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ABC   ammonium bicarbonate 

ACN   acetonitrile 

A. dest   distilled water (Aqua dest) 

AFU   arbitrary fluorescence units 

agr   accessory gene regulator 

BSA   bovine serum albumin 

BR   biological replicate 

bp   base pair 

cDNA   complementary deoxyribonucleic acid 

CFP   cerulean fluorescent protein 

CFU   colony forming unit 

CID   collision induced dissociation 

Da   dalton 

DTT   dithiothreitol 

DNA   deoxyribonucleic acid 

e.g.   for example 

eMEM   eukaryotic minimum essential medium 

ESI   electrospray ionization 

FACS   fluorescence activated cell sorting 

FBS   fetal bovine serum 

µFd   micro Farad 

FSC   forward scatter 

FTMS   fourier transform mass spectrometer 

GFP   green fluorescent protein 

HCD   higher-energy collisional dissociation 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC   high performance liquid chromatography 

IAA   iodacetamid 

i.e.   that is 

LC   liquid chromatography 

LPS   lipopolysaccharide 

LTQ   linear trap quadrupole 

MEM   minimum essential medium 

MGE   mobile genetic element 

MLST   multilocus sequence typing 

MOI   multiplicity of infection 

MRSA   methicillin-resistant Staphylococcus aureus 
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m/v   mass to volume 
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nLC-MS/MS  nano fow liquid chromatography coupled to tandem mass spectrometry 

dNTP   deoxyribonucleotide triphosphate 

OD   optical density 
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PCA   principal component analysis 

p.i.   post-infection 

PIA   polysaccharide intracellular adhesion 
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PSM   phenol soluble modulin 

RIN   RNA integrity number 
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RT-qPCR  reverse transcription quantitative polymerase chain reaction 
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Summary 

 

 

Staphylococcus aureus can be a harmless colonizer of the human body, which colonizes about 20-

30% of the population, predominantly in the anterior nares. If S. aureus overcomes the outer 

physical barrier of the body, comprised of the skin and mucous surfaces, it can cause severe 

diseases such as endocarditis, pneumonia, or sepsis.  

S. aureus is well equipped with a variety of secreted and surface bound virulence factors to mediate 

attachment and invasion into the host, to disseminate an infection and to modulate and evade the 

immune system. But not only the huge amount of virulence factors turns S. aureus into a dangerous 

human pathogen. S. aureus is also resistant to a broad spectrum of commonly used antibiotics.  

Traditionally, S. aureus has been considered as an extracellular pathogen. But during the last years 

it became apparent that S. aureus can be internalized by as well as replicate and persist in 

professional and non-professional phagocytic cells. It is suggested, that the intracellular 

compartment protects S. aureus from antibiotic treatment and the immune system.  

After internalization into host cells, S. aureus adapts to the intracellular environment. The adaptive 

processes encompass, among others, adjustments of the metabolism and adaptation to 

microaerobic conditions and oxidative stress. To accomplish the adaptation to the intracellular 

compartment, S. aureus needs to regulate its gene expression by regulatory systems. One of these 

regulators is the alternative sigma factor SigB, which directly and indirectly regulates the expression 

of about 200 genes in vitro. Among the regulated genes are also multiple genes coding for virulence 

factors. It is expected that SigB plays a central role in the adaptation to stressful conditions. 

However, the stimuli leading to the activation of SigB in S. aureus are barely known and also its role 

during an infection varies, depending on the S. aureus strain and infection model used.  

Comparative proteome analysis of wild type S. aureus in comparison to a ∆sigB mutant from host-

pathogen settings were still lacking due to the difficulties associated with proteome analyses of 

intracellular bacteria. Recently, Sandra Scharf established an infection workflow for proteome 

analysis of intracellular staphylococci, with which it became possible to monitor the adaptive 

response of GFP-expressing S. aureus from only a few million bacterial cells.  

After this workflow was optimized to increase the yield of identified proteins, it was possible to 

comparatively monitor the adaption reaction of S. aureus HG001 and its isogenic ∆sigB mutant to 

the intracellular milieu of S9 human bronchial epithelial cells. The proteome analysis in conjunction 
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with RT-qPCR analysis of the wild type and its isogenic ∆sigB mutant revealed a fast and transient 

activation of SigB directly after internalization by the host cells. Quantitative analysis of the 

intracellular bacterial titer demonstrated a requirement of SigB for intracellular replication, which 

was further supported by monitoring the intracellular bacteria with confocal fluorescence 

microscopy. The deficiency in intracellular replication was not a consequence of a lack in 

phagosomal escape of the ∆sigB mutant.  

Differences in the proteome composition of the ∆sigB mutant in comparison to the wild type 

reflected the different growth rates, resistance to antibiotics and toxic compounds, adaptation to 

oxidative stress, and protein quality control mechanisms. The activation of SigB after internalization 

into epithelial cells was, among other proteins, indicated by an increase in the level and expression 

of the exclusively SigB regulated alkaline shock protein 23 (Asp23). In collaboration with Marret 

Müller from the Institute of Microbiology, the intracellular survival of a HG001 ∆asp23 mutant in 

comparison to the wild type was analyzed. Even though, levels of Asp23 strongly increased after 

internalization, there was no difference in the intracellular survival of the ∆asp23 mutant in 

comparison to the wild type.     

From infection sites naturally occurring S. aureus mutants with a non-functioning accessory gene 

regulator (Agr) can be isolated together with wild type cells. The agr locus regulates like SigB a 

multitude of virulence factors. To elucidate possible benefits in the intracellular survival of such a 

co-occurrence, a co-infection assay was established. With the co-infection assay the simultaneous 

and competitive intracellular survival in comparison to the individual intracellular survival was 

followed for three days post-infection (p.i.). The single and the co-infection revealed that the wild 

type was able to replicate more efficiently during the first hours p.i. than the ∆agr mutant. But the 

mutant was able to survive more efficiently, indicated by clearly higher cell numbers at three days 

p.i. compared to the wild type. This indicates that the ∆agr mutant is better adapted for long-term 

intracellular survival than the wild type in S9 epithelial cells.  

The extracellular proteome of S. aureus represents the key compartment for virulence factors. 

Virulence factors are secreted or bound to the surface of the S. aureus cell. With the infection 

workflow applied in this study, secreted proteins are lost during the enrichment of the intracellular 

bacteria for proteome analysis. Therefore, no information about the levels or the regulation of 

virulence factor expression can be acquired in the cell culture infection model using cell sorting 

approaches.  

From in vitro analysis of the extracellular proteome of S. aureus strains, it is known that the 

presence and expression level of the virulence factor genes is very heterogeneous and strain 

specific. The expression of virulence factor-encoding genes is tightly controlled by a complex 
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regulatory network. Three of the main regulators are the staphylococcal accessory regulator (SarA), 

SigB, and the agr locus. To gain a better insight into the regulation of virulence factor genes and the 

levels of the encoded proteins, isogenic single, double, and triple mutants lacking the three 

regulators were analyzed in comparison to the wild type of S. aureus LS1. This was carried out in 

collaboration with Prof. Löffler from the Institute of Medical Microbiology of the University Hospital 

Jena. The group of Prof. Löffler performed in vivo and cell culture infection experiments with the 

mutant strains and the extracellular proteome from these strains in in vitro cultivations was 

investigated as part of this dissertation. The proteome analysis revealed that of the three regulators 

analyzed, SarA is the predominant regulator of virulence factors during the exponential growth 

phase. Moreover, the extracellular proteome data did support the interpretation of the infection 

experiments performed by the group of Prof. Löffler concerning cytotoxicity, inflammation, and 

intracellular persistence of S. aureus LS1.   

However, the heterogeneity of the extracellular proteome of different S. aureus strains is not only 

due to the varying activity of regulators. Many virulence factors are encoded by mobile genetic 

elements (MGE), which are either integrated into the chromosome of S. aureus or 

extrachromosomally encoded. The MGEs encompass bacteriophages, chromosomal cassettes, 

genomic islands, pathogenicity islands, plasmids, and transposons. The MGEs can be transferred 

between the strains by horizontal gene transfer and thereby transmit genes coding for virulence 

factors, resulting in a strain specific composition of virulence factors. In infection experiments 

performed by the group of Prof. Löffler, different behavior of commonly used laboratory S. aureus 

strains was observed. Therefore, the extracellular proteome of the S. aureus strains 6850, CowanI, 

HG001, LS1, SH1000, and USA300 was analyzed in this study to gain further insights into the 

different behavior of the strains. The proteome analysis confirmed previous findings that the 

extracellular proteome of S. aureus strains is heterogeneous. It was shown that the strains CowanI, 

HG001, and SH1000 exhibit only low levels of extracellular enzymes, toxins, hemolysins, and 

superantigens during the exponential growth phase in comparison to 6850, LS1, and USA300, which 

showed increased protein levels in these groups. The variable protein levels in the extracellular 

proteome quantified in the different S. aureus strains correlated with strain depending differences 

identified in infection experiments performed by the group of Prof. Löffler addressing the 

invasiveness of the strains, phagosomal escape and induction of host cell death.  

The knowledge gained in this thesis will help to better understand the behavior of the human 

pathogen S. aureus. Gaining knowledge about this dangerous pathogen is extremely important for 

the development of effective therapeutics and vaccines to prevent life-threatening infections 

triggered by S. aureus.     
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1 Introduction 

 

 

Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive, non-mobile, and non-sporulating bacterium of the 

phylum Firmicutes. The cells have a size of approximately 1 µm in diameter and form grape like 

clusters (Figure 1.1). Colonies on an agar plate appear round with an orange-yellow color. This 

phenotypic appearance gave S. aureus its name (staphylo = grape, aureus = golden).  

The color of the colonies derives from 17 triterpenoid carotinoids, of which staphyloxanthin is the 

major carotinoid (Marshall & Wilmoth, 1981). S. aureus is also a facultative anaerobe organism, 

which produces energy with or without oxygen as a terminal electron acceptor. It tolerates drying 

and high salt conditions fairly well (Madigan & Martinko, 2006). The pigmentation of the colonies, 

the lysis of red blood cells on blood agar plates, and the presence of coagulase and catalase are 

used to distinguish S. aureus from other bacteria (Boerlin et al, 2003; Roberson et al, 1992).  

The cell wall of S. aureus consists of linear peptidoglycan chains consisting of N-acetylglucosamine 

and N-acetylmuramic acid, which is cross-linked by S. aureus specific pentaglycine bridges (Lowy, 

1998; Vollmer et al, 2008). These pentaglycine bridges represent a target for lysostaphin, a 

metalloendopeptidase produced by Staphylococcus simulans, which is able to lyse S. aureus cells 

(Schindler & Schuhardt, 1964). The cell wall seems to consist of an inner and outer wall zone. It is 

suggested that the inner wall zone represents a periplasmic space. The outer wall zone is formed 

by the cross-linked peptidoglycan layer (Matias & Beveridge, 2006).  

Other important components of the cell wall are wall teichoic acids (WTA), which are covalently 

bound to peptidoglycan and lipoteichoic acids (LTA), which are linked to the cytoplasmic 

membrane. The teichoic acids are involved in bacterial fitness and cell wall maintenance (Xia et al, 

2010). Most of the S. aureus strains produce a capsular polysaccharide (CP), which is grouped into 

11 serotypes. A few strains are heavily encapsulated belonging to serotype one and two. The 

majority of clinically important strains produce a microcapsule of CP serotype five and eight (Lee, 

1996; Sutter et al, 2011). 
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Figure 1.1 Image of S. aureus cells. Depicted is the grape like clustering and the golden color of S. aureus cells. 

The image is taken from http://www.bioquell.asia/technology/microbiology/community-associated-

methicillin-resistant-staphylococcus-aureus-ca-mrsa/. 

 

Staphylococcus aureus an opportunistic pathogen with great resistance 

potential 

About 20-30% of the healthy population is colonized symptom free for a different period of time by 

S. aureus. Although multiple body sites can be colonized, S. aureus is predominantly found in the 

anterior nares (Figure 1.2), which is lined by multi layered, keratinized and non-ciliated epithelial 

cells (Wertheim et al, 2005).  

 

 

Figure 1.2 Carriage rates of S. aureus at different body sites of adults. Represented are the approximately 

carriage rates at different body sites of non-carriers (general population) and S. aureus nasal carriers. The 

carriage rates of nasal carriers are elevated in all body parts. The figure is taken from Wertheim et al, 2005. 

General population S. aureus nasal carriers
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The colonization process is a multifactorial process, in which WTA are important for the initial phase 

of colonization and cell wall anchored proteins like clumping factor B (ClfB), iron-regulated surface 

determinant A (IsdA), members of the SD-repeat containing protein family (SdrC, SdrD), and 

Staphylococcus aureus surface protein G (SasG) are more likely of importance for the persistence 

in the anterior nares (Weidenmaier et al, 2012).  

Among people, three carrier types can be distinguished: persistent, intermittent, and non-carriers. 

Approximately 20% of the populations are persistent S. aureus carriers, about 60% are intermittent 

carriers, where the colonizing strains change at times, and only about 20% of the people are non-

carriers (Kluytmans, 1997). There is a strong variation in the determination of the carrier status due 

to the fact that the duration of the follow-up, and the number of taken nose swaps varies between 

the studies (Peacock et al, 2001).  

Rates of getting a S. aureus infection are higher in carriers than in non-carriers (Kluytmans, 1997; 

Luzar et al, 1990). In a multicenter study of S. aureus derived bacteremia the strain isolated from 

blood was in the majority of patients identical to the strain from the anterior nares (von Eiff et al, 

2001). This turns the asymptomatic S. aureus carrier status into a risk factor. However, the S. aureus 

bacteremia-related death was significantly higher in non-carriers than in carriers (Wertheim et al, 

2004). Suggesting the carrier status not only as a risk factor but also to have a protective function. 

Certainly, S. aureus is not only a commensal of the human body it can also cause a variety of 

infections. The infections range from minor skin infections such as pimples, abscesses, or furuncles 

to severe and systemic infections like toxic shock syndrome, scaled skin syndrome, pneumonia, 

osteomyelitis, endocarditis, bacteremia, or sepsis.  

But not only the triggering of these life-threatening diseases turn S. aureus into a dangerous 

pathogen, also the emergence of isolates, which are resistant to antibiotics make the infections 

hard to treat. The first antibiotic resistant S. aureus strains were resistant against penicillin, a β-

lactam antibiotic. The resistant strains acquired a plasmid coding for penicillinase, an enzyme that 

cleaves the β-lactam ring of penicillin, and thus inactivates the molecule.  

To medicate infections caused by penicillin resistant S. aureus, a semi-synthetic penicillin, called 

methicillin, was introduced (Chambers & Deleo, 2009). Nonetheless, shortly after the introduction, 

the first methicillin-resistant Staphylococcus aureus (MRSA) was isolated in 1961 (Jevon et al, 1999). 

The resistance against methicillin is mediated by a large genetic element known as the 

staphylococcal cassette chromosome mec (SCCmec), which was probably transferred from 

Staphylococcus haemolyticus to S. aureus (Archer et al, 1996). This 21-67 kb DNA fragment 

integrates into the S. aureus chromosome at a unique site, attBscc (bacterial chromosomal 

attachment site for mec DNA), close to the origin of replication. This integration site is found in an 
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open reading frame of unknown function called orfX (Ito et al, 1999). The cassette carries the mec 

and ccr gene complex and joining regions (J regions) (Ito et al, 2009) (Figure 1.3).  

 

 

Figure 1.3 General composition of SCCmec. The mec gene complex consists of the mecA gene coding for the 

penicillin binding protein 2’ and regulatory genes. The cassette chromosome recombinase (ccr) gene complex 

is composed of the genes coding for the recombinases CcrA and CcrB or CcrC. The mec and the ccr gene 

complexes are flanked by joining regions J1-3. The J regions contain open reading frames derived from 

transposon or plasmid insertions. In SCCmec VII and IX the position of the mec and ccr gene complexes is 

exchanged.  

 

The J regions are composed of inserted transposons, plasmids and other open reading frames, 

which can carry additional antibiotic resistance genes. The integration into the chromosome, as 

well as the excision from it is mediated by the cassette chromosome recombinase A and B (CcrA 

and CcrB) or by a single recombinase called CcrC, which is homologue to CcrA and CcrB (Katayama 

et al, 2000; Ito et al, 2001).  

The ccr genes together with the surrounding ORFs form the ccr gene complex (Ito et al, 2001). Until 

now eight different ccr gene complexes are identified, differing in their allotypes of the ccr genes 

(http://www.sccmec.org/Pages/SCC_TypesEN.html).  

The mec gene complex consists of the mecA gene, its regulatory genes and associated insertion 

sequences. Until now six different classes of this gene complex are described 

(http://www.sccmec.org/Pages/SCC_TypesEN.html). The mecA gene encodes the penicillin-binding 

protein PBP2’, also named PBP2a. The penicillin-binding protein is a transpeptidase that catalyzes 

the formation of cross-bridges in the peptidoglycan of the cell wall. There are four PBP found in all 

S. aureus strains, but only with the PBP2’ resistance to β-lactam antibiotics is achieved. β-lactam 

antibiotics have a low binding affinity to PBP2’ and therefore cannot inhibit their function 

(Chambers et al, 1985).  

The genes mecI and mecR1, which regulate the mecA gene expression, are also part of the mec gene 

complex (Hiramatsu et al, 1992). The gene mecR1 encodes a signal transduction protein that senses 

β-lactam antibiotics with an extracellular penicillin binding domain and activates its cytoplasmic 

domain by autocatalytic cleavage. The gene mecI encodes a transcription repressor, which is 

cleaved after the activation of the cytoplasmic domain of MecR1 and thereby releasing the 

repression of mecA gene transcription (Hiramatsu et al, 2001).  

There are 11 different types of SCCmec elements and additional subtypes (Table 1.1), which differ 

in size, antibiotic resistance, orfs in the J regions, and mec and ccr gene complex types. The 

combination of the latter ones is used to classify the SCCmec types. The SCCmec types I-III are lager 

mec gene complex ccr gene complexorf X J3 J2 J1
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in size and possess additional antibiotic resistance genes to the mecA gene (Ito et al, 2001). These 

types are found in so called hospital or health care acquired MRSA (HA-MRSA) strains. Type IV-XI is 

common among so called community acquired MRSA (CA-MRSA) strains (Ma et al, 2002; Ito et al, 

2004; Oliveira et al, 2006; Berglund et al, 2008; Zhang et al, 2009; Li et al, 2011; Shore et al, 2011). 

The SCCmec types of CA-MRSA are smaller in size and do not carry another antibiotic resistance 

than the one against β-lactam antibiotics. But the classification of the SCCmec into HA- and CA-

MRSA becomes vague since SCCmec types characteristic for CA-MRSA arise also in the hospital 

(Deurenberg & Stobberingh, 2008).  

 

Table 1.1 Composition of different SCCmec types. 

SCCmec 

type 

ccr gene 

complex 
mec gene complex Additional resistance 

I A1B1 IS431-mecA-∆mecR1-mecI-IS1272  

II A2B2 IS431-mecA-mecR1-mecI 

spectinomycin, erythromycin 

(Tn554); tobramycin, kanamycin, 

bleomycin (pUB110) 

III A3B3 IS431-mecA-mecR1-mecI 

spectinomycin, erythromycin 

(Tn554); mercury; cadmium 

(ΨTn554); tetracycline (pT181) 

IV A2B2 IS431-mecA-∆mecR1-mecI-IS1272  

V C1 IS431-mecA-∆mecR1-mecI-IS431#  

VI A4B4 IS431-mecA-∆mecR1-mecI-IS1272  

VII C1 IS431-mecA-∆mecR1-mecI-IS431*  

VIII A4B4 IS431-mecA-mecR1-mecI 
spectinomycin, erythromycin 

(Tn554); copper 

IX A1B1 IS431-mecA-∆mecR1-mecI-IS431# arsenic, cadmium, copper 

X A1B6 IS431-mecA-∆mecR1-mecI-IS431* arsenic, cadmium, copper 

XI A1B3 
blaZ-mecALGA251mecR1LGA251-

mecILGA251 
arsenic 

# two IS431s were arranged in the opposite direction. * two IS431s were arranged in the same direction  

 

Infections caused by MRSA strains are treated with vancomycin, the antibiotic of last resort. 

Vancomycin is a glycopeptide antibiotic, which inhibits the cell wall biosynthesis of S. aureus 

through binding to D-alanyl-D-alanine residues which occur in the murein monomer before the 

cross-bridges are formed by the PBP (Williams & Waltho, 1988). Thereby, the peptidoglycan cannot 

be cross-linked and the bacteria rupture.  

But S. aureus developed strains with an intermediate vancomycin resistance (VISA) and also strains 

with a full resistance against vancomycin (VRSA), according to the classification of the 

contemporary vancomycin susceptibility criteria in clinical laboratories (Tenover & Moellering, 
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2007). Usually about 20% of the peptidoglycan in the cell wall of S. aureus is not cross-linked, which 

yields free D-alanyl-D-alanine residues as binding sites for vancomycin (Snowden & Perkins, 1990). 

VISA strains possess a thickened cell wall with more peptidoglycan layers than vancomycin 

susceptible strains (VSSA) (Hanaki, 1998; Cui et al, 2003). Additionally, the peptidoglycan layers 

have a higher proportion of non-amidated muropeptides and are less cross-linked (Hanaki, 1998; 

Cui et al, 2000). As a result, vancomycin is trapped in the peptidoglycan layers, bound to free D-

alanyl-D-alanine residues and clogs the peptidoglycan layers before it reaches the cytoplasmic 

membrane where the peptidoglycan synthesis occurs (Cui et al, 2000, 2006).  

Sequencing of clinical VISA strains revealed point mutations in several genes leading to the 

development of a VISA phenotype. The most common mutations were in the gene for the β subunit 

of RNA polymerase rpoB, the genes for the two-component regulatory system walRK, which 

regulates the cell wall metabolism and in the vraUTSR operon, which regulates the cell wall 

synthesis (Hiramatsu et al, 2014).  

VRSA strains on the other hand have acquired the Tn1546 transposon from vancomycin resistant 

Enterococcus faecalis, which was integrated into a plasmid of S. aureus (Weigel et al, 2003). The 

transposon encodes the vanA-gene complex (vanR, vanS, vanH, vanA, vanX, vanY, vanZ). Expression 

of these genes leads to the replacement of D-alanyl-D-alanine residues by D-alanyl-D-lactate 

residues, to which vancomycin has a highly decreased affinity (Courvalin, 2006). But only a few VRSA 

strains have been isolated until now, e.g. 13 in the United States (Limbago et al, 2014). From 

patients with an infection caused by a VRSA strain, mostly an Enterococcus stain was isolated as 

well (Chang & Sievert, 2003; Limbago et al, 2014; Weigel et al, 2003). The VRSA strain and the 

Enterococcus strain were supposed to be recipient and donor of the vanA gene complex. 

Lysostaphin, a metalloendopeptidase able to hydrolyze the pentaglycine cross-links of the cell wall 

of S. aureus, is studied under the aspect to be an effective therapeutic agent for the treatment of 

various staphylococcal infections caused by antibiotic resistant S. aureus. It was shown to be an 

alternative treatment to vancomycin in an aortic valve endocarditis rabbit model (Patron et al, 

1999). In a murine tight and catheter associated infection model lysostaphin was alone or in 

combination with oxacillin an efficient treatment compared to vancomycin or oxacillin alone 

(Hertlein et al, 2014).  

But also the capacity of S. aureus to become resistant to lysostaphin was investigated. In an in vivo 

rabbit infection model with oxacillin resistant S. aureus, treated with low doses of lysostaphin (1 

mg/kg), resistant bacteria were formed. The same was observed in vitro. But no resistant bacteria 

were found in the infection model when treated simultaneously with lysostaphin and the antibiotic 

nafcillin or with high doses of lysostaphin (5-15 mg/kg) (Climo et al, 2001). The same was reported 
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by Hertlein et al. (2014). With a dose of 2 mg/kg lysostaphin resistant clones could be isolated from 

kidneys or muscle of mice, whereas after treatment with 5 mg/kg or in combination with oxacillin 

no resistant bacteria were found (Hertlein et al, 2014).  

Characterization of two lysostaphin resistant MRSA strains showed mutations in the femA gene 

leading to a non-functional gene product (Kusuma et al, 2007). The product of the femA gene is 

responsible for the addition of the second and third glycine of the pentaglycine bridge (Ehlert et al, 

1997). Mutations in this gene lead to a monoglycine cross-bridge, which is responsible for the 

resistance against lysostaphin (Strandén et al, 1997). The occurring femA mutants are susceptible 

to β-lactam antibiotics and other cell wall directed antibiotics (Ling & Berger-Bächi, 1998). The 

lysostaphin resistant S. aureus were overall reduced in their fitness in vitro and in vivo compared to 

their wild type lysostaphin susceptible MRSA strains (Kusuma et al, 2007).  

Another possible mechanism to gain resistance against lysostaphin is to acquire the lysostaphin 

endopeptidase resistance gene (epr) from Staphylococcus simulans (Gargis et al, 2010). This 

peptidyl transferase inserts serines in place of some glycines during the peptidoglycan synthesis, 

which cannot be hydrolyzed by lysostaphin anymore (Dehart et al, 1995). The zoocin A immunity 

factor (Zif) produced by streptococci introduces additional alanine into the peptidoglycan cross-

bridges (Gargis et al, 2009) and therefore alters the target for lysostaphin as well. But none of the 

altered peptidoglycan cross-bridges by Epr or Zif have been isolated in vivo from a patient, yet.  

 

Staphylococcus aureus virulence factors and their regulation 

Virulence factors are the equipment for S. aureus, which is needed to establish an infection. They 

can be divided into three subgroups: (1) adhesins, to attach to surfaces and host cells, (2) toxins 

and extracellular enzymes for tissue damaging and for spreading to new sites, and (3) determinants 

for immune evasion, to escape the host immune system (Figure 1.4).         

The first step to trigger an infection is to adhere to the surface of the host tissue. This attachment 

is mediated by adhesins. Adhesins bind to components of the extracellular matrix, such as 

fibronectin, fibrinogen, vitronectin, thrombospondin, bone-sialoprotein, elastin, collagen, and von-

Willebrand-factor. S. aureus possesses two types of adhesins, covalently-linked and non-covalently-

linked surface associated proteins. The covalently-linked adhesins are summarized as microbial 

surface components recognizing adhesive matrix molecules (MSCRAMM). They are covalently-

linked to the cell wall peptidoglycan. The MSCRAMM possess a LPXTG motif, a recognition sequence 

for sortase A (SrtA), a membrane anchored transpeptidase. SrtA cleaves the LPXTG motif between 

the threonine and glycine and covalently links the surface protein to the cell wall (Navarre & 

Schneewind, 1994).  
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Fibronectin binding proteins are fibronectin binding protein A and B (FnBPA, FnBPB). FnBPA and 

FnBPB bind to fibronectin and use it as a bridging factor to bind to α5β1-integrins of the host cell 

and thereby mediate internalization of S. aureus by non-professional phagocytic cells (Sinha et al, 

1999). Additionally, FnBPs play an important role in the induction of systemic inflammation 

(Palmqvist et al, 2005).  

Among the fibrinogen binding proteins are clumping factor A and B (ClfA, ClfB). The clumping factors 

have a domain with Serine-Aspartat (SD) repeats and thus belong to the subgroup of SD repeat-

containing proteins (Sdr). Other members of this group are SdrC, SdrD and SdrE and also Pls 

(“plasmin sensitive”) and the bone sialoprotein-binding protein Bbp. Of the other members of the 

Sdr protein family, SdrC and SdrD can adhere to squamous nasal epithelial cells (Corrigan et al, 

2009). Pls promote bacterial cell-cell interaction and adherence to nasal epithelial cells by binding 

to cellular lipids and glycolipids (Huesca et al, 2002; Roche et al, 2003). Bbp interacts with bone 

sialoprotein and is associated with osteomyelitis and septic arthritis, because isolates from patients 

with osteomyelitis or septic arthritis bind more effective to bone sialoprotein than isolates from 

patients with endocarditis (Rydén et al, 1987; Tung et al, 2000). 

The collagen-adhesin protein Cna mediates binding to collagen and performs an important role in 

the pathogenesis in a murine model of septic arthritis (Patti & Bremell, 1994). 

Protein A, encoded by the gene spa, is the first described surface protein with a LPXTG motif. It 

binds to soluble and immobilized von-Willebrand-factor (vWF), which is important for platelet 

adhesion at sites of vascular injury (Hartleib & Köhler, 2000). Protein A can also directly bind to 

platelets and to the tumor-necrosis factor receptor I (TNFRI) on lung epithelial cells, whereby it 

induces inflammation (Nguyen et al, 2000; Gómez et al, 2004). 

Iron is an important factor for S. aureus survival. For the uptake of iron, proteins encoded by the 

isd locus are important. The proteins remove heme from heme-binding proteins such as 

hemoglobin and transfer the heme through the cell wall (IsdA, IsdB, IsdC, IsdH) and membrane 

(IsdD, IsdE, IsdF) to the cytoplasm (IsdG, IsdI), where the iron is released from heme (Maresso & 

Schneewind, 2006). It was shown that IsdA can also bind to fibrinogen and fibronectin (Clarke et al, 

2004). IsdB of iron starved S. aureus can directly interact with platelets (Miajlovic et al, 2010). 

Non-covalently associated surface adhesins that are secreted and bind back to the cell surface are 

called secretable expanded repertoire adhesive molecules (SERAMs). Two examples from the 

SERAM family are the extracellular adherence protein Eap, also called Map for major 

histocompatibility complex class II analogous protein, and the extracellular matrix protein-binding 

protein Emp. Both proteins have a broad binding spectrum and bind to fibronectin, fibrinogen, 

collagen, vitronectin or prothrombin (Hussain et al, 2001; Palma et al, 1999). Eap also stimulates 
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the binding of S. aureus to fibroblasts and epithelial cells and contributes to the internalization of 

S. aureus (Haggar et al, 2003; Palma et al, 1999). Additionally, Eap is an anti-inflammatory factor, 

as mice infected with an Eap-deficient strain had a higher number of neutrophils emigrated into the 

peritoneum compared to mice infected with the wild type strain (Chavakis et al, 2002). 

Two fibrinogen binding proteins of the SERAM class are the fibrinogen binding protein A (FbpA) and 

the extracellular fibrinogen binding protein (Efb) (Cheung et al, 1995; Palma et al, 1998). Efb can 

also bind to platelets, directly and via fibrinogen, and thereby inhibit platelet aggregation (Shannon 

& Flock, 2004). The fibronectin binding protein Ebh (extracellular matrix-binding protein 

homologue) and the elastin binding protein EbpS are also part of the SERAM family.  

The cell wall polymer wall teichoic acid (WTA) mediates adherence to nasal epithelial cells and is an 

important factor for nasal colonization in a cotton rat model (Weidenmaier et al, 2004). 

Furthermore, bacteria deficient in WTA adhere less well to endothelial cells and are attenuated in 

their virulence in a rabbit model of endocarditis (Weidenmaier et al, 2005).  

Other than adhesins that contribute to S. aureus virulence by mediating attachment to tissues and 

other surfaces, S. aureus also encodes toxins with the ability to directly harm the host. They degrade 

host tissue to access nutrients for growth and to spread inside the host. Some toxins produce pores 

in the membranes of host cells, which leads to lysis of these cells. They insert in the host cell 

membranes as monomers and assemble into heptameric structures that penetrate cell membranes. 

One of the best known pore-forming toxin is α-hemolysin. It lyses macrophages, erythrocytes, and 

lymphocytes. At sublytic concentrations, it e.g. recruits neutrophils to the side of infection and 

causes apoptosis (Berube & Wardenburg, 2013). Other pore forming toxins are bi-component 

toxins, forming their pores out of two components. They include the Panton-Valentine leukocidins 

(PVLs) LukS-PV and LukF-PV, the leukocidins LukDE and LukAB (also called LukGH) and γ-hemolysin 

(HlgA-C) (Kaneko & Kamio, 2004). These pore forming toxins need host receptor interaction to 

display their cytolytic activity (DuMont et al, 2013; Inoshima et al, 2011; Spaan et al, 2013). 

Other toxins with cytolytic function are the phenol soluble modulins (PSM). This family consists of 

the α-locus (psmα 1-4), the β-locus (psmβ 1-2) and δ-hemolysin (hld). The PSMs are cytolytic 

towards neutrophils and erythrocytes and they induce a pro-inflammatory response in neutrophils 

(Cheung et al, 2012; Wang et al, 2007). Recently, it was shown that the PSMs contribute to 

neutrophil lysis after phagocytosis and to phagosomal escape after phagocytosis by non-

professional phagocytic cells (Grosz et al, 2014; Surewaard et al, 2013). Thereby, PSMs contribute 

to evasion of killing by the host.  

But S. aureus also possesses toxins without a membrane damaging function, the enterotoxins. The 

groupf of staphylococcal enterotoxins (SE) encompasses more than twenty toxins, e.g. SEs A-V and 
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the toxic shock syndrome toxin-1 (TSST-1). They are broadly classified as superantigens, as they 

massively and non-specifically stimulate T-cells leading to an acute toxic shock. Enterotoxins are 

also potent gastrointestinal toxins connected to food poisoning outbreaks (Balaban & Rasooly, 

2000; Pinchuk et al, 2010). Additionally to the SEs, exotoxin-like proteins are encoded by S. aureus, 

e.g. the set gene cluster (Williams et al, 2000).  

 

 

Figure 1.4 Structure of S. aureus and some selected virulence factors. (A) Overview of adhesins and toxins 

and their growth phase dependent expression. (B) and (C) cross section of the S. aureus cell envelope and the 

localization and features of selected proteins.  TSST-1 = Toxic shock syndrome toxin 1. The figure is copied 

from Lowy, 1998.  

 

S. aureus produces various extracellular enzymes that specific and non-specific degrade host 

molecules leading to tissue destruction and may facilitate the spread of infections to adjoining 

tissues. But in general, the role of the proteases, lipases, nucleases, or hyaluronidases is only poorly 

understood so far (Lowy, 1998; Otto, 2014a). An exception is the exfoliative toxin (ET), a specific 

serine protease, causing the staphylococcal scaled skin syndrome (Bukowski et al, 2010).  

A role for the nucleases is suggested in the cleavage of neutrophil extracellular traps, consisting of 

DNA released from lysed neutrophils to capture bacteria (Brinkmann & Zychlinsky, 2012; Otto, 

2014a).  

β-Hemolysin is a sphingomyelinase, that cleaves sphingomyelin on the surface of host cells, leading 

to cell lysis.  

The proteases aureolysin (Aur), SspA, SspB, and staphopain (ScpA) are produced as zymogens that 

need to be cleaved to become fully active. This happens in a cascade, where Aur cleaves SspA, which 
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in turn cleaves SspB. As the six serine-protease-like (SplA-F) proteins do not need to be activated, it 

is suggested that they activate Aur and start the activation cascade. It is also suggested that ScpA 

can activate itself in an auto-catalytic manner (Shaw et al, 2004).  

However, proteases have a modulating function on other secreted proteins of S. aureus. SspA was 

shown to cleave fibronectin-binding proteins and protein A (Karlsson et al, 2001; McGavin et al, 

1997). And Aur is responsible for the cleavage of ClfB, leading to a truncated form, which is unable 

to bind to fibrinogen (McAleese et al, 2001). Additionally, S. aureus produces two coagulases, 

coagulase (Coa) and a von-Willebrand-factor binding protein (vWbp). Both interact with 

prothrombin, leading to the formation of staphylothrombin, which triggers the conversion of 

fibrinogen to fibrin and contributes to the formation of fibrin clots and abscesses (Bjerketorp et al, 

2002, 2004; Cheng et al, 2010). An opposing role exhibits the staphylokinase (SAK), which activates 

the formation of plasminogen to plasmin, leading to the degradation of fibrin clots. The degradation 

of fibrin clots helps S. aureus to disseminate the infection (Kwiecinski et al, 2013).       

After S. aureus has overcome the outer physical barriers of the body, comprised by the skin and 

mucous surfaces, the bacterium is confronted with the host`s immune system. However, S. aureus 

contains various proteins that interfere with the immune system to prevent killing by immune cells 

such as neutrophils. The complement system is part of the innate immune system. Activation of the 

complement system leads to the release of the chemo-attractants C3a and C5a. Furthermore, 

bacteria release formylated peptides. These three factors trigger neutrophil migration through the 

blood vessel and direct the neutrophils to the site of infection (Gasque, 2004).  

S. aureus secretes the chemotaxis inhibitory protein (CHIPS) and the formyl peptide receptor-like 1 

inhibitory protein (FLIPr). CHIPS can bind to the formyl peptide receptor and the C5a receptor, 

whereas FLIPr binds to the formyl peptide receptor-like 1, a homolog of the formyl peptide receptor 

present on neutrophils. Thereby, both proteins inhibit neutrophil recruitment to the site of 

infection (de Haas et al, 2004; Prat et al, 2006). The surface protein Eap also plays a role in the 

inhibition of neutrophil recruitment (Chavakis et al, 2002).  

Other surface proteins that contribute to immune evasion are protein A and ClfA. Protein A binds 

to the Fc region of immune globulin G (IgG). The usual antigen binding site of IgG is the Fab region, 

which binds with its Fc site to cellular Fc receptors. Binding of IgG in the wrong orientation prevents 

recognition by the neutrophil Fc receptor, leading to an inhibition of phagocytosis (Uhlén et al, 

1984). ClfA binds to fibrinogen, whereby it coats the S. aureus cell with fibrinogen. Coated S. aureus 

is protected from phagocytosis by murine macrophages and human neutrophils (Foster, 2005; 

Josefsson et al, 2001; Palmqvist et al, 2004).  
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S. aureus cells are surrounded by a microcapsular layer. Uptake of S. aureus by neutrophils was 

reduced in the presence of this capsule in in vitro experiments, indicating an anti-phagocytic role 

for the capsule (Thakker et al, 1998).  

S. aureus has the ability to form a biofilm, a multilayered cell cluster, which is significantly involved 

in the establishment of device related infections. Biofilm formation is mediated by the production 

of polysaccharide intercellular adhesion (PIA) (Cramton et al, 1999; McKenney et al, 1999). But it is 

also supported by cell wall anchored proteins such as the biofilm-associated protein (Bap), ClfB, 

FnBPs, S. aureus surface proteins C and G (SasC, SasG) and protein A. The formation of a biofilm 

also protects bacteria from phagocytosis (Foster et al, 2013).  

The first step in the activation of the complement system is the assembly of C3 convertases on the 

surface of bacteria. The convertases cleave C3 into the chemo-attractant C3a and into C3b, which 

is covalently attached to the bacterial surface, to mark the cell for phagocytosis (Gasque, 2004). The 

Staphylococcus complement inhibitor (SCIN) protein binds to the convertases and thereby inhibits 

the cleavage of C3 and further activation of the complement system resulting in phagocytosis of 

S. aureus (Rooijakkers et al, 2005a). The fibrinogen binding protein Efb can also bind to C3b and 

thereby inhibits complement activation, as well (Lee et al, 2004b, 2004a).  

The staphylokinase holds besides its contribution to the dissemination of an infection, as described 

earlier, also a role in the prevention of phagocytosis. SAK binds to host plasminogen which triggers 

the formation of plasmin, a potent serine protease. Activated plasmin is able to remove surface 

bound C3b and IgG, the markers for phagocytosis, leading to reduced phagocytosis by neutrophils 

(Rooijakkers et al, 2005b).  

However, if S. aureus is phagocytosed by neutrophils it exhibits various defense mechanism that 

support survival inside the phagosome. For killing of the phagocytosed bacteria, neutrophils secrete 

cationic antimicrobial defensin peptides into the phagosome. These positively charged peptides 

attach to the negatively charged bacterial cell wall to harm the bacteria. But S. aureus can partially 

reduce the negative charge of the cell wall by incorporation of the basic amino acid D-Alanine into 

the teichoic acids. This leads to repulsion of the antimicrobial peptides (Peschel et al, 1999). 

Another defense mechanism of the host is the formation of reactive oxygen species. S. aureus 

expresses two superoxide dismutase enzymes that remove superoxide (O2
-) and the carotenoid 

staphyloxanthin scavenges oxygen radicals to protect the cell from the lethal effects of oxygen 

radicals (Clauditz et al, 2006; Karavolos et al, 2003; Liu, 2005).  

Lysozyme, which cleaves bacterial peptidoglycan at its cross-links, leading to lysis of the bacteria, is 

present in body fluids and also in phagocytic cells, thus constituting an important defense 

mechanism of the host. Though, S. aureus is completely insensitive to lysozyme. The resistance to 
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lysozyme derives from an O-acetylation of N-actetylmuramyl residues via the O-acetyltransferase 

OatA (Bera et al, 2004). This modification disapproves the peptidoglycan of S. aureus as a target for 

lysozyme and prevents S. aureus from killing by the host.     

This huge arsenal of virulence factors demands a tight regulation ensuring that the right set of 

virulence factors is expressed at the right time to successfully establish an infection. During an in 

vitro cultivation of S. aureus, cell wall proteins with adhesive functions are actively synthesized 

during the exponential growth phase. In the transition from the exponential to the post-exponential 

growth phase, the expression of cell wall proteins is repressed, while the synthesis of extracellular 

toxins and enzymes is increased. It is assumed that the exponential growth phase coincides with 

tissue binding and colonization in an infection, whereas the post-exponential phase corresponds to 

the invasion and dissemination phases of an infection (Cheung et al, 2004). Three major regulators 

that control the expression of S. aureus virulence factors are introduced more in detail: 

 

The accessory gene regulator (Agr) 

The agr locus encodes a quorum sensing system with an auto inducing peptide (AIP) that activates 

gene expression via a two-component regulatory system (TCRS). The locus is composed of two 

divergent transcripts. One consists of four genes agrA, agrC, agrD and agrB encoded by a 3.5 kb 

mRNA (Novick et al, 1995). The other is a 0.5 kb mRNA encoding the effector molecule RNAIII and 

δ-hemolysin (hld) (Janzon et al, 1989; Novick et al, 1993). These transcripts are expressed by two 

promoters P2 and P3. Additionally, the gene agrA is transcribed from a weak constitutive promoter 

P1, which is located 5’ to agrA (Peng et al, 1988) (Figure 1.5).  

The gene agrD encodes a precursor AIP, which has to be processed to form a thiolactone ring in the 

mature AIP. This thiolactone ring is essential for AIP activity and is characteristic for these peptides 

(Mayville et al, 1999). AgrB is a transmembrane endopeptidase, which cleaves the C-terminal region 

of AgrD and secretes the mature AIP (Qiu et al, 2005; Zhang et al, 2002). The AIP accumulates 

extracellularly and activates the TCRS composed of AgrC and AgrA upon reaching a certain 

threshold. AgrC is a signal receptor with an N-terminal transmembrane sensor domain. Upon 

binding of the AIP to the sensor domain a histidine in the histidine-protein-kinase domain is 

autophosphorylated (Lina et al, 1998). Subsequently, the phosphate is transferred to the response 

regulator AgrA, to form an active state of the response regulator. The phosphorylated AgrA binds 

to P2 to increase the expression of the P2 operon and to P3 to express RNAIII, the Agr effector 

(Koenig et al, 2004) (Figure 1.5). RNAIII is a regulatory RNA which also encodes δ-hemolysin. RNAIII 

enhances the transcription of exotoxins and decreases the expression of surface proteins by pairing 

as an antisense RNA to the mRNAs of the specific proteins or to other regulators (Boisset & 
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Geissmann, 2007).The response regulator binds not only to the promoter P2 and P3, but also to the 

promoter of psmα and psmβ and thereby activates the transcription of these two operons (Queck 

et al, 2008). Activation of AgrA by binding of the AIP to ArgC is highly specific. There are four agr 

types divided by allelic variations in their agrB, D, and C genes (Jarraud et al, 2000; Li et al, 1997). 

The AIP from one group can bind to the receptor of the other groups, but instead of activating it, it 

inhibits the agr expression of the other group (Li et al, 1997).  

 

 

Figure 1.5 Composition and activation circuit of the agr locus. The auto inducing peptide AIP is expressed as 

a pre-protein AgrD, which is cleaved and secreted by AgrB. The mature AIP accumulates extracellularly and 

activates the two component regulatory system, composed of AgrC and AgrA. Phosphorylated AgrA activates 

the expression of the effector molecule RNAIII and further increases the expression of the activation circuit. 

AgrA also activates the expression of the phenol soluble modulins (PSM). The scheme is modified after Novick 

& Geisinger, 2008 and Queck et al, 2008. 

 

In vitro the agr locus is activated in the post-exponential growth phase (Janzon et al, 1989) when 

the bacteria reach a high cell density, which correlates with the agr locus being a quorum sensing 

system. That means, it senses the cell density via the concentration of the AIP. But it is also 

suggested that the quorum sensing system is rather a diffusion sensing system (Shompole et al, 

2003). In a diffusion sensing system, the bacteria sense the rate in which secreted molecules move 

away from the cell, to reduce losses of secreted molecules due to a highly diffusible environment 

(Redfield, 2002). This theory was supported by the finding that single bacteria in an endosome 
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exhibited an active agr-system, suggesting that the endosomal compartment is restricted enough 

for the accumulation of the AIP to reach the threshold level for activation of the agr-system 

(Shompole et al, 2003).    

In a microarray based transcriptional analysis of a S. aureus wild type and ∆agr mutant, 104 genes 

were found to be up-regulated and 34 genes were down-regulated in an Agr-dependent manner 

(Dunman et al, 2001). In general, the data from Dunman et al. suggest that extracellular virulence 

factors are up-regulated and cell surface virulence factors are down-regulated by Agr (Dunman et 

al, 2001). In a 2-D gel based proteome analysis of the extracellular proteome of a S. aureus wild 

type and ∆agr mutant, about 70 protein spots changed in the mutant (Ziebandt et al, 2004). More 

than 50 proteins were positively influenced by Agr and about 15 proteins were negatively 

influenced by Agr. Among the up-regulated virulence factors found in both studies were serine 

proteases, aureolysin (Aur), γ-hemolysin (Hlg), and α-hemolysin (Hla). Among the down-regulated 

virulence factors were protein A (Spa), secretory antigen precursor (SsaA) and a myosin cross-

reactive antigen were discovered (Dunman et al, 2001).  

The significance of Agr in vivo is not clearly defined. In a murine arthritis model a ∆agrA mutant 

provoked arthritis less often than the wild type and infection with a ∆agrA and a ∆hld mutant 

developed a less severe arthritis compared to mice infected with the wild type (Abdelnour et al, 

1993). In a rabbit model, where the induction of endocarditis was tested, lower amounts of agr-

defective bacteria were found at the aortic valves and left ventricular of the heart 48 h after 

infection compared to the wild type (Cheung et al, 1994a). The same observation was made in a 

rabbit osteomyelitis model, where reduced amounts of bacteria with a mutation in RNAIII were 

found in the bones (Gillaspy et al, 1995). And in a rabbit model for endophthalmitis, the time to 

develop clinical symptoms was delayed in animals infected with a ∆agr mutant (Booth et al, 1995). 

This shows that an intact agr locus is important to cause severe infections. But on the other hand 

in clinical and colonizing isolates often a mixture of agr-positive and agr-defective staphylococci are 

found (Shopsin et al, 2008; Traber et al, 2008). In an analysis of nose swabs of persistent S. aureus 

carriers, no gene expression of agr could be measured by RT-qPCR (Burian et al, 2010). And also in 

sputum samples from cystic fibrosis patients with S. aureus infections, only little amounts of RNAIII 

were measured in the isolated bacteria (Goerke et al, 2000). This indicates a minor role for the agr 

locus in a long term infection with persistent S. aureus cells, which is contradicted by the finding of 

high agr expression in chronic osteomyelitis isolates (Kalinka et al, 2014).  
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The alternative sigma factor B (SigB) 

Sigma factors are needed in bacterial cells to regulate gene expression to adapt to changing 

environmental conditions. In Staphylococcus aureus four sigma factors are known. Sigma-A is the 

major vegetative sigma factor (Deora & Misra, 1996), regulating genes for the maintenance of basic 

cellular function. Sigma-H seems to regulate the expression of the genes for competence and is a 

homologue of Sigma-H in Bacillus subtilis (Morikawa et al, 2003). Sigma-S seems to be involved in 

the adaption to stress conditions and for the virulence of S. aureus (Shaw et al, 2008). However, the 

functions of both SigH and SigS have only fragmentarily been characterized in S. aureus.  

The alternative sigma factor B is the best-characterized alternative sigma factor of S. aureus. SigB is 

important for the adaptation to stress conditions and regulates the expression of virulence genes 

in S. aureus (Kullik et al, 1998).  

The sigB operon consists of the four genes rsbU, rsbV, rsbW and sigB, which are highly homologous 

to the sigB operon of B. subtilis (Wu et al, 1996). The sigB operon is under the control of three 

promoters. SigBp1 is a sigma-A dependent promoter and gives rise to a 3.6-kb transcript encoding 

two open reading frames and the genes rsbU, rsbV, rsbW and sigB. This transcript is only detectable 

during early exponential growth phase. A 2.5-kb transcript encoding the genes rsbU, rsbV, rsbW and 

sigB is transcribed from promoter sigBp2. The expression of this transcript has its peak in the 

exponential growth phase. The third promoter sigBp3 is a sigB-dependent promoter and expresses 

a 1.6-kb transcript encoding the genes rsbV, rsbW and sigB (Figure 1.6). This transcript is the most 

prominent one and has its transcriptional peak during the transition from late exponential growth 

phase to stationary growth phase (Senn et al, 2005b).  

 

 

Figure 1.6 Genetic organization of the sigB operon in S. aureus. Open reading frames are depicted with arrows 

and the termination signal is represented by an open circle. The sigB operon can be transcribed from three 

different promotors (sigB P1-3) resulting in three transcripts of the size of 1.6 kb, 2.5 kb or 3.6 kb, respectively. 

The figure is adapted from Senn et al, 2005b. 

 

Control of the activity of SigB in S. aureus is similar to that observed in B. subtilis and is conserved 

among low GC Gram-positive bacteria (Hecker et al, 2007). The activation of the alternative sigma 

rsbU rsbV rsbW sigB

sigBP1 sigBP2 sigBP3

3.6 kb

2.5 kb

1.6 kb



Introduction 

 
17 

 

factor B depends on RsbU (Giachino & Engelmann, 2001; Pané-Farré et al, 2009). In the inactive, 

state RsbW, the anti-sigma factor, is bound to SigB and blocks the association of SigB with the RNA-

polymerase (Miyazaki et al, 1999). In this state, the anti-anti-sigma factor RsbV is phosphorylated 

by the kinase activity of RsbW. During activation of the sigB operon, the phosphatase RsbU 

dephosphorylates RsbV. Dephosphorylated RsbV binds to RsbW, whereby SigB is released and able 

to bind to RNA-polymerase to form the active holoenzyme (Figure 1.7).    

 

 

Figure 1.7 Model of the SigB activation in S. aureus. In the inactive state, SigB is bound by the anti-sigma 

factor RsbW and the anti-anti-sigma factor is phosphorylated by RsbW. Activation via an environmental 

stimulus leads to dephosphorylation of RsbV by RsbU. Subsequently, RsbV binds to RsbW and released SigB 

can bind to RNA-polymerase. The figure is adapted from Pané-Farré et al, 2009. 

 

Besides the growth phase dependent activation during the transition from exponential to stationary 

phase, the sigB operon is transiently activated by heat stress at 48°C or salt stress with 10% NaCl 

(Pané-Farré et al, 2006). A moderate induction was seen by the addition of 1 mM MnCl and the 

most distinct induction was observed after alkaline shock by the addition of 30 mM KOH (Pané-

Farré et al, 2006). Salicylic acid was also shown to activate the sigB operon, via the measurement 

of the increase of the expression of the strictly SigB-regulated asp23 promoter after the addition of 

salicylic acid (Kupferwasser et al, 2003). However, compared to B. subtilis, the activation potential 

of S. aureus SigB is rather weak and heterologous expression of S. aureus RsbU in B. subtilis indicates 

that RsbU of S. aureus might be constitutively active (Pané-Farré et al, 2009). Thus, S. aureus SigB 

inactive

active
environmental stimuli

phosphorylation dephosphorylation

RsbU

RsbW

RsbV

SigB

RsbW

RNA
polymerase

SigB

RsbV

P

P P

phosphatase

kinase



Introduction 

 
18 

 

might be at least partially permanently active and displays only modest activation, which might be 

even indirect via RNA-polymerase core repartitioning during entry into stationary phase.    

To better characterize the sigB-regulon, several proteome analyses were carried out. In a 2-D gel-

based analysis of the wild type and an isogenic ∆sigB mutant of S. aureus strain COL, 27 proteins 

were identified to be under positive control of SigB (Gertz et al, 2000). In a 2-D gel analysis of 

extracellular proteins of S. aureus strain COL, 11 proteins were identified to be under negative 

regulation by SigB and only one protein was identified to be under positive control (Ziebandt et al, 

2001). In another proteomic approach to identify cell surface associated proteins under SigB control 

of the S. aureus strain COL and its isogenic ∆sigB mutant, 49 proteins were identified to be regulated 

in a SigB-dependent manner. 31 of these proteins were positively influenced by SigB and 18 proteins 

were under negative control (Hempel et al, 2010).  

For a more global view on the SigB-regulon, microarray analyses were performed. In an extensive 

analysis of the wild type and isogenic ∆sigB mutants of three S. aureus strains (COL, Newman, 

GP268), 198 genes were identified to be positively influenced by SigB and 53 genes to be negatively 

influenced (Bischoff et al, 2004). In another microarray analysis of S. aureus strain COL, wild type 

and its isogenic ∆sigB mutant, 122 genes were more than three-fold up-regulated in the wild type 

after alkaline shock and 13 genes were up-regulated in the ∆sigB mutant (Pané-Farré et al, 2006). 

In a third microarray analysis of S. aureus strain Newman, wild type and its isogenic ∆sigB mutant, 

191 genes were differentially expressed (Schulthess et al, 2011). This global view on the SigB-

regulon showed that SigB influences a broad range of gene products with many different cellular 

functions such as in cell envelope biosynthesis, central intermediary metabolism, transport and 

binding, virulence, and signaling pathways. In the group of virulence-associated genes, many 

adhesins are under positive SigB control and surface proteins and toxins are repressed (Bischoff et 

al, 2004). 

Through the regulation of such a broad spectrum of genes in different pathways, it is assumed that 

SigB plays a central role for the adaption to stressful conditions as a global regulator. For example, 

the crt-operon, encoding genes for the biosynthesis of staphyloxanthin, which is important for the 

protection against ROS, is under the control of a SigB-dependent promoter (Olivier et al, 2009; Pelz 

et al, 2005).  

Another relevant role for SigB is suggested in the formation of small colony variants (SCVs) during 

antibiotic stress (Mitchell et al, 2010). SCVs are a S. aureus phenotype associated with long-term 

intracellular persistence. Furthermore, the expression of SigB is higher in SCVs and seems to be 

constitutive. Additionally, SCVs with an intact sigB operon could replicate intracellularly more 

efficient than a ∆sigB mutant (Mitchell et al, 2013).  
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SigB also plays a role in the resistance to antibiotics, as sigB deficient mutants are more susceptible 

to cell wall targeting antibiotics like vancomycin and ampicillin and the over expression of SigB is 

associated with higher resistance to these antibiotics (Chen et al, 2011; Morikawa et al, 2001).  

The role for SigB in the formation of biofilms is not clear. In a mucosal isolate under osmotic stress 

(3 % NaCl) a functional sigB operon is needed to produce a biofilm. Furthermore, in a ∆sigB mutant 

the expression of the ica operon, which encodes the products for the synthesis of the 

polysaccharide intercellular adhesin (PIA), which is the main molecule responsible for adhesion in 

a biofilm, was drastically decreased (Rachid et al, 2000). A transposon mutagenesis analysis 

revealed that besides SigB, another major transcriptional regulator called SarA has also a positive 

effect on the transcription of the ica operon. Valle et al. identified SarA as main regulator of the ica 

operon (Valle et al, 2003). But SigB as well as SarA induce IcaR, the repressor of the ica operon 

(Cerca et al, 2008).  

SigB regulates the expression of many virulence genes in S. aureus, but its role during an infection 

is still a matter of debate. To establish an infection, a crucial step for the bacteria is to adhere to 

the host cell. In two S. aureus strains it was shown that binding to fibronectin was reduced if the 

sigB operon was absent or inactive. Also, the internalization by osteoblasts was reduced for these 

mutant strains compared to the respective wild type (Nair et al, 2003). A reduced internalization of 

a S. aureus strain with a mutation in rsbU by professional and non-professional phagocytotic cells 

was detected by Olivier and colleagues as well (Olivier et al, 2009).  

However, during the persistent colonization of the human nose, SigB is inactive, as was measured 

by determining the expression of the SigB marker gene asp23 in nose swabs from persistent 

S. aureus carriers (Burian et al, 2010).  

In natural isolates and in an isolate from a wound infection, mutations leading to a non-functional 

sigB operon were detected, doubting a major role for SigB during infection (Karlsson-Kanth et al, 

2006).  

Additionally, various infection experiments have been performed to determine a role for SigB in 

vivo. In a subcutaneous mouse abscess model no big difference was detected in bacterial numbers 

per abscess between the S. aureus wild type and ∆sigB mutant after seven days of infection (Chan 

& Foster, 1998). But the absence of an effect for SigB could be explained by the 11 bp deletion in 

the rsbU gene, the activator of SigB, in strain 8325-4, used as a wild type in this setting. In a murine 

wound infection model, a hematogenous pyelonephritis model and a rat osteomyelitis model with 

S. aureus strain WCUH29 and its isogenic ∆sigB mutant no difference in the bacterial load between 

the wild type and the mutant was observed (Nicholas et al, 1999). Likewise, in a murine skin abscess 

model no significant difference was discovered in the recovered cfu per lesion of the wild type strain 
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SH1000 and its isogenic rsbU defective stain 8325-4. There was also no difference in the size and 

the appearance of the lesions (Horsburgh et al, 2002). Using a rat model of experimental 

endocarditis no difference was detected in the aortic vegetations at 16 and 72 h post infection 

between the S. aureus BB255 strain containing a rsbU mutation, a mutant with a deletion of the 

whole sigB operon, a strain with a restored rsbU, and a SigB over expressing variant. Only the SigB 

over expressing strain resulted in a significantly higher frequency of positive spleen cultures 

compared to the ∆sigB mutant. These data suggest SigB to be more of a modulator for the virulence 

of S. aureus than to be a virulence factor itself (Entenza et al, 2005). A similar role for SigB was 

assumed in a murine infection model, where known SigB-regulated genes showed a SigB-

dependent transcription pattern, indicating that SigB is active, but the infection rate and the 

severity of the infection did not differ between HG001 wild type and its isogenic ∆sigB mutant 

(Depke et al, 2012).  

On the other hand in a murine model of septic arthritis using S. aureus strain SH1000, an isogenic 

∆sigB mutant, and the isogenic rsbU defective strain 8325-4, the strain with an intact sigB operon 

caused a more severe infection indicated by a higher mortality, increased frequency and severity of 

arthritis, a more pronounced weight loss, an increased persistence in kidneys and joints, and 

provoked a stronger inflammatory response. But when the mice were infected intra-articular and 

not intra-venous, no difference in the ability of the three S. aureus strains to cause inflammation 

could be detected (Jonsson et al, 2004). Furthermore, in an analysis of the expression of known 

SigB-regulated genes in a guinea pig model of device-related infection the genes showed a SigB-

dependent transcription profile, indicating that SigB is active in this infection model even if to a 

smaller extent than in vitro (Goerke et al, 2005). A murine intravascular catheter-associated 

infection model revealed an importance for SigB in the pathogenesis, since the ∆sigB mutants of 

the strains MA12 and Xen29 failed to form multiorgan infection five days post-infection (Lorenz et 

al, 2008). These diverse findings point out that the role for SigB in vivo varies with the strain and 

the infection model used for the experiments.     

 

The staphylococcal accessory regulator (Sar) 

Besides the agr locus and the sigB operon, the sar locus encoding the sarA gene is another major 

regulator of S. aureus virulence genes. The sar locus consists of three overlapping transcripts, each 

encoding the sarA gene and all terminate at the same position. Every transcript has its own 

promoter P1, P2 and P3 resulting in the transcripts sarA, sarB and sarC. Additionally, two open 

reading frames (ORFs), ORF3 and ORF4, potentially encoding peptides, are predicted within the sar 
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locus (Bayer et al, 1996) (Figure 1.8). The transcription of the promoters P1 and P2 is SigA-

dependent, whereas P3 is a SigB-dependent promoter (Manna et al, 1998).  

The transcription of the three sar transcripts is growth phase dependent. The transcripts sarA and 

sarB are transcribed during early and mid-logarithmic growth phase with a decrease towards late 

exponential growth phase. Whereas, sarC is transcribed during late exponential growth phase and 

transcription increases towards late stationary phase. sarA is transcribed throughout the growth 

cycle (Bayer et al, 1996). Promoter analysis revealed that the P1 promoter is the predominant 

promoter and P2 and P3 are much weaker (Manna et al, 1998).  

Nevertheless, the sarA transcript from the P1 promoter alone is not able to fully complement the 

phenotypic deficiency of deleting the sar locus. Only all three transcripts can restore the wild type 

phenotype (Bayer et al, 1996). Also, the expression of all three transcripts is needed to reach SarA 

protein amounts comparable to wild type level (Cheung & Manna, 2005). 

 

 

Figure 1.8 Map of the sar locus in S. aureus. Open reading frames (orf) are depicted by arrows. The sar locus 

consists of three overlapping transcripts (sarA-C), each with its own promotor. All transcripts encode SarA. 

The Scheme is adapted from Bayer et al, 1996; Cheung & Manna, 2005. 

 

The SarA protein is a DNA binding protein and a prototypic member of a family of 11 proteins (SarA, 

SarR, SarS, SarT, SarU, SarV, SarX, SarY, SarZ, MgrA, and Rot), whose members are homologues to 

SarA. The SarA protein regulates gene expression directly by binding to promoters of target genes 

or indirectly by binding to other regulators, for example, agr (Cheung & Projan, 1994; Liu et al, 2006; 

Manna & Cheung, 2006).  

For its regulatory function, the putative ORF3, which is embedded between P3 and P1 within the 

sar locus, plays an important role. The sequence of the ORF3, not the gene product, is necessary to 

restore the fnbA transcription in a ∆sarA mutant (Wolz & Po, 2000). The same has been observed 

for hla transcription (Cheung & Manna, 2005).  

The DNA binding efficiency of SarA can be modified by post-translational phosphorylation (Didier 

et al, 2010; Sun et al, 2012). However, a clear consensus DNA binding site for SarA is still missing. 
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Two different binding sites are postulated: a 26-bp SarA box and a 7-bp AT rich sequence (Chien et 

al, 1999; Sterba et al, 2003). Sterba and colleagues identified that only a few SarA regulated genes 

possess an upstream SarA box and binding assays revealed that SarA binds also to promoter regions 

without a SarA box (Sterba et al, 2003; Blevins et al, 1999; Wolz & Po, 2000). On the other hand, 

the binding site predicted by Sterba and colleagues exists more than 1000 times in the S. aureus 

genome (Morrison, 2012). Hence, it is indicated that SarA binds to RNA as well and thus regulates 

gene expression via stabilizing mRNAs or modulating RNA degradation (Morrison, 2012).  

Nonetheless, in a microarray analysis 76 genes were shown to be up-regulated by SarA and 44 genes 

were negatively influenced (Dunman et al, 2001). But in that study, a derivative of the 8325 lineage 

was used, who carries a mutation in the rsbU gene and therefore is defective in SigB. Hence, 

influences of the SigB defect cannot be ruled out, especially because the P3 promoter of the sar 

locus is SigB-dependent. Protein A (Spa), thermonuclease (Nuc), bifunctional autolysin (Atl), 

collagen adhesion (Cna), and proteases including aureolysin (Aur) are described as being negatively 

regulated by SarA. Positively regulated virulence factors are fibronectin-binding protein A (FnBPA), 

phenol soluble modulins (Psm), toxic shock syndrome toxin (TSST-1), γ-hemolysin component B 

(HlgB), accessory gene regulator (Agr), and α-hemolysin (Hla) (Blevins et al, 1999; Chan & Foster, 

1998; Cheung & Ying, 1994; Dunman et al, 2001; Jones et al, 2008; Sun et al, 2012; Zielinska et al, 

2012). Additionally, SarA can bind to its own promoter to down-regulate its expression (Cheung et 

al, 2008a).  

But the SarA regulation of individual virulence factors is not always clearly defined. The regulation 

of α-hemolysin is described to be strain dependent. In some strains α-hemolysin is up-regulated in 

a ∆sarA mutant and mainly in clinical isolates, α-hemolysin is described to be down-regulated in a 

∆sarA mutant. This discrepancy can arise from additional mutations in the S. aureus strains analyzed 

(Cassat et al, 2006; Zielinska et al, 2011). The direct SarA regulation of FnBPA is also diversely 

discussed. Wolz and colleagues detected that SarA can bind to the promoter region of fnbA and 

that the amounts of the fnbA transcripts and the amounts of FnBPA in the culture supernatant were 

lower in a ∆sarA mutant compared to the wild type (Wolz & Po, 2000). Controversly, Karlsson and 

colleagues discovered that the lower amounts of FnBPA in a ∆sarA mutant are the result of the 

release of FnBPA from the cell wall by serine proteases, which are up-regulated in a ∆sarA mutant 

(Karlsson et al, 2001). The low amount of α-hemolysin in a ∆sarA mutant is also connected to the 

increased production of extracellular proteases in a ∆sarA mutant (Zielinska et al, 2011). In total, 

Zielinska and coworkers described a protease dependent down-regulation of 21 proteins in a ∆sarA 

mutant. Among them are lipases, protein A, clumping factor A, and staphylokinase (Zielinska et al, 

2012). 
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Besides the regulation of virulence factors, SarA has a prominent role in biofilm formation, since 

the mutation of sarA leads to a reduced capacity to form a biofilm (Beenken et al, 2003). It was 

discovered that SarA has a positive effect on the transcription of the ica operon, and that PIA 

production is reduced in a ∆sarA mutant (Valle et al, 2003). Additionally, SarA induces the repressor 

of the ica operon, IcaR (Cerca et al, 2008). Another explanation for the lack of biofilm formation in 

a ∆sarA background is the up-regulation of proteases in a ∆sarA mutant. It was demonstrated that 

the mutation of the extracellular protease aureolysin, the serine protease SspA and the cysteine 

proteases SspB and ScpA partially restore biofilm formation of a ∆sarA mutant and that a mutant 

unable to produce any extracellular proteases can fully restore biofilm formation in a ∆sarA mutant 

(Loughran et al, 2014).  

Through the binding of SarA to the promoter region of sodA and sodM, the two superoxide 

dismutases of S. aureus, and to trxB, the thioredoxine reductase, which leads to a repression of the 

transcription of these genes, a modulating role in the oxidative stress resistance is proposed for 

SarA (Ballal & Manna, 2009, 2010).   

In another study SarA was identified as a positive regulator of the fmtA gene. FmtA holds a role as 

an auxiliary factor in methicillin resistance and it is part of the core cell wall stimulon. Therefore, 

SarA may up-regulate fmtA transcription in the presence of cell wall stress (Zhao et al, 2012).  

The importance of SarA as a global regulator is not only reflected by the regulation of many 

virulence genes but also in in vivo infection models, where ∆sarA mutants are attenuated in their 

virulence. This was observed in a rabbit model of endocarditis, where the wild type caused 

endocarditis at higher rates compared to the ∆sarA mutant (Cheung et al, 1994b). In a murine 

model of septic arthritis, where mice infected with the wild type developed arthritis more often 

and a more severe form of it compared to mice infected with a ∆sarA mutant (Blevins et al, 2003; 

Nilsson et al, 1996). Also, the deletion of the sar locus lowered the virulence of a ∆agr mutant even 

further compared to a single ∆agr mutant in a rabbit model of endophthalmitis (Booth et al, 1997). 

Furthermore, the ability to cause osteomyelitis is reduced in mice infected with a sarA deficient 

strain and isolates from acute and chronic osteomyelitis show high expression of sarA (Blevins et 

al, 2003; Kalinka et al, 2014). In a murine model of bacteremia, mice infected with a ∆sarA mutant 

had a higher survival rate, plus the bacterial count of the organs was lower compared to mice 

infected with the wild type (Zielinska et al, 2012).  

 

But not only do the regulators induce or repress transcription of target genes. They also influence 

the activity of each other in a complex network and thereby influence the virulence gene expression 

indirectly (Figure 1.9).  
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Figure 1.9 Regulatory-network of regulators of S. aureus virulence factors. The regulators that have an effect 

on each other and on the virulence of S. aureus are shown inside the circle. A red arrow represents a 

repressive effect, a green arrow an activating effect. The effect of the regulators onto each other can either 

be direct or indirect. The regulatory effects are taken from Ballal et al, 2009; Bischoff et al, 2001; Bronner et 

al, 2004; Cheung et al, 2004, 2008b; Hsieh et al, 2008; Johnson et al, 2011; Li & Cheung, 2008; Majerczyk et 

al, 2010; Manna & Cheung, 2006; McCallum et al, 2004; Novick, 2003; Pragman & Schlievert, 2004; Proctor 

et al, 2014; Tamber et al, 2010. The figure is inspired by Priest et al, 2012.   

 

Secretion mechanisms in Staphylococcus aureus 

The virulence factors produced by S. aureus interact with host tissue e.g. to promote attachment, 

or with host molecules e.g. to modulate the immune response. Thus, after translation of the 

virulence factors in the cytoplasm, they need to be transported across the membrane to the 

extracellular compartment. The secreted proteins can be released to the extracellular milieu, can 

be covalently or non-covalently bound to the cell wall, or retained to the cytoplasmic membrane 

(Dreisbach et al, 2011). All the extracellular proteins and their respective secretion machinery 

constitute the secretome of S. aureus (Tjalsma et al, 2004). Proteins that are secreted are 

synthesized with an N-terminal signal peptide, which serves as a recognition signal to direct the 

protein to a particular transport pathway (von Heijne, 1990). Most of the extracellular proteins are 

secreted via the general secretory (Sec) pathway. In the cytoplasm, an unfolded protein containing 

a Sec-type or lipoprotein signal peptide is directed to the translocation machinery by a chaperone. 

Secretion of the protein across the membrane is accomplished in an ATP-dependent manner (De 

Keyzer et al, 2003). The signal peptide is cleaved during or shortly after the translocation by a signal 

peptidase and subsequently, the protein is folded into its native conformation by an extracellular 
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foldase (Sarvas et al, 2004). In S. aureus, a second set of the Sec pathway proteins SecA and SecY 

are present. The homologues proteins SecA2 and SecY2 together with five accessory Sec proteins 

(Asp) compose the accessory Sec system. The accessory Sec system appears to be dedicated to 

translocate only the serine-rich adhesin for platelets (SraP) protein (Siboo et al, 2008).  

Another secretion pathway is the twin-arginine translocation (Tat) pathway. In contrast to the Sec 

pathway, the Tat machinery is able to translocate folded proteins (Berks et al, 2005). In 

mycobacteria, the virulence factor ESAT-6 (early secreted antigen target, 6 kDa) is secreted via a 

Sec-independent pathway. A homologues secretion system, the ESAT-6-like system, has been 

identified in S. aureus. The proteins EsxA and EsxB, lacking a classical signal peptide, are secreted 

via this pathway. Both proteins also seem to play a role in the pathogenicity of S. aureus (Burts et 

al, 2005). Bacteriocins, or antimicrobial peptides, are a bacterial defense mechanism against other 

bacteria, as they inhibit their growth. S. aureus produces several bacteriocins, which are suggested 

to be exported by a particular ABC transporter as in other bacteria (Håvarstein et al, 1995).  

Furthermore, two additional export pathways are encoded by the S. aureus genome, the Com 

pathway, which is involved in DNA binding and uptake in B. subtilis, and holins, which are export 

systems for peptidoglycan-degrading endolysins. But their actual contribution to protein secretion 

needs to be clarified (Sibbald et al, 2006).  

However, in the extracellular compartment proteins without a signal peptide are found. These 

proteins are thought to be released upon cell lysis. However, the cytoplasmic protein enolase was 

shown to be specifically secreted after its automodification (Boël et al, 2004). Therefore, it is 

possible that more cytoplasmic proteins commonly found in the extracellular milieu, are actively 

secreted.      

After the translocation, the fate of the proteins is determined by the presence or absence of a 

retention signal. Lipoproteins containing a lipobox are secreted via the Sec pathway. Afterwards, 

they are modified and anchored to the membrane (Sutcliffe & Harrington, 2002). Furthermore, 

surface exposed proteins can be covalently or non-covalently bound to the cell wall depending on 

their specific retention signals. Covalently cell wall bound proteins are anchored to the cell wall by 

sortases. S. aureus contains the sortases A and B (SrtA, SrtB), which recognize the sorting signals 

LPXTG and NPQTN (Mazmanian et al, 2002; Navarre & Schneewind, 1994). Examples for covalently 

cell wall bound proteins are the microbial surface components recognizing adhesive matrix 

molecules (MSCRAMMs). Non-covalently cell wall bound proteins possess specific cell wall binding 

domains. This group of proteins includes the secretable expanded repertoire adhesive molecules 

(SERAMS), the bifunctional autolysin Atl, and proteins with a LysM domain. Proteins without a 

retention signal are released into the extracellular milieu (Dreisbach et al, 2011).              
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The heterogeneity of Staphylococcus aureus pathogenicity due to the 

accessory genome 

During the last years, many S. aureus genomes have been sequenced, in order to obtain an overview 

of the encoded virulence factors. Presently, there are 76 completely assembled genome sequences 

available in the National Centre for Biotechnology Information (NCBI) database. In total there are 

sequences of 5303 S. aureus strains available but most of the sequences contain incompletely 

assembled sequence contigs (www.ncbi.nlm.nih.gov/genome/genomes/154?; accessed on 

October 18th 2015). The average S. aureus genome is about 2.9 Mb long and encodes about 2800 

proteins (www.ncbi.nlm.nih.gov/genome/?term=staphylococcus+aureus; accessed on October 18th 

2015). Comparisons of seven sequenced genomes revealed that the genome of S. aureus contains 

common components, present in all strains, and also variable components, present only in some 

(Lindsay & Holden, 2004). Genes present in more than 95% of species isolates are encoded by the 

core genome, whereas genes present in less than 95% of species isolates are encoded by the 

accessory genome (Lan & Reeves, 2000). The core genome comprises about 75% of the genome 

and is highly conserved between the strains. Genes of the core genome code for proteins involved 

in the central carbon metabolism and other housekeeping functions. Additionally, there are also 

genes that are not essential for cell survival but encode proteins associated with common species 

functions, among them are also some virulence factors (Lindsay & Holden, 2004).  

Sequences of seven housekeeping genes from the core genome are used for multi locus sequence 

typing (MLST), a method to classify S. aureus strains into sequence types (ST). These genes encode 

the carbamate kinase (arcC), the shikimate dehydrogenase (aroE), the glycerol kinase (glpF), the 

guanylate kinase (gmk), the phosphate acetyltransferase (pta), the trisphosphate isomerase (tpi), 

and the acetyl coenzyme A acetyltransferase (yqiL). Thereby, MLST can give information about the 

evolution and the relationship of the sequenced strains (Enright et al, 2000).  

The accessory genome accounts for the diverse pathogenicity of different S. aureus strains. It 

represents about 25% of the total S. aureus genome. The accessory genome mostly consists of 

mobile genetic elements (MGE) (Lindsay & Holden, 2004). MGEs are segments of DNA that can 

move within genomes or between bacterial cells by horizontal gene transfer (Frost et al, 2005). 

MGEs in S. aureus encompass bacteriophages, pathogenicity islands, genomic islands, 

chromosomal cassettes, plasmids, and transposons. Many genes of the MGEs encode for proteins 

with virulence or resistance functions (Lindsay & Holden, 2004).  

Bacteriophages are common in S. aureus genomes. One strain can carry multiple phages integrated 

into the genome. The immune evasion cluster (IEC) is located on a temperate phage that integrates 

into the gene coding for β-hemolysin. Different combinations of genes encoding the staphylokinase 
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(SAK), the enterotoxins SEA or SEP, the staphylococcal complement inhibitor (SCIN), and the 

chemotaxis inhibitory protein (CHIPS) were identified as constituents of the IEC (van Wamel et al, 

2006). Further virulence factors encoded on a bacteriophage are the Panton-Valentine leucocidin 

(PVL) (LukF-PV, LukS-PV), the exfoliative toxin A (ETA), and several exotoxins (SelK2, SelQ, SelP). But 

not all phages carry virulence genes. There are also helper phages, general transducing phages that 

can mobilize other MGEs, which are not mobile by themselves, like the S. aureus pathogenicity 

islands (SaPI) (Alibayov et al, 2014).  

SaPIs are MGEs of approximately 14-17 kb. They integrate into the chromosome at six different 

sites, referred to as attc. All SaPIs contain an integrase, required for phage-induced excision of the 

SaPI DNA, a Rep protein for replication, and a terminase, needed for packing the SaPI DNA into 

phages. Additionally, the SaPIs encode superantigens, such as enterotoxins and the toxic shock 

syndrome toxin-1 (TSST-1). Each S. aureus strain carries only one SaPI. SaPI1 encoding TSST-1 is 

considered as the prototype of the SaPIs (Novick & Subedi, 2007). 

In addition to the bacteriophages and SaPIs, three different kinds of genomic islands are part of the 

S. aureus genome (vSAα-vSAγ). It is supposed that the genomic island were once mobile elements 

such as bacteriophages or plasmids acquired by horizontal gene transfer that lost the genes which 

are necessary for replication and self-transfer (Dobrindt et al, 2004). In accordance with that, they 

are flanked by a broken transposase gene, which usually catalyzes the transposition event. The 

genomic island vSAα carries a lipoprotein encoding gene cluster (lpl) and genes encoding 

staphylococcal superantigen-like genes (ssl). Genomic island vSAβ encodes bacteriocin, 

enterotoxins, hyaluronate lyase, and a serine protease gene cluster. The third genomic island vSAγ, 

possesses genes encoding proteins of the phenol soluble modulin-β type and also a staphylococcal 

superantigen-like gene cluster (Malachowa & DeLeo, 2010).  

Another MGE are the staphylococcal cassette chromosomes (SCC). SCCs are relatively large DNA 

segments that integrate into the open reading frame of unknown function orfX. SCCs carry genes 

for resistance against antibiotics and heavy metals and also virulence genes. They all carry the 

cassette chromosome recombinase (ccr) gene complex for mobilization (Malachowa & DeLeo, 

2010). The most prominent SCC is SCCmec carrying the mecA gene, which confers resistance against 

methicillin but also carries additional resistance genes (see above). But there are also non-mec SCCs. 

They resemble SCCmec, but carry other resistance or virulence genes instead of mecA. SCCcap1, for 

example, carries the genes encoding the synthesis of capsular polysaccharide 1 (Luong et al, 2002). 

The resistance against mercury chloride is encoded by SCCmercury and the resistance gene against 

fusidic acid is carried by SCC474 (Chongtrakool et al, 2006; Holden et al, 2004).  
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S. aureus strains often also carry one or more free or integrated plasmids. All plasmids carry genes 

that confer resistance to antibiotics, heavy metals or antiseptics (Lindsay & Holden, 2004). 

Sequencing of S. aureus USA300_FPR3757 revealed that this strain contains three plasmids 

(pUSA01-03), which carry resistance genes against antibiotics, e.g. tetracycline, macrolides, 

lincosamides, streptogramin B and mupirocin (Diep et al, 2006). But also virulence factors like 

enterotoxins are encoded by some plasmids (Zhang et al, 1998).  

Transposons can frequently change their localization within the chromosome. They are either 

inserted into the bacterial chromosome or in other MGEs. Small transposons are present in multiple 

copies, whereas larger transposons (>18 kbp) are present in a single copy. Like plasmids, 

transposons carry mainly resistance genes against antibiotics (Malachowa & DeLeo, 2010). 

 

Internalization of Staphylococcus aureus by non-professional phagocytic 

cells and its intracellular fate 

Traditionally, S. aureus has been considered to be an extracellular pathogen. But during the last 

years it became apparent that S. aureus cannot only be internalized by professional phagocytic cells 

but also by non-professional phagocytic cells, e.g. epithelial cells, endothelial cells, fibroblasts, 

osteoblasts, or keratinocytes and then survive in the intracellular environment. It is suggested that 

the intracellular milieu protects S. aureus from antibiotics and from the host immune system 

(Garzoni & Kelley, 2009).  

Internalization into non-professional phagocytic cells is a multifactorial event. The main mechanism 

for S. aureus internalization is mediated via the fibronectin binding proteins FnBPA and FnBPB 

(Ahmed et al, 2001; Dziewanowska et al, 1999). The FnBPs bind to fibronectin, which acts as a 

bridging factor to bind to α5β1 integrins on the host cell surface (Sinha et al, 1999). This binding 

induces a host cell signal transduction via tyrosine kinases, which leads to cytoskeletal 

rearrangements and results in uptake of the staphylococci (Dziewanowska et al, 1999). In addition, 

it was shown that the FnBPs can also directly bind to the human heat shock protein 60 (Hsp60) as 

a host cell receptor for internalization. Hsp60 could act as a co-receptor for S. aureus uptake 

mediated by FnBPs (Dziewanowska et al, 2000). Furthermore, it was demonstrated that the 

extracellular adhesion protein (Eap) contributes to S. aureus internalization and can even partly 

compensate for the loss of FnBPs (Haggar et al, 2003). Another mechanism for S. aureus 

internalization involves the autolysin Atl, which binds directly to the heat shock cognate protein 70 

(Hsc70) on the host cell surface to mediate internalization (Hirschhausen et al, 2010).  

After internalization, S. aureus resides in a phagosomal compartment, engulfed by a membrane 

(Bayles et al, 1998). During maturation, phagosomes fuse with lysosomes, which leads to the 
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formation of phagolysosomes. Phagolysosomes are characterized by an acidic pH and the 

containment of hydrolytic enzymes such as cathepsins or lysozyme, which contributes to lyses of 

the engulfed pathogen (Flannagan et al, 2009). To escape killing by phagolysosomes, S. aureus can 

translocate from the phagosomes to the host cell cytoplasm (Bayles et al, 1998). Phagosomal 

escape is mediated by the Agr-dependent phenol soluble modulin alpha (PSMα), as mutants lacking 

PSMα were not able to translocate to the cytoplasm (Grosz et al, 2014). PSMs are short amphipathic 

peptides that can lyse human neutrophils and are assumed to destroy membrane integrity (Otto, 

2014b). Inside the host cytoplasm S. aureus can replicate and induce host cell death (Bayles et al, 

1998). As main mediator for host cell death α-hemolysin was identified (Bantel et al, 2001). But it 

is hypothesized that also other factors depending on Agr and SigB are necessary for host cell death 

induction (Haslinger-Löffler et al, 2005).  

Another described mechanism to circumvent killing by the lysosomal pathway was the subversion 

of autophagy. Autophagy is a mechanism, which leads to bulk degradation of cytoplasmic content 

providing nutrients during nutrient limiting conditions. But autophagy can also be used by the cell 

to engulf intracellular bacteria by a double membrane, called autophagosome. Autophagosomes 

can also fuse with lysosomes, to subsequently kill the intracellular bacteria (Levine, 2005). For 

S. aureus it was described that the maturation of autophagosomes to autolysophagosomes was 

arrested. The autophagosomes provided a protective niche for survival and replication, before 

S. aureus also escapes to the host cell cytoplasm (Schnaith et al, 2007). Contrasting the escape to 

the cytoplasm to circumvent killing, it was also reported that S. aureus can persist and even 

replicate inside macrophages and neutrophils (Gresham et al, 2000; Kubica et al, 2008; Olivier et al, 

2009).  

Inside the host cells S. aureus adapts to the intracellular milieu and can develop the small colony 

variant (SCV) phenotype, which is associated with long-term persistence and recurrent infections 

(Kahl et al, 1998; Proctor et al, 1995). The formation of SCVs is described to originate from diverse 

alterations such as deficiencies in electron transport, thymidine auxotrophy, a permanent 

activation of the stringent response, or a mutation in the major cold shock protein (Kahl, 2014). 

Characteristic for the SCV phenotype is slow growth, which results in a small colony size on an agar 

plate compared to the wild type phenotype (Sendi & Proctor, 2009). This is in accordance with a 

reduced TCA cycle metabolism (Kriegeskorte et al, 2011).  

SCVs also show weak pigmentation, a weak coagulase production, increased biofilm production, a 

thick cell wall, and increased resistance against antibiotics (Sendi & Proctor, 2009). They also show 

alterations in virulence gene expression which favors the intracellular persistence. SCVs express 

high amounts of fibrinogen-binding proteins, such as clumping factors, and fibronectin-binding 
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proteins, such as FnBPA and FnBPB, which is connected to an efficiently invading phenotype 

(Vaudaux et al, 2002). Adhesins are expressed in high amounts due to the strong activity of their 

positive regulator SigB, and due to the absence of their negative regulator Agr (Moisan et al, 2006). 

SigB seems to play an important role in S. aureus persistence, as ∆sigB mutants cannot replicate 

intracellularly, are poor persisters, and are not able to form the SCV phenotype (Mitchell et al, 2013; 

Moisan et al, 2006; Tuchscherr et al, 2015). Persistence of SCVs is also favored by causing less 

damage to host cells. Due to the absence of an Agr activation in SCVs, only low levels of the mediator 

of host cell death, α-hemolysin, and other Agr-dependent toxins are present (Kahl et al, 2005; 

Moisan et al, 2006). This leads to a highly reduced inflammatory host cell response after infection 

of endothelial cells with SCVs (Tuchscherr et al, 2010). SCVs can be isolated from long-term cell 

culture infection models as well as from long-term murine infection models. However, the 

phenotype is not stable and can revert to the wild type phenotype within 24 hours of cultivation in 

rich medium (Tuchscherr et al, 2011). Figure 1.10 summarizes the possible intracellular fates of 

S. aureus after internalization by host cells. 

 

 

Figure 1.10 S. aureus internalization and its possible intracellular fates. (A) After internalization S. aureus 

resides in a phagosomal compartment engulfed by a membrane. (B) S. aureus can induce autophagy and 

replicate in autophagosomes bevore it escapes into the cytoplasm. (C) S. aureus can circumvent killing by the 

lysosomal pathway by escaping the phagosome or phagolysosome into the cytoplasm. (D) S. aureus can also 

replicate and persist inside the phagosomal compartment. After escaping into the cytoplasm S. aureus can 

persist in the cytoplasm and form the small colony variant (SCV) phenotype (E) or S. aureus can replicate in 

the cytoplasm and induce apoptosis of the host cell (F). The figure is adapted from Garzoni & Kelley, 2009.  
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Investigations of the adaption reactions of Staphylococcus aureus to the 

intracellular milieu by proteomics 

Since the first genomes of S. aureus have been sequenced and annotated, functional genomic 

analysis of the adaption reaction of S. aureus to the intracellular environment became possible. A 

challenge for proteome analysis is the huge excess of host material compared to the low amount 

of pathogen material obtained from a host-pathogen setting. The large amounts of host proteins 

can interfere with the detection of bacterial proteins during proteome analysis (Bumann, 2010). 

Hence, proteome analyses of host-pathogen settings are still limited. Transcriptome analyses of 

such host-pathogen settings are more easily conducted and therefore Garzoni and colleagues 

analyzed intracellular S. aureus 6850 after internalization into A549 epithelial cells. They observed 

that S. aureus drastically down-regulates genes of major metabolic pathways such as cell division, 

nutrient transport, and regulatory processes after internalization, whereas several genes involved 

in iron scavenging and virulence were up-regulated. After this initial adaptation, several metabolic 

functions were increased again in transcription (Garzoni et al, 2007).  

Additionally, Voyich and coworkers analyzed transcriptional changes of S. aureus after 

internalization into neutrophils. In this setting, genes encoding proteins involved in oxidative stress 

response, capsule synthesis, metabolism, virulence factors, and gene regulatory systems were up-

regulated. Genes encoding proteins involved in cell envelope synthesis, cell division, and replication 

were generally down-regulated (Voyich et al, 2005).  

To increase the detection of pathogen proteins for proteome analysis of host-pathogen 

interactions, the internalized bacteria have to be enriched. Such enrichment strategies include 

centrifugation, immunomagnetic separation, the use of nanoparticles or fluorescence activated cell 

sorting (Becker et al, 2006; Depke et al, 2014; Shi et al, 2006; Twine et al, 2006; Xia et al, 2007). For 

proteome analysis of the adaption reaction of S. aureus HG001 after internalization into S9 

epithelial cells, fluorescence activated cell sorting was used for the enrichment of intracellular 

bacteria. As little as a few million internalized S. aureus were sufficient to monitor the early 

adaption phase following internalization. Changes observed in the proteome indicate a response to 

oxidative stress and adjustments in cell wall biosynthesis (Schmidt et al, 2010).  

A follow-up proteome study of the adaption reaction of S. aureus HG001 to the intracellular 

environment of epithelial (A549 and S9) and human embryonic kidney cells (HEK293) revealed a 

common adaptive reaction to the different cell lines, such as decreased levels of metabolic enzymes 

or increased levels of proteins involved in arginine and lysine biosynthesis, enzymes coding for 

terminal oxidases, or stress responsive proteins. Differences observed in the proteome profiles of 

internalized S. aureus into the three different cell lines corresponded to different intracellular 
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growth behavior (Surmann et al, 2014). In a first proteome study investigating the host and the 

pathogen after internalization into A549 epithelial cells, the pathogen showed a reduced growth 

rate, induction of the stringent response, adaptation to microaerobic conditions, and cell wall stress 

as adaption reactions to the intracellular milieu. The host displayed stronger expression of 

apoptosis signaling, clathrin-mediated endocytosis signaling, calcium signaling, and integrin 

signaling after infection with S. aureus (Surmann et al, 2015).  However, also new approaches were 

developed recently to investigate host-pathogen interactions from one experimental setting by 

dual RNA sequencing (Westermann et al, 2012).      
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Aims of the study 

S. aureus is an opportunistic pathogen that can be a harmless commensal of the human body but 

also the cause of life-threatening diseases. The pathogenicity of S. aureus is determined by its huge 

arsenal of virulence factors, which are tightly regulated by a complex regulatory network. One 

regulator that influences the expression of many virulence factors is the alternative sigma factor 

SigB. However, the conditions leading to the activation of SigB are largely unknown and its role 

during an infection is still a matter of debate. Therefore, the main focus of this study was to 

elucidate the role of the alternative sigma factor SigB during the early adaptation phase of S. aureus 

after internalization into non-professional phagocytic cells by proteomics in conjunction with RT-

qPCR and confocal fluorescence microscopy. To achieve this objective, a subtask was to increase 

the yield of identifiable proteins from internalized S. aureus and to identify suitable endogenous 

reference genes for the interpretation of RT-qPCR data from internalized S. aureus.  

The site of an infection often harbors divers S. aureus populations with naturally occurring mutants 

and wild type cells. To gain insights into the co-occurrence of a ∆agr mutant and its wild type within 

one infection site, this work aimed for establishing a competitive co-infection assay.  

Virulence factors of S. aureus are mainly secreted or attached to the cell surface. The extracellular 

milieu is therefore the key compartment for virulence factors. To gain knowledge about the 

regulation of virulence factors and their expression in different S. aureus strains, the extracellular 

proteome of different wild type strains and of mutants lacking the main regulators of virulence 

factors, SarA, SigB, and the agr locus, were comparatively analyzed.  
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2 Material and Methods 

 

 

2.1 Material 

2.1.1 Chemicals, enzymes and kits 

Table 2.1 Chemicals, Enzymes, and Kits 

Chemical Company 

Accudrop fluorescent beads Becton Dickinson, Franklin Lakes, NJ, USA  
Acetic acid Carl Roth, Karlsruhe, Germany 
Acetone Merck Millipore, Darmstadt, Germany 
Acetonitrile J.T. Baker/Mallinckrodt Baker, Inc., Deventer, 

Netherlands 
Acrylamide/Bisacrylamide 37.5:1 AppliChem, Darmstadt, Germany 
Agarose Carl Roth, Karlsruhe, Germany 
Alanine Sigma-Aldrich, St. Louis, Mo, USA 
Alexa Fluor® 568 phalloidin Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Ammonium bicarbonate Sigma-Aldrich, St. Louis, Mo, USA 
Ammonium sulfate Sigma-Aldrich, St. Louis, Mo, USA 
Antibiotic medium 3  Becton Dickinson, Franklin Lakes, NJ, USA 
APS (ammonium persulfate) GE Healthcare, Chalfont St Giles, United 

Kingdom 
Aspartate Sigma-Aldrich, St. Louis, Mo, USA 
Bovine serum albumin Sigma-Aldrich, St. Louis, Mo, USA 
Bromphenole Blue Sigma-Aldrich, St. Louis, Mo, USA 
Coomassie Brilliant Blue G-250 Merck Millipore, Darmstadt, Germany 
CountBrightTM Absolute Counting Beads Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Cysteine 
Cytometer setup & tracking beads 
Dithiothreitol 
Dimethyl Sulfoxide (DMSO) 
DNase I 
dNTP mix 
Erythromycin 
Ethanol 

Sigma-Aldrich, St. Louis, Mo, USA  
Becton Dickinson, Franklin Lakes, NJ, USA 
Thermo Fisher Scientific Inc., Waltham, MA, 
USA Sigma-Aldrich, St. Louis, Mo, USA  
QIAGEN GmbH, Hilden, Germany 
Roche, Grenzach-Whylen, Germany 
Sigma-Aldrich, St. Louis, Mo, USA  
Carl Roth, Karlsruhe, Germany 

Ethylenediaminetetraacetic acid (EDTA) Merck Millipore, Darmstadt, Germany 
FastDigest® restriction enzymes Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Fetal bovine serum 
Formaldehyde, 37 % 

Biochrom, Berlin, Germany 
Carl Roth, Karlsruhe, Germany 

Glutamate Sigma-Aldrich, St. Louis, Mo, USA 
Glycerol Sigma-Aldrich, St. Louis, Mo, USA 
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Chemical Company 
Glycine Carl Roth, Karlsruhe, Germany 
Guava easy check bead reagent Merck Millipore, Darmstadt, Germany 
HEPES, 1 M PAN-Biotech, Aidenbach, Germany 
High capacity cDNA reverse transcription kit Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Histidine Sigma-Aldrich, St. Louis, Mo, USA 
Hoechst 33258 Sigma-Aldrich, St. Louis, Mo, USA 
Hydrochloric acid Carl Roth, Karlsruhe, Germany 
Iodacetamid Sigma-Aldrich, St. Louis, Mo, USA 
Isoleucine 
Isopropanol 

Sigma-Aldrich, St. Louis, Mo, USA  
Carl Roth, Karlsruhe, Germany 

Leucine Sigma-Aldrich, St. Louis, Mo, USA 
L-glutamine, 200 mM PAN-Biotech, Aidenbach, Germany 
Lysostaphin, >3000 U/mg AMBI Products LLC, Lawrence, NY, USA 
Magnesium chloride Carl Roth, Karlsruhe, Germany 
Maleic acid Carl Roth, Karlsruhe, Germany 
Minimum essential media 1x  Biochrom, Berlin, Germany 
Minimum essential media 10x Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
MEM non-essential amino acids 
β-Mercaptoethanol 

PAN-Biotech, Aidenbach, Germany 
Sigma-Aldrich, St. Louis, Mo, USA 

Methanol Carl Roth, Karlsruhe, Germany 
Nuclease-free water Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Phenylalanine Sigma-Aldrich, St. Louis, Mo, USA 
p-Phenylendiamine Carl Roth, Karlsruhe, Germany 
Phosphate buffered saline 1x with Ca2+, Mg2+ Biochrom, Berlin, Germany 
Phosphate buffered saline 10x PAA, Pasching, Austria 
Phosphoric acid Merck Millipore, Darmstadt, Germany 
Plasmid purification Kit Qiagen, Venlo, Netherlands 
Platinum Taq DNA polymerase Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Polyvinyl alcohol (Mowiol) Carl Roth, Karlsruhe, Germany 
Potassium chloride Merck Millipore, Darmstadt, Germany 
Proline Sigma-Aldrich, St. Louis, Mo, USA 
Protein assay dye reagent concentrate Bio-Rad Laboratories, Hercules, CA, USA 
RapiGest Waters Corporation, Milford, MA, USA 
RNA clean up and concentration kit Norgen Biotek Corp., Thorold, ON, Canada 
ROX reference dye Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Select agar Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Serine Sigma-Aldrich, St. Louis, Mo, USA 
Sodium bicarbonate, 7.5 % 
Sodium hydroxide 

PAN, Aidenbach, Germany 
Carl Roth, Karlsruhe, Germany 

Sodium Dodecyl Sulfate (SDS) Carl Roth, Karlsruhe, Germany 
Sucrose Sigma-Aldrich, St. Louis, Mo, USA 
TaqMan gene expression assay Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
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Chemical Company 
TEMED GE Healthcare, Chalfont St Giles, United 

Kingdom 
Tetracycline Carl Roth, Karlsruhe, Germany 
Thiourea Sigma-Aldrich, St. Louis, Mo, USA 
Threonine Sigma-Aldrich, St. Louis, Mo, USA 
Trichloroacetic acid 
Trichloromethane/chrloroform 

Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 

Trifluoroacetic acid Merck Millipore, Darmstadt, Germany 
Tris Merck Millipore, Darmstadt, Germany 
Triton X-100 Sigma-Aldrich, St. Louis, Mo, USA 
Trizol Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Trypan blue staining, 0.4 % Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Trypsin Promega, Madison, WI, USA 
Trypsin-EDTA solution (0.05%/0.02%) in PBS PAN-Biotech, Aidenbach, Germany 
Tryptic soy broth Becton Dickinson, Franklin Lakes, NJ, USA 
Tryptophane Sigma-Aldrich, St. Louis, Mo, USA 
Turbo DNA-free kit Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Urea Sigma-Aldrich, St. Louis, Mo, USA 
Valine Sigma-Aldrich, St. Louis, Mo, USA 
  
Water HPLC-grade J.T. Baker/Mallinckrodt Baker, Inc., Deventer, 

Netherlands 
Yeast extract Sigma-Aldrich, St. Louis, Mo, USA 

 

2.1.2 Consumables 

Table 2.2 Consumables 

Item Company 

96-well plate, flat bottom Greiner bio-one, Frickenhausen, Germany 
Acclaim PepMap 100 column Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Acclaim PepMap RSLC column Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
BioSphere C18 column Nanoseparations, Nieuwkoop, Netherlands 
C18/µC18-ZipTip columns Merck Millipore, Darmstadt, Germany 
Cell culture dishes (Ø 10 cm, 24-well plates) Saarstedt, Nürnbrecht, Germany 
Cell culture dish (12-well plate) 
Columbia Agar with 5% Sheep Blood 

Greiner bio-one, Frickenhausen, Germany 
Becton Dickinson, Franklin Lakes, NJ, USA 

Countess cell counting chamber slides 
Cryogenic vial, 2 ml 
Cuvettes 
Electroporation cuvettes, 2 mm electrode gap 
Micro Amp optical 96 well reaction plate 
Micro Amp adhesive film 
Micro insert, 0.1 ml 
Microscope Slides 

Thermo Fisher Scientific Inc., Waltham, MA, 
USA Corning Inc., Corning, NY, USA 
Saarstedt, Nürnbrecht, Germany 
PEQLAB, Erlangen, Germany 
Thermo Fisher Scientific Inc., Waltham, MA, 
USA Thermo Fisher Scientific Inc., Waltham, 
MA, USA 
VWR International, Darmstadt, Germany  
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Item Company 

Micro vials 
MultiScreen HTSTM

 GV, 96-well filter plate 
VWR International, Darmstadt, Germany  
VWR International, Darmstadt, Germany  
Merck Millipore, Darmstadt, Germany  

nanoAcquity UPLC 2G V/M trap column Waters Corporation, Milford, MA, USA 
nanoAcquity BEH130 column Waters Corporation, Milford, MA, USA 
Petri dish with cams, 92x16 mm Saarstedt, Nürnbrecht, Germany 
Precision cover slips, Ø 18 mm 
Reaction tube, 1.7 ml, 0.65 ml, low protein 
bind 
 
Reaction tube, 2 ml 
RNA nano chips 
Screw cap, 8 mm 
Septum, 8 mm 
Steritop-GP, 0,22 μm filtration unit  
Titertube, micro test tube 
Tube 15 ml 

Carl Roth, Karlsruhe, Germany 
SorensonTM BioScience, Inc., Salt Lake City, UT, 
USA 
Saarstedt, Nürnbrecht, Germany 
Agilent Technologies, Santa Clara, CA, USA  
VWR International, Darmstadt, Germany  
VWR International, Darmstadt, Germany  
Merck Millipore, Darmstadt, Germany  
Bio-Rad Laboratories, Hercules, CA, USA 
Saarstedt, Nürnbrecht, Germany 

Tube 50 ml Becton Dickinson, Franklin Lakes, NJ, USA 

 

2.1.3 Instruments 

Table 2.3 Instruments 

Instrument Company 

Bioanalyzer 2100 Agilent Technologies, Santa Clara, CA, USA 
CoolSNAP HQ camera Roper Industries, Sarasota, FL, USA 
Centrifuge, Allegra X-15R Beckman Coulter, Brea, CA, USA 
Centrifuge, Eppendorf 5810R Eppendorf, Hamburg, Germany 
Chip Priming station Agilent Technologies, Santa Clara, CA, USA 
Countess, automated cell counter Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
CO2 Incubator Binder, Tuttlingen, Germany 
Cryo-freezer, Qualifreeze Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Dionex UltiMate LC system Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Electronic pipette filler Hirschmann, Eberstadt, Germany 
FACSAria IIIu, flow cytometer Becton Dickinson, Franklin Lakes, NJ, USA 
Fast Real Time PCR System 7900 HT Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Fluorescence microscope IX71  Olympus Corporation, Shinjuku, Japan 
Gene Pulser XcellTM Electroporation System Bio-Rad Laboratories, Hercules, CA, USA 
guava easyCyteTM Merck Millipore, Darmstadt, Germany 
Inverted optical microscope, IX81 Olympus Corporation, Shinjuku, Japan 
Laboratory ball mill, Mikro-Dismembrator S Sartorius AG, Göttingen, Germany 
Laboratory pump, Laboport KNF Neuberger, Freiburg, Germany 
Laser confocal microscope, FV1000 Olympus Corporation, Shinjuku, Japan 
LTQ-Orbitrap Velos, mass spectrometer Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Magnetic stirrer Bibby Scientific, Staffordshire, England 
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Instrument Company 
Microscope Eclipse TS100 with camera Coolpix 
8400 

Nikon, Tokio, Japan 

nanoAcquity, UPLC Waters Corporation, Milford, MA, USA 
Nano Drop 8000 Spectrophotometer Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Neubauer improved counting chamber Marienfeld, Lauda-Königshofen, Germany 
pH Meter, CG842 Schott Instruments GmbH, Mainz, Germany 
Proxeon nLC system Proxeon, Odense, Denmark 
Q Exactive Orbitrap, mass spectrometer Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Spectrophotometer V-1200 VWR International, Darmstadt, Germany 
Speed vacuum centrifuge, concentrator plus Eppendorf, Hamburg, Germany 
Super speed centrifuge, Sorvall Evolution RC Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Table top centrifuge, Biofuge fresco Heraeus, Hanau, Germany 
Test tube shaker VWR International, Darmstadt, Germany 
Thermomixer comfort Eppendorf, Hamburg, Germany 
TriVersa NanoMate Advion, Inc., Ithaca, NY, USA 
Vacuum pump HLC Bio Tech, Bovenden, Germany 
VarioskanTM Flash multimode reader Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Water bath OLS 200 Grant Instruments, Cambridge, England 

 

2.1.4 Media and buffer compositions 

Table 2.4 Media and buffer compositions 

Medium/ Buffer Quantity Component 

Coomassie Brilliant Blue solution 
(100 ml) 

5 g Coomassie Brilliant Blue 
ad. 100 ml A. dest. 

   

Colloidal Coomassie dye  
(500 ml) 

50 g 
6 ml 

ammonium sulfate 
phosphoric acid (85%) 

  ad. 490 ml A. dest. 
 10 ml Coomassie Brilliant Blue solution 
   

Colloidal Coomassie solution 
(250 ml) 

200 ml 
50 ml 

Colloidal Coomassie Dye 
Methanol 

   

Dithiothreitol (10 ml, 25 mM) 0.375 g Dithiothreitol 
 10 ml Ammonium bicarbonate (20 mM) 
   

Iodacetamid (10 ml, 100 mM) 0.18 g Iodacetamid 
 10 ml Ammonium bicarbonate (20 mM) 
   

Killing-buffer (100 ml) 2 ml Tris/HCl pH 7.5 (1 M) 
 0.5 ml MgCl2 (1 M) 
 1 ml NaN3 (2 M) 
  ad. 100 ml A. dest. 
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Medium/ Buffer Quantity Component 

LC buffer A1 (100 ml)         2 ml Acetonitrile 
      0.1 ml Acetic acid 
     ad. 100 ml HPLC grade water 
   

LC buffer A2 (100 ml)         2 ml Acetonitrile 
         2 ml DMSO 
      0.1 ml Acetic acid 
  ad. 100 ml HPLC grade water 
   

LC buffer A3 (100 ml) 5 ml Acetonitrile 
 0.1 ml Acetic acid 
  ad. 100 ml HPLC grade water 
   

LC buffer B1 (100 ml) 0.1 ml Acetic acid 
  ad. 100 ml Acetonitrile 
   

LC buffer B2 (100 ml) 5 ml DMSO 
 0.1 ml Acetic acid 
 
 

 ad. 100 ml Acetonitrile 
 

Loading dye (10 ml, 2x) 2 ml Glycerin (87%) 
 0.5 ml β-Mercaptoethanol 
 2 ml SDS (10%) 
 2 mg Bromphenol blue 
 2.5 ml Loading gel buffer 
  ad. 10 ml  A. dest. 
   

Loading gel buffer (1 L, 4x) 60 g Tris 
 40 ml SDS (10%) 
  ad. 1 L  A. dest. 
  Adjust pH to 6.8 with HCl 
   

Loading gel (5%) 516 µl Acrylamide/Bisacrylamide (37.5 : 1) 
 1.05 ml Loading gel buffer (4x) 
 2.6 ml A. dest. 
 30 µl APS (10%) 
 5 µl TEMED 
   

eMEM (100 ml) 100 ml MEM (1x) 
 4 ml FBS 
 2 ml L-glutamine (200 mM) 
 1 ml NEAA (100x) 
   

pMEM (100 ml) 10 ml MEM (10x) 
 1 ml NEAA (100x) 
 1 ml HEPES (1 M) 
 2 ml  L-glutamine (200 mM) 
 8 ml tryptophane (25 mM) 
 4 ml AA mix 1 (Ala, Val, Leu, Ile; 50 mM each) 
 4 ml AA mix 2 (Asp, Glu; 50 mM each) 
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Medium/ Buffer Quantity Component 
pMEM (continued) 4 ml AA mix 3 (Ser, Thr, Cys; 50 mM each) 
 4 ml AA mix 4 (Pro, Phe, His; 50 mM each) 
 62 ml HPLC grade water 
  Adjust pH to 7.4 with NaOH and sterile 

filtrate the medium 
   

Mowiol mounting medium 2.4 g Mowiol 
 6 ml Glycerol 
 6 ml A. dest 
 12 ml Tris/HCl pH 8.5 (0.2 M) 
 0.1 %  p-Phenylendiamine 
   

PAB, 4x (100 ml) 7 g Antibiotic medium 3 
  Dissolve in 100 ml A. dest. and autoclave 
   

RT-qPCR master mix, 2x (10 ml) 0.4 ml Tris-hydrogen chloride, pH 8.4 (1000 mM) 
 0.5 ml Potassium chloride(2000 mM) 
 0.06 ml Magnesium chloride (1000 mM) 
 1.6 ml Glycerol (50 %) 
 0.16 ml dNTP mix (25 mM) 
 0.2 ml ROX reference dye 
  ad. 10 ml nuclease free water 
   

SDS-PAGE running buffer (1 L) 3 g Tris 
 14.4 g Glycine 
 5 ml SDS (20%) 
  ad. 1 L  A. dest. 
   

Separating gel buffer (1 L, 4x) 182 g Tris/HCl 
 40 ml SDS (10%) 
  ad. 1 L  A. dest. 
   

Separating gel (12.5%) 3.9 ml Acrylamide/Bisacrylamide (37.5 : 1) 
 3.13 ml Separating gel buffer (4x) 
 5.45 ml A. dest. 
 50 µl APS (10%) 
 12 µl TEMED 
   

SMM, 2x (100 ml) 34.2 g Sucrose 
 0.81 g Magnesium chloride 
 0.46 g Maleic acid 
  Set pH to 6.5 and ad. 100 ml with A. dest. 

and 
  autoklave 
   

SMMP (10 ml) 5.5 ml SMM (2x) 
 4 ml PAB (4x) 
 0.5 ml BSA (10 %) 
  split into 1 ml aliquots and store at -20 °C 
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Medium/ Buffer Quantity Component 

Sucrose solution (1 L, 500 mM) 171.15 g Sucrose 
 1 L A. dest. 
   

Tris-EDTA-buffer, 10x (1L) 12.1 g Tris 
 3.72 g EDTA 
 1 L A. dest. 

 

TSB (1 L) 30 g TSB powder 
 1 L A. dest.  
  Autoclave 
   

TSB agar plates (1 L) 30 g TSB powder 
 15 g Select agar 
 1 L A. dest.  
  Autoclave 
   

UT-buffer (10 ml) 4.8 g Urea 
 1.55 g Thiourea 
 5 ml HPLC grade water 
   

ad. = fill up to final volume; A. dest. = distilled water 

 

2.1.5 Software and databases 

Table 2.5 Software and databases 

Software/Database Company/Link/Reference 

AureoWiki http://www.protecs.uni-
greifswald.de/aureowiki 

2100 expert software B 02.08.SI648 Agilent Technologies, Santa Clara, CA, USA 
FACSDiva Software 6.1.3 Becton Dickinson, Franklin Lakes, NJ, USA 
Genedata  7.6 & 8.2 Genedata AG, Basel, Switzerland 
Genome-to-Genome Distance Calculator 2.0 http://ggdc.dsmz.de/distcalc2.php (Meier-

Kolthoff et al, 2013) 
GraphPad Prism 5 GraphPad Software, Inc., La Jolla, CA, USA 
guavaSoft 2.6 Merck Millipore, Darmstadt, Germany 
LocateP www.cmbi.ru.nl/locatep-db/cgi-

bin/locatepdb.py (Zhou et al, 2008) 
Mascot Matrix Science Ltd., London, England 
Mendeley Desktop 1.11 Mendeley Ltd., London, England 
Microsoft Office 2007/2013 Microsoft, Redmond, WA, USA 
Nano Drop 8000 2.2.1 Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
Olympus Fluoview (FV10-ASW2.1 Viewer) Olympus Corporation, Shinjuku, Japan 
Paver 1.1 Decodon GmbH, Greifswald, Germany 
NCBI/PubMed National Center for Biotechnology Information, 

Bethesda, MA, USA 
PSORTdb  Brinkman Laboratory, Simon Fraser University, 

BC, Canada (Yu et al, 2011) 
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Software/Database Company/Link/Reference 
R 2.15 R Foundation for statistical computing, Vienna, 

Austria 
Rosetta Elucidator 3.3.01 Rosetta Biosoftware, Seattle, WA , USA 
RQ Manager 1.2 Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
RStudio version 0.98.507 RStudio, Inc., Boston, MA, USA 
Scaffold 2 Proteome Software Inc., Portland, OR, USA 
Sequence Detection System (SDS) 2.3 Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
SkanIt RE for Varioskan Flash 2.4.3 Thermo Fisher Scientific Inc., Waltham, MA, 

USA 
SignalP 4.1 server Center for biological sequence analysis, 

Technical University of Denmark, Lyngby, 
Denmark (Petersen et al, 2011) 

SoftWorx Suite GE Healthcare, Issaquah, WA, USA 
Sorcerer Sage-N Research Inc., CA, USA  
The SEED www.theseed.org (Overbeek et al, 2005) 
TMHMM Server 2.0 Center for biological sequence analysis, 

Technical University of Denmark, Lyngby, 
Denmark (Krogh et al, 2001) 

Universal Protein Resource (UniProt) www.uniprot.org (The UniProt Consortium, 
2015) 

ZIK-ImageJ ZIK Junior Research Group 
“Bioinformatics/Toponomics” 

 

2.2 Methods 

2.2.1 Methods involving eukaryotic cell lines 

Culture of Human epithelial cells 

The human bronchial epithelial cell line S9 (ATCC number CRL-2778) and the human alveolar 

epithelial cell line A549 (ATCC number CCL-185) were used as host cell models for infection 

experiments with Staphylococcus aureus.  

The parental cell line of the S9 cells, IB3-1, isolated from a seven year old boy suffering from severe 

cystic fibrosis, is a cell line immortalized with an Adeno-12-SV40 hybrid virus (Zeitlin et al, 1991). 

The cystic fibrosis phenotype of the IB3-1 cells is reversed in the S9 cells by introduction of the gene 

encoding the wild type cystic fibrosis transmembrane conductance regulator (CFTR) (Egan et al, 

1992).  

A549 cells were isolated from a lung carcinoma of a 58 year old patient. They have properties of 

type II alveolar epithelial cells with numerous, small cytoplasmic granules. This cell line is 

hypotriploid with a high occurrence of chromosome numbers between 64 and 67 (Lieber et al, 

1976).       
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The S9 and A549 cells were grown in a medium referred to as eMEM (Table 2.4) in cell culture dishes 

with a diameter of 10 cm at 37°C and 5% CO2 in a humidified incubator. To maintain the cells, they 

were split every 3-4 days when they reached confluence. For splitting, the cells were washed once 

with 5 ml PBS and 1 ml of trypsin-EDTA was added. After 7 min of incubation at 37°C, 5% CO2 in a 

humidified incubator, the tryptic reaction was stopped by addition of 3 ml eMEM. The cells were 

resuspended and 1 ml of the cell suspension was transferred into a new cell culture dish with 9 ml 

of fresh eMEM.   

For cryopreservation of the cell lines, they were detached from the cell culture dish with trypsin-

EDTA as described above. After the trypsin reaction was stopped with 3 ml of eMEM, the cells were 

centrifuged for 10 min at 500 x g at room temperature. The cell pellet was dissolved in 4 ml eMEM 

with 10% DMSO and divided into 1 ml aliquots in cryogenic vials. Cells were slowly frozen at a rate 

of 1°C/min in a -80°C freezer before they were transferred to liquid nitrogen.   

To revitalize the cells, an aliquot was quickly thawed in warm water and then transferred into a cell 

culture dish with a diameter of 10 cm containing 20 ml of fresh eMEM. Twofold of the regular 

volume of eMEM was used to dilute the DMSO of the cryogenic culture in order to avoid a toxic 

effect on the cells. When the cells were attached to the bottom of the cell culture dish the eMEM 

was replaced by fresh eMEM to further dilute the DMSO in the medium. After the cells reached 

confluence, they were split as described above. Freshly thawed cells were split at least two times 

before they were used for experiments. 

 

Determination of cell concentrations of eukaryotic cells 

Determination of eukaryotic cell concentrations was performed either with the Neubauer improved 

counting chamber or with an automated cell counter called CountessTM.  

The Neubauer improved counting chamber consists of 3x3 squares with an area of 1 mm2 and a 

chamber depth of 0.1 mm. The central square is subdivided into smaller squares with an area of 

0.04 mm2, which are again subdivided into squares with an area of 0.0025 mm2 (Figure 2.1).  

 

 

Figure 2.1 Structure of the Neubauer improved counting chamber. For determination of cell concentrations, 

cells in the big central square were counted.  
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To calculate the cell concentration, the eukaryotic cells were detached from the cell culture dish by 

trypsin-EDTA as described above and the cell suspension was transferred to a counting chamber. 

The number of eukaryotic cells in the central square was counted and divided by the product of 

area and chamber depth (Equation 2.1). This gives the cell concentration per µl which was then 

multiplied by 1000 to calculate the concentration per ml. 

 

number of cells counted

1 mm2 (area of square)  x 0.1 mm (depth of chamber)
= cells per µl   

 

Equation 2.1 Calculation of eukaryotic cell concentrations with the Neubauer improved counting chamber. 

 

For determination of the cell concentration with the automated cell counter, the CountessTM, the 

cell suspension was mixed with trypan blue in a ratio of 1:1 and transferred to the chambers of a 

counting slide. The cell concentration per ml was calculated automatically by the CountessTM. 

Additionally, the CountessTM provided information about the viability of the cells via the life-dead 

staining by trypan blue. 

 

2.2.2 Methods involving prokaryotic cells  

Bacterial strains and growth conditions  

Single infection experiments for proteome analysis were carried out using the S. aureus strain 

HG001 wild type and its isogenic ∆sigB mutant. The HG001 is a derivative of NCTC8325 isolated 

from a sepsis patient in 1960. The 11 bp deletion in rsbU of NCTC8325 has been repaired in HG001 

(Herbert et al, 2010). The ∆sigB mutant was constructed by deleting the genes rsbV, rsbW and sigB 

via the insertion of an erythromycin resistance cassette (Kullik et al, 1998). Both strains carry the 

plasmid pMV158GFP (Table 2.7). This plasmid encodes GFP under the control of the malM 

promoter, which is constitutively active in S. aureus. The plasmid also possesses a tetracycline 

resistance marker (Nieto & Espinosa, 2003).  

For determination of long-term persistence, the HG001 wild type and its isogenic ∆asp23 mutant 

were analyzed. In the ∆asp23 mutant, the gene asp23 was deleted by allelic replacement with the 

help of the shuttle vector pMAD (Müller et al, 2014). Both strains carry the plasmid pJL-sar-GFP 

(Table 2.7), which encodes the GFP under the constitutive active promoter sarA P1 and also carries 

an erythromycin resistance marker (Liese et al, 2013).    

For simultaneous infection of epithelial cells with two S. aureus strains, the HG001 wild type 

carrying plasmid pMV158GFP and its isogenic ∆agr mutant were used. The ∆agr mutant was 

constructed via replacement of the genes agrA, agrB, agrC, agrD and hld by a tetM marker (Novick 
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et al, 1993). This mutant was kindly provided by the group of Prof. Wolz from the Eberhard Karls 

University Tübingen. The ∆agr mutant carries plasmid pJL-sar-CER (Table 2.7), which encodes the 

cerulean fluorescence protein (CFP) under the constitutive active promoter sarA P1 and also carries 

an erythromycin resistance marker (Liese et al, 2013). Strains were grown in a medium referred to 

as pMEM (Table 2.4). This medium is a eukaryotic cell culture medium adapted to the requirements 

of S. aureus by Sandra Scharf during her PhD Thesis (Scharf, 2010). For pre-cultures, 0.01% (w/v) 

yeast extract and strain specific antibiotics (Table 2.7) were added.  

For the identification of proteins from culture supernatants, the S. aureus strain LS1 (Bremell et al, 

1992) and its isogenic mutants (Table 2.6) and the wild type strains CowanI (ATCC 12598), HG001, 

LS1, SH1000 (Horsburgh et al, 2002), USA300 (Diep et al, 2006), and 6850 (Fraunholz et al, 2013) 

were cultivated in TSB medium.  

Main cultures were inoculated with an exponentially growing pre-culture to an optical density at 

600 nm (OD600nm) of 0.05. Bacteria were grown at 37°C with linear shaking in a water bath.  

 

Table 2.6 LS1 mutant strains 

Mutant strains a Relevant genotype Resistance Donor strain and reference 

LS1 ∆sigB ∆rsbUVWsigB::erm erythromycin IK181; Nair et al., 2003  
LS1 ∆agr agr::tetM tetracycline RN6911; Novick et al., 1993 
LS1 ∆sarA sar::Tn917LTV1 erythromycin ALC136; Cheung et al., 1994  
LS1 ∆agr/∆sarA agr::tetM 

sar::Tn917LTV1 
tetracycline, 
erythromycin 

 

LS1 ∆sigB/∆agr ∆rsbUVWsigB::erm 
agr::tetM 

erythromycin, 
tetracycline 

 

LS1 ∆sigB/∆sarA ∆rsbUVWsigB::erm 
sarA::km 

erythromycin, 
kanamycin 

 
PC1839; Chan et al., 1998  

LS1 ∆sigB/∆agr/∆sarA ∆rsbUVWsigB::erm 
agr::tetM 
sarA::km 

erythromycin, 
tetracycline, 
kanamycin 

 

a The mutants were constructed by PD Markus Bischoff, Universität des Saarlandes. The mutation was 

transferred via phage transduction with phage 80a and/or phage 85 from the donor strains as indicated.   

 

 

Table 2.7 Strains carrying a plasmid used in this work and the relevant antibiotic resistance. 

Strain Plasmid Resistance 

HG001 pMV158GFP tetracycline 
HG001 pJL-sar-GFP erythromycin 
HG001 ΔsigB pMV158GFP erythromycin, tetracycline 
HG001 Δagr pJL-sar-CER erythromycin, tetracycline 
HG001 Δasp23 pJL-sar-GFP erythromycin 
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Cryopreservation of Staphylococcus aureus  

Bacteria were deep-frozen for long-term storage. They were inoculated from an in-house strain 

collection glycerol stock and cultivated in TSB medium with strain specific antibiotics (Table 2.6 and 

Table 2.7) until an OD600nm between 1.5 and 2.0 was reached. Subsequently, the bacterial culture 

was mixed with glycerol to a final concentration of 20% (v/v). For single usable stocks the bacterial 

suspension was portioned into 100 µl aliquots. For the in-house strain collection the bacterial 

suspension was divided into 1 ml aliquots in cryogenic vials. Aliquots were stored at -80°C. 

 

Determination of bacterial cell concentrations  

Bacterial cell concentrations of staphylococci expressing GFP were determined with the Guava 

easyCyteTM flow cytometer. The instrument was calibrated using guava easy check beads prior to 

the measurement. For the counting of GFP-positive bacteria per ml, the bacterial suspension was 

diluted to 200-800 bacteria per µl. The GFP expressed by the bacteria was excited with a laser at a 

wave-length of 488 nm and the emitted fluorescence was detected between 510-540 nm. In a gate 

set in a GFP intensity versus side scatter (SSC) dot plot, 5,000 bacteria were counted (Figure 2.2). A 

threshold at 2x101 was applied for the GFP intensity. Below this threshold only non-fluorescent 

particles were found and above were the GFP-positive bacteria. The cell concentration per ml was 

calculated considering the dilution of the bacterial suspension.  

 

 

Figure 2.2 GFP-intensity versus side scatter dot plot. GFP-positive bacterial population was gated and the 

events inside the gate were counted for the determination of the bacterial cell concentration. A threshold 

was applied, below which only non-fluorescent particles were found.   
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Determination of intracellular Staphylococcus aureus by absolute counting beads 

The HG001 ∆agr mutant cyrrying plasmid pJL-sar-CER expresses the cerulean fluorescent protein 

(CFP). Since the Guava easyCyteTM flow cytometer is not equipped with the right laser to excite CFP, 

it could not be used for simultaneous infection experiments. Therefore, CountBrightTM absolute 

counting beads for the flow cytometer FACSAria IIIu were used to determine the number of 

intracellular staphylococci, instead. GFP expressed by the HG001 wild type carrying plasmid 

pMV158GFP was excited with the 488 nm laser and the emitted GFP fluorescence was detected 

between 515-545 nm. CFP expressed by the ∆agr mutant was excited with the 405 nm laser and 

the emitted fluorescence was detected between 467-499 nm. For the determination of absolute 

cell numbers, a known amount of counting beads was added to a known sample volume, followed 

by simultaneous counting of a certain number of counting beads and fluorescent bacteria (Figure 

2.3). With known sample and measurement volume, the concentration of bacteria per ml could be 

calculated (see example below).    

 

Example for calculation of bacterial concentrations with counting beads:  

Known parameters: sample volume = 1000 µl, bead concentration in the sample = 5x105, measured 

beads = 1x104, measured bacteria = 233 

Calculations: 

Sample volume per bead = 
1000 µl

5x105beads
= 0.002 µl/bead 

Analyzed volume = 0.002 µl/bead x 104 = 20 µl  

Bacteria/ml =233 bacteria counted in 20 µl * 50 = 1.17x104 bacteria/ml  

 

 

Figure 2.3 Dot plots from the counting bead measurement. (A) SSC versus FSC dot plot. A stopping gate was 

applied to the counting bead population to count 500,000 events in this gate and then stop the data 

acquisition. (B) GFP versus SSC dot plot. GFP positive HG001 wild type (wt) were counted in the gate while 

500,000 beads were counted in the SSC versus FSC dot plot. (C) CFP versus SSC dot plot. CFP positive HG001 

∆agr mutant were counted in the gate while the counting beads were recorded. 
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Preparation of electro competent Staphylococcus aureus 

To obtain electro competent S. aureus cells, a 200 ml TSB culture was inoculated with an overnight 

pre-culture to an OD600nm of 0.05. Bacteria were cultivated to an OD600nm between 0.5 and 0.6 at 

37°C with linear shaking in a water bath.  Bacteria were harvested by centrifugation for 15 min at 

4°C and 8,000 x g. The cell pellet was washed with 100 ml ice cold 500 mM sucrose solution (Table 

2.4) followed by centrifugation for 15 min at 4°C and 8,000 x g. Subsequently, bacteria were washed 

with 50 ml ice cold 500 mM sucrose solution and incubated for 2-4 hours on ice. After 

centrifugation, the cell pellet was washed with 25 ml ice cold 500 mM sucrose solution and in a last 

washing step bacteria were resuspended in 12.5 ml ice cold 500 mM sucrose solution. To freeze the 

electro competent S. aureus, the pellet was mixed with 800 µl of 20% (v/v) glycerol and divided into 

50 µl aliquots and stored at -80°C.       

 

Introduction of DNA into Staphylococcus aureus by electroporation 

Electroporation relies on a short electric pulse to make the membrane of cells permeable so that 

DNA can enter the cell and stable transformants can be established. This method was first used by 

Neumann et al. in 1982 to transfer the thymidine kinase into mouse lyoma cells (Neumann et al, 

1982).  

To transform S. aureus, 50 µl of electro competent cells were thawed on ice. Subsequently, 200-

300 ng of plasmid-DNA was added to the cells and incubated for 30 min at room temperature. The 

cell suspension was transferred to an electroporation cuvette with a 2 mm electrode gap. The 

electric pulse was applied with 2 kV, 100 Ω, and 25 µFd. Afterwards, cells were mixed directly with 

1 ml of pre-warmed SMMP-medium (Table 2.4), transferred to a 2 ml reaction tube and incubated 

for 2 hours at 37°C and 700 rpm in a thermo mixer. 200 µl of the cell suspension were plated on 

TSB agar plates with the respective antibiotics. The rest of the cell suspension was centrifuged for 

1 min at room temperature and 8,000 x g, dissolved in 200 µl of the supernatant and plated on TSB 

agar with the respective antibiotics. The plates were incubated for 1-2 days at 37°C.   

 

Isolation of plasmid DNA from Staphylococcus aureus 

The isolation of plasmid DNA was performed with a modified alkaline lysis procedure using the 

plasmid purification kit (Table 2.1). Due to the thick and robust cell wall of S. aureus, lysis of the 

cells is difficult. Therefore, some steps were necessary prior to the kit protocol. S. aureus was 

cultivated overnight in 5 ml TSB with strain specific antibiotics (Table 2.6 and Table 2.7). Cells were 

pelleted via centrifugation (2 min, RT, 16,000 x g) in a 1.7 ml reaction tube and dissolved in 700 µl 

of Tris-EDTA-buffer (Table 2.4). The cell suspension was mixed with 500 µl cold acetone and 
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incubated for 5 min on ice. After incubation, the bacteria were pelleted (3 min, RT, 10,000 x g), 

resuspended in 300 µl buffer P1 from the plasmid purification kit, and 6 µl lysostaphin (5 mg/ml) 

were added. Samples were incubated at 37°C until lysis of the cells was visible. After this step, 

plasmid isolation was performed according to manufacturer`s instructions of the plasmid 

purification kit. DNA was eluted two times with 50 µl nuclease free water. The concentration of the 

plasmid DNA was determined photometricly at a wave-length of 260 nm with the NanoDrop 8000 

spectrophotometer. Size and the quality of the DNA were analyzed via agarose gel electrophoresis 

on a 1% (w/v) agarose gel after digestion of the plasmid DNA with site-specific restriction enzymes. 

 

2.2.3 Basic methods involving proteins 

Determination of protein concentrations  

The protein pellets were dissolved in 1x UT buffer and incubated for 1 h, at 21°C and 600 rpm in a 

thermo mixer. Non-soluble parts were pelleted via centrifugation for 10 min at 21°C and 16,000 x 

g. The determination of protein concentrations in the supernatant was done according to the 

Bradford method (Bradford, 1976). The relative quantification of protein concentrations is based 

on the maximum absorbance shift of Coomassie Brilliant Blue G-250 from 465 nm to 595 nm when 

it forms a complex with proteins. For the analysis, 10 µl of the sample were mixed with 150 µl of 

HPLC-grade water and 40 µl of the protein assay dye reagent in a 96-well plate with flat bottom. 

UT-buffer was used as a blank value. If the samples needed to be diluted the UT-buffer for the blank 

value was diluted in the same way. The photometrical measurement was performed in a Varioskan 

Flash multimode reader at a wavelength of 595 nm. The protein concentration was determined 

from a calibration curve with bovine serum albumin (BSA) in different concentrations ranging from 

0.01 µg/µl to 0.035 µg/µl.  

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

The SDS-PAGE was carried out according to Laemmli (Laemmli, 1970). 1 µg of sample was mixed 

with loading dye (Table 2.4) and heated for 5 min at 95°C. The samples and a molecular weight size 

marker were loaded onto a 12.5% SDS polyacrylamide gel (Table 2.4). The migration of the proteins 

across the gel occurred first for 15 min at 20 mA for the loading gel and then for another 30 min at 

40 mA for the separating gel. Subsequently, proteins in the gel were fixed for 2 h in a solution 

consisting of 40% ethanol and 10% acetic acid (v/v). Staining of proteins was achieved by covering 

the gel in a colloidal Coomassie solution (Table 2.4) for 24 h. To get distinct protein bands, the gel 

was washed twice for 15 min in 20% methanol and then two times in distilled water for one hour. 
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2.2.4 Infection of human epithelial cells with Staphylococcus aureus 

 

Every infection experiment has its own aim and thus slight changes of the applied protocol were 

needed. For example, another cell line or another type of cell culture plate were used. Table 2.8 

summarizes the different parameters for the performed experiments.  

 

Table 2.8 Summary of variations in infection experiments depending on the experiment 

Experiment 
Type of cell 

culture plate 
Host 

cell type 

Seeding 
concentration 
of host cells 

per well / plate 

Volume of the 
infection master 

mix added 

Single infection for proteome 
analysis of internalized HG001 

wild type and ∆sigB mutant 
24-well S9 8x104 1 ml 

Simultaneous infection for 
analysis of long term survival 
of HG001 and ∆agr mutant 

12-well S9 1.6x105 2 ml 

Single infection for analysis of 
long term survival of HG001 

and ∆asp23 mutant 
12-well A549 1.6x105 2 ml 

Single infection for RT-qPCR of 
internalized HG001 wild type 

and ∆sigB mutant 
10 cm Ø S9 ~2x106 10 ml 

 

Single infection of epithelial cells with Staphylococcus aureus  

Epithelial cells were seeded three days in advance of the experiment into cell culture plates (Table 

2.8). The cells had grown to confluence on the day of experiment. 

An exponentially growing pre-culture was used for the inoculation of the main culture. Thus, one 

day before the experiment, the pre-cultures were inoculated in serial dilutions. The starting OD of 

the main culture was 0.05 at 600 nm. The bacteria were cultivated at 37°C with linear shaking until 

they reached an OD600nm of 0.4, which indicates the exponential growth phase. Subsequently, the 

bacteria were diluted with eMEM to achieve a multiplicity of infection (MOI) of 25, i.e. 25 

staphylococci per single epithelial cell. To this end, the concentration of the epithelial cells per well 

was determined with an automated cell counter (Section 2.2.1) and before the experiment the 

concentration of bacteria per ml at OD600nm 0.4 was determined with the flow cytometer Guava 

easyCyteTM (Section 2.2.1). For pH-stabilization during the experiment, sodium bicarbonate was 

added to the bacterial suspension to a final volume of 2.2 g/L. This suspension represents the 
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infection master mix. For the co-cultivation of the bacteria and the eukaryotic cells, the supernatant 

of the epithelial cells was removed and the infection master mix was added to the cells. The cells 

and bacteria were co-incubated for 1 h at 37°C and 5% CO2 in a humidified incubator. During this 

time the staphylococci were internalized by the S9 cells. After 1 h of infection the supernatant was 

removed and fresh eMEM with 10 µg/ml lysostaphin was added to kill the remaining extracellular 

bacteria. After 30 min of incubation at 37°C and 5% CO2 in a humidified incubator, the first sample 

was taken (1.5 h post infection (p.i.)). Non-internalized and non-adherent bacteria served as a 

control. These were retrieved from the supernatant of host cells after 1 h of co-incubation with 

bacteria, directly before the lysostaphin treatment.  

 

Simultaneous infection of S9 epithelial cells with two Staphylococcus aureus strains 

For simultaneous infection experiments, the infection of the host cells was performed as described 

above, except that the HG001 wild type and the ∆agr mutant were both mixed in equal amounts in 

the infection master mix. The concentration of both strains in the infection master mix 

corresponded to a MOI of 12.5, respectively, and thus to a MOI of 25 combined. Besides for the 

simultaneous infection, both strains were also used for a single infection of S9 cells performed in 

parallel as a control. In these single infections the S9 cells were infected with a MOI of 12.5.  

 

2.2.5 Sampling  

Sampling for proteome analysis of internalized Staphylococcus aureus 

At the desired sampling points, 1.5 h to 8.5 h p.i., the supernatant of the epithelial cells was 

removed and the cell layer washed twice with PBS. To lyse the host cells, 150 µl 0.1% (v/v) Triton X-

100 was added to each well. Then the cells were incubated for 7 min at 37°C and 5% CO2 in a 

humidified incubator. The lysed cells were homogenized and detached by extensive pipetting. The 

lysate of 12 wells was pooled on ice. The wells were washed successively in blocks of four with 200 

µl PBS resulting in a lysate volume of 2400 µl in total. An aliquot of the cell lysate was diluted to 

determine the concentration of internalized S. aureus with the Guava easyCyte flow cytometer as 

described in Section 2.2.1. 

The supernatant of the infected epithelial cells was removed with a pipette and transferred to a 

15 ml tube right before the lysostaphin treatment, to obtain the non-adherent control. For an equal 

treatment of the internalized bacteria and the bacteria from the non-adherent control, Triton X-

100 was added to the non-adherent control to a final concentration of 0.1% (v/v) and incubated for 

7 min plus the sampling time at 37°C and 5% CO2 in a humidified incubator. 
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Sampling for the determination of long-term survival of Staphylococcus aureus in 

epithelial cells 

At the desired sampling points, the supernatant of two wells of a 12-well plate was removed and 

the cell layer was washed two times with PBS. To lyse the host cells, 500 µl 0.1% (v/v) Triton X-100 

was added to each well and incubated for 7 min at 37°C and 5% CO2 in a humidified incubator. The 

lysed cells were homogenized and detached by extensive pipetting. The lysate of each well was 

collected in a separated 1.7 ml reaction tube. Afterwards, the well was washed with 500 µl PBS and 

the washing liquid was added to the reaction tubes. Counting of intracellular S. aureus was carried 

out with a flow cytometer as described in Section 2.2.1. For the simultaneous infection with the 

wild type and the ∆agr mutant, the number of intracellular S. aureus was determined with absolute 

counting beads as described in Section 2.2.1.  

For determination of intracellular wild type and ∆asp23, samples were taken at 2.5 h, 4.5 h, 6.5 h, 

24 h, 48 h p.i. and then every second day until 8 days p.i.. Samples for counting of intracellular wild 

type and ∆agr mutant in the simultaneous infection setting were taken every second hour at 2.5, 

4.5, and 6.5 hours p.i. and daily up to 3 days p.i. 

 

Sampling for the identification of proteins from culture supernatants 

For the analysis of culture supernatants, the bacterial culture was harvested at an OD600nm between 

0.65-0.7, which corresponds to exponential growth phase. During exponential growth phase, 300 

ml culture for the comparison of LS1 wild type and its isogenic mutants and 150 ml for the 

comparison of different wild type strains were harvested via centrifugation for 15 min at 4°C and 

5,200 x g. To precipitate the proteins, the supernatant was mixed with TCA to a final concentration 

of 10% and incubated at 4°C overnight. The precipitated proteins were pelleted via centrifugation 

for 1 h at 4°C and 24,400 x g in a super speed centrifuge. The protein pellet was washed five times 

with 1 ml 70% (v/v) ethanol and centrifuged for 5 min at 4°C and 16,000 x g in between every two 

washing steps. After the last washing step, the pellet was incubated for 30 min at 21°C and 600 rpm 

in a thermo mixer. Afterwards, the pellet was washed once with 1 ml 100% ethanol and dried in a 

speed vacuum centrifuge for 2 min. Protein pellets were stored at -80°C.     

 

2.2.6 Separation of internalized Staphylococcus aureus from host cell debris by 

fluorescence-activated cell sorting 

 

The Internalized bacteria were separated from host cell debris in a high speed sorter FACSAriaTM 

IIIu. To do so, the lysate containing the internalized bacteria and eukaryotic cell debris was loaded 
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into the flow cytometer and got surrounded by sheath fluid. This fluid acts as a vehicle for the 

particles to cross a laser beam separately. When a particle crosses the laser beam the light of the 

laser is scattered before it reaches the detector, which is a photomultiplier. The detected forward 

scatter (FCS) light is related to the size of the particle. The detected side scatter (SSC) light is related 

to the particles structure or granularity. If the particle is tagged by a fluorescent marker, as e.g. GFP, 

then the fluorochrome is excited at a specific wavelength and the emission of the fluorescent 

particle is detected by a photomultiplier at a specific wavelength. The photomultiplier converts the 

light into an electrical pulse, which becomes readable by a computer. The stream of sheath fluid 

containing the bacteria and cell debris is divided into droplets, so that every drop contains only one 

particle. The drop containing the particle of interest (e.g. GFP expressing bacterial cells) is charged 

and then deflected out of the main stream (Givan, 2001). Deflected drops containing the GFP 

positive S. aureus were collected and the uncharged droplets containing the host cell debris were 

discarded (Figure 2.4). 

 

 

Figure 2.4 Schematic overview of the fluorescence-activated cell sorting principle. 

 

The fluorescence-activated cell sorting was performed together with Dr. Petra Hildebrandt. Before 

sorting, the performance of the instrument was verified and calibrated with cytometer setup and 
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tracking beads. The drop delay for determination of the drop deflection was adjusted with Accudrop 

fluorescent beads to ≥99% in the initial mode and ≥95% in the fine tune mode. The bacterial GFP 

was excited with the blue laser at 488 nm and the emitted GFP fluorescence was detected between 

515-545 nm. Sorting was performed at 4°C at a sort rate of 1,500-2,000 cells per second in the “4-

way-purity” sort mode from the gate set in the SSC versus GFP dot plot. Bacteria were sorted 

directly into wells of a 96-well plate containing a low protein binding filter membrane with a pore 

size of 0.22 µm. By applying 500-550 mbar pump pressure to the filter plate, the sheath fluid of the 

stream could be removed by suction to allow the sorting of a few million bacteria per well. After 

sorting, the membrane with the sorted bacteria was rinsed twice with 200 µl PBS and the filter was 

cut out and divided into four pieces. The filter pieces were transferred to a 1.7 ml low protein 

binding reaction tube and stored at -20°C. Bacteria from the non-adherent control were sorted as 

well. 

 

2.2.7 Preparation of peptides for mass spectrometry  

Optimization of the tryptic digestion of intact Staphylococcus aureus cells 

For the optimization of the tryptic digestion S. aureus was cultivated in pMEM until exponential 

growth phase. From the culture 103-106 bacterial cells were sorted onto a filter membrane of a 96-

well plate. In the conventional digestion protocol, to the bacteria on the filter membrane 13.33 µl 

ammonium bicarbonate (20 mM) and 6.67 µl trypsin (0.1 µg/µl) were added and incubated 

overnight (16-18 h) at 37°C. The optimized digestion protocol includes a lysostaphin pre-treatment 

prior to the tryptic digestion. Therefore, 12.33 µl ammonium bicarbonate (20 mM) and 1 µl 

lysostaphin (0.05 µg/µl) were added to the bacteria on the filter membrane and incubated for 30 

min at 37°C. Subsequently, 6.67 µl trypsin (0.1 µg/µl) were added and the samples were incubated 

overnight (16-18 h) at 37°C. The conventional digestion and the digestion with lysostaphin pre-

treatment were performed in comparison to each other. Additionally, different incubation times 

for the tryptic digestion of the optimized digestion protocol for one, three hours and overnight were 

tested. The optimization of the digestion was carried out by Juliane Wagner during her Diploma 

Thesis, which was partially supervised by me (Wagner, 2011).   

 

Tryptic digestion of intact bacteria and proteins  

Prior to mass spectrometric analysis, trypsin digestion was performed. For proteome analysis of 

internalized S. aureus the trypsin digestion was carried out with intact bacterial cells. The filter 

pieces with sorted bacteria were mixed with 20 µl ammonium bicarbonate (20 mM) and 1.5 µl 
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lysostaphin (0.05 µg/µl). The reaction solution was incubated for 30 min at 37°C. Subsequently 10 

µl trypsin (0.1 µg/µl) was added and the samples were incubated overnight (16-18 h) at 37°C. In this 

two-step digestion, lysostaphin disrupts the cells by cleaving the pentaglycine bridges of the cell 

wall for the following trypsin digestion of the cytoplasmic proteins. The enzymatic reaction was 

stopped by addition of trifluoroacetic acid (TFA) to reach a final concentration of 0.1% (v/v). The 

samples were incubated for 5 min at 37°C.  

The tryptic digestion of precipitated proteins from culture supernatants was carried out according 

to a different protocol. In order to dilute the urea in the sample for the following trypsin digestion, 

20 mM ammonium bicarbonate was added to 4 µg of protein in 1x UT buffer, to reach a volume of 

10 µl. Dithiothreitol (DTT) (Table 2.4) was added to a final concentration of 2.5 mM followed by 

incubation for 1 h at 60°C. The volume was adjusted to 18 µl with 20 mM ammonium bicarbonate. 

Subsequently, iodacetamid (IAA) (Table 2.4) was added to a final concentration of 10 mM and 

incubated for 30 min at 37°C in the dark. Trypsin was added in a trypsin to protein ratio of 1:25 and 

incubated overnight (16-18 h) at 37°C. The digestion was stopped by adding acetic acid to a final 

concentration of 1%.  

After the enzymatic reaction was stopped, debris was removed via centrifugation for 10 min at 

room temperature and 16,000 x g. The supernatant was transferred into a fresh reaction tube.  

 

Peptide purification 

Peptides were purified and desalted using pipette tips with C18 material. For the digested samples 

of internalized bacteria, a tip with a capacity of 5 µg was used. For the digested proteins from the 

culture supernatants, a tip with a capacity of 2 µg was used. As a first step in the peptide purification 

process, the column with the C18 material was stepwise equilibrated with 100% acetonitrile (ACN), 

80% (v/v) ACN solution, 50% (v/v) ACN solution, 30% (v/v) ACN solution and 1% (v/v) AA (Table 2.9). 

The sample was loaded onto the column by pipetting up and down 20 times. The column was then 

washed with 50 µl of 1% (v/v) AA. The peptides were eluted first with 50% (v/v) ACN solution by 

pipetting up and down 10 times and then with 80% (v/v) ACN solution. The eluates were pooled in 

a micro vial and dried to remove the ACN in a speed vacuum centrifuge. The dried peptides from 

the internalized S. aureus samples were dissolved in 10 µl LC buffer A1 (Table 2.4) and the dried 

peptides from the culture supernatants were dissolved in 20 µl LC buffer A1 (Table 2.4). 
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Table 2.9 Solutions for the equilibration of the C18 column for peptide purification. 

 
80% acetonitrile  
in 1% acetic acid 

50% acetonitrile 
in 1% acetic acid 

30% acetonitrile 
in 1% acetic acid 

1% acetic 
acid 

100% ACN 484.0 µl 302.5 µl 165.0 µl - 
5% AA 121.0 µl 121.0 µl 110.0 µl 154.0 µl 

HPLC-grade water - 181.5 µl 275.0 µl 616.0 µl 

 

2.2.8 nano-LC-MS/MS data acquisition 

 

Before the tryptic peptides could be analyzed by their mass to charge ratio (m/z), the complex 

peptide mixture had to be separated according to their solubility in the mobile phase by high-

performance liquid chromatography (HPLC). The eluted peptides were ionized via nano 

electrospray ionization (ESI) and then introduced into the first mass analyzer (MS 1). Selected 

precursor ions were transferred into the collision cell, where they were further fragmented by the 

collision with an inert gas. The fragmented ions left the collision cell and entered the second mass 

analyzer where their mass spectra were recorded by a detector (MS 2). 

 

Acquisition of tryptic peptides from internalized Staphylococcus aureus  

[performed by Annette Murr & Dr. Manuela Gesell Salazar] 

Mass spectrometric analysis was performed with an on-line coupled UltiMate 3000 LC system at 

nano flow rate for the HPLC, a TriVersa NanoMate for the nano electrospray ionization and a 

QExactiveTM Orbitrap mass spectrometer. For LC-separation, the peptides were enriched on an 

Acclaim PepMap 100 pre-column packed with C18 material with a particle size of 3 µM and a pore 

size of 100 Å. The peptides were separated using a 25 cm analytical Acclaim PepMap RSLC column 

packed with C18 material with a particle size of 2 µM, a pore size of 100 Å and a column temperature 

of 40°C. For separation, a 120 min linear gradient with a total run time of 145 min was used. The 

gradient was formed via a solvent mixture of LC buffer A3 and B1 (Table 2.4). The percentage of LC 

buffer A decreased during the run and the percentage of LC buffer B increased steadily: 2% (v/v) for 

10 min, 2-25% (v/v) for 120 min, 25-40% (v/v) for 5 min, 40-90% (v/v) for 2 min and 90% (v/v) for 5 

min. Peptides were eluted with a flow rate of 300 nl/min. Full scan MS was carried out using a mass 

range of 300 to 1,650 m/z. Data were acquired in a data-dependent strategy in profile mode with a 

resolution of R=70,000 for MS and R=17,500 for MS/MS and a positive polarity. The method used 

allowed sequential isolation of the top eight most intense ions for fragmentation using 

higher-energy collisional dissociation (HCD) with a dynamic exclusion for 30 s. An intensity 

threshold of 8.3x104 was applied with an isolation width of 3 m/z and normalized collision energy 
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of 27.5% and a starting mass of 100 m/z. The charge state screening and monoisotopic precursor 

selection was rejecting +1 and ≥+7 charged ions. 

 

Acquisition of tryptic peptides from culture supernatants 

[performed by Dr. Vishnu M. Dhople] 

Mass spectrometric analysis for the comparison of proteins from culture supernatants from LS1 and 

its isogenic mutants and for the optimization of the digestion protocol for intact S. aureus cells was 

performed on a Proxeon nLC system connected to a LTQ-Orbitrap Velos mass spectrometer. For 

nLC separation, the peptides were enriched on a BioSphere C18 pre-column and separated using 

an Acclaim PepMap 100 column packed with C18 material with a particle size of 3 µM and a pore 

size of 100 Å. For the separation, a gradient of 86 min was applied with a solvent mixture of LC 

buffer A1 and B1 (Table 2.4). The percentage of LC buffer A1 decreased during the nLC run and the 

percentage of LC buffer B1 increased steadily: 0-2 % (v/v) for 1 min, 2-5 % (v/v) for 1 min, 5-25 % 

(v/v) for 59 min, 25-40 % (v/v) for 10 min, 40-100 % (v/v) for 8 min. The peptides were eluted at a 

flow rate of 300 nl/min. 

For the identification of proteins from culture supernatants of the S. aureus wild type strains, the 

nanoAcquity UPLC was coupled to a LTQ-Orbitrap Velos mass spectrometer equipped with a nano-

ESI source. For nLC separation, the digested peptides were first enriched on a nanoAcquity UPLC 

2G-V/M trap Symmetry C18 pre-column (2 cm length, 180 µm inner diameter, 5 µm particle size 

and 100 Å pore size) and separated using a NanoAcquity BEH130 C18 analytical column (10 cm 

length, 100 µM inner diameter, 1.7 µm particle size and 130 Å pore size). Separation was achieved 

via the formation of a linear gradient of 92 min containing LC buffer A2 and B2 (Table 2.4). The 

percentage of LC buffer A2 decreased during the nLC run and the percentage of LC buffer B2 

increased steadily: 1-5 % (v/v) for 2 min, 5-25 % (v/v) for 63 min, 25-60 % (v/v) for 25 min, 60-99 % 

(v/v) for 2 min. The peptides were eluted at a flow rate of 400 nl/min. 

The eluted peptides from both LC systems were first analyzed in a FTMS analyser, operated in 

profile mode and positive polarity. The MS/MS scan was performed in data-dependent analysis 

mode and the data were acquired in centroid mode with positive polarity. The MS automatically 

switched between Orbitrap-MS and LTQ-MS/MS acquisition. Full scan MS spectra from 300 to 1700 

m/z were acquired in the Orbitrap with a resolution of R=30,000. The methods allowed sequential 

isolation of maximum 20 most intense ions depending on the signal intensity. These were subjected 

for collision induced dissociation (CID) fragmentation with an isolation width of 2 Da and a target 

value of 3x104 or with a maximum ionization time of 100 ms. Target ions already selected for MS/MS 

were dynamically excluded for 60 seconds. The ion selection threshold was 2000 counts for MS/MS 
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with an activation time of 10 ms and normalized activation energy of 35%. Only +2 and +3 ions were 

triggered for tandem MS analysis. 

 

2.2.9 Processing of MS raw data 

Data analysis of the improved digestion protocol of intact Staphylococcus aureus cells 

[performed by Juliane Wagner] 

MS raw data were processed using the Sorcerer software. Proteins were identified using the 

S. aureus NCTC8325-4 specific FASTA database (version from 2008) with a peptide mass tolerance 

of 10 ppm and two missed cleavages. Oxidation of methionine was specified as variable 

modification.  

For reliable protein identification, the data from the Sorcerer software were further processed 

using the software Scaffold. Only proteins identified with a probability of 99% and with at least one 

or two peptides respectively with a probability of 95% were used for the comparison of the 

digestion conditions.    

 

Data analysis of the adaption process of internalized Staphylococcus aureus wild type and 

∆sigB mutant 

[performed by Dr. Frank Schmidt & Dr. Stephan Michalik] 

Individual QExactiveTM Orbitrap-MS raw data were imported to Genedata Expressionist Refiner MS. 

In general, the default parameters of each activity from the Refiner MS were used unless otherwise 

specified (Supplemental material S1). First, the raw data were binned on a two-dimensional grid to 

display the independent mass to retention time chromatograms. After loading and binning the 

chromatograms, the data were cleaned by subtracting the background noise. Next, each individual 

time resolved dataset was independently aligned in retention time direction by the Pairwise 

Alignment Based tree scheme. Peak detection, Chromatogram isotope clustering, Chromatogram 

singleton filtering, MS/MS consolidation, and MS/MS peak detection were applied before MS 

spectra were searched in the S. aureus NCTC8325 specific FASTA protein database using the Mascot 

search engine. The settings applied for the Mascot search engine were a peptide tolerance of 10 

ppm, a peptide isotope error of 1, an ion fragment tolerance of 0.02 Da and an ion charge of 2+, 3+ 

and 4+. Finally, only rank one peptides that attained a final ions score greater than ten were used 

for further analysis. Protein intensities provided by Refiner MS were further analyzed as follows: 

The protein intensities were normalized with respect to the median of all protein intensities without 

missing values. For visualization of the protein levels of internalized wild type and ∆sigB mutant 
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cells, line graphs for the internalized samples (2.5-8.5 h p.i.) and the non-adherent control were 

generated (Figure 3.19). One biological replicate is displayed for the internalized samples and the 

average of three biological replicates with standard deviation is shown for the non-adherent 

control. For scaling reasons, the protein median normalized intensities are displayed in the line 

graphs. To calculate the protein median normalized intensity, the protein intensity at each sample 

point is divided by the median intensity of all sample points from the wild type and the ∆sigB mutant 

of the protein.  

Heat maps representing the log2 ratios of the protein intensities between the wild type and the 

∆sigB mutant or the time-points post infection and the non-adherent control were generated using 

the package gplots with the function heatmap.2 in R (Figure 3.18). 

Voronoi-like treemaps were created to map the identified proteins to metabolic pathways (Figure 

3.25). For generating the Voronoi-like treemaps, the software Paver in combination with the recent 

strain specific functional categorization of proteins from the SEED annotation was used. The 

treemaps display the ratio of the median protein intensities at 2.5-8.5 h p.i. between the wild type 

and the ∆sigB mutant. 

 

Data analysis for the identification of proteins from culture supernatants of LS1 wild type 

and its isogenic mutants 

The analysis of MS raw data was performed using Rosetta Elucidator. Raw data from LS1 wild type 

and mutants were loaded together in one experimental definition for differential label free 

quantification with default settings: instrument mass accuracy of 5 ppm, spectral alignment search 

distance of 4 min, peak time width minimum of 0.1, peak m/z score minimum of 0.5. For protein 

identifications, the S. aureus NCTC8325 FASTA protein sequence in combination with the SEQUEST/ 

Sorcerer was used. The NCTC8325 protein database was used because the LS1 strain itself has not 

been sequenced yet. In a previous array experiment using LS1 wild type, probes from different 

S. aureus strains were tested for their suitability and the specific probes of strain NCTC8325 resulted 

in the highest peak intensity and thus were best suited. Oxidation of methionine and 

carbamidomethylation were specified as variable modifications for the protein search without any 

missed cleavages and a peptide mass tolerance of 10 ppm. After identification, an automatic 

Peptide Tellers annotation was performed for validation of identified peptides. Only peptides with 

a Peptide Teller probability greater than 0.8 were further considered in the analysis. At least two 

peptides per protein or one peptide with a protein sequence coverage of at least 10% were 

necessary for reliable protein identification. Protein intensities obtained from Rosetta Elucidator 

software were further processed using Genedata Analyst. Protein intensities were normalized using 
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the central tendency normalization with a dynamic target and the median as central tendency. For 

data visualization, principal components analysis (PCA) was performed and box plots were 

generated. The LS1 wild type and the ∆agr, ∆sarA, ∆sigB, and ∆agr/∆sarA mutants were measured 

together as one set. The LS1 wild type and the ∆sigB/∆agr, ∆sigB/∆sarA, and ∆sigB/∆agr/∆sarA 

mutants were measured together as a second set. Thus, the ratio and the fold change of the protein 

intensities for relative protein quantification were calculated between the wild type and the 

respective mutants from one set. A fold change of ≥2 was taken as up-regulation in the wild type 

and a ratio of ≤0.5 was categorized as up-regulation in the mutant strain. For prediction of the 

subcellular protein localization, the PSORTb database was used. For proteins with no significant 

prediction in the PSORTb database, the databases of LocateP for subcellular protein localization, 

SignalP for prediction of a signal peptide and TMHMM for prediction of transmembrane helices 

were used supportively. Furthermore, for categorizing the proteins into functional subgroups, the 

annotation from the SEED for S. aureus NCTC8325 was used. If there was no entry for a protein in 

the SEED database, the UniProt database and the AureoWiki repository were considered for 

categorization. A heat map with log2-ratios of the wild type versus the respective mutants was 

created using the package gplots with the function heatmap.2 in R. 

 

Data analysis for the identification of proteins from culture supernatants of different 

Staphylococcus aureus wild type strains 

MS raw data for each strain were processed using Rosetta Elucidator as described above, albeit in 

separate experiment definitions. The processing was performed strain-wise to avoid false positive 

protein identifications due to alignment of the MS/MS spectra. As a template for protein 

identifications, a pan proteome database generated by Daniel Eschner during his Master Thesis was 

used. The pan proteome encompasses the protein sequence information from 77 sequenced 

S. aureus strains with a sequence size of >2 million base pairs (Eschner, 2015). The proteins were 

divided into groups according to their orthologues genes. The orthologous groups were detected 

using the program Proteinortho with the extension PoFF (Lechner et al, 2011). Each orthologue 

group in the database contained a fusion protein consisting of all possible unique tryptic peptides 

from the 77 S. aureus strains strung together. Protein identification was performed using the 

Mascot search engine with a peptide tolerance of 10 ppm and a MS/MS tolerance of 0.2 Da. 

Oxidation of methionine was specified as variable modification and carbamidomethylation of 

cysteine was specified as fixed modification. For calculation of a false discovery rate (FDR) the data 

were also searched against a decoy database, including the reversed protein sequences. After 

identification, an automatic Peptide Tellers annotation for validation of identified peptides was 
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performed. Only Peptides with a peptide probability greater 95% and a FDR below 0.01 were further 

analyzed. A protein counted as reliably identified, if two peptides per protein were identified. If 

only one peptide per protein was identified, this peptide had to be assigned to the same protein in 

at least one other S. aureus strain. If a protein was uniquely identified with one peptide in a strain, 

it had to reach a protein sequence coverage of at least 10%, if not, the peptide was excluded from 

further analysis. As a protein identifier automatically the number of the orthologue group from the 

database was used. With the use of a translation table, the GI number for a protein of an orthologue 

group was identified. The matching GI number for strain NCTC8325 was mainly chosen, if a protein 

was not present on NCTC8325, the GI number from another strain was selected. The corresponding 

locus tag of a protein was identified with the AureoWiki repository or with the PubMed protein 

database. For protein quantification, the calculation of protein intensities was performed according 

to an adapted version of the top3 protein quantification method proposed by Silva and colleagues 

(Silva et al, 2006). The top3 protein quantification method proofed that the average peptide 

intensity of the three peptides per protein with the highest intensity closely approximates the 

absolute protein concentration in the sample. Here, the average protein intensity was calculated 

based on the three, two, or one highest peptide intensities per protein depending on how many 

peptides per protein were identified. That the topN protein quantification method can be applied 

was demonstrated by Grossman and colleagues (Grossmann et al, 2010). The calculated protein 

intensities were further processed using Genedata Analyst as described above. For prediction of 

the subcellular protein localization, the PSORTdb database was used. Except for the classification 

of proteins as cytoplasmic, for which the PSORTdb and the LocateP prediction had to agree. For 

proteins with no significant prediction in PSORTdb, LocateP was used for subcellular protein 

localization in addition to SignalP for the prediction of signal peptides and TMHMM for the 

prediction of transmembrane helices. Furthermore, for categorizing the proteins into functional 

subgroups, the SEED annotation for NCTC8325 was used. If there was no entry for a protein in the 

SEED database, the UniProt database and the AureoWiki repository were considered for 

categorization. Heat maps displaying the log2-ratio of the protein intensity from each strain divided 

by the median protein intensity of all strains was generated using the package gplots with the 

function heatmap.2 in R. A correlation plot of the protein intensities of the extracellular proteome 

of the S. aureus strains 6850, CowanI, HG001, SH1000, LS1, and USA300 was generated using the 

function cor() in R. Genome distances of the S. aureus strains 6850 and USA300_FPR3757 to the 

strain NCTC8325 were calculated with the Genome-to-Genome Distance Calculator 2.0. For the 

calculation of the genome distance, the sum of all identities found in high-scoring segment pairs 

was divided by the overall high-scoring segment pair length (Meier-Kolthoff et al, 2013).  
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2.2.10 RT-qPCR of SigB-dependent genes from internalized Staphylococcus aureus  

Sampling for RT-qPCR and RNA extraction 

At desired sampling time points (1.5-6.5 h p.i.) the supernatant of one infected tissue culture plate 

was removed and 1 ml of TRIzol® was added. Lysis of the epithelial cells was assisted by extensive 

pipetting and incubation for 10 min at room temperature. The lysate was transferred into a reaction 

tube, frozen in liquid nitrogen and stored at -80°C until further preparation of the RNA. For 

obtaining the bacterial non-adherent control, supernatant of the infected cells was harvested with 

ice cold killing buffer in a ratio of sample to killing buffer of 1:2 before lysostaphin treatment. 

Samples were centrifuged for 10 min at 4°C and 9,000 x g. The pellet was frozen in liquid nitrogen 

and stored at -80°C until further preparation of the RNA. For bacterial disintegration, the 1 ml 

TRIzol® lysates were thawed and partitioned into 500 µl. Each 500 µl were mechanically disrupted 

at 2,600 rpm for 2 min in a laboratory ball mill and combined again after the cell disruption. The 

bacterial pellet of the non-adherent control was dissolved in 40 µl TE-buffer with 20 mM sodium 

azide and then added to 500 µl TRIzol® in a frozen liquid nitrogen containing ball mill container and 

disrupted at 2,600 rpm for 2 min. After the cell disruption, 500 µl TRIzol® was added and the sample 

was thawed and incubated at room temperature for 10 min. Subsequently, samples were 

transferred to 1.7 ml reaction tubes and for phase separation 200 µl trichlormethane/chloroform 

were added to 1 ml sample. Samples were mixed properly, incubated for 5 min and centrifuged for 

15 min at 4°C and 12,000 x g. The aqueous supernatant was transferred into a new tube and mixed 

with 500 µl isopropanol to trigger RNA precipitation over night at -20°C. After incubation, the 

samples were centrifuged for 30 min at 4°C and 20,000 x g yielding a RNA pellet. The pellets were 

washed twice with ice cold 80% (v/v) ethanol, dried at room temperature and dissolved in 20-50 µl 

nuclease free water for 1 h on ice. The resulting RNA was treated with 6.8 Kunitz Units DNase I for 

10 min at room temperature. Afterwards, it was purified using a RNA Clean-Up and Concentration 

Kit (Table 2.1). Subsequently, the RNA was DNase I treated for a second time for 1 h at 37°C with 

the Turbo DNA-free Kit (Table 2.1). The effectiveness of the DNase I treatment was controlled in a 

no amplification reaction (NAC), where RNA was used as a template for real time PCR. RNA was not 

transcribed into complementary DNA (cDNA) before the NAC reaction showed that no DNA 

contamination was present. RNA concentrations were determined at a wave length of 260 nm using 

a NanoDrop 8000 spectrophotometer. Quality of the RNA was controlled with an Agilent 2100 

Bioanalyzer on a RNA 6000 nano chip following manufacturer’s instructions. This quality control is 

based on gel electrophoresis principles in micro-channels in a chip format. Additionally, the RNA 

integrity number (RIN), defined as the ratio of the 28S to the 18S rRNA, was used to assess the 

integrity of the RNA sample. 
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Reverse Transcription and qPCR 

The RNA needed to be reversely transcribed into cDNA to be used as a template for qPCR. 

Therefore, 500 ng of RNA were reversely transcribed using the High Capacity cDNA Reverse 

Transcription Kit (Table 2.1) according to manufacturer`s instructions. qPCR was performed using 

the 7900HT Fast Real-Time PCR System with the default PCR program in 40 cycles (Table 2.10). The 

PCR was carried out in triplicates in a 96-well plate with a reaction volume of 20 µl. The PCR reaction 

solution was composed of 10 µl 2x RT-qPCR master mix (Table 2.4) including 0.35 U Platinum Taq 

DNA polymerase, 9 µl of 20 ng cDNA as a template and 1 µl 20x TaqManTM gene expression assay 

mix with specific primer and probe (Table 2.11). The expression of the S. aureus genes asp23, aur, 

clfA and hla after infection of S9 cells was determined. The genes dnaN and pth served as 

endogenous reference genes.  

The used TaqManTM Real Time PCR is based on a probe with a fluorophore attached at the 5’-end 

and a quencher at the 3’-end. The probe anneals to a DNA strand section, which is amplified with 

the help of specific primers. As long as the fluorophore and the quencher are in close proximity the 

fluorescence emitted by the fluorophore when excited at 488 nm is quenched and thus no 

fluorescence signal observable. As the DNA polymerase extends the primer and meets the probe 

the structure of the DNA-probe assembly activates the exonuclease activity of the DNA polymerase 

and cleaves the probe. This cleavage releases the fluorophore and the fluorescence signal becomes 

detectable. The intensity of the fluorescence signal corresponds to the amount of PCR product.  

 

Table 2.10 PCR program for RT-qPCR. 

Step Temperature Duration 

UNG-digestion a 50 °C 2 min 
DNA polymerase activation 95 °C 10 min 
Denaturation of ds DNA b 95 °C 15 sec 
Primer annealing/elongation b 60 °C 1 min 

a UNG=Uracil-N-glycosylase. UNG-digestion, can be used to remove DNA 

contaminations of the samples prior to PCR. This was not applied in this setting.  
b Denaturation of ds DNA and primer annealing/elongation steps were repeated 

40 times.  
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Table 2.11 TaqManTM primers and probes 

Target gene Primer sequence (5’-3’) 
Reporter 
(5´FAMTM-MGB, 3´NFQ) 

asp23 
for: AAAGGTGGCTTAACTGATACATTCACT 
rev: CAGCTTGTTTTTCACCAACTTCAAC 

CTCAAGTGGCAACAATG 
 

aur 
for: TGGTGATGGTCGCACATTCA 
rev: TGTGTTAATTCGTGTGCTACTACGT 

TTGCACCCGATAAACT 
 

clfA 
for: GTGAAGCTACTACTACGACAACGAA 
rev: CTAATTCCTCCGCATTTGTATTGCTT 

CCGGCAACAACTCAAT 

dnaN 
for: ACGTGATTGCACAAACAAATTTTGC 
rev: AAGCCAGTTCACACCAGTTAGTAC 

TCCACCTCAGAAACAC 

hla 
for: AGCGAAGAAGGTGCTAACAAAAGT 
rev: GTTGCAACTGTACCTTAAAGGCT 

AAGGCCAGGCTAAACC 
 

pth 
for: ACAAGGACAAGTTCGCTTAAGACAA 
rev: GGTCTGTACCAAGCATTTTAATAATTGATTTCA 

ACCGCCCGCACTTC 
 

FAM: 6-carboxy-fluorescein; MGB: minor groove binder; NFQ: non-fluorescent quencher; for: forward primer; 

rev: reverse primer. TaqManTM Gene Expression Assays were designed by Applied Biosystems. 

 

Data analysis of RT-qPCR  

The software RQ Manager was used for determination of the threshold cycle (CT) value. The 

threshold should be located in the exponential part of the amplification curve of all samples. The 

CT-value indicates the number of cycles needed for the fluorescence signal to reach the threshold. 

The analysis of relative gene expression was done according to the 2-∆∆CT method (Livak & 

Schmittgen, 2001). With this method, a fold change of the gene expression data, normalized to an 

endogenous reference gene and relative to the control sample, is calculated. As endogenous 

reference the geometrical mean of the CT values of the genes encoding DNA polymerase dnaN and 

peptidyl tRNA hydrolase pth was used (Vandesompele et al, 2002). The non-adherent sample 

served as a control. The calculation of the fold changes of the target genes compared to the control 

sample was done as follows: 

 

Normalization to the endogenous reference: 

∆CT = CTtarget genes – CTgeometrical mean of the reference genes 

 

Normalization to the control: 

∆∆CT = ∆CTtarget genes - ∆CTcontrol (non-adherent sample) 

 

Calculation of the fold change: 

Fold change = 2-∆∆CT 
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2.2.11 Microscopy of internalized Staphylococcus aureus 

Confocal microscopy of internalized Staphylococcus aureus wild type and ∆sigB mutant 

For microscopy, S9 cells were seeded on cover slips in a 12-well cell culture plate. The Infection was 

carried out as described in section 2.2.2. From 1.5-8.5 h p.i. the supernatant of the cells was 

removed and the cells were washed with PBS containing Ca2+ and Mg2+. Afterwards, the cells were 

fixed with 2% (v/v) formaldehyde diluted in PBS containing Ca2+ and Mg2+, incubated for 20 min at 

room temperature and washed with PBS containing Ca2+ and Mg2+. To block unspecific binding-sites, 

PBS with 10% FBS was added followed by incubation for 20 min at room temperature in the dark. 

The blocking solution was removed and 0.1% (v/v) Triton X-100 was added and incubated for 5 min. 

Cells were washed twice with PBS and 500 µl of a 1 unit/ml Alexa Fluor® 568 Phalloidin solution was 

added to stain the f-actin, followed by incubation for 20 min at 37°C. Afterwards, the cover slips 

were washed with PBS and incubated with 500 µl of a 0.2 µg/ml Hoechst 33258 solution for 10 min 

at room temperature in the dark to stain the DNA of the nuclei. The cover slips were washed three 

times with distilled water and mounted upside down in Mowiol mounting medium (Table 2.4) on 

microscope slides. Fluorescence images were taken by Dr. Raghavendra Palankar from the ZIK-HIKE 

junior research group “nanostructure” from the University of Greifswald using the Olympus FV1000 

laser confocal microscope coupled to the Olympus IX81 inverted optical microscope. For the 

detection of GFP expressing bacteria, an argon laser with excitation wavelength of 488 nm and 

emission wavelength of 510 nm was used. Hoechst 33258 stained DNA was excited with a diode 

laser at a wavelength of 405 nm and the emission was detected at 461 nm. The phalloidin labeled 

f-actin skeleton of S9 cells was excited with a diode laser at 559 nm and the emission was detected 

at 618 nm. The images were taken with a 60x lens. The original pictures were processed with the 

Olympus Fluoview software to optimize brightness and contrast and to convert the Olympus oib 

format files to tif format files.    

 

Fluorescence microscopy of simultaneously internalized Staphylococcus aureus wild type 

and ∆agr mutant 

S9 host cells were seeded three days in advance of the infection experiment in 12-well cell culture 

plates on cover slips. The simultaneous infection of the S9 cells was carried out as described in 

Section 2.2.4. Samples for fluorescence microscopy analysis were taken on the day of the infection 

every second hour at 2.5, 4.5, and 6.5 hours p.i. and daily up to 3 days post infection. The staining 

of the f-actin and the DNA of the S9 cells was performed as described above. The fluorescence 

microscope pictures were taken with the DeltavisionRT image restoration workstation on an 
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Olympus IX71 inverted fluorescence microscope with a CoolSNAP HQ camera. GFP expressing 

HG001 wild type cells were excited between 470-510 nm and the emission was detected between 

509-547 nm. The CFP of the HG001 ∆agr mutant was excited between 431-441 nm and the emission 

was detected between 455-485 nm. DNA of the S9 cells stained with Hoechst 33258 was excited 

between 340-380 nm and the emission was detected between 432-482 nm. The f-actin of the S9 

cells stained with Alexa Fluor® 568 Phalloidin was excited between 630-650 nm and the emission 

was detected between 665-705 nm. The images were taken with a 400x magnification. The original 

images were processed with ZIK-ImageJ to optimize brightness and contrast, to insert a scale bar 

and to convert the delta vision (dv) files to jpg format.  
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3 Results 

 

 

3.1 Optimization of the cell culture infection protocol to monitor the SigB 

regulon and SigB activity of intracellular Staphylococcus aureus  

  

In first infection experiments, the adaptation of S. aureus HG001 carrying the plasmid pMV158GFP, 

which contains the gene coding for the green fluorescent protein (GFP), to the intracellular milieu 

of S9 human bronchial epithelial cells was monitored (Schmidt et al, 2010).  

To this end, the GFP expressing bacteria were labeled with heavy isotopes of arginine and lysine 

(13C-arginine and 13C-lysine) in an adapted cell culture medium by the SILAC (stable isotope labeling 

by amino acids in cell culture; (Ong & Mann, 2006)) method. Subsequently, the completely labeled 

S. aureus were co-cultivated with the epithelial cells in medium with only light 12C-arginine and 12C-

lysine. The heavy labeled proteins were replaced by the light version due to protein turnover during 

the time course of the infection experiment.  

To follow the adaptive changes of S. aureus to the intracellular milieu, samples were taken 1.5 to 

6.5 hours post-infection (p.i.). Host cells were lysed and the cell debris was separated from 

internalized S. aureus via fluorescence-activated cell sorting (FACS). Afterwards, intact S. aureus 

cells were digested with trypsin and the peptide mixture was analyzed by nano LC-MS/MS.  

Due to the labeling of S. aureus with heavy arginine and lysine, a ratio of the protein intensity of 

the light protein version versus the heavy protein version could be calculated. In this way, it could 

be determined whether the protein levels changed significantly during the time course of the 

infection experiment.  

Changes in the S. aureus proteome were mapped onto cellular pathways to interpret the global 

changes of protein levels (Schmidt et al, 2010) (Figure 3.1).    
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Figure 3.1 Workflow of the infection experiment with S. aureus labelled with stable isotopes by amino acids 

in cell culture (SILAC). (A) Human epithelial cells were grown in cell culture medium without heavy labeled 

arginine and lysine. S. aureus cells expressing GFP were cultivated in an adapted cell culture medium with 

heavy (13C) labeled arginine and lysine. (B) Fully labeled S. aureus from exponential growth phase were used 

to infect host cells with a MOI of 25. (C) During infection the bacteria got internalized by the epithelial cells. 

After one hour of infection the remaining extracellular S. aureus were lyzed with lysostaphin. Because the 

infection and the continuing co-cultivation of the epithelial cells and S. aureus was performed only in media 

with light (12C) arginine and lysine, the heavy labeled arginine and lysine of the bacteria got replaced due to 

protein turnover. (D) At the sampling points 1.5-6.5 h p.i., the eukaryotic cell layer was disrupted with 0.1% 

Triton X-100. (E) To reduce the cell debris and to enrich the internalized S. aureus, the bacteria were separated 

from the whole cell lysate via fluorescence-activated cell sorting of GFP positive bacteria directly onto a filter 

membrane of a 96-well plate. (F) The tryptic digestion of intact S. aureus cells was performed directly on the 

filter membrane. (G) The complex peptide mixture was separated via nano liquid chromatography and 

MS/MS spectra were recorded online. (H) Proteins were identified via a peptide search against a S. aureus 

database and ratios between the light and the heavy protein intensity were determined to define significant 

changes of protein levels. (I) Proteins with a significant change in their abundance during the infection 

experiment were mapped onto pathways to interpret the changes in the context of cell physiology. Figure is 

adapted from Pförtner et al, 2013. 

cell disruption
with Triton X-100

internalization
light R/K replaces 
heavy 
R/K

cultivation
of S. aureus
with heavy 
R/K

cultivation
of host cells in 
light R/K

infection
of host cells

separation
of cell 
debris 
from S. aureus cells

A

B

C

D

E

lysostaphin

S. aureus on filter 
digestion with 
trypsin

nLC-
MS/MS

R
e

l.
 In

te
n

si
ty

M/Z

MS data analysis
light /
heavy 
ratio

data
mining &

interpretation

R
e

l.
 In

te
n

si
ty Δ l;h

m/z

F

G

H

I



Results 

 
71 

 

The role of the SigB regulon from S. aureus in the adaptive process should be elucidated in this 

study. To this end, infection experiments with the isogenic ∆sigB mutant were performed according 

to the protocol used for the HG001 wild type (Schmidt et al, 2010). Three independent infection 

experiments were performed with the ∆sigB mutant and compared to three infection experiments 

conducted with the wild type by Sandra Scharf. In at least two out of three experiments with the 

wild type, 498 proteins could be identified and quantified with two peptides per protein. In the 

experiments with the ∆sigB mutant, 250 proteins could be identified and quantified. From these 

proteins, 247 could be commonly identified and quantified (Figure 3.2). A list of the quantified 

proteins from the infection experiments with S. aureus HG001 wild type and ΔsigB mutant can be 

found in Supplemental material S2.   

 

 

Figure 3.2 Overlap of quantified proteins from infection experiments with the HG001 wild type and ∆sigB 

mutant. 498 proteins, seen in two out of three infection experiments, could be quantified in samples from 

the wild type and 250 in samples from the ∆sigB mutant. 251 proteins could only be quantified in infection 

experiments with the wild type and 3 proteins could solely be quantified in infection experiments with the 

∆sigB mutant. 

 

To show the impact of the SigB regulon on the protein profile of internalized S. aureus, it was 

necessary to know to which extent the SigB regulon could be monitored in this study. Thus, the 

proteins commonly quantified in infection experiments with the wild type as well as the ∆sigB 

mutant were compared to already published transcriptional studies investigating gene expression 

differences between a wild type and a ΔsigB mutant of different S. aureus strains (Figure 3.3). In 

those DNA micro array analyses, the impact of SigB on the gene expression was determined from 

shake flask experiments. Bischoff and coworkers described 251 ORFs to be influenced by SigB in at 

least two of the analyzed strains COL, GP268 and Newman (Bischoff et al, 2004). Transcriptional 

profiling of the response of S. aureus strain COL and its isogenic ∆sigB mutant to alkaline shock 

identified an influence of SigB on the expression of 135 genes (Pané-Farré et al, 2006). In a study of 

Schulthess and colleagues, 191 genes of strain Newman were reported to be differentially 

expressed in the wild type and the ∆sigB mutant (Schulthess et al, 2011). In order to compare the 

differentially expressed genes from the literature with strain HG001 used in the present 

247251 3

wild type ∆sigB mutant
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experiments, the gene identifiers from the different S. aureus strains had to be mapped onto the 

gene identifier of strain HG001. Due to differences between the strains, not all identifiers mapped 

to the strain HG001. Only the genes for which the identifiers mapped to the HG001 strain were used 

for internal comparison of the DNA microarray studies and for the comparison of the SigB-

dependent genes to the quantified proteins from the infection experiments of the wild type and 

the ∆sigB mutant. Therefore, not all genes described in the literature could be investigated in the 

comparison. Because of the differences between the strains used for the DNA microarray 

experiments and the different growth conditions and sampling times, the number of genes 

influenced by SigB varies between the studies. In total, 66 genes were jointly described by all three 

transcription studies to be influenced by SigB (Figure 3.3). These 66 genes were defined as the SigB 

core regulon of S. aureus. A list presenting the proteins of the S. aureus SigB core regulon can be 

found in Supplemental material S3. 

 

 

Figure 3.3 SigB core regulon. The Venn diagram summarizes the overlap of three in vitro array-based studies 

to define the SigB regulon of S. aureus COL (Bischoff et al, 2004; Pané-Farré et al, 2006), S. aureus Newman 

(Bischoff et al, 2004; Schulthess et al, 2011) and S. aureus GP268 (Bischoff et al, 2004). Since in all three 

studies different strains and growth conditions were used, only 66 genes were commonly described as 

influenced by SigB. This set of genes is defined as the SigB core regulon. 

 

However, the comparison of the SigB core regulon and the 247 commonly quantified proteins from 

the infection experiments of the wild type and the ∆sigB mutant revealed that only two proteins 

from the SigB core regulon could be covered by the comparative proteome study (Figure 3.4).  

The overlap of two proteins from the infection experiments with commonly described SigB 

influenced genes was not sufficient to derive meaningful information about the influence of SigB 

on the adaption of S. aureus to internalization by S9 host cells. Therefore, improvements of the 

established workflow for the infection experiments had to be considered, to accomplish an increase 

in protein identifications from internalized S. aureus cells. 
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Figure 3.4 Overlap of quantified proteins from infection experiments with S. aureus HG001 wild type and 

∆sigB mutant with the SigB core regulon. In two out of three infection experiments with the wild type and 

the ∆sigB mutant 247 proteins could be commonly quantified. From these proteins only 2 proteins overlap 

with the 66 proteins from the SigB core regulon. 

 

Improvement of the tryptic digestion of intact Staphylococcus aureus cells 

The tryptic digestion is a crucial step in the sample preparation for MS measurements. Trypsin 

specifically cleaves proteins after an arginine or lysine and creates peptides in a preferred mass 

range for MS detection. An incomplete digestion may lead to lower detection rates and thereby to 

lower identification rates of peptides and proteins.  

The standard digestion protocol for the on-filter membrane digestion of sorted and intact S. aureus 

cells applies trypsin in an ammonium bicarbonate buffer and an incubation time of 16-18 hours 

overnight at 37°C. Because S. aureus has a thick cell wall, it was thought that trypsin alone may not 

be sufficient to lyse the cells and lead to an incomplete digestion of the bacteria. The 

metalloendopeptidase lysostaphin cleaves the cross linking pentaglycine bridge of the S. aureus cell 

wall and is used in the infection protocol to lyse not internalized S. aureus cells. The idea was to use 

lysostaphin to lyse S. aureus cells, so that trypsin gains better access to the cytoplasmic proteins. In 

a first step, it was investigated via SDS-PAGE, if trypsin cleaves lysostaphin and thereby inhibits it or 

if lysostaphin unspecific influences the activity of trypsin (Figure 3.5).      

After trypsin was incubated alone for two hours at 37°C, only a light protein band at the molecular 

weight of trypsin (23.3 kDa) was observable and several protein bands appeared at a low molecular 

weight. In contrast, if lysostaphin was incubated alone for two hours at 37°C a strong signal at 

lysostaphin´s molecular weight of 27 kDa was detected and only faint signals appeared at lower 

molecular weight (Figure 3.5). This shows that trypsin degrades itself via autolysis and that 

lysostaphin is stable during the incubation time. After co-incubation of trypsin and lysostaphin, 

protein bands at low molecular weight were detected. Only a faint protein band at 23.3 kDa was 

visible and no protein band at 27 kDa, indicating a complete degradation of lysostaphin. The same 

was observed when lysostaphin was inactivated, suggesting that lysostaphin was degraded by 

trypsin. However, if trypsin was inactivated, clear signals of lysostaphin at 27 kDa and of trypsin at 
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23.3 kDa were detected (Figure 3.5). This shows that lysostaphin has no degrading influence on 

trypsin. Therefore, lysostaphin can be used prior to the tryptic digestion to lyse S. aureus cells.  

 

 

Figure 3.5 Influence of trypsin on lysostaphin during tryptic digestion. Lysostaphin and trypsin separately and 

in combination, incubated for 2 h at 37°C and subsequently analyzed via SDS-PAGE. Loaded onto the SDS gel 

(from left to right): M = protein marker, 1 = 1 µg lysostaphin, 2 = 1 µg trypsin, 3 = 1 µg lysostaphin and 1 µg 

trypsin, 4 = 1 µg lysostaphin inactivated with 20 mM EDTA and 1 µg trypsin, 5 = 1 µg lysostaphin and 1 µg 

trypsin inactivated with 0.1% trifluoroacetic acid (TFA).  

 

For further adjustment steps of the digestion protocol and for comparisons between the digestion 

protocol with a lysostaphin pre-treatment prior to the tryptic digestion and the standard digestion, 

103-106 S. aureus cells from an exponentially growing culture were sorted onto filter membranes. 

The digestion of the intact S. aureus cells was performed either with a lysostaphin treatment for 30 

minutes prior to the tryptic digestion or with trypsin only. From the resulting 10 µl sample volume 

only 3 µl were injected for the MS measurements, hence the results in Figure 3.6 and Figure 3.7 

reflect the protein identifications of 3.3 x 102 to 3.3 x 105 S. aureus cells. For a reliable protein 

identification, at least two peptides per protein are needed. In order to obtain an overview on the 

total protein identifications and on the reliability of protein identifications, protein identifications 

with one peptide or more and at least two peptides per protein were discriminated (Figure 3.6 and 

Figure 3.7). 

As a first step, the digestion of proteins treated with lysostaphin for 30 minutes prior to the tryptic 

digestion was compared to the standard digestion protocol without lysostaphin treatment. 

Different amounts of S. aureus cells (103-106) were digested. The incubation for the tryptic digestion 

of both sample types took place overnight for 16-18 h at 37°C. In Figure 3.6, the amount of identified 

proteins with either one peptide per protein or more, or at least two peptides per protein is 

depicted. The data illustrate that higher numbers of proteins were identified with one peptide per 
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protein and with at least two peptides per protein with the lysostaphin pre-treatment. The 

difference between the counts of identified proteins was rather small for 103 and 104 digested 

bacterial cells. But for higher numbers of digested S. aureus cells (105-106) the difference in protein 

identifications was clearly visible.  

With a protein identification of one peptide per protein or more, 53% and 31% more proteins were 

identified with the lysostaphin pre-treatment compared to the standard digestion protocol for 105 

and 106 digested bacterial cells. If a protein was considered to be identified with at least two 

peptides per protein the difference between the two digestion protocols became even more 

pronounced. With 105 and 106 digested S. aureus cells 112% and 52% more proteins were identified 

with the lysostaphin pre-treatment compared to the standard digestion protocol (Figure 3.6).  

 

 

Figure 3.6 Number of identified proteins with and without lysostaphin treatment prior to the tryptic digestion. 

Displayed are the mean protein counts after the tryptic digestion of 103-106 sorted S. aureus cells overnight 

at 37°C of three independent experiments with the standard error of the mean. (A) Number of proteins 

identified with one or more peptides per protein. (B) Number of proteins identified with at least two peptides 

per protein.  

 

The standard protocol for the on-filter membrane digestion of sorted and intact S. aureus cells 

without lysostaphin relies on an incubation time of 16-18 h overnight at 37°C. Therefore, it was 

tested if the lysostaphin pre-treatment allowed for shortening of the incubation time.  

To this end, the intact bacteria were pre-treated with lysostaphin and then digested with trypsin. 

The tryptic digestion was incubated for 1 h, 3 h and 16-18 h (overnight) at 37°C (Figure 3.7). 

Considering a protein identification of one peptide per protein or more and 103 digested bacterial 

cells, the number of protein identifications increased with prolonged incubation time. After one 
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hour and three hours of incubation of 104-106 sorted S. aureus cells, the numbers of protein 

identifications were about the same. But the amount of identifications increased with overnight 

incubation. This was more pronounced with 104 and 105 digested bacterial cells.  

If a protein was only considered to be identified with at least two peptides, similar results as those 

just described for the identifications with one peptide were obtained. When using 103 digested 

S. aureus cells, a slight increase in protein identifications was only seen when incubation time was 

extended from one to three hours but protein numbers did not increase further when overnight 

incubation was applied.  

On the contrary, with 104-106 bacterial cells, an overnight incubation increased the number of 

identified proteins. This was again more pronounced with 104 and 105 digested bacterial cells. After 

an incubation time of one or three hours no big difference between the amounts of identified 

proteins was seen. These results demonstrate that a long incubation time of 16-18 h (overnight) 

allowed for more protein identifications. 
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Figure 3.7 Number of identified proteins with lysostaphin treatment prior to the tryptic digestion with various 

incubation times and different numbers of S. aureus cells exposed. Mean number of proteins identified with 

one or more peptides per protein (A) and at least two peptides per protein (B) of three independent 

experiments are plotted with the standard error of the mean. o/n = overnight (16-18 h). 

 

Comparison of quantified proteins obtained from infection experiments with and 

without SILAC labeled Staphylococcus aureus 

In the first attempt to compare the proteome of internalized S. aureus HG001 wild type and its 

isogenic ΔsigB mutant, the bacteria were labeled with 13C arginine and lysine by the SILAC approach 

(Ong & Mann, 2006). With this approach, it was possible to quantify the protein level by calculating 

the fold change between the heavy (13C) and the light (12C) intensity of a protein and furthermore 

protein stability could be estimated as well. However, a major drawback of this method is that the 

total protein intensity is always divided into a heavy and a light part. Hence, low abundant proteins 

are even more difficult to detect. Consequently, fewer proteins may be identified and quantified in 

a SILAC approach compared to a non-SILAC approach. Therefore, the time dependent development 

of the ratios of heavy versus light protein intensities of SILAC labeled S. aureus wild type cells and 

the time dependent development of the ratios of the control versus the time points p.i. of non-

SILAC labeled S. aureus wild type cells were compared during independent infection experiments. 

Data of selected proteins are displayed in Figure 3.8.  
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Figure 3.8 Time dependent development of protein levels from infection experiments with and without SILAC 

labeled S. aureus. Depicted are the foldase protein PrsA and the transcriptional regulator LytR2. The first plot 

represents the fold change of the intensity of the light vs. the heavy protein in three infection experiments 

with SILAC labeled S. aureus. The dashed line represents a twofold change in the protein intensity between 

light and heavy. The second graph displays the fold change of the protein intensity of the control vs. time-

points p.i. during the infection period of eight hours in an infection experiment without SILAC labeled 

S. aureus. The dashed line represents a twofold change in the protein intensity between the control and the 

time-points p.i.. 

 

The ratio of heavy versus light intensities was above two for the foldase protein PrsA and the 

transcriptional regulator LytR2 at almost all time points p.i.. Thus, the proteins were considered as 

up-regulated during the infection experiments. For the non-labeled bacteria, a similar fold change 

can be calculated of the protein intensity of the time points p.i. versus the control. From this fold 

change, it can also be seen that the protein levels of PrsA and LytR2 increased more than twofold 

during the infection experiment with the non-labeled staphylococci (Figure 3.8). Therefore, the 

trend of the changes in protein level can also be very well represented without SILAC labeling of 

S. aureus.  

Furthermore, one has to consider that the heavy labelled version of the proteins is diluted during 

the time course of infection because of the intracellular growth of bacteria. Thus, at one point heavy 
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labelled proteins are diluted so strongly by their light protein version that calculation of meaningful 

ratios is not possible anymore. As the focus of the infection experiments with the wild type and the 

ΔsigB mutant was to compare the protein level of both strains with each other, the SILAC approach 

was not necessarily needed. To improve the number of identified proteins from the infection 

experiment with the HG001 wild type and ΔsigB mutant the SILAC labeling was omitted. 

 

Selection of appropriate controls for proteome and RT-qPCR analysis of internalized 

Staphylococcus aureus 

Selection of appropriate controls is of utmost importance for the interpretation of the results of an 

experiment. For proteome and RT-qPCR analysis of internalized S. aureus, such controls should 

define protein or mRNA levels, respectively, before the bacteria are internalized by epithelial cells. 

If those control samples are not well chosen, changes of protein and mRNA levels of internalized 

S. aureus cells during the infection experiment are potentially under- or overestimated. Looking at 

the workflow of the infection experiment, one could consider three different control samples 

(Figure 3.9).  

 

 

Figure 3.9 Possible controls for infection experiments for proteome and RT-qPCR analysis of internalized 

S. aureus cells. (A) OD600 nm 0.4 control. S. aureus cells were cultivated in an adapted cell culture medium 

called pMEM until exponential growth phase, which corresponds to an OD at 600 nm of 0.4 and then 

harvested for the use as a control. (B) Serum/CO2 control. The infection master mix was poured into tissue 

culture dishes without host cells and incubated for one hour at 37°C and 5% CO2 in a humidified incubator, 

like the infected epithelial cells. (C) Non-adherent control. This control consists of non-internalized and non-

attached S. aureus cells (encircled in red) after one hour of co-incubation with epithelial cells at 37°C and 5% 

CO2. 

 

Firstly, exponentially growing bacteria at an optical density (OD) at 600 nm of 0.4, which are used 

to infect the epithelial cells, called OD 0.4 control. This control reflects the bacterial proteome in 

the culture medium in a shake flask. The bacterial culture medium is an adapted eukaryotic cell 

culture medium, but without serum. During the infection, the bacteria are co-cultivated with the 

epithelial cells in the cell culture medium with serum. Therefore, the effect of the serum on the 
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bacteria would be missing in this control. The second potential control consists of bacteria 

incubated under the same conditions as the infection samples for the same time period and in the 

same medium used for the infection but without eukaryotic host cells (serum/CO2 control). For the 

infection, the bacterial culture is diluted with the eukaryotic cell culture medium to adjust the MOI 

resulting in the infection master mix. The master mix is used to infect the epithelial cells. To obtain 

the serum/CO2 control, the infection master mix is incubated in a cell culture plate without 

epithelial cells in a humidified incubator with 5% CO2, which is also used for the infection. This 

control reflects the changes in the proteome derived from the serum in the infection master mix 

and from the different ventilation in the humidified CO2 incubator.  

A third possibility for a control would be the use of bacteria obtained from the supernatant of the 

epithelial cells during the infection experiment after one hour of co-cultivation of the infection 

master mix with the host cells (non-adherent control). These bacterial control cells were not 

internalized during the co-cultivation but were in contact with the eukaryotic cells. Thereby, this 

non-adherent control reflects the changes of the proteome due to the change of the medium, the 

culture conditions and the co-incubation with the epithelial cells in the humidified CO2 incubator 

and would thus likely constitute the best selection.  

The influence of the different conditions of the three control samples on the proteome profile of 

S. aureus was illustrated with a principal component analysis (PCA) (Figure 3.10 A). The closer the 

points in the coordinate system lie together, the smaller is the variation between the samples. The 

different locations of the control samples in the PCA indicates that the serum in the infection master 

mix, the incubation conditions in the humidified incubator and the co-cultivation with the epithelial 

cells all affect the proteome profile of the bacteria.  

To enrich the internalized S. aureus cells, the bacteria had to be separated from host cell debris 

after their lysis by fluorescence-activated cell sorting. The data displayed in Figure 3.10 B illustrate 

that the cell sorting had an influence on the proteome profile of the samples as well. The sorted 

and the unsorted non-adherent control samples of the wild type and the ΔsigB mutant formed 

separated groups in the PCA. Hence, for the infection experiments the control sample had to be 

sorted as well. In conclusion, the sorted non-adherent control was best suited as a control for 

infection experiments, as this control combines all the alterations and possible confounding factors 

occurring from the shake flask to the co-cultivation with the host cells prior to the internalization 

by the eukaryotic cells. 

 



Results 

 
81 

 

 

Figure 3.10 Principal component analyses of possible controls for infection experiments. The PCAs were 

performed with the normalized protein intensities of the control samples taken at different steps during the 

infection experiment with the wild type and ∆sigB mutant. (A) Variations between the control samples. The 

sample OD 0.4 control was taken when the S. aureus culture reached an optical density at 600 nm in pMEM 

medium of 0.4. The serum/CO2 control was retrieved after one hour of incubation of the bacteria in the 

infection master mix in a cell culture plate in a CO2 incubator at 37°C. The non-adherent control consists of 

S. aureus cells that were co-cultivated with host cells for one hour in a CO2 incubator at 37°C but were not 

internalized by the eukaryotic cells. (B) Variations in protein composition between sorted and non-sorted 

non-adherent control samples.  

 

In RT-qPCR analyses endogenous reference genes are typically used to correct for inter-sample 

variations such as variation in RNA content or differences in sample handling. With the help of these 

endogenous reference genes the expression value of the target genes is normalized to the amount 

of input RNA or cDNA, respectively. Therefore, only genes stably expressed under the experimental 

conditions investigated can be used as endogenous reference genes. Proper selection of reference 

genes was particularly important for the samples containing internalized S. aureus cells, because it 

was not possible to separate internalized S. aureus cells from host cells and therefore total RNA of 
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epithelial cells and internalized bacteria was prepared. For RT-qPCR analysis, the same amount of 

the RNA mixture from the different samples was used, but it was unknown how large the portion 

of bacterial RNA in this mixture was. For this reason, stably expressed genes had to be selected as 

endogenous control.  

Several genes have been proposed as endogenous controls in the literature. For example, Theis and 

colleagues searched for normalization genes to study the expression of the multidrug transport 

protein QacA and its transcriptional regulator QacR of S. aureus (Theis et al, 2007). They tested 11 

genes and recommended the genes rho, pyk, proC, fabD, tpi and gyrA. Valihrach and Demnerova 

searched publications from 2011 for the most frequently used reference genes and compared them 

to other selected genes for their usability as endogenous controls (Valihrach & Demnerova, 2012). 

In total, they tested 11 potential reference genes and recommended to use the geometric mean of 

hu, pta and tpi for normalization of S. aureus samples from different growth phases.  

In the context of her PhD Thesis, Maren Depke performed tiling array analysis of S. aureus HG001 

wild type internalized in S9 human bronchial epithelial cells and respective control samples (Depke, 

2010). For this analysis RNA was specifically prepared from the infecting S. aureus cells by 

separating bacterial and host RNA. Therefore, these data could be used for selection of appropriate 

control genes for the RT-qPCR planned. The log2-intensities from this tiling array data set were used 

to identify genes stably expressed under the infection experiment conditions and to compare these 

with recommended endogenous reference genes from the literature (Figure 3.11 A).  

None of the genes proposed in the literature except for hu showed a stable expression during the 

infection experiment. However, the intensity of hu was in saturation in the tiling-array. Thus, no 

conclusion about its stability during the infection experiment could be drawn.  

Therefore, the tiling array data set was scanned to identify other genes with a stable expression 

during the infection time course. The genes dnaN, encoding a DNA polymerase, and pth, encoding 

a peptidyl tRNA hydrolase, showed a stable expression during the infection experiment conditions 

(Figure 3.11 B) and were chosen as endogenous reference genes.  

It is recommended by the literature to use more than one reference gene for normalization and to 

calculate the geometric mean of the threshold value (CT) as a normalization factor for accurate 

quantification of RT-qPCR data (Valihrach & Demnerova, 2012; Vandesompele et al, 2002). 

Following this recommendation, not a single gene was used for normalization, but the geometric 

mean of the CT value of both aforementioned genes. 
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Figure 3.11 Selection of endogenous reference genes for normalization of RT-qPCR experiments of 

internalized S. aureus. (A) Genes proposed as endogenous controls in the literature. Depicted are the log2-

intensities of the proposed genes from the tiling-array data set of internalized S. aureus provided by Maren 

Depke (Depke, 2010). (B) Genes suitable for normalization of RT-qPCR analysis of internalized S. aureus. 

Depicted are the log2-intensities reflecting the mRNA levels of the DNA polymerase DnaN and of the peptidyl 

t-RNA hydrolase Pth. non-ad. = non-adherent control.    

  

Test for the stable maintenance of the plasmids pMV158GFP, pJL-sar-GFP and pJL-sar-

CER by Staphylococcus aureus  

The S. aureus strains used for infection experiments carry plasmids containing a gene coding for a 

fluorescent protein. This is fundamental for the workflow of the infection experiment, because after 

the host cells were lysed, the released intracellular S. aureus cells were separated from host cell 

debris and enriched via FACS. To retrieve as many internalized bacteria as possible, the fluorescent 

protein has to be stably expressed and plasmids have to be stably maintained by S. aureus.    

In an initial co-infection experiment, the plasmid pMV158GFP containing the gene coding for the 

green fluorescent protein (GFP) and the plasmid pJL-sar-CER containing the gene coding for the 

cerulean fluorescent protein (CFP) were used (Liese et al, 2013; Nieto & Espinosa, 2003).         

time post-infection [h]

lo
g 2

 in
te

n
si

ty

10

11

12

13

14

15

16

17

dnaN
pth

non-ad. 2.5 6.5

time post-infection [h]

lo
g 2

 in
te

n
si

ty

10

11

12

13

14

15

16

17

gyrB
rpoD
gmK
tpi
pta
hu
fabD
glyA
gyrA
proC
pyk
recF
rho
rpoB (rrsC)
thlA (yqiL)
dnaA

non-ad. 2.5 6.5

A B

time post-infection [h]

lo
g 2

 in
te

n
si

ty

10

11

12

13

14

15

16

17

dnaN
pth

non-ad. 2.5 6.5

time post-infection [h]

lo
g 2

 in
te

n
si

ty

10

11

12

13

14

15

16

17

gyrB
rpoD
gmK
tpi
pta
hu
fabD
glyA
gyrA
proC
pyk
recF
rho
rpoB (rrsC)
thlA (yqiL)
dnaA

non-ad. 2.5 6.5

lo
g 2

-i
n

te
n

si
ty

lo
g 2

-i
n

te
n

si
ty

time post-infection [h] time post-infection [h]



Results 

 
84 

 

 

Figure 3.12 In vitro test of the stability of the plasmids pJL-sar-CER and pMV158GFP in S. aureus. S. aureus 

HG001 containing pMV158GFP or HG001 ∆agr containing pJL-sar-CER were grown in TSB medium without 

antibiotics for 24 h. After 24 h of growth (stationary phase) an aliquot of the culture was used to inoculate 

fresh TSB medium in which the bacteria were grown for another 26 h. Samples for flow-cytometric analysis 

were taken in exponential, stationary and late stationary phase. The bacterial cultures were diluted and 

analyzed by flow-cytometry. The dot plots display the fluorescence intensity at the Y-axis and the size of the 

bacteria on the X-axis. Below the dot plots the number of doublings of the bacteria in the culture is stated. 

S. aureus HG001 without any plasmids was used as a control to reveal where non-fluorescent bacteria will be 

located in the dot plot. exp = exponential phase; stat = stationary phase. 



Results 

 
85 

 

Therefore, an in vitro test for the stability of the two plasmids was done. TSB medium without 

antibiotics was inoculated either with S. aureus HG001 wild type carrying plasmid pMV158GFP or 

with its isogenic Δagr mutant carrying plasmid pJL-sar-CER. The strains were cultivated for 24 hours. 

After 24 hours the culture from stationary phase was used to inoculate fresh TSB medium and the 

bacteria were cultivated for another 26 hours.  

During exponential growth phase, early and late stationary phase, samples were taken for flow 

cytometric analysis to determine the proportion of fluorescent S. aureus cells (Figure 3.12). A non-

fluorescent HG001 strain was used to determine the location of the non-fluorescent S. aureus in 

the dot plot of the flow-cytometric analysis. With proceeding doublings, the number of non-

fluorescent HG001 pMV158GFP increased. After 50 hours of cultivation, which corresponds to 15.4 

doublings, 59.1% of the bacterial population was non-fluorescent and only 40.9% of the bacterial 

population remained fluorescent. During the cultivation for 50 hours, the population of fluorescent 

bacteria of strain HG001 Δagr mutant pJL-sar-CER was stable. The proportion of fluorescent 

bacteria was always between 99.7% and 99.9% (Figure 3.12). 

It was also important to explore for how long the plasmids encoding the fluorescent proteins were 

stably maintained during an infection. The data presented above indicate that plasmid pMV158GFP 

was less stably maintained than plasmid pJL-sar-CER in vitro.  

For in vivo analysis, the plasmid pMV158GFP was tested against the plasmid pJL-sar-GFP (Liese et 

al, 2013). Plasmid pJL-sar-GFP possesses the same backbone as the plasmid pJL-sar-CER but encodes 

GFP instead of CFP.  

For the investigation of the stability of the two plasmids, S9 human bronchial epithelial cells were 

infected with S. aureus HG001 carrying either plasmid pMV158GFP or pJL-sar-GFP. To evaluate the 

titer of fluorescent intracellular bacteria at 2.5 h, 6.5 h, 24 h and then every second day until 11 

days p.i., the epithelial cells were lysed and an aliquot of the cell lysate was plated onto blood agar 

plates. The GFP of the grown colonies was excited with UV-light and the number of GFP positive 

and negative colonies was counted to calculate the colony forming units per ml.  

At 2.5 h and 6.5 h p.i., 100% of the colonies with either plasmid were GFP positive (Figure 3.13). 

One day p.i. only colonies carrying plasmid pJL-sar-GFP were 100% GFP positive. Of the bacteria 

carrying plasmid pMV158GFP only 95% were GFP positive one day p.i. and the percentage of GFP 

positive bacteria declined until day 11 when none of the grown colonies were GFP positive 

anymore. The colonies of the bacteria carrying plasmid pJL-sar-GFP were 100% GFP positive almost 

during the whole time of the infection experiment, except for day nine, when only 74% of the 

colonies were GFP positive (Figure 3.13).  
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Figure 3.13 Test for the stability of the plasmids pJL-sar-GFP and pMV158GFP in S. aureus HG001 in a long-

term infection experiment. The percentage of GFP positive bacteria from the total colony forming units per 

ml of intracellular bacteria is displayed.  

 

The in vitro and the in vivo test for the stable maintenance of the plasmids showed that the plasmids 

pJL-sar-CER and pJL-sar-GFP are more stably maintained by S. aureus than plasmid pMV158GFP. 

Thus, for infection experiments lasting longer than three days bacteria carrying plasmid pJL-sar-GFP 

or pJL-sar-CER should be used or fluorescence genes stably inserted into the chromosome of 

S. sureus. For short term infection experiments up to three days, either one of the three plasmids 

can be used. 
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3.2 Activation of the alternative sigma factor SigB of Staphylococcus aureus 

following internalization by epithelial cells 

 

Employing the optimized workflow and equipped with a new accurate and highly sensitive mass 

spectrometer (QExactive), the comparison of the responses of S. aureus HG001 wild type and its 

isogenic ΔsigB mutant to internalization by S9 human bronchial epithelial cells was performed 

again.  

 

The results of the study have been published in Pförtner et al, 2014. 

 

Normalization of nLC-MS/MS data from internalized Staphylococcus aureus 

Median-median normalization was performed to allow comparison of the protein intensities from 

the wild type and the ΔsigB mutant. The median of the protein intensities, which were identified in 

the entire data set with no missing values in the non-adherent control and at each time point p.i. 

was calculated. The median of each sample was shifted to the calculated median by introducing the 

appropriate correction factor presented in Table 3.1. Figure 3.14 displays the distribution of the 

protein intensities before and after the normalization.    

  

 

Figure 3.14 Median normalization of protein intensities from internalized S. aureus wild type, ∆sigB mutant 

and control samples. The median protein intensity from proteins with no missing values in the contol, wild 

type and ∆sigB mutant samples was calculated. The median from each sample was shifted to the calculated 

median by introducing the appropriate correction factor presented in Table 3.1.    
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Table 3.1 Correction factors used for median-median normalization of 

protein intensities of internalized S. aureus HG001 wild type, ∆sigB 

mutant and non-adherent control.   

Sample Factor 

wild type non-adherent control BR1 1.00 

wild type non-adherent control BR2 0.95 

wild type non-adherent control BR3 0.98 

wild type 2.5 h p.i. 1.04 

wild type 3.5 h p.i. 1.03 

wild type 4.5 h p.i. 1.00 

wild type 5.5 h p.i. 1.00 

wild type 6.5 h p.i. 1.00 

wild type 7.5 h p.i. 0.99 

wild type 8.5 h p.i. 0.99 

ΔsigB mutant non-adherent control BR1 1.01 

ΔsigB mutant non-adherent control BR2 1.02 

ΔsigB mutant non-adherent control BR3 1.00 

ΔsigB mutant 2.5 h p.i. 1.01 

ΔsigB mutant 3.5 h p.i. 1.01 

ΔsigB mutant 4.5 h p.i. 0.98 

ΔsigB mutant 5.5 h p.i. 0.98 

ΔsigB mutant 6.5 h p.i. 1.01 

ΔsigB mutant 7.5 h p.i. 0.99 

ΔsigB mutant 8.5 h p.i. 0.96 

 

Coverage of the SigB regulon by proteomics of intracellular Staphylococcus aureus 

With the adapted workflow for the time resolved proteome analysis of internalized S. aureus, 1302 

proteins could be identified with at least one peptide per protein. An overlap of 1087 proteins was 

identified in infection experiments with both strains. 94 proteins were only identified in the 

infection experiment with the wild type and 121 proteins were solely identified in the ΔsigB mutant 

samples (Figure 3.15 A). A table with the identified proteins from internalized HG001 wild type and 

ΔsigB mutant can be found in Supplemental material S4. For reliable protein identification and 

quantification, only proteins identified with at least two peptides per protein were used. In this 

study, 980 proteins could be quantitatively monitored. In the wild type and ΔsigB mutant samples, 

801 proteins could be commonly quantified. 81 of the 980 proteins were quantified in the wild type 

samples only and 98 solely in the ΔsigB mutant samples (Figure 3.15 B).  
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Figure 3.15 Overlap of identified and quantified proteins in infection experiments with the S. aureus wild type 

and its isogenic ∆sigB mutant. (A) Proteins identified with one or more peptides per protein. In both infection 

experiments, 1087 proteins were identified. 94 proteins were identified in the wild type samples only and 

121 in the ∆sigB mutant samples. (B) Proteins quantified with at least two peptides per protein. An overlap 

of 801 proteins was commonly quantified in infection experiments with the wild type and ∆sigB mutant. 81 

proteins were solely quantified in the wild type samples and 98 in the ∆sigB mutant samples.    

 

Before a statement about the impact of SigB on the protein profile of internalized S. aureus could 

be made, the coverage of the SigB regulon in this study had to be verified. The identified proteins 

from the infection experiment with the wild type and the ΔsigB mutant were compared to the SigB 

core regulon (Section 3.1). Roughly 50% (32 proteins) of the SigB core regulon were covered by this 

proteome study and about 30% (19 proteins) could be quantified (Figure 3.16). 

 

 

Figure 3.16 Proteins of the SigB core regulon covered by the proteome study. 32 of the 66 proteins encoded 

by the genes of the SigB core regulon were identified in the cell culture infection experiments with the wild 

type and the ∆sigB mutant or with the wild type only. From these 32 proteins, 19 were identified with at least 

2 peptides per protein in either the wild type samples or the ∆sigB mutant samples or in both. The figure is 

adapted from Pförtner et al, 2014.    

 

Proteome analysis reveals activation of SigB following internalization by S9 human 

bronchial epithelial cells 

The normalized protein intensities of the wild type and the ΔsigB mutant were plotted against each 

other to obtain an overview of the variations in the protein intensity levels between the two strains. 

At each sampling point there were some proteins with big intensity level variations between the 
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wild type and the ΔsigB mutant, but the majority of proteins showed only minor variations in their 

intensity levels (Figure 3.17).  

 

Figure 3.17 Variations of normalized protein intensities between S. aureus wild type and ∆sigB mutant at the 

different sampling points p.i.. Log2-protein intensities from each sample point of the wild type and the ∆sigB 

mutant are plotted against each other. The gray line indicates where no variation between the samples 

occurs. Highlighted in red are the proteins encoded by the SigB core regulon identified in the infection 

experiments with the wild type and the ∆sigB mutant. 

 

An exception was the time point 1.5 h p.i.. The widely distributed cloud of dots indicates that huge 

variations in the protein intensity levels between the two strains appeared at this sampling point. 

This can be the result of the different internalization kinetics of the bacteria. During one hour of 

infection, bacteria can be internalized early, right after the addition of the bacteria to the host cells, 

or late, right before the hour ends. Thus, the proteome adaption of these bacteria displayed large 
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variations at this first sampling point 1.5 h p.i. and therefore this time point was excluded from 

further analyses. In the graph comparing the non-adherent controls of the wild type and the ΔsigB 

mutant most of the proteins of the SigB core regulon were located close to the diagonal, indicating 

that there was no big variation in the intensity levels of these proteins in those control samples. A 

transient increase in the protein intensity ratios of wild type versus ΔsigB mutant could be observed 

for the members of the SigB core regulon from 2.5 h-4.5 h p.i. and thereafter the ratio declined 

towards one (to the diagonal again).   

Of the SigB core regulon, 32 proteins were identified in this study. Of these proteins, ten were 

identified with at least two proteolytic peptides in the wild type and the ∆sigB mutant (Figure 3.16). 

The ratio of the wild type versus the ∆sigB mutant showed that almost all of the ten proteins have 

a higher level p.i. in the wild type than in the ∆sigB mutant (Figure 3.18 A). Additionally, for all of 

the ten proteins the ratio between wild type and ΔsigB mutant increased during the first hours 

following the internalization. Additional eight proteins of the SigB core regulon could only be 

quantified in the wild type. The expression of these eight proteins was increased p.i. compared to 

the non-adherent control (Figure 3.18 B).  

Previous transcriptional profiling data of the corresponding genes revealed that their expression 

was in all cases under positive control of SigB (Bischoff et al, 2004; Pané-Farré et al, 2006; Schulthess 

et al, 2011). Therefore, the proteome data indicate that genes under positive control by SigB are 

likely expressed at higher levels following internalization.  

The protein SAOUHSC_01854, which could only be monitored in the ∆sigB mutant, is also positively 

influenced by SigB and its expression level decreased following internalization compared to the 

non-adherent control in the ∆sigB mutant (Figure 3.18 B). 
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Figure 3.18 Activation of the alternative sigma factor SigB after internalization of S. aureus HG001 by S9 

epithelial cells. (A) Heat map of ten proteins encoded by the SigB core regulon and identified with at least 

two peptides per protein in the wild type and ∆sigB mutant. Log2-ratios of the normalized protein intensities 

of the wild type versus the ∆sigB mutant in the non-adherent control (non-ad.) and the time points p.i. (2.5-

8.5 h) are displayed. Fields in the heat map in reddish color denote higher protein levels in the wild type and 

fields in bluish color indicate higher protein levels in the ∆sigB mutant. Grey fields denote protein levels below 

a twofold change in the ratio between the wild type and the ∆sigB mutant. A white field indicates a missing 

value. (B) Heat map of proteins encoded by the SigB core regulon and identified with at least two peptides 

per protein either in the wild type or the ∆sigB mutant. Log2-ratios of the normalized protein intensities at 

the time points p.i. versus the non-adherent control are displayed. Fields in the heat map in reddish color 

indicate higher protein levels at the time points p.i. and fields in bluish color mean higher protein levels in the 

non-adherent control. Grey fields denote protein levels below a twofold change in the ratio between the time 

points p.i. and the non-adherent control. The expression trend reported by the three transcriptional studies 

(Bischoff et al, 2004; Pané-Farré et al, 2006; Schulthess et al, 2011) is indicated as a reference and is also color 

coded: red indicates a positive and blue a negative effect of SigB on the transcription of these genes. The 

figure is published in Pförtner et al, 2014. 

 

A more detailed insight gave the analysis of selected proteins directly controlled by SigB such as 

Asp23, ClpL, SpoVG, ClfA as well as YfkM and SAOUHSC_02665 (Figure 3.19). Strikingly, protein 

levels increased sharply following internalization and decreased again after about three hours p.i. 

in the wild type in contrast to the non-adherent control cells. At the same time the level of the 

proteins remained low and at about the same level as in the non-adherent control cells in the ΔsigB 

mutant. Protein level differences between the wild type and the ∆sigB mutant varied for the 

different proteins, which likely reflects the complex regulation of the corresponding genes by other 

regulators and the degree of contribution of SigB to this complex regulation. The increase in the 

B

B
is

ch
o

ff
 e

t 
a

l.,
 2

0
0

4

Pa
n

é-
Fa

rr
é

et
 a

l.,
 2

0
0

6

Sc
h

u
lt

h
es

s
et

 a
l.,

 2
0

1
1



Results 

 
93 

 

levels of these proteins after internalization in the wild type seemed transient, indicating a transient 

activation of SigB.    

 

 

Figure 3.19 Course of protein level changes of selected members of the SigB core regulon after internalization 

of HG001 wild type and ∆sigB mutant by S9 epithelial cells. The protein normalized intensities are displayed 

for the time points p.i. (2.5-8.5 h) and the non-adherent control (non-ad.). To calculate the protein normalized 

intensities, the median intensity of the protein in the wild type and the ∆sigB mutant at all time points and 

the non-adherent control was calculated and the protein intensity at each time point and the non-adherent 

control is divided by this median. Figure is taken from Pförtner et al, 2014.  
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Validation of the SigB activation following internalization by quantitative RT-PCR 

If the transient increase in the levels seen of the SigB influenced proteins described above would 

be a result of the increased activity of SigB, this effect should also be visible on mRNA level. To verify 

this, RT-qPCR analyses of the genes encoding the alkaline shock protein 23 (asp23), clumping factor 

A (clfA), aureolysin (aur) and α-hemolysin (hla) were carried out.  

asp23 is known to be directly and exclusively controlled by SigB (Miyazaki et al, 1999) and clfA is 

another example for a positively controlled gene by SigB (Bischoff et al, 2004; Entenza et al, 2005). 

On the contrary, aur and hla were picked as examples for a negative regulation by SigB. This 

regulation is indirectly mediated by the effect of SigB on other regulatory proteins (Bischoff et al, 

2004; Karlsson-Kanth et al, 2006). As endogenous reference the geometric mean of the expression 

of the genes dnaN and pth was used as described in Section 3.1.   

 

 

Figure 3.20 Validation of the expression levels of SigB-dependent genes in internalized S. aureus in the non-

adherent control (non-ad.) and during the infection time course by RT-qPCR. Messenger RNA levels of the 

alkaline shock protein 23 (asp23), clumping factor A (clfA), aureolysin (aur) and α-hemolysin (hla) were 

quantified using dnaN and pth as reference genes. The fold change value in expression levels compared to 

the respective non-adherent control are displayed for the SigB-dependent genes for the wild type and the 

∆sigB mutant. The expression levels of these genes in the non-adherent control were set to one due to 

calculation of the fold change with the 2-∆∆CT method (Livak & Schmittgen, 2001). The wild type is depicted in 

black and the ∆sigB mutant in gray. Figure is adapted from Pförtner et al, 2014. 

asp23

time post infection [h]

fo
ld

 c
h

an
ge

0.5 1.5 2.5 3.5 4.5 5.5 6.5
-4
-2
0
2
4
6
8

10
12
14
16
18
20

wild type sigB

asp23

time post-infection [h]

fo
ld

 c
h

an
ge

-4
-2
0
2
4
6
8

10
12
14
16
18
20

wild type sigB

non-a
d.

1.5 2.5 3.5 4.5 5.5 6.5

clfA

time post-infection [h]

fo
ld

 c
h

an
ge

-4
-2
0
2
4
6
8

10
12
14
16
18
20

non-a
d.

1.5 2.5 3.5 4.5 5.5 6.5

aur

time post-infection [h]

fo
ld

 c
h

an
ge

-4
-2
0
2
4
6
8

10
12
14
16
18
20

non-a
d.

1.5 2.5 3.5 4.5 5.5 6.5

hla

time post-infection [h]

fo
ld

 c
h

an
ge

-4
-2
0
2
4
6
8

10
12
14
16
18
20

non-a
d.

1.5 2.5 3.5 4.5 5.5 6.5

time post-infection [h]

time post-infection [h] time post-infection [h]

time post-infection [h]

fo
ld

 c
h

an
ge

fo
ld

 c
h

an
ge

fo
ld

 c
h

an
ge

fo
ld

 c
h

an
ge

asp23 clfA

aur hla



Results 

 
95 

 

In agreement with the proteome data, asp23 displayed a sharp and transient increase in transcript 

level following internalization in the wild type and a constant low transcript level in the ∆sigB 

mutant (Figure 3.20).  

As expected, clfA represented also a transiently higher transcript level in the wild type compared 

to the ∆sigB mutant. The transcript level of hla was constantly higher in the ∆sigB mutant than in 

the wild type, which is in agreement with the negative regulation by SigB. The transient nature was 

also recognizable in the hla transcript level.  

The expression of aur did not show any differences between the wild type and the ∆sigB mutant 

(Figure 3.20). The negative effect of SigB on the expression of aur was not visible. It is possible that 

other regulators, controlling the expression of aur, override the effect of the lack of SigB. 

Unfortunately, neither hla nor aur were covered by the proteome data. Both proteins are secreted 

by S. aureus and thus are lost during cell sorting, which was performed to enrich the intracellular 

S. aureus cells for proteome analysis.    

 

Activation of SigB may be a result of increasing protein levels of RsbU 

The activation of SigB depends on the phosphatase RsbU in S. aureus. It dephosphorylates the anti-

anti-sigma factor RsbV, which then binds the anti-sigma factor RsbW. Thereby, SigB is released from 

RsbW and forms the active holoenzyme together with the RNA polymerase.  

During the infection time-course, a transient increase in expression level of SigB controlled proteins 

was observed, which reflects an activation of SigB following internalization. However, the protein 

level of SigB decreased following internalization and stayed low throughout the infection time 

course (Figure 3.21).  

The protein level of the anti-sigma factor RsbW remained almost unchanged during the infection. 

The protein level of the anti-anti-sigma factor RsbV decreased constantly after internalization. But 

the protein level of the activator of SigB, RsbU, increased after internalization and remained at an 

increased level throughout the infection time course.  

However, these data need to be verified. The analysis of the proteome has been performed with 

one biological replicate, and the proteins SigB and RsbW have only been identified with one 

proteolytic peptide (Figure 3.21).  
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Figure 3.21 Protein levels of the proteins encoded by the sigB operon identified in the HG001 wild type. 

Depicted is the protein normalized intensity of the phosphatase RsbU, the anti-anti-sigma factor RsbV, the 

anti-sigma factor RsbW and the alternative sigma factor SigB during the time course of the infection. Non-ad. 

= non adherent control.   

 

Effect of the loss of SigB on the intracellular growth behavior of Staphylococcus aureus 

Confocal microscopy was used to monitor intracellular S. aureus wild type and ∆sigB mutant hourly 

from 1.5-8.5 hours p.i.. From the images in Figure 3.22 it is observable that the S. aureus cells were 

unevenly distributed inside the epithelial cells. S. aureus cells had the tendency to form clusters, 

which was more pronounced at later time points. The clusters were mostly located close to the 

nucleus of the epithelial cells.  

At later time points it is visible that the cell clusters were slightly smaller for the ∆sigB mutant than 

the wild type, giving the impression that there were fewer ∆sigB mutant cells. 
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Figure 3.22 Confocal microscopy images of HG001 wild type and ∆sigB mutant internalized in S9 epithelial 

cells from 1.5 to 8.5 hours p.i. S9 cells were grown and infected with either the wild type or the ∆sigB mutant 

on glass cover slips. The f-actin of the S9 cells was stained with Alexa Fluor® 586 Phalloidin shown in red and 

the DNA of the nuclei was stained with Hoechst 33258 displayed in blue. The internalized S. aureus expressed 

GFP and thus are depicted in green. The figure is adapted from Pförtner et al, 2014.  

 

For reliable quantification of intracellular S. aureus wild type and ∆sigB mutant, the titer of the 

bacterial cells was determined with the Guava easyCyte flow cytometer hourly from 1.5-8.5 hours 

p.i. (Figure 3.23). By using a MOI of 25, similar numbers of the wild type and the ∆sigB mutant were 
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inside the host cells at 1.5 hours p.i.. During the next seven hours, the wild type was able to perform 

about two doublings inside the epithelial cells. The titer of the ∆sigB mutant cells remained almost 

constant (Figure 3.23).  

    

 

Figure 3.23 Quantification of intracellular bacteria by flow cytometry. S. aureus cell counts per ml were 

measured hourly from 1.5 to 8.5 hours p.i. with the Guava easyCyte flow cytometer. Infected S9 epithelial 

cells were lysed with Triton X-100 and the cell lysate was diluted to count the GFP positive events. The figure 

is taken from Pförtner et al, 2014. 

 

The impaired intracellular growth of the ∆sigB mutant could derive from a lack of translocation 

from the phagosome to the cytoplasm of the epithelial cells. Therefore, the phagosomal escape was 

investigated in HEK293 cells by Magdalena Grosz from the University of Würzburg. The phagosomal 

escape assay was performed as described by Lâm et al. (Lam et al, 2010). The escape was analyzed 

by flow cytometry based on a pH monitoring of the environment of fluorescein isothiocyanate 

(FITC) stained intracellular S. aureus. Less negative differences in arbitrary fluorescence units (AFU) 

represent less acidic pH values. Thus, differences of ΔAFU at two hours and six hours p.i. indicate 

the translocation of S. aureus from the phagosome or lysosome to the cytoplasm (Lam et al, 2010). 

The S. aureus strain CowanI cannot translocate from the phagosome to the cytoplasm and served 

as negative control (Figure 3.24). The S. aureus strain 6850 escapes from the phagosome and served 

as positive control. The phagosomal escape assay revealed that the wild type and the ∆sigB mutant 

can both translocate from the phagosome to the cytoplasm of HEK293 cells (Figure 3.24). The ΔAFU 

was a little bit lower in the ∆sigB mutant at six hours p.i. indicating a lesser extent of the escape. 

But the difference in the ΔAFU at six hours p.i. of the ∆sigB mutant and the wild type was not 

significant. Therefore, the impaired intracellular growth of the ∆sigB mutant did not seem to be 
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caused by the failure of translocation from the phagosome to the cytoplasm. Thus, SigB seems to 

have profound effects on the adaptation of S. aureus to the intracellular milieu of bronchial 

epithelial cells. This was demonstrated by the lack of intracellular replication of the ∆sigB mutant.  

 

 

Figure 3.24 Phagosomal escape assay of S. aureus HG001 wild type and its isogenic ∆sigB mutant in HEK293 

cells. Depicted is the change of the arbitrary fluorescence units (ΔAFU) as a measurement of the translocation 

from an endosomal compartment to the cytoplasm of the host cells. The ΔAFU was measured by flow 

cytometry at two and six hours p.i.. S. aureus CowanI represented in blue was known to not escape the 

phagosome and served in the experiment as negative control. S. aureus 6850 depicted in red can translocate 

to the cytoplasm and served as positive control. The HG001 wild type is illustrated in black and the ∆sigB 

mutant in gray. Shown is the average of three independent experiments with the standard error of the mean.  

 

Global impact of the lack of SigB on the cytoplasmic proteome profile of internalized 

Staphylococcus aureus HG001 

In total, the proteome approach covered 1181 proteins in the wild type and 1208 proteins in the 

∆sigB mutant. A set of 1087 proteins was identified in both strains (Figure 3.15 A). To analyze the 

cytoplasmic protein profile of internalized S. aureus, the log2-ratios of the protein intensities of the 

wild type versus the ∆sigB mutant were displayed in a Voronoi-like treemap (Bernhardt et al, 2013). 

In order to provide a global impression of the differences between both strains, the median protein 

intensities of all sample points p.i. were used for Figure 3.25.  
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Figure 3.25 Voronoi-like treemap displaying the adaptation patterns of S. aureus HG001 wild type and ∆sigB 

mutant to internalization by S9 epithelial cells. The functional categorization of the proteins is based on the 

SEED annotation (Overbeek et al, 2005). (A) Overview of metabolic proteins identified in internalized S. aureus 

wild type and the ∆sigB mutant with at least two peptides per protein. (B) Enlargement of selected metabolic 

pathways (pentose phosphate pathway, de novo purine biosynthesis, methicillin resistance in staphylococci, 

protein quality control, oxidative stress) displaying differences in protein intensities between the wild type 

and the ∆sigB mutant. Upper lane: pathway level, lower lane: single protein level. The Voronoi-like treemap 

displays the ratios of the median protein intensities of all sample time points (2.5-8.5 h p.i.) of the wild type 

versus the ∆sigB mutant. Fields in reddish color indicate a more than 1.5 fold higher protein intensity in the 

wild type and fields in bluish color show a more than 1.5 fold lower protein intensity in the wild type in 

comparison to the ∆sigB mutant. Gray fields mark protein intensity differences between the wild type and 

the ∆sigB mutant of less than or equal to 1.5 fold. The figure is adapted from Pförtner et al, 2014.  

 

Even though individual proteins displayed differences in abundance between both strains, the 

overall response of the strains to the intracellular milieu was rather similar (Figure 3.25 A). An 

accumulation of differences in protein abundances was noticed in five functional categories: 

“pentose phosphate pathway”, “de novo purine biosynthesis”, “methicillin resistance in 

Staphylococci”, “proteolysis”, and “oxidative stress” (Figure 3.25 B). The Voronoi-like treemaps can 

be found in larger size in Supplemental material S5. 

The differences in the categories were looked at in more detail. Figure 3.26 displays the course of 

the protein levels of picked examples from the five categories for the wild type and the ∆sigB 

mutant. The proteins HxlA (hexulose-6-phosphate synthase), Prs (ribose-phosphate 

pyrophosphokinase), Gnd (6-phosphogluconate dehydrogenase) and SAOUHSC_02143 of the 

pentose phosphate pathway showed higher protein levels in the wild type than the ∆sigB mutant 

after internalization. Also the proteins PurC (phosphoribosylaminoimidazole-succinocarboxamide 

synthase), PurS (phosphoribosylformylglycinamidine synthase), and PurK (phosphoribosyl-

aminoimidazole carboxylase) of the de novo purine biosynthesis exhibited higher levels in the wild 

type. As an exception, the protein PurE (phosphoribosylaminoimidazole carboxylase) showed 

higher protein levels in the ∆sigB mutant. Proteins involved in resistance to antibiotics and toxic 

compounds such as FmtA (beta-lactamase family protein), MurF (UDP-N-acetylmuramoyl-

tripeptide-D-alanyl-D-alanine ligase) and FemX (aminoacetyltransferase) were constantly present 

at higher levels in the wild type compared to the ∆sigB mutant after internalization. Protein levels 

of FmtC (oxacillin resistance-related FmtC protein) were lower in the wild type than the ∆sigB 

mutant.  
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Figure 3.26 Trend of protein level changes of selected examples from the metabolic pathways displaying 

differences in protein intensities between the wild type and the ∆sigB mutant. Protein normalized intensities 

(intensity at each sample point of the protein /median protein intensity of the wild type and the ∆sigB mutant 

at all sample points of the protein) are shown for the different time points p.i. (2.5-8.5 h) and the non-

adherent control (non-ad.). The figure was taken from Pförtner et al, 2014. 

 

A different pattern was observed for proteins coping with oxidative stress or proteins active in 

protein quality control/proteolysis. Here, protein levels were mostly higher in the ∆sigB mutant 

compared to the wild type after internalization. For example, the repressor Fur, the superoxide 

dismutase SodA2 and both subunits of the alkylhydroperoxid reductase AhpC and AhpF, all proteins 

coping with oxidative stress, had higher protein levels in the ∆sigB mutant throughout the time 

course of the infection. Proteins dealing with quality control or degradation of proteins like the 

chaperons GrpE and DnaK, the ATPase ClpB, or the proteases ClpX, ClpP and HslV were also present 

in higher levels compared to the wild type. An exception in this category was the chaperone HchA, 

which was present in higher levels in the wild type during the time course of the infection 

experiment (Figure 3.26).         

 

Increased expression of the lysC-asd-dap operon after internalization 

While screening the proteome data, it was noticed that 

the protein levels of five of the eight gene products of 

the lysC-asd-dap operon (Figure 3.27) sharply increased 

immediately after internalization in both the wild type 

and the ∆sigB mutant compared to the non-adherent 

control cells (Figure 3.28).  

This observation was particular interesting because a 35-

kb region containing this operon was discovered as a hot 

spot region for insertions of Tn551 in the S. aureus strain 

SH1000 (Shaw et al, 2006). The transposon insertions led 

to an increased production of α-hemolysin, increased 

extracellular proteolysis and decreased pigmentation. 

All of these insertions seemed to reduce the activity of 

the alternative sigma factor SigB. Six out of the thirteen 

identified Tn-insertion sites were part of the eight gene 

encompassing lysC-asd-dap operon causing the 

phenotypic changes just described (Shaw et al, 2006).  

Figure 3.27 Genetic organization of the lysC-

asd-dap operon. Genes for which an 

insertion of Tn551 has been shown to 

increase exoprotein production in S. aureus 

SH1000 by Shaw et al. (2006) are colored in 

black. The figure is published in Pförtner et 

al, 2014. 
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Figure 3.28 Effect of internalization on the intensity levels of proteins encoded by the lysC-asd-dap operon. 

Intensity level changes of the proteins encoded by the lysC-asd-dap operon in internalized S. aureus HG001 

wild type and ∆sigB mutant during the time course of infection. Protein normalized intensities (intensity at 

each sample point of the protein /median protein intensity of the wild type and the ∆sigB mutant at all sample 

points of the protein) are displayed for the different time points p.i. (2.5-8.5 h) and the non-adherent control 

(non-ad.). The wild type is shown in black and the ∆sigB mutant in gray. The figure is taken from Pförtner et 

al, 2014.  
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The alkaline shock protein Asp23 does not contribute to long-term intracellular survival 

The alkaline shock protein Asp23 has a copy number of more than 25 000 molecules per cell and is 

one of the most abundant proteins in stationary phase S. aureus cells (Maass et al, 2011). Expression 

of the encoding gene asp23 is solely dependent on the alternative sigma factor SigB. Asp23 is thus 

a marker gene for SigB activity (Gertz et al, 1999; Miyazaki et al, 1999).  

In the proteome study, it was observed that the protein level of Asp23 strongly increased after 

internalization of HG001 wild type in S9 bronchial epithelial cells. Therefore, it was interesting to 

investigate if a deletion of the gene asp23 had an effect on the intracellular survival of HG001 in 

A549 epithelial cells. To this end, A549 cells were infected with either the wild type or the ∆asp23 

mutant. At the desired time points p.i., the host cells were lysed and the intracellular bacteria were 

quantified with the Guava easyCyte flow cytometer (Figure 3.29).  

 

 

Figure 3.29 Long-term intracellular survival of S. aureus HG001 wild type and ∆asp23 mutant in A549 

epithelial cells. Titer of S. aureus per ml was quantified at 2.5 h, 4.5 h, 6.5 h, 1 d, 2 d, 4 d, 6 d and 8 d p.i. with 

the Guava easyCyte flow cytometer. Infected A549 cells were lysed with Triton X-100. The cell lysate was 

diluted and the GFP positive events per ml were measured. For a better comparison of the intracellular 

concentration of the wild type and the ∆asp23 mutant, the intracellular bacterial counts were normalized to 

the same concentration at 2.5 h p.i.. Shown is the mean of two infection experiments. The wild type is 

displayed in black and the ∆asp23 mutant in gray. 
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This experiment was performed in cooperation with Marret Müller from the Institute of 

Microbiology Greifswald (Müller, 2015). For a better comparison of the intracellular bacterial titer, 

the bacterial numbers were normalized to the same value at the first sampling point 2.5 hours p.i.. 

The absolute numbers of internalized HG001 wild type and ∆asp23 mutant from biological replicate 

one and two can be found in Supplemental material S6.  

During the time course of the infection, the numbers of intracellular wild type and ∆asp23 mutant 

cells were almost the same (Figure 3.29). The ∆asp23 mutant was present in slightly higher amounts 

throughout the experiment, though. For both strains, intracellular bacterial numbers increased up 

to 6.5 hours p.i., although the cell number of the wild type decreased a little at 4.5 hours p.i.. From 

6.5 hours to eight days p.i., the cell numbers of the wild type and the ∆asp23 mutant decreased 

constantly. This indicated that even if Asp23 is one of the most abundant proteins of S. aureus 

whose levels even increased after internalization in the wild type, it does not provide an advantage 

for the intracellular survival up to eight days p.i. in A549 epithelial cells.          
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3.3 Competitive, simultaneous infection of S9 human bronchial epithelial 

cells with Staphylococcus aureus HG001 and its isogenic Δagr mutant 

 

With the set-up of a simultaneous infection protocol for two S. aureus strains it should become 

possible to analyze the intracellular behavior of these strains in one competitive infection setting. 

In this setting, the impact e.g. of virulence factors or regulators of virulence factors can be directly 

analyzed under competition conditions. Such a co-infection can recreate the heterogeneity of an 

in-vivo infection, because the site of an infection is often diverse in its S. aureus population with 

wild type strains and naturally occurring mutants. For the set-up of the protocol, the S. aureus wild 

type strain HG001 and its isogenic ∆agr mutant were chosen. These strains were selected because 

the agr locus controls the expression of a multitude of S. aureus virulence factors and naturally 

occurring ∆agr mutants were isolated from infection sites together with the wild type strain 

(Shopsin et al, 2008; Traber et al, 2008).  

 

Possible fluorescence color pairs for simultaneous quantification of intracellular 

bacteria by flow-cytometry 

To integrate such a co-infection setting into the established infection workflow, the selected strains 

needed to be labelled with two fluorescent proteins that can be separated by flow cytometry for a 

differential analyzes of the strains. Dr. Jan Liese from the University Medicine Tübingen kindly 

provided four plasmids with the same backbone encoding different fluorescent proteins. The 

plasmid pJL-sar-GFP possesses the gene gfpmut2 encoding the green fluorescent protein (GFP), 

plasmid pJL-sar-VEN contains the gene gpvenus encoding the yellow fluorescent protein (YFP) and 

plasmid pJL-sar-CER includes the gene gpcerulean encoding the cerulean fluorescent protein (CFP). 

All fluorescent proteins were adapted for the expression in Gram-positive bacteria and are under 

the control of the constitutively active sarA P1 promoter (Liese et al, 2013). The fourth plasmid pJL-

agr-mCherry encodes the red fluorescent protein mCherry, which is under the control of the agr P3 

promoter.  

As a first step for the set-up of the protocol, it had to be tested if the available fluorescent proteins 

were detectable in a suitable intensity by flow cytometry. Therefore, the four plasmids were 

transformed into the HG001 ∆agr mutant and the plasmid pJL-agr-mCherry was additionally 

transformed into the wild type. The strains containing the plasmids were cultivated in TSB medium. 

The culture was diluted and the fluorescence intensity was analyzed by flow-cytometry. The 

proteins GFP, YFP, and CFP showed a suitable fluorescence with a peak intensity between 2x103 

and 2x104 (Figure 3.30). Only the protein mCherry displayed almost no fluorescence with a peak 
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fluorescence intensity of only 102. As the fluorescence protein mCherry is under the control of an 

agr promoter it was expected to obtain a very low fluorescence intensity in the ∆agr mutant. 

Therefore, the plasmid was also introduced into the wild type. But also in the wild type only weak 

fluorescence intensity was detectable (Figure 3.30). Hence, the further set-up of the protocol 

concentrated on the fluorescence proteins GFP, YFP and CFP.        

 

 

Figure 3.30 Analysis of the fluorescence intensities of GFP, YFP (VEN), CFP (CER) and mCherry labeled S.aureus 

by flow cytometry. S. aureus HG001 ∆agr mutant expressing the fluorescent proteins GFP, YFP, CFP, and 

mCherry and HG001 wild type expressing mCherry were cultivated in TSB medium until exponential growth 

phase was reached. Bacteria were diluted and analyzed with the flow cytometer FACS Aria IIIu. The 

histograms display the counts of fluorescent events on the Y-axis and the fluorescence intensity measured in 

the respective channel on the X-axis.   

 

As a next step, it was tested which combination of fluorescence proteins was best suited for cell 

separation in an infection experiment with the wild type and the ∆agr mutant. To this end, the ∆agr 

mutant strain variants containing plasmids expressing the fluorescent proteins GFP, YFP and CFP 

were mixed with non-labeled S. aureus cells in different combinations and analyzed by flow-

cytometry. As GFP and YFP were excited with the same laser at 488 nm they could not be separated 
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by flow-cytometry and thus this combination was not analyzed. Both combinations, GFP- with CFP- 

and non-labeled bacteria and YFP- with CFP- and non-labeled bacteria, were adequate 

combinations. The intensity of the fluorescent S. aureus cells was high enough to be separated from 

non-fluorescent S. aureus cells and GFP and YFP could be clearly separated from CFP (Figure 3.31 

A). It was noticed, that a small population representing GFP- and CFP-labeled bacteria and YFP- and 

CFP-labeled bacteria which stick together, appeared in the dot plots. But also these doublets could 

be separated from the pure bacterial population expressing only one fluorescent protein.    

   

 

Figure 3.31 Separation of bacterial mixtures expressing different fluorescent proteins by flow cytometry. 

HG001 ∆agr mutant strains containing plasmids either expressing the fluorescent proteins GFP, cerulean 

(CFP) or venus (YFP) in the backbone of the pJL-sar plasmid, HG001 wild type expressing GFP in the backbone 

of the pMV158 plasmid and non-fluorescent bacteria were grown in TSB medium until exponential growth 

phase was reached. Bacterial cultures were diluted, mixed in different combinations and analyzed by flow-

cytometry. The dot plots display the green fluorescence intensity (FITC) on the Y-axis and the blue 

fluorescence intensity (Alexa 430) on the X-axis. The data represented were compensated to reduce a 

detection of the GFP and YFP signal with the detector of CFP and vice versa. (A) Test for the separation of S. 

aureus expressing different fluorescent proteins. Left: mixture of HG001 ∆agr mutant expressing GFP 

encoded by the plasmid pJL-sar-GFP, HG001 ∆agr mutant expressing CFP encoded by the plasmid pJL-sar-CER 

and non-fluorescent S. aureus. Right: mixture of HG001 ∆agr mutant expressing YFP encoded by the plasmid 

pJL-sar-VEN, HG001 ∆agr mutant expressing CFP encoded by the plasmid pJL-sar-CER and non-fluorescent 

S. aureus. (B) Separation of the S. aureus strains expressing the fluorescent proteins encoded by the plasmids 

planned to use for simultaneous infection experiments. Mixture of HG001 wild type expressing GFP encoded 

by the plasmid pMV158GFP, HG001 ∆agr mutant expressing CFP encoded by the plasmid pJL-sar-CER and 

non-labeled S. aureus.  
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In the co-infection experiment the HG001 ∆agr mutant and the wild type should be used. Because 

the wild type already contains the plasmid pMV158GFP encoding GFP, it was also tested if the wild 

type in combination with the ∆agr mutant expressing CFP was applicable for a co-infection 

experiment.  

The combination of wild type S. aureus expressing GFP encoded by the plasmid pMV158GFP 

permitted the separation from the ∆agr mutant expressing CFP and from non-fluorescent bacteria 

(Figure 3.31 B). Also the doublets composed of GFP and CFP expressing bacteria can be separated 

from the pure bacterial populations.  

In a last step, it was tested if the wild type and the ∆agr mutant can also be sorted simultaneously 

onto membranes of a 96-well plate for direct tryptic on membrane digestion for mass spectrometric 

analysis. Since the simultaneous cell sorting was possible as well, the combination of the wild type 

expressing GFP encoded by the plasmid pMV158GFP and the ∆agr mutant expressing CFP encoded 

by the plasmid pJL-sar-CER was selected for the simultaneous co-infection experiment.  

The testing for the stable maintenance of the plasmids encoding the fluorescence proteins in 

Section 3.1 revealed that that the plasmid pMV158GFP is only stably maintained until three days 

p.i.. Therefore, the simultaneous co-infection experiment was performed until three days p.i..   

 

Simultaneous long-term co- and single infection of S9 human bronchial epithelial cells 

with Staphylococcus aureus HG001 wild type and its isogenic ∆agr mutant 

As a proof of principle, S9 human bronchial epithelial cells were simultaneously infected with the 

wild type expressing GFP and the ∆agr mutant expressing CFP. As a control, a single infection with 

both strains was performed in parallel. Epithelial cells were infected in the co-infection experiment 

with a MOI of 25, 12.5 for each strain, and in the single infection experiment with a MOI of 12.5.  

To visualize the intracellular bacteria during the early phase of the infection and up to three days 

p.i., samples were harvested for fluorescence microscopy 2.5, 4.5, 6.5 hours p.i. and daily until three 

days p.i..  

During early time points, 2.5-6.5 hours p.i., the amount of internalized wild type and ∆agr mutant 

in the single infection setting seemed to be even (Figure 3.32). Both strains had the tendency to 

form clusters inside the epithelial cells, which was most pronounced at 6.5 hours p.i..  

During the early points in time in the co-infection setting it appeared that there were higher 

numbers of ∆agr mutant cells intracellular compared to the wild type. The tendency to build up 

clusters was visible in the co-infection setting as well. The clusters were composed of wild type and 

∆agr mutant cells together (Figure 3.32).  
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At later time points 24-72 hours p.i., it was clearly visible that there were less wild type cells 

intracellular compared to the ∆agr mutant in the single and in the co-infection setting. The 

intracellular bacteria still formed clusters but they were much smaller compared to the cluster size 

at 6.5 hours p.i. (Figure 3.32).  

 

 

2.5 h p.i.

4.5 h p.i.

wild type ∆agr mutant wild type & ∆agr mutant

6.5 h p.i.
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Figure 3.32 Fluorescence microscopy images of HG001 wild type and ∆agr mutant simultaneously or 

separately internalized in S9 epithelial cells at 2.5 h, 4.5 h, 6.5 h, 24 h, 48 h and 72 h p.i.. S9 cells were grown 

and infected with the wild type and/ or the ∆agr mutant on glass cover slips. The f-actin of the S9 cells was 

stained with Alexa Fluor® 586 Phalloidin shown in red and the DNA of the nuclei was stained with Hoechst 

33258 displayed in blue. The wild type expresses GFP and is thus depicted in green. The ∆agr mutant 

expresses CFP and hence, is shown in light blue.  

 

For absolute quantification of the intracellular bacterial titer, the host cells were lysed at the same 

sample points up to three days p.i. as for fluorescence microscopy. The bacterial titer was 

determined with counting beads for the flow cytometer FACS Aria IIIu, which were added directly 

24 h p.i.

48 h p.i.

wild type ∆agr mutant wild type & ∆agr mutant

72 h p.i.

F-actin Nuclei wild type Δagr mutant
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to the cell lysate. From the absolute bacterial counts it was apparent that at 2.5 h p.i. clearly more 

∆agr mutant cells were present intracellularly compared to the wild type (Table 3.2). This indicates 

that the ∆agr mutant seems to be internalized more efficiently by the S9 cells than the wild type. 

Furthermore, the bacterial titer of the ∆agr mutant remained higher compared to the wild type 

throughout the infection time course (Table 3.2). 

 

Table 3.2 Absolute intracellular bacterial concentrations per ml in co-and single infection settings for the wild 

type and the Δagr mutant.  

 Time post infection 

 2.5 h 4.5 h 6.5 h 24 h 48 h 72 h 

Experiment 1 [bacteria/ml] 

wt co-infection 1.17E+04 2.91E+05 4.04E+05 3.71E+05 1.69E+05 2.29E+04 

Δagr co-infection 2.53E+04 1.39E+06 1.61E+06 1.31E+06 9.35E+03 3.04E+05 

wt single infection 2.86E+04 7.95E+05 1.88E+06 1.55E+05 4.16E+04 6.05E+03 

Δagr single infection 6.29E+04 2.65E+06 2.90E+06 2.54E+06 2.59E+06 1.19E+06 

Experiment 2 [bacteria/ml] 

wt co-infection 7.31E+03 1.54E+05 2.81E+05 5.04E+03 5.94E+03 3.53E+03 

Δagr co-infection 1.20E+05 8.25E+05 1.39E+06 2.28E+04 6.75E+04 3.61E+04 

wt single infection 4.38E+03 1.35E+05 1.96E+05 1.89E+03 8.52E+02 6.11E+02 

Δagr single infection 3.16E+05 8.48E+05 1.04E+06 5.54E+05 2.13E+06 2.16E+05 

Average experiment 1 & experiment 2 [bacteria/ml] 

wt co-infection 9.48E+03 2.22E+05 3.43E+05 1.88E+05 8.72E+04 1.32E+04 

Δagr co-infection 7.25E+04 1.11E+06 1.50E+06 6.64E+05 3.84E+04 1.70E+05 

wt single infection 1.65E+04 4.65E+05 1.04E+06 7.82E+04 2.12E+04 3.33E+03 

Δagr single infection 1.89E+05 1.75E+06 1.97E+06 1.55E+06 2.36E+06 7.04E+05 

 

The intracellular bacterial titer for all samples was normalized to the same value at 2.5 hours p.i.. 

Thereby, the trend of the intracellular bacterial titer of the wild type and the ∆agr mutant in the 

single and the co-infection setting was visible more clearly. From 2.5 to 6.5 hours p.i. the numbers 

of intracellular bacteria increased in both infection settings and for both strains (Figure 3.33). From 

6.5 hours to 72 hours p.i. the intracellular bacterial concentrations decreased in both settings and 

also for both strains.  

The wild type showed the strongest increase in cell numbers in the co- and in the single infection. 

From 2.5 hours to 6.5 hours p.i., the wild type was able to fulfill about six doublings in the single 

infection and about five doublings in the co-infection. During this time, the ∆agr mutant performed 

only about three doublings in the single infection and about four doublings in the co-infection 

(Figure 3.33).  

In the single infection setting, the wild type showed the strongest decline until three days p.i.. At 

72 hours p.i. only 0.3% from the bacterial amount at 6.5 hours p.i. were still present. The decline of 
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the intracellular concentration of the wild type in the co-infection setting was less pronounced. At 

three days p.i., 4% from the bacterial amount at 6.5 hours p.i. were still countable.  

The decline in the intracellular concentration for the ∆agr mutant was less distinct than for the wild 

type. At three days p.i. 11% of the ∆agr mutant in the co-infection setting and 36% in the single 

infection setting from the bacterial amount at 6.5 hours p.i. were still present intracellular.  

Overall in the co- and in the single infection setting, the wild type was able to duplicate more often 

compared to the ∆agr mutant during the first hours p.i., but the ∆agr mutant was able to survive 

inside the host cells in higher numbers compared to the wild type until three days p.i. (Figure 3.33).   

 

 

Figure 3.33 Long-term intracellular survival of S. aureus HG001 wild type and ∆agr mutant in S9 epithelial 

cells infected simultaneously or separately with both strains. Titer of intracellular S. aureus cells per ml was 

quantified at 2.5 h, 4.5 h, 6.5 h, 1 d, 2 d and 3 d p.i. by flow-cytometry with counting beads. Infected S9 cells 

were lysed with Triton X-100. Counting beads were added to the cell lysate whereby the amount of GFP and 

CFP positive bacteria could be quantified. The intracellular bacterial concentrations were normalized to the 

same concentration at 2.5 h p.i. for a better comparison of the bacterial titer throughout the experiment. 

Shown is the average of two infection experiments. The wild type is displayed in black and the ∆agr mutant 

in gray. The co-infection is shown in a continuous line and the single infection in a dashed line.  
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3.4 Comparison of culture supernatants from Staphylococcus aureus LS1 

wild type and its isogenic mutants lacking global regulators of virulence 

factors 

 

The analysis of culture supernatants from S. aureus LS1 wild type and its isogenic ∆sigB, ∆agr, ∆sarA, 

∆agr/∆sarA, ∆sigB/∆agr, ∆sigB/∆sarA and ∆sigB/∆agr/∆sarA mutants was part of a project in 

cooperation with Prof. Löffler from the Institute of Medical Microbiology of the University Hospital 

Jena. They found out that the formation of dynamic small colony variants (SCVs) enables the 

bacteria to hide inside host cells. But the SCVs can also rapidly revert to the fully aggressive wild 

type phenotype to establish a recurrent infection. Thus, the pathogen-host interaction must be very 

dynamic and most likely requires global transcriptional changes (Tuchscherr et al, 2011). The aim 

of this study was to investigate the regulatory factors that enable the dynamic infection and 

adaption strategies. Therefore, Tuchscherr et al. performed in vitro and in vivo infection 

experiments with the LS1 wild type and its isogenic mutants. The main results of the study were: 

(1) the agr- and sarA-systems are required for inflammation and cytotoxicity, (2) SigB is required 

for the formation of SCVs, (3) the agr- and sarA-systems need to be silenced for intracellular 

persistence, (4) an active agr- and/or sarA-system is required for lysosomal escape, and (5) the 

global regulators Agr, SarA and SigB are all required to efficiently establish an infection in vivo 

(Tuchscherr et al, 2015).   

The analysis of the extracellular proteome of the wild type and its isogenic mutants was performed 

to further support the experimental findings. The analyses were focused on culture supernatants, 

because SigB, SarA, and the agr locus control a multitude of S. aureus virulence factors, which are 

mostly located in the extracellular compartment to interact with tissues and host cell factors.      

 

Parts of the proteome data are published in Tuchscherr et al, 2015.  

 

Growth behavior of LS1 wild type and its isogenic mutants  

The experiments with LS1 wild type and its isogenic mutants were performed in two sets for the 

proteome analysis of the culture supernatants. The first set included the wild type and the ∆sigB, 

∆agr, ∆sarA, ∆agr/∆sarA mutants. The second set encompassed for control reasons again the wild 

type and the ∆sigB/∆agr, ∆sigB/∆sarA, ∆sigB/∆agr/∆sarA mutants. The growth curves show that 

the wild type and the mutants exhibited a very similar growth behavior (Figure 3.33). Only the 

∆agr/∆sarA and the ∆sigB/∆sarA mutants exhibited a slower growth than the other strains with an 

average generation time in the exponential phase of about 40 minutes (Table 3.3). Unexpectedly, 
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the generation time during the exponential phase was a few minutes shorter in the first set of 

strains than in the second set, if wt 1 is compared to wt 2 (Table 3.3). All strains reached a similar 

OD in stationary phase (Figure 3.34).  

 

 

Figure 3.34 Growth behavior of LS1 wild type and its isogenic mutants in TSB medium. TSB cultures were 

inoculated with an exponentially growing pre-culture and the growth at an OD at 600 nm was monitored for 

10-13 hours. Depicted is the average OD of three experiments.  

 

Table 3.3 Average generation time in the exponential growth phase of LS1 wild type and its isogenic 

mutants in TSB medium. 

Strain 
Average generation time in  

exponential growth phase [min.] 
Standard deviation 

wt 1 28.1 ± 2.5 
∆sigB 27.5 ± 1.0 
∆agr 29.4 ± 1.1 

∆sarA 34.6 ± 2.5 
∆agr/∆sarA 40.9 ± 8.4 

wt 2 32.5 ± 0.9 
∆sigB/∆agr 35.2 ± 2.1 

∆sigB/∆sarA 39.9 ± 5.9 
∆sigB/∆agr/∆sarA 35.3 ± 2.4 
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Normalization of proteome data 

The mass spectrometric analyses were also performed in two sets. For a direct comparison of the 

protein intensities of the wild type and its isogenic mutants of the two sets, it was necessary to 

normalize the protein intensities to exclude variations due to technical parameters. The box plots 

displayed in figure 3.35 A represent the variations of the protein intensities between the strains. 

After the median-median normalization was performed with the software Genedata Analyst the 

median protein intensities of the strains were shifted to the same value (Figure 3.35 B).  

 

 

Figure 3.35 Normalization of protein intensities obtained from nLC-MS/MS measurements. (A) Prior to 

median-median normalization. (B) After median-median normalization. The median protein intensity from all 

strains is used as a target value to shift the median protein intensity from each strain to this target value.  

 

With the normalized protein intensities, a principal component analysis (PCA) was performed. The 

PCA revealed that the mutants with a deletion of sarA, e.g. ∆sarA, ∆sarA/∆agr, ∆sigB/∆sarA, 

∆sigB/∆agr/∆sarA were all shifted to the right in the first component (Figure 3.36). This implies that 
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deletion of sarA changed the extracellular proteome to a great extent causing the formation of a 

cluster of the ∆sarA single-, double- and triple mutants in the PCA apart from the wild type and the 

other mutants.        

 

 

Figure 3.36 Variation of the composition of the secretomes from LS1 wild type and its isogenic mutants. The 

principal component analysis was performed with the normalized protein intensities. Component one 

accounts for 52.5% of the variations and component two for 19.0% of the variations.  

 

Enrichment of extracellular proteins from cell culture supernatants  

The PSORTdb database is a tool for the prediction of the subcellular protein localization in the cell. 

For the S. aureus strain NCTC8325, which was used as a template for the protein identifications of 

the nLC-MS/MS data of S. aureus LS1, the predicted localization of 2892 proteins can be found in 

PSORTdb.   

     

 

Figure 3.37 Subcellular localization of the proteins from the S. aureus strain NCTC8325 according to the 

PSORTb prediction version 3.00. The number of proteins in percent from 2892 proteins is displayed with a 

predicted localization in the categories extracellular, cell wall, cytoplasmic membrane, cytoplasmic or without 

a significant prediction.  
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The largest proportion (46.0%) of the proteins in the database are cytoplasmic proteins. 27.0% of 

the proteins are localized in the cytoplasmic membrane, 1.5% in the cell wall and 3.7% are 

extracellular proteins (Figure 3.37). For 21.9% of the proteins the prediction could not be clearly 

defined. They are therefore called proteins with no significant prediction. 

For the prediction of the subcellular localization of the identified proteins from the wild type and 

the mutants, the PSORTdb database was used. For the analysis of the MS/MS raw data, an 

alignment of the spectra was performed to increase the amount of identified proteins. Thus, the 

same amount of proteins with varying protein intensities were identified in the wild type and the 

mutants. Because only the culture supernatants were examined, an enrichment of extracellular and 

surface associated proteins was expected. But the analysis of the data based on protein numbers 

in the subcellular compartments did not show a clear enrichment of extracellular proteins (Figure 

3.38 A).  

 

 

Figure 3.38 Subcellular localization of the proteins identified in culture supernatants of LS1 wild type and its 

isogenic mutants according to the PSORTb prediction. (A) Number of proteins belonging to one of the 

different PSORT categories in percent from the total protein amount identified in the culture supernatants. 

Proteins in the different categories were summed up and the percentage from the total protein amount was 

calculated. (B) Protein intensities of the proteins belonging to one of the different PSORT categories in percent 

from the total protein intensities of all identified proteins in the culture supernatants of the respective strains 

analyzed. The intensities of the proteins in the different categories were summed up and the percentage from 

the total protein intensity of the respective strain was calculated.  
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The largest fraction of identified proteins was assigned to the cytoplasm with 67.1% of the total 

protein amount (Figure 3.38 A). The extracellular and cell wall associated proteins were slightly 

enriched with 6.2% and 3.1% compared to the percentage in the PSORT database (Figure 3.37). 

Proteins localized in the cytoplasmic membrane and proteins with no significant prediction were 

underrepresented with 8.5% and 15.1% in this approach (Figure 3.38 A).    

However, while analyzing the intensities of the proteins in the PSORT categories, an enrichment of 

the extracellular fraction became apparent. Extracellular proteins represented only 6.2% of the 

total protein numbers. On intensity level, though, these 6.2% comprised between 11.7% and 40.1% 

of the total protein intensities (Figure 3.38 B). Also proteins belonging to the category “cell wall” 

were accumulated with a percentage between 4.8% and 31.8%. With a percentage between 27.3% 

and 68.6% of the total protein intensities, the cytoplasmic proteins still form a large group, perhaps 

indicating some cell lysis. Proteins localized in the cytoplasmic membrane constitute the smallest 

fraction in all strains. The category proteins with “no significant prediction” comprised about the 

same percentage in protein numbers (15.1%) and protein intensities (7.3-15.3%) (Figure 3.38).         

 

Quantification and functional categorization of proteins identified in culture 

supernatants of LS1 wild type and its isogenic mutants 

For a reliable protein identification, at least two proteolytic peptides per protein or one peptide 

with a protein sequence coverage of at least 10 percent had to be present. With these criteria 614 

proteins could be identified from the culture supernatants of the wild type and its isogenic mutants. 

For relative protein quantification, the ratio of the protein intensity of the wild type versus the 

mutants was calculated. A protein with an at least twofold change of the ratio was assumed to be 

up- or down-regulated in comparison to the wild type. Because the culture supernatants of the 

strains were analyzed and not the complete proteome, only quantitative statements about the 

extracellular and surface associated proteins could be made. Therefore, proteins belonging to the 

PSORTdb category “cytoplasmic” were excluded from further interpretation of the data. Proteins 

from the PSORTdb category “no significant prediction” which were categorized by the database 

LocateP as cytoplasmic and contained no predicted signal peptide and no predicted transmembrane 

helices were excluded as well. After these exclusions 127 proteins remained for the comparative 

analysis. A table with proteins categorized as “cytoplasmic” and a table with proteins predicted to 

be localized extracellular, in the cell wall, or the cytoplasmic membrane can be found in 

Supplemental material S7 and S8.  

Table 3.4 summarizes the amounts of proteins with a fold change of the protein intensity between 

the wild type and the mutant of at least two in the different mutants without the cytoplasmic 
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proteins. Among the single mutants, the ∆sarA mutant was the one with the largest amount of 

proteins with a twofold changed protein level (51.9%) (Table 3.4 and Figure 3.39).  

      

Table 3.4 Summary of protein counts with a fold change of the protein 

intensity between the wild type and the mutant of at least two.    

Mutant strain 
Numbers of proteins with a 

fold change of ≥ 2 

∆sigB 38 
∆agr 29 

∆sarA 67 
∆agr/∆sarA 84 
∆sigB/∆agr 45 

∆sigB/∆sarA 85 
∆sigB/∆agr/∆sarA 68 

 

 

 

Figure 3.39 Protein amounts identified in culture supernatants of the respective mutant strain with increased, 

decreased, or non-changed protein level compared to the wild type. Proteins were described as increased or 

decreased in their protein level if the ratio of the protein intensity of the wild type versus the mutant showed 

at least a twofold change. Proteins with a ratio bellow a twofold change were specified as non-changed in 

their protein level. Protein counts in the groups of increased, decreased or non-changed protein level were 

summed and the percentage of the total protein amount was calculated. For calculation of the total protein 

amount the individual intensity values of all extracellular proteins identified in the culture supernatants was 

summed up.    

 

The smallest amount of proteins with a twofold changed protein level was found in the ∆agr mutant 

with 29 proteins (22.5%). The ∆agr/∆sarA and the ∆sigB/∆sarA double mutants contained the 

largest amount of proteins with a twofold changed protein level (Table 3.4 and Figure 3.39). About 

65% of the proteins possessed a twofold changed protein level in these mutants (Figure 3.39). 

Surprisingly, in the triple mutant fewer proteins possessed a twofold changed protein level than in 
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the ∆agr/∆sarA and the ∆sigB/∆sarA double mutants, an effect which is probably caused by 

compensating effects in the regulatory network. In all mutants except the ∆sigB mutant, more 

proteins were present at decreased levels than proteins with increased levels compared to the wild 

type (Figure 3.39). This means that the expression of most of the genes encoding these proteins is 

positively influenced by their corresponding regulator.     

For a functional characterization of the quantified proteins from the culture supernatants, the 

proteins were assigned to the categories of the SEED annotation. The proteins analyzed were 

distributed among the groups: “amino acids and derivatives”, “carbohydrates”, “cell division and 

cell cycle”, “cell wall and capsule”, “cofactors, vitamins, prosthetic groups, pigments”, “fatty acids, 

lipids, and isoprenoids”, “iron acquisition”, “membrane transport”, “metabolism”, “nucleosides and 

nucleotides”, “phages, prophages, transposable elements, plasmids”, “regulation and cell 

signaling”, “respiration”, “stress response”, and “virulence, disease, and defense” (Figure 3.40). 

 

 

Figure 3.40 Functional categorization of proteins quantified from culture supernatants. Proteins quantified 

from culture supernatants, without cytoplasmic proteins, were assigned to the categories of the SEED 

annotation. 

 

It is clearly visible that the category with the highest number of proteins is “virulence, disease and 

defense”. This was expected, as most of the S. aureus virulence factors are secreted or surface 

associated proteins. Well described examples of this category are the fibronectin binding proteins 

(FnBPA, FnBPB), protein A (Spa), α-hemolysin (Hla) or γ-hemolysin (HlgB, HlgC). Proteins 
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contributing to S. aureus pathogenicity were also found in other categories aside from “virulence, 

disease, and defense”.  

The category “metabolism” encompasses proteins from sulfur, DNA, RNA, and protein metabolism. 

The immunodominant antigen B (IsaB) and extracellular proteases like the cysteine protease SspB 

or the V8 serine protease SspA were also present in this category. IsaB holds a nucleic acid binding 

capacity and is able to induce an antibody response during septicemia (Mackey-Lawrence et al, 

2009; Mackey-Lawrence & Jefferson, 2013). The proteases are able to degrade host tissue and may 

facilitate the spread of infections to adjoining tissues (Lowy, 1998).  

Known virulence factors of the category “fatty acids, lipids, and isoprenoids” are the lipases Lip and 

Geh, whose specific role in the virulence of S. aureus is not yet known. The phosphatidylinositol 

phosphodiesterase Plc from this group is a known virulence factor in Listeria monocytogenes and 

also in S. aureus it seems to contribute to the pathogenicity (Camilli, 1991; White et al, 2014).  

A large group with 17 proteins represents the category “cell wall and capsule” (Figure 3.40). 

Proteins important for cell wall turn over, e.g. the peptidoglycan hydrolases LytM and LytN, or 

crosslinking of peptidoglycan, e.g. the penicillin binding proteins PbpA, Pbp2, Pbp3 were assigned 

to this category. Because of its function as a putative transglycosylase is the immunodominat 

antigen A (IsaA) also a member of this category (Stapleton et al, 2007).  

Proteins of the category “iron acquisition” are important for S. aureus because of their role in the 

supply of this essential cofactor. Proteins involved in iron acquisition are, e.g., SirA, which is part of 

the iron ABC transporter system sirABC, or the iron regulated surface determinant A (IsdA), which 

is a cell wall anchored heme binding protein (Maresso & Schneewind, 2006).  

Virulence associated proteins of the category “membrane transport” are members of the ESAT-6-

like secretion system EsxA and EsaA, whereby EsaA is involved in the secretion of EsxA (Burts et al, 

2005).  

The category “regulation and cell signaling” contains the protein SaeP, which is important for 

reducing the activity of the two component regulatory system SaePQRS by activating the 

phosphatase activity of SaeS (Jeong et al, 2012).  

The two proteins of the category “stress response” are the superoxide dismutase SodA and SodM, 

which protect S. aureus against reactive oxygen species (Karavolos et al, 2003).  

A large group with 11 proteins is the category with proteins of unknown function (Figure 3.40). Eight 

of these proteins are present in more than 40 S. aureus strains of the pan genome encompassing 

49 sequenced strains provided by the AureoWiki repository (http://www.protecs.uni-

greifswald.de/aureowiki/Main_Page). Two proteins were described as putative membrane proteins 

(SAOUHSC_01704 and SAOUHSC_01971) and one as a putative hydrolase (SAOUHSC_01701). Two 
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proteins of this category were candidates for potential virulence associated proteins due to their 

description from the pan genome. The protein SAOUHSC_01944, which is described as a putative 

beta-lactamase and protein SAOUHSC_01005 termed chitinase B with an immunoglobulin-like 

domain. The other proteins from this group were described as hypothetical proteins. 

 

Virulence associated proteins from the culture supernatants differ in abundance 

To obtain a better overview on the protein levels of the virulence associated proteins in each 

mutant strain, a heat map with log2-ratios of the wild type versus the mutants of selected virulence 

associated proteins was generated. The virulence associated proteins were subdivided into groups 

of “adhesins and surface proteins”, “extracellular enzymes”, and “toxins, hemolysins, and 

superantigens”.   

Looking at the heat map, it becomes clear that “adhesins and surface proteins” were in general 

present at decreased protein levels in the mutants compared to the wild type (Figure 3.41). An 

exception were the extracellular adherence protein (Eap), the extracellular matrix-binding protein 

homologue (Ebh), and the S. aureus surface proteins SasC and SasG, which were present at 

increased protein levels in some of the mutants in comparison to the wild type.   

Proteins of the subgroup “extracellular enzymes” were in general present at increased protein 

levels in the culture supernatants of the mutants in comparison to the wild type with the exception 

of the Δagr and the ΔsigB/Δagr mutants (Figure 3.41). It was recognizable that the level of 

extracellular enzymes was mostly not affected by the mutations or slightly decreased in protein 

level in these two mutants.  

The two lipases Geh and Lip were, unlike the other extracellular enzymes, not found in increased 

amounts compared to the wild type. They either did not display any changes in level or were present 

at lower amounts in the culture supernatants of the mutants.  

In the subgroup of “toxins, hemolysins, and superantigens” almost all proteins were present at 

increased protein levels in the ΔsigB mutant. The hemolysins Hla, Hlb, HlgB, and HlgC were found 

at decreased protein levels in all the mutants except for the ΔsigB mutant (Figure 3.41). The 

S. aureus bi-component toxins LukE-LukD and LukF-LukS were mostly present at elevated protein 

levels in the mutants compared to the wild type (Figure 3.41).  
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Figure 3.41 Heat map of virulence associated proteins belonging to the groups: “adhesins and surface 

proteins”, “extracellular enzymes”, and “toxins, hemolysins, and superantigens”. Log2-ratios of the wild type 

versus the mutants are shown. Expression ratios are color coded: proteins with increased levels in the 

mutants are shaded in red and proteins with decreased levels in the mutants are shaded in green. Proteins 

displaying no changes in protein levels between the wild type and the mutant are colored black. 
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Proteins for which opposite effects were observed by inactivation of Agr, SarA and SigB 

The main conclusion drawn from the investigation of the interplay of the regulators was that for 

intracellular persistence of S. aureus the Agr-and SarA-regulated factors had to be silenced and that 

an intact SigB-system is required (Tuchscherr et al, 2015). Therefore, the proteome data were 

searched for proteins, for which opposite changes in protein levels were observed in the culture 

supernatants of the ΔsigB mutant and the ∆agr, ∆sarA, and ∆agr/∆sarA mutants.  

Table 3.5 lists all quantified proteins from the culture supernatants with either increased protein 

levels in the ΔsigB mutant and decreased levels in the ∆agr, ∆sarA, and ∆agr/∆sarA mutants or 

decreased protein amounts in the ΔsigB mutant and increased protein amounts in the ∆agr, ∆sarA, 

and ∆agr/∆sarA mutants. These proteins represent factors that may play a role for long term 

survival of LS1 inside host cells.  

Out of the 27 potential candidates, 23 proteins were present at increased protein levels in the ΔsigB 

mutant and at decreased protein levels in the ∆agr, ∆sarA, and ∆agr/∆sarA mutants (Table 3.5). 

Among these proteins were virulence factors as lipases (Geh, Lip) and hemolysins (Hla, Hlb, Hlg) and 

the S. aureus surface proteins SasD, SasG, and SasH.  

However, also many proteins involved in cell wall metabolism were among these proteins like the 

bifunctional autolysin Atl, the lipoteichoic acid synthase LtaS, the cell wall amidase LytH, the glycyl-

glycine endopeptidase LytM, the peptidoglycan hydrolase Sle1, the unknown N-acetylmuramoyl-L-

alanine amidase domain-containing protein SAOUHSC_02979, and the immunodominant antigen 

IsaA, which was demonstrated to be a putative lytic transglycosylase (Stapleton et al, 2007).  
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Table 3.5 Summary of proteins with opposite effects of mutations in sigB, agr, and sarA.  

Locus-tag 
Protein  
name 

Protein description 

Protein  levela 

∆sigB ∆agr ∆sarA ∆sarA/∆agr 

SAOUHSC_00364 AhpF 
Alkyl hydroperoxide 
reductase subunit F 

↓ ↑ ↑ ↑ 

SAOUHSC_00994 Atl Bifunctional autolysin  ↑ ↓ ↓ ↓ 

SAOUHSC_00921 Fab 3-Oxoacyl- synthase ↓ ↑ ↑ ↑ 

SAOUHSC_00708 FruA Fructose specific permease ↑ ↓ ↓ ↓ 

SAOUHSC_00300 Geh 
Lipase 2, glycerol ester 
hydrolase 

↑ ↓ ↓ ↓ 

SAOUHSC_01121 Hla α-Hemolysin ↑ ↓ ↓ ↓ 

SAOUHSC_02240 Hlb β-Hemolysin ↑ ↓ ↓ ↓ 

SAOUHSC_02710 HlgB γ-Hemolysin component B ↑ ↓ ↓ ↓ 

SAOUHSC_02709 HlgC γ-Hemolysin component C ↑ ↓ ↓ ↓ 

SAOUHSC_02887 IsaA 
Immunodominant antigen 
A 

↑ ↓ ↓ ↓ 

SAOUHSC_03006 Lip 
Lipase 1, glycerol ester 
hydrolase 

↑ ↓ ↓ ↓ 

SAOUHSC_00728 LtaS Lipoteichoic acid synthase  ↑ ↓ ↓ ↓ 

SAOUHSC_01739 LytH Cell wall amidase LytH  ↑ ↓ ↓ ↓ 

SAOUHSC_00248 LytM 
Glycyl-glycine 
endopeptidase 

↑ ↓ ↓ ↓ 

SAOUHSC_00717 SaeP 
Electron transfer DM13 
family protein 

↑ ↓ ↓ ↓ 

SAOUHSC_01873 SasC Surface protein C ↓ ↑ ↑ ↑ 

SAOUHSC_00094 SasD Surface protein D ↑ ↓ ↓ ↓ 

SAOUHSC_02798 SasG Surface protein G ↑ ↓ ↓ ↓ 

SAOUHSC_00025 SasH Surface protein H ↑ ↓ ↓ ↓ 

SAOUHSC_00634 SitA 
ABC transporter, substrate-
binding protein 

↑ ↓ ↓ ↓ 

SAOUHSC_00427 Sle1 Peptidoglycan hydrolase  ↑ ↓ ↓ ↓ 

SAOUHSC_02883 SsaA 
Staphylococcal secretory 
antigen 

↑ ↓ ↓ ↓ 

SAOUHSC_00256 
SsaA-

putative 
Staphylococcal secretory 
antigen, putative 

↑ ↓ ↓ ↓ 

SAOUHSC_02308 YdbT Hypothetical protein ↓ ↑ ↑ ↑ 

SAOUHSC_00617  Hypothetical protein ↑ ↓ ↓ ↓ 

SAOUHSC_02776  Hypothetical protein ↑ ↓ ↓ ↓ 

SAOUHSC_02979   
N-acetylmuramoyl-L-
alanine amidase domain-
containing protein 

↑ ↓ ↓ ↓ 

a Proteins with increased (↑) or decreased (↓) protein levels in the ΔsigB mutant or opposed increased or 

decreased protein levels in the ∆agr, ∆sarA, and ∆agr/∆sarA mutants. Highlighted in gray are increased or 

decreased protein amounts from the culture supernatants with an at least twofold change compared to the 

wild type.  
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3.5 Comparative profiling of the secretomes of Staphylococcus aureus 

6850, CowanI, HG001, LS1, SH1000, and USA300 by mass spectrometry 

 

The analysis of culture supernatants of S. aureus 6850, CowanI, HG001, LS1, SH1000, and USA300 

was also part of a project that was performed in cooperation with Prof. Löffler from the Institute of 

Medical Microbiology of the University Hospital Jena. During cell culture infection experiments, the 

Löffler group observed S. aureus strain specific and cell line specific differences in the host-

pathogen interactions. S. aureus virulence factors, which can account for differences in the 

internalization rate or the intracellular survival, are present in the extracellular space of the 

bacteria. Therefore, the comparative analysis of the secretomes of the S. aureus strains should 

provide further insight into the different behavior of the strains in the infection experiments.   

A challenge for the proteome analysis was that the strains CowanI and LS1 have not been 

sequenced yet. Therefore, strain specific databases for the protein identifications of the mass 

spectrometric data were not available for these strains.  

However, in his Master’s Thesis Daniel Eschner developed a pan proteome database for the protein 

identification of mass spectrometric data. The database includes protein sequences of 77 S. aureus 

strains. To condense the database, the proteins from the different strains are grouped according to 

their gene orthology. All proteins in one orthologous group were tryptically digested in silico and 

the unique tryptic peptides were concatenated to generate one artificial protein per group 

(Eschner, 2015).  

Because the pan proteome database was not tested before, the results of the protein identifications 

from the pan proteome database were compared to the results of protein identifications with the 

available strain specific databases (Figure 3.42 and Supplemental material S9-S12).  

 

 

Figure 3.42 Overlap of the protein identifications with the strain specific database and with the pan proteome 

database. The numbers of proteins identified with the strain specific database are depicted in black circles 

and the numbers of identified proteins with the pan proteome database are represented in gray circles.  
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The comparison showed that the overlap of the protein identifications obtained with the different 

databases was between 87%-96%. Hence, the pan proteome database was used for identifications 

of proteins from the culture supernatants of the six S. aureus strains.      

 

Growth behavior of Staphylococcus aureus strains  

The S. aureus strains were cultivated in TSB medium. During mid exponential phase, samples from 

the culture supernatants were taken for comparative proteome analysis of the secreted proteins of 

the different S. aureus strains. From the growth curves and the average generation time in the 

exponential growth phase, it becomes evident that the strains show a very similar growth behavior, 

except for strain LS1 (Figure 3.43 and Table 3.6). This strain reached a much lower optical density 

in the stationary phase compared to 6850, CowanI, HG001, SH1000, and USA300 (Figure 3.43).  

 

 

Figure 3.43 Growth behavior of the S. aureus strains CowanI, LS1, SH1000, USA300, 6850 and HG001 in TSB 

medium. TSB cultures were inoculated with an exponentially growing pre-culture and the growth was 

monitored for 10-12 hours at an OD at 600 nm.   
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Table 3.6 Average generation time in exponential growth phase of the S. aureus strains in TSB medium. 

 6850 CowanI HG001 LS1 SH1000 USA300 

Average generation 
time in exp. growth 

phase [min.] 
30.9 29.0 28.8 29.9 28.8 28.1 

Standard deviation ± 0.9 ± 3.5 ± 0.8 ± 1.0 ± 2.4 ± 0.8 

 

Quantification and normalization of the intensities of identified proteins  

To compare the extracellular proteome of the six S. aureus strains, a label free proteome approach 

was applied. Nevertheless, to compare the protein amount of the strains the protein levels were 

quantified with an altered method of the top3 protein quantification approach described by Silva 

and colleagues (Silva et al, 2006). These authors demonstrated that the average of the three highest 

peptide intensities of a protein is representative of the amount of protein present in the sample.  

In the altered approach, not only three peptides per protein were used for quantification but also 

two peptides and one peptide per protein. That this topN method is also suitable for protein 

quantification was demonstrated by Grossman and colleagues (Grossmann et al, 2010).  

In this analysis one peptide per protein was used for quantification, if this peptide was also assigned 

to the same protein in at least one other S. aureus strain.  

If a peptide was uniquely identified in one strain only, it had to reach a protein sequence coverage 

of at least ten percent to be included in the analysis. Two peptides per protein were always used 

for quantification.  

With these criteria it was possible to identify and quantify 855 proteins from the culture 

supernatants of the six S. aureus strains. For a direct comparison of the quantified protein levels, 

the protein intensities were median-median-normalized to correct for technical variations. To do 

so, the median protein intensity from the data set was calculated and the median protein intensity 

from each strain was shifted to this value by multiplication with an appropriate correction factor 

(Figure 3.44).  
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Figure 3.44 Normalization of protein intensities obtained from nLC-MS/MS measurements. (A) Prior to 

normalization. (B) After median-median normalization. The median protein intensity of all proteins is used as 

a target value to shift the median protein intensity from each strain to this target value by multiplication with 

an appropriate correction factor. 

 

Enrichment of extracellular proteins from culture supernatants 

To verify the enrichment of extracellular proteins from the culture supernatants, the subcellular 

protein localization of the proteins was predicted by PSORTdb. Only seven to ten percent of the 

quantified proteins from the culture supernatants belonged to the category “extracellular 

proteins”. Between three and five percent were predicted to be localized in the cell wall and about 

ten percent in the cytoplasmic membrane. No significant prediction was possible for 12%-16% of 

the proteins. The largest amount of proteins, between 60%-67%, were predicted to be localized in 

the cytoplasm (Figure 3.45 A).  
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Figure 3.45 Subcellular localization of proteins quantified from culture supernatants of S. aureus strains 6850, 

CowanI, HG001, LS1, SH1000, and USA300 according to the PSORTdb prediction. (A) Numbers of proteins in 

the different PSORT categories in percent of the total number of proteins identified from the culture 

supernatants. Proteins belonging to one of the categories were summed up and the percentage of the total 

protein numbers was calculated. (B) Protein intensities of proteins in the PSORT categories in percent of the 

total protein intensities of all identified proteins from the culture supernatants of the respective strains 

analyzed. The intensities of the proteins belonging to one of the categories were summed up and the 

percentage of the total protein intensity of the respective strain was calculated.  

 

This was an unexpected result, because by precipitating proteins from the culture supernatants, an 

enrichment of extracellular proteins should have been observable. But it could well be that a large 

number of proteins could account for only a small fraction of protein intensities. Therefore, the 

protein intensities of the proteins from the different subcellular localizations were summed up. And 

indeed, the extracellular proteins may only account for about 10% of the total number of proteins 

observed, but they represent between 33%-54% of the total protein intensities (Figure 3.45). 
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intensities. Cytoplasmic membrane proteins possessed only between four and seven percent of the 

total protein intensities. Proteins predicted to be localized in the cytoplasm account for between 

16%-45% of the total protein intensities. And proteins without a clear prediction for their 

subcellular localization hold between seven and eighteen percent (Figure 3.45 B). This shows that 

extracellular proteins were clearly enriched in the culture supernatants.         

Because the aim of this analysis was to compare the extracellular proteome of the six S. aureus 

strains, proteins predicted to be localized in the cytoplasm by PSORT and LocateP were excluded 

from further analysis. Proteins without a significant prediction for their subcellular localization by 

PSORT that were predicted to be localized in the cytoplasm by LocateP, possessed no predicted 

signal peptide and no transmembrane helices were excluded from further analysis as well. A table 

including the proteins predicted to be localized in the cytoplasm is presented in Supplemental 

material S13.  

However, an exception was made for δ-hemolysin and for the phenol soluble modulins, since it was 

reported in the literature that these proteins are secreted by their own secretion mechanism (Otto, 

2014b). Therefore, the phenol soluble modulins and δ-hemolysin were included in the analysis as 

extracellular proteins. Without the cytoplasmic proteins, 235 proteins from the extracellular milieu, 

the cell wall or the cytoplasmic membrane were included in further analysis. Table 3.7 summarizes 

the amount of proteins included for further analysis of each strain. 

 

Table 3.7 Numbers of quantified proteins, without cytoplasmic proteins, from culture supernatants of the 

S. aureus strains. 

 6850 CowanI HG001 LS1 SH1000 USA300 

Protein amounts 159 154 130 183 162 155 

 

Staphylococcus aureus strains can be divided into two groups according to their protein 

levels of the extracellular proteins 

The quantified protein intensities of the proteins from the culture supernatants without the 

cytoplasmic proteins from each strain were used to generate a correlation plot in order to find out 

similarities of the extracellular proteome of the strains. The correlation plot revealed, that the 

strains CowanI, HG001, and SH1000 among themselves and 6850, LS1, and USA300 among 

themselves showed a high correlation in their protein intensities (Figure 3.46). This indicates that 

these strains share similar protein intensities in the extracellular proteome and therefore, the 

strains were divided into two groups: group A encompasses the strains CowanI, HG001, and SH1000 

and group B contains the strains 6850, LS1, and USA300.  
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Figure 3.46 Correlation plot of the protein intensities from culture supernatants of the S. aureus strains 6850, 

CowanI, HG001, LS1, SH1000, and USA300. The darker the shades of blue are, the higher is the correlation 

between the protein intensities of the respective strains. Framed in black are the groups of strains with the 

highest correlation. The grouping of the strains is also indicated by the hierarchical clustering dendrogram. 

 

In order to compare the grouping of the S. aureus strains on protein level to genome level the 

genome distance of the strains was calculated. The S. aureus strains HG001 and SH1000, which have 

not been sequenced yet, descend from S. aureus NCTC8325. Therefore, for the genome distance 

calculation S. aureus NCTC8325 was used as a representative for HG001 and SH1000. The S. aureus 

strains CowanI and LS1 have also not been sequenced yet. Thus, the genome distance of S. aureus 

USA300_FPR3757 and 6850 was calculated to NCTC8325 as reference genome.  

The genome distance calculation revealed that the S. aureus USA300 genome is closer and thereby 

more similar to NCTC8325 than the genome of 6850 (Figure 3.47). 
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Figure 3.47 Genome distance of S. aureus 6850 and USA300 to NCTC8325. The smaller the distance, the closer 

are the genomes of the S. aureus strains 6850 and USA300 to NCTC8325. S. aureus NCTC8325 was used as 

reference genome, therefore its distance is zero. For the calculation of the genome distance, the sum of all 

identities found in high-scoring segment pairs was divided by the overall high-scoring segment pair length 

(Meier-Kolthoff et al, 2013). 

  

Functional categorization of proteins from culture supernatants  

For a functional categorization of the extracellular and surface associated proteins, they were 

assigned to the categories of the SEED annotation. The proteins could be classified to the categories 

“amino acids and derivatives”, “carbohydrates”, “cell division and cell cycle”, cell wall and capsule”, 

“cofactors, vitamins, prosthetic groups, pigments”, “fatty acids, lipid and isoprenoids”, “iron 

acquisition”, “metabolism”, “membrane transport”, “nucleosides and nucleotides”, “phages, 

prophages, transposable elements, plasmids”, “regulation and cell signaling”, “respiration”, “stress 

response” and “virulence, disease and defense” (Figure 3.48).  

The largest proportion with 65 proteins was assigned to the category of “virulence, disease and 

defense”. It was expected that most of the proteins would be classified in this category, because 

most of the virulence associated proteins are either secreted or surface associated proteins. 

Examples from this category are adhesins like the fibronectin binding proteins (FnBPA, FnBPB), 

collagen adhesin (Cna), the clumping factors A and B (ClfA, ClfB) or hemolysins like α-hemolysin 

(Hla) or γ-hemolysin (Hlg). More virulence associated proteins, which may play a minor role in the 

pathogenicity of S. aureus were found in other categories as well.  

The category “metabolism” encompasses the second largest amount of proteins (Figure 3.48). This 

category combines proteins assigned to DNA, RNA, protein, sulfur, potassium, and phosphorus 

metabolism. Interesting proteins from this group are extracellular enzymes like serine or cysteine 

proteases (SspA, SspB, Spl) or the thermonuclease Nuc. The proteases can facilitate the spread of 
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infections by degradation of host proteins (Lowy, 1998). Nuc cleaves extracellular DNA, supposedly 

from neutrophil extracellular traps of lysed neutrophils (Brinkmann & Zychlinsky, 2012; Otto, 

2014a).  

Another group with many proteins is the category “cell wall and capsule”. This category 

encompasses, amongst others, important proteins for cell wall stability, e.g. the penicillin binding 

proteins, which crosslink peptidoglycan residues of the bacterial cell wall. The penicillin binding 

protein 2’ is important for S. aureus antibiotic resistance against methicillin (Chambers et al, 1985). 

The category “membrane transport” includes 22 proteins (Figure 3.48). Most of these proteins are 

part of ABC-transporters, except for the proteins EsxA, EsaA and EssC. They are part of the Esat-6-

like type VII protein secretion system which seems to play a role in the pathogenicity of S. aureus 

(Burts et al, 2005; Kneuper et al, 2014).  

The lipases Lip and Geh and the phosphatidylinositol phosphodiesterase Plc were assigned to the 

category “fatty acids, lipids, and isoprenoids”. Plc is a well-known virulence factor in Listeria 

monocytogenes and contributes to survival of S. aureus in human whole blood and in neutrophils 

(Camilli, 1991; White et al, 2014). The lipases Lip and Geh are classified as virulence factors of 

S. aureus, but their specific role in pathogenesis is poorly understood.  

The proteins from the category “iron acquisition” are involved in the supply of S. aureus with iron 

which is important for the viability of S. aureus as it serves as a cofactor for many enzymes. The iron 

regulated surface determinants (IsdA-D and IsdH) are examples from this group (Maresso & 

Schneewind, 2006).  

Interesting proteins from the category “regulation and cell signaling” with regard to the 

pathogenicity of S. aureus were MapW, MecR1, and SaeP. MapW is an allelic variant of the protein 

Eap (also called Map). Eap/Map is an extracellular matrix-binding protein and important for 

adhesion of S. aureus (Buckling et al, 2005; Chavakis et al, 2005). MecR1 is a regulator of the 

expression of the penicillin binding protein PBP2’, which mediates resistance against methicillin 

(Hiramatsu, 2001). SaeP together with SaeQ activates the phosphatase activity of SaeS of the two-

component regulatory system SaePQRS (Jeong et al, 2012). The TCRS plays a role in biofilm 

production and repression of protease production in S. aureus (Mrak et al, 2012).  

Two proteins from the category “stress response” were quantified (Figure 3.48. The superoxide 

dismutases SodA and SodM protect S. aureus against reactive oxygen species produced by the host 

as defense mechanism (Karavolos et al, 2003).  

The third largest group of proteins from the culture supernatants was the category with proteins of 

unknown function. This category contains mainly hypothetical proteins, which have not been 

characterized yet. A comparison of the hypothetical proteins with the pan genome consisting of 49 
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sequenced S. aureus strains from the AureoWiki repository revealed that 19 proteins were present 

in 40 or more S. aureus strains. The consensus protein description of the pan genome described 

protein SAOUHSC_01944 as a probable antibiotic resistance protein beta-lactamase, protein 

SAOUHSC_01005 as a chitin degrading enzyme chitinase B, protein SAOUHSC_02256 as a putative 

protease, and protein SAOUHSC_02151 as the putative phenol-soluble modulin export ABC 

transporter permease PmtD. These proteins may also contribute to the pathogenicity of S. aureus.   

 

 
Figure 3.48 Functional categorization of proteins identified from culture supernatants. Proteins identified 

from culture supernatants, without cytoplasmic proteins, were assigned to the categories of the SEED 

annotation. 

 

Staphylococcus aureus culture supernatants differ in protein composition and protein 

levels  

Proteome analysis of the cell culture supernatants resulted in the quantification of 235 proteins, 

which were either extracellular or anchored to the cell wall or the cytoplasmic membrane. Of these 

235 proteins, 77 proteins were quantified in all analyzed strains and were therefore defined as the 

core extracellular proteome of the strains 6850, CowanI, HG001, LS1, SH1000, and USA300. The 

remaining 158 proteins were quantified in at least one of the strains and were defined as the 

variable extracellular proteome. For each strain, between two and ten unique proteins were 
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identified. Tables with the proteins from the core and the variable extracellular proteome can be 

found in Supplemental material S14 and S15.   

To gain an overview of the protein levels of virulence associated proteins from the different 

S. aureus strains, heat maps of selected virulence associated proteins from the core and the variable 

extracellular proteome were generated (Figure 3.49 and Figure 3.50). The heat maps present the 

log2-ratio of the protein intensity over the median protein intensity of all S. aureus strains. The 

strains in the heat map were clustered according to their similarity of protein intensities, which 

again revealed the division of the strains into two groups. 

The virulence associated proteins selected for the heat maps were subdivided into the groups 

“adhesins and surface proteins”, “extracellular enzymes”, “toxins, hemolysins, and superantigens”, 

and “immune modulation”.  

The heat maps illustrate that in general the strains from group A, CowanI, HG001, and SH1000 

posessed lower protein levels compared to the strains from goup B, 6850, LS1, and USA300.  

The proteins from the group “adhesins and surface proteins” were diverse in protein levels and the 

grouping of strains was not always obvious (Figure 3.49 and Figure 3.50).  

In the heat map of the core extracellular proteome in the subgoup of “adhesins and surface 

proteins” were the extracellular matrix binding protein (Emp), the S. aureus surface protein SasD, 

the serine-aspartate repeat containing protein D (SdrD) and protein A present at increased levels in 

some of the strains of group A. The fibrinogen binding protein clumping factor A (ClfA), Emp, SdrD, 

SdrH and protein A were present at lower protein levels in some of the strains of group B.  

The proteins from the group “extracellular enzymes” were almost all found in elevated levels in 

6850 and USA300 compared to the median protein levels. An exception was the serine-like protease 

HtrA1, which was present only at levels close to the median. All extracellular enzymes were present 

at decreased levels in HG001. In CowanI, LS1, and SH1000 most protein levels corresponded to the 

median. Except for Nuc and the cysteine protease SspB2, which were found in decreased protein 

levels in SH1000. In CowanI the lipases Lip and Geh, Nuc and the phosphatidylinositol 

phosphodiesterase Plc were present at strongly decreased levels. And in LS1 elevated levels for Nuc 

were measured and decreased levels for the serine protease SspA and the cysteine protease SspB 

(Figure 3.49).  
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Figure 3.49 Heat map of selected virulence associated proteins from the core extracellular proteome 

belonging to the groups “adhesins and surface proteins”, “extracellular enzymes”, “toxins, hemolysins, and 

superantigens”, and “immune modulation”. The log2-ratio of the protein intensity divided by the median 

protein intensity is displayed. Protein levels below the median protein intensity are shown in red and protein 

levels above the median protein intensity are depicted in green. Protein levels corresponding to the median 

protein intensity are colored in black.  
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In the subgroup of “toxins, hemolysins, and superantigens” were the hemolysins Hla and HlgB and 

the leukocidin subunit S (LukS) present at decreased amounts in the strains from group A 

(HG001,SH1000, CowanI), especially in CowanI, and at increased amounts in strains from group B 

(LS1, 6850, USA300). Two superantigen-like proteins from the set gene cluster were identified in 

the same subgroup. Set6 was found in drecreased levels in 6850 and LS1 but in increased  levels in 

USA300. Set11 was present at elevated levels in CowanI but at decreased levels in LS1.  

The immune modulatory protein Sbi was measured in low amounts in the strains from group A 

(HG001,SH1000, CowanI) but in slightly increased amounts in the strains from group B (LS1, 6850, 

USA300) (Figure 3.49).    

 

In the variable extracellular proteome in the group of “adhesins and surface proteins”, most of the 

proteins were present at elevated protein levels or at levels close to the median protein intensity 

(Figure 3.50). An exception were the extracellular matrix-binding protein homologue (Ebh), the 

fibronectin binding protein A (FnBPA), the truncated von Willebrand factor-binding protein GraB, 

the S. aureus surface protein SasG, and the truncated MHC class II analog protein (truncated 

MapW), which were present at decreased protein levels in some strains of group A. And in some 

strains of group B the clumping factor B (ClfB), the collagen adhesion protein (Cna), the fibrinogen-

binding protein-like (Efb-like), the S. aureus surface protein SasF, the serine-aspartat repeat 

containing proteins SdrC and SdrE, and the truncated MapW protein were present at lower levels 

compared to the median protein levels.             

The proteins from the groups “extracellular enzymes” and “toxins, hemolysins, and superantigens” 

were all present at lower levels or close to the median protein levels in CowanI, HG001, and SH1000. 

In 6850, LS1, and USA300, these proteins were all found in increased or equal levels compared to 

the median protein levels. An exception to this were the serine protease SplA, δ-hemolysin (Hld), 

and the superantigen-like proteins Set5 and Set21, which were present at decreased protein levels 

in LS1.  

The group “immune modulation” contained the chemotaxis-inhibiting protein (CHIPS) and the 

staphylococcal complement inhibitor protein (SCIN). Both proteins were found in much lower levels 

in CowanI and HG001 but in elevated levels in 6850 and USA300.  CHIPS and SCIN were absent in 

SH1000 and LS1 (Figure 3.50). 

 



Results 

 
142 

 

 

Figure 3.50 Heat map of selected virulence associated proteins from the variable extracellular proteome 

belonging to the groups “adhesins and surface proteins”, “extracellular enzymes”, ”toxins, hemolysins, and 

superantigens”, “immune modulation”, and “antibiotic resistance”. The log2-ratio of the protein intensity 

divided by the median protein intensity is displayed. Protein levels below the median protein intensity are 

shown in red and protein levels above the median protein intensity are depicted in green. Protein levels 

matching the median protein intensity are colored in black. Missing values are indicated in gray. Due to their 

high sequence identity the proteins SplD and SplF could not be distinct in the MS/MS analysis and are 

therefore presented as one protein. 
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4 Discussion 

 

 

4.1 Optimization of the cell culture infection protocol to monitor the SigB 

regulon and SigB activity of intracellular Staphylococcus aureus 

 

For comparative cell culture infection experiments of the S. aureus wild type strain HG001 and its 

isogenic ΔsigB mutant, the protocol established in our institute by Sandra Scharf was applied 

(Scharf, 2010). In this protocol, S. aureus is cultivated prior to the infection in an adapted medium 

(pMEM) based on the growth medium used for the host cells. Thereby, the bacteria do not have to 

adapt to a different medium during co-cultivation with the host cells. This is an advantage over 

other cell culture infection workflows where bacteria were grown in rich culture medium prior to 

the infection and thus effects of medium changes cannot be easily distinguished from the effects 

of internalization into host cells. Only if the prior growth medium of the bacteria and those of the 

host cells are as similar as possible, the true effect of the internalization process can be monitored.  

Another advantage of cultivating bacteria in a defined medium like the pMEM is that the bacteria 

can be metabolically labeled with heavy amino acid isotopes. In the infection protocol established 

by Sandra Scharf, a labeling of S. aureus with heavy (13C) arginine and lysine with the SILAC method 

was intended (Ong & Mann, 2006).  

With SILAC it is possible to quantify the amount of proteins newly synthesized during the infection 

time course. But this method has also several drawbacks. One is that the measured intensity of 

most of the proteins is divided in a heavy and a light part, or during MS measurements only one 

part can be detected. Another drawback of SILAC is that the quantitative protein changes can only 

be followed during a restricted time-span, because at one point the heavy amino acids are all 

substituted by the light amino acid version. All this reduces the yield of identifiable and quantifiable 

proteins from host-pathogen settings. 

To be able to identify more proteins to provide sufficient coverage of the SigB regulon to allow a 

meaningful comparison of the wild type and its isogenic ΔsigB mutant in a host-pathogen setting 

SILAC was not performed. 

Quantification of changes in the proteome pattern follows different paths if SILAC-labeled samples 

are used in an adapted pulse-chase protocol or if non-labeled samples are comparatively profiled. 
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In the first approach ratios between heavy and light labelled peptide intensities are calculated 

whereas in the second approach a true control is required.  

Initially, S. aureus growing exponentially in the absence of host cells were intended to be used as 

control sample. The bacteria from the in vitro culture grown in pMEM were centrifuged and subject 

to tryptic digestion for mass spectrometry. However, in contrast to samples of internalized S. aureus 

cells, which were enriched via FACS prior to the tryptic digestion, the control was not subjected to 

such a treatment.   

A principal component analysis (PCA) of sorted and non-sorted samples documented that the cell 

sorting had an influence on the proteome of the bacteria. Therefore, the control sample in this 

study was sorted prior to the tryptic digestion to be as close to the treatment of the samples of 

internalized S. aureus cells as possible.  

During the workflow of the infection experiment, control samples could be taken at three different 

steps. A PCA of all possible control samples showed that the changing conditions appearing during 

the workflow have an influence on the bacterial proteome as well. To be able to analyze the effect 

of the internalization by the host cells on the bacterial proteome, non-adherent bacteria were 

selected as an appropriate control. The bacteria in this control were treated the same as the 

internalized bacteria, except that they were not internalized during the co-cultivation with the host 

cells. 

In line with the suggestion that the co-cultivation of the bacteria with the host cells can have an 

influence onto the bacterial proteome, Miller and coworkers detected an increase in proteins 

involved in the response to oxidative stress, protein secretion and heme biosynthesis after one hour 

of co-cultivation of S. aureus NCTC8325 with THP-1 macrophages (Miller et al, 2011).  

However, it is not only necessary to select the appropriate control as reference sample. For RT-

qPCR analysis of internalized S. aureus cells, it was also essential to choose appropriate genes as an 

endogenous reference. The endogenous reference is used to correct for variations in RNA content 

of the different samples compared with each other. This reference is therefore crucial for an 

accurate quantification of mRNA levels of the target genes, especially in the experimental setting 

of this work, where the whole RNA of host cells and internalized S. aureus was prepared as a mixture 

and the exact amount of bacterial RNA was unknown. 

An ideal reference gene should not vary in expression under the experimental conditions. Thus, 

often housekeeping genes are used as reference genes, as they are thought to meet these 

requirements. However, housekeeping genes have also been reported to vary in their expression 

(Bustin, 2002; Thellin et al, 1999).  



Discussion 

 
145 

 

In S. aureus, the gene gyrB is such a widely used housekeeping gene. During the year 2011, 60 

studies were published that used RT-qPCR to analyze gene expression in S. aureus. Of these studies, 

38% used gyrB as reference gene (Valihrach & Demnerova, 2012). However, tiling array data 

available in house indicated that gyrB was not stably expressed during the infection setting (Mäder 

et al, 2015, submitted). The tiling array data of internalized staphylococci revealed that the genes 

dnaN and pth were stably expressed during the infection time course. Therefore, these genes were 

used as endogenous control genes.  

The essential steps in the cell culture infection workflow used in this thesis are the enrichment of 

internalized S. aureus cells by FACS onto a filter membrane of a 96-well plate and the direct on-

membrane digestion for LC-MS/MS measurement. The combination of cell sorting onto a filter 

membrane with subsequent on-membrane digestion of the sorted bacteria was first developed by 

Jehmlich and coworkers (Jehmlich et al, 2010). Schmidt et al. (2010) adapted this protocol to 

investigate the proteome of internalized S. aureus cells. The enrichment of internalized bacteria is 

essential because in host-pathogen infection settings host proteins are present in large excess 

compared to the bacterial proteins and can interfere with the detection of proteins from the 

intracellular bacteria (Bumann, 2010).  

The enrichment of internalized bacteria by cell sorting has been successfully applied in research 

projects analyzing Salmonella enterica, Plasmodium yoelii and Leishmania mexicana (Becker et al, 

2006; Paape et al, 2008, 2010; Tarun et al, 2008). For the enrichment by flow cytometry, it is a 

prerequisite that the internalized bacteria are fluorescently labelled. For the comparison of 

internalized HG001 wild type and ΔsigB mutant, the bacteria carried the plasmid pMV158GFP 

encoding the gene for the green fluorescent protein (GFP) (Nieto & Espinosa, 2003).  

As the stable labelling of S. aureus is important for the later enrichment of the internalized bacteria, 

the stability of the routinely used plasmids for infection experiments in our laboratory was tested 

in vitro and in a long-term cell culture infection experiment. These tests revealed that the two 

plasmids containing the pJL-sar backbone pJL-sar-GFP and pJL-sar-CER were more stably maintained 

by S. aureus than plasmid pMV158GFP (Liese et al, 2013). One possible explanation for this may be 

the origin of the plasmids. The prototype of plasmid pMV158GFP was originally isolated from a 

clinical isolate of Streptococcus agalactiae carrying a resistance against tetracycline (Burdett, 1980). 

The derivative pMV158GFP possesses a broad host range and was thereby also successfully 

transformed into S. aureus (Nieto & Espinosa, 2003).  

The plasmids pJL-sar-GFP and pJL-sar-CER originate from the developed Escherichia coli-

staphylococcal shuttle vector pCN54 (Charpentier et al, 2004). Thus, this plasmid was exclusively 

constructed for the expression in staphylococci.   
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To circumvent a possible loss of the plasmid during the infection time course and the accompanying 

decrease in the yield of retrieved internalized bacteria, the gene encoding the fluorescent protein 

can be introduced into the chromosome of the S. aureus strain of interest.  

Van Oosten and colleagues recently introduced fluorescently labelled vancomycin to detect 

S. aureus soft tissue infections in vivo. Vancomycin binds specifically to the D-Ala-D-Ala part of the 

bacterial cell wall and thereby stains the bacteria and the side of infection can be visualized (van 

Oosten et al, 2013). A staining without killing of the bacteria is achieved by the application of sub-

inhibitory concentrations of vancomycin. Vancomycin labelled with a green fluorescent analog 

(BODIPY® FL vancomycin, Thermo Fisher Scientific Inc., Waltham, MA, USA) can also be used to stain 

intracellular S. aureus directly in the cell lysate after lysis of host cells. Subsequently, stained 

S. aureus can be enriched from the host cell lysate by cell sorting (unpublished data). This method 

is especially preferable for clinical isolates which are often difficult to manipulate genetically.  

Other enrichment strategies aside from the application of fluorescence-activated cell sorting 

encompass centrifugation, immunomagnetic separation or the use of nanoparticles. With simple 

centrifugation Xia and colleagues were able to extract about 109 Porphyromonas gingivalis cells 

internalized in gingival keratinocytes and identified about 1200 proteins by LC-MS/MS (Xia et al, 

2007). In addition, Salmonella enterica serovar Typhimurium was isolated from RAW 264.7 

macrophages with sucrose-density centrifugation, a protocol originally developed for the isolation 

of organelles (Shi et al, 2006). The immunomagnetic separation was performed to enrich Francisella 

tularensis from spleens of infected mice. Therefore, beads covalently attached to sheep anti-rabbit 

IgG were labeled with rabbit anti-Francisella antisera. The antisera labeled beads were mixed with 

homogenized spleens. Captured bacteria were eluted from the beads and F. tularensis proteins 

were analyzed by two-dimensional gel electrophoresis. This separation method resulted in minimal 

contamination with host proteins (Twine et al, 2006). 

 A recently published method to enrich internalized S. aureus cells includes labelling of bacteria with 

nanoparticles. S. aureus was grown in the presence of FeOx-core nanoparticles whereby the 

bacteria were labelled. The labelled bacteria were used to infect epithelial cells. After host cell lyses, 

the internalized S. aureus cells were captured by a Tesla magnet. This enrichment strategy resulted 

in the identification of 379 proteins by LC-MS/MS analysis (Depke et al, 2014). 

 An advantage of these enrichment strategies is that the bacteria do not have to be genetically 

manipulated. But a disadvantage is that either the contamination with host proteins is quite high 

(~65% (Shi et al, 2006)) or huge amounts of sample material is needed (spleens from 4-6 mice for 

each of five experiments (Twine et al, 2006).            
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The tryptic on-filter membrane digestion of the intact bacteria performed after the enrichment of 

the internalized S. aureus cells is crucial for good identification of proteins by mass spectrometry. 

For the digestion the serine protease trypsin is used as it cleaves highly specific and efficiently after 

arginine or lysine residues, which are approximately present every 10-12 amino acids. The resulting 

peptides have an average size of 800-2000 Da, which is well suited for MS analysis (López-Ferrer et 

al, 2006; Olsen et al, 2004). An incomplete digestion may lead to peptides with an unfavorable size 

and therefore to a lower peptide detection by mass spectrometry. 

The S. aureus cell wall is very thick. Hence, trypsin alone may not be able to efficiently lyse the 

bacteria to gain access to the cytoplasmic proteins for digestion. To lyse remaining extracellular 

S. aureus in the infection setting, the endopeptidase lysostaphin was used. Lysostaphin cleaves 

S. aureus-specific pentaglycine bridges of the cell wall and ruptures the bacterial cell (Schindler & 

Schuhardt, 1964). Therefore, lysostaphin was used to lyse the S. aureus cells to grant trypsin better 

access to the cytoplasmic proteins for digestion.  

The incubation of both enzymes in combination revealed that trypsin cleaves lysostaphin and 

thereby inactivates it. For the digestion of intact S. aureus cells an iterative digestion was chosen. 

First, lysostaphin was added to the bacteria for 30 minutes, which resembles the incubation time 

of the infection protocol, and subsequently trypsin was added to the sample.  

With this iterative digestion protocol clearly more proteins could be identified compared to the 

standard digestion protocol using trypsin alone for the digestion. The improvement of the digestion 

protocol in this work is a very specific adaptation, as the lysostaphin pre-treatment is not applicable 

for other bacteria. For other bacteria, a pre-treatment with lysozyme could be suitable. Lysozyme 

cleaves the peptidoglycan of the bacterial cell wall and thereby lyses the cells. But due to an O-

acetylation, S. aureus is completely insensitive to lysozyme (Bera et al, 2004).  

In the literature, other more general methods are described to improve the tryptic digestion for MS 

analyses. They include the use of solvents, denaturing agents as SDS or RapiGest, ultrasound, 

infrared radiation, pressure, and a microwave (López-ferrer et al, 2009; Russell et al, 2001; Santos 

et al, 2007; Umar et al, 2005; Vaezzadeh et al, 2010; Wang et al, 2008). The main achievement of 

the different methods was a highly accelerated trypsin digestion down to a few minutes compared 

to the standard overnight digestion. However, some studies also reported an increase in the 

amount of missed cleavages (López-ferrer et al, 2009; Russell et al, 2001; Vaezzadeh et al, 2010). 

Kolsrud Hustoft and coworkers investigated if some of the proposed methods really improve the 

efficiency of the tryptic digestion. But a direct comparison of the methods for an accelerated tryptic 

digestion to the conventional method at 37°C in the same time range showed almost no difference 
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in efficiency. Hustoft et al. state that the protein digestion can be optimized referring to the enzyme 

to protein ratio and digestion time (Hustoft et al, 2011). 

In summary, the cell culture infection workflow was optimized by introducing the non-adherent 

sample as a new control for the internalized S. aureus cells. For validation of proteome data from 

the cell culture infection setting with RT-qPCR, dnaN and pth were identified as suitable 

endogenous control genes. The stability of the fluorescence labeling, crucial for the enrichment of 

internalized S. aureus by fluorescence-activated cell sorting, was confirmed. Furthermore, the 

number of identified proteins was increased by improving the tryptic digestion with the application 

of a cell lysis step with lysostaphin and by removing the isotopic labelling of S. aureus prior to 

infection. These modifications, and the use of the QExactive, a highly sensitive and accurate mass 

spectrometer, led to the identification of 1302 proteins from 2-4x106 internalized S. aureus cells. It 

was possible to monitor about 50% of the SigB core regulon defined by the overlap of SigB regulated 

genes in three transcriptome studies (Bischoff et al, 2004; Pané-Farré et al, 2006; Schulthess et al, 

2011), and it was possible to investigate the adaptive changes of the wild type and its isogenic ΔsigB 

mutant after internalization by S9 human bronchial epithelial cells.        
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4.2 Activation of the alternative sigma factor SigB of Staphylococcus aureus 

after internalization by epithelial cells 

 

The alternative sigma factor SigB is the best-analyzed alternative sigma factor of S. aureus. 

Microarray analysis revealed that SigB directly and indirectly regulates the expression of 135-251 

genes (Bischoff et al, 2004; Pané-Farré et al, 2006; Schulthess et al, 2011). Among these genes are 

a variety of genes encoding for virulence factors. Even though SigB controls a multitude of virulence 

factors, its role in pathogenicity of S. aureus is not completely resolved.  

Many comparative infection experiments with a wild type and a ΔsigB mutant were performed to 

characterize SigB´s contribution to the pathogenicity of S. aureus. But due to the difficulty to obtain 

enough bacteria from infection settings for global comparative proteome analysis, the proteome of 

S. aureus wild type and ΔsigB mutants has only been compared in shake flask experiments (Gertz 

et al, 2000; Hempel et al, 2010; Ziebandt et al, 2001, 2004).  

This study provides comparative time-resolved proteome data of S. aureus HG001 wild type and its 

isogenic ΔsigB mutant internalized by S9 human bronchial epithelial cells. Supporting the proteome 

data, RT-qPCR measurements of SigB-dependent genes were performed from internalized S. aureus 

wild type and ΔsigB mutant. Furthermore, survival of the wild type and the ΔsigB mutant inside 

epithelial cells was monitored.  

The gene encoding SigB is part of an operon, which comprises four genes in S. aureus: rsbU encoding 

a phosphatase, rsbV encoding the anti-anti-sigma factor, rsbW encoding the anti-sigma factor and 

sigB (Senn et al, 2005b). These genes are highly homologous to the sigB operon in Bacillus subtilis 

(Wu et al, 1996).  

The activation of SigB in B. subtilis depends on two phosphatases RsbP and RsbU. The activation via 

RsbP occurs upon energy stress and the activation via RsbU is accomplished upon environmental 

stress (Voelker et al, 1995; Yang et al, 1996). The activation pathway via the phosphatase RsbP does 

not exist in S. aureus. In B. subtilis the activation of RsbU is tightly controlled by the kinase RsbT, 

which is captured during absence of stress by two antagonists forming the stressosome (Chen et al, 

2003). The activating-pathway for RsbU is also absent in S. aureus. Thus the activation of SigB in 

S. aureus depends solely on RsbU (Giachino et al, 2001; Pané-Farré et al, 2009).  

But also the stimuli for the activation of SigB in B. subtilis and S. aureus differ. Ethanol, for example, 

activates SigB in B. subtilis but not in S. aureus. An induction of SigB in S. aureus was demonstrated 

by alkaline or salt stress, temperature upshift and during the entry into stationary phase (Pané-

Farré et al, 2006, 2009; Senn et al, 2005b). SigB-dependent genes such as asp23 showed a SigB-
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dependent transcription pattern in device-related infection as well as in a mouse intravenous 

infection model, indicating an activity for SigB (Depke et al, 2012; Goerke et al, 2005).  

In this study, it was shown by proteomics and RT-qPCR that the activity of SigB increased after 

internalization by S9 human bronchial epithelial cells. The SigB activity increased immediately after 

internalization and seemed to be of transient nature. The protein intensity level of the strictly SigB-

regulated protein Asp23 increased 2.4-fold compared to control level and on mRNA level even 8.6-

fold 1.5 hours p.i.. An increase of SigB-dependent protein levels after internalization of S. aureus 

HG001 into S9, A549 and HEK293 cells was also observed by Surmann and colleagues (Surmann et 

al, 2014).  

Such an activation was not seen in a transcriptome analysis of S. aureus 6850 internalized into A549 

lung epithelial cells (Garzoni et al, 2007). But Garzoni et al. presented the gene expression level of 

sigB only and not of the strict SigB-dependent gene asp23, like in this study. In this analysis the 

protein level of SigB was also found in decreased amounts p.i., albeit this finding has to be further 

confirmed, as SigB was only identified with one proteolytic peptide. 

On the contrary, an increase in expression levels of rsbV, rsbW and sigB was described during early 

adaptation of S. aureus to the lung of mice at 30 min p.i. (Chaffin et al, 2012). The mechanism 

leading to the activation of SigB via RsbU is not well understood because the proteins regulating 

the activity of RsbU in B. subtilis are absent in S. aureus. On the other hand, cloning of RsbU from 

S. aureus into B. subtilis indicated a constitutive active state for RsbU (Pané-Farré et al, 2009). So 

far, the only strong activation of SigB observed in S. aureus was following alkaline shock (Pané-Farré 

et al, 2006). In the infection experiments reported here, on mRNA (e.g. asp23) as well as on protein 

(e.g. Asp23, ClpL, SpoVG, and YfkM) level, a rather fast increase in transcript or protein level was 

observed following internalization, which might favor the hypothesis of active regulation. However, 

an indirect increase of expression of SigB-dependent genes by redistribution of core-RNA-

polymerase following entry into nutrient-poorer intracellular environment cannot be ruled out.  

A hypothesis for the activation of SigB can be drawn based on the protein levels during the infection 

time course of the sigB operon identified in the wild type. Even though the level of SigB decreased 

following internalization, the level of the phosphatase RsbU increased. RsbU dephosphorylates the 

anti-anti-sigma factor RsbV whereby SigB is released from its complex with the anti-sigma factor 

RsbW and can bind to the RNA-polymerase, which may explain the activation of SigB. During 

progression of the infection, the level of RsbV decreased, but the level of RsbW remained constant. 

It is possible that at one point the level of dephosphorylated RsbV was not enough to bind all 

molecules of RsbW, whereby free RsbW captured and inactivated SigB again, which would provide 
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an explanation for the transient activity of SigB. However, this hypothesis still needs to be 

confirmed. 

Another possibility to influence the SigB activity was presented by Shaw et al. (Shaw et al, 2006). 

During a transposon mutagenesis screening to identify components responsible for reduced hla 

transcription and extracellular proteolytic activity of S. aureus SH1000 resulting from a repair of an 

rsbU deletion in strain 8325-4, these authors identified a series of unrelated metabolic genes 

predominantly involved in amino acid biosynthesis and transport as a hot spot region for the  

transposon insertion. In total, 13 genes in the 35-kb hot spot region were identified to modulate 

transcription of hla, extracellular proteolytic activity, secretion, and pigmentation. Further analysis 

revealed that the expression of these genes is independent of SigB and that they have an effect on 

the activity of SigB (Shaw et al, 2006). The 35-kb region covers the eight gene lysC-asd-dap-operon. 

Proteome data of the wild type and the ΔsigB mutant revealed a SigB-independent increase of five 

of the genes from the lysC-asd-dap operon after internalization. Interestingly, four of the genes 

were identified as targets for transposon insertion modulating SigB activity. The increased amounts 

of these proteins following internalization might have an impact on the activation of SigB observed 

in this study as well.             

During the infection time course, a failure of the ΔsigB mutant to replicate inside S9 human 

bronchial epithelial cells was observed. In line with this result, Olivier et al. reported less growth 

inside HUVEC and THP-1 cells for S. aureus 8325-4 in comparison to SH1000 (Olivier et al, 2009). 

Strain 8325-4 carries a non-functional rsbU gene and since RsbU is the activator of SigB activity this 

strain behaves phenotypically like a sigB mutant. In S. aureus SH1000 the defect in the rsbU gene 

was repaired (Horsburgh et al, 2002).  

The small colony variant (SCV) phenotype of S. aureus is linked to persistence within host cells. In 

SCVs continuous high level of SigB activity was described (Mitchell et al, 2010; Moisan et al, 2006; 

Senn et al, 2005a). For intracellular replication of SCVs in epithelial cells SigB is required as well 

(Mitchell et al, 2013). 

To escape intracellular killing by the phagolysosome S. aureus cells can translocate from the 

phagosome to the cytoplasm of non-professional phagocytic cells and replicate within the 

cytoplasm (Grosz et al, 2014). The impaired intracellular growth of the ΔsigB mutant could have 

been the consequence of a lack of translocation to the cytoplasm. But experiments investigating 

the phagosomal escape of HG001 wild type and its isogenic ΔsigB mutant demonstrated that the 

ΔsigB mutant as well as the wild type translocate from the phagosomal compartment to the 

cytoplasm. This observation is supported by the results of Tuchsherr et al. who demonstrated 

phagosomal escape of S. aureus LS1 wild type and its isogenic ΔsigB mutant (Tuchscherr et al, 2015). 
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Indeed, phagosomal escape is mediated by psmα, the expression of which is regulated by the agr 

locus (Grosz et al, 2014). High activity of SigB and high expression of SigB-dependent genes might 

be a pre-requisite for initial adaptation and growth inside the host cell environment and for long-

term persistence of S. aureus in non-professional phagocytic cells but not for phagosomal escape.  

Interestingly, at 1.5 h p.i. similar amounts of intracellular wild type and ΔsigB mutant were 

quantified by flow cytometry. This was unexpected, as the fibronectin binding protein A (FnBPA), 

which is important for S. aureus internalization, is under positive control of SigB (Bischoff et al, 

2004; Sinha et al, 1999). It was rather expected that at 1.5 h p.i. less ΔsigB mutant cells than wild 

type cells would be found intracellularly. This hypothesis was supported by Nair and colleagues, 

who showed that the level of SigB activity affects the capacity of S. aureus to be internalized by 

osteoblasts (Nair et al, 2003). In addition S. aureus SH1000 was phagocytosed to a greater amount 

than 8325-4 in HUVEC and THP-1 cells (Olivier et al, 2009).  

An explanation could be that the extracellular adherence protein (Eap) compensates for the lower 

amount of FnBPs of the ΔsigB mutant, as Eap can also bind to fibronectin. In an internalization assay, 

it was shown that Eap contributes in S. aureus Newman to internalization into fibroblasts and 

HACAT keratinocytes (Haggar et al, 2003). This explanation is also supported by the extracellular 

proteome analysis of S. aureus LS1 and its isogenic ΔsigB, Δagr, and ΔsarA single, double and triple 

mutants (Section 3.4.1). The FnBPs were present in lower levels in the ΔsigB mutant compared to 

the wild type. However, a clear increase in protein level of Eap was detected in the ΔsigB mutant 

during exponential growth phase. Unfortunately, secreted and surface associated proteins were 

almost completely lost during the cell sorting of S. aureus HG001 and its isogenic ΔsigB mutant and 

therefore no statement about the protein levels of FnBPs and Eap can be made here.     

The different intracellular growth rates of the wild type and the ΔsigB mutant imply changes in the 

in the cytosolic proteome. In the wild type, proteins of the pentose phosphate pathway like Prs 

(ribose-phosphate pyrophosphokinase) or HxlA (hexulose-6-phosphate synthase) and the de novo 

purine biosynthesis like PurC (phosphoribosylaminoimidazole-succinocarboxamide synthase) or 

PurS (phosphoribosylformylglycinamidine synthase) were present in higher amounts during the 

infection experiment compared to the ΔsigB mutant. These differences can be a side effect of the 

reduced growth rate of the mutant compared to the wild type. Proteins involved in resistance to 

antibiotics and toxic compounds were also increased in the wild type compared to the ΔsigB 

mutant.  

In the literature, it was described that sub inhibitory concentrations of the aminoglycosides 

tobramycin and gentamycin induce SigB activity (Mitchell et al, 2010). Furthermore, sub-inhibitory 

concentrations of the cell wall targeting antibiotics, ampicillin and vancomycin, were shown to 
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activate SigB as well (Chen et al, 2011), indicating a role for SigB in the resistance to antibiotics. The 

resistance is probably mainly mediated by SpoVG, a SigB-dependent downstream regulator of 

indirectly SigB-regulated genes (Schulthess et al, 2009, 2011). The protein FmtA (beta-lactamase 

family protein) of the functional group of “resistance to antibiotics and toxic compounds”, which 

was present in strongly increased amounts in the wild type compared to the ΔsigB mutant, was 

shown to be part of a proposed cell wall stress stimulon (Utaida et al, 2003). Thus, cell wall stress 

might be a signal mediating SigB activation. Whereas the SigB influence on fmtA would be rather 

indirect via the influence of SigB on SarA (Zhao et al, 2012). 

The yellow pigmentation of S. aureus is a characteristic for this organism. It is mediated by the main 

carotenoid staphyloxanthin (Marshall & Wilmoth, 1981). The genes for the biosynthesis of 

staphyloxanthin are arranged in the crt operon (crtOPQMN), which possesses a SigB-dependent 

promoter upstream of crtO (Pelz et al, 2005). Thus, the biosynthesis of staphyloxanthin is under 

control of SigB. Staphyloxanthin protects S. aureus in the defense against damage by reactive 

oxygen species (ROS) (Clauditz et al, 2006). A ΔsigB mutant is therefore more sensitive to damage 

and killing by ROS (Olivier et al, 2009). These observations are in agreement with the finding that 

proteins coping with oxidative stress were present in higher amounts in the ΔsigB mutant compared 

to the wild type. The higher intensity level of proteins responsible for protein quality control such 

as ClpX, ClpP, ClpB, HslV or DnaK might be a consequence of higher level of stress induced by ROS 

to which the ΔsigB mutant might be exposed to. This is supported by the finding that ClpC, ClpL, 

ClpB and ClpP are necessary for S. aureus multiplication in MAC-T cells which indicates that stress 

tolerance is important for intracellular replication (Frees et al, 2004).  

In total, not many differences in protein expression levels of the cytosolic proteome between the 

wild type and the ΔsigB mutant could be identified in this study. However, SigB directly and 

indirectly influences the expression of a multitude of virulence associated proteins, which are 

mainly secreted to interact with host proteins. As mentioned earlier, one major drawback of the 

infection workflow is that all proteins secreted by S. aureus during the time course of the infection 

are being lost during the enrichment of internalized S. aureus by fluorescence-activated cell sorting. 

To enrich intracellular S. aureus cells, the epithelial cells have to be lyzed, whereby the cytosol of 

the epithelial cells is released. During the cell sorting, the bacteria are surrounded by the fluid of 

the sorting stream whereby all proteins that do not directly stick to the bacterial cell are washed 

away. But the enrichment of the internalized bacteria is a crucial step to identify enough proteins 

from as little as a few million internalized S. aureus cells. Without the enrichment, the background 

of host proteins would be too high to identify sufficient bacterial proteins by LC-MS/MS for a 

functional analysis of internalized S. aureus cells. If it becomes possible to comparatively analyze 
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the secretome of the wild type and the ΔsigB mutant, probably additional differences in the protein 

levels will be detectable.                   

The alkaline shock protein 23 (Asp23) of S. aureus was identified as a novel protein present in 

increased amounts after a pH-upshift from 7 to 10 (Kuroda et al, 1995). The expression of asp23 is 

strictly SigB-dependent. Hence, it is widely used as a marker gene for SigB activity (Gertz et al, 1999; 

Miyazaki et al, 1999). With a copy number of about 25 000 molecules per cell in stationary phase S. 

aureus, it is one of the most abundant proteins (Maass et al, 2011). However, neither a biological 

function for this high abundant protein nor a phenotype for the Δasp23 mutant have been 

identified yet. In her PhD Thesis, Marret Müller used different stress factors during in vitro 

cultivation to identify a condition in which the Δasp23 mutant had a growth advantage over the 

wild type. She used stress factors targeting the cell wall, alkaline, heat, and osmotic stress but none 

of the stresses yielded a significant growth difference between the wild type and the Δasp23 mutant 

(Müller, 2015).  

The proteome and RT-qPCR analysis demonstrated an increase of Asp23 on protein and on 

transcript level following internalization into S9 epithelial cells. Thus, it was assumed that Asp23 

might be important for intracellular survival of S. aureus. But the long-term infection assay up to 

eight days p.i. in A549 epithelial cells showed no significant difference in the intracellular 

concentration and survival of the HG001 wild type and its isogenic Δasp23 mutant.  

It could be argued that the proteome and RT-qPCR analysis were performed with a different cell 

line than the long-term infection experiment and that Asp23 does not increase following 

internalization into A549 cells. But Surmann et al. supported the transient increase of Asp23 on 

protein level in S9 cells and demonstrated a transient increase of Asp23 level in A549 cells (Surmann 

et al, 2014). Müller and colleagues found evidence that Asp23 could play a role in the stabilization 

of the cell envelope but its exact function needs to be further elucidated (Müller et al, 2014).           

In summary, the proteome and RT-qPCR measurements of the comparative adaption of HG001 wild 

type and its isogenic ΔsigB mutant internalized into S9 human bronchial epithelial cells showed an 

immediate and transient activation of the alternative sigma factor SigB after internalization. 

Furthermore, monitoring of the intracellular bacterial concentrations revealed that the activity of 

SigB is required for intracellular growth and adaption during the early phase (1.5-8.5 h p.i.) of an 

infection in epithelial cells. Additionally, it was shown that even though the solely SigB-dependent 

protein Asp23 is one of the most abundant S. aureus proteins and its protein level increased 

following internalization, it is not required for intracellular survival in epithelial cells.  

Even though it could be shown that SigB is activated after internalization into epithelial cells, the 

precise trigger for this activation remains to be elucidated. It is possible that SigB is activated due 
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to the microaerophilic environment inside the host cells, or due to low pH level in the 

phagolysosomes, where S. aureus probably resides after internalization. The earliest time point 

analyzed in this study was at 2.5 h p.i.. To achieve a better temporal resolution of the activation of 

SigB after internalization, the time span for the infection can be shortened to analyze earlier time 

points p.i.. A shortened time span for the infection may also help to synchronize the internalized 

bacteria. 

In this study, the sample taken at 1.5 h p.i. was excluded from the analysis, because the obtained 

data were more diverse than those of the other time. The high diversity of the data at this sampling 

point probably arose from the different time the bacteria had already been internalized by the host 

cells. Early internalized bacteria were intracellular for 1.5 h, whereas late internalized bacteria were 

intracellular for only 30 min. If the time period for the up-take of the bacteria is shortened to 10 

min, then the difference in being inside the host cells becomes much smaller, which will likely result 

in a lower variability of the data at the early sampling points p.i..  

As mentioned earlier, the comparison of the cytoplasmic proteome of internalized wild type and its 

isogenic ΔsigB mutant revealed no dramatic differences between the two strains. As SigB regulates 

a large number of secreted proteins it may be worth to comparatively quantify secreted proteins 

during the early phase (1.5-8.5 h p.i.) of the intracellular adaptation process. Unfortunately, the 

intracellular secreted proteins of the bacteria were lost during the enrichment of the intracellular 

bacteria. However, Kristin Surmann presented a workflow to quantitatively monitor 47 proteins 

present in the extracellular milieu of S. aureus by multiple reaction monitoring (MRM) in her PhD 

Thesis (Surmann, 2014). In this workflow, the phagosomes, containing the intracellular bacteria, are 

isolated and only selected proteins are measured by mass spectrometry in comparison to added 

standard peptides relying on a targeted MRM approach. It may not be possible to analyze the 

complete intracellular secretome of the wild type and its ΔsigB mutant, but interesting SigB-

dependent and not SigB-dependent secreted proteins could be comparatively analyzed to gain a 

better understanding of the role of SigB in the adaptation to the intracellular environment.     
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4.3 Competitive, simultaneous infection of S9 human bronchial epithelial 

cells with Staphylococcus aureus HG001 and its isogenic ∆agr mutant 

 

To comparatively monitor the adaptation reaction of S. aureus and its isogenic mutants to the 

intracellular milieu, it is a fundamental step to identify genes or proteins that are important for 

S. aureus to adapt to the intracellular compartment and to establish an infection. But an infection 

setting with only one strain does not always reflect reality. It was reported that populations of 

colonizing S. aureus strains isolated from the nares of healthy individuals contain cells with a 

partially or completely defective agr-system (Shopsin et al, 2008). Likewise, among clinical S. aureus 

isolates agr-defective mutants together with wild type strains occurred (Harigaya et al, 2011; Traber 

et al, 2008). Hence, S. aureus populations isolated from colonized people as well as from sites of 

infections can be heterogeneous. To investigate such a heterogeneous S. aureus population, the 

cell culture infection protocol was modified to simultaneously infect S9 human bronchial epithelial 

cells with the wild type HG001 and its isogenic Δagr mutant.  

In order to distinguish the wild type and the Δagr mutant by flow cytometry they had to be 

fluorescently labelled with two different colors. Because the wild type already expresses GFP a 

different fluorescent color had to be chosen for the mutant. Therefore, bacteria were labeled with 

plasmids encoding different fluorescent proteins, then mixed and analyzed by flow cytometry. The 

Δagr mutant carrying plasmid pJL-sar-CFP encoding the cerulean fluorescent protein (CFP) showed 

a suitable fluorescence intensity and it was distinguishable from the wild type expressing GFP. The 

GFP expressing wild type and the CFP expressing Δagr mutant were used to simultaneously infect 

S9 human bronchial epithelial cells at a multiplicity of infection (MOI) of 25, 12.5 for each strain.  

In parallel, S9 cells were infected with either the wild type or the Δagr mutant. The single infection 

served as a control to investigate differences in the co-infection setting compared to the single 

infection setting. For the single infection a MOI of 12.5 was used. Thereby, the starting amount of 

each strain was the same in the co- and single infection setting, which allowed a direct comparison 

of the intracellular concentration of the strains. 

The bacterial cell counts at 2.5 h p.i showed that almost eight times more Δagr mutant cells were 

present intracellularly compared to the wild type in the co-infection setting and almost 12 times 

more in the single infection setting. This could either be due to a better intracellular replication of 

the Δagr mutant compared to the wild type or due to a higher internalization rate of the Δagr 

mutant by the S9 cells.  

After normalization of the intracellular bacterial titer to the same value at 2.5 h p.i., it became 

obvious that the Δagr mutant performed fewer divisions than the wild type during the first 6.5 h 
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p.i.. Thus, the higher bacterial titer of the Δagr mutant at 2.5 h p.i. is probably not due to a better 

intracellular replication but due to higher internalization rate of the mutant compared to the wild 

type. A higher intracellular bacterial titer of a Δagr mutant compared to the wild type after 

internalization was reported in MAC-T cells as well. The elevated intracellular concentration was 

explained by a higher internalization rate of the Δagr mutant (Wesson et al, 1998).  

For internalization, S. aureus uses the fibronectin-binding proteins (FnBPs) to bind to fibronectin, 

which serves as a bridging factor to bind to the host cell receptor to mediate uptake of S. aureus by 

eukaryotic cells (Sinha et al, 1999). Hence, a high binding capacity to fibronectin is favorable to be 

internalized by host cells.  

It was demonstrated that Δagr mutants of S. aureus Newman and 8325-4 had a higher ability to 

bind to immobilized or radiolabeled fibronectin (Saravia-Otten et al, 1997; Shenkman et al, 2001). 

Furthermore, FnBPs showed an Agr-dependent expression in S. aureus Newman and 8325-4, and 

FnBPs were higher expressed in the isogenic Δagr mutant compared to the wild type (Saravia-Otten 

et al, 1997; Ythier et al, 2012). In general, the agr locus positively influences the expression of 

secreted toxins and negatively affects the expression of surface proteins (Dunman et al, 2001). 

Therefore, the higher internalization rate of the Δagr mutant can be explained by a higher 

expression of adhesins (e.g. FnBPs) compared to the wild type through the deletion of the 

repressive effect of the agr locus on the surface proteins.  

However, the Δagr mutant did not only show a higher internalization rate compared to the wild 

type, also the decline in the intracellular concentration was less pronounced for the mutant 

compared to the wild type. At three days p.i. more intracellular Δagr mutant cells were quantified 

than wild type cells in the co- and single infection settings.  

In a comparative long-term infection experiment of S. aureus Newman and its isogenic Δagr mutant, 

an advantage for the Δagr mutant to survive inside MAC-T cells was investigated as well (Wesson 

et al, 1998).  

As mentioned above, the agr locus positively influences the expression of extracellular toxins that 

can damage host cell tissue. Among those are, for example, pore forming toxins like α-hemolysin 

or secreted enzymes that degrade host molecules like aureolysin (Dunman et al, 2001). In 

agreement with this, Wesson and colleagues reported the ability of S. aureus Newman to induce 

apoptosis in MAC-T cells, which was not observed for the isogenic Δagr mutant (Wesson et al, 

1998).  

In addition, the agr defective strain CowanI induced almost no chemokine response in human 

umbilical vein endothelial cells (HUVEC) and also the transcriptome of HUVEC cells showed no 
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significant changes in gene expression of genes involved in antimicrobial response after CowanI was 

internalized for eight hours (Grundmeier et al, 2010).  

Furthermore, in a murine abscess model, non-hemolytic strains were favored over hemolytic 

isolates. In this model, mice were infected with a mixture of non-hemolytic and hemolytic S. aureus 

isolates. After seven days p.i., the percentage of non-hemolytic isolates increased whereas the 

percentage of hemolytic isolates decreased. Sequencing of the isolates revealed that the non-

hemolytic isolates contained a mutation in the agrC gene or in the intergenic region between agrC 

and agrA leading to a non-functioning agr locus (Schwan et al, 2003).  

All these findings show that a non-functioning agr locus seems to be an advantage for S. aureus in 

terms of long-term intracellular survival. The low levels of cytotoxic molecules in a Δagr mutant 

provoke a less severe inflammatory response of the host and thereby the bacteria can silently hide 

inside host cells. This hypothesis is supported by low expression levels of the agr locus in small 

colony variants (SCVs). The SCV phenotype is highly connected to persistent S. aureus cells and 

recurrent infections (Kahl, 2014).  

However, in a cell culture infection model, like in this study, where no immune cells are present, 

the lower levels of apoptosis induction by the Δagr mutant, as reported by Wesson and colleagues, 

is probably responsible for the intracellular survival of the Δagr mutant at higher numbers. The 

induction of apoptosis leads to lysis of the host cells. Once the epithelial cells have been lysed, the 

bacteria are killed by the lysostaphin present in the cell culture medium. Unfortunately, the viability 

of the host cells infected with the wild type or the Δagr mutant was not monitored in this study. 

As mentioned earlier, the Δagr mutant performed less doublings than the wild type in the co- and 

the single infection setting during the first 6.5 h p.i.. In MAC-T cells, Wesson and colleagues 

observed even a complete lack of growth during the first 10 hours p.i. of the Δagr mutant (Wesson 

et al, 1998). They assume that the lack of growth is related to the failure in escaping the endosomal 

compartment of the mutant. Indeed, the escape from the endosomal compartment depends on an 

intact agr locus (Shompole et al, 2003).  

Furthermore, a drastically reduced replication between two and six hours p.i. was observed for 

strains and mutants that cannot escape the phagosome in HEK293 cells. The strains defective in 

phagosomal escape were persisting inside the phagosome whereas the strains able to escape the 

phagosome replicated in the cytosol of the host cells (Grosz et al, 2014).  

This observation would also match the trend of the intracellular bacterial concentration of the co- 

and single infection setting of the wild type and the Δagr mutant. The wild type in the single 

infection setting is able to escape the endosomal compartment, replicates in the cytoplasm and 

reaches a high intracellular concentration. The high numbers of intracellular bacteria produce 
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hemolysins, e.g. α-hemolysin, and damage the host cell leading to apoptosis. The damaged host 

cells release the intracellular wild type to the cell culture medium with lysostaphin and the bacteria 

are killed. On the other hand, the Δagr mutant in the single infection setting is not able to escape 

the phagosome, replicates only half as often as the wild type and is able to persist inside the 

phagosome possibly by preventing maturation of the phagosome like Salmonella enterica serovar 

Typhimurium (Scott et al, 2003). Trapped in the phagosome and expressing only low amounts of 

cytotoxins, the Δagr mutant does not induce apoptosis in the host cells and is only killed when a 

host cell dies due to natural turn-over.  

The co-infection setting represented a mix of the single infection setting. As shown in the 

fluorescence microscopy images, the S9 epithelial cells internalized the wild type and the Δagr 

mutant together in one cell. Thereby, the wild type and the mutant are probably together in one 

phagosome. It is possible, that the mutant can escape the phagosome, due to lysis of the 

phagosome by the wild type. Thus, the wild type and the mutant are both in the cytoplasm where 

they can replicate. Maybe the translocation to the cytoplasm takes more time, because fewer 

bacteria in the phagosome are able to perform the escape, whereby the bacteria have less time to 

replicate in the cytoplasm until 6.5 h p.i.. This would be an explanation for the higher bacterial 

concentration of the Δagr mutant and a lower one of the wild type in the co-infection compared to 

the single infection.  

The slower decline in bacterial concentration of the wild type and the faster decline of the mutant 

in the co-infection setting compared to the single infection setting might be similarly explained. The 

epithelial cells contained wild type and Δagr mutant cells together in the cytoplasm after the 

phagosomal escape, but only the wild type induces apoptosis. Therefore, the concentration of 

apoptosis inducing toxins is lower, which results in less induction of apoptosis. Thereby, less host 

cells die in the co-infection setting and the bacteria can persist intracellular for a longer time span. 

But these hypotheses have to be proven. It cannot be ruled out that the Δagr mutant may secrete 

a molecule that is expressed in the wild type in a lower amount and helps the wild type to survive 

inside the epithelial cells. 

In a different environment, like inside the human body, the induction of apoptosis could be 

beneficial for S. aureus to spread to other body parts and disseminate the infection.  

In summary, it was shown that the GFP expressing wild type and the CFP expressing Δagr mutant 

can be discriminated by fluorescence-activated cells sorting. Thereby, the quantification of 

intracellular bacterial concentrations upon internalization of the two strains by S9 epithelial cells in 

a simultaneous infection setting became possible. The quantification of the intracellular bacterial 

titers revealed that the Δagr mutant was able to survive more efficiently, reflected in a higher 
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bacterial titer at three days p.i., whereas the wild type was able to replicate more efficiently during 

the first hours p.i..  

Furthermore, the expression of GFP in combination with CFP allowed the separation of the 

internalized wild type and Δagr mutant by simultaneous cell sorting for subsequent proteome 

analysis. In addition, it was also possible to monitor the co-infection by fluorescence microscopy.  

With the developed co-infection setting, more wild type and mutant pairs can directly be compared 

with respect to their intracellular survival in the future. Even proteome analysis of the strains can 

be performed. But not only S. aureus wild type and mutant pairs can be compared. It would also be 

interesting to monitor clinical isolates of S. aureus or a wild type strain and a SCV together. As long 

as a bacterium can be genetically manipulated to express a fluorescent protein also other 

combinations are possible. Comparative proteome analysis of such co-infections could provide 

valuable clues about the advantages for the bacteria to jointly occur during infections. 
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4.4 Comparison of the extracellular proteome of Staphylococcus aureus 

wild type strains and mutants lacking global regulators of virulence 

factors  

 

S. aureus pathogenicity is mediated by the expression of a multitude of virulence factors, which can 

lead to minor skin lesions but also to severe infections (Lowy, 1998). The virulence factors are bound 

to the cell surface or secreted to the extracellular milieu. They encompass (1) adhesins, which 

mediate attachment to surfaces and host cells, (2) toxins and extracellular enzymes for tissue 

damaging and bacterial spreading to new sites, and (3) determinants for immune evasion, to escape 

the host immune system. Previous studies revealed that the appearance and amounts of virulence 

factors of S. aureus isolates is very heterogeneous (Ziebandt et al, 2010). This is because of genetic 

variations and differences in the expression levels of regulatory factors.  

To further analyze the heterogeneity of the virulence factors, mutants lacking global regulators of 

virulence factors, i.e. SarA, SigB, and the agr locus, as well as different S. aureus wild type strains 

i.e. 6850, CowanI, HG001, LS1, SH1000, and USA300 were analyzed. Because the extracellular 

proteome represents the key compartment for virulence factors, this sub-proteome was 

comparatively analyzed by mass spectrometry. The analysis was performed of an in vitro cultivation, 

because so far there is no protocol available which globally monitors the entire extracellular 

proteome from an in vivo infection setting.  

The proteome studies reliably identified 614 proteins from culture supernatants of the mutants and 

855 proteins from culture supernatants of the different S. aureus strains. Of the identified proteins, 

487 and 620 proteins were categorized as cytoplasmic proteins by the PSORTdb and LocateP 

databases, respectively. These were unexpectedly high numbers. But the number of cytoplasmic 

proteins compared to their protein intensities showed that the cytoplasmic proteins comprise 

rather low protein intensities and were therefore present only in low abundance.  

Several other studies have reported that cytoplasmic proteins without known secretion signals 

were found in the growth medium of different bacteria, as well (Burlak et al, 2007; Sibbald et al, 

2006; Tjalsma et al, 2004; Trost et al, 2005). Most of the cytoplasmic proteins were probably 

released to the extracellular milieu due to cell lysis. Nevertheless, some of the proteins might also 

be secreted by a yet unknown secretion mechanism. The secreted cytoplasmic proteins may 

possess more than one function and act as moonlighting proteins (Jeffery, 1999). For example, 

enolase, a glycolytic enzyme active in the cytoplasm, was shown to be auto modified by 2-

phosphoglycerate. This modification is necessary for its export from the cytoplasm (Boël et al, 

2004). Exported enolase acts as a plasminogen binding protein on the surface of S. aureus 
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(Mölkänen et al, 2002). In Mycobacterium tuberculosis the cytoplasmic protein superoxide 

dismutase A (SodA) was shown to be secreted via the Sec-pathway without having a Sec signal 

sequence (Braunstein et al, 2003). SodA and SodM from S. aureus were also found in the culture 

supernatants of the mutant and wild type strains. While PSORT predicts SodA and SodM to be 

extracellular, LocateP forecasts that they are located in the cytoplasm. Also, no signal peptide for 

secretion was predicted by signalP for the dismutases.  

Another example of a cytoplasmic protein detected in the extracellular milieu is the translation 

elongation factor Tu (EF-Tu). Extracellular EF-Tu of Pseudomonas aeruginosa was reported to bind 

to plasminogen and to Factor H, a regulator for the activation of the complement system (Kunert 

et al, 2007). EF-Tu from S. aureus is predicted to be located in the cytoplasm by PSORT and LocateP 

but it was also identified in the culture supernatants in this study and by Burlak and colleagues 

(Burlak et al, 2007). This may suggest a moonlighting function for EF-Tu in S. aureus, as well.  

Cell wall bound proteins detected in the culture supernatants were probably released into the 

medium by cell wall turn over or proteolysis. It could be demonstrated that the cell wall associated 

fibronectin binding proteins (FnBPA, FnBPB) and protein A (Spa) can be released by the 

staphylococcal serine protease SspA (Karlsson et al, 2001). Zielinska and co-workers also observed 

an influence of proteases on the abundance of several cell wall bound proteins (Zielinska et al, 

2012).  

Cytoplasmic membrane proteins, like the cytoplasmic proteins, were a rather unexpected class of 

proteins found in the culture supernatants. But they account only for three to seven percent of the 

total protein intensities. This is probably because not all membrane proteins are surface exposed 

with a large transmembrane domain spanning the whole cell wall. Membrane proteins are also 

inherently difficult to detect in mass spectrometric analysis. They are very hydrophobic and hence 

poorly soluble in aqueous buffers used in proteomics. Additionally, membrane proteins exhibit only 

few cleavage sites for trypsin, and thereby have an unfavorable peptide size after digestion for mass 

spectrometric analysis. Therefore, specific protocols have to be carried out if membrane proteins 

shall be explored (Fischer & Poetsch, 2006; Wolff et al, 2008).    

A comparison of the extracellular proteomes of the two studies with immune reactive S. aureus 

antigens summarized by Holtfreter et al. revealed that 39% of the proteins quantified from the 

supernatant of S. aureus LS1 and its isogenic mutants and 28% of the proteins quantified from the 

supernatants of the different S. aureus wild type strains are immune reactive (Holtfreter et al, 

2010). This indicates that these proteins are also expressed in vivo during an infection or during 

colonization of the human body.    
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Comparison of culture supernatants of Staphylococcus aureus LS1 and its isogenic 

mutants lacking global regulators of virulence factors 

Virulence factors of S. aureus are regulated depending on the growth phase to express the needed 

proteins at the right time to successfully establish an infection (Cheung et al, 2004). The regulation 

of the virulence factors is accomplished by an extensive regulatory network. Three of the best 

characterized global regulators of S. aureus virulence factors are the agr locus, SarA, and SigB. In 

cooperation with the group of Prof. Löffler, a deeper insight into the interplay of these three global 

regulators should be gained (Tuchscherr et al, 2015). Therefore, single, double, and triple mutants 

of the global regulators SarA, SigB, and agr were analyzed with regard to cytotoxicity, chemokine 

expression of host cells after infection, intracellular survival, SCV formation, phagosomal escape, 

intracellular expression of the regulators, and pathogenicity of the mutants in vivo.  

Furthermore, proteins from culture supernatants of exponentially growing S. aureus LS1 wild type 

and its isogenic ∆sigB, ∆agr, ∆sarA, ∆agr/∆sarA, ∆sigB/∆agr, ∆sigB/∆sarA and ∆sigB/∆agr/∆sarA 

mutants were analyzed by mass spectrometry. Analysis of the culture supernatants should give 

information about the virulence factor repertoire present and about the relative protein levels of 

the virulence factors in the mutant strains.  

To relatively quantify the protein levels in the mutant strains, the intensities of the identified 

proteins from the culture supernatants of the mutants were compared to the wild type. A protein 

with at least twofold higher or lower protein intensity in the mutant strains was defined as 

significantly increased or decreased in its protein level, respectively. More proteins were present at 

decreased protein level than at increased protein level in the mutant strains indicating that the 

regulators influence the expression of the respective gene encoding the proteins from the 

extracellular proteome rather positively than negatively during the exponential growth phase.  

As mentioned earlier, the expression of virulence factors is growth phase dependently regulated in 

vitro. During exponential growth, adhesins are actively expressed. During the transition from 

exponential to post-exponential growth, the expression of adhesins is repressed and the expression 

of toxins and extracellular enzymes is switched on (Cheung et al, 2004).  

The agr locus, which is an essential regulator of virulence factors, negatively influences the 

synthesis of surface proteins and positively influences the synthesis of toxins during the post-

exponential growth phase. This correlates with the down-regulation of surface proteins and the up-

regulation of toxins and extracellular enzymes during the transition from the exponential to the 

post-exponential growth phase.  

A not activated agr locus during the exponential growth phase was also visible in the protein levels 

of the proteins from the culture supernatants. The ∆agr mutant showed with only about 20% the 
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smallest amount of twofold changed protein level. Also the virulence associated proteins showed 

only moderate changes in their protein level in the ∆agr mutant compared to the wild type. The 

few proteins that showed a twofold change in their levels in the ∆agr mutant are probably under 

the influence of multiple regulators. One example of a protein which is present in the ∆agr mutant 

at an eighfold lower level compared to the wild type is the coagulase (Coa). A negative effect of agr 

on coa was described, but coa is also positively influenced by SarA, SigB, Rot and the two-

component system SaePQRS (Bischoff et al, 2004; Cheung et al, 2004; Novick, 2003; Schulthess et 

al, 2011). Another example is the highly complex regulated protein α-hemolysin (Hla), which was 

present in the ∆agr mutant in six-fold reduced amounts compared to the wild type. The low 

expression of Hla during the exponential growth phase can be explained by the absence of its 

positive regulator Agr. The expression of Hla is, however, also positively influenced by SarA and Sae 

and negatively influenced by SarT, SarS, SigB, and Rot (Bischoff et al, 2004; Bronner et al, 2004; 

Schulthess et al, 2011). This diverse regulation makes it difficult to explain which effect accounts 

for the reduced protein level of Hla in the ∆agr mutant.  

The alternative sigma factor SigB is transcribed from three promotors. Two of the transcripts are 

present during the exponential growth phase, but the most prominent transcript appears during 

the transition from the post-exponential to the stationary growth phase (Senn et al, 2005b). The 

expression of adhesins like the elastin-binding protein (EbpS), clumping-factor A (ClfA), and 

fibronectin-binding protein A (FnBPA) is positively influenced by SigB and toxins like hemolysins or 

leukocidins and extracellular enzymes are negatively influenced in their expression (Bischoff et al, 

2004; Pané-Farré et al, 2006; Schulthess et al, 2011). Thereby, SigB counteracts the agr locus in its 

regulation.  

In the analysis of the culture supernatants, almost 30% of the proteins showed a twofold changed 

protein level in the ∆sigB mutant compared to the wild type. This was the second lowest amount 

of changed protein levels in comparison to the other mutants analyzed. A drastic change in protein 

levels was expected, as SigB has a negative effect on the expression of Agr and a positive effect on 

SarS and SarA, which in turn regulate various virulence factors directly and indirectly via the 

regulation of other regulators.  

An explanation for the relatively low amount of strongly changed protein levels could be that SigB 

was not fully active during the exponential growth phase as the main transcript and an increase in 

SigB was described to be detected in the transition from the post-exponential to the stationary 

growth phase (Senn et al, 2005b). In a study to quantitatively profile the cell surface proteome of 

S. aureus COL and its isogenic ΔsigB mutant, changes in the protein levels of surface-associated 

proteins were almost exclusively observed in the stationary growth phase of the ΔsigB mutant 
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(Hempel et al, 2010). Nevertheless, a SigB-dependent change in protein levels was observable 

during the exponential growth phase, as proteins described in the literature as negatively or 

positively influenced in their expression by SigB were clearly present at increased or decreased 

protein level in the ∆sigB mutant, respectively. To the group of negatively influenced proteins 

belong aureolysin, the proteases SplB, SplF, SspA, SspB, SspB2, the leucocidin subunit F (LukF), the 

hemolysins Hla and Hlg, and the extracellular adherence protein (Eap). These proteins were present 

at increased protein levels in the ΔsigB mutant. Positively influenced proteins were coagulase (Coa), 

the fibronectin-binding protein A, and the truncated von Willebrand-factor-binding protein (GraB). 

And these proteins were found at decreased protein levels in the ΔsigB mutant.   

The ∆sigB/∆agr double mutant displayed more proteins with twofold changed protein levels 

compared to the wild type than the single mutants, which is probably the result of an additive effect 

of the lack of both regulators. The protein levels in the double mutant were diversely changed and 

no plain effect of SigB or Agr on the protein levels was recognizable. The proteases SplB, SplF, SspA, 

and SspB were present at increased levels in the ∆sigB mutant and at wild type level in the ∆agr 

mutant. But instead of being present at increased protein levels or at wild type level in the double 

mutant as well, the proteases were found in decreased protein levels in the ∆sigB/∆agr double 

mutant. This illustrates the complex regulation of the virulence factors in S. aureus. In the literature, 

no global transcriptome or proteome analysis of a ∆sigB/∆agr double mutant was described so far, 

which makes it difficult to compare the findings.  

Like SigB, SarA is also transcribed from three promotors. Two transcripts are present during early 

and mid-exponential growth phase and the third transcript is present during late exponential phase 

with a peak during late stationary phase (Bayer et al, 1996). Thereby, SarA is transcribed during the 

whole growth cycle of S. aureus. Extracellular enzymes like aureolysin (Aur) or proteases like seine 

protease SspA and cysteine protease SspB are negatively influenced in their synthesis by SarA (Jones 

et al, 2008; Novick, 2003). On the contrary, the expression of adhesins like fibronectin-binding 

proteins (FnBPA, FnBPB), clumping factor B (ClfB), hemolysins and toxins like Hla, TSST-1, or LukED 

is positively regulated by SarA (Cheung et al, 2004; Dunman et al, 2001).  

Deletion of sarA in the single, double and triple mutants resulted in the highest count of proteins 

with twofold changed protein levels compared to the other mutants. This might be because SarA is 

also expressed during the exponential growth phase unlike Agr or SigB, which are fully activated 

during the transition from the post-exponential to the stationary growth phase. The effect of SarA 

on the expression of proteins from the culture supernatants strongly resembled its description in 

the literature. The positive effect of SarA on the synthesis of the hemolysins or the adhesins was 

observable by decreased protein levels of Hla, Hlb, Hlg or EbpS, and Efb in the ∆sarA mutant. The 
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negative effect of SarA on the expression of the extracellular enzymes was visible by increased 

protein levels of Aur, Nuc, and SspA compared to the wild type. However, the positive effect of SarA 

on the expression of FnBPA and FnBPB, ClfB or the leucodins was not detected in this study. Also 

the negative influence of SarA on the expression of protein A was not observed (Bronner et al, 2004; 

Cheung et al, 2004). Though in proteome studies conducted by Zielinska and colleagues and Jones 

and colleagues a positive influence of SarA on the protein level of protein A was observed, which 

would match the results of this study, as well (Jones et al, 2008; Zielinska et al, 2012). The diverse 

regulation of SarA influenced proteins in different strain backgrounds leads to the assumption, that 

the regulation of SarA is at least partly strain dependent.  

Because SarA has a positive effect on the regulation of the agr locus, which is not activated during 

the exponential growth phase, the ∆agr/∆sarA double mutant should resemble the ∆sarA mutant 

in its protein levels. And indeed, almost all virulence associated proteins from the culture 

supernatants were present at similar protein levels in the ∆sarA and the ∆agr/∆sarA double mutant. 

The protein levels of the ∆agr/∆sarA double mutant relative to the wild type were also in agreement 

with a proteome study performed by Jones and coworkers (Jones et al, 2008).  

The protein levels of the ∆sigB/∆sarA double mutant resembled more the ∆sarA than the ∆sigB 

mutant. The same applied to the ∆sigB/∆agr/∆sarA triple mutant, which also resembled the protein 

levels of the ∆sarA mutant. This indicates, that deletion of sarA has a stronger influence on the 

protein levels during the exponential growth phase than the deletion of sigB or agr.  

The coordinated expression of virulence factors in vivo is not completely understood, so far. But it 

is assumed that the exponential growth phase with the strong expression of adhesins reflects the 

adherence to and colonization of the host during the early phase of the establishment of an 

infection. The expression of extracellular enzymes and toxins during the transition from the 

exponential growth phase to the stationary growth phase resembles local bacterial invasion by 

degradation of host tissue and cells (Cheung et al, 2004). This means that the protein profile of the 

wild type and its isogenic mutants from the exponential growth phase reflect the early, adhesive 

stage of an in vivo infection, which is in agreement with the protein levels from the culture 

supernatants. In general, adhesins and surface proteins were present at increased levels and 

extracellular enzymes, toxins, and hemolysins were present at decreased protein levels in the wild 

type.       

As described earlier, the group of Prof. Löffler performed in vitro and in vivo experiments to 

characterize the interplay of the three global regulators. One of their findings was that all strains 

showed similar invasiveness (Tuchscherr et al, 2015). This was surprising, because the proteome 

data indicated that the protein levels of the fibronectin-binding proteins A and B (FnBPA and FnBPB) 
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were similar to the wild type in all mutant strains, except for the ∆sigB and the ∆sigB/∆agr mutants, 

in which they were strongly reduced. The FnBPs mediate internalization into eukaryotic cells by 

binding to the α5β1-integrin receptor via the binding to fibronectin, which acts as a bridging factor 

(Sinha et al, 1999). Therefore, the FnBPs are crucial for the internalization into host cells. The 

decreased protein levels of the FnBPs in the ∆sigB mutant compared to the wild type can be partly 

compensated by the increased protein level of the extracellular adherence protein (Eap) in the 

∆sigB mutant (Haggar et al, 2003). But the ∆sigB/∆agr mutant exhibited even decreased protein 

level of Eap. This mutant possessed increased protein levels of the extracellular matrix-binding 

protein homologue Ebh, which also binds to fibronectin and of the surface protein SasG, which 

promotes binding to nasal epithelial cells (Heilmann, 2011; Roche et al, 2003). Maybe one of these 

proteins can also compensate for the decreased proten levels of the FnBPs.  

Furthermore, the hemolytic activity of the LS1 wild type and its isogenic mutants was investigated. 

It was discovered that the ∆sigB mutant showed as much hemolytic activity as the wild type, 

whereas the ∆agr, ∆sarA, ∆agr/∆sarA, ∆sigB/∆agr, ∆sigB/∆sarA, and ∆sigB/∆agr/∆sarA mutants 

showed almost no hemolytic activity on human red blood cells (Tuchscherr et al, 2015). This can be 

explained by the protein levels of the hemolysins quantified from the culture supernatants. The 

mutants with low hemolytic activity also showed low protein levels of α-, β-, and γ-hemolysin 

compared to the wild type.  

The ∆sigB mutant, which showed high hemolytic activity, also possessed increased protein levels of 

α-, β-, and γ-hemolysin compared to the wild type. In accordance with the results, it was described 

in the literature that SigB negatively influences the expression of hemolysins and SarA and Agr 

positively influence their expression (Bischoff et al, 2004; Dunman et al, 2001).  

Hla was described as mediator of S. aureus induced cell death (Bantel et al, 2001). In agreement 

with the increased hemolytic protein levels, the ∆sigB mutant induced cell death to an extend 

similar to the wild type, whereas the other mutants induced significantly less cell death in 

polymorphonuclear cells (PMNs) from human blood and the bone marrow of mice (Tuchscherr et 

al, 2015).  

The leukocidins and extracellular enzymes seem to play a minor role in the induction of cell death, 

as in the culture supernatants of the ∆sarA, ∆agr/∆sarA, ∆sigB/∆sarA and ∆sigB/∆agr/∆sarA 

mutants increased protein levels of LukDEFS and extracellular enzymes were quantified, but they 

induced only little cell death. The same seems to apply for the induction of the chemokines CXCL-

11 and CCL-5, of which the highest amounts were secreted from osteoblasts infected with the ∆sigB 

mutant.  
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In a murine infection model of osteomyelitis, it was discovered that only the LS1 wild type and not 

the ∆agr, ∆sarA, ∆sigB, and ∆agr/∆sarA mutants were able to successfully establish an infection 

(Tuchscherr et al, 2015). From the analysis of the extracellular proteome it was observable that the 

deletion of only one of the regulators can lead to a twofold change in proten level of at least 20% 

of the extracellular proteins during exponential growth phase. This illustrates that the regulatory 

network is a well-balanced system and that deletion of one regulator cannot be compensated for 

the bacteria to remain fully virulent.  

The main conclusion drawn from the in vitro and in vivo experiments with the LS1 wild type and its 

isogenic mutants was that S. aureus persistence is promoted by silencing of Agr and SarA regulated 

factors and/or requires an intact SigB-system (Tuchscherr et al, 2015). This would be in accordance 

with the fact that in the small colony variant (SCV) phenotype, which is strongly linked to 

intracellular persistence of S. aureus, SigB is strongly expressed and the expression of the agr locus 

is down regulated (Moisan et al, 2006; Senn et al, 2005a). Therefore, proteins with opposite effects 

of mutations in sigB and agr, sarA were identified from the extracellular proteome. One main group 

of proteins with an opposed regulation were surface proteins and virulence factors, e.g. hemolysins 

and lipases. These proteins were present at increased protein levels in the ∆sigB mutant and at 

decreased protein levels in the ∆agr, ∆sarA, and ∆agr/∆sarA mutants compared to the wild type. 

Due to the high expression of SigB and the low expression of Agr in a SCV, the hemolysins and lipases 

are probably present at low protein levels. This would be in agreement with the conducted 

experiments, from which it was supposed, that S. aureus cells with reduced expression of virulence 

factors can “passively” persist inside host cells without attracting much attention of the immune 

system (Tuchscherr et al, 2015).  

Another main group of proteins with opposite effects of mutations in sigB and agr, sarA comprised 

proteins involved in cell wall metabolism. They were also present at increased protein levels in the 

∆sigB mutant and at decreased protein levels in the ∆agr, ∆sarA, and ∆agr/∆sarA mutants 

compared to the wild type. In an SCV with high levels of SigB and low levels of Agr, these proteins 

are probably present at decreased protein levels. The proteins involved in cell wall metabolism 

belong to the group of autolysins and exhibit different functions. One function of autolysins is in 

cell wall turnover. The new layer of peptidoglycan is produced at the cytoplasmic membrane. 

Therefore, the outer, old peptidoglycan layer has to be degraded by autolysins. They are also 

necessary for cell separation and to keep the cell wall flexible to allow cell expansion (Smith et al, 

2000). The functions of the autolysins and the negative influence of SigB on their expression would 

be in agreement with the finding that overexpression of SigB in S. aureus N315 led to cell wall 

thickening, to a more rigid cell wall and to an increased resistance towards cell wall targeting 
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antibiotics (Morikawa et al, 2001). Unusual cell morphology with impaired cell separation was 

observed for a Thymidine-dependent SCVs (Kahl et al, 2003). Also thickening of the cell wall and 

decreased sensitivity of SCVs towards antibiotics was described (Bulger & Bulger, 1967; Anh Nguyen 

et al, 2009). Therefore, the list of proteins with opposite effects of mutations in sigB, and agr, sarA 

support the conclusion that persistence is promoted by silencing of Agr and SarA regulated factors 

and/or requires an intact SigB-system, as this widely resembles the intracellular persistence 

phenotype of a SCV.  

In summary, the analysis of the extracellular proteome of Δagr, ΔsarA, and ΔsigB single, double, 

and triple mutants revealed that SarA is the predominant regulator during the exponential growth 

phase and that the agr locus and SigB hold only a minor role in the regulation of virulence associated 

proteins during the exponential growth phase. Furthermore, the extracellular proteome data did 

support the interpretation of experimental findings concerning cytotoxicity, inflammation, and 

intracellular persistence of S. aureus.  

However, to gain a more comprehensive overview of the interplay of Agr, SarA and SigB on the 

protein levels of virulence factors, culture supernatants from the post-exponential and stationary 

growth phase should be analyzed as well, as SigB and Agr are activated during the post-exponential 

growth phase. It would be very enlightening to quantify the levels of the virulence associated 

proteins of LS1 wild type and its isogenic mutants inside host cells, to correlate the in vitro findings 

with an infection setting.      

 

Comparative profiling of the secretomes of Staphylococcus aureus 6850, CowanI, HG001, 

LS1, SH1000, and USA300 by mass spectrometry 

S. aureus strains show a high genetic diversity. The genome of different strains can be divided in a 

core genome and an accessory genome. The core genome encompasses about 75% of the genome 

and encodes genes for housekeeping functions and also for highly conserved functions that are not 

necessary for growth or survival, e.g., some of the virulence factors. The accessory genome 

comprises about 25% of the genome and mostly consists of mobile genetic elements (MGE) that 

can be transferred between the strains. Most of the MGEs carry genes coding for virulence or 

resistance factors (Lindsay & Holden, 2004). It is the constant exchange of MGEs that make S. aureus 

so diverse. The diversity of the strains is particular visible in their pathogenicity. The S. aureus strains 

6850, CowanI, HG001, LS1, SH1000, and USA300 are frequently used laboratory strains that differ 

in their pathogenicity (Grundmeier et al, 2010; Herbert et al, 2010). Again in collaboration with the 

group of Prof. Löffler, these strains were characterized with regard to their host-pathogen 

interaction.  
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The extracellular proteome, as key compartment for virulence factors, was comparatively analyzed. 

This analysis revealed that not all strains contain the same set of extracellular proteins. Proteins 

identified in all strains were defined as the core extracellular proteome and proteins identified in 

at least one of the analyzed strains were defined as the variable extracellular proteome. The core 

extracellular proteome consisted of 77 proteins and the variable extracellular proteome consisted 

of 158 proteins. The larger amount of proteins in the variable extracellular proteome in comparison 

to the core extracellular proteome indicates a high heterogeneity of the extracellular proteome of 

the strains. A big heterogeneity of secreted proteins was also observed during the comparative 

analysis of the S. aureus strains COL, MRSA252, MSSA476, Mu50, N315, and MW2. The core 

extracellular proteome encompassing only proteins with a predicted Sec-type signal peptide 

consisted of 58 proteins. The variable extracellular proteome consisted of 61 proteins with a 

predicted Sec-type signal peptide (Sibbald et al, 2006).  

To relatively compare the protein abundance in the different strains, the log2-ratio of the protein 

intensity divided by the median protein intensity was calculated. A twofold change in the protein 

intensity was defined as a significant higher or lower protein level, respectively.  

Comparisons of the protein levels of the different strains allowed for a classification of the six strains 

into two groups. Group A encompassed HG001, SH1000, and CowanI and group B comprised 6850, 

LS1, and USA300. The strains in group A showed low protein levels in the categories “extracellular 

enzymes”, “toxins, hemolysins, and superantigens” and “immune modulation”. In contrast, the 

strains from group B exhibited high protein levels in these categories.  

However, comparing the grouping of the strains with the classification of the strains by multi locus 

sequence typing (MLST) a different grouping becomes evident. MLST classifies S. aureus strains into 

sequence types (ST) by comparing the gene sequences of seven housekeeping gene fragments, e.g. 

the carbamate kinase (arcC), the shikimate dehydrogenase (aroE), the glycerol kinase (glpF), the 

guanylate kinase (gmk), the phosphate acetyltransferase (pta), the trisphosphate isomerase (tpi), 

and the acetyl coenzyme A acetyltransferase (yqiL) (Enright et al, 2000).  

For the non-sequenced S. aureus strains CowanI and LS1 no ST was found in the literature. S. aureus 

6850 belongs to ST50 and S. aureus HG001, SH1000, and USA300 belong to ST8. The S. aureus 

strains HG001 and SH1000 were not directly classified into STs, but they both descend from 

S. aureus NCTC8325, which was classified as ST8.  

The same classification became evident when the distances of the S. aureus genomes were 

calculated. As for the MLST, only the genome distances of USA300 and 6850 to NCTC8325 could be 

calculated.  
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It was supposed that the strains with more similar genomes or the same ST would also form a group 

in the extracellular proteome analysis. But the S. aureus strains formed a group in the extracellular 

proteome analysis regardless of their ST or genome distance.  

The variation between classifications may be explained by the different approaches. MLST uses the 

sequence of seven housekeeping genes for their classification. The genome distance calculation 

uses identities of high-scoring segement pairs and in this study the protein levels of the extracellular 

proteome were used. Additionally, many virulence factors are located on MGEs, whereby the core 

genome stays stable but the content of virulence factors may differ from strain to strain within one 

ST. This indicates that S. aureus strains sharing a similar genome can still vary in their protein levels 

of virulence factors in the extracellular proteome.  

The heterogeneity of the extracellular proteome of the six analyzed S. aureus strains may be 

explained by four facts: (1) Some proteins are encoded by pseudogenes and were therefore not 

expressed; (2) Some proteins were not detected in the MS measurements, because of unfavorable 

physicochemical properties of the peptides or because they were present in very low abundance; 

(3) Some proteins may be detected in the MS measurements but may not be identified during the 

database search due to an incomplete template database; (4) The proteins are unique to some 

strains, because the respective genes are encoded by the accessory genome consisting of MGEs. 

Examples for proteins from the variable extracellular proteome whose genes are located on a MGE 

are the staphylokinase (SAK), the staphylococcal complement inhibitor (SCIN) and the chemotaxis 

inhibitory protein (CHIPS). The genes for the respective proteins are located on bacteriophage Sa3, 

which is inserted into the chromosome of many S. aureus strains (Lindsay & Holden, 2004; van 

Wamel et al, 2006). S. aureus SH1000 was cured of three phages, among them Sa3, which explains 

why SAK, SCIN and CHIPS were absent from SH1000 during the experimental conditions (Herbert et 

al, 2010). The absence of SAK, SCIN and CHIPS from the extracellular proteome of LS1 suggests that 

this strain does not possess the bacteriophage Sa3 either. The bacteriophage Sa3 integrates into 

the hlb gene, which results in truncation and lack of β-hemolysin (Hlb) (McCarthy & Lindsay, 2013). 

For S. aureus NCTC8325, the parental strain of HG001, it was reported that bacteriophage Sa3 is 

integrated into the hlb gene (Herbert et al, 2010). This would also be in accordance with the 

proteome data. In all S. aureus strains, where SAK, SCIN and CHIPS were identified, no Hlb was 

identified, with the exception for S. aureus 6850.  

A further example for a protein from the variable extracellular proteome whose gene is located on 

a MGE is the staphylococcal enterotoxin K (SEK). SEK is encoded on S. aureus pathogenicity islands 

(SaPI) (Novick et al, 2001). Sequencing of USA300_FPR3757 revealed that it contains SaPI5 carrying 
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the gene encoding for SEK (Diep et al, 2006). The presence of SEK in CowanI and 6850 indicates that 

they also contain one of the sek carrying SaPIs.  

Comparison of genes of 25 surface bound proteins from 58 sequenced S. aureus strains showed 

that the genes encoding the collagen adhesion protein (Cna) and the serine-aspartate-repeat 

protein E (SdrE) were absent from the majority of the genomes (McCarthy & Lindsay, 2010). These 

two proteins were also identified as members of the variable extracellular proteome in this study. 

The genes encoding the phenol soluble modulin alpha (psmα1-4) were identified to be present and 

non-variable in the genomes of 88 sequenced S. aureus strains (McCarthy & Lindsay, 2013). Because 

of the high conservation of these genes it was expected to identify the PSM-α proteins in all six 

analyzed S. aureus strains. But it was only possible to detect PSMA1 and PSMA4 in the S. aureus 

strains SH1000, LS1, USA300, and 6850. As CowanI possesses a nonfunctioning agr-system and the 

expression of the PSMs is positively influenced by Agr, the levels of PSMα are probably very low or 

even nonexistent in CowanI (Grundmeier et al, 2010; Wang et al, 2007).  

Wang and colleagues also reported a strain to strain difference in PSMα levels, which may explain 

the different protein levels in the strains and why the PSMα proteins were not identified in HG001 

(Wang et al, 2007). Probably, the protein levels of PSMα were below the detection limit. HG001 

should contain the PSMα proteins, because as it was shown in Section 3.2 that HG001 can escape 

from phagosomes, which is not possible without the expression of the PSMα proteins (Grosz et al, 

2014).  

The genes encoding the components of γ-hemolysin (hlgA-C) were also present in all genomes of 

88 sequenced S. aureus strains (McCarthy & Lindsay, 2013). Therefore, Hlg should be present in the 

supernatants of the six S. aureus strains. The γ-hemolysin component B was quantified in all six 

strains, but the components A and C were not quantified in all strains. The absence of HlgA and 

HlgC from the supernatants of some strains is probably due to low amounts of these two proteins, 

or due to unfavorable properties of the proteins, so that they could not be detected by mass 

spectrometry.  

In each strain also a set of unique proteins was identified. In agreement with USA300 being a 

methicillin resistant strain (MRSA), the penicillin binding protein 2’ (Pbp2’), encoded by the mecA 

gene, was solely identified in USA300 (Diep et al, 2006). Surprisingly the regulator of Pbp2’, MecR1, 

was only quantified in LS1 and 6850, but not in USA300.  

Solely in S. aureus LS1 the toxic shock syndrome toxin (TSST-1) was identified. It was not surprising 

that not all strains possessed the TSST-1, because only about 20% of the S. aureus strains contain 

this toxin, which is encoded on a pathogenicity island (Lindsay & Holden, 2004). A production of 

large amounts of TSST-1 by LS1 was also reported by Bremell and coworkers (Bremell et al, 1992). 
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Even though proteins were present in all strains or only in a subset of strains, their protein levels 

differed from strain to strain. The variation in the protein levels of the extracellular proteome are 

probably caused by variable levels of their respective regulators.  

In a study examining 40 S. aureus isolates, different amounts of RNAIII the effector of the agr locus 

were detected resulting in different levels of protein A and Hla (Li et al, 1997). In another study, the 

levels of extracellular proteases were correlated with the levels of the negative regulator of 

proteases SarA (Karlsson & Arvidson, 2002).  

The different levels of virulence associated proteins from the extracellular proteome correlate with 

the experimental findings obtained by the group of Prof. Löffler. They investigated the invasiveness 

of the strains 6850, CowanI, LS1, SH1000, and USA300 into different types of host cells. A difference 

in the internalization rate was observed in epithelial cells (A549) and human osteoblasts, by which 

SH1000 was internalized in significant lower amounts compared to the other strains (unpublished 

data). The fibronectin binding proteins (FnBPA, FnBPB) are the main mediators for internalization 

by host cells (Sinha et al, 1999). The extracellular adhesion protein (Eap) can partly compensate for 

the loss of FnBPs (Haggar et al, 2003). In SH1000 the lowest levels of FnBPA, FnBPB and Eap of all 

strains tested were quantified, which would explain the low invasiveness into epithelial cells and 

osteoblasts.  

After internalization, the bacteria are located in phagosomes or phagolysosomes, from which they 

can escape and translocate to the cytoplasm of the host cells (Bayles et al, 1998). It could be 

demonstrated by the group of Prof. Löffler, that all investigated strains are able to escape the 

phagosomes except for CowanI (unpublished data). For phagosomal escape the PSMα proteins are 

important, as it was demonstrated that mutants with a lack of the psmα locus cannot translocate 

to the cytoplasm anymore (Grosz et al, 2014). The expression of the PSMα proteins is positively 

regulated by Agr (Wang et al, 2007). As mentioned earlier, CowanI has a nonfunctioning agr-system, 

which would explain why in this strain no PSMs were detected and why CowanI was not able to 

translocate to the cytoplasm of the host cells. 

Inside the eukaryotic cells S. aureus can provoke apoptotic host cell death (Bayles et al, 1998). It 

was observed that for the induction of apoptosis in human endothelial cells a strong hemolytic and 

invasive S. aureus phenotype is required (Haslinger-Löffler et al, 2005). Hla was identified as the 

main mediator of host cell death (Bantel et al, 2001). However, additional factors, regulated by Agr 

and SigB, but not SarA, induce apoptosis as well (Haslinger-Löffler et al, 2005).  

It was shown by the group of Prof. Löffler, that S. aureus 6850, LS1, and USA300 induce host cell 

death in a large amount of cells, with the strongest induction of cell death for 6850, in contrast 

CowanI and SH1000 induce cell death in a lower amount of host cells with the lowest level of cell 
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death induction for CowanI in endothelial cells, epithelial cells, fibroblasts and osteoblasts 

(unpublished data). As an agr defective strain, CowanI exhibited only low levels of Hla and other 

hemolysins in the extracellular proteome. In SH1000, low levels of Hla were identified as well, 

correlating with low levels of host cell death induction. In contrast the S. aureus strains 6850, LS1, 

and USA300, which induced high amaounts of cell death, exhibited also high levels of Hla in the 

extracellular proteome. S. aureus 6850 additionally showed high levels of β-hemolysin (Hlb), γ-

hemolysin (HlgC), and δ-hemolysin (Hld), correlating high levels of hemolysins with high levels of 

host cell death induction.   

In summary, it could be shown that the extracellular proteome of the analyzed S. aureus strains is 

heterogeneous resulting in proteins composing the core and the variable extracellular proteome. 

Furthermore, the extracellular proteome analysis revealed that S. aureus CowanI, HG001, and 

SH1000 exhibit only low proten levels of extracellular enzymes, toxins, hemolysins, and 

superantigens during the exponential growth phase in comparison to S. aureus 6850, LS1, and 

USA300, which showed high levels of proteins from these groups.  

The variable protein levels in the extracellular proteome quantified in the different S. aureus strains 

correlated with strain depending differences identified in experiments concerning the invasiveness 

of the strains into host cells, phagosomal escape and induction of host cell death conducted by the 

group of Prof. Löffler.  

To complete the list of proteins from the core and variable extracellular proteome of the six 

S. aureus strains, it would be reasonable to examine also different growth phases, as different 

regulators are active during different growth phases resulting in an increase or decrease of protein 

levels. Maybe some proteins were not detected by mass spectrometry due to their low abundance 

during exponential growth phase and would become detectable during other growth phases. In 

addition to the in vitro study of the extracellular proteome of the S. aureus strains, it would be 

interesting to examine the secreted proteins inside host cells of even during an in vivo infection 

model. Furthermore, it would be interesting to compare the results gained from the laboratory 

strains to freshly isolated S. aureus strains. This would help to identify important proteins actually 

secreted during an infection.   
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The following additional material can be found on the attached CD: 

 

S1_Supporting information Refiner MS_HG001 wild type and mutant internalized in S9 epithelial 

cells.pdf Detailed information about the Genedata Refiner settings for the identification of proteins 

from label-free proteome approach analyzing internalized S. aureus HG001 wild type and ∆sigB 

mutant. (Section 2.2.9) 

 

S2_Quantified proteins from SILAC labeled internalized S. aureus HG001 wild type and sigB 

mutant BR1-3.xlsx Presented is the ratio of the heavy (13C) versus the light (12C) protein intensities 

of internalized S. aureus HG001 wild type and ∆sigB mutant. For reliable quantification the proteins 

had to be identified with two peptides per protein, and the proteins had to be present in two out 

of three biological replicates. Furthermore, the heavy and light protein version had to be identified. 

Proteins in the first column highlighted in gray are part of the SigB core regulon. (Section 3.1) 

    

S3_S. aureus SigB core regulon.xlsx Proteins defining the S. aureus SigB core regulon. The genes of 

these proteins were commonly identified as SigB-dependent in microarray studies of Bischoff et al, 

2004, Pané-Farré et al, 2006 and Schulthess et al, 2011. (Section 3.1) 

 

S4_Identified proteins from internalized S. aureus HG001 wild type and sigB mutant.xlsx Listed 

are the normalized protein intensities and the numbers of identified peptides per protein of the 

identified proteins from internalized S. aureus HG001 wild type and ∆sigB mutant. Proteins in the 

first column highlighted in gray are part of the SigB core regulon. (Section 3.2) 

  

S5_Voronoi-like treemaps of the adaption patterns of S. aureus HG001 wild type and sigB mutant 

to internalization by S9 epithelial cells.pdf Presented are the Voronoi-like treemaps from Section 

3.2 to allow enlargement of the figures. 
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S6_Absolute numbers of internalized S. aureus HG001 wild type and asp23 mutant in A549 cells 

BR1&BR2.xlsx Shown are the numbers of S. aureus HG001 wild type and ∆asp23 mutant 

internalized by A549 cells from biological replicates one and two and the average of both 

experiments. (Section 3.2) 

 

S7_Cytoplasmic proteins quantified from culture supernatants of S. aureus LS1 and its isogenic 

mutants.xlsx Listed are proteins identified from culture supernatants of S. aureus LS1 and its 

isogenic mutants, which are predicted to be localized in the cytoplasm. The ratio of the wild type 

versus the mutants is presented. A ratio of a twofold higher protein intensity in the wild type 

compared to the mutant is highlighted in green. A ratio of a twofold higher protein intensity in the 

mutant compared to the wild type is highlighted in red. (Section 3.4)   

 

S8_Extracellular proteins quantified from culture supernatants of S. aureus LS1 and its isogenic 

mutants.xlsx Listed are proteins identified from culture supernatants of S. aureus LS1 and its 

isogenic mutants, which are predicted to be localized in the cytoplasmic membrane, cell wall, or 

extracellular. Presented is the ratio of the wild type versus the mutants. A ratio of a twofold higher 

protein intensity in the wild type compared to the mutant is highlighted in green. A ratio of a 

twofold higher protein intensity in the mutant compared to the wild type is highlighted in red. 

(Section 3.4) 

   

S9_Comparison of proteins identified with the S. aureus 6850 strain specific database and the pan 

proteome database.xlsx Presented are the proteins identified with two peptides per protein with 

the S. aureus 6850 strain specific database and with the pan proteome database. Yes indicates that 

the protein was identified and No refers to proteins not identified. (Section 3.5) 

 

S10_Comparison of proteins identified with the S. aureus HG001 strain specific database and the 

pan proteome database.xlsx Presented are the proteins identified with two peptides per protein 

with the S. aureus HG001 strain specific database and with the pan proteome database. Yes 

indicates that the protein was identified and No refers to proteins not identified. (Section 3.5) 

 

S11_Comparison of proteins identified with the S. aureus SH1000 strain specific database and the 

pan proteome database.xlsx Presented are the proteins identified with two peptides per protein 

with the S. aureus SH1000 strain specific database and with the pan proteome database. Yes 

indicates that the protein was identified and No refers to proteins not identified. (Section 3.5) 
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S12_Comparison of proteins identified with the S. aureus USA300 strain specific database and the 

pan proteome database.xlsx Presented are the proteins identified with two peptides per protein 

with the S. aureus USA300 strain specific database and with the pan proteome database. Yes 

indicates that the protein was identified and No refers to proteins not identified. (Section 3.5) 

 

S13_Cytoplasmic proteins quantified from culture supernatants of S. aureus 6850, CowanI, 

HG001, LS1, SH1000, and USA300.xlsx Listed are the proteins quantified from culture supernatants 

of S. aureus 6850, CowanI, HG001, LS1, SH1000, and USA300, which are predicted to be localized in 

the cytoplasm. Presented are the average quantified protein intensities from three biological 

replicates and the numbers of identified peptides per protein. (Section 3.5)  

 

S14_Extracellular proteins quantified from culture supernatants of all six S. aureus wild type 

strains (core extracellular proteome).xlsx Listed are the proteins quantified from culture 

supernatants of all six S. aureus wild type strains analyzed, which are predicted to be localized in 

the cytoplasmic membrane, cell wall, or extracellular. The proteins are defined as the core 

extracellular proteome. Presented are the average quantified protein intensities from three 

biological replicates and the numbers of identified peptides per protein. (Section 3.5)       

 

S15_Extracellular proteins quantified from culture supernatants of at least one of the six S. aureus 

wild type strains (variable extracellular proteome).xlsx Listed are the proteins quantified from 

culture supernatants of at least one of the six S. aureus wild type strains analyzed, which are 

predicted to be localized in the cytoplasmic membrane, cell wall, or extracellular. The proteins are 

defined as the variable extracellular proteome. Presented are the average quantified protein 

intensities from three biological replicates and the numbers of identified peptides per protein. 

(Section 3.5)       
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Journal articles 

Kuesel JT, Hardeland R, Pfoertner H & Aeckerle N (2010) Reactions of the melatonin metabolite 
N1-acetyl-5- methoxykynuramine with carbamoyl phosphate and related compounds. J. 
Pineal Res. 48: 47–54 

Lehnik-Habrink M, Pförtner H, Rempeters L, Pietack N, Herzberg C & Stülke J (2010) The RNA 
degradosome in bacillus subtilis: Identification of csha as the major RNA helicase in the 
multiprotein complex. Mol. Microbiol. 77: 958–971 

Müller M, Reiß S, Schlüter R, Mäder U, Beyer A, Reiß W, Marles-Wright J, Lewis RJ, Pförtner H, 
Völker U, Riedel K, Hecker M, Engelmann S & Pané-Farré J (2014) Deletion of membrane-
associated Asp23 leads to upregulation of cell wall stress genes in Staphylococcus aureus. 
Mol. Microbiol. 93: 1259–68  

Pförtner H, Burian MS, Michalik S, Depke M, Hildebrandt P, Dhople VM, Pané-Farré J, Hecker M, 
Schmidt F & Völker U (2014) Activation of the alternative sigma factor SigB of Staphylococcus 
aureus following internalization by epithelial cells - An in vivo proteomics perspective. Int. J. 
Med. Microbiol. 304: 177–87  

Pförtner H, Wagner J, Surmann K, Hildebrandt P, Ernst S, Bernhardt J, Schurmann C, Gutjahr M, 
Depke M, Jehmlich U, Dhople V, Hammer E, Steil L, Völker U & Schmidt F (2013) A 
proteomics workflow for quantitative and time-resolved analysis of adaptation reactions of 
internalized bacteria. Methods 61: 244–50  

Surmann K, Simon M, Hildebrandt P, Pförtner H, Michalik S, Stentzel S, Steil L, Dhople VM, 
Bernhardt J, Schlüter R, Depke M, Gierok P, Lalk M, Bröker BM, Schmidt F & Völker U (2015) 
A proteomic perspective of the interplay of Staphylococcus aureus and human alveolar 
epithelial cells during infection. J. Proteomics 128: 203–217  

Tuchscherr L, Bischoff M, Lattar SM, Noto Llana M, Pförtner H, Niemann S, Geraci J, Van de Vyver 
H, Fraunholz MJ, Cheung AL, Herrmann M, Völker U, Sordelli DO, Peters G & Löffler B (2015) 
Sigma Factor SigB Is Crucial to Mediate Staphylococcus aureus Adaptation during Chronic 
Infections. PLOS Pathog. 11: e1004870  
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