptional fusion of Pssrs2 with GFP.
Treatment with sub-inhibitory concentrations of myristic acid (12.5 pg/ml, 6.25 pg/ml) resulted in a significantly
decrease in Pssraz2 activity in both S. aureus JE2 and 6850. Promotor activity was normalized to growth rate of

bacteria.

Table 4.11: Influence of chemical on the activity of Pssgay.

Substance

Used amount

Influence on SSR42 promotor
activity

fluorchinolones

ofloxacin 9ug activating
cephalosporines

cefpodoxim 10 ug activating
cefoxitin 30 ug activating
B-lactam antibiotics

amoxicillin-clavulanate 20 ug / 10ug no influence
ampicillin 10 ug no influence
imipenem 10 ug activating
meropenem 10 ug activating

142



RESULTS

oxacillin 10 ug activating
piperacillin-tazobactam 30 pug/ 60 pg no influence
miscellaneous

colistin 0.6 mg inhibitory in JE2
fusidic acid 10 pg no influence
trimethoprim-sulphamethoxazole 16 pg/ 80 ug activating
mitomycin C 10 pg activating

fatty acids

myristic acid 6.5 pug/ml inhibitory

oleic acid 0.001% inhibitory

4.5.4 Glucose-dependent regulation of SSR42

Most pathogenic bacteria are capable of surviving within different microenvironments inside the host.
For adaption to these changing environments virulence has to be closely linked to the metabolic state
of the bacteria in order to adjust the virulence potential to the availability of nutrients to overcome

nutrient defieciency inside the different host niches.

Whether the availability of glucose had an impact on expression of regulatory RNA SSR42 was analysed
by challenging S. aureus during planktonic growth with different concentrations of glucose (6.3-
25.2mM). Bacteria used in this experiment harboured the previous mentioned construct allowing
transcriptional coupling of Pssra2 and GFP. Bacteria were grown in TSB supplemented with either no
glucose, 6.3 mM, 12.6 mM or 25.2 mM glucose. Activity of Pssra2 Was monitored over 23 h of growth
(Fig. 4.39). When S. aureus strain JE2 was grown in TSB containing standard glucose concentration
(12.6 mM) the previously recorded sigmoid shaped activity curve of Pssra2 Was observed. In contrast,
the activity of Pssra2 was reduced approximately by half when bacteria were grown in TSB containing
6.3 mM or no glucose (Fig. 4.39A). Further, reducing the glucose availability circumvented the second
rise in the promotor activity profile, which can be observed when strain JE2 is grown using standard
glucose concentrations. Instead, growth of S. aureus JE2 in TSB containing the double amount of
glucose (25.2 mM) led to an even more drastic reduction in Pssra; activity reaching levels similar to the
activity observed in strain 6850 when grown in standard glucose concentration (12.6 mM). However,
these effects were not observable in MSSA strain 6850. Here, an increased glucose concentration (25.2
mM) resulted in a slightly reduced activity of Pssrs2 While a reduction of glucose availability led to a
higher activity (Fig. 4.39B). Interestingly, while both, a complete lack or reduction of glucose enhanced
the activity of Pssraz drastically starting approximately at 5 h of growth, a reduction of glucose to 6.3
mM resulted in a sigmoid shaped Pssraz activity profile resembling the activity profile of strain JE2.
Besides modulating the activity of Pssraz the availability of glucose further affected the growth of S.
aureus. Reducing the glucose availability or growing S. aureus under glucose deprived conditions

resulted in an enhanced growth. While growth of S. aureus JE2 was reduced in TSB containing 25.2
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mM glucose compared to growth under standard conditions this was not found for growth of strain

6850. Hence, it was concluded that the metabolic state of S. aureus can influence the activity of Pssraz

in a strain dependent manner.
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Figure 4.39: Pssra2 activity is modulated by glucose. Growing S. aureus in other than standard glucose
concentrations resulted in significantly alterations in the Pssra2 activity in both S. aureus JE2 (A) and 6850 (B) as
observed by monitoring the Pssra2 activity and growth of S. aureus harbouring a transcriptional fusion of Pssraz
with GFP. Promotor activity was normalized to growth rate of bacteria.

Pssraz activity was similar in S. aureus 6850 or JE2 grown in BHI and in TSB, which both did not contain
glucose (Fig. 4.40A). Interestingly, growing strain 6850 in another TSB broth which already contains 2.5
g/L glucose in the prepared media powder (corresponds to 12.6 mM; Sigma Aldrich, T8907) resulted
in an enhanced Pssraz activity compared to bacteria grown in TSB supplemented with 12.6 mM glucose
(Fig. 4.40B). When strain JE2 was grown in that media the activity of Pssrsz instead was reduced and
the second activitation peak of Pssraz activity was lost indicating that not only availability of glucose but

a further hitherto unknown metabolic factor modulates the activity of Psspaa.
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Figure 4.40: Variation of Pssra2 activity under growth of S. aureus in different media. Pssra2 shows significantly
alterations in the activity when S. aureus JE2 (A) and 6850 (B) are cultivated in different media. Pssra2 activity and
growth of S. aureus harbouring a transcriptional fusion of Pssrs2 with GFP were monitored over a time course of

23 h. Promotor activity was normalized to growth rate of bacteria.

4.5.5 Role of SSR42 in oxacillin-induced haemolysis up-regulation

Expression of virulence factors such as a-toxin, PVL and TSST-1 have been reported to be modulated
in presence of sub-inhibitory concentrations of antibiotics (Rudkin et al., 2014; Ohlsen et al., 1998;
Dumitrescu et al., 2007; Dickgiesser and Wallach, 1987). Further, lincosamines, erythromycin, and
chloramphenicol were shown to alter the fibronectin binding abilities of S. aureus (Proctor et al., 1983),
while clindamycin and doxycycline enhanced the uptake of bacteria by polymorphnuclear neutrophils
(Milatovic, 1982). Sub-inhibitory concentrations of antibiotics were further demonstrated to influence
virulence traits such as biofilm formation (Mirani and Jamil, 2011; Haddadin et al., 2010; Subrt et al.,

2011) and haemolytic activity (Ohlsen et al., 1998; Kuroda et al., 2007). Especially B-lactam antibiotics
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were investigated in this regard and found to induce transcriptional up-regulation of saeRS (Kuroda et
al., 2007) resulting in enhanced haemolytic properties of S. aureus (Kuroda et al., 2007; Ohlsen et al.,

1998).

Since ncRNA SSR42 was shown to regulate haemolysis and the activity of Pssrax Wwas demonstrated to
be inducible by sub-inhibitory concentrations of oxacillin, it was hypothesized that SSR42 could be
responsible for the reported oxacillin-inducible up-regulation of hla expression (Kuroda et al., 2007;
Ohlsen et al., 1998). To test this hypothesis liquid cultures of wild-type S. aureus 6850 and isogenic
ASSR42 mutant were spotted on sheep blood agar. An oxacillin containing disc (1 pug) was placed with
equal distance to both strains. While wild-type bacteria grown in small distance to the antibiotic disc
displayed stronger haemolysis than bacteria further away from the disc, haemolysis was unaltered in
presence of oxacillin in the ASSR42 mutant (Fig. 4.41A). In line with this, challenging wild-type bacteria
with sub-inhibitory concentrations of oxacillin (0.025 pg/ml) resulted in elevated a-toxin levels in wild-
type S. aureus 6850 (Fig. 4.41B; FC: 1.8; p>0.001). In contrast, oxacillin had no significant effect on a-
toxin levels in a mutant lacking SSR42 while ectopic expression of SSR42 restored the oxacillin-induced

phenotype in the ASSR42 mutant (FC: 1.3; p=0.012).
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Figure 4.41: SSR42 is required for oxacillin-induced up-regulation of a-toxin expression. A) Haemolysis on
sheep blood agar is significantly increased in S. aureus 6850 wild-type bacteria but not in a ASSR42 when sub-
inhibitory concentrations of oxacillin are present as observed by spotting stationary phase cultures on sheep
blood agar. An oxacillin disc was placed in equal distance to both wild-type and SSR42 mutant. B) Treatment of
S. aureus with sub-inhibitory concentrations of oxacillin (0.025 pg/ml) resulted in increased a-toxin protein levels
in wild-type and complemented mutant but not in absence of SSR42 as observed by immunoblotting of stationary
phase culture supernatants (left panel) and subsequent quantification of chemiluminescence signals using
Imagel (right panel). Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.
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Sub-inhibitory concentrations of oxacillin were previously reported to induce activity of Phia (Ohlsen et
al., 1998). Therefore, the activity of P, upon exposure to sub-inhibitory concentrations of oxacillin was
analysed in S. aureus wild-type bacteria and a ASSR42 mutant using a GFP reporter system (Fig. 4.42).
Upon treatment of bacteria with sub-inhibitory concentrations of oxacillin (0.025 pg/ml) the promotor
activity of hla was found to be strongly enhanced in S. aureus 6850 wild-type bacteria, while in mutants
lacking SSR42 no influence of oxacillin on the activity of Pna was observed (Fig. 4.42A). This activation
of Pnia upon treatment with sub-inhibitory concentrations of oxacillin was further observed in the
MRSA strain JE2 but not in the transposon insertion mutant 2500639R lacking functional SSR42 (Fig.
4.42B). Due to the resistance of strain JE2 towards oxacillin higher concentrations had to be used (0.01
pug/ml). Thus, a role for SSR42 in the oxacillin-induced up-regulation of haemolysis was confirmed in

both MRSA and MSSA strains.
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Figure 4.42: Transcription of hla is enhanced in the presence sub-inhibitory concentrations of oxacillin in a
SSR42 dependent fashion. A) Pna activity is significantly increased in the prescence of sub-inhibitory
concentrations of oxacillin in S. aureus 6850 wild-type bacteria but not in 6850 ASSR42. B) Similar, sub-inhibitory
concentrations of oxacillin resulted in enhanced Pnia activity in S. aureus JE2 wild-type bacteria but an insertional
SSR42 mutant (JE2 2500639R). Phia activity and growth of S. aureus harbouring a transcriptional fusion of Pnia with
GFP were monitored over a time course of 23 h using a TECAN Infinite M200 plate reader. Promotor activity was
normalized to growth rate of bacteria.
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4.5.6 Sub-inhibitory concentrations of oxacillin enhance virulence of S. aureus 6850 in a SSR42-
dependent manner

ncRNA SSR42 was found to play a decisive role in inducing cell death of infected host cells (see chapter
4.3.3). Mutants in SSR42 displayed a reduced cytotoxic phenotype towards HelLa 2000 cells similar to
mutants lacking a-toxin. Considering the impact of a-toxin on cytotoxicity and the observed oxacillin-
dependent induction of a-toxin expression the influence of oxacillin on cell death was analysed in
mutants lacking SSR42. For analysing whether treatment with oxacillin alters the cytotoxic properties
of S. aureus, HelLa 2000 cells were infected with wild-type S. aureus 6850 for 4 h. Infected cells were
treated with various concentrations of oxacillin (2.5 - 0.025 pug/ml) during the last 2.5 h of infection
where bacteria are considered to escape from the phagosomes, in which they reside after invasion of
host cells (Fig. 4.43). CFU enumeration 4 h post infection demonstrated that the oxacillin
concentrations used had no impact on the viability of intracellular bacteria, thus classifying the
concentrations used as sub-inhibitory for bacterial growth (Fig. 4.43A). Cell death was measured
exploiting LDH release from infected cells (Fig. 4.43B). Relative LDH release was found significantly
enhanced when infected host cells were treated with 0.5 pg/ml oxacillin (FC: 1.41; p=0.001) compared
to non-treated infected host cells, while no differences were found for the further tested oxacillin
concentrations. Uninfected host cells were treated with the highest tested oxacillin concentration (2.5
ug/ml) to exclude potential cytotoxic properties of oxacillin on host cells. No significant difference in

LDH release was detected between non-treated and oxacillin-treated cells (FC: 0.26; p=0.22).
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Figure 4.43: Cytotoxicity of S. aureus 6850 is enhanced in the presence of sub-inhibitory concentrations of
oxacillin. A) Establishment of intracellular sub-inhibitory concentrations of oxacillin. HeLa 2000 cells were
infected with S. aureus 6850 with a MOI of 10 for 4 h. Cells were treated with various oxacillin concentrations for
the last 2.5 h of infection. The used oxacillin concentrations were classified as sub-inhibitory for S. aureus 6850
as observed by CFU enumeration. B) Treatment of infected Hela 2000 cells with 0.5 pg/ml oxacillin resulted in
significantly enhanced cytotoxicity of S. aureus 6850 as observed by measuring released LDH levels. HeLa 2000
cells were infected with S. aureus 6850 with a MOI of 10 for 4 h. LDH release was measured. LDH release from
uninfected cells was set to 1. Statistical analysis was performed using sSudent’s t-test: *: p< 0.05; ***: p< 0.001.
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Analysing the role of SSR42 in the oxacillin-induced enhanced cytotoxicity, HeLa 2000 cells were
infected with wild-type bacteria, isogenic ASSR42 mutant, complemented mutant and a Ahla mutant
for 4 h (Fig. 4.44). Effects caused by different sensitivities against oxacillin were excluded by performing
a MIC test for wild-type bacteria, ASSR42 and Ahla mutant (Fig. 4.44A). The MIC was determined to be
approximately 0.25 pg on Miiller-Hinton agar. Infected Hela 2000 cells were treated with 0.5 pg/ml
oxacillin during the last 2.5 h of infection. LDH release was measured as an indicator for cell death (Fig.
4.44B). While relative LDH release was found to be approximately two-fold elevated in oxacillin-treated
cells infected with wild-type bacteria (FC: 2.06; p> 0.0001), no significant differences in LDH release
were found for cells infected with either a ASSR42 or Ahla mutant. The oxacillin-induced enhancement
of cytotoxic activity towards HelLa 2000 cells was recovered after complementation of SSR42 in trans
(FC: 2.1; p> 0.0001). An oxacillin-induced enhancement of cytotoxicity was likewise not observable for

cells infected with the Ahla mutant.

Thus, it was concluded that the enhancement of cytotoxicity resulted from oxacillin-induced
expression of a-toxin. This oxacillin provoked induction of cell death was strictly dependent on ncRNA
SSR42.

In summary, analysing the LDH release of infected HelLa 2000 revealed an important role for ncRNA
SSR42 in the observed oxacillin-induced enhancement of cytotoxicity of wild-type S. aureus via

regulation of a-toxin.

S. aureus 6850 WT ASSR42 Ahla
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Figure: 4.44 Oxacillin-induced enhancement of cytotoxicity is dependent on presence of SSR42 in S. aureus
6850. A) Oxacillin MIC test of S. aureus 6850 wild-type bacteria, ASSR42 and Ahla mutant revealed no differences
in the MIC for the three groups on Miiller-Hinton agar plates. B) SSR42 mediates oxacillin-induced enhancement
of cytotoxicity on Hela 2000 cells via regulation of hla expression as observed by measuring LDH release of
infected cells. HeLa 2000 cells were infected with a MOI of 10 with S. aureus 6850 wild-type, ASSR42 and Ahla
mutant for 4 h. Cells were treated with sub-inhibitory conenetrations of oxacillin (0.5 ug/ml) 1.5 h post infection.
LDH release was measured after 4 h of infection. LDH release from untreated cells infected with wild-type
bacteria was set to 1. Treatment with oxacillin resulted in a significant increase in LDH release form Hela 2000
cells infected with either wild-type bacteria or complemented SSR42 mutant. In contrast oxacillin treatment of
cells infected with either ASSR42 or Ahla mutant did not affect LDH release. Statistical analysis was performed
using Student’s t-test: *: p< 0.05; ***: p< 0.001.

4.6 Transcription of ncRNA SSR42 is regulated by various major regulators in S. aureus

Despite regulation by AraC-type transcriptional regulator Rsp (Das et al., 2016) the regulation of SSR42
transcription remains elusive. However, analysing the impact of rsp mRNA levels on transcription of
SSR42 in various S. aureus strains (see section 4.5.2) suggested the implication of further factors.
Applying SSR42 promotor activity assays in various mutants obtained from the Nebraska library as well
as knockout mutants, the regulation of SSR42 transcription was deciphered. The impact of various
regulatory factors on transcriptional regulation of SSR42 was analysed recording the activity of Pssraz
over a time course of 23 h (Fig. 4.45-4.50). All tested mutants obtained from the Nebraska library
where freshly transduced into JE2 wild-type background to exclude effects caused by secondary site
mutations. All described effects of the various regulators on activity of Pssraz are summarized in a
heatmap illustrating the differences in Pssraz activity between each mutant and wild-type bacteria (Fig.

4.51, heatmap created by Maximilian Klepsch, University Wirzburg).

4.6.1 Regulation of SSR42 by Rsp
A strong regulatory impact of Rsp on transcriptional regulation of ncRNA SSR42 has been reported
previously with mutants in rsp lacking SSR42 transcription completely (Das et al., 2016). Therefore, the

activity of Pssra2 Was analysed in an insertional mutant in rsp (NE1304) using the GFP reporter construct
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pPssraz-GFP (Fig. 4.45). Confirming previous findings, no activity of Pssrsz was detected in mutant

NE1304 illustrating the essential role of Rsp on regulation of SSR42 transcription.
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Figure 4.45: Rsp is required for transcription of SSR42. Insertional mutant of S. aureus JE2 in rsp was obtained
from the NTML mutant library (Fey et al., 2013) and was used for monitoring the promotor activity of SSR42
(Pssra2) in @ time course of 23 h using a transcriptional fusion of SSR42 and promotorless GFP. Growth curve was
measured in parallel and GFP intensity was normalized to growth of the bacteria (GFP/ODs0o). Lack of functional
Rsp (NE1304) resulted in a complete abolishement of Pssraz activity illustrating the requirement of Rsp for SSR42
transcription. Modified after Horn et al., 2018b.

4.6.2 Regulation of SSR42 by two-component systems

Two-component systems play a major role in transcriptional regulation. The two-component systems
ArIRS, SrrAB and VraRS have been implicated in influencing the sensitivity towards oxacillin in S. aureus
(Matsuo et al., 2010) and were thus analysed regarding regulation of SSR42 (Fig. 4.46). Further, the
activity of Pssraz Was studied in mutants of the major virulence regulatory systems saeRS and agr as

well as in vfrB encoding a regulator of the SaeRS two-component system.

As a first candidate to regulate SSR42 transcription, the agr quorum-sensing system was chosen due
to the importance of this system in matters of viruelence regulation, especially haemolysis. Promotor
activity of SSR42 was found to be drastically altered in mutants lacking a functional agr quorum-sensing
system (agrA: NE1532). Insertional disruption of agrA drastically altered the profile of Pssraz activity
delaying the second peak in up-regulation (approximately after 17 h of growth) and subsequently

resulting in higher activity during late time points in growth of S. aureus JE2 (Fig. 4.46A).

Due to the observed role for SSR42 in stabilizing sae transcripts a potential regulatory impact of the
SaeRS two-component system on the activity of Psspa2 Was analysed. The activity of Pssrsz in an
insertional mutant in saeS (NE1296) was strongly enhanced during later time points during growth
(~12 h; Fig. 4.46B)). However, disruption of saeR (NE1622) had no effect on the activity of Pssraz (Fig.
4.46C).
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Insertional inactivation of the two-component system ArIRS (ar/R::Bursa NE1684, ar/S::Bursa NE1183)
resulted in an overall higher activity of Psspsz compared to that of wild-type bacteria (Fig. 4.46D).
Enhanced promotor activity was especially prominent during later time points of growth of S. aureus

(~12 h).

Lack of two-component system VraRS (vraR::BursaNE554, vraS::Bursa NE823) resulted in an overall
slight decrease in Pssra; activity (Fig. 4.46E) indicating a minor role for two-component system VraRS in

regulation of SSR42 transcription.

Due to a reported role of two-component system SrrAB in regulation of oxacillin sensitivity (Matsuo et
al., 2010) Pssraz activity in the insertional mutants in srrA and srrB (srrA::Bursa NE1309, srrB::Bursa
NE588) was analysed (Fig. 4.46F). While mutants in srrA displayed a reduced Pssraz activity mostly
during the early growth phases of S. aureus JE2 (~3-11 h), insertional disruption of srrB resulted in a

decrease of Pssra activity only during later time points of growth (~11-23 h).

In contrast, the Pssraz activity in a mutant lacking the SaeRS-regulatory protein VfrB (NE229) was

reduced over the whole 23 h of growth (Fig. 4.46G).
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Figure 4.46: Several two-component systems are involved in regulation of SSR42 transcription. Insertional
mutants of S. aureus JE2 in various two-component systems were obtained from the NTML mutant library (Fey
et al., 2013) and were used for monitoring the promotor activity of SSR42 (Pssra2) in a time course of 23 h using
a transcriptional fusion of SSR42 and promotorless GFP. Growth curve was measured in parallel and GFP
fluoresence was normalized to growth of the bacteria (GFP/ODsoo). A) Insertional inactivation of agrA (NE1532)
resulted in a strong alteration in the Pssrs2 activity profile. While Pssra2 was nearly inactive during the first 16 h of
growth Pssra2 activity strongly increased afterwards. B) Inactivation of saeS (NE1296) enhanced the activity of
Pssra2 during late phases of growth. C) In contrast, disruption of saeR (NE1622) did not affect the activity of Pssrsz.
D) Lack of functional two-component system ArIRS (NE1684, NE1183) resulted in an enhancement of Pssraz
activity starting at 16 of growth in S. aureus JE2. E) Insertional disruption of vraS (NE823) and vraR (NE554) slightly
decreased the activity of Pssra2 F) as well as insertional disruption of srrA (NE1309) and srrB (NE588). G) Insertional
disruption of fatty acid kinase encoding gene vfrB (NE229) resulted in an overall decrease in the activity of Pssrs2.
Modified after Horn et al., 2018b.

4.6.3 Regulation of SSR42 by SarA-family transcriptional regulators
Besides two-component system virulence regulation in S. aureus is governed by members of the SarA-
family of transcriptional regulators (Cheung et al., 2008). Hence, the impact of SarA, SarT, SarU and rot

on regulation of SSR42 transcription was analysed (Fig. 4.47).

Insertional disruption of the genes encoding either sarA (NE1193) or sarT (NE514) did not influence
the activity of Pssraz in S. aureus strain JE2 (Fig. 4.47A). Lack of functional SarU (NE96) instead strongly
altered the profile of Pssray activity leading to a delay in the second activity peak and resulting in a
subsequently higher activity of Pssra2 during later time points (Fig. 4.47B), hence resembling the effects
observed in mutants lacking a functional agr system (Fig. 4.46A). In contrast, insertional mutation in
rot (NE386) revealed a minor role for Repressor of toxins (Rot) with regard to SSR42 transcription
control (Fig. 4.47C). Mutants lacking functional Rot displayed a slight enhanced Pssraz activity during
early time points in growth (3-10 h) compared to wild-type bacteria and a subsequently reduced

activity during later time points.
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Figure 4.47: Several important SarA-family transcriptional regulators are involved in regulation of SSR42
transcription. Mutants of S. aureus JE2 harbouring insertions in SarA-family transcriptional regulators obtained
from the NTML mutant library (Fey et al., 2013) and were used for monitoring the promotor activity of SSR42
(Pssra2) in a time course of 23 h using a transcriptional fusion of SSR42 and promotorless GFP. A) No regulatory
impact for SarA (NE1193) and SarT (NE514) on the activity of Pssra2 was observed. B) In contrats, insertional
disruption of sarU (NE96) resulted in a similar Pssra2 activity profile as observed for mutants in agrA. C) Mutation
in rot (NE386) significantly reduced the activity of Pssra2 during late stationary growth in S. aureus JE2. Modified
after Horn et al., 2018b.

4.6.4 Regulation of SSR42 by alternative sigma-factors
Alternative sigma-factors are known to regulate transcription of certain genes in response to stresses
(Kazmierczak et al., 2005). Thus, their impact on regulation of SSR42 transcription was chosen to be

studied.
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Transcription of extraplasmatic function sigma-factor (ECF) oS was previously reported to be inducible
in response to external stresses, delivered by DNA and cell-wall damaging substances (Miller et al.,
2012), thus constituting a good candidate for investigation of SSR42 regulation. Indeed, activity of Pssraz
was slightly reduced in a AsigS mutant (Fig. 4.48A) indicating a regulatory role for this alternative

sigma-factor.

oB was reported to regulate the switch to the persisting SCV phenotype promoting survival during
chronic infections (Tuchscherr et al., 2015). Since mutants lacking SSR42 were prone to form SCVs
during long-term infection of EA.Hy296 cells (see chapter 4.3.5), the effect of insertional disruption of
oB (encoded by rpoF, NE1109) on activity of Pssra2 Was investigated. Interestingly, lack of functional oB
in strain JE2 did not only reduce the activity of Psspaz drastically but prevented the second rise in
promotor activity completely (Fig. 4.48B). The resulting promotor activity curve in a 6B mutant was
comparable to that of strains such as 6850, COL and RN4220 that naturally do not display a sigmoid
shaped Pssraz activity. Further insertional disruption of oB-regulatory protein rsbU (NE1607) led to a

similar Pssraz activity (Fig. 4.48B) confirming the role of oB for regulation of SSR42.
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Figure 4.48: Alternative sigma-factors are involved in regulation of SSR42 transcription. A deletion mutant in
AsigS and mutants of S. aureus JE2 harbouring insertions in rsbU and oB (rpoF), which were obtained from the
NTML mutant library (Fey et al., 2013) were used for monitoring the promotor activity of SSR42 (Pssr42) in a time
course of 23 h using a transcriptional fusion of SSR42 and promotorless GFP. A) Deletion of sigS (AsigS) resulted
in a slight decrease in Pssra2 activity. B) In contrast insertional disruption of rpoF (NE1109) and rsbU (NE1607) had
a strong regulatory impact on the activity profile of Pssraz2 resulting in a strong overall decrease. Modified after
Horn et al., 2018b.
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4.6.5 Regulation of SSR42 by miscellaneous regulators

Transcription of SSR42 was shown to be susceptible to the availability of glucose (see chapter 4.5.4)
revealing a potential regulatory connection between the metabolism and virulence regulation. This
connecting virulence is governed by factors such as RpiRc, CodY and CcpE. Hence, the impact of those

regulators on the activity of Pssra2 Was analysed (Fig. 4.49).

Knockout of transcriptional regulator RpiRc (ArpiRc) strongly reduced the activity of Psspax to
approximately 50% of wild-type activity (Fig. 4.49A). Further, the second activity peak of Pssrs; was

hardly detectable in mutants lacking rpiRc.

CodY represents another major regulatory protein linking metabolism of S. aureus to virulence
regulation and serves mainly as a repressor of virulence genes (Majerczyk et al., 2010; Pohl et al.,
2009). Insertional disruption of codY (NE1555) resulted in a drastically reduced activity of Pssraz
characterized by an absence of a second activity peak (Fig. 4.49B) comparable to mutants lacking
functional oB (Fig. 4.48B). Due to the observed regulatory role for CodY on SSR42 transcription, the
connection of CodY and the stringent response (Geiger et al., 2012), the activity of Pssra; Was analysed
in a triple knockout mutant lacking rsh, relp and relq (ArshArelpArelq; Fig. 4.49C). Knockout of those
alarmone producing genes did not lead to significant changes in the activity of Pssrsz ruling out a

potential effect of stringent response on the transcription of SSR42.

A third linkage between virulence gene regulation and metabolism represents catabolite control
protein CcpE. It has been demonstrated that in presence of glucose CcpE represses virulence
associated genes such as RNAIII, capA, hla and TCA cycle genes (Hartmann et al., 2014; Ding et al.,
2014). Activity of Pssra2 was analysed in a mutant lacking functional CcpE (NE1560; Fig. 4.49D) and
found to be highly similar to that of mutants lacking functional CodY or oB which also lack the second

activity peak in Pssraz activity.
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Figure 4.49: Various metabolite-responsive regulators affect the activity of Pssra2. Deletion mutants ArpiRc and
ArshArelpArelg and insertional mutants in codY and ccpE of S. aureus JE2 which were obtained from the NTML
mutant library (Fey et al., 2013) were used for monitoring the promotor activity of SSR42 (Pssra2) in a time course
of 23 h using a transcriptional fusion of SSR42 and promotorless GFP. A) Lack of rpiRc resulted in a strong
decrease in Pssraz activity. B) Insertional disruption codY (NE1555) in contrast reduced the activity of Pssra2 even
more drastic. C) Pssraz2 activity in triple knockout mutant ArshArelpArelg was not alterted. D) Insertional mutation
in ccpE (NE1560) affected the activity of Pssraz2in a similar way than mutation in codY. Modified after Horn et al.,
2018b.

The eukaryotic-like serine/ threonine kinase PknB is involved in resistance towards B-lactam antibiotics

with mutants exhibiting a higher sensitivity (Tamber et al., 2010). Hence, the activity of Pssrs2 Was
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investigated in an insertional mutant in pknB (NE217). Insertional disruption of pknB resulted in a
reduced Pssraz activity approximately 11 h after inoculation of bacteria (Fig. 4.50A). Subsequently, Pssraz
activity reached wild-type levels at later time points (approximately 17 h) indicating role for PknB in

regulation of SSR42 during early time points of growth.

Virulence regulation in S. aureus is further executed by endoribonucleases. RNase Y displays a major
role in initiating the degradation of hundred mRNA species and a few small non-coding RNAs (Khemici
et al., 2015; Marincola et al., 2012). ncRNA SSR42 has been identified in a global EMOTE screen to be
potentially processed by RNase Y, which was further analysed in this study using Northern blots (Fig.
4.5). Thus, activity of Pssraz Was analysed in a knockout mutant lacking rny (Fig. 4.50B). Comparing the
SSR42 promotor activity profiles of Arny and wild-type bacteria revealed no significant differences

indicating no regulatory role for RNase Y on transcription of ncRNA SSR42.
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Figure 4.50: Mutation in pknB but not deletion of rny affects the activity of Pssra2. Deletion mutant Arny and an
insertional mutant in pknB of S. aureus JE2, which was obtained from the NTML mutant library (Fey et al., 2013)
were used for monitoring the promotor activity of SSR42 (Pssra2) in a time course of 23 h using a transcriptional
fusion of SSR42 and promotorless GFP. A) Insertional disruption of pknB (NE217) decreased the activity of Pssra2
between 4 and 16 h of growth of S. aureus JE2. B) Lack of RNase Y instead affected the activity of Pssra2 only
slightly. Modified after Horn et al., 2018b.
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Figure 4.51: Summary of the impact of various global regulators on transcription of SSR42. Heatmap
summarizing the factors affecting PSSR42 activity compared to the activity of S. aureus JE2 wild-type. Differences
in the Pssraz2 activity (ARFU) are illustrated by a colour code (modified after Horn et al., 2018b, constructed by
Maximilian Klepsch, University Wirzburg).
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Verifying the previous findings transcript levels of ncRNA SSR42 were analysed in some of the tested
mutants (Fig. 4.52). While for mutants in agrA, vraR, srrB, sarU, sigS, rpoF, ccpE and pknB SSR42
transcript levels were significantly decreased compared to wild-type bacteria at 15 h of growth, for
mutants in codY and rpiRc no significant differences in SSR42 transcript levels were detected (Fig.
4.52A), despite a previous observed lower activity of Pssra2 during that time point of growth. Since the
promotor activity curve indicated an up-regulation of Pssraz activity in the agrA mutant during late time
points in growth, bacteria were harvested after 23 h of growth and SSR42 transcript levels were
compared to that of an earlier time point (15 h). After 23 h of growth SSR42 transcript levels in an
insertional mutant in agrA were significantly increased when compared to the transcript levels of the
earlier time point (15 h; Fig. 4.52B). However, they did not differ significantly when compared to SSR42

transcript levels in wild-type bacteria.
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Figure 4.52: Analysis of SSR42 transcript levels in various mutants in global regulators. A) Quantitative real time
PCR analysis of SSR42 transcript levels of stationary phase S. aureus JE2 (15 h of growth) and various insertional
mutants and sigS and rpiRc deletion mutants. Insertional mutants were obtained from the NTML library (Fey et
al., 2013). Modified after Horn et al., 2018b. B) SSR42 transcript levels were significantly increased during late
stationary growth phase (23 h) compared to during 15 h of growth in S. aureus JE2 harbouring an insertional
mutation in agrA (NE1532). Statistical analysis was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.
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4.6.6 Regulation of rsp transcription

The essential role of Rsp for transcription of SSR42 lead to the hypothesis that the previously observed
factors regulating the promotor activity of SSR42 could already act via regulation of Rsp. Thus, the
activity of the promotor operating rsp transcription (Prp) was analysed in some of the previous tested
mutants using transcriptional fusion of P, and GFP. The obtained data is summarized in a heatmap
resulting from comparison of P, activity in wild-type bacteria and mutants (Fig. 4.53, heatmap was

constrcted by Maximilian Klepsch, University Wiirzburg).

While mutation in some of the tested regulators (rpiRc, ccpE, agrA, codY, arlIR) had a similar effect on
rsp promotor activity, mutants in vfrB, srrAB, rsbU and saeS showed no, respectively opposite effects
on Prspthan on Pssraz activity (Fig. 4.54) indicating that those factors possibly regulate SSR42 promotor

activity by other means than by regulating rsp transcription.
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Figure 4.53: Summary of the impact of various global regulators on transcription of rsp. Summary of factors
affecting Prsp activity compared to the activity of wild-type S. aureus JE2 illustrated in a heatmap. Differences in
the Prsp activity (ARFU) are illustrated by a colour code (modified from Horn et al., 2018b, constructed by
Maximilian Klepsch, University Wirzburg).
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Figure 4.54: Various regulators affect the activity of P:sp. Insertional mutants of S. aureus JE2 in regulators were
obtained from the NTML mutant library (Fey et al., 2013) and were used for monitoring the promotor activity of
rsp (Prsp) in a time course of 23 h using a transcriptional fusion of rsp and promotorless GFP. Growth curve was
measured in parallel and GFP fluoresence was normalized to growth of the bacteria (GFP/ODsoo). A) Insertional
disruption of agrA (NE1532) affected the activity of Prsp during late stationary growth phase of S. aureus JE2. B)
In contrats disruption of saeS (NE1296) did not affect the activity of Prsp. C) Disruption of arlR (1684) resulted in
anincrease in the activity of Prsp. D) Lack of functional oB (rpoF; NE1109) resulted in a slight increase in Prsp activity
during late stationary growth phase. E) Similarly, insertional disruption of rsbU (NE1607) resulted in a similar Prsp
profile. F) Knockout of rpiRc decreased the activity of Prsp mainly during stationary growth phase of S. aureus JE2.
G) Insertional mutation in ccpE (NE1560) decreased the activity of Prsp and resulted in an enhanced activity during
late stationary growth phase. H) A regulatory impact of CodY on the activity of Prsp, was observed with mutants
in codY (NE1555) displaying reduced Prsp activity. 1) In contrast, no regulatory role for VfrB on transcription of rsp
was observed in insertional mutants in vfrB (NE229). Modified after Horn et al., 2018b.

4.7 Molecular characterization of ncRNA SSR42

ncRNA SSR42 was demonstrated to display a versatile role for S. aureus’ virulence regulating
haemolysis, host cell death, biofilm and SCV formation. However, the regulatory mechanism remains
elusive. Analysing functional domains of SSR42 identified a region essential for haemolysis regulation
and two stabilizing domains. Potential interaction partners of ncRNA SSR42 were identified via gradient

sequencing and interaction predictions.

4.7.1 Identification of stabilizing and functional regions in ncRNA SSR42

For characterization of stabilizing or functional domains within SSR42 small, approximately 70 nt long
sequences were deleted from the sequence of SSR42 and introduced into S. aureus 6850 ASSR42 via
modified versions of complementation plasmid pSSR42 (Fig. 4.55A-B, see Appendix Fig. 7.10). The
resulting complemented mutants were screened for haemolysis defects using an erythrocyte lysis

assay and compared to the complemented mutant expressing wild-type SSR42 in trans (Fig. 4.55C).
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Three out of the eight mutants displayed signififcantly reduced haemolytic activities when compared
to the haemolytic activity of the complemented mutant expressing wild-type SSR42. Deletion of a 76
nt region (Al; 2,352,023-2,352,099 bp) resulted in significantly reduced haemolysis to 75.52%
(p>0.001). Deletion of a 63 nt region (A6; 2,352,688-2,352,742 bp) and a 65 nt deletion (A7; 2,352,858-
2,352,794 bp) spanning the previously identified potential 5’-end of 891 nt SSR42 (Morrison et al.,
2012a) was further found to influence the haemolytic activity of S. aureus (A6: 42.6%, p>0.001; A7:
43.72%, p=0.003). Interestingly, deletion of a 62 nt region upstream of the predicted RNase Y cleavage
site (A8; 2,352,917-2,352,978 bp) did not affect haemolysis. Analysis of transcript levels of SSR42 via
Northern blotting revealed a strong reduction of SSR42 transcripts in mutant A6 and an accumulation
of SSR42 degradation products in mutant A7 (Fig. 4.55C). Instead, transcript levels of full-length SSR42
and smaller transcripts were detected at a similar level in mutant A1 compared to the levels in the
control strain (Fig. 4.55C). The reduced SSR42 transcript levels and the accumulation of degradation
products in mutants A6 and A7 indicated that those regions are most likely involved in stabilization

and processing of SSR42, whereas region Al is involved in regulation of haemolysis.

To investigate whether region Al (2,352,023-2,352,099 bp) would be sufficient to restore haemolysis
in a ASSR42 mutant the stem loop structure encompassing this region was introduced in trans
(pStemLoop2; Fig. 4.55D). Using Northern blotting SSR42 transcripts could not be detected in the
mutant expressing the stem loop structure in trans (data not shown). Transcript levels of both SSR42
(RT-PCR oligonucleotides: pSL2 RT F and pSL2 RT R; FC: 0.061; p>0.001) and hla (FC: 0.22; p>0.001)
were significantly reduced when only this certain stem loop structure of SSR42 was reintroduced in
trans. Yet, compared to the expression levels in a ASSR42 mutant SSR42 and hla transcript levels were
significantly enriched (SSR42: p=0.0061; hla: p=0.047). Hence, it was concluded that this specific stem
loop structure has to be rather unstable, explaining the extremely reduced SSR42 transcript levels. hla
transcript levels were subsequently reduced due the unsuccessful complementation. Thus, expression
of only this certain stem loop structure (Stem loop2: 2,352,023-2,352,099 bp) of SSR42 was not

sufficient to restore haemolysis in a ASSR42 mutant.
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Figure 4.55: Mutational analysis of SSR42 identified three domains implicated in stabilization of ncRNA SSR42
and haemolysis regulation. A) Schematic representation of the SSR42 sequence. Highlighted are regions
addressed in mutational analysis. B) Schematic illustration of the predicted secondary structure of SSR42 with
highlighted regions affecting stability and haemolysis regulation. C) Three regions in SSR42 were identified
affecting the haemolytic activity of S. aureus 6850. Sheep erythrocytes were challenged with stationary culture
supernatants from S. aureus 6850 expressing wild-type SSR42 and various mutated versions of SSR42. Deletion
of region 1, 6 and 7 affected the haemolytic activity significantly. D) Deletion of region 6 and 7 altered the SSR42
transcript level in S. aureus 6850 as observed by Northern blot analysis. E) Expression of only a stem loop
structure of SSR42 encompassing region A1l was not sufficient to restore SSR42 and hla transcription in S. aureus
6850 ASSR42 as observed by gqRT-PCR analysis. Statistical analysis was performed using Student’s t-test: *: p<
0.05; ***: p< 0.001.
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4.7.2 Construction of minimal versions of ncRNA SSR42

Introducing small mutations in SSR42 revealed a broad sequence range within SSR42, which was not
implicated in haemolysis regulation. This region was further addressed by creation of minimal versions
of SSR42. These minimal ncRNAs were constructed since complementation of only a stem loop
structure of SSR42 (2,352,023-2,352,099 bp) was not sufficient for restoring haemolysis and indicated

the necessity of additional sequence parts for stabilization of SSR42.

Two minimal versions of SSR42 (mini-1, mini-2) were therefore constructed spanning the previously
identified regions implicated in stabilization and haemolysis regulation (Al: 2,52,023-2,352,099 bp; A6:
2,352,688-2,352,742 bp and A7: 2,352,858-2,352,794 bp; Fig. 4.56, see Appendix Fig. 7.11). For
creation of minimal SSR42 version 1 (mini-1) a 795 nt sequence of SSR42 was introduced into S. aureus
6850 ASSR42 via complementation plasmid pSSR42_mini-1, which resulted from deleting a 437 nt
sequence (bp 2,351,972-2,352,410) from the original complementation plasmid pSSR42. A second
SSR42 deletion version (mini-2) was constructed by deleting an additional 128 nt region at the 5’-region
of SSR42(bp 2,353,043-2,352,915 bp) that included the predicted RNase Y cleavage site (Khemici et al.,
2015) creating a 668 nt long RNA molecule. Both resulting sequences were analysed with RNAfold (Fig.
4.56A). Prediction confirmed the conversation of the previous observed potential secondary structure
characteristics of full-length SSR42. The resulting plasmids were introduced in S. aureus 6850 ASSR42
and the haemolytic activity of the supernatants obtained from those mutants was analysed (Fig.
4.56C). The haemolytic activities were compared to ASSR42 complemented in trans with wild-type
SSR42. Complementation with either of both minimal SSR42 versions failed to recover the haemolytic
activity of culture supernatants to wild-type levels. Complementation with minimal version 1 partially
restored haemolysis in a ASSR42 mutant (75.64%, p>0.001). In contrast, haemolysis could not be
restored when minimal SSR42 version 2 was used for complementation (33.71%, p>0.001). Expression
of both minimal SSR42 molecules was analysed via Norther blotting (Fig. 4.56D). While transcript levels
of wild-type SSR42 and minimal version 1 were detected at comparable amounts minimal SSR42
version 2 could not be detected, indicating a high instability of this RNA molecule. The failure to restore
haemolysis using minimal SSR42 version 2 thus resulted from the drastically reduced SSR42 transcript
levels most likely caused by a reduced stability of the RNA molecule. Instead, expression of mini-1
partially restored the haemolytic activities and SSR42 transcript levels were found at similar amounts
compared to full-length SSR42, thus indicating that additional sequence parts are necessary for a

complete recovery of a wild-type haemolytic potential.
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Figure 4.56: Construction and functional analysis of minimal versions of SSR42. A) Schematic representation of
the secondary structure of SSR42 (left panel) and of minimal SSR42 versions 1 (middle panel) and version 2 (right
panel). B) lllustration of deleted regions for creation of minimal version 1 and 2 within the sequence of SSR42. C)
Haemolytic activity of S. aureus 6850 ASSR42 is partially restored by introducing minimal SSR42 version 1.
Introduction of minimal version 2 did not restore haemolysis in S. aureus ASSR42 as observed by treating sheep
erythrocytes with stationary culture supernatants of S. aureus 6850 expressing either wild-type SSR42, minimal
SSR42 versions 1 or 2 and a ASSR42 mutant. Statistical analysis was performed using Student’s t-test: *: p< 0.05;
**%: p< 0.001. D) SSR42 transcript levels of minimal SSR42 version 2 were not detectable in S. aureus 6850 using
Northern blot analysis.

4.7.3 Analysis of implication of putative ORF 3 in haemolysis regulation

A previous study addressing SSR42 already analysed a potential role of the predicted putative ORFs
within SSR42. In this study no role for those described putative ORFs regarding haemolysis regulation
was found (Morrison et al., 2012a). However, due to the underestimation of the length of SSR42 some
ORFs were missed in that study. Prediction of ORFs revealed a rather long putative ORF of 123 nt length

(ORF 3, see section 4.1.4). Due to the length of this putative ORF a potential implication in haemolysis
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regulation can not be excluded. Therefore, the start codon of this putative ORF was mutated (TTG 2>
TCG), thereby preventing transcription (Fig. 4.57, see Appendix Fig. 7.12). This mutated SSR42
sequence was introduced in trans in a ASSR42 mutant via a modified version of complementation
plasmid pSSR42-rsp. Analysing the haemolytic activity of supernatants obtained from S. aureus 6850
ASSR42 complemented either with wild-type SSR42 or with SSR42 harbouring the mutation in the
putative start codon revealed no significant differences between the two tested groups (Fig. 4.57B).

Thus, a potential peptide encoded by ORF 3 would not affect haemolysis regulation.
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Figure 4.57: Predicted open reading frame 3 within SSR42 is not required for regulation of haemolysis in S.
aureus 6850. A) Schematic representation of SSR42 with highlighted predicted ORF 3. B) Mutation of ORF 3
within SSR42 did not affect haemolysis in S. aureus 6850 as demonstrated by an erythrocyte lysis assay. Sheep
erythrocytes were treated with stationary phase culture supernatants of S. aureus 6850 expressing wild-type
SSR42 and SSR42 harbouring a mutation within the start codon of ORF 3 preventing potential translation.
Haemolytic activity of S. aureus ASSR42 complemented with wild-type SSR42 was set to 100%. Statistical analysis
was performed using Student’s t-test: *: p< 0.05; ***: p< 0.001.

4.8 Attempt to decipher the regulatory mechanism of ncRNA SSR42

4.8.1 Identifying potential interaction partners of SSR42 via Grad-seq

Identifying potential interaction partners of SSR42 could pioneer the decryption of a regulatory
mechanism and serve as a further validation for the previously observed regulatory impact of SSR42.
Gradient profiling by sequencing (Grad-seq) was recently established to draft RNA landscapes in a
global approach. Exploiting physical properties of shared RNA-protein interactions this method enables
the partitioning of RNAs into diverse groups. Grad-seq facilitates the grouping of RNAs with likely
similar function into collectives. Thereby, common protein partners can be identified (Smirnov et al.,

2016). Grad-seq is based on a sedimentation of RNAs and proteins in a glycerol gradient. In the glycerol
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gradient complexes are sorted by size and shape. The resulting different sedimentation behaviours are
used to assess potential interaction of RNAs and proteins. However, the appearance of two RNAs or
an RNA and protein in the same glycerol fraction does not necessarily result from a direct interaction
but from interaction with a common RNA-binding protein or a similar size and shape of complexes.
Using gradient profiling by sequencing an RNA interactome for S. aureus was created according to the
sedimentation coefficient of RNA complexes. For this, t-SNE two-component analysis was applied.
Grad-Seq was performed in collaboration with Alexandr Smirnov and Konrad Foérstner in S. aureus
HGO0O03 (Fig. 4.58). According to the sedimentation coefficient of RNA complexes an interactome of all
RNAs of S. aureus was generated using t-SNE two-component analysis (Fig. 4.58A). t-SNE two-
component analysis revealed a distinct cluster for non-coding RNAs including RNAIII, SprD, RsaF, RsaH,
RsaE, RsaA, RNase P, SSR42, 6S rRNA, srrA, RsaOG, Rsal and ffh indicating the interaction with potential

common RNA-binding proteins. Further, tRNAs were detected in this cluster.

Sequence reads of SSR42 were detected over a wide fraction range and found to be most abundant in
fraction 2 and 9 (Fig. 4.58B). While appearance in fraction 2 could indicate free and not interacting
SSR42 molecules or RNA-RNA interactions, the appearance in fraction 9 indicates an interaction with
proteins. SSR42 reads were only detected in a low amount in the pellet fraction. Appearance of a factor
in the last or pellet fraction is associated with interaction with high molecular weight complexes such
as ribosomes. A low abundance of sequence reads from the pellet fraction is thus distinctive for
ncRNAs. Using correlation calculations (pearson correlation) potential RNA interaction partners of
SSR42 were predicted. For this, the pattern of detected sequence reads of SSR42 in the gradient
fractions was compared to the pattern of all other detected RNAs. Thus, a high correlation coefficient
results from a high resemblance to the sequence read profile of SSR42. The results of RNAs with very
high correlation are listed in table 4.12. Among the RNAs with high correlation to the Grad-seq profile
of SSR42 also several previously detected targets of SSR42 were found. mRNAs of esxa (pearson
correlation coefficient: 0.91), chs (pearson correlation coefficient: sense: 0.62; antisense: 0.69), clfA
(pearson correlation coefficient: 0.96) and at/ (pearson correlation coefficient: 0.89) displayed a high
correlation with the Grad-seq profile of SSR42 (table 4.13). Grad-seq profiling of cellular proteins could
not be performed due to degradation of the samples. Since Grad-Seq displays the physical properties
of RNA-RNA and RNA-protein complexes but not necessarily reveals direct interaction of two RNA
molecules, direct interaction partners were sought to be identified using a RNA-pulldown. However,
neither MS2-pulldown nor an Oligo-capture approach provided an insight into interaction partners of

SSR42 since the establishment of both methods failed in S. aureus (see Appendix Fig. 7.5, 7.6).
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Figure 4.58: Grad-seq analysis revealed an interactome of RNAs in S. aureus HG003. A) Two-component analysis
of Grad-Seq reads of total RNA from 21 glycerol gradient fractions reveals a cluster of non-coding RNAs and
tRNAs. SSR42 was detected in exact that cluster indicating potential interaction with other ncRNAs or commen
RNA-binding proteins. Two-component analysis was performed by Konrad Forstner. B) Sequence read profile of
ncRNA SSR42 from 21 glycerol gradient fractions. Sequence reads were detected at highest levels in fraction 2
and 9. Grad-seq was performed by Alexandr Smirnov and analysed by Konrad Férstner, IMIB Wiirzburg.

Table 4.12: Top hits of RNAs displaying high correlation with the Grad-seq profile of ncRNA SSR42.

Gene Product pearson correlation
coefficent
RSAU_002216 0.999
rpl0 50S ribosomal protein L15 0.989
sRNA_00320 sRNA 0.978
Idh1 L-lactate dehydrogenase 1 0.969
ahpF alkyl hydroperoxid reductase subunit F 0.965
Ssb Single stranded DNA binding protein 0.961
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uspA_1 universal stress protein 0.958
hutU urocanate hydratase 0.959
pdhC dihydrolipoamide S-acetyltransferase component PdhC 0.957
rplQ 50S ribosomal protein L17 0.957
clfA Clumping factor A 0.956
rpIN 50S ribosomal protein L14 09.54
brnQ branched-chain amino acid transport system Il carrier protein  09.44
putative
ribA Protein from nitrogen regulatory protein P-Il family YAAQ 0.943
goxC cytochrome aa3 quinol oxidasesubunit IlI 0.942
rplv 50S ribosomal protein L22 0.941
tuf Translogation elongator factor 0.940
rplB 50S ribosomal protein L2 0.937
iolE sugar phosphate isomeras/epimerase protein 0.936
ykoE substrate specific component YkoE of thiamin-regulated ECF 0.936
transporter HydroxyMethylPyrimidine
dnaA chromosomal replicator initiator protein 0.936
fmhB Peptidogylcan pentaglycine interpeptide biosynthesis protein  0.936
sucA 2-oxoglutarate dehydrogenase E1 component 0.935
gntP Telomeric repeat binding factor 2 family protein 0.934
ykoD ABC-Transporter 0.934
pdhA pyruvate dehydrogenase complex E1 component alpha 0.933
subunit PdhA
adk Adenlyate kinase 0.933
rplK 50S ribosomal protein L11 0.933
asnS asparaginyl-tRNA synthetase 0.933
walK Sensor histidine kinase WalK 0.929
putP High affinity proline permease 0.927
rpsE ribosomal protein S5 0.926
ausA Non-ribosomal peptide synthetase 0.923
sRNA_00095 sRNA 0.922
rps) 30S ribosomal protein S10 0.921
copA copper-translocating P-type ATPase CopA 0.920
yjdL Proton-dependent oligopeptide transporter 0.919
moeA molybdopterin biosynthesis protein A MoeA putative 0.919
crtO putative glycosyl-4-4"diaponeurosporenoate 0.914
acetyltransferase
rplQ 50S ribosomal protein L17 0.912
hup DNA-binding protein HU 0.911
agrB accessory gene regulator protein B 0.908
gvpP Gas vesicle protein 0.908
agcS Sodium alanine symporter family protein 0.908
ctaB protoheme IX farnesyltransferase 0.904
mqgo2 malate:quinone oxidoreductase 2 0.903
ywlG UPF0340 protein ECTR2_1970 0.903
dgkA Surface protein of unknown function 0.902
narH Nitrogen reductase beta chain 0.902
manP PTS-system, fructose specific 0.902
rpsl 30S ribosomal protein S9 0.901
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Table 4.13: Comparison of SSR42 targets displaying high correlation with the Grad-seq profile of
SSR42 with data obtained by proteomics and transcriptomics.

gene product pearson logzFold Change logFold
correlation (RNA-Seq) change
coefficent (proteomics)
(Grad-seq)
clfA clumping factor A 0.958 2.56 1.7
esxA Type VIl secreted factor 0.908 2.19 7.6
atl autolysin 0.893 ns 2.2
IdhD D-lactate dehydrogenase 0.832 2.59 ns
frp NAD(P)H-flavin oxidoreductase 0.830 1.54 ns
sbi immunoglobulin G-binding 0.822 ns 1.8
protein SBI
clpC Clp Protease C 0.764 ns 1.8
nirB assimilatory nitrite reductase 0.762 2.75 ns
[NAD(P)H] large subunit putative
fnbB fibronectin binding protein B 0.748 ns 7.0
sarR staphylococcal accessory 0.750 -2.22 ns
regulator R
IrgA holin-like murein hydrolase 0.745 1.70 ns
regulator LrgA
pyrF orotidine 5-phosphate 0.729 -1.68 ns
decarboxylase
sarX staphylococcal accessory 0.707 1.41 ns
regulator X
IdhD (5°UTR) D-lactate dehydrogenase 0.696 2.59 ns
essA Type VI secretion system 0.695 1.64 2.56
chs (anti-sense) chemotaxis inhibitory protein 0.688 -1.81 ns
hisF imidazole glycerol phosphate 0.662 2.04 ns
synthase cyclase subunit HisF
higB gamma-hemolysin component B 0.660 ns 4.3
precursor, higB
chs chemotaxis inhibitory protein 0.621 -1.81 ns
hlgC gamma-hemolysin component C 0.604 ns 3.6
scpA staphopain A 0.568 -1.80 ns
SarA staphylococcal accessory 0.503 ns 1.76

(anti-sense)

regulator A

4.8.2 Identifying potential interaction partners of SSR42 via target prediction

Since the identification of direct interaction partners of SSR42 failed via performing RNA-pulldowns,
potential target mRNAs were predicted using the IntaRNA web server (http://rna.informatik.uni-
freiburg.de/IntaRNA; Mann et al., 2017; Wright et al., 2014; Busch et al., 2008). Target prediction using
this web server only allows the analysis of ncRNAs up to a length of 750 nt. Therefore, the sequence
of ncRNA SSR42 was split in halves and both parts were analysed separately. The results of the

prediction for both halves of the molecule was combined and is shown in table 4.14 (see also Appendix
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table 7.14). Among the predicted target mRNAs of SSR42 with a p-value below 0.05 previously
identified factors such as esxA, ureA and sp/B were found. Those virulence factors were already
identified in the RNA-seq to be differentially expressed in a ASSR42 mutant (see section 4.3.1).
Regulation of these factors could hence be governed by a direct interaction of ncRNA SSR42 with the
respective mRNAs. Interestingly, the list of predicted potential target mRNAs included &-haemlysin

mMRNA which is encoded on RNAIII as well as Hfq encoding mRNA.

Although not found in the previous prediction analysis, the sequence of SSR42 and the sae operon
were analysed using IntaRNA for a potential base-pairing. This was done since the previous
experiments indicated the stabilization of sae mRNA by SSR42. A potential base-pairing between nt
791-832 of SSR42 and nt 434-474 of saeQ mRNA was predicted (Fig. 4.59, see appendix Fig. 7.13). The
exact nucleotides are highlighted in the sequences below. The energy of the base-pairing was
calculated to be -14.18 kcal/mol. Thus, it is likely that SSR42 could stabilize sae transcripts via binding
to saeQ mRNA encoded in sae transcript T1 or T2 which would be in line with the previous

experimental findings.

A
434 474
| |
5'-UUA. . .AACAG AAAAAR ccca cu c AUGAA. ..UUA-3'
AGGUG UAGAUGA CUUA GAU GUGGAUG
e ARREEE FEre rer rrrren
UCCAC AUCUACU GAAU CUA CACCUAC
3'-UUA. ..UACAA AAUCGAUARAG CAAA GGACA. . .AUU-5'
| |
832 791
Energy -14.18540 keal/mol Position - Target RNA (saePQRS) 435 -- 473
Hybridization Energy -26.2 Position - Query RNA (SSR42) 792 -- 831

Unfolding Energy - Target 7.42175 Position Seed - Target RNA 468 -- 473
Unfolding Energy - Query 4.60692 Position Seed - Query RNA 792 -- 798

B C
5 3 5 3
SSR42 | saeQ
predicted interaction with saePQRS mRNA (38 nt) predicted inetraction with SSR42 (39 nt)
seed sequence (8 nt) seed sequence (7 nt)

Figure 4.59: Interaction prediction indicates direct interaction of SSR42 and sae mRNA. A) Interaction
prediction of SSR42 with sae mRNA performed by webserved IntaRNA. B) Schematic representation of SSR42
sequence with highlighted sequence predicted to interact with sae mRNA. C) Schematic representation of saeQ
sequence with highlighted region predicted by IntaRNA to interact with SSR42.
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Table 4.14: Top hits obtained from prediction of potential direct interaction partners of SSR42.

Gene product position position hybridization
in target in SSR42 energy
kJ/mol
RSAU_002489 putative surface anchored protein SasF 19 — 149 658—804 -21.40
RSAU_002374 Phosphotransferase system IIC-related 81 — 124 823—866 -21.12
protein
RSAU_001452 DNA internalization-related 69 — 129 449 — 508 -20.91
competence protein ComEC/Rec2
RSAU_000953 phosphoribosylaminoimidazole- 76 — 95 1000—1018 -20.40
succinocarboxamidesynthase PurC
RSAU_002131 transcriptional regulator putative 8 — 108 195 — 291 -20.00
RSAU_000557 aldo-keto reductase putative 53 — 138 744—837 -19.98
RSAU_002517 histidine biosynthesis bifunctional 1—91 188 — 278 -19.51
protein HislE
RSAU_000580 monovalent cation/H antiporter 72 — 141 732—799 -19.30
subunit C putative
RSAU_001242 methionine sulfoxide reductase A 47 — 100 194 — 239 -19.15
RSAU_002191 teicoplanin resistance-associated 14 — 64 778—833 -18.92
transcriptional regulator TcaR
RSAU_001081 uracil phosphoribosyltransferase PyrR 72 — 108 470 — 506 -18.84
RSAU_002153 amino acid permease 8 — 88 392 — 472 -18.66
RSAU_000397 hypothetical protein 81 — 137 196 — 242 -18.61
RSAU_000167 putative two-component response 82 — 107 1118—1144 -18.49
regulator AraC family
RSAU_001463 5-methylthioadenosine/S- 36 — 92 231 — 284 -18.46
adenosylhomocysteine nucleosidase
RSAU_001328 bifunctional biotin operon-related 1—53 261 — 316 -18.38
protein / biotin-acetyl-CoA-carboxylase
putative
RSAU_001019 NPQTN-specific sortase B 85 — 132 212 — 254 -18.33
RSAU_001407 competence protein ComGC 4 — 150 713—843 -18.19
RSAU_001961 transcriptional regulator 57 — 145 749—831 -18.15
RSAU_002230 two component sensor histidine kinase 73 — 149 843—924 -18.09
RSAU_001398 hypothetical protein 60 — 145 899—965 -18.05
RSAU_000580 monovalent cation/H antiporter 1—41 826—860 -17.79
subunit C
RSAU_001980 mannose-6-phosphate isomerase 1—19 914—931 -17.55
RSAU_000376 hypothetical protein 93 — 135 907—950 -17.47
RSAU_000401 acetyltransferase GNAT family 81 — 137 888—960 -17.38
RSAU_000228 putative WxG domain protein EsxA 83 — 118 422 — 461 -17.35
RSAU_001398 hypothetical protein 74 — 145 723—795 -17.32
RSAU_001056 HAD superfamily hydrolase 12 — 105 988—1063 -17.28
RSAU_001113 3-oxoacyl-[acyl-carrier protein] 97 — 150 880—936 -17.21
reductase
RSAU_001285 5-bromo-4-chloroindolyl phosphate 95 — 142 725—771 -17.14
hydrolysis protein XpaC
RSAU_002084 50S ribosomal protein L23 10 — 25 1127—1142  -17.06
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RSAU_001527 delta-aminolevulinic acid dehydratase 88 — 150 195 — 268 -17.06

RSAU_002450 antibiotic biosynthesis monooxygenase 14 — 150 811—957 -16.99

RSAU_001153 ribosome-binding factor A 81 — 137 195 — 254 -16.97

RSAU_000439 ribose-phosphate pyrophosphokinase 10 — 58 753—795 -16.96

RSAU_001117 signal recognition particle-docking 52 — 80 912—938 -16.91
protein FtsY

RSAU_002392 ferrous iron transport protein A (FeoA) 12 — 123 166 — 295 -16.8

RSAU_000755 hypothetical protein 1-—27 259 — 299 -16.84

RSAU_001265 phosphate transport system regulatory 101 — 115 424 — 438 -16.82
protein

RSAU_002253 EmrB-QacA subfamily drug resistance 62 — 148 419 — 523 -16.78
transporter

RSAU_000664 aldo/keto reductase 51 — 149 385 — 467 -16.76

RSAU_001669 serine protease SplB 100 — 134 1179—1211 -16.74

RSAU_000726 ComF operon protein 3-like 82 — 125 828—880 -16.74
amidophosphoribosyltransferase

RSAU_001242 methionine sulfoxide reductase A 83 — 144 744—803 -16.65

RSAU_002123 urease alpha subunit 16 — 67 727--793 -16.63
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5 DISCUSSION

S. aureus regulates virulence via the global transcriptional regulator Rsp. Among the Rsp-regulated
factors a 1232 nt long ncRNA, SSR42, was identified (Das et al., 2016), which was previously shown to
regulate virulence factor expression (Morrison et al.,, 2012a). However, since previous studies
underestimated the length of this ncRNA the full regulatory impact and the relationship with Rsp
remain elusive. The aim of the present study was to characterize SSR42 on a molecular and functional

basis and to estimate the position of SSR42 in the hierarchy of staphylococcal virulence regulation.

5.1 Strain-specific expression of 1232 nt long ncRNA SSR42

Rsp, which is encoded in antiparallel orientation to SSR42, was recently identified as a global regulator
affecting various virulence traits ranging from haemolysis to cytotoxicity. Further, the study
determined the length of the primary SSR42 transcript by TEX-treatment RNA-seq as 1232 nt (Das et
al., 2016), which exceeded the previously established length determination of 891 nt (Morrison et al.,

2012a).

In order to address this discrepancy, the SSR42 transcript was analysed in the present study. Northern
blotting confirmed the presence of an approximately 1200 nt long transcript in various S. aureus strains
(Fig. 4.4) including the strains used in the previous study by Morrison et al.,, 2012a, thereby
corroborating the data from Das, et al. 2016. In addition, other studies identified a RNA that exceeded
1100 nt: Teg27: 1176 nt (Beaume et al., 2010), srn_4470: 1174 nt (Sassi et al., 2015), or RsaX28: 1177
nt (Khemici et al., 2015). Also, a genome-wide identification of RNase Y processing sites identified a
single cleavage site within SSR42, there termed RsaX28 (Khemici et al., 2015). In the present study at
least one smaller SSR42 transcript was identified, which was found to result from RNase Y cleavage.
While deletion or mutation of the predicted RNase Y cleavage site did not omit cleavage of SSR42 (Fig.
4.5), it was concluded that not the sequence is initiating cleavage but rather a structural element in
SSR42 is required for processing by RNase Y. Already for processing of sae transcript T1 a downstream
structural element in the mRNA was shown to determine the cleavage by RNase Y (Marincola and
Wolz, 2017). However, although RNase Y cleavage is thought to initiate the further degradation of RNA
species (Khemici et al., 2015), RNase Y cleavage was not found to affect the stability of SSR42 transcript
T1 (Fig. 4.6). Moreover, regarding sae transcripts even a stabilizing role for RNase Y was observed in
processing of unstable transcript T1 resulting in stable transcript T2 (Marincola and Wolz, 2017).
Therefore, the role of RNase Y cleavage on SSR42 needs further investigation.

Comparing Pssraz activity profiles in various S. aureus strains revealed significant differences in the
course and intensity of the promotor activity. In general, two distinct Pssraz activity profiles were

observed: a one-peak profile as observed in strain 6850 and a sigmoid profile as in strain JE2 (Figs. 4.30,
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4.31) indicating strain-specific differences in the regulation of SSR42 transcription. While the strong
regulatory dependency of Rsp on SSR42 transcription was verified using promotor activity assays (Fig.
4.45), comparison of the promotor activities of Pssra2 and Prpin both S. aureus 6850 and strain JE2
revealed similarities to a high degree regarding the course of activity (Fig. 4.31). The highly similar
course of Py, activity indicated an important role for Rsp expression for determination of the SSR42
promotor activity in both strains 6850 and JE2. Indeed, analysing Rsp protein levels in both strains
during different growth phases reflected the strain-specific differences in Py, activity (Fig. 4.31C). In
addition to the observed strong regulatory relationship of SSR42 and Rsp in strain JE2 a similar
modulation of P, and Pssray activity in mutants in agrA, rpiRc, codY and arlR was observed (Fig. 4.54).
This suggests that for those regulators SSR42 transcription is indirectly mediated via transcriptional

regulation of rsp.

However, the strict connection between Rsp levels and SSR42 transcription was not observed in the
other strains tested and significant differences between SSR42 and rsp transcript levels were found for
strain Newman, Cowan | and RN4220 (Fig. 4.52). Whereas strain Newman exhibited a strong and
significant increase in SSR42 transcript levels compared to strain 6850, rsp transcript levels were
unaltered. In contrast, strain Cowan | displayed significantly reduced rsp transcript levels while SSR42
transcript levels were unaltered compared to strain 6850, whereas the laboratory strain RN4220
exhibited strongly decreased SSR42 transcript levels and unaltered rsp transcript levels. Overall
transcript levels of SSR42 in strain UAMS-1 were detected only at a very low amount. This may
correlate with the inability of strain UAMS-1 to produce a functional a-toxin due to a non-sense

mutation within hla (Cassat et al., 2013).

Analysing the rsp transcript levels in diverse S. aureus strains hence suggested a strain-specific impact
of Rsp on SSR42 transcript levels. Thus, Rsp may exhibit less impact on transcriptional regulation of
SSR42 in strain Newman, Cowan | and RN4220 and regulation of SSR42 transcription could be governed
by other, transcriptional regulators. The present study identified agr and SaeS as further transcriptional
regulators of SSR42 (Fig. 4.51). While strain Cowan | and RN4220 are characterized by inactive agr
systems (Nair et al., 2011, Grundmeier et al., 2010) and strain Newman exhibits a constitutively active
kinase SaeS (Schafer et al., 2009) the discrepancies regarding the regulation of SSR42 could be the
result of the mutations in those regulators. However, strain-specific differences in post-transcriptional
regulation of rsp cannot be excluded and hence differences in rsp transcript levels may not be reflected
in the Rsp protein levels of the respective strains. As a potential reason for the strain-specific
differences in the relationship between Rsp and transcriptional regulation of SSR42 differences in the

sequence of Rsp were excluded due to the high conservation among S. aureus strains.
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Comparing the transcriptome of the ASSR42 mutant in strain 6850 (table 4.2, 4.3) with the
transcriptome conducted in a previous study encompassing a 891 nt deletion of SSR42 within strain
UAMS-1 and LAC (Morrsion et al., 2012a), revealed only a slight overlap of regulated genes including
isaB, hla and capsular genes. However, comparing the regulated genes within strain UAMS-1 and LAC
already revealed substantial differences within the set of regulated genes. Among the overlapping
genes within both strains only three genes including rsp were detected (Morrison et al., 2012a).
Expression of rsp was found repressed by SSR42 during stationary growth phase in those strains. In S.
aureus 6850, however, no differential regulation of rsp in stationary (padj= 0.27) nor in exponential
growth phase (padj= 0.59, see Appendix Fig. 7.8) was detected in mutants lacking SSR42. This further
suggests that SSR42 may display different regulatory properties in different S. aureus strains despite
the high sequence conservation among all S. aureus strains. The substantial differences within the
transcriptome indicate that ncRNA SSR42 executes different roles regarding virulence gene regulation
dependent on the genetic background. Strain-specific differences in regulatory capacities have already
been observed for other regulatory factors in S. aureus such as RNAIIl (Queck et al., 2008; Geisinger at
al., 2012). The differences in the set of target genes regulated by SSR42 presumably results from the
strain-specific expression patterns and expression levels of SSR42 observed in this study, which may
result from differences in the regulation of SSR42 transcription. The SSR42 promotor activity profile
was found to differ significantly dependent on the genetic background. While promotor activity of
SSR42 was detected at extremely low levels in strain UAMS-1, Psspa2 activity displayed a peak during
transition to stationary growth phase in strain 6850 (Fig. 4.30). In strain JE2, however, a sigmoid
promotor activity profile was observed. Since expression of SSR42 was further shown to be modulated
by the availability of glucose (Fig. 4.39) and the presence of antibiotics (Fig. 4.33), it was suggested that
strain-specific differences in the glucose metabolism or the ability to cope with stresses could influence

SSR42 transcript levels and hence the impact of SSR42 on regulation of virulence factors.

5.2 Rsp and SSR42: a new virulence regulator system with the ncRNA SSR42 as effector of Rsp

Expression of a-toxin in S. aureus is governed by various global regulators such as the agr system and
SaeRS (Queck et al., 2008; Mainiero et al., 2010). Another factor, the ncRNA SSR42, was implicated in
haemolysis regulation via modulating the promotor activity of hla (Morrison et al., 2012a). Rsp was
recently identified to strongly affect the haemolytic activity of S. aureus and expression of SSR42 (Das
et al., 2016). The complete absence of SSR42 transcripts in rsp mutants suggested a role for SSR42 in

executing parts of Rsp-mediated virulence (Das et al., 2016).

In the present study, mutants harbouring a deletion in the locus encompassing 1232 nt SSR42 displayed

a strongly reduced haemolytic activity towards sheep erythrocytes, which was demonstrated to be due
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to reduced a-toxin expression. Lack of SSR42 transcription was successfully complemented by
inducible expression either in stationary or exponential growth phase (Fig. 4.11). While inducible
expression of SSR42 resulted in enhanced hla transcript levels independent of the respective growth
phase of bacteria, haemolysis could only be restored by inducible transcription of SSR42 in stationary
growth phase. Hence, these data suggested the involvement of a further factor involved in hla
translation regulation. Translation regulation of hla is governed by RNAIIl via rendering the Shine-
Dalgarno sequence accessible for the ribosome (Morfeldt et al., 1995). Since RNAIIl is essential for
translation of hla mRNA (Morfeldt et al., 1995) but only detectable in high amounts during stationary
growth phase (Boisset et al., 2007; Yarwood et al., 2002; Chabelskaya et al., 2014; Xiong et al., 2002,
Fig. 4.11) it would explain the discrepancy between SSR42 expression and haemolysis re-establishment
during exponential growth phase. These data thus indicate the requirement of two long regulatory
RNAs in haemolysis regulation: SSR42 for transcriptional regulation of hla and 514 nt long RNAIII for

liberating the Shine-Dalgarno sequence within hla mRNA and granting translation.

Complementation studies of a double knockout mutant in SSR42 and rsp were used to distinguish the
role of both regulators for haemolysis regulation (Fig. 4.12, 4.13). While an essential role for Rsp in
transcriptional regulation of SSR42 was confirmed (Das et al., 2016, Fig. 4.45), only a minor role for Rsp
in haemolysis regulation was found (Fig. 4.13). Via inducible expression of SSR42 in a ASSR4-rsp mutant
an important role for SSR42 in haemolysis regulation was confirmed and SSR42 was identified as the
effector of Rsp regarding haemolysis regulation (Fig. 4.13). Thus, the reduced haemolytic activity in rsp

mutants results from lack of SSR42 expression.

In a previous study the deletion of SSR42 affected haemolysis as well. However, the construct used for
complementation of this 891 nt long deletion by chance encompassed the whole 1232 nt long SSR42
locus thereby explaining the efficient re-establishment of haemolysis in the mutant (Morrison et al.,
2012a). In the present study the importance of 1232 nt long SSR42 for haemolysis regulation was
demonstrated by mutational approaches where deletion of the region spanning the previous identified
5’-end resulted in a strongly reduced stability of the ncRNA and a subsequent reduced haemolytic

activity of S. aureus (Fig. 4.55).
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Figure 5.1: Schematic illustration of transcriptional units agr/RNAIIl and Rsp/SSR42. The scheme summarizes
the similarities between agr/RNAIIl and Rsp/SSR42 and the findings from this study (red arrows). agrBDCA and
RNAIII as well as rsp and SSR42 are situated in antiparallel orientation and are transcribed from each two
divergent promotors. Both ncRNAs SSR42 and RNAIII regulate the expression of a variety of virulence genes,
which overlap partially. While Rsp regulates transcription of agr a regulatory role for AgrA on transcriptional
regulation of SSR42 was identified in this study.

Analysing the transcriptome of mutants in SSR42 revealed the impact of SSR42 on a variety of different
virulence factors including esxA, clfA, IdhD, ureB and psma (table 4.2, 4.3). Since most of the
differentially regulated genes were already detected in mutants lacking functional Rsp the
transcriptome and proteome of a ASSR42-rsp mutant was compared to that of a mutant lacking only
SSR42. By applying transcriptome analysis, the regulon of both regulators was determined and SSR42
was identified as the main effector of Rsp-regulated genes. Interestingly, only the expression of lukG,
hisD and ssaA3 was found to differ between the ASSR42 mutant and the double knockout mutant (Fig.
4.17), thus indicating SSR42-independent regulation by Rsp. SSR42 and rsp are encoded in antiparallel
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orientation in close genetic proximity and are transcribed from two divergent promotors (Fig. 5.1). This
is similar to another major regulatory element in S. aureus: the agr quorum-sensing system (reviewed
in Novick, 2003). For the agr system the regulatory RNA (RNAIIl) mainly executes regulation of virulence
gene expression while the transcriptional regulator, AgrA, only regulates a small subset of target genes
independently of RNAIII (Queck et al., 2008). Similar for Rsp and SSR42 the regulatory RNA, SSR42, was
identified to mainly regulate target gene expression. For Rsp instead only a small subset of virulence

genes, including lukG, hisD and ssaA3 was identified.

The connection of a regulatory protein and a non-coding RNA to mediate target gene expression could
therefore not be unique and restricted to AgrA/RNAIIl but evolved in parallel in S. aureus. Targets,
which have to be regulated quickly upon sensing a specific stimulus would most likely be regulated by
the non-coding RNA due to the possibility of a much quicker response whereas other target genes
would be regulated directly by the transcription factor protein. This facilitates the regulation of a wide
range of target genes via different mechanisms during different time points in growth. The Rsp/SSR42
system not only shows resemblances to the agr system (Fig. 5.1) but is also connected to this system
via regulation of agr transcription by Rsp (Li et al., 2016). A functional agr-system in turn regulates
SSR42 transcription in late stationary growth phase of S. aureus (Fig. 4.46). Hence, Rsp/SSR42 could

act in concert with the agr quorum-sensing system to modulate virulence factor expression.

5.3 SSR42: a new master regulator affecting various virulence phenotypes

Rsp, transcriptional regulator of SSR42, was first identified and therefore named Repressor of surface
proteins since deletion resulted in overexpression of surface proteins and enhancement of biofilm
formation (Lei et al., 2011). In a further study, a transposon mutant screen identified Rsp as an
important regulator of haemolysis and intracellular virulence. Interestingly, mutants lacking functional
Rsp not only displayed reduced cytotoxicity but further prolonged intracellular residence in host cells
(Das et al., 2016). Since the present study identified SSR42 as the executing factor of Rsp-mediated
haemolysis and virulence gene expression regulation, the further phenotypes of rsp mutants were
analysed in a ASSR42 mutant.

While characterizing a ASSR42 mutant ncRNA SSR42 was demonstrated to have an impact on
haemolysis, cytotoxicity, virulence in a murine infection model and biofilm formation (Figs. 5.2, 4.10,
4.18, 4.21, 4.19). In line with the increased fnbA and fnbB transcript and protein levels (see Appendix
table 7.6, 7.11) biofilm formation in mutants lacking SSR42 was found to be increased (Fig. 4.19).
Fibronectin binding proteins were reported to be required for the initial step of biofilm formation
mediating the adherence to a substrate (O’Neill et al., 2008; McCourt et al., 2014). Moreover,

expression of fnbA was shown to be repressed by Rsp via binding to the fnbA promotor region (Lei et
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al.,, 2011). However, by comparing the transcript levels of fnbA in a ASSR42 (fnbA: FClogio: 1.58;
p>0.001) and ASSR42-rsp mutant (fnbA: FClogio: 1.71; p>0.001) no significant differences were found
(see Appendix Fig. 7.7). Thus, these data suggest that rather SSR42 regulates transcription of fnbA in
S. aureus 6850. The discrepancies between these data and the previous study suggesting regulation by
Rsp (Lei et al., 2011) could be explained by the usage of different strains or by the fact that for the
binding studies of Rsp and the fnbA promotor sequence only the helix-turn-helix-motif instead of the
whole protein was used (Lei et al., 2011). Furthermore, it is supposable that SSR42 and Rsp together
modulate expression of fnbA. Due to the minimal differences in the transcript levels of fnbA in the
double knockout mutant compared to the transcript levels in the single SSR42 mutant (fnbA: ASSR42-
rsp vs ASSR42: FClogio: 0.12; p>0.852), such a conjoint regulation by SSR42 and Rsp could have been

missed in the transcriptome analysis. Thus, analysis of fnbA regulation needs further investigations.

Infecting HelLa 2000 cells with a ASSR42 mutant revealed the importance of SSR42 for mediating host
cell death. LDH release from infected cells was significantly reduced to similar levels when cells were
infected with either mutants lacking SSR42 or rsp (Fig. 4.18) confirming the previously found role for
SSR42 as effector of Rsp-mediated virulence regulation. As an effector of cell death a-toxin was
identified, which was demonstrated to be under the control of SSR42 (Figs. 4.10, 4.27A; Morrison et
al., 2012a) and which has previously been reported to provoke host cell death in various studies (Bantel
et al., 2001; Essmann et al., 2003, Suttorp and Habben, 1988). Further, supernatants of a ASSR42
mutant displayed significantly less cytotoxicity towards HelLa 2000 cells (Fig. 4.18) indicating that a
SSR42-regulated secreted factor mediates cell death from outside host cells. As observed in the
transcriptome and proteome, SSR42 regulates the expression of various cytolytic pore-forming toxins
such as PSMa, HlgB and a-toxin (tables 4.2, 4.3, 4.6, 4.7). Due to the highly cytolytic activity towards a
variety of host cells (Bhakdi et al., 1989; Bhakdi and Tranum-Jensen, 1991; Walev et al., 1994) and the
high protein levels found in S. aureus stationary phase culture supernatants a-toxin was suggested as
the effector of the observed effects of bacterial supernatants on epithelial cells. Moreover, a-toxin has
been identified as a potent apoptosis inducing factor of S. aureus culture supernatants (Bantel et al.,
2001). The positive regulation of a-toxin transcription by SSR42 would thus explain the reduced
cytotoxic activities of culture supernatants obtained from mutants lacking ncRNA SSR42. Hence, SSR42
was demonstrated to effect host cell death, presumably via regulation of a-toxin expression from both

outside and within cells.

Lack of SSR42 or Rsp was further shown to favour the formation of small colony variants in similar
amounts during long time infection of EA.Hy926 cells (Fig. 4.20). A previous study demonstrated that
mutation of rsp leads not only to an attenuated cytotoxic phenotype but also to a prolonged

intracellular residence of bacteria (Das et al. 2016). A prolonged intracellular residence of S. aureus has
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been reported in various studies (Hamill et al., 1986; Kubica et al., 2008; Lowy et al., 1988; Tuchscherr
et al., 2011) and is considered to promote chronic staphylococcal infections. Bacteria isolated from
long-term infections are often less haemolytic and cytotoxic, display reduced growth-rates and were
thus named small colony variants (SCV) (Bulger and Bulger, 1967; Proctor et al., 1994). SCVs are further
characterized by higher tolerance against antibiotics and reactive oxygen species (Agarwal et al., 2007;
Kahl et al., 1998; Proctor et al., 1995). In line with that SSR42 was demonstrated to positively affect
both haemolysis and cytotoxicity (Figs. 4.10; 4.18). Hence, mutants lacking SSR42 display typical
characteristics of SCVs and were demonstrated to form SCVs during long-term infections. Lack of SSR42
may thus provoke the shift from a highly virulent to a quiescent, non-haemolytic and non-cytotoxic
SCV phenotype. Moreover, mutants lacking SSR42 displayed a strongly reduced virulence in murine
tibia, kidney and liver infection models from where they were recovered at significantly lower amounts
than wild-type bacteria (Fig. 4.21). During the acute and chronic phases of infection ASSR42 mutants
displayed a significant fitness defect (Fig. 4.21D). Interestingly, while CFUs of ASSR42 mutants already
strongly dropped during the acute infection phase, the CFU number remained rather unaltered
afterwards during the chronic infection stages and bacteria lacking SSR42 were not completely cleared
by the host immune system. This is in line with the previous findings indicating that SSR42 is mediating
SCV formation, a form of persistence. Thus, SSR42 may represent a new factor involved in intracellular
residence and SCV formation and serve as a virulence switch for S. aureus. Recently, a study analysing
differences in the transcriptome of S. aureus during in vitro and in vivo growth identified several
virulence encoding genes whose transcription was up-regulated during in vivo conditions in mice
(Szafranska et al., 2014). Among the differential regulated genes a high number of previously identified
SSR42 target genes were identified strengthening the importance of SSR42 during in vivo growth: splF,
splA, spIB, scpA, aur, clpC, clpB, ahpF, ahpC, hla, clfA and fnbA (Szafranska et al., 2014; tables 7.5, 7.6).
However, SSR42 could not be analysed in that study since it was not annotated in the used reference
genome. Thus, SSR42 represents a major virulence regulator especially required for intracellular
virulence. While mutants in SSR42 display reduced cytotoxicity, they seem to be better adapted to the
harsh conditions faced inside host cells and could subsequently promote persistent or reoccurring
infections. However, the mechanism of SCV formation or the reason why SSR42 mutants are not

completely cleared by the host immune system remains elusive and needs further investigation.

In summary, the attenuated cytotoxicity of rsp mutants (Das et al., 2016) was also a characteristic of a
ASSR42 mutant, therefore it was concluded that Rsp mediates cytotoxicity only indirect via regulation
of SSR42 transcription. Moreover, SSR42 was suggested to be responsible for the prolonged
intracellular residence inside host cells as reported for rsp mutants (Das et al., 2016). Considering the
similar phenotypes regarding host cell death and SCV formation and the high overlap of the

transcriptomes and proteomes of a Arsp and ASSR42 mutant it is likely that more phenotypes
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described for the rsp mutant are secondary effects caused by lack of SSR42 transcription. Thus, SSR42

was considered to be the main-effector of Rsp-mediated virulence in S. aureus.
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Figure 5.2: A graphical overview of phenotypes affected by SSR42. Summary of observed phenotypes of a SSR42
mutant and the regulation of the factors involved in those phenotypes. Newly identified regulations are marked
with red arrows. Mutants in SSR42 are characterized by reduced haemolysis. In this study regulation of hla was
identified to be executed via modulation of sae transcript stability. Regulation of a-toxin expression affected
haemolysis, cytotoxicity and virulence. ASSR42 mutants further displayed enhanced biofilm formation which was
suggested to be the result of repression of fnbA expression. Further mutants lacking SSR42 tend to form SCVs
during long term infection of host cells. This is modulated via a yet unknown factor illustrated by a question mark.
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5.4 Potential interaction of SSR42 with other regulators

SSR42 was demonstrated to mediate the expression of various virulence factors thereby executing a
global regulatory role. Among the down-regulated genes the operon upstream of SSR42,
RSAU_002216 was detected. In mutants lacking SSR42 the expression of RSAU_002216 was drastically
decreased in stationary as well as exponential growth phase indicating a strong dependency on SSR42
for transcriptional regulation (Fig. 4.16, table 4.2, 4.3). Since the gene encoding SSR42 and ORF
RSAU_002216 overlap at both 3'-ends, transcription of RSAU_ 002216 was analysed when SSR42 was
complemented using an AHT-inducible plasmid which did not harbour the ORF RSAU_002216 (pAHT-
SSR42; Fig. 4.16). Expression of SSR42 was sufficient to restore transcription of RSAU_002216, thus it
was concluded that SSR42 regulates the expression of this ORF. Further, disruption of this ORF in strain
USA300 JE2 (NE1614; RSAU_002216 in 6850 correlates to SAUSA300_2325 in JE2) did not affect
haemolysis (Fig. 4.10). Moreover, literature search revealed no evidence for RSAU 002216 in
haemolysis or virulence regulation thus a potential regulatory role for RSAU_ 002216 regarding
haemolysis regulation was excluded.

The high number of SSR42 regulated genes indicated an indirect regulatory mechanism involving other
virulence regulators (table 4.10). SSR42 was demonstrated by the present study not only to induce
expression of saeS and saeP but also various SaeRS class | target genes as well as the class |l target
gene hla (Fig. 4.23). Inducible SSR42 transcription in mutants lacking a functional SaeRS system further
demonstrated the essentiality of SaeRS for hla regulation (Fig. 4.24) and expression of the class | target
genes. SSR42 regulates the expression of virulence factors such as coa and hla via modulating their
promotor activities (Fig. 4.25), which is in line with the proposed mechanism that SSR42 mediates the
expression of a subset of target genes indirectly via SaeRS since transcription of both coa and hla is
induced via binding of SaeR-P to the respective promotor regions (Giraudo et al., 1997; Mainiero et al.,
2010). Thus, SSR42 acts upstream of SaeRsS.

Recording the activity of Pna over time revealed that the SSR42-dependent regulation begins at
transition to stationary growth phase of bacteria further confirming the hypothesis that SSR42
operates upstream of SaeRS since SaeR has been shown to induce transcription of hla predominantly
in post-exponential growth phase (Giraudo et al., 1997; Novick and Jiang, 2003). The reduced transcript
levels of saeS and saeP in a ASSR42 mutant indicated either modulation of the promotor activity of sae
P1 which drives transcription of sae T1 or modulation of the transcript stability. The reduction of Py,
activity in a ASSR42 mutant (Fig. 4.27) indicated a subtle modulation of SaeRS rather than a strict
expression regulation which in line with the observation that ncRNA SSR42 modulates the stability of
the sae transcripts T1 and T2 (Fig. 4.25). In contrast, a complete lack of SaeR activity would result in an

absolute loss of Phi, activity (Xiong et al., 2006).
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In an attempt to identify functional regions within SSR42 an approximately 70 nt long sequence was
identified to be required for haemolysis regulation (Fig. 4.55). This sequence could either be implicated
in binding and stabilizing sae mRNA or in another, yet unknown mechanism. Using an ncRNA-mRNA
interaction prediction tool a potential interaction of SSR42 and saeQ mRNA (Fig. 4.59), which is
encoded on sae transcript T1 and T2, was suggested. This would reflect experimental findings of SSR42
modulating sae T1 and T2 stabilities. However, the predicted sequence was only partially (A2, 10 nt)
addressed by the performed deletion studies where it had no impact on haemolysis regulation (Fig.
4.55). Since the complete predicted sequence was not mutated and especially the seed sequence was
still present in deletion mutant A2, no exact conclusion can be drawn whether this sequence is
important for SaeRS-mediated haemolysis regulation. In addition, RNA interaction predictions for such
long RNAs are rather imprecise and the predicted interaction of SSR42 and saeQ mRNA may have only
occured by chance. Moreover, experimental approaches rather indicated involvement of region Al in
haemolysis regulation (Fig. 4.55). It is supposable that SSR42 may interact via this sequence with sae
mMRNA. However, expression of only a stem loop structure encompassing region Al was not sufficient
to restore haemolysis in S. aureus ASSR42 (Fig. 4.55). The failure to restore hla transcription was caused
by unsuccessful complementation of SSR42 most likely resulting from a strongly decreased stability of
the molecule. Further, complementation with minimal versions of SSR42 was not successful for
restoring wild-type haemolytic activities in a SSR42 mutant (Fig. 4.56). However, using minimal version
1 for complementation of SSR42 significantly increased haemolytic activities (approximately 75% of
wild-type levels) were achieved indicating a regirement of further sequences within SSR42 for granting
the full regulatory properties of SSR42 regarding haemolysis regulation. Though, mutational studies
did further only reveal two sequences implicated in stabilization of SSR42 (Fig. 4.55), which were
preserved in SSR42 mini-1 it was concluded that the sum of deleted regions affected the stability of
SSR42, thereby impeding full complementation of haemolytic activities. A high amount of a smaller
approximatley 400 nt transcript was observed for mutants complemented with mini-1 which could
serve as a hint for differences in the stability of SSR42 (Fig. 4.56).

Another indirect mechanism of mediating the sae transcript stability could be by means of
endoribonuclease RNase Y. Both SSR42 and sae T1 transcript are processed by RNase Y, whereas only
for sae mRNA the stability is affected by RNase Y cleavage (Marincola et al., 2012, Fig. 4.6). SSR42 could
interact with RNase Y and thereby modulate sae mRNA stabilities. However, further experimental
proof is required to decipher the regulatory mechanism of how SSR42 mediates sae stability.

Further, the activity of Pssra2 was found enhanced in mutants lacking functional SaeS but not in mutants
lacking SaeR (Fig. 4.46). This interdependency between SSR42 and SaeS could constitute a negative
feedback loop independent of SaeR limiting the transcript levels of SSR42 during late stationary growth

phase of S. aureus. However, since protein levels of SaeS and SaeR were unaltered in a ASSR42 mutant
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(Fig. 4.26) and expression of sae targets has been shown to be independent of the saeRS mRNA dosage
(Mainiero et al., 2010) it is questionable if the observed reduced stability of sae transcripts in a ASSR42
mutant would be sufficient for the drastic decrease in haemolytic activity. Additionally, lack of Rsp has
been shown to increase transcription of sae in strain LAC (Das et al., 2016). However, this was not
observed in the double knockout mutant ASSR42-rsp in strain 6850 (Fig. 4.13). The exact role of SSR42
on regulation of SaeRS is complicated by potential feed back mechanisms and therefore needs further
investigations.

For modulating the promotor activity of psma a further mechanism has to be employed by SSR42 since
expression of psma is not under control of the SaeRS system. Most of the differential regulated genes
found in a ASSR42 mutant are under control of further global regulators such as CodY, oB, agr, Rot,
CcpA, SarA-family proteins and ArIRS (table 4.10). Via transcript level analysis a regulatory mechanism
involving the modulating of either codY, rpoF (oB) or agr expression was excluded (Fig. 4.22). While
most of the target genes were found to be under control of the agr quorum-sensing system a direct
interaction of SSR42 and agr was excluded (Figs. 4.13, 4.22). The agr system itself is regulated by
various members of the SarA-family of transcriptional regulators (reviewed in Cheung et al., 2008). Via
RNA-Seq and mass spectrometry analysis elevated sarX transcript levels and elevated SarA protein
levels were detected in the ASSR42 mutant (see Appendix tables 7.5, 7.11). SarX is a negative regulator
of the agr quorum-sensing system inhibiting agr-regulated genes by inhibiting the agr P2 promotor
activity (Manna and Cheung, 2006b), while SarA induces up-regulation of several exotoxins including
a-toxin, B-toxin, and &6-toxin during the post-exponential growth phase (Cheung et al., 2004; Cheung
and Zhang, 2002) by binding to the promotor region of agr (Sterba et al., 2003). Hence, SarA-familiy
proteins would be ideal candidates by which SSR42 could execute regulation of virulence factors.
Further, SSR42 may regulate some of the target genes directly. Potential mechanisms could include
base-pairing of SSR42 and target mRNAs, thereby granting or blocking ribosomal access and mediating
translation efficiencies. Stabilization of target mRNAs or recruitment of RNases, such as RNase Y, could
be further mechanisms exploited by SSR42. These mechanisms have been reported for RNAIII
(Morfeldt et al., 1995; Geisinger et al., 2006; Boisset et al., 2007; Chevalier et al., 2010) and thus it is
likely that they are also used by SSR42. Performing a whole genome wide interaction prediction using
IntaRNA a potential direct interaction with esxA, ureA and sp/B mRNA was identified (table 4.14,
Appendix table 7.14). The expression of those genes was found to differ significantly between wild-
type bacteria and a ASSR42 mutant. The expression of those genes could thus be governed by a direct
interaction with SSR42 using one of the above-mentioned mechanisms. However, further analysis is
required to identify the additional regulatory mechanisms employed by ncRNA SSR42. RNA-Pulldown
approaches and gradient sequencing (Grad-seq) were applied as approaches to identify direct targets

and interaction partners of SSR42. However, the establishment of RNA-pulldown approaches was not
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successful and Grad-seq could only be used for establishment of a RNA interactome due to degradation
of the protein fractions. Correlation analysis of Grad-seq obtained sequence reads revealed several
mRNAs that displayed high resemblance to the sequence read profile of SSR42 (table 4.13). However,
Grad-seq exploits physical properties for separation of single RNA, RNA-RNA or RNA-protein complexes
(Smirnov et al., 2016). Thus, Grad-seq does not necessarily reveal direct interaction of RNAs but rather
indicates similarities in physical properties or potential similar binding partners such as RNA-binding
proteins. Interaction of RNAs with a similar RNA-binding protein may therefore result in complexes of
similar size and physical properties, which would be represented by similar Grad-seq profiles.
Appearance of a ncRNA together with target mRNAs in a specific gradient does not confirm a direct
interaction but could further strengthen the previous findings and give a hint for the involvement of
further factors such as RNA-binding proteins implicated in the regulatory process (Smirnov et al.,
2016). Unfortunately, the protein fractions could not be analysed and thus the interaction of SSR42
with RNA-binding proteins remains elusive. Among the mRNAs, which displayed the highest similarity
towards the Grad-seq profile of SSR42 RSAU 002216 mRNA, diverse ribosomal protein encoding
mRNAs, walK, two sRNAs of unknown function (sRNA_00095; sRNA_00320) and agrB were detected
(table 4.12). The high similarities of those RNA species towards the SSR42 profile indicates potential
interaction with common RNA-binding proteins or the involvement of those RNAs in common RNA-
protein complexes. S. aureus expresses various RNA-binding proteins such as the RNA-chaperon Hfg,
DEAD-box RNA helicase CshA and several ribonucleases like RNase Y, RNase Ill, RNase J1 and J2, PNPase
and MazF. Further, regulatory proteins such as SarA were demonstrated to exhibit RNA-binding
abilities (Roberts et al., 2006). While interaction of SSR42 with RNase Y was predicted by a global
EMOTE screen (Khemici et al., 2015) and demonstrated via Northern blot analysis in the present study
(Fig. 4.5) not much is known about other proteins interacting with SSR42.

Despite being part of the degradosome complex of S. aureus and affecting the bulk mRNA turnover
(Giraud et al., 2015) DEAD-box RNA-helicase CshA was reported to confer a protecting role for most
house-keeping mRNAs, sarA mRNA and several sRNAs against degradation by toxin MazF (Kim et al.,
2016). The protective function of CshA is thought to result from stabilization of selected RNAs thereby
enhancing the survival of S. aureus during stress-related MazF induction (Kim et al., 2016). Besides
SRNAs such as teg049, SSR42 was detected amongst the RNAs, which displayed reduced stability in
absence of cshA upon induction of toxin MazF (Kim et al., 2016). The protective role of CshA is most
likely carried out by a direct interaction of SSR42 and RNA-binding protein CshA thereby enhancing the
stability of this ncRNA. Moreover, clfA transcripts were found less abundant in cshA mutants after
induction of ribonuclease MazF (Kim et al., 2016). In the present study c/fA was identified as a target
of SSR42. Further the c/fA mRNA exhibited a strong correlation with SSR42 in the Grad-seq profile

(pearson correlation coefficient: 0.96). Thus, DEAD box helicase CshA is a potential interaction partner
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of SSR42 and clfA mRNA potentially forming a complex involving both molecules. Regulation of c/fA by

SSR42 could therefore involve the action of RNA-binding protein CshA.

SarA itself has been shown to mediate the stability and degradation properties of a variety of RNA
species in S. aureus UAMS-1 (Roberts et al., 2006) including that of several mRNAs which displayed a
strong correlation with the SSR42 Grad-seq profile conducted in the present study (table 4.11; rplO,
rplQ, rpIN, rplK, rspkE, ahpF, pdhA, pdhC, ssb, hup and tuf). Thus, next to CshA, these data suggested
SarA as one of the RNA-binding proteins interacting with SSR42 to form complexes with other mRNAs.
As another potential interaction partner of SSR42 and the mRNAs exhibiting a high correlation towards
the SSR42 Grad-seq profile Hfq, a RNA-chaperon facilitating ncRNA-mRNA interactions, was suggested.
In strain 8325-4 deletion of hfg has been shown to result in down-regulation of various genes (Liu et
al., 2010) whose expression was also affected by deletion of SSR42: splA, splB, splC, splF, coa, fnbB and
IrgA (table 4.2, 4.3, see Appendix table 7.5, 7.6). Pulldown of Hfq in the same study revealed interaction
next to splA, splB, splIC, splF with rplQ, rplO and rp/K (Liu et al., 2010), which were top hits in the Grad-
seq correlation study (table 4.12, 4.13). The high overlap between factors down-regulated in Ahfq or
ASSR42 mutants indicates a potential interaction of both factors. Hfg could thus be involved in
facilitating the interaction between SSR42 and target mRNAs such as spl/A, sp/B thus, explaining the
overlap of the SSR42 and Hfq regulon.

Further, a high number of mRNA species, previously identified as targets of SSR42 during the
transcriptome and proteome studies, displayed high correlation with the SSR42 Grad-seq profile of
SSR42 confirming regulation by SSR42 once more (table 4.13). Using interaction prediction esxA was
suggested to directly interact with SSR42. The high similarity of the Grad-seq profile of both SSR42 and
esxA strengthend this hypothesis further.

Grad-seq further obviated potential translation of the predicted ORFs within the sequence of S. aureus
due to the absence of SSR42 in the highest fractions in which ribosomal protein complexes typically
appear (Smirnov et al., 2016). Morover, mutation of the start codon of the largest predicted ORF within
SSR42 (ORF 3, Fig. 4.57) did not affect haemolysis regulation confirming the non-coding nature of
SSR42.

In summary, SSR42 was identified as an important global regulator affecting virulence, pathogenesis
in murine infection models and intracellularity via formation of SCVs. While for regulation of
haemolysis an interaction with SaeRS via stabilization of sae transcript T1 and T2 was idenfied the
further regulatory mechanisms remain elusive. Grad-seq and interaction predictions provided hints for
direct interaction of ncRNA SSR42 with target mRNAs such as esxA as well as regulation via interaction

with RNA-binding proteins such as Hfg, CshA and SarA.
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5.5 SSR42 - an important point of intersection for virulence regulation

Virulence regulation in S. aureus displays a complex hierarchical process integrating a plethora of
different regulators. In order to estimate the position and function of SSR42 in this regulatory network,
the activity of Pssraz was analysed in a variety of mutants. While in mutants lacking functional Rsp no
Pssra2 activity was detected, hence confirming previous data (Das et al., 2016, Fig. 4.45), Pssraz activity
was drastically and significantly altered in mutants in agrA, sarU, codY, oB, saeS, arIRS, ccpE and rpiRc
(Figs. 5.3, 4.46-51). In contrast, mutation in @S, vraRS, srrAB, pknB, vfrB and rot did affect Pssraz activity
less drastic while mutation of saeR, sarA, sarT and rny did not affect the promotor activity of SSR42.
Disruption of agr expression resulted in a Pssraz activity profile characterized by a long phase of reduced
activity followed by a strong activity starting approximately at 16 h of growth. Finally, Pssra2 activity
exceeded that of wild-type bacteria afterwards (Fig. 4.46A). With sarU as an activator of agr (Manna
and Cheung, 2003) the Pssraz activity reflected that of agrA mutants (Fig. 4.47B). In contrast, insertional
disruption of arIRS resulted in a higher Pssraz activity (Fig. 4.46D). Two-component system ArIRS was
shown to positively regulate the expression of agr (Liang et al., 2005). However, its influence on
haemolysis is controversial (Fournier et al., 2001; Walker et al., 2013; Radin et al., 2016). In an early
study lack of arlR resulted in an increase of a-toxin production and transcriptional fusion revealed a
role for ArlR in repression of hla transcription (Fournier et al., 2001), which would be in line with the
observed higher activity of Pssra2 in mutants in ariR or arlS. However, newer studies could not confirm
regulation of hla by ArIRS (Walker et al., 2013; Radin et al., 2016; Liang et al., 2005). Thus, the impact
of ArlRS on SSR42 transcription and hence haemolysis regulation needs further investigation.
Disruption of two other two-component systems, SrrAB and VraRS, which are implicated in altered B-
lactam susceptibility (Kuroda et al., 2003; Matsuo et al., 2010), only slightly reduced the activity of
Pssrax (Fig. 4.46 E-F), while lack of functional oB, rsbU, codY and ccpE resulted in a strong overall
reduction of Pssraz activity (Figs. 4.48, 4.49). In addition to the reduced activity the second peak of
activation, which occurs in wild-type JE2 typically after 9 h of growth was lost. Appearance of such a
sigmoid Pssraz activity profile was further found to be dependent on the genetic background and
observed in S. aureus JE2, MW2 and Newman. In strains 6850, COL, Cowan |, HGO03 and RN4220
instead, the Pssra2 activity peaked at transition to stationary growth phase (Fig. 4.30). Since this one-
peak activity profile was observed in both highly cytotoxic (6850) as well as laboratory non-cytotoxic
strains (RN4220, Cowan 1), it was concluded that the expression profile does not correlate with
virulence, haemolysis nor methicillin resistance.

oB has been demonstrated to positively affect the regulation of 120 genes in response to various
conditions (Pané-Farré et al., 2006; Bischoff et al., 2004). Among the target genes other transcriptional
regulators such as SarA and SarS, SA2147 (BglG family/DNA-binding protein) and SA2555 (LysR-type

transcriptional regulator) (Pané-Farré, et al., 2006; Bischoff et al., 2004) were found. Despite the strong
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impact of oB on Pssraz activity no typical binding sites were found in the promotor region of SSR42.
Thus, regulation of SSR42 by oB has to be executed indirectly. In line with this lack of functional RsbU,
an activator of oB (Pané-Farré et al.,, 2009), resulted in a similar Pssra; activity. oB mutants are
characterized by increased haemolysis (Mitchell et al., 2013), enhanced sae P1 activity (Geiger et al.,
2008) and hence increased sae transcript levels (Cheung et al., 1999). Whereas stabilization of sae T1
and T2 transcripts was found to be modulated by SSR42 (Fig. 4.25B-C) and Pssraz activity is strongly
affected by oB (Fig. 4.48), deletion of 0B should thus result in reduced SSR42 and sae mRNA levels and
subsequent reduced haemolysis. However, since oB is regulating a plethora of other regulators such
as SarS (Bischoff et al., 2004), an inhibitor of hla expression (Tegmark et al., 2000; Oscarsson et al.,
2006), the lack of oB could result in increased haemolysis by means of reduced sarS transcription.
Moreover, 6B could act in concert with additional other activators or repressors, which would result
in the observed effect on haemolysis regulation.

Insertional disruption of codY resulted in a strong decrease in Pssraz activity (Fig. 4.49B). The profile of
Pssra2 activity strongly resembled that of mutants in B and rsbU (Fig. 4.48B). Since the promotor
sequence of SSR42 lacks typical codY binding motives and SSR42 was not identified among the direct
binding partners of CodY (Majerczyk et al., 2010), data suggested that CodY may regulate SSR42
transcription indirectly by means of other regulatory factors. Potential factors by which SSR42
transcription regulation could be governed include RsbU, the activator of oB and RpiRc, which were
both found under control of CodY (Majerczyk et al., 2010). The strongly reduced Pssrs2 activity in
insertional mutants in codY should result in reduced sae levels since SSR42 was demonstrated to
stabilize sae T1 and T2 transcripts (Fig. 4.25). However, two CodY binding sites were recently identified
in the sae P1 promotor suggesting direct regulation of sae expression by CodY (Mlynek et al., 2018).
Hence, expression of sae was found enhanced in mutants lacking functional CodY. In addition, mutants
in codY were reported to display enhanced hla mRNA and a-toxin levels and subsequent enhanced
haemolytic activity (Majerczyk et al., 2008) which would be contradictory to the decreased Psspaz
activity since SSR42 was demonstrated to be required for efficient hla transcription. CodY regulates
the expression of a total 203 genes among which 179 are repressed by CodY (Majerczyk et al., 2010).
Direct targets of CodY include the quorum-sensing response regulator encoding gene agrA and its
effector RNAIIl as well as saeS (Majerczyk et al., 2010). Knockout of codY was further shown to
negatively affect transcription of SarA family transcriptional regulator SarS, oB activator RsbU and
other transcriptional regulators (Majerczyk et al., 2010). Haemolysis regulation is a complex
multifactorial process involving a plethora of different regulators. Hence, enhanced haemolysis in
mutants lacking CodY could be governed by overexpression of agr and sae despite reduced SSR42
transcript levels. In addition, the reduced SarS levels would diminish its repressing effect on hla

transcription.
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Insertional disruption of ccpE drastically diminished the activity of Pssra2 preventing the second peak in
promotor activation (Fig. 4.49D), usually observed in wild-type bacteria during late stationary growth
phase. Despite reduced SSR42 transcript levels hla transcript levels were reported to be enhanced in
ccpE mutants. Besides enhanced hla transcription mutants in ccpE exhibit increased RNAIII levels
(Hartmann et al., 2014). Hence, enhanced hla transcription may be governed indirectly by RNAIII via
inhibition of translation of rot mRNA, encoding an inhibitor of hla transcription (Geisinger et al., 2006).
Deletion of rpiRc reduced the activity of Pssraz significantly (Fig. 4.49A). RpiRc was shown to function
as a metabolite-responsive modulator affecting both metabolism via regulation of pentose phosphate
pathway genes as well as virulence via regulation of RNAIII (Gaupp et al., 2016). Mutants in rpiRc were
characterized by increased RNAIIl and hla levels resulting in increased haemolysis (Gaupp et al., 2016)
despite reduced SSR42 transcription. The impact of RpiRc on RNAIIl and haemolysis regulation was
suggested to be executed by the help of other regulators such as SarA and oB (Gaupp et al., 2016).
However, while 0B was shown to modulate Pssraz activity, no role for SarA was detected in this process.
Moreover, insertional disruption of factty acid kinase encoding gene vfrB reduced the SSR42 promotor
activity (Fig. 4.46G). Fatty acid kinase VfrB was firstly identified in a transposon mutant screen
searching for mutants with altered haemolytic activities. Mutants in vfrAB are characterized by
reduced haemolysis on sheep blood agar (Bose et al., 2014) and VfrB was later implicated in regulation
of hla and coa promotor activities via modulation of the SaeRS system (Krute et al., 2017). The
relationship found between VfrB and SSR42 hence is in accordance with the demonstrated regulatory
impact of SSR42 on regulation of coa and hla promotor activities (Fig. 4.27). Lack of VfrB hence results
in decreased SSR42 levels and subsequent reduced transcription of coa, and hla. The data obtained in
the present study suggest that SSR42 is mediating the observed effects of vfrB mutants, hence
constituting the executing factor for regulation of the SaeRS two-component system while only an

indirect role for VfrB was suggested.

SSR42 was thus shown to be regulated by various global regulators including two-component systems,
alternative sigma-factors and metabolite-responsive modulators. The complex regulation by various
factors suggests that SSR42 may constitute an important point of intersection for handling the input
from various regulators in order to modulate virulence accordingly. Estimating the position of SSR42
in the regulatory complex of haemolysis regulation, thus illustrated the involvement of multiple global
regulators in haemolysis regulation and highlighted the complexity of this process in S. aureus.
However, due to the complexity the complete regulatory network is not yet understood in its entirety

and further investigations will be required.
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Figure 5.3: Schematic summary of transcriptional regulation of SSR42 by various global regulators. Summary
of the regulators modulating transcription of SSR42 identified in this study. Newly identified regulatory
relationships are illustrated by red arrows while known regulations are shown in black. Various substances were
identified to modulate transcription of SSR42. Influence of those substances on regulators implicated in
transcriptional regulation of SSR42 are pictured by lightning bolts. Adapted from Horn et al., 2018b.

5.6 ncRNA SSR42 - a new link between metabolism and virulence

S. aureus is a successful pathogen colonizing and infecting various environments. Part of its success as
a pathogen is the ability to easily adapt to the different environments inside the host. A prerequisite
for the adaption is the sensing of differences in nutrient, oxygen and iron availability and the capability
to modulate the expression of virulence determinants accordingly. For this, S. aureus expresses several

so-called metabolite-responsive modulators including CodY, RpiRc and CcpE.

In this study SSR42 was demonstrated to be under control of various global regulators. However,
whereas SSR42 promotor activities in codY and rpiRc mutants were drastically reduced (Fig. 4.49),

SSR42 transcript levels were found unaltered in the mutants compared to wild-type bacteria (Fig. 4.52).
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While the transcript level analysis was performed with bacteria aerobically cultured in Erlenmeyer
flasks the promotor activity studies were performed in a TECAN Infinite M200 microplate reader in
which rather imperfect, microaerophilic growth conditions predominate due to the reduced flask-to-
medium ratio (Somerville and Proctor, 2013). S. aureus is a facultative anaerobe and hence well
adapted to low-oxygen environments. During growth in oxygen-limited environments the metabolome
of S. aureus was reported to change, which is illustrated by a reduced TCA cycle activity (Ledala et al.,
2014). The changes in the metabolome result in accumulation of incompletely oxidized carbon
compounds such as lactic and acetic acid (Somerville et al., 2003), which alter the pH of the culture
medium. Such changes in the metabolism could be perceived by metabolite-responsive regulators such
as CodY or RpiRc. Thus, the discrepancies between the regulatory impact of CodY and RpiRc on SSR42
transcription regulation could have resulted from the different growth conditions and subsequent
differences in metabolic activities.

Growing S. aureus in the presence of various glucose concentrations resulted in differences in the Pssraz
activity. Interestingly, while Pssra2 activity was dependent on the genetic background when bacteria
were grown under standard glucose concentrations, varying the glucose concentrations had similar
end results on the Pssrap activity profile (Fig. 4.39). Increasing the glucose concentration resulted in a
decrease of the activity of Pssraz in both S. aureus 6850 and JE2. While a decrease in the glucose
concentrations enhanced the activity of Pssra; in strain 6850, the activity was reduced in strain JE2 to a
similar level observed in strain 6850. Further, omission of glucose enhanced the growth of both JE2
and 6850 and resulted in similar Pssra activities in both strains characterized by a peak at transition to
stationary growth phase. In addition, expression of a-toxin was reported to be modulated in response
to different glucose concentrations (Duncan and Cho, 1972). Since SSR42 was demonstrated to be
required for hla transcription and SSR42 transcription was found to vary in presence of different
glucose concentrations, SSR42 was proposed to be responsible for the glucose-dependent differences
in a-toxin expression observed by Duncan and Cho (Duncan and Cho, 1972). These differences
observed in SSR42 transcription may modulate the impact of SSR42 on virulence regulation, thereby
resulting in glucose-dependent changes in virulence regulation. The initial differences in the Pssraz
activity observed in different strains (see section 5.1) could thus not only be governed by differences
in the regulation of SSR42 transcription but further result from metabolic differences.

The response of Pssrax activity to the glucose concentration of the surrounding environment may
represent a mechanism of S. aureus to adapt virulence to the respective host environment. Different
host environments are characterized by distinct glucose concentrations. While the low glucose
concentration (6.3 mM) used in this study reflects the concentration typically found in human blood
(Guemes et al., 2016), the higher glucose concentrations may instead reflect the situation found in

distinct tissue and organs such as the liver (Wals and Katz, 1993). Thus, the glucose-dependent
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transcriptional regulation of SSR42 may illustrate an adaption mechanism towards different host
niches to establish different manifestations of infection.

In the present study SSR42 transcription was demonstrated to be under control of various metabolite-
responsive factors such as CcpE, which was reported to repress transcription of TCA cycle genes as well
as various virulence factor encoding genes as well as RNAIll in the presence of glucose (Hartmann et
al., 2014). CcpE would thus constitute an ideal factor governing glucose-dependent transcription of
SSR42. Further factors governing glucose-dependent SSR42 regulation could constitute CodY, RpiRc or
CcpA. While for CcpA a role in glucose-dependent regulation of virulence genes was reported (Seidl et
al., 2009), CodY and RpiRc are not known to regulate gene expression dependent on the glucose
availability. Next to glycolysis, glucose can be metabolized via the pentose-phosphate pathway, which
is regulated by RpiRc (Gaupp et al., 2016). Thus, the glucose concentration could be indirectly linked
to RpiRc via regulation of the pentose-phosphate pathway. In absence of glucose S. aureus can utilize
amino acids as carbon source which would reduce the pool of branched-chain amino acids and the
regulatory impact of CodY (Majerczyk et al., 2010). This could indirectly link SSR42 transcription, that
was shown to be strongly dependent on CodY, to the glucose availability and the metabolic state of S.
aureus.

The stationary growth phase of bacteria is characterized by a slow growth rate resulting from a
decrease in an essential nutrient such as glucose or by accumulation of growth-inhibitory by-products
of metabolism such as lactic and acetic acid. Accumulation of those substances results in a decrease in
the pH of the surrounding medium (Somerville et al., 2003). As previously discussed, the activity of
Pssra2 was found to differ significantly between S. aureus JE2 and 6850 during stationary growth phase
and was assumed to partially result from differences in metabolic activities. In addition, measuring the
pH of consumed culture supernatant revealed another difference between strain 6850 and JE2. While
culture supernatants were acidified for strain 6850 (pH: 5.2), supernatants of strain JE2 remained
rather neutral (pH: 8.0). S. aureus JE2 harbours the arginine catabolic mobile element (ACME), which
is prevalent among methicillin-resistant isolates of sequence type 8. ACME harbours the arc genes
encoding components of an arginine deaminase pathway, which metabolizes L-arginine to CO,, ATP
and ammonia (Shore et al., 2011). ACME contributes to the success of isolates from sequence type 8
facilitating the persistence on human skin and within cutaneous abscesses due to a higher resistance
against organic acids and polyamines in the skin (Thurlow et al., 2013). ACME further promotes the
survival of S. aureus in acidic conditions via accumulation of ammonia which buffers the pH of the
surrounding environment (Thurlow et al., 2013). The elevated pH of consumed culture supernatant of
strain JE2, therefore results from disarming the growth-inhibiting effect of accumulating acids via
production of ammonia. This can further be observed in the higher growth rate of strain JE2 compared

to strain 6850. Expression of the arginine deaminase and the resulting metabolism and growth
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advantages may contribute to the higher transcription of SSR42. However, ACME is not present in
strains Newman and MW2, which exhibited the sigmoid shaped Pssraz activity profile as well.

In summary, SSR42 transcription is modulated by the availability of glucose presumably via metabolite-
responsive elements such as CcpE, CcpA, CodY or RpiRc. Thus, SSR42 constitutes a further factor linking
metabolism and virulence gene expression in S. aureus and may contribute to the success of the

pathogen.

5.7 Defence mechanism: SSR42-dependent induction of virulence under sub-lethal concentrations
of antibiotics

The enhancement of haemolysis and toxin production upon exposure to sub-inhibitory concentrations
of antibiotics, especially B-lactam antibiotics, is a long-known phenomenon. Lincosamines,
erythromycin and chloramphenicol were reported to alter the fibronectin binding abilities of S. aureus
(Proctor et al., 1983), whereas clindamycin and doxycycline were shown to enhance uptake of bacteria
by polymorphonuclear neutrophils (Milatovic, 1982). Sub-inhibitory concentrations of antibiotics were
further demonstrated to influence the production of toxic shock syndrome toxin-1 (TSST-1)
(Dickgiesser and Wallach, 1987), to affect the expression of Panton-Valentine leukocidin (Dumitrescu
et al., 2007) and biofilm formation (Mirani and Jamil, 2011; Haddadin et al., 2010; Subrt et al., 2011).
In this regard especially B-lactam antibiotics such as oxacillin were found to alter the toxin expression
profile (Rudkin et al., 2014) and enhance hla transcription in S. aureus (Ohlsen et al., 1998). Since sub-
inhibitory concentrations of oxacillin have been previously reported to enhance haemolysis (Kuroda et
al., 2007; Ohlsen et al., 1998) and induce the activity of the hla promotor (Ohlsen et al., 1998), the role
of SSR42 in this process was investigated. Using B-galactosidase and GFP reporter constructs the
promotor activity of SSR42 was found enhanced upon challenge with various antibiotics (Figs. 4.33,
4.36). Especially sub-inhibitory concentrations of B-lactam antibiotics were found to enhance the
activity of Pssra (Figs. 4.33, 4.36). Interestingly the DNA-damaging agent mitomycin C induced Pssraz
activity similar to B-lactam antibiotics (Fig. 4.34). B-lactam antibiotics and Mitomycin C are long known
to induce the bacterial SOS response, which was also demonstrated for S. aureus (Anderson et al.,
2006). However, the mitomycin C dependent activation of Pssraz activity was still observed in a lexA-
G94E mutant (Fig. 4.34) incapable of triggering SOS response (Schroéder et al., 2013). Since the /lexA
mutant was still capable of mitomycin C-dependent induction of Pssraz activity, it was concluded that
SSR42 transcription is independent of LexA derepression. However, it can not be excluded that a
mechanism other than SOS response is involved in the activation of Pssrs2. The exact mechanisms of
transcriptional activation of SSR42 upon stimulation with antibiotics and mitomycin C thus needs

further investigations.
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In addition, SSR42 was demonstrated to induce haemolysis by means of hla transcription upon
stimulation with sub-inhibitory concentrations of oxacillin (Figs. 4.41, 4.42). Although exhibiting
resistance against oxacillin, the SSR42 dependent increase in Pna activity was further observed for
strain JE2. However, higher oxacillin concentrations had to be used (Fig. 4.42B). With a-toxin as a
previously identified major factor triggering host cell death in strain 6850 (Fig. 4.18), toxicity towards
Hela 2000 cells was found enhanced when sub-inhibitory concentrations of oxacillin were present in
the cell culture medium. This oxacillin dependent enhancement in cytotoxicity of S. aureus was strictly
dependent on presence of SSR42 (Fig. 4.43). However, due to the low half-live of oxacillin and the
reduced intracellular activity (Jo et al., 2011; Egert et al., 1977) a high concentration of oxacillin had to
be used. CFU enumeration, though, obviated a potential bactericidal or cytotoxic effect. During the
course of infection bacteria can be exposed to sub-inhibitory concentrations of antibiotics at the
beginning and end of treatment with antibiotics or during low-dosage therapy and could thus
encounter a so-called post-antibiotic sub-MIC effect (Odenholt, 2001). Bacterial cells inside a biofilm
were further shown to receive only lower dosages of antibiotics than single cells (Singh et al., 2010).
Treatment with too low dosages of antibiotics or with antibiotics for which resistances exist could thus
induce up-regulation of SSR42 transcription, which would hence enhance haemolytic and cytotoxic
activity. a-toxin was demonstrated to play a crucial role in pathogenesis of a multiplicity of infections
such as pneumonia (Bubeck Wardenburg and Schneewind, 2008), corneal infection (O Callaghan et al.,
1997) and sepsis (Powers et al., 2015), thus stressing the importance of ncRNA SSR42 in virulence
regulation and especially stress-related virulence regulation of S. aureus. The enhancement of SSR42
transcription and subsequent hla transcription observed suggests that treatment with the wrong
antibiotics or low application rates may enhance bacterial pathogenesis and disease outcome via
transcriptional up-regulation of ncRNA SSR42 and hence could rather worsen than improve the
outcome of staphylococcal infections. Thus, antibiotic treatment of S. aureus infections could in some
cases not only be ineffective but even worsen the course of infection. The mechanisms underlying the
perception of antibiotics are highly unknown in S. aureus. The expression of saeRS and alternative
sigma-factor sigS were demonstrated to be inducible by sub-inhibitory concentrations of oxacillin
(Miller et al., 2012, Geiger et al., 2008; Ohlsen et al., 1998; Kuroda et al., 2007) and may thus be
involved in this process. Further, two-component system VraRS was shown to play a crucial role in
resistance against B-lactam antibiotics (Yin et al., 2006; Gardete et al., 2006). However, no role for
VraRS in haemolysis regulation is known. Thus, the exact mechanism of antibiotic perception and up-
regulation of SSR42 transcription remains elusive and needs further investigations.

Treatment of S. aureus JE2 but not strain 6850 with sub-inhibitory concentrations of colistin reduced
the activity of Pssra2 drastically (Fig. 4.35). A recent study investigated the transcriptome of S. aureus

HGO001 under diverse growth conditions and found transcription of SSR42 to be reduced in the
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presence of colistin (Mader et al., 2016; SSR42 = gene/segment $1036) confirming the data conducted
for strain JE2. Since in strain 6850 colistin did not reduce Pssraz activity, it was concluded that colistin
would decrease SSR42 transcription dependent on the genetic background. Moreover, analysis of the
transcriptome of S. aureus HGOO01 did not reveal any significant differences in SSR42 transcription
during different growth conditions (Mader et al., 2016). A recent study demonstrated that treatment
of S. aureus with myristic as well as oleic acid decreased the promotor activity of coa. Interestingly, for
the reduction of Py, activity by fatty acids a strong dependence on fatty acid kinase VfrB was reported
(Krute et al., 2017). While reduction of promotor activities of the SaeRS class | target gene coa was less
dependent on presence of VfrB, transcription of class Il gene hla in response to myristic acid was strictly
dependent on VfrB (Krute et al., 2017). In the present study, a decrease in Pssra2 activity upon treatment
of S. aureus 6850 or JE2 with either oleic acid or myristic acid was demonstrated (Fig. 4.37, 4.38) as
well as a SSR42-dependent regulation of P.oa and Phia activity (Fig. 4.27). In addition to that, insertional
disruption of vfrB resulted in an overall decrease in SSR42 promotor activity (Fig. 4.46). Since regulation
of Phi, activity was demonstrated to be mediated by SSR42 (Fig. 4.27) this ncRNA was suggested to also
be involved in the down-regulation of hla in the presence of myristic acid. The same mechanism would
be possible for regulation of P in the presence of fatty acids. While VfrB was identified as the factor
involved in perception of myristic acid (Krute et al., 2017), the mechanism of oleic acid perception
remains elusive and needs further investigation. The conducted data therefore suggest the
involvement of SSR42 in executing fatty acid-dependent regulation of SaeRS class | and Il target genes.
The human skin produces diverse fatty acids, which exhibit bactericidal function (Cartron et al., 2014;
Drake et al., 2008). Perception of fatty acids could therefore be a mechanism exploited by S. aureus to
adapt virulence gene expression while colonizing human skin via down-regulation of SSR42. With this
mechanism S. aureus could shift from a highly cytotoxic phenotype to a colonizing and non-cytotoxic
phenotype.

In summary, transcription of SSR42 was demonstrated to be influenced by presence of subinhibitory
concentrations of diverse antibiotics, mitomycin C, colistin and fatty acids. Moreover, an important
role for SSR42 in the oxacillin-induced enhancement of haemolysis and cytotoxicity was identified

illustrating potential challenges during antibiotic treatment of staphylococcal infections.

5.8 Future perspectives

This study aimed to characterize the 1232 nt long non-coding RNA SSR42 of S. aureus. By applying
transcriptome and proteome analysis the regulon of SSR42 was identified and the regulatory
relationship of SSR42 and AraC-transcriptional regulator Rsp was determined.

SSR42 was identified as the main regulator of Rsp-mediated virulence regarding virulence phenotypes

such as haemolysis and cytotoxicity. In a recent study Rsp was identified as an important factor

200



DISCUSSION

mediating cytotoxicity towards neutrophils and survival upon phagocytosis by neutrophils (Das et al.,
2016), thus it would be of great importance to investigate the impact of SSR42 for this phenotype.
SSR42 was identified to regulate haemolysis by means of stabilizing sae transcripts. However, the exact
mechanism has to be investigated in further experiments. Interaction prediction as well as mutational
studies suggested two sequences within SSR42, which could be implicated in direct binding to sae
mMRNA. Thus, a direct interaction of SSR42 and sae mRNA could be analysed using electromobility shift
assays.

The identification of direct binding partners should be the focus of further studies. However, oligo-
capture pulldown experiments of SSR42 failed so far due to the required long incubation which
resulted in degradation of RNAs. An alternative for the pulldown approaches could exploit in vitro
transcribed SSR42, which would be added to a precleared cell lysate of S. aureus. By using this approach
unspecific binding of proteins and RNAs to a biotin-labelled oligo would be reduced, which would
facilitate the binding of SSR42. Moreover, using this approach would the incubation time could be
drastically reduced which would hence limit potential processing events and degradation by RNases.
Further Grad-seq should be repeated for strain 6850 and JE2 to identify potential interaction partners
and to gain further insight into potential protein-RNA complexes involving SSR42. Comparison of Grad-
seq profiles from different strains could further reveal differences in the regulatory impact of SSR42.
By using promotor activity studies the position of SSR42 within the regulator network of virulence
regulation in S. aureus was estimated. Since for several regulators such as oB and CodY a direct
interaction with SSR42 is unlikely due to the absence of typical bindig sites, the mechanism of
transcriptional regulation should be the focus of further studies. For this, the promotor activity of
SSR42 should be investigated in several double or triple mutants of regulators. Further, successful
pulldown approaches or analysis of the protein fractions of Grad-seq could reveal potential
interactions with regulators.

Since in this thesis a strong role of the genetic background on SSR42 transcription and the impact on
virulence regulation was observed, comparative analysis of different strains should be performed in
order to gain insight into strain-specific regulatory differences. For this, transcriptomes and proteomes
of SSR42 mutants from different genetic backgrounds could be compared. Further, it would be of great
interest to identify differences in the regulation of SSR42 in different S. aureus strains. This could be
achieved by transferring the insertional mutations from JE2 obtained from the Nebraska mutant library
into the genetic background of other strains. The SSR42 promotor activity could subsequently be
analysed in those mutants and differences in the regulation of SSR42 would be identified.

In this thesis a SSR42 dependent up-regulation of haemolysis and cytotoxicity upon stimulation with
sub-inhibitory concentrations of antibiotics was demonstrated. However, cell culture-based studies

often do not reflect in vivo situations. Thus, infection experiments should be performed in vivo
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investigating the role of SSR42 in oxacillin-induced up-regulation of a-toxin expression. Since a-toxin
plays a crucial role for establishment of pneumonia, murine lung infection models should be used for
these experiments. Mice could therefore be infected with wild-type bacteria and mutants lacking
SSR42 and simultaneously be challenged with sub-inhibitory concentrations of oxacillin. However, due
to the reduced intracellular activity of oxacillin the pharmacokinetics and availability of oxacillin have
to be investigated beforehand, in order to establish sub-inhibitory concentrations in the lungs. For
simplification the oxacillin resistant strain JE2 could be used and higher oxacillin concentrations could
be applied. This would overcome the necessity of using exact sub-inhibitory concentration. Thus,
oxacillin could be applied in a concentration, which would normally be used for treatment of infections.
Further, the identification of the factors mediating perception of sub-inhibitory concentrations of
antibiotics and subsequent transcriptional activation of SSR42 would be of great interest. Candidates,
which should be the focus of further studies, are the SaeRS two-component system, VraRS and oS. The
oxacillin-induced enhancement of Pssraz activity and the SSR42-dependent up-regulation of haemolysis
should hence be analysed in mutants of above mentioned regulators. Moreover, the glucose
dependent regulation of SSR42 should be addressed and studied in metabolite-responsive mutants
such as CodY, RpiRc and CcpE. In addition, the perception of fatty acids and modulation of SSR42
transcription should be analysed in further studies. Since data suggested that fatty acid dependent
down-regulation of Pcoa and Phia is mediated via SSR42, the promotor profiles of both coa and hla should
be analysed upon stimulation with fatty acids in mutants lacking SSR42. Further, the impact of SSR42
on the stability of sae mRNA should be investigated after stimulation with B-lactam antibiotics or fatty
acids, since regulation of hla and coa expression presumably is carried out via regulation of sae.
Investigating the regulatory mechanism of SSR42 a precise secondary structure would help to identify
potential functional structures within SSR42. However, experimental analysis of secondary structures
is limited for long RNAs. Thus, further studies constructing stable minimal versions of SSR42 that are
still functional regarding haemolysis regulation would help to artificially create a shorter functional
RNA molecule that could be used in experimental approaches to investigate the secondary structure
of SSR42.

In this study a potential role for SSR42 in mediating SCV formation and persistence was found. During
chronic infection a ASSR42 mutant was not completely eradicated by the host immune system.
Therefore, it would be of great importance to compare the transcriptome of wild-type bacteria and
ASSR42 mutant during the acute and chronic phase of infection. By doing so, further factors involved
in this pre-stage of persistence could be identified and serve as potential targets for new antibacterial
strategies to eradicate persistent and reoccurring infections. This would be of great value since

treatment of staphylococcal infection is impeded by the rise of antibiotic resistances.
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7 APPENDIX

7.1 Abbreviations

Abbreviation

Meaning

agr accessory gene regulator
AHT Anhydrous tetracycline

AM Ampicillin

AMC Amoxicillin-clavulanate

BSA Bovine Serum Albumin

bp Base pairs

Cam Chloramphenicol

cDNA Complementary DNA

CFUs Colony-forming units

coL Colistin

Comp Complemented mutant

CPD Cefpodoxim

dNTP deoxyribonucleosid trisphosphate
DMSO dimethyl sulfoxid

DNA Desoxyribonucleic acid

EtOH Ethanol

exp Exponential growth phase

FA Fusidic acid

FCS/FBS Fetal calf serum/ fetal bovine serum
FOX Cefoxitin

fwd forward

GFP Green fluorescent protein

h hours

IMP Imipenem

kb Kilo base

kDA Kilo Dalton

Ko Kock-out

LB Luria-Bertani

log Logarithmic growth phase

M molar

MEM Meropenem

MITC Mitomycin C

MicC Minimal inhibitory concentration
Mol Multiplicity of infection
MOPS N-Morpholino propanesulfonic acid
MRSA Methicillin-resistant S. aureus
MSSA Methicillin-sensitive S. aureus
mRNA Messenger RNA

ncRNA Non-coding RNA

ni Not induced/ not infected

nt nucleotides

oD Optical density

(0).4 Oxacillin

p p-value

PBS Phosphate buffered saline
PCR Polymerase chain reaction
p.i. Post infection

qRT-PCR Quantitative real time PCR
rev reverse
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Rif Rifampicin

RNA Ribonucleic acid

rpm Revolutions per minute
RT Room temperature

Scv Small colony variants
SNT supernatant

stat Stationary growth phase
SXT Trimethoprim-sulphamethoxazole
t Time

TSA Tryptic soy agar

TSB Tryptic soy broth

TZP Piperacillin-tazobactam
WT wild-type

w/v Weight per volume

Vv volt

v/v Volume per volume
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7.4 Supplementary information

Figure 7.1
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Figure 7.1: Conservation of SSR42 in Staphylococcus argenteus. Schematic representation of sequence identity
of SSR42 from S. aureus 6850 in Staphylococcus argenteus.
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Figure 7.2
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Figure 7.2: Schematic depiction of secondary structure prediction of SSR42 using mFold. 8 different secondary
structures were predicted.
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Figure 7.3
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Figure 7.3: Insertional mutant in SSR42. A) Schematic representation of insertional mutation in SSR42 in S.
aureus JE2 (2500639R). B) qRT-PCR analysis of SSR42 and hla transcript levels in mutant JE2 2500639R compared
to transcript levels in S. aureus JE2 wild-type bacteria.
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Figure 7.4: Mutant ASSR42-spec’ does not exhibit any growth defects. Replacement of SSR42 with a
spectinomycin resistance cassette does not affect growth of S. aureus 6850 as observed by monitoring the
growth of S. aureus in a TECAN Infinite M200 plate reader over a time course of 23 h.
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Figure 7.5

Control WTSSR42  5'ms2-SSR42

Figure 7.5: MS2-pulldown. MS2-pulldown approach failed as observed by silver stained SDS-PAGE of samples
obtained from MS2-pulldown of wild-type S. aureus 6850, 5'-ms-tagged SSR42 expressing S. aureus. S. aureus
expressing the ms2-tag was used as a control.

Figure 7.6
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Figure 7.6: Oligo capture pulldown. Failiure of establishement of oligo capture-pulldown approach as observed
by silver stained SDS-PAGE of samples obtained from oligo capture-pulldown experiment. 55 rRNA was used as
a control. 55 rRNA and SSR42 were expressed harbouring a 5'- 14 nt long oligo tag in S. aureus 6850.
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Figure 7.7
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Figure 7.7: fnbA transcript levels do not differ significantly between S. aureus ASSR42 and ASSR42-rsp mutant. Comparison
of fnbA expression levels in S. aqureus 6850 wild-type bacteria, ASSR42 and ASSR42-rsp mutant. Transcriptome analysis
obtained data pictured in a boxplot.
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Figure 7.8: rsp transcript levels do not differ significantly between S. aureus ASSR42 and wild-type bacteria. Comparison
of rsp expression levels in S. aureus 6850 wild-type bacteria, ASSR42 and ASSR42-rsp mutant. Transcriptome analysis
obtained data pictured in a boxplot.
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Figure 7.9

5
ttaatatagatttcaaacctatgtatttcaaaaaacaatacatagccattttgaactaacttgctaatcttttatigatattcaactatgttataaaaaaagcaaattgaccaaaatg

gaagtttgaatcaaaaaacattaaatgtacccatgacttaaattttatcgecattatttaagtttggacatacacttttgtcatcaaacgctgaaaattagtacgattgaaatcactt
cttgttataaaaattcttagtagccctgttacaaaatattcgctacaaattaticaaatcaacaacaataaccatcaactaagaaattttaaacaatccactaaaaaataaagegtt
taaaagtictgtttagaaaacatcaagataagtataaacatctagaaaagtgaacatctaagaaaatccatctagttattgecgtaacaattagaataatcattigaaaaagtge

attagacagcgaaattcaccatcaagataatgaagcaacaagaaacagcacacatcaatgaattaacaccttagaticatcatgagaaaatgceatggeacaactagatttacca
tcaagataattcttaagcagcgaagaattaacatctagaaatgcataaacatcttagattttacatcaagagatgegataactataaacaactagaaacgtcaccaagatagtgc
aacaacaaagaatcagcatctigaaatcgcactaacatctaagaatcaacatcaagtattatattaacatcatagataacttcatcaagacaggcatccacatctaagaaactca
tctagaatagciaacacctaacatcaaagaatattcatcaagaacagtatctaacagaactttttgactatatatgaattaatiatgttactagetaaatcatctattattaactttca
cactcaattictacatctaatatcaatitatiaacaatagaattageageaacaagatattacttaaaattactcccccgaatttaaaatataaacaatgtaataattaagggtata

aattgatttatgctgtaactaattaaatgtgtatggtatctictaacatcaagaaacgcattttaatatagatatgtacatttaaaccttgagagatagattatagtaaactttagtac
aaagtatgaattgctgaactccaatgactactatttgtccgttacaactaaagtttcaatctate 3

Probe 1

Probe 2

RNase Y cleavage site

5'end Morrison et al., 2012a

Figure 7.9: Schematic overview of Northern blot probes within the sequence of SSR42. Depicted in colour are
the used probes for analysis of SSR42 transcript levels.
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cattagacagcgaaattcaccatcaagataatgaagcaacaagaaacagcacacatcaatgaattaacaccttagattcatcatgagaaaatgeatggeacaactagatttac
catcaagataattcttaagcagcgaagaattaacatctagaaatgcataaacatcttagattttacatcaagagatgegataactataaacaactagaaacgtcaccaagatag
tgcaacaacaaagaatcagcatctigaaatcgcactaacatctaagaatcaacatcaagtattatattaacatcatagataacttcatcaagacaggeatccacatctaagaaa
ctcatctagaatagciaacacc ytcaagaacagtatctaacagaactittigactatatatgaattaattatgttactagctaaatcatctattattaa

ctttcacactcaatttcta 3 aattag atattacttaaaattactcccccgaatttaaaatataaacaatgtaataattaag
ggtataaattgatttatgctgtaactaattaaatgtgtatggtatctictaacatcaagaaacgcattttaatatagatatgtacatttaaacctigagagatagattatagtaaact

ttagtacaaagtatgaattgctgaactccaatgactactattigtccgttacaactaaagtttcaatctatc 3
NB Probe 1 RNase Y cleavage site

NB Probe 2 5’end Morrison et al., 2012a

pSSR4A2A1

pSSRA2AT

Figure 7.10: Schematic illustration of mutated sequences within SSR42. Depicted in colour are the deleted
sequences for functional analysis of SSR42.
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Figure 7.11

tga atcaaaaaacattaaatg‘tacccatgacttaadLLLLdchCCdLLdLLLdagLLngdcatacaLLLLLgLcatcaaacgctgaaaattag‘tacgattgaaatcactt
cttgttataaaaattcttagtagccctgttacaaaatattcgctacaaattaticaaatcaacaacaataaccatcaactaagaaattttaaacaatccactaaaaaataaagegt
ttaaaagttctgtttagaaaacatcaagataagtataaacatctagaaaagtgaacatctaagaaaatccatctagttattgecgtaacaattagaataatcatttgaaaaagtg
cattagacagcgaaattcaccatcaagataatgaagcaacaagaaacagcacacatcaatgaattaacaccttagatticatcatgagaaaatgeatggeacaactagatttac
catcaagataattcttaagcagcgaagaattaacatctagaaatgcataaacatcttagattttacatcaagagatgegataactataaacaactagaaacgtcaccaagatag
tgcaacaacaaagaatcagceatctigaaatcgeactaacatctaagaatcaacatcaagtattatattaacatcatagataacttcatcaagacaggcatccacatctaagaaa
ctcatctagaatagctaacacctaacatcaaagaatattcatcaagaacagtatctaacagaactttttgactatatatgaattaattatgttactagctaaatcatctattattaa
ctttcacactcaatttctacatctaatatcaatttattaacaatagaattagcagcaacaagatattacttaaaattactcccccgaatttaaaatataaacaatgtaataattaag
ggtataaattgatttatgctgtaactaattaaatgtgtatggtatctictaacatcaagaaacgcattttaatatagatatgtacatttaaaccttgagagatagattatagtaaact
ttagtacaaagtatgaattgctgaactccaatgactactatttgtccgttacaactaaagtttcaatctate 3’

ttttattgatattcaactatgttat

[n =T

Deletion mini-1

Additional deletion mini-2

Figure 7.11: Schematic representation of mutated sequences within SSR42 to create minimal versions.
Depicted in colour are the deleted sequences for functional analysis of minimal SSR42 versions.

Figure 7.12

5
ttaatatagatttcaaacctatgtatttcaaaaaacaatacatagccattttgaactaacttgctaatcttttattgatattcaactatgttataaaaaaagcaaattgaccaaaatgg
aagtttgaatcaaaaaacattaaatgtacccatgacttaaattttatcgecattatttaagtttggacatacacttttgtcatcaaacgectgaaaattagtacgatigaaatcactictt
gttataaaaattcttagtagccctgttacaaaatattcgctacaaattaticaaatcaacaacaataaccatcaactaagaaattttaaacaatccactaaaaaataaagegtttaa
aagttctgtttagaaaacatcaagataagtataaacatctagaaaagtgaacatctaagaaaatccatctagttattgecgtaacaattagaataatcatttgaaaaagtgeattag
acagcgaaattcaccatcaagataatgaagcaacaagaaacagcacacatcaatgaattaacaccttagattcatcatgagaaaatgeatggeacaactagatttaccatcaag
ataattcttaagcagcgaagaattaacatctagaaatgcataaacatcttagattttacatcaagagatgegataactataaacaactagaaacgtcaccaagatagtgcaacaa
caaagaatcagcatctigaaatcgcactaacatctaagaatcaacatcaagtattatattaacatcatagataacttcatcaagacaggcatccacatctaagaaactcatctaga
atagctaacacctaacatcaaagaatattcatcaagaacagtatctaacagaactttttgactatatatgaattaattatgttactagctaaatcatctattattaactttcacactca
atttctacatctaatatcaatttattaacaatagaattagcagcaacaagatattacttaaaattactcccccgaatitaaaatataaacaatgtaataattaagggtataaatigatt
tatgctgtaactaattaaatgtgtatggtatctictaacatcaagaaacgcattttaatatagatatgtacatttaaacctigagagatagattatagtaaactttagtacaaagtatg
aattgctgaactccaatgactactatttgtccgttacaactaaagtttcaatctate 3’

predicted sequence of ORF3
performed mutation in start codon of ORF3 (T=C)

Figure 7.12: Schematic representation of mutated start codon within putative ORF 3. Depicted in colour is the
sequence of putative ORF 3 and the performed mutation within the start codon.
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Figure 7.13

A

5
ttaatatagatttcaaacctatgtatttcaaaaaacaatacatagccattttgaactaacttgctaatcttttattgataticaactatgttataaaaaaagcaaattgaccaaaatggaa
gtttgaatcaaaaaacattaaatgtacccatgacttaaattttatcgecattatttaagtttggacatacacttttgtcatcaaacgectgaaaattagtacgattgaaatcactictigtta
taaaaattcttagtagccctgttacaaaatattcgctacaaattaticaaatcaacaacaataaccatcaactaagaaattttaaacaatccactaaaaaataaagegtitaaaagttc
tgtttagaaaacatcaagataagtataaacatctagaaaagtgaacatctaagaaaatccatctagttattigecgtaacaattagaataatcatttgaaaaagtgeattagacageg
aaattcaccatcaagataatgaagcaacaagaaacagcacacatcaatgaattaacaccttagattcatcatgagaaaatgceatggeacaactagatttaccatcaagataattett
aagcagcgaagaattaacatctagaaatgcataaacatcttagattttacatcaagagatgcegataactataaacaactagaaacgtcaccaagatagtgcaacaacaaagaatca
gcatcttgaaatcgcactaacatctaagaatcaacatcaagtattatattaacatcatagataacttcatcaagacaggeatccacatctaagaaactcatctagaatagetaacacct
aacatcaaagaatattcatcaagaacagtatctaacagaactttttigactatatatgaattaattatgttactagctaaatcatctattattaactttcacactcaatttctacatctaata
tcaatttattaacaatagaattagcagcaacaagatattacttaaaattactcccccgaatttaaaatataaacaatgtaataattaagggtataaattgatttatgetgtaactaatta

aatgtgtatggtatctictaacatcaagaaacgcattttaatatagatatgtacatitaaacctigagagatagattatagtaaactttagtacaaagtatgaattgctgaactccaatg
actactatttgtccgttacaactaaagtttcaatctatc 3’

SSR42
predicted interaction with saePQRS mRNA (43 nt)
seed sequence (8 nt)

B

5
atgaataaattattgctactcgttacatttatcattcgtgtgggticaggtatigttatgttaatgcaaggctacgaaaaattaacgggeggatttacgctgaaaggtttagtaccagtca
tcgctaacaatactgattcaccagagtggtataagtggtttticgcaaatatagtigcacatacgacgtcattatttgatatigtigtcccactcggagagattgcaatiggattaggttt
aatttttggagtttttgcatatgctgctagtttctttggagectttgttatgataaattatatcttagcagatatgatatttacgtatectecttcaattaactttctttatecttttactaatgag
tcactcattgttaaaacagatttcacttaaagaaatcattaattactitagaggtcgtaagaacagaggtgaaaaaatagatgacccacttactgatcgtggatga 3
saeQ

predicted interaction with SSR42
seed sequence

Figure 7.13: Schematic illustration of predicted interacting sequences within SSR42 and saeQ. Depicted in
colour are the sequences within SSR42 and saeQ mRNA which were predicted to interact using IntaRNA.
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Table 7.1: Conservation of SSR42 in S. aureus.

Description Max Total Query E Ident Accession
score score cover value

Staphylococcus aureus subsp. aureus 2276 2976 100% 0.0 100% CP006706.1

6850, complete genome .

Staphylococcus aureus subsp. aureus 2270 2270 100% 0.0 99% CP012409.1

Tager 104, complete genome

Staphylococcus aureus subsp. aureus 2265 2265 100% 0.0 99% CP006630.1

SA268, complete genome =EEEEESE.

Staphylococcus aureus subsp. aureus 2265 2265 100% 00 99% CP003604.1

SA40, complete genome —

Staphylocaccus aureus subsp. aureus 2265 2265 100% 0.0 99% CP003603.1

SAQ57, complete genome

Staphylococcus aureus subsp. aureus 2965 2265 100% 00 99% CP003166.1

MO13, complete genome

Staphylococcus aureus subsp. aureus
strain FDAARGOS_5 chromosome, 2259 2259 100% 0.0 99% CP007539.3
complete genome

Staphylococcus aureus subsp. aureus

strain 2148.N chromosome, complete 2259 2259 100% 0.0 99% CP016856.2
genome

Staphylococcus aureus subsp. aureus

strain EDCC5458 chromosome, complete 2259 2259 100% 0.0 99% CP022290.1
genome

Staphylococcus aureus subsp. aureus

isolate Clinical isolate genome assembly, 2259 2259 100% 0.0 99% LT671859.1
chromosome: |

Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP018205.1
strain HG001, complete genome -
Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP012018.1
strain Gv88, complete genome e
Staphylococcus aureus sukep. aureus 2259 2259 100% 0.0 99% CP012015.1
strain Gv51, complete genome

Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP012013.1
strain Be62, complete genome —
Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP012012.1
strain HC1335, complete genome

Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP012011.1
strain HC1340, complete genome -
Staphylococcus aureus subsp. aureus o o

DSM 20231, complete genome 2259 2259 100% 0.0 99% CP011526.1
Staphylococcus aureus subsp. aureus

DNA, complete genome, strain: 2259 2259 100% 0.0 99% AP014653.1
TMUS2134

Staphylococcus aureus subsp. aureus

DNA, complete genome, strain: 2259 2259 100% 0.0 99% AP014652.1
TMUS2128

Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP009681.1
strain Gv69, complete gencme —
gﬁfﬁfg:i’;‘;ﬁ:’:ﬁs”b"”p' aureus 2259 2259 100% 0.0 99% CP003979.1
Staphylococcus aureus subsp. aureus 2259 2259 100% 0.0 99% CP002643.1

T0131, complete genome
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Staphylococcus aureus subsp. aureus
ED133, complete genome

Staphylococcus aureus subsp. aureus
TW20, complete genome
Staphylococcus aureus subsp. aureus
COL, complete genome

Staphylococcus aureus subsp. aureus
NCTC 8325, complete genome

Staphylococcus aureus subsp. aureus
NCTC 8325 clone sabac-126, complete
sequence

Staphylococcus aureus strain MSSA476,
complete genome

Staphylococcus aureus subsp. aureus
MW2 DNA, complete genome

Staphylococcus aureus subsp. aureus
strain USA300_2014.C01 chromosome,
complete genome

Staphylococcus aureus subsp. aureus
strain 1971.C01 chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain 5118.N chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain USA300_2014.C02 chromosome,
complete genome

Staphylococcus aureus subsp. aureus
strain 2148.C01 chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain 1969.N chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain 3020.C01 chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain 1625.C01 chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain ISU926, complete genome

Staphylococcus aureus subsp. aureus
strain ATCC 6538, complete genome

Staphylococcus aureus subsp. aureus
strain UCI 28, complete genome

Staphylococcus aureus subsp. aureus
strain UCI62, complete genome

Staphylococcus aureus subsp. aureus
strain USA300_SUR1, complete
genome

Staphylococcus aureus subsp. aureus
strain LA-MRSA ST398 isolate E154,

2259

2259

2259

2259

2259

2259

2259

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2259

2259

2259

2259

2259

2259

2259

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

CP001996.1

FN433596.1

CP000046.1

CP000253.1

AC090968.14

BX571857.1

BA000033.2

CP012119.2

CP016858.2

CP016855.2

CP012120.2

CP017094.2

CP016861.2

CP025495.1

CP016863.2

CP017091.1

CP020020.1

CP018768.1

CP018766.1

CP009423.1

CP013218.1
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Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 18583

Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 18412

Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 18341
Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 16125

Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 16035

Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 15532

Staphylococcus aureus subsp. aureus
ST228 complete genome, isclate 10497

Staphylococcus aureus subsp. aureus
ST228 complete genome, isolate 10388

Staphylococcus aureus subsp. aureus
71193 genome

Staphylococcus aureus subsp. aureus
VC40, complete genome

Staphylococcus aureus subsp. aureus
11819-97, complete genome

Staphylococcus aureus subsp. aureus
ECT-R 2 complete genome

Staphylococcus aureus subsp. aureus
TCHE0, complete genome

Staphylococcus aureus subsp. aureus
ST398 complete genome

Staphylococcus aureus subsp. aureus
ED98, complete genome

Staphylococcus aureus subsp. aureus
USA300_TCH1516, complete genome
Staphylococcus aureus subsp. aureus
USA300_TCH1516, complete genome

Staphylococcus aureus subsp. aureus
Mu3 DNA, complete genome

Staphylococcus aureus subsp. aureus
JH1, complete genome

Staphylococcus aureus subsp. aureus
JHS, complete genome

Staphylococcus aureus subsp. aureus
Mu50 DNA, complete genome

Staphylococcus aureus subsp. aureus
USA300_FPR3757, complete genome

Staphylococcus aureus subsp. aureus
N315 DNA, complete genome

Staphylococcus aureus subsp. aureus
strain MRSA252, complete genome

Staphylococcus aureus subsp. aureus
Z172, complete genome

Staphylococcus aureus subsp. aureus
USA300 strain NRS384

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2252

2250

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2254

2252

2250

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

99%

HE579073.1

HES579071.1

HE579069.1

HES579067.1

HES579065.1

HES579063.1

HES579061.1

HES579059.1

CP003045.1

CP003033.1

CP003194.1

FR714927.1

CP002110.1

AM990992.1

CP001781.1

CP000730.1

CP000730.1

AP009324.1

CP000736.1

CP000703.1

BA000017.4

CP000255.1

BA000018.3

BX571856.1

CP006838.1

CP027476.1
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Staphylococcus aureus subsp. aureus

strain EDCC5464 chromosome, complete 2248 2248 100% 0.0 99% CP022291.1
genome
Staphylococcus aureus subsp. aureus o

2248 2248 100% 0.0 99% CP009361.1

strain ATCC 25923, complete genome

Staphylococcus aureus subsp. aureus o o
strain H-EMRSA-15, complete genome 2248 2248 100% 0.0 99% CP007659.1

Staphylococcus aureus subsp. aureus 2948 2048 100% 0.0 99% CP002388.1
55/2053, complete genome [

Staphylococcus aureus subsp. aureus HO 2248 2048 100% 0.0 99% HE681007.1
5096 0412 complete genome -

Staphylococcus aureus subsp. aureus 2248 2048 100% 0.0 999 FR821779.1
LGA251 complete genome sequence -

Staphylococcus aureus subsp. aureus 2248 2543 100% 0.0 99% CP002114.2
JKDB159, complete genome [
Staphylococcus aureus subsp. aureus

strain Newman_D2C chromosome, 2222 2222 100% 0.0 99% CP023391.1
complete genome

Staphylococcus aureus subsp. aureus str.

Newman strain NYU_Newman 2222 2222 100% 0.0 99% CP023390.1
chromosome, complete genome

Staphylococcus aureus subsp. aureus str. 2222 2222 100% 0.0 99% AP009351.1
Newman DNA, complete genome [

Table 7.2: Blast hits of SSR42 in other species than S. aureus.

Description Max Total Query E Ident Accession
score score cover value

Staphylococcus argenteus MSHR1132 44, 1860 100% 0.0 94% FR821777.2

complete genome sequence

Staphylococcus argenteus strain BN75 1856 1856 100% 0.0 94% CP015758.1

genome I

Staphylococcus argenteus strain

XNO106 chromosome, complete 1851 1851 100% 0.0 94% CP025023.1

genome

Staphylococcus argenteus strain

XNOB2 chromosome, complete 1851 1851 100% 0.0 94% CP023076.1

genome

PREDICTED: Ceratosolen solmsi

marchali WASH complex subunit 7 46.4 46.4 5% 23 T7% XM_011505461.1

(LOC105366870), mRNA

Dracunculus medinensis genome
assembly D_medinensis_Ghana, 464 46.4 3% 2.3 82% LK978191.1
scaffold DME_scaffold0000003

Schistosoma curassoni genome
assembly S_curassoni_Dakar, scaffold 44.8 446 3% 8.1 85% LM088298.1
SCUD_contig0006651
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Table 7.3: Conservation of genetic locus surrounding SSR42 in S. aureus.

Description Max Total Query E Ident Accession
score score cover value

2;’5%“32:;‘;:;‘: ::;::f:“bs”' aureus 8361 8361 100% 0.0 99% CP006706.1
Staphylococcus aureus subsp. aureus 8309 8309 100% 0.0 99% CP012409.1
Tager 104, complete genome e
Staphylococcus aureus subsp. aureus 8224 8224 100% 0.0 99% CP001996.1
ED133, complete genome e
Staphylococcus aureus subsp. aureus 8197 8197 100% 0.0 99% CP002114.2
JKD6159, complete genome S
PR jocotcis atecs Siep:alaus gy 8188 100% 0.0 99% FR821779.1
LGA251 complete genome sequence

Staphylococcus aureus subsp. aureus 8163 8163 100% 0.0 99% CP006630.1
SA268, complete genome S
:‘:fg”l‘:;’:fe‘:: ;:::”:\:”bs”' alreus 8163 8163 100% 0.0 99% CP003604.1
Staphylococcus aureus subsp. aureus 8154 8154 100% 0.0 99% CP003603.1
SA957, complete genome b
;"gﬁ’gy'c‘fnf:f:‘z :‘;:’::;“bs”' ayesus 8154 8154 100% 0.0 99% CP003166.1
Staphylococcus aureus subsp. aureus 8147 8147 100% 0.0 99% CP017091.1

strain ISU926, complete genome

Staphylococcus aureus subsp. aureus
strain LA-MRSA ST398 isolate E154, 8147 8147 100% 0.0 99% CP013218.1
complete genome

Staphylococcus aureus subsp. aureus 8147 8147 100% 0.0 99% CP003045.1
71193 genome
Staphylococcus aureus subsp. aureus 8141 8141 100% 0.0 99% AM990992.1

ST398 complete genome

Staphylococcus aureus subsp. aureus

strain EDCC5464 chromosome, complete 8138 8138 100% 0.0 99% CP022291.1
genome

Staphylococcus aureus subsp. aureus o &

strain H-EMRSA15, complete genome 8138 8138 100% 0.0 99% CP007659.1
Staphylococcus aureus subsp. aureus HO ~ o

5096 0412 complete genome 8138 8138 100% 0.0 99% HE681097.1
Staphylococcus aureus subsp. aureus o 5

strain FORC_001, complete genome e uia g e = €P009594.1
Staphylococcus aureus subsp. aureus o o,

strain MRSA252, complete genome i Bk = e ew BX571856.1
Staphylococcus aureus subsp. aureus 8123 8123 100% 0.0 99% CP002388.1
55/2053, complete genome " e S
Staphylococcus aureus subsp. aureus i 5

strain ATCC 25923, complete genome i o " i i €PO09361.1
Staphylococcus aureus subsp. aureus 8098 8098 100% 0.0 99% CP002110.1
TCHB60, complete genome i S
StaPhoncoccus aureus subsp. aureus 2083 2083 100% 0.0 99% CP012756.1
strain JS395, complete genome A
Staphylococcus aureus subsp. aureus

strain EDCC5458 chromosome, complete 8055 8055 98% 0.0 99% CP022290.1
genome

Staphylococcus aureus subsp. aureus

isolate Clinical isolate genome assembly, 8055 8055 98% 0.0 99% LT671859.1

chromosome: |
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Staphylococcus aureus subsp. aureus
strain FDAARGOS_5 chromosome,
complete genome

Staphylococcus aureus subsp. aureus
strain HG001, complete genome
Staphylococcus aureus subsp. aureus
strain Gv88, complete genome

Staphylococcus aureus subsp. aureus
strain Be82, complete genome

Staphylococcus aureus subsp. aureus
strain HC1335, complete genome

Staphylococcus aureus subsp. aureus
strain HC1340, complete genome

Staphylococcus aureus subsp. aureus
DSM 20231, complete genome

Staphylococcus aureus subsp. aureus
strain Gv69, complete genome

Staphylococcus aureus subsp. aureus
TW20, complete genome

Staphylococcus aureus subsp. aureus
COL, complete genome

Staphylococcus aureus subsp. aureus
T0131, complete genome

Staphylococcus aureus subsp. aureus
NCTC 8325 clone sabac-126, complete
sequence

Staphylococcus aureus subsp. aureus
strain OXLIM chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain CAR chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain CIT chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain USA300_2014.C01 chromosome,
complete genome

Staphylococcus aureus subsp. aureus
strain 1971.C01 chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain 5118.N chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain USA300_2014.C02 chromosome,
complete genome

Staphylococcus aureus subsp. aureus
strain 2148.C01 chromosome, complete
genome

Staphylococcus aureus subsp. aureus
strain 1969.N chromosome, complete
genome

8051

8051

8051

8051

8051

8051

8051

8051

8051

8051

8046
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8042

8042

8042

8042

8042

8042

8042
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98%
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98%

98%

98%

98%

98%

98%

98%

98%

98%

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Staphylococcus aureus subsp. aureus
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Staphylococcus aureus subsp. aureus
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Table 7.4: Blast hits of putative ORFs within SSR42.
ORF1:
hypothetical protein (Chryseobacterium sp. OV279)

Sequence IF: WP_072924482.1. Length: 493. Number of Matches: 1

Score Expect Identities Positives
32.9 bits (70) 2.9 10/15 (67%) 10/15 (66%)
ORF 1 1 MY----FKKQYIAIL 11

MY FKKQY!I IL

hypothetical protein 1 MYMKPIFKKQYIVIL 15

ORF 2:
hypothetical protein CBD98_02640 (Flavobacteriaceae bacterium TMED238)

Sequence IF: OUX01526.1. Length: 229. Number of Matches: 1

Score Expect Identities Positives
35 bits (75) 3.6 12/20 (60%) 13/20 (65%)
ORF 2 3 IHFCHQTLKISTIEITSCYK 22

IHFC KIS +ISCYK

hypothetical protein 146 [HFC- - - - KIS- - DIASCYK 159

ORF 4:
hypothetical protein DICPUDRAFT_73920 (Dictyostelium purpureum)

Sequence IF: XP_003282892.1. Length: 453. Number of Matches: 1

Score Expect Identities Positives
33.3 bits (71) 5.9 11/16 (69%) 12/16 (75%)
ORF4 1 LLONIRYKLFKSTTIT 16

LLONI YKL TTT

Hypothetical protein 342 LLQNIKYKLI-PTTVT 356

Gaps

4/15 (26%)

Gaps

6/20 (30%)

Gaps

1/16 (6%)
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ORF 5:
AAA family ATPase (Burkholderia cepacia)

Sequence IF: WP_059232660.1. Length: 542. Number of Matches: 1

Score Expect Identities Positives Gaps
33.3 bits (71) 3.0 9/12 (75%) 10/12 (82%) 0/12 (0%)
ORF 5 1 LFRKHQDKYKHL 12

LFRHQD YK L
AAA family ATPase 141 LFRTHQDRYKQL 152
ORF 6:

conserved hypothetical protein (Leishmania mexicana MHOM/GT/2001/U1103)

Sequence IF: OUX01526.1. Length: 229. Number of Matches: 1

Score Expect Identities Positives Gaps
31.6 bits (67) 9.8 9/10 (90%) 9/10 (90%) 0/10 (0%)
ORF 6 4 CIRQRNSPSR 13

Cl QRNSPSR 13

Hypothetical protein 61 CISQRNSPSR 70

ORF 7:
structural maintenance of chromosomes protein 2 (Schistosoma haematobium)

Sequence IF: XP_012795727.1. Length: 1204. Number of Matches: 1

Score Expect Identities Positives Gaps

35 bits (75) 0.74 11/14 (79%) 12/14 (85%) 1/14 (7%)
ORF 7 1 MKQQE-TAGINELT 13

Structural maintenance of MKQ E-TA | ELT 13

chromosomes protein 2 434 MKQKELTAHIDELT 447
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ORF 8:
DUF4038 domain-containing protein (Lachnoclostridium sp. AN169)

Sequence IF: WP_087160745.1. Length: 521. Number of Matches: 1

Score Expect Identities Positives

33.3 bits (71) 2.5 9/11 (82%) 10/11 (90%)

ORF 8 1 MRKCMAQLDLP 11
MRKCMAQLDLP

DUF4038 465 MRKCMAHLDLP 475

ORF 9:

putative uncharacterized protein (Bacteroides uniformis CAG:3)

Sequence IF: CDE00215.1. Length: 356. Number of Matches: 1

Score Expect Identities Positives
34.1 bits (73) 4.0 10/13 (77%) 11/13 (84%)
ORF 9 7 FTIKIILKQRRIN 19

F 1K ILKQRRI
hypothetical protein 120 FQIKTILKQRRID 132
ORF 10:

glutaminyl-peptide cyclotransferase, putative (Plamodium sp. gorilla clade G3)

Sequence IF: SOV83336.1. Length: 383. Number of Matches: 1

Score Expect Identities Positives
33.7 bits (72) 8.7 11/16 (69%) 11/16 (68%)
ORF 10 9 IKRCDNYKQ----LET 20

| RCDNYKQ ~ LET

glutamyl-peptide cyclotransferase 310 IERCDNYKQIKNKLET 325

Gaps

0/11 (0%)

Gaps

0/13 (0%)

Gaps

4/16 (25%)
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ORF 11:
hypothetical protein (Psychroserpens damuponensis)

Sequence IF: WP_040281346.1. Length: 177. Number of Matches: 1

Score Expect Identities Positives
38.8 bits (84) 0.24 13/21 (62%) 15/21 (71%)
ORF 11 2 TIYELIMLLAKSSIINFHTQF 22

TIYELI LL  SSI TF

hypothetical protein 9 TIYELIKLLSQSSIADYNTIF 29

ORF 12:
Pentatricopeptide repeat-containing protein (Apostasia shenzhenica)

Sequence IF: PKA59515.1. Length: 513. Number of Matches: 1

Score Expect Identities Positives
32.5 bits (69) 40 10/11 (91%) 10/11 (90%)
ORF 12 3 IY-ELIMLLAK 12

pentatricopeptide repeat IY ELIMLLAK

containing protein 406 IYKELIMLLAK 416

Gaps

0/21 (0%)

Gaps

1/11 (9%)

Table 7.5: Differential regulated genes during stationary growth phase in S. aureus ASSR42.

gene log;Fold change? Adjusted
p-value
gapA 1.99 2.9*101
RSAU_000572 1.98 7.9*%10%
RSAU_000124 1.94 0.0001
RSAU_002433 1.94 6.8*%10%
RSAU_001358 1.91 0.002
RSAU_000255 1.88 5.8*107
capH1 1.87 0.002
RSAU000487 1.86 1.8*108
RSAU_000250 1.80 6.0*1010
fadB 1.79 4.5%109
RSAU_002017 1.70 0.002
mnhG1 1.68 8.6*10~°
RSAU_000799 1.66 6.2*101°
RSAU_002368 1.58 0.0003
essB 1.55 0.001
frp 1.51 2.6 *10°

263



APPENDIX

RSAU_000122 1.50 0.002
RSAU_000226 1.50 0.0003
essA 1.48 0.007
gpxA 1.46 6.3 *¥10°
sarX 1.42 4.7 *10°
RSAU_002293 1.41 0.0095
RSAU_000254 1.41 0.0002
sdrE 1.38 3.4 *107
RSAU_000375 1.37 0.003
nixA 1.37 6.3 *10°
efb 1.36 0.0002
crtN 1.35 0.009
RSAU_000350 1.35 1.7 *10°
RSAU_002463 1.34 0.049
RSAU_002429 1.33 0.02
RSAU_000745 1.33 1.47 *10°
yab) 1.32 0.0002
aldAl 1.31 1.2*¥10°
RSAU_002363 1.31 0.0001
IdhD 1.30 0.013
spoVG 1.29 9.7 *10°
RSAU_000325 1.29 7.1 *10°
RSAU_000548 1.28 8.8 *108
RSAU_002176 1.27 0.001
cysm 1.27 3.6 ¥10°
RSAU_001644 1.25 4.2 *10°
RSAU_000798 1.25 1.6%1012
RSAU_002164 1.24 0.01
esaA 1.21 0.0001
RSAU_000376 1.21 0.0005
RSAU_000393 1.21 1.7 *10°°
mnF1 1.20 0.0001
RSAU_001553 1.20 0.0001
uhpT 1.19 0.0002
RSAU_000773 1.19 2.4*10°5
RSAU_000351 1.18 6.1*107
RSAU000488 1.18 0.0002
RSAU_002043 1.17 5.5 *108
RSAU_002350 1.17 0.002
fdhD 1.16 2.8 ¥107
RSAU_000154 1.16 0.0007
proP 1.13 0.0002
RSAU_000378 1.12 0.001
yycl 1.12 1.8%10°
RSAU_000778 1.11 0.001
RSAU_001332 1.11 0.0007
RSAU_002323 1.10 1.9*10°
norA 1.10 0.0002
RSAU_000928 1.10 4.2%10°
budB 1.09 5.0%107
RSAU000485 1.083 0.004
asp2 1.07 0.0003
rocA 1.07 0.003
cspB 1.07 0.003
RSAU_002312 1.06 0.003
RSAU_001357 1.05 0.0007
acsA 1.04 0.003
mopB 1.04 1.5 *107
RSAU_002318 1.03 0.0002
RSAU_001485 1.03 1.3 *10°
veg 1.00 0.0007
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sarR -1.02 0.002
RSAU_001845 -1.03 4.0 ¥10°
pyrAA -1.05 0.002
splF -1.13 0.0007
RSAU_002394 -1.14 0.003
cidA -1.14 4.1 *10°
phnE2 -1.14 0.0004
plc -1.15 7.5 ¥10°
ilvA -1.18 9.7 *10°
RSAU_001746 -1.21 0.004
phnE -1.24 7.1 *10°
lukD -1.24 0.002
pyrB -1.25 0.004
isdA -1.27 1.4 *10°®
RSAU_001985 -1.32 0.001
RSAU_000073 -1.36 1.1 *10°
splC -1.38 3.9 *10°
RSAU_002306 -1.50 0.002
sbnC -1.51 3.6 *10°
isdF -1.55 0.0004
RSAU_001935 -1.56 1.0 *10®
splA -1.61 9.5 ¥1010
RSAU_001659 -1.65 0.004
RSAU_001986 -1.73 1.6 *107
mtlf -1.78 6.2 ¥10-18
RSAU_000070 -1.78 3.6 *10°
chs -1.79 4.6 *10°
RSAU_000071 -1.83 0.002
ScpA -1.83 1.1*101
splB -1.87 0.001
isdB -2.34 4.5 *10°
RSAU_002216 -7.73 2.7 ¥1082

1Compared to transcript levels in S. aureus 6850 wild-type bacteria

Table 7.6: Differential regulated genes during exponential growth phase in S. aureus ASSR42

gene log,Fold change? Adjusted
p-value
nirB 2.72 0.03
RSAU_002525 2.67 0.001
IdhD 2.58 1.0*10®
RSAU_000366 2.39 1.3 *101!
hisA 2.39 0.005
RSAU_001467 2.15 0.0004
ureB 1.89 2.1 *10°
RSAU_000185 1.81 0.01
hisF 1.80 0.047
RSAU_001651 1.78 0.006
gntK 1.76 0.006
hisD 1.75 0.03
IrgA 1.74 0.01
capD 1.71 6.8 ¥10°
dhal 1.71 0.01
RSAU_000184 1.67 0.04
asd 1.66 0.03
RSAU_000123 1.60 0.004
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fnbA 1.58 1.5*%107
ureA 1.58 0.0007
opuCA 1.53 0.0003
RSAU_001971 1.52 0.0005
oppB1 1.50 0.03
fnbB 1.49 0.0005
proP 1.47 8.2 ¥10°
RSAU_001652 1.45 0.002
RSAU_002444 1.44 0.03
RSAU_002120 1.40 1.8 *10°
RSAU_002350 1.38 0.006
RSAU_000060 1.38 2.3 *10°
acsA 1.37 0.006
gntP 1.37 0.02
lysC 1.36 0.04
glpF 1.35 0.04
oppAl 1.34 0.04
RSAU_002164 1.34 0.01
RSAU_000161 1.33 0.02
RSAU_000236 1.33 0.04
RSAU_000062 1.33 0.006
RSAU_002400 1.31 0.02
RSAU_002290 1.26 3.1*10°
RSAU_002401 1.23 0.02
RSAU_001466 1.21 0.002
RSAU_000820 1.21 0.04
RSAU_000375 1.19 0.01
glcB 1.19 0.046
RSAU_000254 1.19 0.004
ilvD 1.13 0.02
essC 1.13 0.002
RSAU_001170 1.13 0.03
glpD 1.11 0.01
rocA 1.14 0.045
nixA 1.08 0.0005
RSAU_000351 1.05 0.001
RSAU_000350 1.05 0.02
RSAU_000228 1.05 0.02
RSAU_002312 1.04 0.046
RSAU_000788 1.02 0.048
mopB 1.01 5.7 *10°
RSAU_001970 1.00 0.02
RSAU_001525 -1.00 0.0005
pyrR -1.04 0.01
cysK -1.07 1.3 *107
clpB -1.08 0.03
pmtC -1.13 0.04
czrB -1.16 0.0003
hla -1.18 0.02
RSAU_000977 -1.19 0.04
RSAU_000061 -1.20 0.02
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nuc -1.21 0.02

ftn -1.22 0.007
SscpA -1.27 5.0 *10°
pyrB -1.35 0.04
sarS -1.35 0.04
pyrC -1.41 0.001
chs -1.42 0.03
RSAU_001681 -1.51 0.009
pyrE -1.56 1.5 *108
pyrAA -1.57 0.0005
pyrAB -1.57 1.0 *10°8
pyrP -1.62 0.03
pyrF -1.79 1.6 *10
psmA3 -1.82 0.0005
psmA1l -1.90 0.04
psmA2 -2.05 0.001
sarR -2.24 3.8 ¥10°
RSAU_000768 -2.40 9.7 *10°
psmA4 -2.56 3.5 *1010
RSAU_002216 -4.13 1.3 ¥1033

1Compared to transcript levels in S. aureus 6850 wild-type bacteria

Table 7.7: Differential regulated genes during stationary growth phase in S. aureus ASSR42-rsp.

gene log;Fold change? adjusted
p-value
RSAU_000377 3.05 8.3 *10¢
fadE 2.95 4.4 *1010
RSAU_000180 2.83 1.5 *10°
RSAU_000762 2.47 3.1 *10°
fadD 2.39 1.8 *10°
RSAU_000249 2.36 3.4 *10°
RSAU_001358 2.15 0.0002
clfA 2.14 8.7 ¥*1014
gapA 2.12 5.5 *¥10°13
RSAU_002017 1.97 0.0001
fadB 1.94 8.0 *10-11
RSAU000487 1.93 2.0 *10°
RSAU_000608 1.89 2.1*1013
RSAU_000549 1.88 0.007
capH1 1.87 9.0 *107
sdrE 1.87 0.001
RSAU_000517 1.85 2.9 *1013
efb 1.83 7.4 *10°
RSAU_000760 1.82 0.007
RSAU_000572 1.80 4.3 *10°5
RSAU000485 1.80 4.4 *10°
RSAU000488 1.76 1.9 *10
RSAU_000376 1.69 3.7 *10°
essB 1.66 0.0003
RSAU_000226 1.65 1.9 *10°
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RSAU_001040 1.63 1.0 *106
RSAU_000255 1.61 2.6 *10°
RSAU_000228 1.57 2.1 *10°
RSAU_000124 1.50 0.005
RSAU_001553 1.48 7.6 ¥*10°
accB2 1.48 0.008
RSAU_000250 1.48 6.1 *107
RSAU_000236 1.47 0.03
RSAU_000799 1.43 7.2 ¥1014
RSAU_002043 1.43 6.0*107
asp2 141 4.2 ¥10°
aspl 1.41 0.01
RSAU_002463 1.39 0.03
RSAU_002322 1.39 0.047
RSAU_002044 1.39 0.005
RSAU_000362 1.37 0.002
esaA 1.35 7.3 *10°
RSAU_000378 1.28 0.002
budB 1.27 4.2 *107
RSAU_000798 1.27 7.2 ¥1011
sasF 1.27 4.2 *10°
RSAU_000548 1.26 4.3 *107
essA 1.24 0.03
gpxA 1.22 0.0002
RSAU_002433 1.22 0.01
RSAU_001357 1.22 0.001
asp3 1.21 0.04
capCl 1.21 0.002
fadA 1.20 2.9 *10°
RSAU_002168 1.20 0.01
RSAU_000254 1.20 0.002
mopB 1.19 1.7 *107
RSAU_001041 1.18 0.001
accC2 1.18 0.003
RSAU_000351 1.18 2.9 *10°
fnbA 1.17 0.0003
fnbB 1.14 0.01
gevT 1.13 0.0005
veg 1.13 0.003
recQl 1.13 1.3 *10°%
rocD2 1.13 0.01
sucC 1.12 0.02
fdhD 1.11 3.4 *10°%
pckA 111 0.005
RSAU_001467 111 0.03
RSAU_000142 1.10 0.04
RSAU_000154 1.10 0.01

fro 1.10 3.7 *10°
cysM 1.09 0.0005
RSAU_001471 1.09 0.04
aldA1 1.09 0.0004
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RSAU_000350 1.08 0.0009
essC 1.07 0.002
ebpS 1.06 0.003
RSAU_001245 1.05 0.004
ftsy 1.04 0.002
RSAU_000668 1.04 0.0008
RSAU_002323 1.04 0.0009
RSAU_001118 1.03 0.03
RSAU_001485 1.03 0.0003
RSAU_002176 1.03 0.01
cspB 1.03 0.04
ffh 1.01 2.4 *10°%
odhA 1.01 0.02
citC 1.00 0.0004
RSAU_000182 1.00 0.001
femB 0.99 3.7 ¥10°
RSAU_000393 0.99 0.007
odhB 0.96 0.03
RSAU_000669 0.96 0.01
hslU 0.96 0.01
RSAU_001428 0.96 0.006
RSAU_000474 0.95 0.008
RSAU_000475 0.95 0.03
RSAU_001652 0.93 0.04
rocF 0.93 0.02
RSAU_001402 0.93 0.007
RSAU_000283 0.93 0.003
ctsR 0.91 0.0007
sarX 0.91 0.008
capG 0.91 0.047
yycl 0.90 0.008
ureA 0.89 0.01
RSAU_000745 0.89 0.009
mutM 0.89 0.004
asp23 0.88 0.049
RSAU_001028 0.87 0.04
dinB 0.87 3.8 *10°
capF 0.87 0.04
menF 0.86 0.02
yab) 0.84 0.03
RSAU_002145 0.83 0.0001
msrB 0.83 0.004
ureG 0.83 0.0009
RSAU_001027 0.82 0.03
RSAU_002324 0.81 0.02
RSAU_000880 0.81 0.02
spoVG 0.79 0.04
RSAU_002363 0.79 0.04
nixA 0.79 0.02
menH 0.79 0.02
secA2 0.78 0.0008
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RSAU_000325 0.78 0.03
ureF 0.78 0.04
RSAU_000929 0.77 0.03
ureE 0.77 0.049
capD 0.76 0.003
yaaT 0.75 0.005
femA 0.75 0.001
menD 0.72 0.01
yycH 0.72 0.03
RSAU_001247 0.71 0.01
uvrB 0.67 0.01
RSAU_002175 0.67 0.02
RSAU_000748 0.66 0.02
RSAU_001401 0.65 0.0003
RSAU_002206 0.65 0.004
lats 0.64 0.02
RSAU_000284 0.63 0.04
RSAU_001613 0.62 0.01
citB 0.59 0.04
lip 0.59 0.01
RSAU_002279 0.57 0.01
RSAU_001960 0.56 0.01
RSAU_000694 0.55 0.04
vicK 0.54 0.04
rho 0.53 0.003
yycl 0.52 0.009
menE 0.52 0.03
priA 0.51 0.04
RSAU_001058 0.47 0.03
trmU 0.46 0.01
RSAU_001090 0.45 0.03
accCl -0.46 0.0007
atpD -0.49 0.02
nrdR -0.49 0.03
upp -0.50 0.049
accB1 -0.50 0.04
atpC -0.51 0.005
thrs -0.51 0.02
mnhD2 -0.51 0.03
RSAU_000787 -0.53 0.02
prfB -0.55 0.02
rbfA -0.55 0.049
fabZ -0.56 0.02
RSAU_000443 -0.57 0.01
cysK -0.59 0.01
gltA -0.61 0.049
RSAU_000148 -0.61 0.03
gltB -0.61 0.01
atpE -0.62 0.008
ahpC -0.63 0.00
metN -0.63 0.03
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atpl -0.63 0.02
RSAU_000149 -0.65 0.03
RSAU_000847 -0.65 3.8 *10°
RSAU_002212 -0.65 0.049
dnaB -0.67 0.02
RSAU_000129 -0.67 0.02
RSAU_001952 -0.67 0.009
metK -0.68 0.049
mnaA -0.68 0.0004
rplO -0.69 0.03
atpA -0.70 0.003
RSAU_000936 -0.71 0.04
RSAU_001525 -0.71 0.02
agrA -0.72 6.5 *10
secYl -0.72 0.04
thrB -0.72 0.02
RSAU_000297 -0.72 0.049
RSAU_002413 -0.74 0.049
RSAU_000074 -0.75 0.049
RSAU_001163 -0.75 0.04
sasH -0.76 0.0008
atpB -0.76 0.0004
pyrAB -0.77 0.01
RSAU_002129 -0.77 0.02
RSAU_001866 -0.78 0.047
RSAU_000131 -0.79 0.02
rpmD -0.79 0.01
RSAU_000365 -0.81 0.02
pmtD -0.83 0.02
RSAU_002243 -0.83 0.02
pyrF -0.85 0.02
mnhG2 -0.86 0.007
putative ncRNA: 2,533,432-2,533,704 bp  -0.88 0.046
RSAU_002529 -0.88 0.04
RSAU_001840 -0.88 0.0009
RSAU_000326 -0.88 0.04
IytR -0.90 0.001
aur -0.90 0.006
RSAU_001830 -0.90 0.049
RSAU_000078 -0.90 0.03
mnhF2 -0.90 0.003
ahpF -0.92 3.3 *10°
hup -0.92 0.03
RSAU_001512 -0.94 0.006
spxA -0.95 0.002
RSAU_001410 -0.96 1.1 *10°
deoD1 -0.96 0.03
RSAU_001738 -0.97 0.03
RSAU_001740 -0.97 0.02
phnE2 -0.98 0.01
RSAU_000174 -0.99 0.02
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RSAU_000061 -1.01 0.047
RSAU_000299 -1.01 7.4 *10°
sbnC -1.02 0.01
putative ncRNA: 581,468-581,758 bp -1.02 0.008
pyrAA -1.02 0.03
RSAU_000526 -1.04 0.0001
RSAU_002437 -1.05 0.0013
RSAU_001739 -1.05 0.04

sak -1.06 0.002
splC -1.10 0.003
isdA -1.10 0.0005
splF -1.101 0.013
ygeZ -1.11 3.2 *10°
cidA -1.13 0.0001
htsC -1.14 4.2 ¥10°
RSAU_001438 -1.14 7.5 +107
lukD -1.15 0.02
perR -1.16 0.0001
scn -1.17 0.001
RSAU_002306 -1.19 0.046
RSAU_001723 -1.21 0.03
RSAU_000364 -1.30 0.009
RSAU_000070 -1.36 0.008
isdF -1.36 0.01
RSAU_000073 -1.39 8.0 *10°
sarR -1.41 0.0005
RSAU_000071 -1.45 0.01
RSAU_001986 -1.47 0.0003
phnE -1.54 3.1 *10°
splB -1.56 0.006
sprD -1.56 0.03

lukE -1.58 0.002
RSAU_002308 -1.59 0.006
opplD -1.61 0.003
RSAU_002242 -1.62 0.04
mtlF -1.63 2.7 *1013
splA -1.65 9.09*107°
chs -1.67 0.003
RSAU_001746 -1.67 0.001
SscpA -1.69 5.1 *1013
plc -1.81 5.1 *108
isdC -1.94 0.0003
isdB -2.35 3.8 ¥1010
RSAU_001935 -2.41 1.2 *1011
RSAU_002216 -6.42 7.4 *¥10°
RSAU_002217 -6.99 1.8 *10-16

1Compared to transcript levels in S. aureus 6850 wild-type bacteria
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Table 7.8: Differential regulated genes during exponential growth phase in S. aureus ASSR42-rsp.

gene log>Fold change? Adjusted
p-value
nirB 3.70 0.0001
hisB 3.68 0.0002
RSAU_002525 3.58 2.9 *107
nirD 3.51 0.001
hisA 3.49 5.4 ¥107
hisC1 3.39 1.1 *10°%
hisD 3.34 4.1*10%
RSAU_002236 3.23 0.0007
RSAU_001717 3.091 9.6 ¥10-
narH 2.92 0.005
RSAU_001716 2.87 0.0001
argG 2.86 0.0002
narT 2.78 0.008
argH 2.73 0.0002
hisG 2.71 0.0002
RSAU_000185 2.71 1.7*10¢
nar) 2.70 0.007
IdhD 2.66 2.2 ¥10°
narG 2.65 0.006
hisH 2.51 2.8 *10°
asd 2.47 2.8 ¥10°
RSAU_001467 2.46 3.9 *10%
RSAU_000184 2.42 9.1 ¥10°
hisF 2.41 0.0005
RSAU_000366 2.38 9.6 ¥10-12
RSAU_002530 2.30 0.01
RSAU_001651 2.24 2.9 *10°
RSAU_000375 2.20 5.8 *10°
RSAU_000377 2.13 0.0001
RSAU_002239 2.12 0.02
RSAU_000673 2.11 0.0002
malA 2.11 0.004
ureB 2.10 2.7 *107
oppAl 2.10 2.1*10°
RSAU_001652 2.06 1.9 *107
RSAU_000062 2.06 1.9 *107
lukG 2.04 2.4 %108
opuCA 2.04 3.2 *108
RSAU_000788 2.02 3.2 *108
adhA 1.97 0.009
RSAU_000161 1.97 7.0 *10¢
gntK 1.95 0.0003
pfiB 1.93 0.01
IrgA 191 0.0008
RSAU_000762 1.89 0.0007
RSAU_001971 1.87 1.4 *107
IrgB 1.87 0.0001
lysC 1.81 0.003

273



APPENDIX

dhaM 1.81 0.0004
narl 1.81 0.0005
RSAU_002232 1.81 0.0006
RSAU_000820 1.81 4.2 *10°
RSAU_002464 1.81 0.01
RSAU_002427 1.80 0.005
ilvC 1.77 0.04
accC2 1.76 0.0002
RSAU_001659 1.75 0.03
RSAU_002400 1.74 0.0001
lukH 1.72 1.9 *10°
isaB 1.72 0.0001
fnbA 1.71 6.4 *¥10°
RSAU_000060 1.70 8.5 *1010
RSAU_002401 1.70 5.1 *10°
capD 1.69 1.9 *10°
oppCl 1.69 0.003
sdaAB 1.66 0.0008
ureA 1.66 5.1 *10°
oppB1 1.64 0.002
gntP 1.64 0.0004
dhal 1.63 0.003
alr 1.62 0.0003
nrdD 1.62 0.003
RSAU_001581 1.62 3.9 *10¢
RSAU_001470 1.61 0.004
RSAU_000030 1.60 0.001
RSAU_000821 1.60 9.6 *10°>
RSAU_002044 1.60 0.049
hislE 1.60 0.005
RSAU_000254 1.59 3.2 *¥10°
RSAU_002231 1.58 0.0005
capH1 1.57 0.01
IctP 1.57 0.007
purQ 1.57 0.002
fdA 1.56 4.4 *10°
RSAU_002463 1.55 0.003
RSAU_000059 1.55 6.8*%108
opuCB 1.55 0.0005
RSAU_002531 1.54 0.01
dapA 1.54 0.002
RSAU_000143 1.54 0.02
RSAU_001970 1.53 9.0 *10°
RSAU_001466 1.53 3.8 ¥10°
RSAU_001981 1.52 0.0006
nrdG 1.51 0.01
RSAU_000386 1.51 0.01
RSAU_000162 1.50 1.7 *10°
clpL 1.49 0.0007
adhE 1.49 0.002
treC 1.48 0.0008
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rocA 1.47 0.0005
RSAU_000160 1.44 0.006
ndhF 1.43 0.01
RSAU_002310 1.42 0.0002
rpsA 1.42 5.0 *10°
RSAU_000572 1.41 0.0006
RSAU_002164 1.41 0.001
purC 1.41 0.01
capG 1.40 0.005
RSAU_002444 1.40 0.008
RSAU_002323 1.38 1.7 *10
acsA 1.38 0.001
RSAU_001358 1.37 0.02
RSAU_002229 1.34 0.001
RSAU_000031 1.33 0.04
glpD 1.33 0.0002
RSAU_000123 1.32 0.006
RSAU_000683 1.32 0.003
fnbB 1.32 0.0007
RSAU_000551 1.31 0.002
purkK 1.31 0.0001
RSAU_000760 1.30 0.01
RSAU_000132 1.30 0.01
RSAU_001207 1.30 5.1 *10°
RSAU_000771 1.30 0.005
RSAU_001978 1.30 0.004
glcB 1.29 0.005
RSAU_000317 1.29 0.004
essB 1.28 0.004
RSAU_000745 1.28 1.5 *10°
hchA 1.27 8.2*10%
RSAU_000727 1.27 0.04
RSAU_000395 1.27 0.03
oppFl 1.26 0.001
RSAU_002120 1.26 3.1*10°
RSAU_001577 1.26 0.002
RSAU_002350 1.25 0.004
RSAU_000251 1.25 0.03
RSAU_000236 1.23 0.02
RSAU_000789 1.23 0.0007
RSAU_000226 1.22 5.1 *10°%
RSAU_000376 1.22 0.00203
efb 1.22 0.0008
RSAU_002223 1.22 0.004
arcD 1.22 0.0009
RSAU_000255 1.21 0.0003
RSAU_000351 1.21 2.2 *10°
RSAU_001567 1.20 0.04
RSAU_001471 1.18 0.047
RSAU_002482 1.18 0.02
RSAU_002526 1.17 0.004
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RSAU_000315 1.17 0.01
dapB 1.17 0.0002
opuCC 1.16 2.0*10°%
RSAU_002404 1.16 0.005
ilvD 1.16 0.004
RSAU_000159 1.14 0.004
RSAU_000502 1.14 0.002
scdA 1.14 0.01
hisC2 1.13 7.8 ¥10°
RSAU_000330 1.11 0.02
essC 1.11 0.0005
RSAU_000260 1.07 0.002
dhakK 1.07 0.01
RSAU_002309 1.07 0.006
ilvA 1.07 0.02
RSAU_001960 1.06 1.4 *108
RSAU_002312 1.06 0.001
crtM 1.06 0.02
dhoM 1.05 0.03
pynP 1.02 0.005
dapD 1.02 0.005
pckA 1.02 0.007
RSAU_000965 1.02 0.02
esaA 1.01 0.0003
RSAU_002374 1.01 0.02
RSAU_002500 -1.00 0.047
RSAU_001476 -1.00 0.02
RSAU_001513 -1.00 0.009
ssaA2 -1.00 0.001
rpsK -1.01 0.01
RSAU_000205 -1.01 0.01
aur -1.02 0.01
ditD -1.02 0.007
RSAU_002089 -1.02 0.005
secY1l -1.04 0.0004
RSAU_000716 -1.04 0.003
ssaA4 -1.04 0.005
fur -1.04 5.4 *10¢
ripF -1.0 0.006
hemN -1.04 0.005
menA -1.0 0.002
coaW -1.05 9.9 *10°>
rpsB -1.05 0.001
RSAU_001316 -1.05 1.7 *10%
RSAU_000879 -1.05 0.005
ulaA -1.05 0.0002
potA -1.05 0.03
RSAU_001222 -1.06 0.03
infB -1.06 0.0006
rplQ -1.06 0.0005
rpsH -1.06 0.004
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guaA -1.06 0.0003
isaA -1.06 2.9 *10°
rpIN -1.06 0.007
hla -1.06 0.01
RSAU_002187 -1.06 0.02
RSAU_000714 -1.06 0.0004
rpsN2 -1.07 0.006
RSAU_001190 -1.07 1.5 *10
RSAU_001681 -1.07 0.03
kdpC -1.08 1.8 *10°
typA -1.08 0.0006
rimP -1.10 0.0006
RSAU_001315 -1.10 0.0004
RSAU_002212 -1.11 8.3 ¥10°
RSAU_002534 -1.11 0.001
RSAU_001181 -1.11 7.4 ¥10°
gcp -1.12 7.1 *¥10°%
RSAU_001425 -1.13 0.001
rplE -1.13 0.004
pyrR -1.13 0.001
RSAU_002194 -1.14 0.02
RSAU_002186 -1.14 0.004
RSAU_001920 -1.15 2.0 *10°
trmFo -1.15 0.0009
accA -1.16 7.3 *10°
rpsQ -1.16 0.008
RSAU_001525 -1.16 6.3 *10¢
queE -1.17 0.0005
rpoC -1.17 0.001
rplX -1.18 0.002
cdh -1.18 0.0003
cspB -1.18 0.006
RSAU_000007 -1.18 2.8 *¥10°
rnhB -1.19 0.04
scpA -1.20 2.9 *10°
clpB -1.21 0.002
RSAU_002142 -1.22 0.0004
RSAU_000545 -1.22 0.0002
pyrG -1.23 2.7 *10°
RSAU_001737 -1.24 0.002
opuD -1.24 1.7 *10°8
potC -1.24 0.02
RSAU_000906 -1.24 0.0005
rpoB -1.25 0.0002
RSAU_000294 -1.25 0.02
rpmC -1.26 0.006
RSAU_002328 -1.26 0.001
alsT -1.26341769 6.2 *10°
RSAU_001133 -1.27 6.8 *108
fadE -1.27 0.03
RSAU_001616 -1.28 6.3 *10°
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RSAU_000407 -1.28 0.001
glts -1.28 0.0002
RSAU_001507 -1.28 6.7 *¥10°
RSAU_001039 -1.29 0.0004
sirB -1.29 0.0003
sirA -1.29 0.006
RSAU_001740 -1.30 3.4 *¥10°
psmA4 -1.30 0.0004
RSAU_002220 -1.31 0.0009
RSAU_000655 -1.32 0.0007
rpmA -1.33 2.0 *10°
pyrB -1.33 0.01
arsR -1.34 0.002
RSAU_000465 -1.35 0.005
RSAU_001353 -1.36 0.0004
rpmF -1.36 1.9 *10°
rpmG2 -1.36 7.5 *10°
RSAU_001731 -1.36 0.0004
rpiB -1.37 8.1 *10°
RSAU_000630 -1.38 7.5 *10°
rplP -1.39 0.001
RSAU_002308 -1.41 0.0005
potD -1.41 0.003
rpml -1.42 9.9 ¥10°
RSAU_000391 -1.42 0.0009
RSAU_002370 -1.42 0.0001
RSAU_001688 -1.43 0.007
RSAU_001847 -1.43 0.0008
RSAU_000993 -1.43 0.0005
RSAU_000791 -1.45 0.0003
RSAU_001746 -1.46 0.002
chs -1.46 0.005
RSAU_001679 -1.46 0.03

ssb -1.47 2.4%106
rplV -1.48 0.0005
RSAU_002292 -1.48 4.3 *10°
rpsC -1.48 0.0004
RSAU_002100 -1.48 0.0002
RSAU_001726 -1.50 0.0004
RSAU_002361 -1.51 0.0001
RSAU_001738 -1.51 2.6 *107
rpsT -1.51 9.8 *10°
rpiM -1.51 4.0 *107
pyrE -1.52 2.4 %108
RSAU_000766 -1.52 0.001
RSAU_001732 -1.52 8.7 *10°
RSAU_002003 -1.52 1.5 *10°
RSAU_001684 -1.53 0.0002
rplK -1.53 3.9 *10°
rpsR -1.54 6.0 *108
czrB -1.54 8.2316E-08
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rpsF -1.54 5.8 ¥10°
braB -1.56 7.1*10°%
rpsl -1.56 1.3 *10%
RSAU_001729 -1.56 1.4 *10®
RSAU_001680 -1.56 0.04
rsmG -1.56 0.001
RSAU_001734 -1.57 3.5 *10°%
RSAU_001727 -1.57 3.2 ¥10°%
RSAU_001721 -1.58 0.001
sprD -1.59 0.0002
rpL -1.59 2.8 *10°
RSAU_001225 -1.60 2.2 *10°%
RSAU_000326 -1.60 7.1 *10°
rplA -1.61 1.2 *10°®
rpmE -1.61 2.7 *10°
bioW -1.62 0.01
rpsS -1.63 0.0003
RSAU_000459 -1.63 0.0007
RSAU_001728 -1.64 2.8 ¥10°
RSAU_000354 -1.65 8.1 *10°
RSAU_001741 -1.65 5.4 *107
rplW -1.66 0.0001
RSAU_000458 -1.67 0.04
RSAU_001011 -1.67 7.0 *10°
infC -1.67 0.0005
RSAU_001310 -1.67 0.0006
splA -1.68 0.02
rplY -1.69 3.4 ¥106
RSAU_000846 -1.70 9.2 ¥10°
RSAU_001739 -1.70 4.3 *10°
pyrC -1.70 6.3 ¥106
rimM -1.71 0.007
rpIlD -1.72 0.0002
rsaF -1.72 0.0008
RSAU_002371 -1.73 6.3 *10°
fer -1.74 1.6 *10°
RSAU_000464 -1.74 0.0004
RSAU_000064 -1.74 5.1 *10°
RSAU_000220 -1.75 2.9 *107
rplS -1.76 1.2 ¥10°
rplT -1.77 1.3 *10°®
RSAU_000983 -1.77 0.001
RSAU_001706 -1.77 2.4 *¥107
RSAU_001687 -1.77 2.0*10°%
RSAU_000921 -1.78 0.0008
rpmG3 -1.78 1.5 *10°
trmD -1.78 0.0003
RSAU_001683 -1.80 0.008
RSAU_001733 -1.80 4.4 *10°
rpl) -1.80 1.5 *10°
pyrAA -1.81 6.7 *10°
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potB -1.82 0.007
RSAU_000463 -1.85 0.0004
pyrAB -1.86 4.3 ¥1012
RSAU_000461 -1.86 2.8*10°
rpsO -1.88 1.9 *107
RSAU_001686 -1.89 2.0 *10°
rplC -1.90 0.0003
RSAU_001685 -1.90 4.0 *10°
RSAU_000768 -1.90 0.0006
isdB -1.91 2.0 *10°%
RSAU_001730 -1.91 2.4 *108
RSAU_001689 -1.92 0.001
RSAU_001200 -1.92 0.04
RSAU_000926 -1.92 0.0005
sarR -1.93 2.3 *107
RSAU_001720 -1.93 2.0*10¢
RSAU_001682 -1.94 0.01
rpmH -1.96 4.3 *108
rpsP -1.96 1.8 ¥10°
RSAU_000616 -1.98 0.02
rps) -2.01 2.0*10°
RSAU_001896 -2.01 4.6 *10°
RSAU_000061 -2.03 6.8 *107
pyrF -2.03 2.4 *108
rpsD -2.08 4.1*108
RSAU_001053 -2.10 1.6 *10°
RSAU_001722 -2.11 4.4 %108
RSAU_000460 -2.18 5.4 *107
RSAU_001725 -2.21 7.3 *10°
RSAU_000462 -2.22 6.8 ¥107
RSAU_002002 -2.24 3.7 *107
RSAU_001719 -2.30 1.3 *108
ssaA3 -2.32 1.2 ¥10°
RSAU_002001 -2.32 1.0*10°
RSAU_001723 -2.43 3.7 *10°
RSAU_000164 -2.46 2.9 *10°
RSAU_001724 -2.50 2.9 *107
RSAU_001900 -2.67 1.7*%10°
RSAU_001901 -2.87 1.1 *10°®
RSAU_002216 -4.03 8.9%1032
RSAU_002217 -6.08 2.5 *¥1012

1Compared to transcript levels in S. aureus 6850 wild-type bacteria
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Table 7.9: Effects of Rsp on transcription of genes. Up-regulated genes in S. aureus 6850 double
knockout mutant ASSR42-rsp compared to ASSR42 mutant.

gene log,Fold change? Adjusted p-value product

exponential
growth phase

psmA1 1.87 1.6*103 phenol-soluble modulin alpha 1
RSAU_000315 1.65 2.7*10° staphylococcal enterotoxin putative
hisD 1.59 1.4*10°3 histidinol dehydrogenase HisD
RSAU_000317 1.43 1.4*10* putative lipoprotein putative
RSAU_002223 1.33 1.9*10* hypothetical protein
RSAU_000030 1.32 1.3*103 hypothetical protein

isaB 1.29 5.4%¥10*4 immunodominant antigen B IsaB
RSAU_000782 1.31 5.9%¥10* arsenate reductase putative
psmA4 1.26 6.9%10* phenol-soluble modulin alpha 4
lukG 1.21 9.9*10° F subunit LUKF-G putative

rsaF -1.56 3.8*10* non-coding RNA

stationary

growth phase

1Compared to transcript levels in S. aureus 6850 ASSR42

Table 7.10: Effects of Rsp on transcription of genes. Down-regulated genes in S. aureus 6850
double knockout mutant ASSR42-rsp compared to ASSR42 mutant.

gene log,Fold change? Adjusted p-value product

exponential
growth phase

RSAU_001730 -1.57 1.3*104 tRNA-Ser

RSAU_001729 -1.59 1.9*10° tRNA-Met

RSAU_001687 -1.59 2.7*%104 tRNA-Phe

RSAU_000460 -1.65 1.5*%10° tRNA-Lys

RSAU_001724 -1.65 1.0*10* tRNA-Trp

RSAU_001686 -1.68 1.7*10°3 tRNA-His

RSAU_001685 -1.69 4.5%10* tRNA-Gly

RSAU_001722 -1.7 1.7*104 tRNA-GIn

RSAU_001728 -1.7 1.7*104 tRNA-Asp

RSAU_001689 -1.78 3.4*%104 tRNA-Trp

RSAU_001723 -1.8 1.7*10* tRNA-His

RSAU_000125 -1.83 1.1*10°3 putative nitrate/nitrite system ATP-
binding ABC transporter

RSAU_001901 -2.47 3.4*%104 tRNA-Leu

rsp -6.4 1.2*1013 Repressor of surface proteins

stationary

growth phase

down-

regulated

genes

rsp -7.53 2.1*¥*1022 Repressor of surface proteins

1Compared to transcript levels in S. aureus 6850 ASSR42
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Table 7.11: Proteins with significantly differential abundances in S. aureus 6850 ASSR42 in
exponential and stationary growth phase respectively.

gene fold adjusted fraction product
change! p-value
(ASSR42/
WT)
exponential growth extracellular
phase
RSAU_000228 7.6 2.6*10°% extracellular WxG Protein EsxA (Typ VII secretion
system)
RSAU_002260 4.3 0.022 extracellular gamma-hemolysin component B precursor,
HigB
RSAU_001040 2.5 0.0003 extracellular Efb, extracellular fibrinogen binding
protein
RSAU_001833 2.5 0.005 extracellular map-like protein
RSAU_000940 2.2 4.4*%10% extracellular Atl, Autolysin
RSAU_002132 2.1 2.0*10® extracellular Secretory antigen SSaA3
RSAU_002257 1.8 0.003 extracellular immunoglobulin G-binding protein SBI
RSAU_000500 0.7 0.005 extracellular translation elongator factor TU
RSAU_000754 0.6 0.002 extracellular enolase
RSAU_000452 0.4 2.0*10° extracellular cysteine synthase A
RSAU_001445 0.4 0.0009 extracellular chaperone protein DnaK
RSAU_001860 0.4 0.02 extracellular 60 kDa chaperonin GroEL
exponential growth cytosolic
phase
RSAU_001184 2.1 0.001 cytosolic aerobic glycerol3P dehydrogenase
RSAU_001127 1.5 0.008 cytosolic succinyl coA synthetase
RSAU_001938 0.7 0.02 cytosolic UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 1
RSAU_001113 0.6 0.011 cytosolic 3 oxoacyl-reductase
RSAU_001576 0.6 0.011 cytosolic 30 S ribosolmal protein S4
RSAU_002074 0.6 0.03 cytosolic 50 S ribosolmal protein L5
RSAU_000449 0.4 0.0002 cytosolic hypoxanthine phosphoribosysl-transferase
stationary growth extracellular
phase
RSAU_002514 7.05 0.001 extracellular lipase precursor
RSAU_002340 7.0 0.0001 extracellular Fibronectin-binding protein B
RSAU_000517 5.0 0.02 extracellular Serine aspartate repeat containing protein
E (sdrE)
RSAU_002259 3.6 0.011 extracellular gamma hemolysin higC
RSAU_000752 2.7 0.011 extracellular thiosephosphate isomerase
RSAU_000488 2.5 0.03 extracellular transcriptional antiterminator NusG
RSAU_002252 2.3 0.0002 extracellular amino acid ABC transporter binding protein
RSAU_001184 2.1 6.6*10> extracellular aerobic glycerol3P dehydrogenase
RSAU_001127 1.5 0.0006 extracellular succinyl coA synthetase
RSAU_000981 0.82 0.020 extracellular pyruvat dehydrogenase pdhD
RSAU_001637 0.75 0.004 extracellular transaldolase
RSAU_001938 0.7 0.02 extracellular UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 1
RSAU_001700 0.64 0.02 extracellular peptidyl-prolyl isomerase
RSAU_001113 0.6 0.0002 extracellular 3 oxoacyl-reductase
RSAU_001576 0.6 0.01 extracellular 30 S ribosolmal protein S4
RSAU_002074 0.6 0.01 extracellular 50 S ribosolmal protein L5
RSAU_000324 0.6 0.004 extracellular alkyl hydroperoxid reductase ahpC
RSAU_000976 0.6 0.0001 extracellular peptid deformylase
RSAU_001780 0.6 0.007 extracellular ferritin
RSAU_000449 0.4 0.006 extracellular hypoxanthine phosphoribosysmtransferase
stationary growth cytosolic
phase
RSAU_001553 3.6 0.007 cytosolic methylcitrat synthase
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RSAU_1083 3.2 8.6%10° cytosolic aspartat carbamoyltransferase (pyrB)

RSUA_000229 2.56 0.0003 cytosolic EsaA

RSAU_000500 2.31 0.02 cytosolic translation elongation factor tu

RSAU_000727 2.3 0.001 cytosolic ribosome associated inhibitor

RSAU_00974 2.1 0.049 cytosolic Ribonuclease J1

RSAU_001488 2.1 0.0005 cytosolic putative transcriptional regulator

RSAU_000707 2.08 0.0004 cytosolic ribonucleotid diphosphat reductase (nrdF)

RSAU_001879 2 0.003 cytosolic redox sensing transcriptional repressor

RSAU_000433 1.95 0.04 cytosolic pur operon repressorr PurR

RSAU_001140 1.9 0.013 cytosolic uridylate kinase (pyrH)

RSAU_001255 1.9 0.019 cytosolic Aminoacyltransferase FemA

RSAU_000332 1.84 0.02 cytosolic Xanthine phophoribosyl transferase

RSAU_000476 1.8 0.006 cytosolic clp proteasse ClpC

RSAU_001827 1.8 0.005 cytosolic aldehyde dehydrogenase

RSAU_000573 1.76 0.033 cytosolic staphylococcal accessory regulator A

RSAU_000765 1.7 0.001 cytosolic clumping factor A

RSAU_002087 1.7 0.01 cytosolic 30 S ribosolmal protein S10

RSAU_001975 1.6 0.04 cytosolic deoxyribose phosphat aldolase

RSAU_001386 1.52 0.03 cytosolic DNA repair protein RecN

RSAU_002252 14 0.0001 cytosolic Amino acid ABD transporter binding
protein

RSAU_001568 14 0.006 cytosolic acetate kinase

RSAU_001960 1.3 0.01 cytosolic aldehyd dehydrogenase

RSAU_000728 1.2 0.02 cytosolic preprotein translocase SecA subunit
(secAl)

RSAU_000980 0.9 0.01 cytosolic pyruvat dehydrogenase complex (phdC)

RSAU_001806 0.8 0.0008 cytosolic dipeptidase PepV

RSAU_000999 0.7 0.0002 cytosolic pyruvat carboxylase

RSAU_001396 0.7 0.04 cytosolic Xaa-Pro aminopeptidase

RSAU_001523 0.7 0.001 cytosolic valyl-tRNA synthase

RSAU_001780 0.7 0.04 cytosolic ferritin

RSAU_001860 0.7 0.0006 cytosolic 60 kDa chaperonin GroEL

RSAU_000524 0.69 0.004 cytosolic hexulose-6-P-synthase

RSAU_000564 0.64 0.01 cytosolic arginyl-tRNA synthetase

RSAU_001963 0.6 0.004 cytosolic fructose bisphosphate aldolase

RSAU_002240 0.6 0.014 cytosolic 3-methyl-2-oxobutanoate
hydroxymethyltransferase PanB

RSAU_002443 0.6 0.011 cytosolic L-lactate dehydrogenase Ldh2

RSAU_002448 0.6 0.04 cytosolic malate quinone oxidoreductase 2

RSAU_000470 0.54 0.04 cytosolic pyridoxal biosynthesis lyase (pdxs)

RSAU_000324 0.53 0.02 cytosolic alkyl hydroperoxid reductase subunit C
(ahpC)

RSAU_000335 0.5 0.001 cytosolic bifunctional GMP transferase synthase
/glythamine amidotransferase (guaA)

RSAU_001233 0.5 0.04 cytosolic 4-hydroxybenzol CoA thioesterase

RSAU_001874 0.5 0.009 cytosolic Sucrose-6-P-hydrolase

RSAU_001951 0.5 0.03 cytosolic serine hydroxymethyltransferase putative

RSAU_000847 0.46 0.03 cytosolic coenzyme A disulfide reductase

RSAU_000323 0.45 0.009 cytosolic alkyl hydroperoxid reductase subunit F
(ahpF)

RSAU_001094 0.4 0.049 cytosolic primosomal assembly protein PriA

RSAU_002532 0.4 0.003 cytosolic Ycel domain protein

RSAU_001372 0.37 0.02 cytosolic glucose-6-P-1-dehydrogenase (zwf)

l1Compared to protein levels in S. aureus 6850 wild-type bacteria (ASSR42/WT)
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Table 7.12: Proteins with significantly differential abundances in S. aureus 6850 ASSR42-rsp in
exponential and stationary growth phase respectively.

gene fold adjusted fraction product
change! p-value
(ASSR42-
rsp/WT)
exponential growth extracellular
phase
RSAU_002260 5.68 0.001 extracellular
gamma-hemolysin component B precursor
RSAU_000228 5.01 0.0004 extracellular putative WxG domain protein EsxA
RSAU_001838 3.83 0.001 extracellular map-like protein
RSAU_000570 3.39 0.0004 extracellular hypothetical protein
RSAU_000517 3.08 0.03 extracellular Serine-aspartate repeat-containing protein
E
RSAU_001040 2.84 5.4*10° extracellular extracellular fibrinogen/complement-
binding protein
RSAU_001833 2.48 0.001 extracellular superoxide dismutase (SodA2)
RSAU_000940 2.39 7.4%¥107 extracellular autolysin Atl
RSAU_002487 1.94 0.03 extracellular N-acetylmuramoyl-L-alanine amidase
RSAU_002473 1.9 0.03 extracellular clumping factor B (CIfB)
RSAU_002132 1.71 0.0002 extracellular secretory antigen precursor SsaA
RSAU_002257 1.71 0.002 extracellular immunoglobulin G-binding protein SBI
RSAU_000398 1.70 0.0007 extracellular hypothetical protein
RSAU_000750 1.56 0.01 glyceraldehyde 3-phosphate
extracellular dehydrogenase 1
RSAU_000500 1.27 0.03 extracellular translation elongation factor Tu
RSAU_001860 0.53 0.02 extracellular 60 kDa chaperonin GroEL
RSAU_001418 0.39 0.03 extracellular Extracellular fibrinogen /complement
binding protein
exponential growth cytosolic
phase
RSAU_002365 3.35 0.007 cytosolic D-lactate dehydrogenase
RSAU_001318 2.52 0.02 cytosolic Cell cycle protein GpsB
RSAU_000503 2.22 0.04 cytosolic chaperone protein HchA
RSAU_001380 1.91 0.003 cytosolic disulfide isomerase putative
RSAU_001213 19 0.0009 hydrolase haloacid dehalogenase-like
cytosolic family
RSAU_002447 1.83 0.045 cytosolic fructose-bisphosphate aldolase class 1
RSAU_001942 1.8 0.04 cytosolic FOF1-ATP synthase subunit gamma
RSAU_001775 1.79 0.02 cytosolic methionine aminopeptidase 1
RSAU_001963 1.79 0.002 cytosolic fructose-bisphosphate aldolase
RSAU_001966 1.74 0.01 cytosolic DNA-directed RNA polymerase delta
subunit
RSAU_001704 1.73 0.03 cytosolic hypothetical protein with DUF964
RSAU_001607 1.72 0.04 cytosolic D-alanine aminotransferase putative
RSAU_001488 1.7 0.02 cytosolic transcriptional regulator putative
RSAU_001537 1.65 0.0005 cytosolic 50S ribosomal protein L20
RSAU_001112 1.6 0.02 cytosolic malonyl CoA-acyl carrier protein
transacylase
RSAU_001975 1.55 0.04 cytosolic deoxyribose-phosphate aldolase
RSAU_001127 1.4 0.049 cytosolic succinyl-CoA synthetase beta subunit
RSAU_001184 1.23 0.0006 cytosolic aerobic glycerol-3-phosphate
dehydrogenase GlpD
RSAU_001938 0.69 0.02 cytosolic UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 1
RSAU_002069 0.68 0.02 cytosolic ribosomal protein S5
RSAU_000449 0.65 0.04 cytosolic hypoxanthine phosphoribosyltransferase
RSAU_001345 0.62 0.04 cytosolic GTP-binding protein EngA
RSAU_001965 0.54 0.005 cytosolic CTP synthase
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RSAU_000494 0.48 0.02 cytosolic DNA-dependent RNA polymerase beta
subunit

RSAU_002087 0.48 0.0002 cytosolic 30S ribosomal protein S10

RSAU_000495 0.44 0.001 cytosolic DNA directed RNA polymerase beta-prime
chain putative

RSAU_001172 0.28 0.03 cytosolic 2-oxoacid:acceptor oxidoreductase alpha
subunit putative

stationary growth extracellular

phase

RSAU_002340 6.88 0.0001 extracellular Fibronectin-binding protein B

RSAU_000517 6.15 6.1*¥10° Serine-aspartate repeat-containing protein

extracellular E
RSAU_002259 3.59 0.004
extracellular gamma-hemolysin component C precursor

RSAU_000587 3.24 0.02 extracellular Mn2 ABC transporter substrate-binding
lipoprotein putative

RSAU_002514 2.78 0.006 extracellular Lipase precursor

RSAU_002081 2.75 0.048 extracellular 50S ribosomal protein L22

RSAU_000494 2.7 0.003 extracellular DNA-dependent RNA polymeras beta
subunit

RSAU_000750 2.66 0.002 extracellular glyceraldehyde 3-phosphate
dehydrogenase 1

RSAU_001372 2.48 0.005 extracellular glucose-6-phosphate 1-dehydrogenase

RSAU000488 2.48 0.007 extracellular Serine-aspartate repeat-containing protein
D truncated

RSAU_002252 2.25 0.02 extracellular amino acid ABC transporter amino acid-
binding protein putative

RSAU_0000093 2.1 0.02 extracellular Phosphopentomutase putative

RSAU_000495 2.05 0.02 extracellular DNA directed RNA polymerase beta-prime
chain putative

RSAU_000754 1.85 0.048 extracellular enolase

RSAU_000009 1.78 0.001 extracellular seryl-tRNA synthetase

RSAU_000503 1.74 0.008 extracellular Chaperone protein HchA

RSAU_001192 1.51 0.049 extracellular Glutamine synthetase type |

RSAU_002065 0.64 0.003 extracellular Adenylate kinase

RSAU_000976 0.58 0.003 extracellular Peptide deformylase

RSAU_00170 0.55 2.8%¥10° extracellular Peptidyl-prolyl cis/trans isomerase

RSAU_000324 0.45 7.1*10°% extracellular
alkyl hydroperoxide reductase subunit C

RSAU_001833 0.41 0.009 extracellular Map-like protein

stationary growth cytosolic

phase

RSAU_001553 25.37 0.001 cytosolic methylcitrate synthase

RSAU_000433 21.56 0.03 cytosolic Pur operon repressor PurR

RSAU_000229 13.72 0.003 cytosolic EsaA

RSAU_001974 11.4 0.02 cytosolic Pyrimidine-nucleoside phosphorylase

RSAU_001255 9.6 0.0002 cytosolic Aminoacyltransferase FemA

RSAU_001568 8.26 0.002 cytosolic Acetate kinase

RSAU_001386 7.3 0.033 cytosolic DNA repair protein RecN

RSAU_001615 7 0.006 cytosolic leucyl-tRNA synthetase

RSAU_001326 4.49 0.003 cytosolic
asparaginyl-tRNA synthetase putative

RSAU_000974 4.32 0.012 cytosolic Ribonuclease J 1 putative

RSAU_001094 3.3 0.02 cytosolic primosomal assembly protein PriA

RSAU_000323 2.9 0.0002 cytosolic alkyl hydroperoxide reductase subunit F

RSAU_000976 2.29 0.02 cytosolic Peptide deformylase

RSAU_000765 2.1 0.0004 cytosolic Clumping factor A

RSAU_000507 1.88 0.008 cytosolic haloacid dehalogenase-like hydrolase

RSAU_002443 1.86 0.03 cytosolic L-lactate dehydrogenase Ldh2

RSAU_001083 1.79 8.4*10° cytosolic aspartate carbamoyltransferase catalytic
chain A PyrB

RSAU_001807 1.51 0.005 cytosolic aldehyde dehydrogenase putative
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RSAU_000470 1.46 0.007 cytosolic pyridoxal biosynthesis lyase PdxS putative

RSAU_001216 1.3 0.007 cytosolic catalase

RSAU_001402 1.22 0.0008 cytosolic glycine cleavage system P protein subunit 1

RSAU_000792 1.2 0.0008 cytosolic FeS assembly ATPase SufC putative

RSAU_001697 1.1 0.013 cytosolic Histidine triad protein putative

RSAU_002252 1.1 0.043 cytosolic amino acid ABC transporte amino acid-
binding protein putative

RSAU_000728 0.92 0.02 cytosolic preprotein translocase SecA subunit
putative

RSAU_000980 0.92 0.043 cytosolic pyruvate dehydrogenase complex E2
dihydrolipoamide S-acetyltransferase
component PdhC

RSAU_001372 0.9 5.9*10° cytosolic glucose-6-phosphate 1-dehydrogenase

RSAU_000301 0.82 0.02 cytosolic glucose-6-phosphate 1-dehydrogenase

RSAU_001168 0.64 0.04 cytosolic recombinase A

RSAU_001293 0.56 0.02 cytosolic 2-oxoglutarate dehydrogenase E1 putative

RSAU_001074 0.56 0.02 cytosolic isoleucyl-tRNA synthetase

RSAU_001608 0.55 0.02 cytosolic dipeptidase PepV putative

RSAU_001588 0.5 0.0004 cytosolic formate-tetrahydrofolate ligase

RSAU_000476 0.42 0.002 cytosolic ATP-dependent Clp protease ATP-binding
subunit ClpC

RSAU_001951 0.42 0.03 cytosolic serine hydroxymethyltransferase putative

RSAU_000334 0.4 0.01 cytosolic Inosine-5'-monophosphate dehydrogenase

RSAU_000727 0.4 0.0003 cytosolic ribosome-associated inhibitor protein
putative

RSAU_001396 0.39 0.044 cytosolic Xaa-Pro aminopeptidase putative

RSAU_000479 0.37 0.04 cytosolic glutamyl-tRNA synthetase GIuRS

RSAU_001224 0.35 0.02 cytosolic transketolase

RSAU_001347 0.26 0.009 cytosolic 30S ribosomal protein S1

RSAU_001523 0.26 0.002 cytosolic valyl-tRNA synthetase

RSAU_000564 0.21 0.002 cytosolic arginyl-tRNA synthetase

RSAU_002448 0.2 0.002 cytosolic malate:quinone oxidoreductase 2

RSAU_001950 0.19 0.002 cytosolic uracil phosphoribosyl transferase

RSAU_001960 0.183 0.0009 cytosolic aldehyde dehydrogenase putative

RSAU_000845 0.14 0.01 cytosolic fumarylacetoacetate hydrolase family
protein

RSAU_000847 0.12 0.008 cytosolic coenzyme A disulfide reductase putative

RSAU_001963 0.12 0.009 cytosolic fructose-bisphosphate aldolase

RSAU_001601 0.11 0.004 cytosolic thioredoxin putative

RSAU_001780 0.11 0.03 cytosolic ferritin putative

RSAU_000500 0.1 0.02 cytosolic translation elongation factor Tu

RSAU_001860 0.1 0.006 cytosolic 60 kDa chaperonin GroEL

RSAU_000999 0.09 0.009 cytosolic pyruvate carboxylase

RSAU_000335 0.05 0.0001 cytosolic bifunctional GMP synthase/glutamine
amidotransferase protein

RSAU_000324 0.03 0.0002 cytosolic alkyl hydroperoxide reductase subunit C

RSAU_001704 0.02 0.02 cytosolic hypothetical protein with DUF964

RSAU_001029 0.014 0.02 cytosolic thioredoxin TrxA

1Compared to protein levels in S. aureus 6850 wild-type bacteria (ASSR42-rsp/WT)
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Table 7.13: Proteins with significantly differential abundances in S. aureus 6850 ASSR42-rsp in
exponential and stationary growth phase respectively compared to protein levels in S. aureus

ASSR42.
gene fold adjusted fraction product
change! p-value
ASSR42-
rsp/ASSR42
exponential growth extracellular
phase
RSAU_001838 1.82 0.048 extracellular leukocidin S subunit LukS-H
RSAU_000500 1.81 6.2 *10 extracellular translation elongation factor Tu
RSAU_002132 0.82 0.026 extracellular secretory antigen precursor SsaA
RSAU_000228 0.66 0.014 extracellular putative WxG domain protein EsxA
exponential growth cytosolic
phase
RSAU_000524 2.4 0.02 cytosolic hexulose-6-phosphate synthase
RSAU_001966 1.91 0.0004 cytosolic DNA-directed RNA polymerase
RSAU_001213 1.9 0.0019 cytosolic hydrolase haloacid dehalogenase-like
family
RSAU_001942 1.86 0.03 cytosolic FOF1-ATP synthase subunit gamma
RSAU_001113 1.68 0.01 cytosolic 3-oxoacyl-[acyl-carrier protein] reductase
RSAU_001975 1.66 0.019 cytosolic deoxyribose-phosphate aldolase
RSAU_001537 1.65 0.0006 cytosolic 50S ribosomal protein L20
RSAU_000488 1.64 0.048 cytosolic transcription antitermination protein NusG
RSAU_001384 1.64 0.047 cytosolic 2-oxoisovalerate dehydrogenase E1
component alpha subunit
RSAU_001963 1.56 0.012 cytosolic fructose-bisphosphate aldolase
RSAU_001576 1.53 0.014 cytosolic 30S ribosomal protein S4
RSAU_001526 1.48 0.03 cytosolic glutamate-1-semialdehyde
aminotransferase
RSAU_002074 1.46 0.011 cytosolic 50S ribosomal protein L5
RSAU_002080 0.96 0.015 cytosolic 30S ribosomal protein S3
RSAU_000976 0.79 0.04 cytosolic peptide deformylase
RSAU_000796 0.73 0.02 cytosolic FeS assembly protein SufB
RSAU_001386 0.68 0.049 cytosolic DNA repair protein RecN
RSAU_001074 0.56 0.04 cytosolic isoleucyl-tRNA synthetase
RSAU_002087 0.54 0.002 cytosolic 30S ribosomal protein S10
RSAU_000494 0.48 0.03 cytosolic DNA-dependent RNA polymerase beta
subunit
RSAU_000495 0.46 0.02 cytosolic DNA directed RNA polymerase beta-prime
chain putative
RSAU_001094 0.43 0.03 cytosolic primosomal assembly protein PriA
RSAU_002146 0.42 0.013 cytosolic formate dehydrogenase alpha subunit
putative
RSAU_000940 0.34 0.014 cytosolic autolysin Atl
stationary growth extracellular
phase
RSAU_000494 19 0.03 extracellular DNA-dependent RNA polymerase beta
subunit
RSAU_000936 1.72 0.002 extracellular glutamyl endopeptidase precursor putative
RSAU_001192 1.57 0.03 extracellular glutamine synthetase type |
RSAU_000009 1.56 0.005 extracellular seryl-tRNA synthetase
RSAU_001216 1.56 0.002 extracellular catalase
RSAU_001224 1.5 0.01 extracellular Transketolase
RSAU_000876 1.37 0.002 extracellular oligoendopeptidase F
RSAU_000857 0.41 0.045 extracellular hypothetical protein
stationary growth cytosolic
phase
RSAU_000435 14 0.04 cytosolic stage V sporulation protein G
RSAU_001950 14 0.03 cytosolic uracil phosphoribosyl transferase
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RSAU_001402 1.34 0.0003 cytosolic glycine cleavage system P protein
RSAU_001615 0.68 0.003 cytosolic leucyl-tRNA synthetase
RSAU_001588 0.59 0.03 cytosolic formate-tetrahydrofolate ligase
RSAU_001488 0.57 0.005 cytosolic transcriptional regulator
RSAU_001029 0.55 0.02 cytosolic thioredoxin TrxA

lCompared to protein levels in S. aureus 6850 ASSR42 mutant (ASSR42-rsp/ ASSR42)

Table 7.14: Prediction of potential direct interaction partners of SSR42.

gene product position position hybridizatio
in target in SSR42 n energy
kJ/mol
RSAU_002489 putative surface anchored protein SasF 19 -- 149 658--804 -21.40
RSAU_002374 Phosphotransferase system IIC-related protein 81--124 823--866 -21.12
RSAU_001452 DNA internalization-related competence protein 69 -- 129 449 -- 508 -20.91
ComEC/Rec2
RSAU_000953 phosphoribosylaminoimidazole- 76 -- 95 1000--1018 -20.398
succinocarboxamidesynthase PurC
RSAU_002131 transcriptional regulator putative 8--108 195 -- 291 -20.00
RSAU_000557 aldo-keto reductase putative 53--138 744--837 -19.98
RSAU_002517 histidine biosynthesis bifunctional protein HislE 1--91 188 -- 278 -19.51
RSAU_000580 monovalent cation/H antiporter subunit C putative 72 -- 141 732--799 -19.30
RSAU_001242 methionine sulfoxide reductase A 47 -- 100 194 -- 239 -19.15
RSAU_002191 teicoplanin resistance-associated transcriptional 14 -- 64 778--833 -18.92
regulator TcaR
RSAU_001081 uracil phosphoribosyltransferase PyrR 72 --108 470 -- 506 -18.84
RSAU_002153 amino acid permease 8--88 392 -- 472 -18.66
RSAU_000397 hypothetical protein 81--137 196 -- 242 -18.61
RSAU_000167 putative two-component response regulator AraC 82 --107 1118--1144 -18.49
family
RSAU_001463 5-methylthioadenosine/S-adenosylhomocysteine 36--92 231--284 -18.46
nucleosidase
RSAU_001328 bifunctional biotin operon-related protein / biotin- 1 --53 261 -- 316 -18.38
acetyl-CoA-carboxylase putative
RSAU_001019 NPQTN-specific sortase B 85--132 212 -- 254 -18.33
RSAU_001407 competence protein ComGC 4 --150 713--843 -18.19
RSAU_001961 transcriptional regulator 57 -- 145 749--831 -18.15
RSAU_002230 two component sensor histidine kinase 73 --149 843--924 -18.09
RSAU_001398 hypothetical protein 60 -- 145 899--965 -18.05
RSAU_000580 monovalent cation/H antiporter subunit C 1--41 826--860 -17.7864
RSAU_001980 mannose-6-phosphate isomerase 1--19 914--931 -17.55
RSAU_000376 hypothetical protein 93 --135 907--950 -17.47
RSAU_000401 acetyltransferase GNAT family 81--137 888--960 -17.38
RSAU_000228 putative WxG domain protein EsxA 83--118 422 -- 461 -17.35
RSAU_001398 hypothetical protein 74 -- 145 723--795 -17.32
RSAU_001056 HAD superfamily hydrolase 12 -- 105 988--1063 -17.28
RSAU_001113 3-oxoacyl-[acyl-carrier protein] reductase 97 -- 150 880--936 -17.21
RSAU_001285 5-bromo-4-chloroindolyl phosphate hydrolysis 95 -- 142 725--771 -17.14

protein XpaC

288



APPENDIX

RSAU_002084 50S ribosomal protein L23 10-- 25 1127--1142 -17.06
RSAU_001527 delta-aminolevulinic acid dehydratase 88 -- 150 195 -- 268 -17.06
RSAU_002450 antibiotic biosynthesis monooxygenase 14 -- 150 811--957 -16.99
RSAU_001153 ribosome-binding factor A 81--137 195 -- 254 -16.97
RSAU_000439 ribose-phosphate pyrophosphokinase 10--58 753--795 -16.96
RSAU_001117 signal recognition particle-docking protein FtsY 52 --80 912--938 -16.91
RSAU_002392 ferrous iron transport protein A (FeoA) 12--123 166 -- 295 -16.8
RSAU_000755 hypothetical protein 1--27 259 -- 299 -16.84
RSAU_001265 phosphate transport system regulatory protein 101--115 424 --438 -16.82
RSAU_002253 EmrB-QacA subfamily drug resistance transporter 62 -- 148 419 -- 523 -16.78
RSAU_000664 aldo/keto reductase 51--149 385 --467 -16.76
RSAU_001669 serine protease splB 100--134  1179--1211 -16.74
RSAU_000726 ComF operon protein 3-like 82 --125 828--880 -16.74
amidophosphoribosyltransferase
RSAU_001242 methionine sulfoxide reductase A 83 --144 744--803 -16.65
RSAU_002123 urease alpha subunit 16 - 67 727--793 -16.63
RSAU_000445 RNA-binding S4 domain proteinputative 72 -- 149 380--470 -16.60
RSAU_000303 cystathionine gamma-synthase superfamily protein 91 -- 150 190 -- 254 -16.59
RSAU_001892 3-isopropylmalate dehydratase large subunit 18--91 189 -- 267 -16.45
RSAU_000392 cysteine synthase 5--99 1126--1210 -16.41
RSAU_001032 succinate dehydrogenase flavoprotein subunit 54 -- 146 730--816 -16.37
sdhA
RSAU_002423 cobalamin synthesis-related protein CobW 32--150 788--890 -16.31
RSAU_001110 fatty acid biosynthesis transcriptional regulator 22 --96 231--315 -16.28
RSAU_000617 staphylokinase precursor 41--53 820--832 -16.28
RSAU000488 Serine-aspartate repeat-containing protein D 63 --141 421 -- 505 -16.26
truncated
RSAU_000275 ascorbate-specific PTS system enzyme IIC 67 -- 147 727--799 16.17
RSAU_002148 inositol monophosphatase family protein 47 -- 105 727--781 -16.17
RSAU_001635 CAAX amino terminal protease family protein 121--146  1056--1083 -16.13
RSAU_001938 UDP-N-acetylglucosamine 1- 57 --125 191 -- 281 -16.09
carboxyvinyltransferase 1
RSAU_000481 cysteinyl-tRNA synthetase 6--53 192 -- 242 -16.03
RSAU_002123 urease alpha subunit 9--69 514 --576 -16.02
RSAU_000889 enoyl-(acyl-carrier-protein) reductase Fabl 87 -- 142 542 -- 596 -15.99
RSAU_001393 acetyl-CoA biotin carboxylase 36 -- 69 1196--1228 -15.98
RSAU_001242 methionine sulfoxide reductase A 86 -- 150 525 -- 585 -15.90
RSAU_001868 delta-hemolysin 117 --150 230-- 255 -15.88
RSAU_000823 NA+/H+ antiporter subunit G 126 -- 150  965--990 -15.87
RSAU_001521 leader peptidase 89 -- 141 737--797 -15.83
RSAU_001882 O-sialoglycoprotein endopeptidase 66 -- 132 744--816 -15.78
RSAU_001908 toxin mazF 73 -- 146 868--937 -15.78
RSAU_001399 lipoate-protein ligase A 47 -- 136 233 --293 -15.77
RSAU_001572 thiamine biosynthesis protein Thil 15--47 236 -- 263 -15.76
RSAU_000012 homoserine O-acetyltransferase 108 --138 1006--1036 -15.64
RSAU_002264 biotin synthase 32--61 210-- 239 -15.59
RSAU_002459 citrate transporter 67 --123 911--963 -15.50
RSAU_001452 DNA internalization-related competence protein 105 --148 740--794 -15.45

ComEC/Rec2
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RSAU_000506 branched-chain amino acid aminotransferase 36 -- 141 768--853 -15.43

RSAU_000609 bacteriophage tail protein 51--63 230--242 -15.43

RSAU_001064 UDP-N-acetylmuramoyl-L-alanyl-D-glutamate 1--105 713--841 -15.42
synthetase MurD

RSAU_002514 lipase precursor 89 -- 150 727--797 -15.38

RSAU_000208 two-component response regulator LytR 102 -- 149  892--932 -15.37

RSAU_000421 DNA-directed DNA polymerase lll delta prime 5--147 782--897 -15.37
subunit

RSAU_001081 uracil phosphoribosyltransferase PyrR 72 --127 912--969 -15.36

RSAU_001558 acetyl-CoA carboxylase carboxyl transferase beta 102 --141 474 --505 -15.36
subunit

RSAU_002283 2-dehydropantoate 2-reductase 110--149 392 --435 -15.34

RSAU_002146 formate dehydrogenase alpha subunit 44 -- 100 1001--1061 -15.33

RSAU_001581 haloacid dehalogenase-like protein 88 -- 127 743--798 -15.30
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