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1. Summary 
 

 

The bacterium, Staphylococcus aureus (S. aureus) is an opportunistic pathogen which can 

infect a variety of tissues resulting in a wide spectrum of infections ranging from mild 

cutaneous lesions to serious clinical manifestations such as endocarditis and osteomyelitis. 

This pathogen is also a common cause of implant-associated infections (IAIs), which are 

usually difficult to treat. A major characteristic of infections caused by S. aureus is being 

recurrent and long-standing. This latter characteristic is probably due to the ability of this 

pathogen to penetrate and survive within different types of cells in the human body including 

both professional and non-professional phagocytic cells (NPPCs). Many bacterial pathogens 

that are capable of surviving intracellularly in host immune cells secrete signaling molecules 

to modulate host cell signaling in order to survive in these cell types. The molecular 

mechanisms promoting the intracellular survival of S. aureus in professional phagocytes are 

not fully understood. However, the survival of S. aureus in these immune cells contributes to 

the dissemination of this pathogen to different body organs during infections using the so-

called “trojan-horse delivery system” mechanism. This mechanism is clearly dangerous when 

macrophages particularly are occupied with viable S. aureus, owing to the mobility and long-

living nature of macrophages compared to other immune cells. 

Across evolution, bacterial pathogens adapt their genomes in order to be able to counteract 

adverse environmental conditions during infections. Post-translational modifications (PTMs) 

of proteins are common mechanisms used by bacterial pathogens to modulate their immune 

evasion strategies. One common PTM mechanism utilized by many bacterial pathogens is 

phosphorylation/dephosphorylation of bacterial and host proteins. S. aureus is known to use 

this reversible phosphorylation of proteins to modulate metabolic processes and the activity of 

diverse global regulators, however its relation to staphylococcal pathogenesis is not fully 

characterized and asks for further investigation.  

This thesis focuses on the characterization of potential roles of two low molecular weight 

protein phosphatases on the infectivity of S. aureus. These two proteins are called PtpA 

(Protein tyrosine phosphatase A) and PtpB (Protein tyrosine phosphatase B). Both these 

phosphatases were not fully characterized in S. aureus till the beginning of this study, despite
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the fact that homologues for both proteins have been already reported to promote infectivity 

of pathogens such as Mycobacterium tuberculosis (Mtb), Salmonella typhimurium (S. 

typhimurium), or Yersinia spp. By studying the impact of these proteins on the interactions of 

S. aureus with host cells, especially macrophages, it became clear that both, PtpA and PtpB, 

play important roles in pathogenesis of S. aureus by enhancing the bacterium’s ability to 

survive inside macrophages. Both proteins also promoted the in vivo infectivity of S. aureus in 

a mouse model of infection. Moreover, a number of intracellular host proteins were identified 

as putative binding candidates for PtpA after being secreted inside macrophages during 

infections. Importantly, the protein Coronin-1A was phosphorylated on tyrosine residues when 

macrophages were infected with S. aureus. This protein is a crucial component of the 

cytoskeleton of highly motile host cells and is implicated in various immune-mediated 

responses. Thus, PtpA could be identified as a tyrosine phosphatase secreted by S. aureus 

to promote the intramacrophage survival capacity of this pathogen during infections, 

presumably by interacting with intracellular host proteins including Coronin-1A. 

In the second half of this study, i investigated the impact of a ptpB deletion on the stress 

response and infectivity of S. aureus. Here, i observed that this protein arginine phosphatase 

(PAP) is also required for the intracellular survival of S. aureus inside human macrophages. 

Subsequent analyses revealed that the phosphatase activity of PtpB in S. aureus is modulated 

by the oxidative status of the bacterial cell. When mimicking different kind of stresses 

encountered by S. aureus upon engulfment by macrophages, i noticed that the deletion of 

ptpB reduced the capacity of S. aureus to cope with oxidative-, nitrosative- and acidic stress, 

suggesting that PtpB enhances the intracellular survival capacity of S. aureus inside 

macrophages by increasing the bacterial fitness against the major stresses generated inside 

these immune cells to kill the internalized bacterial cells. Additionally, PtpB also exerted a 

protective effect in S. aureus against phagocytosis by polymorphonuclear leukocytes (PMNs). 

In this regard, cells of the ptpB mutant displayed additionally a decreased ability to release 

nucleases, which are important to degrade the Neutrophil Extracellular Traps (NETs) 

produced by PMNs upon activation. PtpB is also required for the overall proteolytic activity of 

S. aureus. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis uncovered a 

modulatory effect of PtpB on the expression of various virulence factor encoding genes 

including psmα (endocing phenol-soluble module α), aur (encoding aureolysin), nuc (encoding 

nuclease) and also RNAIII (a regulator of the agr locus). Finally, i found that PtpB is also 

involved in maintaining the cell wall integrity of S. aureus, presumably by modulating the 

activity of selected autolysins/regulators involved in cell wall homeostasis. 
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2. Zusammenfassung 
 

 

Der opportunistische Krankheitserreger S. aureus ist dazu imstande, verschiedene 

Organe/Gewebetypen zu infizieren, und dadurch Infektionen der Haut bis hin zu ernsten 

klinischen Komplikationen wie Endokarditis, Pneumonie oder Osteomyelitis auszulösen. 

Dieser Erreger ist zudem ein häufiger Verursacher von Implantat-assoziierten Infektionen, die 

in der Regel nur schwierig zu behandeln sind. S. aureus-Infektionen sind zudem oft 

wiederkehrend und chronisch, wobei die letztere Eigenschaft vermutlich auf die Fähigkeit des 

Pathogens zurückzuführen ist, in verschiedene Wirtszelltypen, wie professionelle und nicht-

professionelle Phagozyten inserieren zu können und in ihnen für mehrere Tage zu überleben. 

Die intrazelluläre Überlebensfähigkeit von S. aureus in diesem Immunzelltyp ist eine wichtige 

Pathogenese-Eigenschaft dieses Bakteriums, die zur Verbreitung des Bakteriums im Körper 

des Menschen bis in entfernte anatomische Bereiche beiträgt, ein Mechanismus, der im 

Englischen als “trojan-horse delivery system” bezeichnet wird. Die molekularen 

Mechanismen, die die intrazelluläre Überlebensfähigkeit von S. aureus in diesen 

professionellen Phagozyten erhöhen, sind bisher nicht vollständig aufgeklärt. Für 

verschiedene andere pathogene Bakterien ist jedoch bekannt, dass sie sich intrazellulär in 

Immunzellen behaupten können, indem sie dort Signalmoleküle sekretieren, die die Wirtszell-

Signalwege so modulieren, dass die internalisierten Bakterienzellen in diesem Wirtszelltyp zu 

überleben vermögen. Viele dieser Pathogene nutzen dabei post-translationale Modifikationen 

(PTM) von Proteinen, um ihre Immunevasionsstrategien zu modulieren. Die 

Phosphorylierung/Dephosphorylierung von Wirtszellproteinen stellt dabei für viele Pathogene 

eine wichtige Form der PTM dar, die Abwehrmechanismen des Wirtes zu umgehen. Die 

reversible Phosphorylierung wird auch von S. aureus dazu genutzt, metabolische Prozesse 

und die Aktivität verschiedener globaler Regulatoren zu steuern. Die Bedeutung dieses PTM 

Mechanismus für die Infektiosität von S. aureus wurde bisher jedoch nur unzureichend 

charakterisiert, weshalb weitere Untersuchungen in diesem Bereich wünschenswert sind. 

Diese Arbeit fokussierte sich daher auf die Charakterisierung zweier 

Niedermolekulargewichts-Proteinphosphatasen, PtpA und PtpB, hinsichtlich ihrer Rolle 

während der Pathogenese von S. aureus.  Beide Phosphatasen sind in S. aureus schon seit 
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längerem bekannt, wurden bis dato aber noch nicht in Hinblick auf ihre Bedeutung für die 

Infektiosität von S. aureus untersucht, obwohl für andere pathogene Bakterien wie 

Mycobacterium tuberculosis (Mtb), Salmonella typhimurium (S. typhimurium) und Yersinia 

spp. gezeigt werden konnte, dass Homologe der beiden Proteine wichtige Virulenzfaktoren 

darstellen. Durch meine Untersuchungen konnte ich zeigen, dass sowohl PtpA als auch PtpB 

wichtige Virulenzfaktoren für S. aureus darstellen, die beide die Überlebenskapazität von S. 

aureus in Makrophagen steigern und die Virulenz des Pathogens während der Infektion 

erhöhen.  

PtpA wird dabei vom Bakterium in das umgebende Milieu sekretiert, um mutmaßlich mit 

Wirtsfaktoren, wie Coronin-1A zu interagieren. Dieses Protein ist eine wichtige Komponente 

des Zytoskeletts migrierender Wirtszellen und ebenso für die Immunantwort der Wirtszelle von 

Bedeutung. Da PtpA auch nach Phagozytose durch Makrophagen innerhalb der Wirtszelle 

sekretiert wird, liegt die Vermutung nahe, dass auch S. aureus durch die Sekretion dieser 

Protein-Tyrosin-Phosphatase das intrazelluläre Überleben der Bakterienzelle innerhalb der 

Immunzelle fördert. In Einklang mit dieser Hypothese konnte in Untersuchungen mit einem S. 

aureus-basierten Leberabszessmodell der Maus gezeigt werden, dass PtpA für die in vivo 

Infektiosität von S. aureus von großer Bedeutung ist.  

Im zweiten Teil meiner Promotion beschäftigte ich mich mit der Protein-Arginin-Phosphatase 

PtpB. Ebenso wie PtpA fördert PtpB das intrazelluläre Überleben von S. aureus in 

Makrophagen, anders als PtpA wird diese Phosphatase von S. aureus jedoch nicht in das 

umgebende Milieu sekretiert, sondern übt ihren regulatorischen Einfluss innerhalb der 

Bakterienzelle aus. PtpB scheint dabei die Fähigkeit von S. aureus zu fördern, mit 

Stressbedingungen, wie sie im Phagolysosom von Makrophagen nach Aufnahme von Cargo 

anzutreffen sind, umzugehen. So verminderte die Deletion von ptpB in S. aureus die Fähigkeit 

des Bakteriums, mit oxidativem-, nitrosativem- oder Säurestress umzugehen. Weiterführende 

Untersuchungen zeigten zudem, dass die Protein-Arginin-Phosphatase auch eine protektive 

Rolle für S. aureus, der Phagozytose durch polymorphkernige Leukozyten (PMNs) zu 

entgehen, einnimmt. Ebenso förderte PtpB die Sekretion von extrazellulären Nukleasen, 

einem weiteren wichtigen Immunevasionsmechanismus von S. aureus, den von Neutrophilen 

gebildeten extrazellulären Netzen zu entgehen. Zusätzlich unterstützte PtpB die 

proteolytische Aktivität von S. aureus und dessen Widerstandsfähigkeit gegenüber lytischen 

Agenzien wie Triton X-100 oder Lysostaphin. Darüber hinaus konnte ich zeigen, dass PtpB 

die Transkription von verschiedenen, für Virulenzfaktoren kodierende Gene beeinflusst, 

darunter psmα (codiert für die phenollöslichen Moduline α1-4), aur (codiert für die Proteinase 

Aureolysin), nuc (codiert für die Nuklease 1) und RNAIII (eine regulatorische RNA und 

Masterregulator des agr Lokus). Last not least zeigte eine ptpB Deletionsmutante in dem S. 
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aureus-basierten Leberabszessmodell der Maus eine deutlich verminderte Fähigkeit, vier 

Tage nach Infektion eine erhöhte Bakterienlast in der Leber und in den Nieren hervorzurufen, 

und unterstreicht damit die hohe Bedeutung auch dieser Phosphatase für die Virulenz von S. 

aureus.  
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3. Introduction 
 

 

3.1. Staphylococcus aureus 

In 1880, the Scottish surgeon Sir Alexander Ogston reported grape-like clusters of bacteria 

from slides prepared of pus extracted from an abscess in a septic knee joint and he named 

them Staphylococcus (Greek: staphyle, “a bunch of grapes”; kokkos, “berry or grain”) (Ogston, 

1881; Ogston, 1882). Shortly thereafter, the German physician Friedrich Julius Rosenbach 

was able to successfully isolate and identify the species S. aureus, based on the yellowish-

orange (golden) pigmentation of their colonies (Latin: aurum, “Gold”) (Rosenbach, 1884). This 

golden pigmentation is due to the production of a carotenoid pigment called staphyloxanthin, 

which exerts an antioxidant activity in this pathogen (Clauditz et al., 2006; Xue et al., 2019). 

Nowadays, S. aureus is described as Gram-positive bacterium that appears in pairs or grape-

like clusters when observed using Gram-staining and light microscope (Foster, 1996; Harris 

et al., 2002). Moreover, the scanning electron microscope (SEM) reveals roughly spherical 

cells with a relatively smooth surface and a diameter of 0.5 to 1.0 µm (Greenwood and 

O’Grady, 1972) (Figure 3.1).  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.1: SEM of S. aureus. Cells of S. aureus are 

clustered in colonies and appeared spherical with                    

a relatively smooth surface (scale bar is 2 µm) (N. Bannert, 

K. Madela, Robert Koch Institute (RKI), 2011). 
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This organism is non-motile, non-spore forming and grows aerobically or facultative-

anaerobically at a wide temperature range of 15-45°C (Foster, 1996; Missiakas and 

Schneewind, 2013). Furthermore, it is catalase-positive and is often hemolytic when grown on 

blood agar plates owing to the production of four types of hemolysins known as α-, β-, γ- and 

δ-hemolysins (Dinges et al., 2000). In addition, nearly all isolates of S. aureus are coagulase-

positive (Brown et al., 2005; Preda et al., 2021). The genome of S. aureus is nearly 2.8 mega 

base pairs (Mbp) in size with a relatively low genomic GC-content (Kuroda et al., 2001). In 

addition to this “core genome”, S. aureus harbors an additional assortment of 

extrachromosomal accessory genetic elements such as prophages, plasmids, pathogenicity 

islands (SaPIs), transposons, and insertion sequences (Baba et al., 2008; Malachowa and 

DeLeo, 2010). This accessory genome constitutes genes mostly encoding virulence factors 

and antibiotic resistance genes (Jamrozy et al., 2017), making S. aureus a very 

heterogeneous bacterial species (Lindsay et al., 2006). 

 

 

3.2. S. aureus infections and diseases 

Being a part of the human normal flora, S. aureus asymptomatically colonizes the human body 

(Sollid et al., 2014). Although the nasopharynx is the most important site for S. aureus 

colonization (Williams, 1963; Peacock et al., 2001), this bacterium can be also found in the 

intestine, perineum, axillae, and on the skin (Armstrong-Esther, 1976; Wertheim et al., 2005; 

Bhalla et al., 2007; Acton et al., 2009; Sollid et al., 2014). It is now well-established that, S. 

aureus permanently colonizes nearly 20% of the human population all the time and an 

estimated 30% of humans carry S. aureus transiently (Eriksen et al., 1995; Kluytmans and 

Wertheim, 2005; van Belkum et al., 2009). This commensal relationship is usually 

unproblematic and harmless to the immunocompetent host, however certain immune-related 

conditions including a weakened immune system and altered microbiota can stimulate the 

bacteria to attack its hosting body, which may result in a wide range of diseases ranging from 

mild infections of the skin to severe and even life-threatening forms of pneumonia or 

septicemia (Lowy, 1998; Tong et al., 2015). Nasal colonization is now well-known to be closely 

linked to the incidence of S. aureus-induced bacteremia, where the risk in colonized patients 

is 3-fold higher than in patients who are not colonized (Marzec and Bessesen, 2016). Besides 

humans, S. aureus further colonizes mammals including many farming- and household 

animals such as dogs, horses, sheep, pigs and cattle (Sutra and Poutrel, 1994; Quinn et al., 

2011; Smiet et al., 2012), a characteristic representing a potential risk factor for dissemination 

of S. aureus infections back to humans (Lowder et al., 2009; Haag et al., 2019).  
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The pathogenesis of S. aureus infections involves up to four phases: local infection, systemic 

dissemination, metastatic infections, and toxinosis (Thomer et al., 2016; Pietrocola et al., 

2017; Horino and Hori, 2020). Localized cutaneous infections develop when S. aureus is 

inoculated into the skin through a cutaneous incision or a breach. When reaching the 

underlying tissue, this pathogen creates its characteristic local abscesses or even induces 

more complicated clinical manifestations such as furuncles, carbuncles, cellulitis and 

pyomyositis (Roberts and Chambers, 2005). In this context, S. aureus is one of the major 

nosocomial pathogens, and the most common cause for surgical site infections (SSIs) (Tong 

et al., 2015, Bhattacharya et al., 2016; Pal et al., 2019), with nearly 2% of all surgical incisions 

being reported to be infected with S. aureus in the United Kingdom (Lindsay, 2008). 

If S. aureus reaches the lymphatic channels or blood, it may induce bacteremia and spreads 

systemically to different body organs causing a wide range of infections such as pneumonia, 

endocarditis, septic arthritis and epidural abscesses (Bamberger, 2007; Clerc et al., 2011). S. 

aureus is reported as a leading cause of blood stream- and infective endocarditis (IE) 

infections in industrialized countries (Malachowa and DeLeo, 2011; Tong et al., 2015). 

Additionally, S. aureus is one of the main causes of osteomyelitis (Lew and Waldvogel, 2004; 

Kavanagh et al., 2018), a severe inflammatory disease of bones characterized by necrosis 

and loss of the bone matrix (Marriott, 2013). Furthermore, implant-related infections induced 

by colonization of medical devices such as artificial heart valves, intravascular catheters or 

synthetical joints with S. aureus are highly problematic for patients and difficult to be 

eradicated (Darouiche, 2004; El-Ahdab et al., 2005; Stuart et al., 2013). These infections are 

induced and even maintained by S. aureus owing to a variety of features supporting this 

pathogen including adherence molecules, invasive determinants and biofilm induction factors 

(Archer et al., 2011; Heilmann, 2011). 

Even without a systemic infection, several specific syndromes can arise due to extracellular 

toxins secreted by S. aureus. The main syndromes induced by such toxins include toxic shock 

syndrome (TSS), scaled skin syndrome, and food-borne gastroenteritis (Archer, 1998; Tong 

et al., 2015). Importantly, the toxic-shock syndrome toxin-1 (TSST-1) is a superantigen 

expressed by several strains of S. aureus and induces the TSS (Kulhankova et al., 2014), a 

severe manifestation characterized by several symptoms including high fever, erythematous 

rash and multiple organ failure (MOF) (Raumanns et al., 1995). Staphylococcal scalded skin 

syndrome (SSSS) is another life-threatening condition resulting from disruption of 

keratinocytes adhesion by the secreted staphylococcal exfoliative toxins (ETs) (Mishra et al., 

2016). 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bamberger%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=18472990
https://www.nature.com/articles/srep38043#auth-Alessia-Corrado
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3.3. Multi-drug resistance of S. aureus 

Infections caused by S. aureus were initially tried to be controlled by penicillin since its 

implementation on the market in the 1940s (Rammelkamp and Maxon, 1942). However, the 

extensive use of penicillin resulted in the rapid emergence of penicillin-resistant strains of S. 

aureus (Rayner and Munckhof, 2005). Nearly all clinical isolates of this pathogen are 

nowadays resistant to penicillin, and most of these strains secrete a β-lactamase enzyme 

called penicillinase to hydrolyze the peptide bond in the β-lactam ring of penicillin, rendering 

it inactive (Heesemann, 1993). Attempting to control the newly emerging resistant strains, the 

penicillinase-resistant semisynthetic penicillin, methicillin was introduced into the clinical field 

(Chambers and Deleo, 2009; Jokinen et al., 2017). However, the resistance against methicillin 

was also reported by the evolution of methicillin-resistant S. aureus (MRSA) strains (Jevons, 

1961). Notably, these MRSA strains did not replace other S. aureus strains, instead they 

represent additional infectious strains (Lindsay, 2008). A major characteristic of MRSA strains 

is their tendency to accumulate additional resistance determinants that are functional against 

other classes of antibiotics such as aminoglycosides and tetracycline, rendering these isolates 

often to be described as multidrug-resistant strains (Trzcinski et al., 2000; Benito et al., 2014; 

Khosravi et al., 2017).  

The glycopeptide vancomycin and other semisynthetic lipoglycopeptides were thus developed 

and proved to be efficient, despite side effects, against severe infections caused by MRSA 

strains (Hiramatsu, 2001; Zeng et al., 2016). However, S. aureus managed again to develop 

a quite fast resistance against vancomycin, and the number of vancomycin-resistant S. aureus 

(VRSA) isolates is still increasing in the hospital setting, making treatment options against 

these infections highly limited (Tenover et al., 2001; McGuinness et al., 2017; Cong et al., 

2020; Shariati et al., 2020). The Centers of Disease Control and Prevention (CDC) reported 

at least 11.000 death cases and over 80.000 severe MRSA infections in the United States in 

2011 (Dantes et al., 2013). Furthermore, MRSA was reported to be the most prevalent 

antimicrobial resistant bacterial pathogen detected in hospitalized patients in Europe, North 

Africa and the Middle East (ECDC, 2012). The percentage of MRSA isolates among S. aureus 

infections in the hospital setting is still highly alarming, with over 50% of invasive infections in 

Portugal and Romania being reported to be caused by MRSA strains (ECDC, 2015). In the 

USA, the CDC reported a slow rate in controlling MRSA bloodstream infections in hospitals, 

despite of an overall decrease in MRSA infections in this country (CDC, 2019). Initially, 

infections caused by MRSA strains were thought to be only limited to hospitals (health care-

associated methicillin resistant Staphylococcus aureus or HA-MRSA), however, beginning in 

the 90th of the last century, they were also increasingly detected outside the hospital setting 

and known as “community acquired methicillin resistant Staphylococcus aureus” (CA-MRSA) 
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infections (Raygada and Levine, 2009; David and Daum, 2010). In this regard, several 

geographically and genetically distinct CA-MRSA isolates were already observed worldwide 

(Stegger et al., 2014). In a study performed by Self et al. (Self et al., 2016), CA-MRSA strains 

were reported to be a major cause of community-acquired pneumonia in adults and healthy 

individuals even without having contact to health care settings. Similarly, several other studies 

concluded that CA-MRSA isolates are a common cause of severe necrotizing pneumonia 

(Gillet et al., 2002; van der Flier et al., 2003; Gómez et al., 2009). In addition, Moran and 

colleagues (Moran et al., 2006).  reported that MRSA is considered the predominant causative 

agent of community associated skin and soft tissue infections (SSTIs) in patients admitted to 

the emergency departments in 11 hospitals in the USA. Because of this, both MRSA and 

VRSA strains have been classified by the World Health Organization (WHO) as high priority 

pathogens emphasizing the urgent need to develop new therapies to treat infections induced 

by these isolates (Govindaraj and Vanitha, 2018).  

 

 

3.4. S. aureus is a well-armed pathogen 

The ability of S. aureus to invade different cells of the body and induce such a wide range of 

severe diseases is attributed among others to its large arsenal of virulence factors (Figure 

3.2) (Lowy, 1998; Foster, 2004; Gordon and Lowy, 2008; Otto, 2014; Jin et al., 2021). S. 

aureus harbors genes encoding a variety of virulence factors including adhesion molecules, 

immune-modulatory molecules and toxins (Li et al., 2019). The expression of these virulence 

factors in S. aureus is tightly regulated by a sophisticated network of regulatory molecules 

ensuring that they are expressed only as needed (Bischoff et al., 2001; Bischoff and Romby, 

2016). These factors and regulatory molecules work together in a coordinated manner to 

support this pathogen to attach to host cells, break down the host immune protective shield, 

enhance tissue invasion, induce persistence, and establish infections (Kim et al., 2016). 
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A number of cell wall components of S. aureus are considered crucial virulence factors in this 

pathogen. Of importance, the capsule plays a central role in the resistance of this pathogen to 

the phagocytic clearance by host immune cells (Kuipers et al., 2016). Being a Gram-positive 

pathogen, S. aureus contains a 20-30 nm thick peptidoglycan (PGN) layer which has a 

protective function in addition to providing a scaffold for attachment of other virulence factors, 

especially those required for adhesion (Sharif et al., 2009). In addition, PGN fragments 

released during cell wall turnover induce the release of tumor necrosis factor alpha (TNF-α) 

(Wang et al., 2000), a pleiotropic pro-inflammatory cytokine contributing to the inflammatory 

cascade (Wajant et al., 2003). 

Early in the initial stages of growth of S. aureus, a variety of cell wall associated proteins are 

synthesized in order to promote the attachment process in this pathogen. One major class of 

S. aureus adherence molecules comprises proteins which are covalently attached to the cell 

wall PGN and are commonly known as cell wall-anchored (CWA) proteins (Geoghegan and 

Foster, 2017). Members of the CWA proteins are staphylococcal protein A (SpA), collagen 

adhesin (Cna), Fibronectin binding proteins A and B (FnBPA and FnBPB respectively), and 

clumping factors A and B (ClfA and ClfB respectively) (Foster and Höök, 1998; Lowy, 1998).  

In addition to adhesion, some of these molecules also mediate immune-evasive functions 

Figure 3.2: Virulence factors of S. aureus. Several virulence factors 

are expressed by S. aureus in order to establish infections and subvert 

the host immune responses. These virulence factors include adherence 

factors, invasive molecules, toxins and immunomodulatory molecules 

(adapted from Jin et al., 2021). 
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during staphylococcal infections. As an example, the staphylococcal protein A (SpA) is 42 

kilodalton (kDa) protein that can bind the Fc region of immunoglobulin-G (IgG), thus hindering 

opsonophagocytosis, because IgG-coated bacterial cells avoid being recognized by Fc-

receptors on PMNs (Jansson et al., 1990; Foster, 2005). SpA also contributes to adherence 

of S. aureus to platelets and damaged endothelial cells by binding to a specific host factor 

(von-Willebrand factor) under low shear stress (Hartlieb et al., 2000; Viela et al., 2019). 

Fibronectin binding proteins A and B (FnBPA and FnBPB respectively) attach to fibronectin in 

the extracellular matrix (ECM) and on the cell surface mediating adherence of S. aureus to 

human endothelial cells (Peacock et al., 1999). Moreover, the intracellular invasion of S. 

aureus inside NPPCs depends on the interaction between staphylococcal fibronectin binding 

proteins (FnBPs) and the cellular integrin α5β1 (Sinha et al., 1999). Clumping factors A and B 

(ClfA and ClfB) are two S. aureus adhesion factors which are crucial for staphylococcal 

infections (Moreillon et al., 1995). ClfA is required to the adhesion of S. aureus to the soluble 

plasma fibrinogen by binding to the C-terminal region of the fibrinogen γ-chain (McDevitt et 

al., 1997; Herman-Bausier et al., 2018). Similarly, ClfB binds to fibrinogen (Walsh et al., 2008) 

and also to the squamous epithelial cell envelope protein, loricrin promoting nasal colonization 

of S. aureus (Schaffer et al., 2006; Mulcahy et al., 2012).  

Another important category of adhesion factors in S. aureus is the so-called “secretable 

expanded repertoire adhesive molecules” (SERAMS). Members of this group of adherence 

molecules are secreted but partially rebound to the cell wall and includes exoproteins such as 

coagulases, extracellular adhesive protein (Eap), extracellular fibrinogen binding protein (Efb), 

and extracellular matrix protein (Emp) (Chavakis et al., 2005). The main function of these 

adhesion molecules is to mediate the attachment of the pathogen to host cells and/or to 

modulate the host immune response. Remarkably, Eap interferes with migration of leucocytes 

towards sites of S. aureus infections by interacting with intercellular adhesion molecule-1 

(ICAM-1) on the surface of endothelial cells (Haggar et al., 2004; Chavakis et al., 2005). 

Similarly, Efb contributes to complement inactivation through changing the conformation of 

the complement component 3 (C3) (Hammel et al., 2007). 

In later phases of the infection process, the synthesis of extracellular proteins is activated in 

S. aureus, converting the bacterial cells from being adherent to invasive (Kubica et al., 2008). 

To accomplish this invasive role, S. aureus secrets several exotoxins and enzymes including 

nucleases, proteases, lipases, hyaluronidases, and collagenases (Dinges et al., 2000). 

Importantly, S. aureus secretes large numbers of cytolytic toxins such as hemolysins, 

leukocidin, and Panton-Valentine leukocidin (PVL), if equipped with the corresponding genes 

(Aarestrup et al., 1999; Kaneko and Kamio, 2004). α-hemolysin (Hla) is one of the best 

characterized and most potent membrane-damaging toxins of S. aureus. This toxin acts by 

https://www.ncbi.nlm.nih.gov/pubmed/?term=McDevitt%20D%5BAuthor%5D&cauthor=true&cauthor_uid=9249055
https://www.ncbi.nlm.nih.gov/pubmed/?term=Herman-Bausier%20P%5BAuthor%5D&cauthor=true&cauthor_uid=29735708
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schaffer%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=16552044
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mulcahy%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=23300445
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creating pores into the cell membrane of diverse host cells and is particularly active against 

erythrocytes, lymphocytes, platelets and monocytes (Liang et al., 2011; Vandenesch et al., 

2012). Several strains of S. aureus also secrete β-hemolysin (Hlb), which is a type C-

sphingomyelinase damaging the sphingomyelin of a variety of host cells (Dinges et al., 2000). 

A two-component toxin is the γ-hemolysin (formed as HlgAB or HlgCB), which targets mainly 

the human red blood cells and leukocytes (Seilie and Bubeck Wardenburg, 2017). The δ-

hemolysin is a low molecular weight exotoxin of S. aureus and acts by forming multimeric 

structures and lysing many cell types (Novick et al., 2003). This toxin is also regarded as a 

member of the phenol-soluble modulins (Cheung et al., 2014). Panton-Valentine leucocidin 

(PVL) is another bicomponent toxin produced only by specific S. aureus isolates and consists 

of two components, LukS-PV and LukF-PV. Both components assemble in high 

concentrations into a pore-forming heptamer within neutrophil membranes, thereby inducing 

neutrophil lysis, or internalize in low doses into the cell to form pores into the membranes of 

mitochondria, thereby inducing apoptosis of the cell (Kaneko and Kamio, 2004; Boyle-Vavra 

and Daum, 2007). Furthermore, S. aureus may produce additional types of exotoxins, if 

containing certain pathogenicity islands, including TSST-1, the staphylococcal enterotoxins 

(SEs) and the exfoliative toxins A and B (ETA and ETB respectively) (Bohach et al., 1990). 

TSST-1 and SEs are known to act as pyrogenic toxin superantigens (PTSAgs), owing to their 

ability to stimulate the proliferation and activation of T-lymphocytes, thereby inducing a 

cytokine storm during infections (Marrack and Kappler, 1990). ETA and ETB are epidermolytic 

toxins largely responsible for the induction of the SSSS (Ladhani et al., 1999), a severe 

desquamating skin rash characterized by hydrolysis of keratinocytes and formation of pus-

filled bullae (Leung et al., 2018). 

Specifically, human-adapted variants of S. aureus also express a variety of secreted and cell 

surface-associated immunomodulatory molecules to evade the host immune response 

(Okumura and Nizet, 2014). Remarkably, the chemotaxis inhibitory protein of S. aureus 

(CHIPS) and the formyl peptide receptor-like 1inhibitor (FLIPr) interfere with PMNs 

extravasation and chemotaxis during infections (Thammavongsa et al., 2015). In addition, S. 

aureus secretes the exoprotein staphylokinase (SAK) in order to inactivate the α-defensins 

and disturb the human complement system, thus modulating the immune evasion 

mechanisms used by this pathogen (Foster, 2005; Buchan et al., 2019). 
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3.5. S. aureus-host immune cells battles 

Upon infection, the host immune system immediately starts a battle against invading 

pathogens such as S. aureus by using several protective mechanisms (Koch et al., 2012). As 

a result, numerous host immune cells, including among others neutrophils and macrophages, 

are activated and recruited to sites of infection (Chaplin, 2010, Selders et al., 2017). 

Neutrophils constitute 50-70% of all leukocytes in the human body, and thus represent a very 

important part of the host innate immune system (Mortaz et al., 2018). While circulating in 

blood, neutrophils are attracted to site of infection by chemical mediators which are formed 

and secreted through diverse host cells at the infection site (Rosales, 2018). After approaching 

the infection focus, neutrophils recognize the pathogen via interactions mediated by pattern 

recognition receptors (PRRs) such as Toll like receptors (TLRs). These receptors interact with 

conserved microbial molecules called pathogen-associated molecular pattern (PAMPs), 

allowing neutrophils to target and internalize bacterial cells. Uptake of bacteria by the immune 

cell induces the formation of a phagosome around the internalized bacteria, which will 

subsequently maturate into a highly cytotoxic compartment called phagolysosome to kill the 

phagocytosed bacteria (Abbas and Lichtman, 2009). Alternatively, neutrophils have the ability 

to kill extracellular bacteria without engulfing them by releasing the so-called NETs upon 

activation (Kaplan and Radic, 2012; Apel et al., 2021). These traps consist of decondensed 

DNA as backbone known as extracellular DNA (eDNA) together with proteases and 

antimicrobial peptides (AMPs) such as defensins and myeloperoxidases (Brinkmann et al., 

2004). This combined activity of trapping and destroying pathogens have been reported to be 

very effective in controlling S. aureus infections (Wang et al., 2017). However, S. aureus is 

not helpless against activated neutrophils and possesses many strategies to resist neutrophil-

mediated killing. Interestingly, S. aureus may counteract the trapping by NETs via the 

secretion of nucleases which degrade these immune-decorated DNA nets (Berends et al., 

2010; Thammavongsa et al., 2013). Furthermore, S. aureus may modulate NETosis by 

secreting the SERAM Eap, which is a potent inhibitor of neutrophil elastase (Stapels et al., 

2014), a major host factor triggering the decondensation of chromatin and thus NET formation 

(Papayannopoulos et al., 2010). Additionally, Eap prevent the formation of NETs by 

aggregating the decondensed DNA on the neutrophil cell surface (Eisenbeis et al., 2018). The 

S. aureus nuclease-driven degradation of NETs is also deleterious to macrophages because 

S. aureus converts the DNA degradation products 2′-deoxyadenosine-3′-monophosphate and 

2′-deoxyadenosine-5′-monophosphate into 2′-deoxyadenosine (dAdo), which in turn stimulate 

apoptosis of macrophages (Thammavongsa et al., 2013). Notably, Hoppenbrouwers et al. 

(Hoppenbrouwers et al., 2018) demonstrated that SpA mediates NETosis in S. aureus in a 

process linked to the ability of this pathogen to kill neutrophils. Another way of protection 
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against neutrophils is the secretion of proteases by S. aureus in order to inactivate neutrophils. 

Staphopain A (ScpA) is such a protease produced and secreted by S. aureus in order to render 

neutrophils to be unresponsive to CXCR2 chemokines, thus interfering with neutrophil 

migration during infection (Laarman et al., 2012). The second Staphopain, ScpB, is involved 

in staphylococcal spread of infections by interacting with CD31 on the surface of neutrophils 

(Smagur et al., 2009). Aureolysin (Aur) is a zinc-metalloprotease produced by S. aureus which 

is particularly important for the bacterium after being phagocytosed by the immune cell to 

protect them inside the phagolysosome by enhancing its resistance against AMPs (Kubica et 

al., 2008). 

Macrophages are another important partner in the immediate battle against infections with S. 

aureus. In contrast to neutrophils, macrophages are less immunoreactive cells, a requisite for 

these cells to patrol tissues searching for pathogens (Davies and Taylor, 2015). When facing 

S. aureus at the site of invasion/infection, macrophages phagocytose S. aureus and 

subsequently destroy the bacterial cells by using a multitude of killing mechanisms (Pidwill et 

al., 2021). The importance of macrophages in controlling S. aureus infections was clearly 

demonstrated when animal models with depleted macrophages were infected. Surewaard and 

colleagues (Surewaard et al., 2016) reported that depletion of macrophages in mice infected 

with S. aureus yielded increased bacterial loads and mortality. Likewise, depletion of alveolar 

macrophages interfered with the clearance of S. aureus infections in murine lung infection 

models (Cohen et al., 2016). However, macrophages do not necessarily succeed to control S. 

aureus infections, and they may even act as intracellular niches for S. aureus, thus allowing 

bacterial persistence and dissemination. Michailova and colleagues (Michailova et al., 2000) 

reported that S. aureus can survive phagocytosis by rat and mice macrophages. Human 

monocyte-derived macrophages (MDMs) also failed to kill all internalized S. aureus cells and 

allowed for an intracellular survival of S. aureus for at least seven days after internalization 

without killing the hosting macrophages (Kubica et al. 2008). These long-term intracellularly 

persisting S. aureus cells may even start to kill the hosting cell later to release themselves into 

the extracellular milieu, which, together with the migrating ability of macrophages within the 

body, is suspected to significantly contribute to the dissemination of S. aureus within the host 

by seeding infections at distant anatomic sites (Lacoma et al., 2017). Such a scenario is 

exemplified by phagocytosis of S. aureus by Kupffer cells in the liver of mice, which is followed 

by a bacterial escape into the peritoneal cavity, where the bacterial cells were again 

phagocytosed by peritoneal macrophages. Surprisingly, these two waves of phagocytosis by 

macrophages were not successful to eliminate S. aureus, instead they provided new 

intracellular niches for the bacterium, and dissemination of the pathogen to other internal 

organs was observed (Jorch et al., 2019). 
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The complement system is a central part of the human immune response against bacterial 

pathogens (Dunkelberger and Song, 2010). It is composed mainly of several proteins which 

are activated by cleavage in three different ways: the classical, the alternative and the lectin 

pathway (Seelen et al., 2005). During bacterial infections, proteins of this system are activated 

in order to recognize the invading bacterial pathogens, thereby forming enzyme complexes 

known as C3 convertases (Rooijakkers et al., 2009). These complexes cleave the complement 

component C3 into two proteins, C3a and C3b (Ricklin et al., 2016). The protein C3b is 

required for opsonization of S. aureus cells, making them palatable for phagocytic cells during 

phagocytosis (Cunnion et al., 2004). Deficiency of C3 in mice has been shown to increase 

their suitability to S. aureus infections (Na et al., 2016). Inactivation of the complement system 

is one of the major mechanisms used by S. aureus to override host innate immunity and to 

establish infections. To accomplish this, S. aureus secretes among others Aur to cleave C3 to 

C3b, which is then degraded by the combined actions of factor H and Factor I in the serum 

(Laarman et al., 2011). This depredation of C3b results in poor opsonization and phagocytosis 

of S. aureus by phagocytic cells. Similarly, S. aureus secretes the SERAM Efb to inhibit the 

classical and alternative pathways of activation by binding to the α-chain of C3, thereby 

blocking its deposition (Lee et al., 2004). Reduction of the enzymatic activity of C3 convertase 

complexes is also accomplished by the staphylococcal complement inhibitors (SCIN) 

(Jongerius et al., 2007). Moreover, SpA and SAK inhibit recognition of S. aureus by C1q 

component resulting in inhibition of the classical complement activation pathway (Laarman et 

al., 2010; Cruz et al., 2021).  

 

 

3.6. Protein phosphorylation in bacteria  

Reversible protein phosphorylation is a PTM controlling several biological processes in all 

living organisms (Ubersax and Ferrell, 2007; Sacco et al., 2012; Salomon and Orth, 2013). In 

these organisms, a wide range of amino acid residues such as arginine (Arg) aspartate (Asp), 

histidine (His), serine (Ser), threonine (Thr) and tyrosine (Tyr) can be modified (Roskoski, 

2012). Bacteria utilize these reactions mainly to adapt to adverse environmental conditions 

which usually change rapidly (Kobir et al., 2011). This way, adding of negatively charged 

phosphate groups, usually originating from adenosine triphosphate (ATP) to side chains of 

amino acids induces a variety of fast transcriptional responses (Johnson and Barford, 1993; 

Hunter, 1995). Thus, phosphorylation can result in a direct modification of the activity of 

targeted proteins or establish docking sites for other phospho-binding domains (Waksman et 

al., 1992; Seet et al., 2006). These domains are required for other downstream protein-protein 
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interactions and are thus central for phosphorylation-based signal transduction pathways (Jin 

and Pawson, 2012).  

Major characteristics of theses reactions are being dynamic and reversible (Soulat et al., 

2002). Thus, phosphorylation/dephosphorylation reactions are controlled by two kinds of 

opposing enzymes: phosphotransferases (also known as protein kinases) and protein 

phosphatases. The opposing functions of these enzymes thus control the extent of 

phosphorylation status of proteins, where kinases add phosphate groups on amino acid 

residues and phosphatases remove the phosphate moieties from the amino acid side chains 

(Mijakovic and Macek, 2012). In addition of being important for the regulation of numerous 

bacterial intrinsic pathways, several pathogens translocate these enzymes into host cells to 

interfere with host signal transduction pathways (Canova et al., 2014). Excellent overviews on 

pathogen-encoded phosphatases reported to modify host-pathogen interactions by directly 

interacting with protein targets within host cells are given by (Whitmore and Lamnot, 2012; 

Heneberg, 2012). 

 

 

3.6.1. Protein tyrosine phosphatases (PTPs) in bacteria 

Phosphorylation of proteins on Tyr residues has been long considered as a mechanism 

specific only to eukaryotes, where it comes at the head of many signal transduction pathways, 

and thus controlling a variety of cellular processes including cell division, cell growth and 

metabolism (Fantl et al., 1993; Hunter, 1995). Later on, protein phosphorylation on Tyr has 

been reported to occur in both, Gram-negative and Gram-positive bacteria as well (Cozzone, 

1993). In addition to its considered role as a regulating device of bacterial physiology, previous 

work linked this PTM also to the virulence and survival capacities of some pathogens (Ge and 

Shan, 2011; Whitmore and Lamont, 2012). As such, numerous bacterial tyrosine 

phosphatases were also reported to be secreted into host cells during infections (Whitmore 

and Lamont, 2012).  

Structure: 

Bacterial PTPs can be categorized into three distinct groups: eukaryotic-like and dual-

specificity phosphatases (DSPs), the polymerase and histidinol family of phosphoesterases 

(PHPs), and the low-molecular-weight protein tyrosine phosphatases (LMW-PTPs) (Aravind 

and Koonin, 1998; Standish and Morona, 2014). DSPs catalyze the dephosphorylation of 

substrates on phosphorylated Ser and Thr residues in addition to Tyr. The DSPs and LMW-

PTPs enzymes utilize a common catalytic mechanism that includes the conserved cysteine-

X5-arginine (C-X5-R) motif in the phosphate binding loop, where cysteine attacks the 
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phosphorus atom of the phosphotyrosine residue of the substrate (Whitmore and Lamont, 

2012). The Arg residue also interacts with the phosphate moiety of the phosphotyrosine 

(Tiganis, 2002). Members of the LMW-PTPs and PHPs families are specific for 

phosphorylated Tyr residues and are found across a spectrum of genera including bacteria 

and eukaryotes (Aravind and Koonin, 1998). In addition, phosphatases of the PHPs family 

have four motifs in common, termed domains I to IV, which are required for the metal binding 

(Davis et al., 1994). 

Functions: 

Since the discovery of the first bacterial tyrosine phosphatase in 1992 (Zhang et al., 1992), a 

large set of phosphatases has been identified in different bacterial pathogens. The biological 

significance of these PTPs is still not fully understood, however, in some bacteria, they have 

been reported to play an important role as secreted effector proteins and are integrated in the 

potential manipulation of signal transduction pathways of host cells during infections (Kennelly 

and Potts, 1996; Caselli et al., 2016). In Figure 3.3, PTPs and their proposed functions in 

different pathogens during infections are summarized. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: PTPs in bacterial pathogens and their impact on host cells. 

Several bacterial PTPs are reported in bacteria to induce cellular changes in 

host cells. In this schematic representation, proteins names and genera of 

bacteria and their impact on host cells are indicated. 



3. Introduction 

- 19 - 
 

The Gram-negative bacterium, S. typhimurium secretes the LMW-PTP SptP (Salmonella 

protein tyrosine phosphatase), which is a required for full virulence of the intracellular 

pathogen in the mice infection model (Kaniga et al., 1996). SptP suppresses mast cell 

degranulation, which in turn reduces the recruitment of PMNs and facilitates bacterial 

dissemination (Kawakami and Ando, 2013). Salmonella typhi (S. typhi) is another bacterial 

pathogen secreting a SptP-like phosphatase called StpA in order to disturb the host cell 

cytoskeleton during infection (Arricau et al., 1997). Similarly, the PTP YopH is secreted by 

pathogenic Yersinia spp. into mammalian host cells to block phagocytosis by subverting 

phosphotyrosine signaling pathways in the host, thus inhibiting bacterial uptake by host cells 

(Hamid et al., 1999; Montagna et al., 2001). This process is achieved by dephosphorylation of 

proteins of the focal adhesion complex such as p130Cas and focal adhesion kinase (FAK) 

which in turn inhibits phagocytes by detaching of actin structures (Persson et al., 1997). In 

addition, YopH suppresses the degranulation of neutrophils by blocking Ca2+ signaling and 

prevents T-cell activation (Persson et al., 1999; Yao et al., 1999). Coxiella burnetti (C. burnetti) 

is Gram-negative obligate intracellular pathogen encoding a phosphatase called Acp, which 

is reported to inhibit the activation of neutrophils via repressing the metabolic burst of formyl-

Met-Leu-Phe (fMLP)-stimulated cells (Li et al., 1996). Shigella flexneri (S. flexneri) is another 

example of a Gram-negative bacterium producing a DSP called OspF, which 

dephosphorylates mitogen-activated protein kinase and prevent histone H3 phosphorylation 

(Arbibe et al., 2007). A reduction in histone H3 phosphorylation interrupts the access of the 

transcription factor NF-kB to the chromosome, allowing S. flexneri to modulate host cell 

immune response strategies (Whitmore and Lamont, 2012).  

In Gram-positive bacteria, PTPs were documented in both pathogenic and non-pathogenic 

bacterial species. The pathogen Listeria monocytogens (L. monocytogens) secretes the 

protein Listeria phosphatase A (LipA), which exerts a dual function as a tyrosine and 

phosphoinositide phosphatase (Beresford et al., 2009; Kastner et al., 2011), and is reported 

to enhance the bacterial load and inflammatory cytokine production in L. monocytogens-

infected mice. Of importance, the genome of L. monocytogens does not encode proven Tyr 

kinases (Glaser et al., 2001). Thus, LipA produces these effects mostly by dephosphorylating 

Tyr-phosphorylated host cell proteins or lipids (Kastner et al., 2011). Likewise, the human 

pathogen Mtb secretes two LMW-PTPs known as MPtpA and MPtpB (abbreviation of 

Mycobacterium Protein tyrosine phosphatase A and B respectively) (Koul et al., 2000; 

Grundner et al., 2005). Expression of MPtpA is upregulated when the bacterial cells are 

internalized in host cells, and it interacts with the host vacuolar-H+-ATPase complex and 

blocks its trafficking to the mycobacterial phagosome, thus hindering the process of 

phagosome maturation (Bach et al., 2008; Wong et al., 2011). The phosphatase MPtpB 
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suppresses the innate immune response by inhibiting the production of inducible nitric oxide 

synthase (iNOS) as well as the expression of interleukin (IL)-1β and IL-6 (Zhou et al., 2010, 

Fan et al., 2018). In addition, it contributes to the intracellular survival of Mtb inside host cells 

by acting on cytoskeleton proteins such as Coronin-1 and Profilin-1and blocking phagosome-

lysosome fusion (Dhamija et al., 2019).  

 

 

3.6.2. Protein arginine phosphatases (PAPs) in bacteria 

In fact, phosphorylation of proteins on Arg residues has become a hot topic in bacterial 

physiology only recently (Suskiewicz and Clausen, 2016). In a few Gram-positive bacteria 

such as Bacillus subtilis (B. subtilis) and S. aureus, hundreds of phosphoarginine (pArg) sites 

were described in the bacterial proteomes (Elsholz et al., 2011; Junker et al., 2018). Initially, 

YwlE was identified as the first PAP to be discovered in bacteria, which counteracts the 

phosphorylating functions of McsB, a protein arginine kinase in Gram-positive bacteria 

(Elsholz et al., 2011; Fuhrman et al., 2009; Fuhrmann et al., 2013). Trentini et al. (Trentini et 

al., 2016) stated that both proteins are required for the regulation of pArg-based cellular 

pathways. Further studies categorized the pArg-phosphatase YwlE within the LMW-PTPs 

family and it was initially thought that YwlE acts only on phosphorylated Tyr residues (Xu et 

al., 2006), as it adopts the conserved set of active site residues specific for this family of 

phosphatases (Zhang, 2003). Surprisingly, Fuhrman and colleagues (Fuhrmann et al., 2013) 

observed that YwlE is highly specific to target pArg residues, and its activity towards pArg 

residues is attributed to a Thr residue within the catalytic loop CXXXTCR (S/R).  

Arg phosphorylation is also known to affect the regulation of various cellular functions in 

bacteria (Schmidt et al., 2014). The McsB/YwlE pair was shown to regulate the activity of the 

heat shock response regulator CtsR (Class three stress gene Repressor) of B. subtilis, a 

central transcription factor involved in stress adaptation in Gram-positive bacteria. Under 

stress conditions, B. subtilis releases McsB to phosphorylate and inhibit CtsR by displacing it 

from DNA preventing the protein-DNA complex formation, which intern increases the 

expression of the two heat shock genes: clpC and clpP (Derre et al., 1999; Fuhrmann et al., 

2009). Subsequently, the products of these two genes constitutes the ClpCP degradation 

system required for degradation of misfolded proteins (Michel et al., 2006). Importantly, 

Trentini and colleagues (Trentini et al., 2016) reported also that McsB-mediated Arg 

phosphorylation functions as signal for this degradation system, allowing it to recognize stress-

damaged proteins. In addition, the highly nucleophilic cysteine (Cys) residue of YwlE acts also 

as a sensor for oxidative stress forming a reversible disulfide bridge inactivating the protein 

Arg dephosphorylating activity (Fuhrmann et al., 2016). 
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3.7. PtpA and PtpB in S. aureus  

S. aureus contains a tyrosine phosphatase, called Phosphatase C (du Plessis et al., 2002). 

This phosphatase is a homologue of protein CpsB, which shows a PHP-activity in 

Streptococcus pneumoniae (S. pneumoniae) (Morona et al., 2002). Interestingly, the genome 

of S. aureus encodes two additional phosphatases of the LMW-PTPs family termed PtpA and 

PtpB (Soulat et al., 2002). Both proteins contain the two conserved active-site sequence motifs 

(D-P-Y) (amino acids 120 to 122: aspartic acid, proline, tyrosine) and (C-X4-C-R) (amino acids 

8 to 15: cysteine, 4 unknown amino acids, cysteine, arginine), which are designated to 

characterize this family of phosphatases (Soulat et al., 2002). The genome analysis of different 

strains of S. aureus showed that ptpA and ptpB are widely conserved across this species. 

Furthermore, both genes are separated by ~221,000 nucleotides, suggesting that they do not 

belong to the same operon. By calculating the nucleotide sequence, the molecular mass for 

both proteins were estimated to be 17,493 Da for PtpA and 15,790 Da for PtpB (Soulat et al., 

2002). Moreover, Comparative sequence analysis revealed that both proteins share a 

sequence similarity of 50% and sequence identity of 27% (Vega et al., 2011). 

Structurally, both PtpA and PtpB follow the general architecture specific for LMW-PTPs. On 

one side, PtpA is a single domain protein with a central connected four-stranded parallel β-

sheet forming the active site. Sheet 1 and helix 1 are connected by the phosphate binding 

loop (P-loop) which harbors the catalytic Cys residue (Cys8). The P-loop adopts the CX4CR 

motif of LMW-PTPs comprising residues 8 to 15. This motif is also surrounded by five helices. 

Helix 5 is present on one side of PtpA and two 12 and 15 amino acid long loop regions which 

are further stabilized by three β-turns are located on the other side (Figure 3.4A) (Vega et al., 

2011). In addition to Cys8, a second Cys residue (Cys13) is also found in the P-loop and 

functions to provide protection against oxidative inactivation of the catalytic site (Raugei et al., 

2002). On the other hand, PtpB is also a single α/β protein folding into five α-helices and four 

β-strands which are then connected by a number of unstructured loops. Long helices and 

loops flank the centrally located and twisted four-stranded β-sheet. The P-loop is located 

between the C-terminus of the β1 and the N-terminus of α1. In addition, a variable loop of 

residues connects the β2 and α2. A long flexible loop harboring the DPY motif connects the 

α4 and α5 helices. (Figure 3.4B) (Mukherjee et al., 2009). 
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Both PtpA and PtpB showed reactivity toward phosphorylated Tyr substrates in S. aureus 

(Soulat et al., 2002; Mukherjee et al., 2009). Notably, deletion of ptpA or ptpB did neither 

influence the in vitro growth kinetics nor the cell wall integrity of S. aureus if cultured in rich 

medium (Vega et al., 2011), leading to the assumption that both phosphatases might be 

involved in infectivity of this bacterium (Vega et al., 2011). Interestingly, Brelle and colleagues 

(Brelle et al., 2016) reported that S. aureus secretes substantial amounts of PtpA into the 

growth medium during the in vitro culturing, even though this protein shows no obvious export 

pathway signal at its N-terminus. PtpB was originally categorized as LMW-PTP in S. aureus 

with a specificity towards phosphorylated Tyr residues as mentioned previously (Soulat et al., 

2002). However, a striking feature of PtpB is its ability to dephosphorylate pArg residues in S. 

aureus. This feature was only recently revealed by Junker and colleagues (Junker et al., 

2018), who observed that deletion of ptpB in the S. aureus strain COL, a MRSA strain 

belonging to clonal complex 8 (CC-8), produced 207 proteins with pArg sites in the ptpB 

deletion mutant compared to only 8 sites in the wild-type strain. This finding indicated that the 

ptpB mutant strain lost its ability to dephosphorylate Arg-phosphorylated proteins. This overlap 

of Tyr and Arg phosphorylation by PtpB is of major concern, because it indicates that the 

conserved active site of LMW-PTP might target not only phosphorylated Tyr but also 

phosphorylated Arg residues, if the catalytic loop consists of a CXXXTCR motif. This dual 

function might be explained by the fact that phosphorylation of Arg involves the formation of 

high energetic phosphate ester bonds (Hunter et al., 2012). The chemical properties of these 

A B 

Figure 3.4: 3D-Structures of PtpA and PtpB in S. aureus. (A) PtpA consists of 4-

chain β-sheets (beige) connected to the P-loop (yellow). This loop contains the 

catalytically active cysteine (Cys8) and is framed by the 5 α-helices (gray) (Vega et 

al., 2011). (B) PtpB consists of 4-chain β-sheets (turquoise) and 5 α-helices (pink). 

The P-loop forms the active site and connects β-sheets and α-helices (Mukherjee 

et al., 2009). 
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bonds suggest the possibility of the occurrence of phosphate transfer to other proteinogenic 

amino acids such as Tyr, if they are accessible for the catalytic domain. 

Among the pArg proteome, a number of regulatory proteins were found to be phosphorylated 

on Arg residues in S. aureus when ptpB was deleted, including CtsR and MgrA (Junker et al., 

2018; Junker et al., 2019). In S. aureus, CtsR act mainly as a repressor of heat shock genes, 

which is inactivated under oxidative and other stress conditions, thus ensuring a fast and 

efficient adaption of bacterial cells to such stresses (Elsholz et al., 2011; Wozniak et al., 2012). 

This inactivation results presumably from the McsB-induced phosphorylation of Arg residues 

within the DNA-binding domains of CtsR, as has been observed for the CtsR homologue of B. 

subtilis (Krüger et al., 2001). Earlier work on McsB demonstrated that its staphylococcal 

homologue is involved in pathogenicity (Wozniak et al., 2012), suggesting a similar role for its 

cognate phosphatase PtpB in S. aureus. 

The Sar-family transcription factor MgrA is major global multiple gene regulator controlling the 

transcription of around 350 genes (Luong et al., 2006), which are involved among others in 

capsule biosynthesis, toxin production, nuclease production and autolytic activity of S. aureus 

(Ingavale et al., 2003). In addition, MgrA acts as an oxidant sensor via its unique redox-

sensitive Cys12 residue which is located in the N-terminal helix α1 in the dimerization domain. 

Various reactive oxygen species (ROS) including hydrogen peroxide (H2O2) and organic 

hydroperoxide were reported to disturb the hydrogen bound network around Cys12, which in 

turn results in in dissociation of MgrA from its DNA target sequences. This oxidation-sensing 

mechanism is used to modulate several signaling pathways utilized by S. aureus during 

infections (Chen et al., 2006).  

 

 

3.8. Protein phosphatases as potential drug targets 

Since protein phosphatases (PPs) represent a large family of bacterial signaling enzymes, 

they are considered as attractive key targets for new therapies (Martins et al., 2015; Stanford 

and Bottini, 2017). Despite this, most of the clinical trials aiming to develop new drugs targeting 

protein phosphorylation are directed towards the inhibition of protein kinases (Cohen, 2002; 

Kurosu and Begari, 2010). Nevertheless, a number of protein phosphatase inhibitors were 

also developed as potential drugs, however, the majority of them are exploited against 

infections caused by Mtb and Yersinia spp. (Grundner et al., 2008; Chiaradia et al., 2008, 

Bahta and Burke, 2012). One such trial targeted the ClpC1 ATPase enzyme, an essential 

enzyme of the ClpC1P1P2 proteolytic complex required for viability of Mtb (Akopian et al., 

2012; Gavrish et al., 2014). In addition, specific chemical inhibitors against MptpA and MptpB 
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were identified and considered as alterative strategy to using antibiotics. These inhibitors 

target different mechanisms including the disturbance of the protein catalytic loop (reviewed 

in Ruddraraju et al., 2021). The PTP YopH produced by Yersinia spp. has been also 

investigated in depth in order to develop specific inhibitors, which act mostly by binding to the 

active site of this enzyme (Taylor et al., 1996; Phan et al., 2003). Similarly, Hu and colleagues 

(Hu et al., 2004) performed docking study of the YopH and the Salmonella SptP in which they 

revealed distinctive characteristics in the binding modes of both proteins. In a trial to enhance 

the inhibitory potency against YopH, Lee et al. (Lee et al., 2005) described a modification of 

the previously characterized   monoanionic pTyr mimetic-based PTP inhibitors in which adding 

the 5-methylindolyl group at the N-terminus resulted in a potent inhibitory effect against the 

YopH.  

Likewise, novel drugs are required to combat infections caused by S. aureus and encounter 

the multidrug resistance developed by this pathogen (Payne, 2008; Nelson et al., 2021). 

Inhibitors of protein phosphatases have been already considered as promising putative agents 

to combat infections caused by this pathogen (Jarick et al., 2018).  However, the majority of 

trials focused mainly on developing specific inhibitors against Ser/Thr kinases (STKs), which 

are important virulence modulators in S. aureus (Zheng et al., 2016). A challenge to be 

overcome is to develop selective therapeutic agents against PtpA and PtpB due to their highly 

conserved active site. However, several features of the active site and surface organization of 

the staphylococcal phosphatases, especially PtpA (Vega et al., 2011), supporting the idea that 

developing new therapies specifically targeting these phosphatases in S. aureus might be 

feasible.  
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4. Aim of thesis 
 

 

Infections caused by MRSA strains represent an ongoing health problem, causing high 

morbidity and mortality (Raygada and Levine, 2009; Turner et al., 2019). This fact has been 

more complicated due to the emergence of several MRSA strains reported to be resistant 

against almost all currently available antibiotics (Vestergaard et al., 2019). For these reasons, 

it is of highest priority to find new treatment methods against infections induced by this 

pathogen. In order to be able to develop new anti-infectious medicines, there is an urgent 

need to know more about the molecular mechanisms used by this pathogen to establish 

infections, especially those involved in interactions of S. aureus with the host immune cells.  

The low molecular weight protein phosphatases (LMW-PPs) are already well investigated in 

other bacterial pathogens and linked to the ability of these pathogens to induce and establish 

infections. The fact that S. aureus contains two LMW-PPs, PtpA and PtpB, which were only 

partially characterized in this pathogen at the beginning of this thesis work, let to the motivation 

to investigate and characterize the roles of these two proteins on the infectivity of S. aureus in 

this thesis. Having the structure of S. aureus PtpA and PtpB available in hand from previous 

studies (Mukherjee et al., 2009; Vega et al., 2011), we are then potentially one step closer to 

target these proteins. Specifically, i intended to characterize the effects of deletion of ptpA or 

ptpB on the intracellular survival capacity of S. aureus inside macrophages, and the effect of 

both proteins on the in vivo infectivity of S. aureus in a mouse model of infection. Given the 

impact of PtpB on the Arg phosphorylation of CtsR and MgrA in S. aureus (Junker et al., 2018; 

Junker et al., 2019), the ability of the ∆ptpB deletion mutant cells to adapt to different stress 

conditions was also investigated. In addition, i intended to investigate the effects of a ptpB 

deletion on the exonuclease activity, and the proteolytic, hemolytic and autolytic activities of 

S. aureus. In order to gain deeper insights into the molecular mechanisms that are responsible 

for the PtpB-driven effects on stress adaptation and infectivity of S. aureus, qRT-PCR 

analyses were planned for stress resistance and virulence genes presumably influenced by 

PtpB. 
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5. Results 
 

 

This cumulative thesis is based on three peer-reviewed publications which are presented in 

this part. 
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Article (I) 
 

 

PtpA, a secreted tyrosine phosphatase from Staphylococcus 

aureus, contributes to virulence and interacts with coronin-1A 

during infection  

 

 

 

 

 

Reprinted with the permission from Laila Gannoun-Zaki, Linda Pätzold, Sylvaine Huc-Brandt, 

Grégory Baronian, Mohamed Ibrahem Elhawy, Rosmarie Gaupp, Marianne Martin, Anne-

Béatrice Blanc-Potard, François Letourneur, Markus Bischoff, Virginie Molle. 

 

 

 

Status of publication: This manuscript was published in Journal of Biological Chemistry in 

October 2018. 
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Article (II) 
 

 

The phosphoarginine phosphatase PtpB from Staphylococcus 

aureus is involved in bacterial stress adaptation during infection  

 

 

 

 

 

Reprinted with the permission from Mohamed Ibrahem Elhawy, Sylvaine Huc-Brandt, Linda 

Pätzold, Laila Gannoun-Zaki, Ahmed Mohamed Mostafa Abdrabou, Markus Bischoff, and 

Virginie Molle. 

 

 

 

Status of publication: This manuscript was published in Cells in March 2021. 
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Article (III) 
 

 

The low-molecular weight protein arginine phosphatase PtpB 

affects nuclease production, cell wall integrity, and uptake rates of 

Staphylococcus aureus by polymorphonuclear leukocytes 

 

 

 

 

 

 

Reprinted with the permission from Mohamed Ibrahem Elhawy, Virginie Molle, Sören L. 

Becker and Markus Bischoff. 

 

 

 

Status of publication: This manuscript was published in International Journal of Molecular 

Sciences in May 2021. 
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6. Discussion and conclusion 
 

 

6.1. Discussion 

PtpA, a secreted tyrosine phosphatase from Staphylococcus aureus, 

contributes to virulence and interacts with coronin-1A during 

infection (article I).  

In this study, the impact of PtpA on the pathogenicity of S. aureus was investigated. I started 

by constructing a ptpA deletion mutant within the clinical S. aureus strain SA564. I used the 

advantage of the availability of a ∆ptpA mutant in the S. aureus strain Newman, which was 

constructed in our laboratory and already used in a previously published study (Brelle et al., 

2016). I transferred the resistance cassette marked deletion region into the S. aureus strain 

SA564 via phage transduction to construct the strain SA564 ∆ptpA. In order to confirm that 

potential phenotypes observed with the ptpA deletion mutant were indeed caused by the 

deletion of ptpA in this S. aureus background, the cis-complemented derivative harboring the 

wild-type ptpA locus was constructed using the previously described pEC1 plasmid (Brückner, 

1997). These two S. aureus backgrounds, S. aureus SA564 and Newman, were used in this 

study, because they represent genetically and phenotypically distinct lineages (Duthie, 1952; 

Somerville et al., 2002). The S. aureus strain SA564 is a low-passage human clinical strain of 

the CC5 isolated from a patient with TSS in USA in 2007 (Somerville et al., 2002). This S. 

aureus strain is worldwide distributed and especially prominent in the western hemisphere 

(Challagundla et al., 2018). The S. aureus strain Newman (CC8) is a genetically amenable 

strain and extensively used in staphylococcal research including the phenotypic 

characterization of S. aureus in murine infection models (Baba et al., 2008).  

In a first set of experiments in this study, the effect of a ptpA deletion on the bacterial growth 

of S. aureus was investigated. When S. aureus strains Newman and its ∆ptpA mutant were 

cultivated in a rich medium (e.g. TSB) under aerobic conditions, both strains grew in a similar 

way, which is in line with earlier findings (Vega et al., 2011) and suggests that PtpA is not 

involved in regulating metabolic pathways of this bacterium. Given the impact of the Mtb Ptp 

homologues on the infectivity of this intracellular pathogen, and the fact that MPtpA and MPtpB 
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are effectively secreted by Mtb without harboring a clear export signal sequence (Bach et al., 

2008; Wong et al., 2011), it was then tempting to speculate that the S. aureus Ptp homologues 

may fulfill similar functions.  In line with this assumption, the deletion of ptpA in S. aureus was 

found to decrease the capacity of this pathogen to survive inside the mouse-derived RAW 

264.7 macrophages, and similar findings were reported with the THP-1 derived human 

macrophages. The overall ability of S. aureus to invade and survive inside macrophages has 

been described before (Kubica et al., 2008; Grosz et al., 2014; Lacoma et al., 2013; 

Tranchemontagne et al., 2016). With the observations made in study I, we could define PtpA 

as an additional factor contributing to the internal survival of S. aureus in this important 

immune cell type. Moreover, when a S. aureus-based murine abscess model was 

investigated, a more than 3-log reduction in bacterial loads obtained from the liver of mice 

infected with the ∆ptpA deletion mutant was noticed. Collectively, these findings indicate that 

the LMW-PTP homologue PtpA is of major importance for the infectivity of S. aureus, 

presumably by promoting its survival in macrophages.  

To test whether S. aureus secretes PtpA not only under in vitro conditions (Brelle et al., 2016), 

but also under infection-mimicking conditions, a number of immunoblotting experiments were 

carried out. In these experiments, it became clear that PtpA was also secreted by S. aureus 

when bacterial cells were internalized by macrophages, suggesting that PtpA secretion is also 

functional under in vivo conditions. Immunoprecipitation assays further identified putative 

intracellular binding partners for PtpA inside macrophages such as Coronin-1A, which was 

also found to be phosphorylated on tyrosine residues upon S. aureus infection. Besides its 

function in regulating the actin cytoskeleton assembly, Coronin-1A is thought to be involved 

also in a variety of cellular processes including signal transduction (Punwani et al., 2015). 

Mutations of the Coronin-1A encoding gene (CORO1A) were reported to increase the infection 

susceptibility and modulate the immune response in mice and humans (Shiow et al, 2008; 

Moshous et al., 2013). This protein accumulates in the phagocytic cups and on phagosomal 

membranes during phagocytosis hindering the fusion of phagosomes with lysosomes (Itoh et 

al., 2002). Furthermore, Oku and colleagues (Oku et al., 2021) reported that this protein is 

phosphorylated on the Thr412 residue in a process required for the full activity of phagocytes. 

Based on these observations, we propose that PtpA from S. aureus also modulates the host 

immune response, presumably by interacting with Coronin-1A inside macrophages. Although 

the impact of the phosphorylation of Coronin-1A on tyrosine residues in phagocytic cells 

infected with S. aureus is not known yet, one may hypothesize that such phosphorylation might 

be linked to alterations in the distribution of this protein inside macrophages during infection. 

This assumption is in line with a previous observation that macrophages infected with Mtb 

showed a retention of Coronin-1A on the phagosomal membrane. These phagosomes were 
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also found to contain viable and not killed bacteria, suggesting that the retention of Coronin-

1A on phagosomes enhances the intracellular survival capacity of Mtb inside macrophages 

by blocking the delivery of bacterial cells to lysosomes (Ferrari et al., 1999; Jayachandran et 

al., 2007).  Another study also observed that oligomerization of Coronin-1A is an important 

key determinant of Mtb-macrophage interaction, in which the trimerization of Coronin-1A was 

reported to enhance the survival of mycobacterial cells in macrophages (BoseDasgupta and 

Pieters, 2014).  

 

 

The phosphoarginine phosphatase PtpB from Staphylococcus 

aureus is involved in bacterial stress adaptation during infection 

(article II). 

As our first set of data indicated that PtpA plays an important role in host immune evasion and 

infectivity of S. aureus in mice, we hypothesized that the other closely related phosphatase, 

PtpB, might have similar effects. In this study, the ∆ptpB mutant strain was constructed using 

the phage transduction strategy and its cis-complemented derivative was then constructed 

using the shuttle vector pBASE6 in double-crossover mechanism (Geiger et al., 2012). Firstly, 

i studied the survival capacity of a S. aureus SA564 ptpB deletion mutant in THP-1 derived 

macrophages, which were firstly described by Tsuchiya and colleagues (Tsuchiya et al., 

1980), and since then extensively used as a model to explore macrophage activity (Qin, 2012, 

Starr et al., 2018). Infection of THP-1 macrophages with the S. aureus strain SA564 ∆ptpB 

cells revealed a significant reduction in the number of viable bacterial cells recovered from the 

infected macrophages, similar to our findings made with the S. aureus ptpA deletion mutant. 

Additionally, this finding agrees with a previous study in which the mycobacterial PtpB 

homologue was also found to promote intracellular survival of Mtb inside macrophages via the 

modulation of several macrophage proteins (Singh et al., 2003). In addition, Zhou and 

colleagues (Zhou et al., 2010) showed that mycobacterial PtpB interferes with the interferon 

gamma (IFN-γ) mediated signaling pathway, which in turn results in inhibition of IL-6 

production. IL-6 is a very effective cytokine activating microbicidal activities of macrophages 

(Van der Poll et al., 1997). By using our murine abscess model, we also showed that the 

deletion of ptpB in S. aureus is associated with decreased bacterial loads in liver and kidneys 

of the infected mice, a phenotype that also fits with observations made for the Mtb homologue 

showing that a deletion of ptpB in Mtb results in a severe reduction in bacterial loads in a 

guinea pig model of infection (Singh et al., 2003). However, unlike the PtpB homolog of Mtb 

(Dhamija et al., 2019), we failed to identify a relevant secretion of PtpB into the extracellular 
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milieu by S. aureus, suggesting that PtpB, unlike PtpA, is not secreted by S. aureus, and 

indicating that this protein is likely to affect the pathogenicity of S. aureus by different means.  

Part of the success of S. aureus as a human pathogen originates from its ability to quickly 

adapt to adverse conditions encountered within the host during infection (Cole et al., 2014; 

Dastghey and Otto, 2015). The diminished capacity of S. aureus strain SA564 ΔptpB to survive 

intracellularly within THP-1 derived macrophages hit us with the idea to mimic relevant 

stresses encountered by S. aureus within macrophages in order to identify potential 

mechanisms exerted by PtpB to enhance the intracellular survival in this immune cell type. 

Phagocytosis of S. aureus by professional phagocytic cells is followed by activation of diverse 

killing mechanisms including the release of ROS, reactive nitrosative species (RNS), and a 

low pH milieu (Peyrusson et al., 2020; Pidwill et al., 2021). All of these stresses usually work 

together in a coordinated way to destroy the engulfed bacterial cells (Viola et al., 2019). On 

the other side, the ability of bacteria to sense and respond to such stresses is considered a 

key signaling strategy used by these pathogens to evade the hostile immune response 

(Marshall et al., 2000; Mongkolsuk and Helmann, 2002; Chen et al., 2011). Challenging S. 

aureus strain SA564 ∆ptpB with 50 mM of H2O2 as a final concentration uncovered a reduced 

capacity of the mutant cells to resist oxidative stress induced by H2O2 compared to that of the 

wild-type. This finding is in a line with a previous study in which deletion of ptpB in the S. 

aureus strain COL resulted in a reduction in bacterial ability to survive in H2O2-supplemented 

media (Junker et al., 2019). S. aureus exploits various mechanisms to counteract the effects 

of oxidative stress by increasing the expression of detoxification enzymes (Gaupp et al., 2012). 

Moreover, PTMs of bacterial proteins are considered mechanisms used by bacterial cells to 

sense and adapt to such oxidative stress (Marshall et al., 200). Based on these observations, 

we assumed that PtpB might affect the transcription of genes required to counteract this stress 

in S. aureus. To test this assumption, i performed qRT-PCR analyses of genes whose 

products are involved in detoxification of H2O2 in S. aureus which revealed decreased 

transcription rates for ahpC, katA and sodA. These rates of reduced expression explains the 

retarded capacity of the ΔptpB cells to withstand the H2O2-induced stress and agree with a 

study in which deletion of ahpC and katA resulted in a severe decline in the ability of S. aureus 

to overcome deleterious effects of this oxidative stress (Cosgrove et al., 2007). In accordance, 

inactivation of NADPH oxidase, a key component of oxidative burst in macrophages, results 

in a dramatic decrease in the killing ability of macrophages. This diminished killing capabilities 

of macrophages were reflected by increases in numbers of S. aureus cells (20 to 30-fold) 

surviving inside NADPH oxidase-defected macrophages (Surewaard et al., 2016). These 

observations, together with another study (Krause et al., 2019), indicate that macrophages 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cosgrove%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17114262
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use high levels of ROS to restrict S. aureus during infections, a mechanism that seems to be 

counteracted by the bacterium via PtpB-driven modulation of ROS inactivating factors.  

Activated macrophages also synthesize nitric oxide (NO˙) in a micromolar range together with 

other RNS to clear internalized S. aureus cells (Weinberg, 1998; Vazquez-Torres et al., 2008). 

In fact, NO˙ is a main component of the bactericidal activity of macrophages (Fang und 

Vazquez-Torres 2002; Chakravortty und Hensel 2003). After engulfing pathogens, activated 

macrophages are stimulated to form NO˙ and oxygen by activation of iNOS (Stuehr, 1991; 

Webb et al., 2001). RNS are then produced in the presence of oxygen to inhibit bacterial 

respiration (Fang, 2004; Pacher et al., 2007). Thus, macrophages use RNS together with ROS 

to induce synergistic antimicrobial capabilities (Pacelli et al., 1995). To investigate the impact 

of PtpB on the capacity of S. aureus to deal with NO˙ stress, we used the NO˙ donor 

dimethylamine NONOate (DEA/NONOate).  This family of NO˙ donor compounds was used 

because of its established ability to release NO˙ in aqueous solutions with known decay rates 

(Ramamurthi and Lewis, 1997). Interestingly, we observed a reduced capacity of the ∆ptpB 

mutant cells to survive the NO˙ stress induced by DEA/NONOate challenge, suggesting that 

PtpB contributes to the intracellular survival of S. aureus inside immune cells by increasing 

the capacity of the bacterium to withstand NO˙-induced killing. This assumption is in line with 

findings made by Urbano and colleagues (Urbano et al., 2018) who demonstrated that 

internalized S. aureus cells promote their survival inside macrophages by counteracting the 

produced NO˙. Other studies also linked the intracellular survival capacity of S. aureus to its 

adaptability to RNS produced by phagocytic cells (Hochgräfe et al., 2008).  Similarly, Kinkel 

et al. (Kinkel et al., 2013) concluded that being resistant to NO˙ is a prerequisite for survival of 

S. aureus inside host cells. However, my qRT-PCR analysis of hmp transcription, a 

flavohemoglobin gene encoded in all sequenced S. aureus genomes and required for 

detoxification of nitrosative stress (Gonçalves et al., 2006; Lewis et al., 2015), revealed no 

clear differences between the wild-type and ∆ptpB mutant cells, which might be attributed to 

the lack of NO˙ challenge under the in vitro growth conditions used. This assumption is 

consistent with this of Kinkel et al. (Kinkel et al., 2013) who reported that hmp is tightly 

regulated by the SrrAB two-component system and its expression in the absence of NO˙ could 

intensify the oxidative stress. This finding highlights the importance of the NO˙ challenge to 

induce the expression of hmp in S. aureus. 

In addition to the above-mentioned mechanisms, acidification of the phagolysosome is 

another major mechanism employed by macrophages to kill the ingested S. aureus cells (Ip 

et al., 2010). This bactericidal acidification step is generated by protons imported via a proton 

transporting ATPase (Westman and Grinstein, 2021). The resulting decline in pH generates 

acidic and hydrolytic phagolysosomes which are detrimental for the survival of intracellular S. 

https://pubmed.ncbi.nlm.nih.gov/?term=Gon%C3%A7alves+VL&cauthor_id=16516202
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aureus cells (Korting et al., 1992). However, the permeability of the phagosomal membrane 

and the rate of proton leakage are two important factors resulting in variations of the acidic pH 

value generated inside macrophages (Canton et al., 2004). In this regard, the lumen of early 

phagosomes is a little acidic with a pH value of 6.1-6.5 (Kinchen and Ravichandran, 2008), 

however it becomes more acidic due to translocation more protons into the lumen of 

phagosomes forming the so-called late phagosomes with a pH value of 5.5-6 (Lee et al., 

2020). This pH value further declines to 5-5.5 when the phagolysosomes are formed 

(Marshansky and Futai, 2008). In order to mimic a similar in vitro effect, i used PBS adjusted 

to pH of 5.5 to estimate the survival capacity of S. aureus strain SA564 ∆ptpB under such a 

condition. My determinations of the CFU values together with the drop in the OD600 values 

indicated that PtpB is involved in enhancing the capacity of S. aureus to resist the low pH 

stress that is usually encountered within macrophages. Earlier work demonstrated that S. 

aureus alters its phospoproteome to adapt to acidic pH conditions (Junker et al., 2019). 

Specifically, exposing S. aureus cells to acidic conditions resulted in an increased 

serine/theronine phosphorylation of proteins (Huemer et al., 2021). Likewise, McsB was 

reported to be of importance for S. aureus to resist acidic stress (Wozniak et al., 2012), further 

supporting the idea that the McsB/PtpB phosphorylation/dephosphorylation system is of 

relevance for this pathogen to adapt to acidic conditions. Nevertheless, additional analyses of 

the staphylococcal proteome are still required in order to identify potential specific targets of 

McsB and PtpB. 

 

 

The low-molecular weight protein arginine phosphatase PtpB affects 

nuclease production, cell wall integrity, and uptake rates of 

Staphylococcus aureus by polymorphonuclear leukocytes (article 

III). 

Within my third study, i investigated whether PtpB might also contribute to the pathogenicity 

of S. aureus toward the host innate immunity. PMNs represent another integral part of the 

innate immune response, which is particularly effective for the engulfment and clearance of S. 

aureus (Lu et al., 2014). Activation of PMNs during S. aureus infections results in the 

production of proteases and AMPs in concert with a variety of ROS, which all aim at destroying 

the invading S. aureus cells (Guerra et al., 2017; Kobayashi et al., 2018). Despite this, S. 

aureus is able to evade clearance by PMNs in a process required for establishment and 

maintenance of infections (DuMont et al., 2013). Upon the encounter with PMNs, S. aureus 

secretes several proteases to either inhibit uptake by these immune cells or even induce lysis 

https://pubmed.ncbi.nlm.nih.gov/?term=Ravichandran+KS&cauthor_id=18813294
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after being engulfed (Rigby and DeLeo, 2012, Spaan et al., 2013; van Kessel et al., 2014; 

Prajsnar et al., 2020). In order to address the effect of ptpB deletion on the uptake of S. aureus 

by PMNs, i employed a whole blood flow cytometric assay (Ballhausen et al., 2014; Jung et 

al., 2017). This assay enables to quantitatively analyze phagocytosis of fluorescent labelled 

S. aureus cells by PMNs in whole human blood. Analysis of the obtained MFI together with 

the associated histograms (population comparisons) showed that cells of the SA564 ΔptpB 

mutant were taken up by PMNs in significantly higher rates than cells of the wild-type and cis-

complemented strains. These findings indicate that PtpB is of importance for S. aureus to 

evade phagocytosis by neutrophils in the human blood, although it cannot be excluded that 

cells of the ptpB deletion mutant adhered in larger quantities to PMNs than the wild-type and 

cis-complemented cells. In fact, the inability to differentiate between bacterial cells which are 

already phagocytosed and those being only attached to the PMNs is a major limitation of this 

assay (Boero et al., 2021). 

In order to gain a better understanding of the contribution of PtpB to the interactions of 

neutrophils with S. aureus, i tested whether PtpB might be crucial for S. aureus to inhibit 

cytotoxic activities of these immune cells. As mentioned earlier in this thesis, NETs are 

neutrophil-derived bactericidal determinants of the immune response and consist mainly of 

large quantities of eDNA decorated with granular proteins (Papayannopoulos and Zchlinsky, 

2009). S. aureus is known to significantly reduce the activity of NETs mainly by the production 

of exonucleases (Speziale and Pietrocola, 2021). Thus, i tested the effect of the ptpB deletion 

on the ability of S. aureus to degrade eDNA. Here, i found that cells of the ptpB deletion mutant 

produced significantly smaller lytic areas surrounding the bacterial growth zones than the wild-

type and cis-complemented cells when cultured on DNase agar test plates. To substantiate 

this finding, i further assessed the transcription of nuc, encoding for the major exonucleases 

of S. aureus. In line with the DNase assay, a significant reduction in transcription rates of nuc 

was observed in the ∆ptpB mutant cells in three time points representing different growth 

phases (exponential, transition and early stationary phases). Together, these findings suggest 

that PtpB promotes the expression of nucleases and thus positively contributes to the 

exonuclease activity of S. aureus, which is considered as a major pathogenicity factor of S. 

aureus to resist killing by NETs (Schilcher et al., 2014) and to even persist within suppurative 

lesions during infection (Chen et al., 2009).  

Inactivation of the host complement system is another mechanism used by S. aureus to evade 

the host innate immunity (Sakiniene et al., 1999). The complement system is a central part of 

the human immune response against pathogens (Dunkelberger and Song, 2010). During 

bacterial infections, activation of the complement system results in cleaving of the C3 into two 

proteins, C3a and C3b in a process required for opsonization of S. aureus (Harboe et al., 
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2004). However, S. aureus is capable of counteracting this process by secreting the zinc-

dependent metalloprotease Aur (Shaw et al., 2004). Aur is synthesized by S. aureus 

throughout the growth cycle and effectively cleaves C3b, thus interfering with the phagocytic 

activity of phagocytes and providing opportunities for S. aureus to disseminate from the blood 

stream into different organs (Kubica et al., 2008; Jusko et al., 2014). In addition, Sieprawska-

Lupa et al. (Sieprawska-Lupa et al., 2004) reported that Aur secreted by S. aureus contributes 

to the inactivation of Cathelicidin LL-37, one of the main human AMPs with a potent 

antistaphylococcal activity. These findings, together with the information that Aur attenuates 

phagocytosis of S. aureus by neutrophils (Laarman et al., 2011), indicate that Aur contributes 

to the protection S. aureus against phagocytosis (Kubica et al., 2008). Based on these 

observations, i determined the transcription rate of aur (encoding aureolysin) when ptpB was 

deleted in comparison to the wild-type cells. My data showed that deletion of ptpB results in a 

significant reduction in aur transcription rates, suggesting that PtpB promotes immune evasion 

of S. aureus by increasing the expression of Aur. Regarding its other targets, aureolysin also 

activates V8 protease and cleaves staphylococcal surface-associated proteins such as 

FNBPs, SpA and ClfB, thus contributing to the proteolytic activity in S. aureus (McGavin et al., 

1997; McAleese et al., 2001; Dubin, 2002; Shaw et al., 2004). In this study, i also observed 

that deletion of ptpB reduced the overall proteolytic activity of S. aureus spotted on skimmed 

milk tryptic soy agar plates. In a similar way, Wozniak et al. (Wozniak et al., 2012) reported 

that deletion of McsB was associated with a decreased proteolytic activity in S. aureus mainly 

by decreasing the expression of the clpC operon (Frees et al., 2003). 

Another major mechanism used by neutrophils during their battle with bacterial pathogens is 

to destabilize bacterial cytoplasmic membranes via the release of large amounts of AMPs 

(Oppenheim et al., 2003).  Defensins are the principal AMPs secreted by neutrophils, 

accounting for 50% of their azurophilic granules (Lundy et al., 2008). Exposure of S. aureus 

to defensins is known to induce structural changes of the cell wall, even when low 

concentration is used (Shimoda et al., 1995). To test whether PtpB contributes to the capacity 

of S. aureus to withstand such a kind of stress, i tested the capability of the wild-type and 

∆ptpB mutant cells to cope with cell wall-damaging substances in a series of Triton X-100- 

and lysostaphin-induced lysis assays. Triton X-100 is a non-ionic detergent known to stimulate 

the activity of autolysins in S. aureus (Raychaudhuri and Chatterjee, 1985). Lysostaphin is 

zinc metalloproteinase degrading the cell wall of S. aureus by targeting the pentaglycine 

interpeptide bridges of the PG (Schindler and Schuhardt, 1964). Notably, when cells of the 

ptpB deletion mutant were exposed to Triton X-100 and lysostaphin, respectively, a 

significantly faster lysis was observed than with cells of the wild-type strain. These findings, in 

contrary to the previous findings of Brelle et al. (Brelle et al., 2011), suggest a potential role of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Wozniak%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=22902728
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wozniak%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=22902728
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oppenheim%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14532141
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PtpB in maintaining the integrity of the cell wall in S. aureus. Maintenance of the cell wall 

integrity is achieved either by affecting the cell wall synthesis processes or the cell wall lytic 

activities (Sutton et al., 2021). Based on a previous study of Junker et al. (Junker et al., 2018; 

Junker et al., 2019) that MgrA is phosphorylated on Arg when ptpB was deleted and also the 

fact that MgrA controls the autolysis in S. aureus (Ingavale et al., 2003), we postulated that 

PtpB might affect the autolysis in S. aureus by modulating the activity of MgrA. In S. aureus, 

autolysis is mediated by autolytic enzymes (autolysins or murein hydrolases) that cleave 

covalent bonds in the cross-linked PGN chains (Antignac et al., 2007). Thus, i investigated the 

transcription rates of major genes affecting the staphylococcal autolytic activities such as atlR, 

fmtB, lrgA and LytN which are all regulated by MgrA (Komatsuzawa et al., 2000; Luong et al., 

2006). AS expected, deletion of ptpB affected the transcription of all these genes in the S. 

aureus strain SA564. 

The findings of Junker et al. (Junker et al., 2018; Junker et al., 2019) that MgrA is a substrate 

of PtpB in S. aureus and my findings that deletion of ptpB affected the transcription of a set of 

MgrA-regulated genes especially those controlling the autolysis in S. aureus supported the 

possibility that PtpB might affect the whole MgrA operon. Interestingly, my qRT-PCR analysis 

of the transcription of ebh and spa which are also controlled by MgrA showed that PtpB does 

not alter the activity of MgrA per se. In fact, interruption of the regulation process of MgrA 

induced by the lack of Arg phosphorylation was previously reported by Junker et al. (Junker 

et al., 2018). Furthermore, changing of the phosphorylation status of MgrA induced by the 

Ser/Thr kinase (StK1) was also reported to change its binding capacity to promoters of the 

MgrA-targeted genes norA and norB (Truong-Bolduc et al., 2008; Truong-Bolduc and Hooper, 

2010). Thus, we postulated that Arg dephosphorylation of MgrA induced by PtpB results in 

differential promoter-binding reactions on a number of MgrA-regulated genes, and thus a 

differential transcription rate of these genes. Similarly, investigating the transcription of a 

number of genes regulated by the global transcriptional regulator SarA revealed that PtpB 

affects the transcription of some but not all genes controlled by this regulator. In this regard, 

PtpB enhanced the expression of nuc, aur, lrgA and hld but did not affect the expression of 

hla and splB. This finding agrees with previous studies of Junker et al., (Junket et al., 2018; 

Junker et al., 2019) in which phosphorylation of SarA on Arg residues was not reported. Of 

importance, SarA phosphorylated by StK1 was found to interact with its promoters in a 

different way to the nonphosphorylated SarA (Didier et al., 2010) Furthermore, my qRT-PCR 

data together with the hemolytic assay performed on blood agar plates showed a relation of 

PtpB to the activity of the accessory gene regulator locus (agr) locus presumably via the 

response regulator AgrA which is regarded to mainly control the transcription of the agr operon 

and stimulate the transcription of RNAIII (Dunman et al., 2001). This assumption is supported 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Truong-Bolduc%20QC%5BAuthor%5D&cauthor=true&cauthor_uid=20233929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Truong-Bolduc%20QC%5BAuthor%5D&cauthor=true&cauthor_uid=20233929
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hooper%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=20233929
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by the findings ptpB deletion induced a higher transcription rate of hld (encodes RNAIII) in the 

early stationary phase of growth. Similarly, transcription of psmα, which is also known to be 

regulated by the AgrA regulator (Tan et al., 2018) was also found to be increased by the 

deletion of ptpB. Interestingly, i reported no difference in the hemolytic activity and in the 

transcription of hla when ptpB was deleted, supporting the hypothesis that PtpB does not 

modulate the SarA-activity in a direct way. 

 

 

6.2. Conclusion 

While the contribution of PtpA and PtpB homologues to the infectivity of other bacterial 

pathogen has been described, their biological significance in S. aureus remained unknown. 

The significance of the findings of the current thesis is to indicate the direct relation between 

these LMW-PPs and the virulence of S. aureus. 

The major finding of the present study is to indicate for the first time that PtpA is secreted 

inside macrophages upon S. aureus infection and it interacts with potential intracellular binding 

proteins including coronin-1A. Deletion of ptpA was also associated with a decline in the S. 

aureus infectivity in a murine model of infection in which a significant reduction in the bacterial 

loads retrieved from the liver of mice infected with the ptpA-deletion mutant compared to those 

infected with the wild-type and cis-complemented strains was reported. Together, these 

results suggest that PtpA is secreted by S. aureus inside macrophages during infection to 

interfere with the phospho-dependent cellular signal transduction cascades within the host 

cells. 

In a similar way, findings of this study highlight the positive contribution of PtpB to the ability 

of S. aureus to survive inside human macrophages. PtpB, unlike PtpA, is not secreted by S. 

aureus, indicating that this phosphatase contributes to the infectivity of S. aureus in another 

method away from interfering with the signal transduction cascades of the host cells. Further 

analysis showed that PtpB is required for S. aureus to resist against the oxidative-, nitrosative- 

and low pH stresses generated inside macrophages to degrade the phagocytosed bacterial 

cells. In addition, PtpB enhances the protection of S. aureus against being ingested by PMN. 

This finding is attributed to the decreased secretion of nucleases and the diminished 

proteolytic activities of the ptpB mutant cells. Interestingly, PtpB also contributes to the 

autolytic behavior of S. aureus and when deleted, the bacterial cells were autolyzed in a fast 

way in the presence of Triton X-100 or lysostaphin. This study also uncovers a modulatory 

effect of PtpB on the regulatory networks in S. aureus. Deletion of ptpB affected the 

transcription of the MgrA-regulated genes: atlR, fmtB, lrgA and lytN. However, this is only one 
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part of the story, as the findings presented here also showed that PtpB does not affect the 

MgrA activity per se. As a result, a direct link is indicated here between the Agr phosphorylation 

of MgrA and the virulence in S. aureus which was a missed point in a number of previous 

studies. In a similar way, PtpB also affects the agr locus and number of SarA-regulated genes 

in S. aureus including nuc, aur, lrgA and hld. 

Collectively, the findings of this thesis (articles I, II and III) provide more knowledge about 

molecular determinants affecting the survival of S. aureus inside macrophages. Specifically, 

PtpA and PtpB could be defined as two protein phosphatases affecting the infectivity of S. 

aureus, and thus could be targeted to develop alternative anti-infectious therapies to combat 

infections caused by this pathogen. 
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