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CD cluster of differentiation 
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IL interleukin 
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PBMCs peripheral blood mononuclear cells 

PCA principal component analysis 

PMNs polymorphonuclear leukocytes; neutrophils 

ppm parts per million 

PSM phenol soluble modulin 

PTM post-translational modification 

PTS phosphotransferase system 

RIN RNA integrity number 

rRNA ribosomal RNA 

RT retention time 

RT-PCR reverse transcription-polymerase chain reaction 

SAg superantigen 

SCIN staphylococcal complement inhibitor 

SCVs small colony variants 

SE staphylococcal enterotoxin 

SEl staphylococcal enterotoxin-like 

SILAC stable isotope labeling by amino acids in cell culture 

SMM shotgun mass mapping 

SSC Side Scatter 

SSL staphylococcal superantigen-like 

SSSS staphylococcal scalded skin syndrome 

TARC thymus and activation-regulated chemokine, CCL17 

TCA cycle tricarboxylic acid cycle 

TCR T cell receptor 

TCS two-component system 

TFA trifluoroacetic acid 

TLR Toll-like receptor 

TMD trans-membrane domain 

TNF tumor necrosis factor 

TOF time of flight 

tRNA transfer RNA 
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TSS, TSST-1 toxic shock syndrome, toxic shock syndrome toxin 1 

VRSA vancomycin-resistant S. aureus 

XCL XC chemokine ligand 
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SUMMARY 

Staphylococcus (S.) aureus is a harmless commensal colonizing symptom free 20 to 30% of 

the healthy population as well as a dangerous pathogen causing diverse diseases ranging from 

skin and soft tissue infections via toxin mediated diseases to life threatening conditions such as 

endocarditis and sepsis. In its interplay with the human host, this microorganism resorts to an 

extensive repertoire of both membrane-bound and secreted virulence factors facilitating 

adhesion to, invasion of, and spreading into various host tissues. In healthcare facilities, S. aureus 

is the most common cause of nosocomial (hospital-associated) infections. The emergence of 

highly pathogenic S. aureus strains infecting otherwise healthy individuals and the increasing 

resistance of this pathogen to almost all antibiotic treatments underscores the need for a global 

understanding of the underlying virulence mechanisms. 

Among the numerous virulence factors produced by S. aureus are the staphylococcal 

superantigens (SAgs). They directly cross-link conserved regions of the variable domains of the 

TCR-chain (TCR V) with MHC class II molecules (outside the peptide-binding cleft) on antigen 

presenting cells (APCs). This results in a strong stimulation of T cells that express the matching 

TCR V element on their surface. Activated T cells respond with proliferation and massive 

cytokine release. In this way, SAgs activate up to 20% of all T cells. In contrast, conventional 

antigens only stimulate around 0.001% of T cells. Recently, the enterotoxin gene cluster (egc) 

harboring 5 to 6 SAg genes clustering on a staphylococcal pathogenicity island was described. 

The egc-genes are the most prevalent SAg genes in commensal and invasive S. aureus isolates. 

However, they appear to cause toxic shock only very rarely and their presence is negatively 

correlated with severity of S. aureus sepsis. Because of this, it was suggested that SAgs might 

differ in their pro-inflammatory potential and it has been reported that in peripheral blood 

mononuclear cells (PBMCs) from healthy donors the non-egc SAg SEA induces a stronger Th1-

response than the egc SAg SEG. In addition to their superantigenicity, SAgs, like other proteins, 

also act as conventional antigens and induce a specific antibody response. Neutralizing 

antibodies against non-egc SAgs are common in the healthy population. In contrast, despite the 

high prevalence of egc SAgs, neutralizing antibodies against egc SAgs are very rare, even among 

carriers of egc-positive S. aureus strains. In order to find an explanation for this “egc-gap”, we 

have tested two non-exclusive hypotheses: (i) egc and non-egc SAgs have unique intrinsic 

properties and drive the immune response into different directions and (ii) egc and non-egc 

SAgs are released by S. aureus under different conditions, which shape the immune response to 

them. To test these hypotheses, we compared the effects of egc and non-egc SAgs on human 

blood cells. Their T cell-mitogenic potencies, the elicited cytokine profiles as well as their impact 

on gene expression were highly similar. Both egc and non-egc SAgs induced a very strong pro-

inflammatory response. In contrast, the regulation of SAg release by S. aureus differed markedly 
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between egc and non-egc SAgs. Egc-encoded proteins were secreted by S. aureus during 

exponential growth, while non-egc superantigens were released in the stationary phase. We 

conclude that the distinct biological behavior of egc and non-egc superantigens is not due to 

their intrinsic properties, which are very similar, but is caused by their differential release by 

S. aureus. 

Traditionally, S. aureus has not been considered as an intracellular pathogen but strong 

evidence emerged from cell culture studies indicating that staphylococci can invade and persist 

in various cell types, even inside professional phagocytes such as neutrophils and macrophages. 

Internalization might constitute a bacterial strategy to evade the host’s defense reactions and 

the action of antibiotics that act mainly onto extracellular pathogens. The ability of S. aureus to 

change its phenotype might allow both intracellular and extracellular survival in the host. The 

intracellular niche might thus constitute a reservoir for chronic or relapsing infections. Contrary 

to their potential importance, so far post invasion events have been studied only to a limited 

extent. In the post-genomic era, bacterial adaptation reactions can now be studied at genome-

wide scale. These technologies have been used extensively to study adaptation reactions of in 

vitro grown S. aureus cultures also at proteomic level. Those studies have also included 

conditions that mimic the behavior in infection-related settings, such as iron limitation and 

oxidative stress. Certainly, the shift from extracellular to intracellular life style is linked to a fast 

and extensive adaptation, the analysis of which will likely reveal new facets of S. aureus 

pathophysiology as in vitro experiments mimic the conditions the pathogen encounters inside 

eukaryotic host cells only to a limited extent. Particularly for proteomics studies, the major 

bottleneck is the lack of sufficient proteomic coverage for low numbers of cells. Thus, genome-

wide functional genomics analyses of the adaptation reactions of S. aureus to the host cell 

environment are rare and so far confined to gene expression profiling. These studies revealed 

gene expression programs that likely contribute to evasion of innate host defense (e.g., 

upregulation of capsule synthesis, oxidative stress response, and virulence) or showed extensive 

alterations in bacterial gene expression in the early phase of internalization, namely 

downregulation of several metabolic pathways (cell division, nutrient transport, regulatory 

processes) and upregulation of genes involved in iron scavenging and virulence. After this initial 

adaptation, transcription of several metabolic functions was found to increase again. 

Investigations addressing the proteome of internalized S. aureus are still lacking due to the 

challenge of obtaining a sufficient number of infecting bacteria. The proteome of the facultative 

intracellular pathogen Francisella tularensis, the cause of tularemia, has been characterized after 

isolation from the spleen of mice via immunomagnetic separation by a classical 2-DE approach. 

However, although this technology is still well suited for the analysis of physiological questions 

particular in simple unicellular bacteria, the number of cells required for such a comprehensive 

2-DE based proteome approach is high, often exceeding the numbers that are available from in 
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vivo infection models. In a study analyzing Salmonella enterica isolated from infected mice, the 

combination of flow cytometric sorting with highly sensitive mass spectrometry allowed a 

comprehensive analysis of the proteome of Salmonella and indicated that its robust metabolism 

limits the possibilities for the discovery of new antimicrobials. However, for these experiments 

also large numbers of pathogens (exceeding 108 cells) were sorted, a number which cannot 

easily be accomplished in infection models with S. aureus. Furthermore, these approaches do not 

allow monitoring of time-dependent quantitative changes in protein levels. 

Here, a workflow allowing time-resolved analysis of internalized S. aureus cells by 

combining a pulse-chase stable isotope labeling by amino acids in cell culture approach with 

high capacity cell sorting, on-membrane digestion, and high-sensitivity mass spectrometry is 

presented. This workflow permits detection and quantitative monitoring of several hundred 

staphylococcal proteins from as little as a few million internalized S. aureus cells. In a first study, 

this approach has been used to reveal time-resolved changes in levels of proteins in S. aureus 

strain RN1HG upon internalization by human bronchial epithelial S9 cells. Proteins involved in 

stress adaptation (methionine sulfoxide reductases A2 and B, superoxide dismutase SodM) as 

well as protein folding (foldase protein PrsA) and some components of the phosphotransferase 

system (PTS) were upregulated in internalized staphylococci, whereas proteins of the purine 

biosynthesis pathway and tRNA aminoacylation were downregulated. Furthermore, regulatory 

adaptive responses of internalized S. aureus cells to the intracellular milieu was shown as global 

regulators such as AgrA and SarR displayed increased protein abundance levels when compared 

to non-internalized bacteria. Taken together, we observed changes in levels of proteins with 

functions in protection against oxidative damage and adaptation of cell wall synthesis in 

S. aureus RN1HG internalized by human airway epithelial cells. 
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ZUSAMMENFASSUNG 

Staphylococcus (S.) aureus ist ein Kommensale, der dauerhaft 20-30% der gesunden 

Bevölkerung besiedelt. Gerät die Beziehung zwischen Wirt und Bakterium jedoch aus dem 

Gleichgewicht, kann dieser Keim verschiedenste Krankheiten verursachen. Diese 

Krankheitsbilder reichen von harmlosen Hautinfektionen über Toxin-vermittelte Erkrankungen 

bis hin zu lebensbedrohlichen Krankheiten. Für die Pathogenität von S. aureus ist ein 

umfangreiches Repertoire an Virulenzfaktoren verantwortlich, die sowohl Membran-assoziiert 

sind als auch sezerniert werden können und Adhäsion, Invasion und Verbreitung in 

verschiedensten Gewebetypen vermitteln. S. aureus ist die häufigste Ursache für nosokomiale 

Infektionen. Das Auftreten von hoch pathogenen S. aureus-Stämmen, die sonst gesunde 

Individuen infizieren, und die sich schnell verbreitenden Resistenzen gegenüber nahezu allen 

Antibiotika unterstreichen die Notwendigkeit, die Anpassungsmechanismen des Pathogens an 

den Wirt in ihrer Gesamtheit zu verstehen, um die erfolgreiche Entwicklung neuer Therapeutika 

zu unterstützen. 

Unter den zahlreichen Virulenzfaktoren von S. aureus befinden sich auch die Gruppe der 

Superantigene (SAgs), die zu einer Dysregulation des Immunsystems führen. Diese Toxine 

aktivieren T-Zellen, indem sie gleichzeitig an konservierte Regionen der -Kette des T-Zell-

Rezeptors und an Klasse-II-MHC-Moleküle auf Antigen-präsentierenden Zellen außerhalb der 

Peptidbindungsgrube binden. Dies führt zu einer Antigen-unabhängigen Aktivierung all der 

T-Zellen, die die passende -Kette in ihren T-Zell-Rezeptoren tragen. Aktivierte T-Zellen 

reagieren mit starker Zellteilung (Proliferation) und schütten eine Reihe pro-inflammatorischer 

Zytokine aus. Auf diese Weise können SAgs bis zu 20% der gesamten T-Zell-Population eines 

Organismus aktivieren. Im Gegensatz dazu aktivieren konventionelle Antigene, die der 

Prozessierung durch Antigen-präsentierende Zellen unterliegen, nur etwa 0,001% aller T-Zellen. 

Kürzlich wurde eine Gruppe von SAgs entdeckt, die im sogenannten „enterotoxin gene cluster“ 

(egc) auf einer Pathogenitätsinsel von S. aureus kodiert sind. Diese egc-SAg-Gene sind die 

häufigsten SAgs sowohl in kommensalen als auch invasiven S. aureus-Isolaten. Trotzdem 

scheinen diese Isolate nur in wenigen Fällen einen toxischen Schock auszulösen und von solchen 

Isolaten verursachte Sepsen zeigen weniger schwere Verläufe. Es wurde daher angenommen, 

dass sich die SAgs in ihrem pro-inflammatorischen Potential unterscheiden und es konnte 

gezeigt werden, dass das nicht-egc-SAg SEA eine stärkere Th1-Antwort in Immunzellen 

gesunder Blutspender induziert als das egc-SAG SEG. Neben ihrer Superantigenität besitzen 

SAgs auch die Eigenschaften konventioneller Antigene und können daher eine spezifische 

Antikörperantwort auslösen. Neutralisierende Antikörper gegen nicht-egc-SAgs sind in der 

Bevölkerung weit verbreitet. Hingegen sind trotz der hohen Prävalenz von egc-SAg-positiven 

S. aureus-Stämmen neutralisierende Antikörper gegen diese SAgs sehr selten. Das trifft sogar auf 
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Individuen zu, die mit egc-positiven S. aureus-Stämmen besiedelt sind. Auf der Suche nach einer 

Erklärung für diese „egc-Lücke“ wurden zwei Hypothesen untersucht: (i) Egc- und nicht-egc-

SAgs haben unterschiedliche intrinsische Eigenschaften und lösen unterschiedliche Reaktionen 

des Immunsystems aus und (ii) egc- und nicht-egc-SAgs werden von S. aureus unter 

verschiedenen Bedingungen sezerniert. Um diese Hypothesen zu testen, haben wir die Effekte 

von egc- und nicht-egc-SAgs auf humane Immunzellen getestet. Dabei stellte sich heraus, dass 

beide Gruppen sehr ähnliche T-Zell-aktivierende Eigenschaften besitzen. Es konnten keine 

Unterschiede hinsichtlich T-Zell-Proliferation, Zytokinsekretion und Genexpression in humanen 

Immunzellen gefunden werden. Die SAgs beider Gruppen induzierten starke pro-

inflammatorische Immunantworten. Im Gegensatz dazu zeigte sich, dass die Verfügbarkeit von 

egc- und nicht-egc-SAgs im Überstand kultivierter Staphylokokken unterschiedlich reguliert 

wurde. Egc-SAgs konnten bereits während des exponentiellen Wachstums der Bakterien 

gefunden werden, wohingegen nicht-egc-SAgs erst in der stationären Wachstumsphase 

sezerniert wurden. Daraus lässt sich folgern, dass die adaptive Immunantwort nicht durch die 

intrinsischen Eigenschaften von egc- und nicht-egc-SAgs, die sehr ähnlich sind, sondern durch 

die unterschiedliche Regulation von egc- und nicht-egc-SAgs beeinflusst wird. 

Ungeachtet seiner Fähigkeit, in verschiedensten Geweben zu persistieren und zu überleben, 

wird S. aureus traditionell als extrazelluläres Bakterium angesehen. Allerdings zeigen Studien in 

verschiedenen Zellkulturmodellen, dass Staphylokokken auch von nicht-professionell 

phagozytierenden Zellen aufgenommen werden und tagelang darin überleben können. Hierbei 

könnte der Internalisierungsmechanismus eine potentielle Überlebensstrategie des Bakteriums 

darstellen, um dem wirtseigenen Immunsystem zu entgehen. 

Trotz ihrer möglichen Bedeutung für die Pathogenität von S. aureus wurden post-invasive 

Vorgänge aufgrund der erschwerten Isolation intrazellulärer Bakterien aus den Wirtszellen 

bisher nur in geringem Umfang untersucht. Bisherige Proteom-Studien zur Untersuchung der 

bakteriellen Adaptation an sich verändernde Umweltbedingen beschränken sich größtenteils auf 

in vitro kultivierte Staphylokokken. Hierbei wurde auch versucht, infektionsrelevante 

Bedingungen wie Eisenlimitation oder oxidativen Stress nachzubilden. Solche Experimente 

können jedoch die Bedingungen, denen ein Krankheitserreger innerhalb der Wirtszelle 

ausgesetzt ist, nur unzureichend nachbilden. Dennoch limitiert die Herausforderung, 

ausreichend bakterielles Zellmaterial aus Internalisierungsexperimenten zu gewinnen, die 

Anzahl der Studien, die die Adaptationsreakionen von S. aureus an die Wirtszellumgebung 

untersuchen. Die vorhandenen Studien beschränken sich weitgehend auf Genexpressions-

analysen. Diese Studien enthüllten Genexpressionsprogramme, die vermutlich zur Wirtsevasion 

beitragen (Induktion der Kapselbiosynthese, Resistenz gegen oxidativen Stress, Induktion der 

Expression von Virulenzgenen, Repression metabolischer Stoffwechselwege wie z.B. Zellteilung, 

Induktion von Eisenaufnahmegenen). Untersuchungen, die sich mit dem Proteom 
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internalisierter Bakterien beschäftigen, sind jedoch nach wie vor sehr selten. So wurde 

beispielsweise das Proteom von Francisella tularensis nach der Isolation aus 

Bauchspeicheldrüsen infizierter Mäusen via immunomagnetischer Aufreinigung mittels eines 

klassischen 2D-Gelektrophorese-Ansatzes (2-DE) charakterisiert. Obwohl diese Technologie für 

die Beantwortung physiologischer Fragen gut geeignet ist, übersteigen die Bakterienzahlen, die 

für solch eine umfassende 2-DE-basierte Proteomanalyse benötigt werden, oft die aus in vivo 

Infektionsmodellen verfügbaren Bakterienzahlen. Deshalb haben Becker et al. für die 

Untersuchung von Salmonella enterica aus infizierten Mäusen eine andere Methode gewählt. Die 

Kombination von durchflusszytometrischer Zellsortierung mit hoch-sensitiver Massen-

spektrometrie ermöglichte eine umfassende Analyse des Proteoms von Salmonella. Jedoch 

erforderten diese Experimente das langwierige Sortieren hoher Bakterienzahlen (mehr als 108), 

die in Infektionsversuchen mit S. aureus kaum zu erreichen sind. 

In der hier vorgestellten Studie gelang es, das erste zeitaufgelöste in vivo-Proteomprofil von 

internalisierten Staphylokokken vorzulegen. Dafür wurden 13C-markierte (SILAC) Bakterien in 

einem Pulse-Chase-Experiment von S9-Zellen internalisiert. Die Wirtszellen wurden 

anschließend zu festgelegten Zeitpunkten lysiert, um die intrazellulären Bakterien freizusetzen. 

Unter Nutzung von Hochdurchsatz-Sortierung wurden diese auf einem Filter aufgefangen und 

direkt auf der Filtermembran enzymatisch verdaut. Die entstandenen Peptide wurden mittels 

Massenspektrometrie analysiert. Diese Methode ermöglichte, basierend auf nur wenigen 

Millionen sortierter Staphylokokken, die Identifikation von ca. 650 und die Quantifizierung von 

ca. 450 Proteinen. Diese Zahlen sind vergleichbar mit den in den oben genannten Studien 

erzielten Proteinzahlen, benötigen jedoch nur einen Bruchteil der dort verwendeten 

Bakterienmengen. In diesem Experiment konnten quantitative Veränderungen von Proteinen im 

S. aureus-Stamm RN1HG nach Internalisierung durch humane Bronchialepithelzellen analysiert 

werden. Erhöhte Level konnten beispielsweise für einige in der Stressadaptation relevante 

Proteine (Methioninsulfoxid-Reduktasen A2 und B, Superoxid-Dismutase SodM) und das 

Chaperon PrsA gezeigt werden. Zudem wiesen einige Komponenten des Phosphotranserase-

Systems (PTS) eine erhöhte Abundanz in internalisierten Staphylokokken auf. Hingegen waren 

Proteine, die an der Purinbiosynthese und der Aminoacylierung von tRNAs beteiligt sind, in 

ihrer Abundanz reduziert. Weiterhin konnte auf adaptive Antworten internalisierter 

Staphylokokken auf das intrazelluläre Milieu geschlossen werden, da globale Transkriptions-

regulatoren wie AgrA und SarR erhöhte Proteinlevels im Vergleich zu nicht internalisierten 

Staphylokokken aufwiesen. Zusammenfassend kann gesagt werden, dass in humane Bronchial-

epithelzellen invadierte Zellen des S. aureus-Stammes RN1HG Veränderungen in der Abundanz 

von Proteinen aufwiesen, die eine Rolle in der Abwehr von Schäden durch oxidativen Stress und 

in der Anpassung der Zellwandsynthese spielen.  
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1 INTRODUCTION 

1.1. STAPHYLOCOCCUS AUREUS  –  COMMENSAL AND PATHOGEN 

Staphylococcus aureus (staphylo=grape, coccus=globular, aureus=golden) is a Gram-positive 

spherical microbe approximately 1 µm in diameter (figure 1.1). The bacteria are facultatively 

anaerobic, tend to form grape-shaped clusters, and colonies show a golden color when grown on 

rich medium. Responsible for this color is the carotenoid pigment staphyloxanthin which is also 

an important virulence factor (see also section 1.2). 

 

figure 1.1. Staphylococcus aureus. 
(Source: http://www.netwellness.org/healthtopics/infectiousdisease/mrsa.cfm) 

 

Being a commensal to humans, staphylococci can be isolated from various parts of the 

human body (figure 1.2, [1]). Furthermore, about 20-30% of the healthy population are 

persistently colonized by S. aureus in the anterior nose [2, 3]. Besides its commensal life style, 

S. aureus can cause diseases ranging from local skin infections such as abscesses and furuncles 

via toxin-mediated diseases (TSS; toxic shock syndrome, SSSS; staphylococcal scalded skin 

syndrome) to life-threatening systemic infections such as pneumonia, osteomyelitis, 

endocarditis, and sepsis. In hospital settings, S. aureus is the second most common cause of 

bloodstream infections. In general, nasal carriage is a risk factor for S. aureus infections [1]. 

Interestingly, nasal carriers of S. aureus have a three- to four-fold higher risk of developing a 

hospital-acquired (nosocomial) S. aureus bacteraemia than non-carriers [4].  
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figure 1.2. S. aureus carriage rates per body site in adults. Nasal S. aureus carriers show increased 
carriage rates at extra-nasal sites (from Wertheim et al. 2005 [1]). 

 

S. aureus infections are treated with antibiotics of which penicillin was initially highly 

effective. However, in the mid-1940s penicillin-resistant S. aureus strains emerged due to the 

widespread use of penicillin selecting for the stabilization of resistance genes [5, 6] and was 

pandemic in the 1950s and early 1960s [7]. Therefore, since 1959, penicillin was rapidly 

replaced by methicillin [8] but within two years the emergence of methicillin-resistant S. aureus 

(MRSA) was reported [9]. Since then, MRSA has spread in hospitals worldwide [10]. This led to 

more usage of vancomycin, the last antibiotic to which MRSA strains were reliably susceptible. 

This selective pressure facilitated emergence of vancomycin-resistant S. aureus (VRSA) [10]. 

Moreover, the emergence of highly pathogenic community-acquired MRSA strains (CA-MRSA) 

infecting otherwise healthy people outside of health care facilities [11] represents a major threat 

and underscores the need for a comprehensive understanding of the underlying virulence 

mechanisms. To date, a broad collection of virulence factors, a repertoire greatly varying among 

different S. aureus strains, is known [12, 13].  
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1.2. STAPHYLOCOCCAL VIRULENCE AND PATHOGENESIS 

The extensive repertoire of virulence factors of S. aureus consists of secreted and surface-

associated molecules [14]. These factors are involved in host colonization [15], complement 

evasion [16], inhibition of antimicrobial peptides [17-20], alteration of leukocyte recruitment or 

function [16, 21], destruction of leukocytes [21-24], and iron uptake [25]. Most strains express a 

polysaccharide capsule [26] to prevent opsonization. 

S. aureus infections originate either from injuries of the skin barrier such as wounds or from 

secondary infections, e.g. following viral infections. This initial contact to host tissues is thought 

to trigger upregulation of virulence genes [27]. But also the host responds to tissue injury and 

bacterial products such as peptidoglycan and lipoproteins by activation of the immune system. 

This leads to local immune cell activation and recruitment of neutrophils and macrophages to 

the site of infection [28]. Thus, infiltrating staphylococci have to cope with several defense 

mechanisms of the host belonging to both the innate and the adaptive immune system (table 1.1 

and figure 1.3). For example, S. aureus avoids opsonization by complement and antibodies by 

expressing a capsule (prevents opsonization), clumping factor A (inhibits phagocytosis), protein 

A (sequesters antibodies), and several other complement inhibitors inactivating or preventing 

host opsonins from binding to the bacterial surface [14, 29] (see also section 1.5). 

 

table 1.1. S. aureus molecules that contribute to immune evasion or alter host immune function 
[30]. 

gene(s) protein or molecule function/ effect on immune system 

ahpC, ahpF Alkyl hydroperoxide reductase subunits 
C and F, AhpC and AhpF 

Promotes resistance to ROS 

aur Zinc metalloproteinase aureolysin, Aur Degrades LL-37 

cap5 or cap8 genes Capsular polysaccharide Inhibits phagocytosis 

katA Catalase, KatA Detoxifies hydrogen peroxide 

chp Chemotaxis inhibitory protein of 
S. aureus, CHIPS 

Inhibits chemotaxis 

clfA Clumping factor A, ClfA Inhibits phagocytosis, causes platelet 
activation 

crtM, crtN Carotenoid pigment, staphyloxanthin Promotes resistance to ROS 

dlt operon Dlt operon, DltABCD Promotes resistance to cationic AMPs 
and group IIA phospholipase A2 

eap Extracellular adherence protein, Eap Inhibits leukocyte adhesion 

ecb Extracellular complement-binding 
protein, Ecb 

Inhibits C5a generation 
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gene(s) protein or molecule function/ effect on immune system 

efb extracellular fibrinogen-binding protein, 
Efb 

inhibits C5a generation 

fnbA, fnbB fibronectin-binding proteins A and B, 
FnbA and FnbB 

cause platelet activation 

hla, hly alpha-hemolysin (α-hemolysin), Hla causes host cell lysis 

hld delta-hemolysin, Hld causes host cell lysis 

hlgA, hlgB, hlgC gamma-hemolysin subunits A, B, and C; 
HlgA, HlgB, HlgC; two-component 
leukocidin 

causes leukocyte and erythrocyte 
lysis 

icaA, icaD, icaB, icaC, 
icaR 

polysaccharide intercellular adhesin, PIA promotes resistance to cationic AMPs 

isdA, isdB iron-regulated surface determinants of 
S. aureus, IsdA and IsdB  

promote resistance to AMPs, skin 
fatty acids, and neutrophil ROS 

lukS-PV, lukF-PV leukocidin S-PV and F-PV subunits; 
LukS/F-PV; PVL; two-component 
leukocidin 

causes phagocyte lysis 

lukD, lukE leukocidin D and E; LukD and LukE; two-
component leukocidin 

causes leukocyte lysis 

mprF multiple peptide resistance factor, MprF promotes resistance to cationic AMPs 

psm phenol-soluble modulin-like peptides, 
PSMs 

cause leukocyte lysis 

sak staphylokinase inhibits host α-defensins 

sbi IgG-binding protein, Sbi sequesters host IgG 

scn staphylococcal inhibitor of complement, 
SCIN 

inhibits complement 

sea, seb, sec, sed, see, 
seg, seh, sei, sej, selk, 
sell,selm, seln, selo, 
selp, selq, selr, ses, set, 
selu,selv 

staphylococcal enterotoxins; SEA, SEB, 
SEC, SED, SEE, SEG, SEH, SEI, SEJ, SElK, 
SElL, SElM, SElN, SElO, SElP, SElQ, SElR, 
SES, SET, SElU, SElV 

activate T-cells 

sodA, sodM superoxide dismutase, SodA, SodM promote resistance to ROS 

spa protein A sequesters host IgG, inhibits 
phagocytosis 

ssl5 staphylococcal superantigen-like 5, SSL5 binds PSGL-1 and inhibits neutrophil 
rolling 

ssl7 staphylococcal superantigen-like 7, SSL7 binds to C5a and IgA 

tst toxic shock syndrome toxin-1, TSST1 activates T-cells 

 

At infections sites, S. aureus is also at risk to be killed by neutrophils. Neutrophils are 

professional phagocytes which constitute the first line of defense against invading 
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microorganisms and are recruited to the site of infection by chemotaxis [31]. Thus, recruitment 

of neutrophils is hindered by secretion of staphylococcal chemotaxis inhibitory protein (CHIP) 

and extracellular adherence protein (Eap). CHIP blocks neutrophils’ recognition of chemotactic 

factors [32] and Eap inhibits binding of neutrophils to endothelial adhesion molecule ICAM-1 

[33] and thereby prevents leukocyte adhesion, diapadesis, and extravasation from the 

bloodstream to the infection site (figure 1.3). Neutrophils arriving at the infection site release a 

collection of antimicrobial molecules, including antimicrobial peptides, reactive oxygen species 

(ROS), reactive nitrogen species, proteases, and lysozyme. ROS and reactive nitrogen species are 

antagonized by antioxidant enzymes (e.g., catalase, pigment, superoxide dismutase) [14]. 

Antimicrobial peptides target negatively charged surface components and therefore S. aureus 

evades them by altering its surface charge [17, 18]. Moreover, aureolysin degrades [34] and 

staphylokinase neutralizes [35] antimicrobial peptides. Other secreted toxins lyse leukocytes, 

e.g. the phenol soluble modulins (PSM) [21], hemolysins, and leukocidins [36]. 

 

figure 1.3. S. aureus survival strategies during infection. MSCRAMM, microbial surface components 
recognizing adhesive matrix molecules; CHIP, chemotaxis inhibitory protein; Eap, extracellular adherence 
protein; SOD, superoxide dismutase; PSM, phenol soluble modulin; Isd, iron-regulated surface 
determinant; TCR, T cell receptor; TSST, toxic shock syndrome toxin (from ref. [28]). 

 

Besides immune evasion, the successful acquisition of nutrients, particularly iron [37], is 

crucial for bacterial survival. Within the host, iron is sequestered in host cells and serum iron is 

mostly bound to host proteins and therefore not easily accessible. To overcome this problem, 

S. aureus secretes high affinity iron-binding siderophores (aureochelin and staphyloferrin [38, 

39]) as well as an iron-regulated surface determinant (Isd) system (figure 1.3) that binds human 
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hemoproteins and transports the heme to the inside of the bacterial cell [37]. 

Besides the innate immune system, infecting staphylococci also have to deal with the 

adaptive immune system. Secreted staphylococcal superantigens (SAgs; see section 1.3) and the 

toxic shock syndrome toxin TSST were shown to alter T cell functions by targeting the T cell 

receptor activation pathway [40, 41], thereby possibly preventing the development of long-term 

memory. Protein A was shown to deplete splenic marginal zone B cells [42], the precursors of B 

cells, presumably resulting in a poor specific B cell response. 

Additional clinically relevant virulence mechanisms include biofilm formation allowing 

persistence on plastic devices such as catheters and promoting resistance to antibiotics [14], and 

the ability to enter a dormant-like state (small colony variants, SCVs) promoting survival under 

harsh conditions and implicating a role in chronic infections such as chronic osteomyelitis [43]. 

Despite its capacity to survive and persist in various tissues, S. aureus is classically 

considered as an extracellular pathogen [44]. But besides the extracellular life style, S. aureus is 

also able to adhere and invade non-professional phagocytic cells such as epithelial and 

endothelial cells and survive intracellularly for several days [45-47]. For that reason, along with 

other factors it uses molecules collectively termed microbial surface components recognizing 

adhesive matrix molecules (MSCRAMM). MSCRAMM and also other bacterial products are 

suggested to be of importance for adhesion and attachment to nasal epithelial cells, but so far 

evidence for roles in nasal colonization is available for clumping factor B(ClfB) and cell wall-

associated teichoic acid [48, 49]. 

The extensive arsenal of factors associated with virulence of S. aureus needs to be tightly 

regulated. Thus, the expression of virulence genes is synchronized with the biological cycle of 

S. aureus. During exponential growth, S. aureus expresses mainly cell wall-associated factors 

facilitating adhesion and immune evasion (protein A, coagulase, fibronectin binding proteins 

etc.), whereas during late exponential and stationary growth predominantly secreted 

exoproteins promoting invasion and disease are produced [50]. A major player in this system is 

the accessory gene regulator (agr) two-component system (TCS) [51] (see also table 1.2).  
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table 1.2. Accessory gene regulation and transcription units in S. aureus (from ref. [27]). 

regulatory unit description of  protein/s 
encoded 

functional role 

agrACDB/ rna III TCS, autoinduced by 
peptide 

regulates many genes encoding extracellular and 
cytoplasmic proteins  

saePQRS TCS, autoinduced regulates many extracellular protein genes 

arlRS TCS regulates autolysis and certain accessory genes 

svrA membrane protein required for the expression of agr 

srrAB TCS regulates certain accessory genes at low PO2 

σB Rpo alternative sigma factor active in late exponential phase; regulates many 
accessory genes 

sarA transcription factor assists in agr autoinduction under certain 
conditions; pleiotropic repressor 

sarS transcription factor activates transcription of spa and possibly other 
surface protein genes 

sarT transcription factor represses transcription of hla and possibly other 
exoprotein genes 

sarR transcription factor minor transcription factor for sarA and possibly sarS 

rot transcription factor minor transcription factor for hla and other 
exoprotein genes 

 

Microarray and proteomic analyses have shown that more than 70 genes are regulated by 

this system, including more than 20 virulence factors [52, 53]. The agr system regulates gene 

expression by a quorum sensing mechanism. For a detailed description on the agr mechanism, 

see legend of figure 1.4. Upregulation of RNAIII results in increased synthesis of extracellular 

protein genes and downregulation of many surface proteins [50]. However, the role of agr 

signaling during infection is controversial [54]. Gene expression analyses in cystic fibrosis 

patients revealed that agr is not active during chronic infections [55] and many drug-resistant 

and clinical isolates do not even have a functional agr locus [50]. George and Muir proposed that 

agr plays a role during early infection phases and subsequent shutdown of agr activity confers 

an advantage to long-term survival in vivo [50]. This hypothesis is also supported by work of 

Wright et al. who found induction of the agr system in the very early phase of infection in a 

murine abscess model followed by a decline in agr activity [56].  
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figure 1.4. Schematic overview of the accessory gene-regulator (agr) signaling circuit. The agr locus 
consists of two divergent transcription units (RNAII and RNAIII) driven by promoters P2 and P3. The P2 
operon RNAII encodes for the TCS, its autoinducing peptide (AIP), and the membrane protein (AgrB) 
responsible for AIP (AgrD) maturation and secretion. Activation of the transmembrane sensor kinase 
(AgrC) leads to activation of the response regulator (AgrA) that directly drives transcription of the P2 and 
P3 promoters [27, 50]. As the activating ligand is encoded within the operon, the system undergoes 
positive autoinduction resulting in a rapid burst of activity. This activity is mediated by the RNAIII 
transcript, the effector molecule of the agr response. 

 

The second major TCS involved in virulence gene regulation in S. aureus is saeRS. A 

mutation of this system results in a defect in exoprotein production distinct from that seen with 

agr mutants, e.g. transcription of nuclease and coagulase [27] as well as hemolysin α and 

fibronectin-binding proteins FnbA and FnbB [57] is positively influenced by saeRS. SaeRS 

transcription is affected by several environmental stimuli such as high salt, low pH, glucose, and 

subinhibitory antibiotics [27]. Moreover, saeRS transcription is influenced by other virulence-

associated regulators such as agr which might be an explanation for the synchronous effect of 

both regulators on the expression of extracellular proteins [58]. “Thus, sae appears to lie at a 

convergence of cell density and environmental signals”, Novick stated in 2003 [27]. 

Furthermore, several studies indicate an essential role of sae for virulence gene expression 

under in vivo conditions [55, 59-61]. 

Other major mediators of the response to environmental stimuli are alternative sigma 

factors. S. aureus only possesses one of them, sigma B (σB), which is activated by various stress 

conditions. Its activity is regulated by a complex post-translational signal transduction pathway 

(for a detailed review, see ref. [62]). In S. aureus, σB influences the expression of accessory genes 

indirectly via other regulatory genes and transcription factors. As it downregulates many 

exoprotein genes involved in virulence such as aureolysin, hemolysin α, and nuclease [63], it 

seems to be antagonistic to agr. However, virulence is not a simple function of the amount of 

virulence factors produced in vitro and so mutation of sigB has contradicting effects on the 
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virulence of different S. aureus strains [27]. The precise role of σB in staphylococcal virulence 

remains to be determined and may also largely depend on the animal model used. For example, 

Lorenz and coworkers found attenuation in virulence of sigB mutant S. aureus strains in a central 

venous catheter-related model [64] whereas others have failed to demonstrate any contribution 

of sigB to staphylococcal virulence in murine models of abscess formation [65, 66]. 

The analysis of protein biosynthesis in the absence of agr revealed a group of transcription 

factors also involved in virulence gene expression, the Sar family [27]. This family of 

transcription factors regulates a lot of proteins also regulated by RNAIII and seems to repress 

transcription of genes. Arvidson and Tegmark suggest that RNAIII might act as an anti repressor 

exerting its function by binding one or more of the Sar proteins [67].  
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1.3. STAPHYLOCOCCAL SUPERANTIGENS (SAGS) 

S. aureus secretes a group of toxins targeting the adaptive immune response. As these 

proteins are able to cross-link major histocompatibility complex (MHC) class II molecules on the 

surface of antigen presenting cells (APCs) and the T-cell receptor (TCR) on T cells without 

requiring the presentation of an antigenic peptide by the MHC II protein, they are termed 

superantigens (SAgs). The differences between conventional antigens and SAgs are depicted in 

figure 1.5. Conventional antigens are processed by antigen-presenting cells (APC) and peptides 

presented in MHC II on the surface. Antigen-specific TCR binds presented peptide leading to 

oligoclonal activation of T cells (figure 1.5 a). In contrast, SAgs cross-link MHC II and TCR 

independent of antigen-presentation and thereby polyclonal activate T cells (figure 1.5 b). 

Nevertheless, SAgs are immunogenic as they can be processed like conventional antigens driving 

a specific immune response. 

 

figure 1.5. T cell stimulation by conventional antigens and SAgs [68]. See text for detailed description. 

 

Besides the fact that all SAgs are potent T cell mitogens [69], some of them are also 

enterotoxic when ingested and elicit food poisoning reactions such as vomiting and diarrhea. As 

not all SAgs have enterotoxic properties, a new nomenclature was introduced in 2004 to 

discriminate between staphylococcal enterotoxins (SE) and staphylococcal enterotoxin-like (SEl, 

enterotoxicity unproven) toxins. Twenty two staphylococcal SAgs were described so far, namely 

TSST-1 (toxic shock syndrome toxin), the SEs A-E, G-J, S and T and the SEls K-R, U, and V [70, 71]. 

Most SAg genes are located on mobile genetic elements such as prophages, transposons, 

plasmids, and pathogenicity islands. These elements are not uniformly distributed among the 

isolates, but almost all strains isolated from human sources harbor at least one SAg gene [72, 

73]. 

The mitogenic potency of SAgs rather depends on the TCR repertoire than on TCR 

specificity and is determined by the sequences of the TCR β- or α-chains. SAgs bind primarily to 
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the variable region of the β-chain (Vβ-domain) [70]. Thus, depending on the Vβ-repertoire in the 

T cell population, interaction of SAgs with TCRs results in oligoclonal stimulation of more than 

20% of all T cells [70]. In contrast, antigen-specific interactions between MHC II and TCR 

stimulate approximately 0.001% of all T cells [74]. Both stimuli result in T cell activation, T cell 

proliferation, and pro-inflammatory cytokine release from both T cells and APCs. The cytokines 

released include interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α), IL-6, and interferon-γ 

(IFN-γ) [68, 75]. The cytokine storm induced by SAg-activated T cells can lead to the 

life-threatening toxic shock syndrome (TSS). The severity and outcome of this condition is 

mainly determined by the level of pre-existing neutralizing antibodies against SAgs. This might 

explain the paradox that, in clinical settings, S. aureus carriers suffer more often from 

endogenous infections caused by the strain already present on the patient’s skin or mucosal 

membranes before admission [76, 77]. Paradoxically, these patients with an endogenous 

S. aureus bacteraemia have a higher survival rate when compared to patients with an exogenous 

infection [77]. Holtfreter and co-workers showed that carriers have high titers of antibodies 

directed against superantigens encoded by their colonizing strain [78]. This strain-specific 

humoral immunity may play an important role in protection during S. aureus septicaemia and is 

presumably triggered by previous minor infections [79]. 

A group of five to six SAgs is encoded in the enterotoxin gene cluster (egc) (seg, sei, selm, 

seln, selo, and sometimes sel) located on the pathogenicity island vSaβ [72, 80]. The egc-genes 

are the most prevalent SAg genes in both commensal and invasive S. aureus isolates; frequencies 

between 52 and 66% have been reported [81-83]. However, they appear to cause toxic shock 

only very rarely [84]. In fact, egc SAgs are significantly more frequent in commensal strains than 

in invasive isolates, and their presence is negatively correlated with severity of S. aureus sepsis 

[85, 86]. Because of this, it was suggested that SAgs might differ in their pro-inflammatory 

potential, and Dauwalder et al. [87] reported that in PBMCs from healthy donors the non-egc 

SAg SEA induces a stronger Th1-response than the egc SAg SEG. Despite their high prevalence in 

clinical isolates, even among carriers of egc-positive S. aureus strains, egc SAgs trigger the 

production of neutralizing antibodies only in very rare cases [88]. 

A group of 14 proteins showing structural homology to SAgs was uncovered by sequence 

alignments [89]. However, these proteins exhibit no mitogenic effects on T cells and are 

therefore called staphylococcal superantigen-like proteins (SSLs). Instead of targeting the 

adaptive immune system, SSLs display a wide array of activities against the innate immunity. 

SSL7 binds IgA and thereby blocks binding of IgA to FcαRI (CD89) resulting in inhibition of 

FcαRI-mediated phagocytosis by neutrophils and macrophages (20-22). Furthermore, SSL7 

binds complement factor 5 resulting in blockage of complement mediated lytic activity [90]. 

SSL5 and SSL11 target neutrophils and prevent adherence of neutrophils to endothelial cells by 

blocking the P-selectin ligand [91-93].  
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1.4. STAPHYLOCOCCUS AUREUS  AND THE IMMUNE SYSTEM 

The ability of S. aureus to evade from the immune response of the host is crucial to cause 

disease. The first line of defense against invading microorganisms is constituted by neutrophils 

(polymorphonuclear leukocytes; PMNs) which are recruited to the site of infection by 

chemotaxis [31]. The function of neutrophils is to bind and ingest (i.e. phagocytose) invading 

microorganisms to remove them during infection. Phagocytosis is enhanced by opsonization of 

bacteria with antibodies or complement proteins. Neutrophils recognize invading 

microorganisms via bacterial surface-bound and secreted molecules known as pathogen-

associated molecular patterns (PAMPs) and are mobilized from the blood stream and/ or bone 

marrow. These PAMPs include peptidoglycan, lipoproteins, lipoteichoic acid (LTA), capsular 

lipopolysaccharide (LPS), and CpG-containing DNA and interact with receptors on the neutrophil 

surface, including Toll-like receptors (TLRs) [94]. Neutrophils also respond to host-derived 

chemotactic factors including IL-8, granulocyte chemotactic protein 2, and complement 

component C5a. These factors induce IL-8 production in peripheral blood monocytes [95], CD4+ 

T cells [96, 97], and epithelial and endothelial cells [98] promoting transmigration of neutrophils 

[96, 97, 99]. Also some of the secreted virulence factors such as TSST-1, SEA, and SEB induce 

IL-8 production by human monocytes [100]. In addition, surface components such as 

peptidoglycan induce C5a production [101] and thereby attract neutrophils. Furthermore, 

S. aureus secretes molecules which directly recruit neutrophils, e.g. PSMs [21]. Activation of 

neutrophils triggers signal transduction pathways resulting in prolonged survival of neutrophils 

[102], adhesion, phagocytosis, and release of cytokines, chemokines, and reactive oxygen species 

(ROS) [102, 103] as well as granule exocytosis [104]. 

All these factors drive a robust pro-inflammatory immune response; therefore S. aureus 

produces an array of factors to inhibit chemotaxis and subsequent recruitment of neutrophils. 

Hiding from immune recognition is achieved by coating the bacterial cell wall with a capsule or 

by biofilm formation. A positive net charge of the capsule has been shown to protect from 

neutrophil phagocytosis and antimicrobial peptides [32, 105]. As explained before, recognition 

of bacteria by neutrophils is mediated by surface receptors on phagocytes promoting 

chemotaxis and activation. To disturb these mechanisms, S. aureus secretes CHIPS which block 

recognition of bacterial formylated peptides [32]. Reduction of phagocytosis efficiency is 

achieved by SCIN (staphylococcal complement inhibitor), a C3 convertase blocker that reduces 

opsonization by complement proteins [106]. Also the extracellular proteins Ecb (extracellular 

complement-binding protein) and Efb (extracellular fibrinogen-binding protein) [30] as well as 

staphylokinase [107] interfere with the complement. The cell wall-anchored compound protein 

A binds IgG and coats the bacterial surface with IgG molecules that are in an incorrect 

orientation to be recognized by neutrophil receptors and thereby hide the bacteria from 
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detection. Furthermore, phagocytosis is inhibited by expression of clumping factor A (ClfA), 

probably by the ability of ClfA to bind fibrinogen which in turn may reduce deposition of 

opsonins [108]. 

Neutrophils kill ingested microorganisms by generation of high levels of superoxide, the so 

called “oxidative burst” [109]. The highly reactive products (ROS) of this burst effectively kill 

ingested bacteria [110-113]. Furthermore, granules fuse with phagosomes containing ingested 

bacteria [114]. This degranulation releases antimicrobial peptides such as defensins, cathepsins, 

proteinase-3, elastase, azurocidin, and lactoferrin [114-116]. But also non-ingested bacteria are 

endangered to be killed by neutrophils. Zychlinsky and co-workers identified structures 

composed of chromatin, histones, and azurophilic granule proteins. These neutrophil 

extracellular traps (NETs) are able to kill S. aureus and other bacteria [117]. 

Ingestion by neutrophils is not an end point for S. aureus. Staphylococcal catalase, 

superoxide dismutases (Sod) [118], and the yellow pigment staphyloxanthin protect from ROS 

[119]. Oxidation of methionine by ROS is combated by the expression of methionine sulfoxide 

reductases [120]. To deal with antimicrobial peptides, proteases are released into the 

phagosomal compartment [34] and the negative net charge of the bacterial surface is reduced to 

decrease binding of cationic antimicrobial peptides. All these factors contribute to 

staphylococcal survival in phagosomes of neutrophils. 

Besides the “passive” immune evasion mechanisms described so far, S. aureus also produces 

toxins that directly attack white and red blood cells. Hemolysins and leukocidins are able to lyse 

host cells with different cell specificities and attack phagocytes as well as leukocytes and 

erythrocytes [36, 30]. 

Finally, S. aureus does not only target the innate immune system, but has also developed 

mechanisms to deal with the adaptive immune system. Leukotoxins do not only target 

phagocytes, but also are able to destroy B and T cells. The release of SAgs (see also section 1.3) is 

discussed to play a role in early stages of infection when low levels of SAgs activate only local T 

cells [70]. The release of cytokines such as IL_2, IFN-γ, and TNF-α might suppress local 

inflammation and thereby reduce activation of the innate immune system [70]. Furthermore, 

due to activation by SAgs, antigen-specific T cells fail to respond to normal presented antigens 

resulting in anergy [121]. The consequence is immunosuppression and a lack of immunological 

memory as the host fails to induce a normal immune response. Besides SAgs, also the 

staphylococcal protein Eap is able to bind to TCRs and can thereby alter T cell proliferation [14].  
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1.5. STAPHYLOCOCCUS AUREUS  –  AN INTRACELLULAR PATHOGEN 

The main function of professional phagocytes such as macrophages and neutrophils is the 

engulfment of invading microorganisms and the clearance of cellular debris. But also non-

professional phagocytic cells are able to take up microorganisms via endocytosis [122]. This is 

exploited by a number of intracellular pathogens like Listeria, Shigella, Yersinia, Rickettsia, 

Legionella, and others [123]. These enteroinvasive pathogens invade intestinal epithelial cells 

[123]. Although S. aureus has not been considered as an intracellular pathogen, cell culture 

studies indicate that staphylococci can invade and persist in various cell types. Recently, Garzoni 

and Kelley gave a comprehensive overview on the cell types being able to take up staphylococci, 

including endothelial cells, epithelial cells, fibroblasts, osteoblasts, and keratinocytes [124]. 

There is even evidence that S. aureus even is able to survive inside professional phagocytes such 

as neutrophils and macrophages [125-127]. A scheme displaying S. aureus internalization and 

possible intracellular fates is depicted in figure 1.6. Here, Garzoni and Kelley [124] portray 

several possible intracellular fates of internalized staphylococci ranging from escape from the 

phagosome over survival and persistence in the endosomal compartment to destruction of the 

invading microorganisms. 

Internalization might constitute a bacterial strategy to evade the host’s defense reactions 

and the action of antibiotics that act mainly onto extracellular pathogens. Sendi and Proctor 

propose a special role for SCVs of S. aureus in intracellular settings as they show increased 

uptake by host cells and are more resistant to intracellular defense mechanisms [128]. The 

ability of S. aureus to change phenotype might allow both intracellular and extracellular survival 

in the host. This intracellular niche might thus constitute a reservoir for chronic or relapsing 

infections, a hypothesis that is compatible with the high relapse rate and prolonged treatment 

times which are observed for S. aureus infections [129, 130]. Contrary to their potential 

importance, so far post invasion events have been studied only to a limited extent.  
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figure 1.6. “Schematic diagram depicting S. aureus internalization and various possible intracellular 
fates. Published studies in cell culture models have indicated numerous scenarios – (i) rapid escape from 
the endosomal compartment, (ii) persistence within vacuoles, (iii) survival within the lysosomal 
compartment, (iv) envelopment by double-membrane autophagic organelles (isolation membranes) and 
(v) destruction. Infected host cells might rapidly undergo apoptosis or necrosis manifesting as cytotoxic 
effects or, alternatively, show little or no cytotoxicity. Bacteria might or might not replicate. The fate of 
internalized bacteria following host cell apoptosis or cell lysis is largely unexplored. Local re-infection or 
dissemination within infected tissue should be considered hypothetical. The precise outcome of a 
particular S. aureus–host interaction is currently unpredictable.” (cited from ref. [124]). 

 

Although several studies strongly indicate that intracellular S. aureus have a role in disease, 

definitive proof of causality is lacking. For example, by means of electron microscopy and 

confocal laser microscopy, Clement et al. could detect intracellular bacteria in intranasal biopsies 

of patients with recurrent rhinosinusitis [130]. A second study addresses the potential role of 

intracellular persistence in chronic osteomyelitis [131]. The authors could demonstrate that 

dying osteoblasts release viable staphylococci. These bacteria were able to re-infect new 

osteoblasts. However, although a role for live intracellular staphylococci in the course of 

indolent bone infection is supported, definitive proof is still lacking. Other studies investigated 

the role of intracellular S. aureus in chronic mastitis, a major disease in the dairy industry. Both 

in cell lines and in primary culture S. aureus invades bovine mammary epithelial cells [132, 133] 

and can be isolated from the inside of bovine alveolar cells found in milk of infected cows [134]. 

Taken together, these findings demonstrate the potential importance of intracellular S. aureus 

underlying a wide range of diseases. 

In cell culture models, the presence of fibronectin-binding proteins (FnBPs) on the bacterial 

surface, fibronectin, and host cell-integrins is crucial for invasion of non-professional phagocytic 
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cells [135]. FnBPs do not only promote adhesion but also activate cytoskeletal rearrangements 

in the host cell via integrin-coupled signaling. In a rat endocarditis model, FnBP-A defective 

bacteria were not able to invade endocardial endothelial cells [136]. However, in a mouse 

mastitis model, S. aureus lacking the fnbA and fnbB genes were impaired but not incapable in 

invading into mammary gland epithelial cells, thus indicating that uptake is a multifactorial 

process [137, 138].  
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1.6. STUDIES ON INTRACELLULAR STAPHYLOCOCCI 

In the post-genomic era, bacterial adaptation reactions can now be studied at genome-wide 

scale. Functional genomics technologies have been used extensively to study adaptation 

reactions of in vitro grown S. aureus cultures also at the proteomic scale. Those studies have also 

included conditions that mimic the behavior in infection-related settings, such as iron limitation 

and oxidative stress [139-142]. Certainly, the shift from extracellular to intracellular life style is 

linked to a fast and extensive adaptation, the analysis of which will likely reveal new facets of 

S. aureus pathophysiology as shake flask experiments mimic the conditions the pathogen 

encounters inside eukaryotic host cells only to a limited extent. However, due to the challenge of 

obtaining sufficient bacterial cells for such studies, genome-wide functional genomics analyses 

of the adaptation reactions of S. aureus to the host cell environment are rare and thus far 

confined to expression profiling. Voyich et al. have studied the adaptation of methicillin-resistant 

and methicillin-susceptible S. aureus strains to phagocytosis by human neutrophils and revealed 

a gene expression program that likely contributes to evasion of innate host defense (e.g., 

upregulation of capsule synthesis, oxidative stress, and virulence) [126]. In a second example, 

the response of S. aureus to internalization by human epithelial cells has been studied [46]. They 

showed that bacteria persist intracellularly up to two weeks. Transcriptomic analyses of 

internalized staphylococci revealed extensive alterations in bacterial gene expression in the 

early phase of internalization, namely downregulation of several metabolic pathways (cell 

division, nutrient transport, regulatory processes) and upregulation of genes involved in iron 

scavenging and virulence. After this initial adaptation, several metabolic functions were 

increased again in transcription. 

Investigations addressing the proteome of internalized S. aureus are still lacking due to the 

challenge of obtaining a sufficient number of infecting bacteria. In contrast, the proteome of the 

facultative intracellular pathogen Francisella tularensis, the cause of tularemia, has been 

characterized after isolation from the spleen of mice via immunomagnetic separation by a 

classical 2-DE approach [143]. However, although this technology is still well suited for the 

analysis of physiological questions particular in simple unicellular bacteria, the number of cells 

required for such a comprehensive 2-DE based proteome approach is high, often exceeding the 

numbers that are available from in vivo infection models. Therefore, a different path has been 

used for the study of Salmonella enterica isolated from infected mice [144]. The combination of 

flow cytometric sorting with highly sensitive mass spectrometry allowed a comprehensive 

analysis of the proteome of Salmonella and indicated that its robust metabolism limits the 

possibilities for the discovery of new antimicrobials [144]. However, for these experiments also 

large numbers of pathogens (exceeding 108 cells) were sorted, a number which cannot easily be 

accomplished in infection models with S. aureus.  
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2 AIMS OF THE STUDY 

S. aureus harbors 19 superantigen gene loci, six of which are located in the enterotoxin gene 

cluster (egc). Although these egc superantigens are far more prevalent in clinical S. aureus 

isolates than non-egc superantigens, they are not a prominent cause of toxic shock. Moreover, 

neutralizing antibodies against egc superantigens are very rare, even among carriers of egc-

positive S. aureus strains. In search of an explanation, we have tested two non-exclusive 

hypotheses: (i) egc and non-egc superantigens have unique intrinsic properties and drive the 

immune system into different directions and (ii) egc and non-egc superantigens are released by 

S. aureus under different conditions, which shape the immune response to them. Together with 

Dorothee Grumann (Department of Immunology, Institute of Immunology and Transfusion 

Medicine, University of Greifswald), we compared three egc (SEI, SElM, and SElO) and three non-

egc superantigens (SEB, SElQ, and toxic shock syndrome toxin-1). I supported this work by gene 

expression analysis of PBMCs stimulated with one egc SAg (SEI) and one non-egc SAg (SEB). This 

work was also designed as a proof-of-principle experiment for the analysis of other putative 

virulence factors of S. aureus and their effects on human blood cells. 

The second part of this work should gain a more comprehensive understanding of the 

pathogen itself. Although functional genomics technologies including proteomics have been used 

extensively to study the adaptive network of S. aureus and its response to environmental 

challenges in vitro, studies of bacteria from in vivo settings lack behind. The aim of this study was 

to set up a workflow to investigate the time-resolved proteome of internalized staphylococci. 

First, a defined synthetic medium allowing growth of S. aureus had to be adapted. This medium 

had to be applicable for metabolic labeling of S. aureus with stable isotopes. Subsequently, this 

medium was used to combine a pulse-chase SILAC approach with high capacity cell sorting, on-

membrane digestion, and high-sensitivity mass spectrometry to detect and quantitatively 

monitor several hundred S. aureus proteins from a few million internalized bacteria. This 

workflow has then been used in a proof-of-principle experiment to reveal time-resolved changes 

in levels of proteins in S. aureus strain RN1HG upon internalization by human bronchial 

epithelial cells for the first time.  
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3 MATERIALS & METHODS 

3.1. MATERIALS 

3.1.1. Materials & Instruments 

table 3.1. Materials and instruments. 

instrument company 

ACCUDROP beads Becton Dickinson, CA, USA 

Acelaim PepMap 100 column (C18, 3 µm, 100 Å) Dionex, CA, USA 

Bioanalyzer 2100 Agilent Technologies, Waldbronn, 

Germany 

C18-ZipTip columns Millipore, Schwalbach, Germany 

Cell+ cell culture dishes ( 10 cm, 24-well plates) Sarstedt, Nürnbrecht, Germany 

Centrifuge 5810R Eppendorf, Hamburg, Germany 

Dodeca-Cell Bio-Rad Laboratories, Munich, Germany 

FACSAria Becton Dickinson, CA, USA 

Fluidics Station 450 Affymetrix, CA, USA 

Hereaus Biofuge Pico Thermo Electron, Bremen, Germany 

Hybridization oven 540 Affymetrix, CA, USA 

ImmobilineTM Dry Strips, pH 4-7, 24 cm GE Healthcare, Munich, Germany 

LTQ-Orbitrap-MS XL ThermoElectron, Bremen, Germany 

Millivac Maxi diaphragm pump Millipore, Schwalbach, Germany 

MultiPhor EPS 3501XL GE Healthcare, Munich, Germany 

MultiScreenHTM filter plate, 0.22 µm Millipore, Schwalbach, Germany 

NanoDrop® ND-1000 ND UV/VIS-spectrophotometer Thermo Electron, Bremen, Germany 

Photometer Gensys 10 vis Thermo Electron, Bremen, Germany 

Pipettes (P-2, P-20, P-200, P-1000) Gilson Inc., WI, USA 

Proxeon nano LC Proxeon, Odense, Denmark 

RNA 6000 Nano LabChip Agilent Technologies, Waldbronn, 

Germany 

RNeasy Micro Kit Qiagen, Hilden, Germany 

Spherotech’s Rainbow calibration particles Spherotech, IL, USA 

Steritop-GP, 0,22 µm filtration unit Millipore, Schwalbach, Germany 

Thermomixer comfort Eppendorf, Hamburg, Germany 

Scanner for 2D-gels( Epson Expression 1680 Pro) Epson, Meerbusch, Germany 

Scanner 3000 for microarrays Affymetrix, CA, USA 

Sonoplus sonicator Bandelin electronic, Berlin, Germany 

Thermomixer comfort Eppendorf, Hamburg, Germany 

Vortexer VV3 VWR International,  

Water bath OLS 200 Grant Instruments, Cambridge, UK 
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3.1.2. Chemicals & Kits 

table 3.2. Chemicals and kits. 

chemical company 

13C6-arginine Cambridge Isotope Laboratories, MA, 

USA 

13C6-lysine Cambridge Isotope Laboratories, MA, 

USA 

AA for MS Carl Roth, Karlsruhe, Germany 

AA for silver staining of 2D-gels Carl Roth, Karlsruhe, Germany 

ABC Sigma Aldrich, Munich, Germany 

ACN Thermo Fisher Scientific, MA, USA 

acrylamide/ bisacrylamide, 40% (37.5:1) AppliChem, Darmstadt, Germany 

agarose Invitrogen, Karlsruhe, Germany 

amino acid solutions AS 1-5 added for bacterial cultivation PromoCell, Heidelberg, Germany; 

custom-formulation 

APS (ammonium persulfate) GE Healthcare, Munich, Germany 

BCA Protein Assay Kit Thermo Scientific/ Pierce, IL, USA 

Brome-phenole blue Sigma Aldrich, Munich, Germany 

BSA (bovine serum albumin) Sigma Aldrich, Munich, Germany 

CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate) 

Sigma Aldrich, Munich, Germany 

chloroform Carl Roth, Karlsruhe, Germany 

Coomassie Brilliant Blue G-250 Merck, Darmstadt, Germany 

DMSO (dimethyl sulfoxide) Sigma-Aldrich, Munich, Germany 

DTT (dithiothreitol) GE Healthcare, Munich, Germany 

EndoTrap red columns  Hyglos (formerly Profos), Regensburg, 

Germany 

erythromycin Sigma Aldrich, Munich, Germany 

ethanol, 99.8% Carl Roth, Karlsruhe, Germany 

ethanol, denatured Merck, Darmstadt, Germany 

FACSFlow buffer BD Biosciences, CA, USA 

FBS Biochrom, Berlin, Germany 

FCS Biochrom, Berlin, Germany 

Ficoll, 1.077 g/mL (Biocoll) Biochrom, Berlin, Germany 

formaldehyde Sigma Aldrich, Munich, Germany 

GeneChip Human Genome U133 Plus 2.0 Array Affymetrix, CA, USA 

glycerol, 87% PlusOne, GE Healthcare, Munich, 

Germany 

glycine Carl Roth, Karlsruhe, Germany 

HEPES, 1 M PAA Laboratories, Pasching, Austria 

IAA (iodoacetamide) Sigma Aldrich, Munich, Germany 

isopropanol Merck, Darmstadt, Germany 
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chemical company 

L-glutamine, 200 mM PAA Laboratories, Pasching, Austria 

limulus amebocyte lysate assay QCL1000 Lonza, Basel, Switzerland 

lysostaphin AMBI Products LLC, NY, USA 

MEM 1x PromoCell, Heidelberg, Germany 

MEM 2x (w/o Arg, Lys) for SILAC 

 

MEM 10x 

PromoCell, Heidelberg, Germany; 

custom-formulation 

Invitrogen, Karlsruhe, Germany 

methanol Carl Roth, Karlsruhe, Germany 

mineral oil (DryStrip Cover Fluid) PlusOne, GE Healthcare, Munich, 

Germany 

Na2CO3 Merck, Darmstadt, Germany 

Na2S2O3 x 5 H2O Merck, Darmstadt, Germany 

NEAA PAA Laboratories, Pasching, Austria 

nuclease-free water Applied Biosystems/ Ambion, TX, USA 

PBS, Phosphate buffered saline (Dulbecco’s), w and w/o Ca 

and Mg 

PAA Laboratories, Pasching, Austria 

Penicillin/ Streptomycin (100x) PAA Laboratories, Pasching, Austria 

pH indicator strips, non-bleeding (Neutralit®, Acilit®) Merck, Darmstadt, Germany 

Pharmalyte pH 3-10 Amersham/ GE Healthcare, Munich, 

Germany 

Protein Assay Reagent Bio-Rad Laboratories, Munich, Germany 

Quick PCR Purification Kit Qiagen, Hilden, Germany 

RNA 6000 Nano LabChip Kit Agilent Technologies, Waldbronn, 

Germany 

RNase-Zap Applied Biosystems/ Ambion, TX, USA 

RPMI PAA Laboratories, Pasching, Austria 

SDS, 20% (sodium dodecyl sulfate) Merck, Darmstadt, Germany 

select agar Invitrogen, Karlsruhe, Germany 

silver nitrate AgNO3 AppliChem, Darmstadt, Germany 

sodium acetate, 3 M, pH 5.5 Applied Biosystems/ Ambion, TX, USA 

sodium bicarbonate, 7.5% PAN Biotech, Aidenbach, Germany 

Strep-Tactin Superflow columns IBA, Munich, Germany 

streptavidin, R-phycoerythrin conjugate (SAPE) 1 mg/ml Invitrogen, Karlsruhe, Germany 

TEMED (tetramethylethylendiamin) PlusOne, GE Healthcare, Munich, 

Germany 

tetracyclin Carl Roth GmbH & CO. KG, Karlsruhe, 

Germany 

TFA Merck, Darmstadt, Germany 

thiourea Sigma Aldrich, Munich, Germany 

Tris Merck, Darmstadt, Germany 

Triton X-100 ESA Laboratories Inc., MA, USA 

TRIzol Invitrogen, Karlsruhe, Germany 

trypan blue (0.4%) Invitrogen, Karlsruhe, Germany 
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chemical company 

trypsin for MS Promega, Mannheim, Germany 

trypsin-EDTA PAA Laboratories, Pasching, Austria 

TSB BD Biosciences, CA, USA 

urea Merck, Darmstadt, Germany 

water, HPLC grade JT Baker/ Mallinckrodt Naker, Deventer, 

Netherlands 
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3.1.3. Media 

table 3.3. Media compositions. 

medium quantity component 

eMEM (100 mL) 100 mL 

4 mL 

1 mL 

2 mL 

MEM (1x) 

FBS 

NEAA (100x) 

L-glutamine (200 mM) 

R10F (100 mL) 100 mL 

10 mL 

2 mL 

2 mL 

RPMI 

FCS 

L-glutamine (200 mM) 

Penicillin/ Streptomycin (2%) 

pMEM (100 mL) 10 mL 

1 mL 

2 mL 

1 mL 

4 mL 

4 mL 

4 mL 

4 mL 

8 mL 

62 mL 

MEM (10x) 

NEAA (100x) 

L-glutamin (200 mM) 

HEPES (1 M) 

AS 1 (Ala, Val, Leu, Ile; 50 mM each) 

AS2 (Asp, Glu; 50 mM each) 

AS 3 (Pro, Phe, His; 50 mM each) 

AS 4 (Ser, Tre, Cys; 50 mM each) 

AS 5 (Trp; 25 mM) 

JT Baker water 

adjust pH 7.4 with NaOH, sterile filtration 

SILAC-pMEM (100 mL) 50 mL 

1 mL 

2 mL 

1 mL 

4 mL 

4 mL 

4 mL 

4 mL 

8 mL 

103.6 µL 

71,4 µL 

22 mL 

MEM (2x; w/o Arg and Lys) 

NEAA (100x) 

L-glutamin (200 mM) 

HEPES (1 M) 

AS 1 (Ala, Val, Leu, Ile; 50 mM each) 

AS2 (Asp, Gln; 50 mM each) 

AS 3 (Pro, Phe, His; 50 mM each) 

AS 4 (Ser, Tre, Cys; 50 mM each) 

AS 5 (Trp; 25 mM) 
13C6-arginine (125 mg/mL = 576 mM) 
13C6-lysine (125 mg/mL = 556 mM) 

JT Baker water 

adjust pH 7.4 with NaOH, sterile filtration 

TSB (1 L) 30 g TSB 

ad 1 L A. dest., autoclave 

TSB agar plates (1 L) 30 g 

15 g 

TSB 

select agar 

ad 1 L A. dest, autoclave 
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3.1.4. Buffers 

table 3.4. Buffer compositions. 

buffer quantity component 

UT 1.92 g 

0.61 g 

Urea 

Thiourea 

ad 4 mL A. bidest. 

10x RH 80 mg 

52.5 µL 

17.5 mg 

CHAPS 

Pharmalyte pH 3-10 

DTT 

ad 400 µL UT 

add a spatula tip of brome-phenole blue 

15 mM DTT-solution 23 mg DTT 

ad 10 mL a. bidest. 

SE buffer stock solution 

(for 1 IPG strip) 

2.5 mL 

3.6 g 

2.3 mL 

2 mL 

1.5 M Tris pH 8.8 

Urea 

87% glycerol 

20% SDS 

ad 10 mL A. bidest. 

SE buffer A 5 mL 

50 mg 

SE stock solution 

DTT 

SE buffer B 5 mL 

125 mg 

SE stock solution 

IAA 

add a spatula tip of brome-phenole blue 

2-DE running buffer (10x) 144 g 

30 g 

50 mL 

Glycine 

Tris 

20% SDS 

ad 1 L A. bidest. 

fixer for silver stain (300 mL per 

gel) 

150 mL 

72 mL 

0.3 mL 

228 mL 

denatured ethanol 

AA 

37% Formaldehyde 

A. dest. 

Sensitizing for silver stain 

(300 mL per gel) 

0.2 g Na2S2O3 x 5 H2O 

ad 1 L A. dest. 

Silver nitrate 

(300 mL per gel) 

2 g 

0.75 mL 

AgNO3 

37% Formaldehyde 

ad 1 L A. dest. 

Developer for silver stain 

(300 mL per gel) 

60 g 

4 mg 

0.5 mL 

Na2CO3 

Na2S2O3 x 5 H2O 

37% Formaldehyde 

Stop solution for silver stain 

(300 mL per gel) 

10 g Glycine 

ad 1 L A. dest. 
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3.1.5. Software tools & Databases 

software/ database company 

2100 expert software (version B02.05.SI360). Agilent Technologies, Waldbronn, Germany 

Adobe Photoshop CS3 Adobe Systems, Munich, Germany 

Comprehensive Microbial Resource (CMR) J. Craig Venter Institute (formerly TIGR; The 

Institute for Genomic Research), MD, USA 

Delta2D (v4.0) Decodon, Greifswald, Germany 

FACSDiva (v5.03) Becton Dickinson, CA, USA 

Gene Expression Omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo/) 

NCBI 

GeneChip Operation Software (GCOS) (v1.4) Affymetrix, CA, USA 

GeneSpring GX (v7.3.1) Agilent Technologies, Waldbronn, Germany 

MS Office 2007 Microsoft, WA, USA 

ProteinCenter (v3.1.2) Proxeon Bioinformatics, Odense, Denmark  

PSORTdb (v2.0 beta) (db.psort.org) Brinkman Laboratory, Simon Fraser 

University in British Columbia, Canada 

Rosetta Elucidator (v3.3.0.1.39) 

(http://www.rosettabio.com/products/elucidator) 

Rosetta Biosoftware, MA, USA 

SEQUEST/ Sorcerer (v3.5) Sage-N Research Inc., CA, USA 
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3.2. METHODS 

3.2.1. Bacterial strains and growth conditions 

S. aureus strain RN1HG is a derivative of strain NCTC8325 also known as RN1. RN1 carries 

an 11 bp deletion in the rsbU gene. Pohl et al. repaired this defect and called the new strain 

RN1HG [145]. RN1HG was grown in TSB unless otherwise noticed. Strain RN1HG carrying the 

plasmid pMV158GFP [146] was grown in TSB (table 3.3) containing 20 µg/mL tetracycline. This 

plasmid carries a mobM-gfp reporter gene fusion leading to constitutive expression of GFP. For 

internalization assays, RN1HG pMV158GFP was cultivated in the adapted cell culture medium 

pMEM (table 3.3). This medium contains 15 additional amino acids compared to eMEM, the 

medium used for eukaryotic cell culture. Additionally, pMEM lacks serum and sodium 

bicarbonate as it needs to be buffered for conditions at ambient air. For adequate buffering 

10 mM HEPES was added. For metabolic labeling of S. aureus RN1HG, bacteria were cultivated in 

SILAC-pMEM (table 3.3). 

All bacterial cultivations were performed at 37°C in a water bath with linear agitation at 

150 strokes per minute. 

3.2.2. Adaptation of a cell culture medium for the cultivation of S. aureus 

RN1HG 

Usually, internalization experiments are performed with bacteria cultivated in rich media 

such as LB or TSB. However, the SILAC approach used in this study needed the bacteria to be 

cultivated in a defined medium allowing depletion of single amino acids and addition of 13C 

amino acids when needed. Additionally, the medium should not have any influence on 

eukaryotic host cells. Therefore, a method for the cultivation of S. aureus RN1HG in a cell culture 

medium setting had to be established. As the eukaryotic cell line used for the internalization 

experiments (S9, see section 3.2.3) grows in eMEM, this medium was selected as basis for the 

bacterial cultivation. The adaption of the cell culture medium MEM required growth studies of 

S. aureus. Therefore, pre-cultures in TSB were cultivated until exponential growth phase. To 

prevent carry-over of TSB into the media to be tested, bacteria were centrifuged 5 min at 

16,000 g and room temperature. The supernatant was discarded and the pellet was suspended 

in the appropriate medium. Main cultures were inoculated to OD600 0.05 and growth was 

monitored by OD600 measurement. Changes in pH were determined using non-bleeding pH 

indicator strips. 

To compare the effects of the different media compositions on growth of S. aureus, 
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generation times of exponentially growing bacteria were calculated as follows: 

               

                   
                       

The generation time is the time an exponentially growing bacterial culture needs to perform 

one doubling of cells. 

3.2.3. Culture of human cell lines 

The S9 cell line (ATCC® number CRL-2778) is a human bronchial epithelial cell line 

immortalized with an adeno/ SV40 hybrid virus [147]. The cystic fibrosis-phenotype of its 

parent cell line, IB3-1 (ATCC® number CRL-2777), had been corrected by introduction of the 

gene encoding wild-type adeno-associated viral cystic fibrosis transmembrane conductance 

regulator (AAVCFTR) [148]. S9 cells were cultivated in eMEM (table 3.3) in a humidified 

incubator at 37°C with 5% CO2. Cells were splitted 1:4 every 3-4 days. Therefore, cells were 

grown in dishes with a diameter of 10 cm until confluence. For splitting, cells were washed once 

with PBS (w/o Ca and Mg) and 1 mL of Trypsin-EDTA was added. After incubation for a few 

minutes at 37°C, tryptic reaction was stopped by adding 7 mL of fresh eMEM. Two mL of the cell 

suspension were transferred to a new dish filled with 8 mL fresh eMEM. 

3.2.4. Isolation of human peripheral blood mononuclear cells (PBMCs) 

Human PBMCs were isolated either from whole blood or from buffy coats. A buffy coat is a 

blood product originating from a whole blood donation. It contains mainly leukocytes and 

platelets and has a volume of approximately 50 mL. Buffy coats were diluted by addition of 2 

volumes PBS, whole blood was used non-diluted. For density gradient centrifugation, blood was 

carefully filled in 50 mL tubes preloaded with 7 mL Ficoll (ca. 35 mL per tube). Centrifugation 

was performed in a swing-out rotor for 15 min at 1,640 g at room temperature without brake. 

Thereby the lymphocytes form a white ring on top of the Ficoll (figure 3.1) and can be aspirated 

with a pipette. These cells were transferred into a new tube and filled up with PBS. Cells were 

precipitated by centrifugation at 600 g for 5 min with brake. Contamination erythrocytes were 

removed by hypotonic lysis with 1-2 mL sterile water for 20 s. Lysis was stopped with PBS, cell 

were centrifuged 5 min at 130 g. Lysis of red blood cells was repeated if necessary. Then, a final 

washing step with PBS was performed. After centrifugation at 130 g for 5 min, cells were 

resuspended in R10F (table 3.3). Viability of PBMCs was assessed by trypan blue staining and 

counting in an improved Neubauer hemocytometer (section 3.2.5).  
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figure 3.1. Principle of PBMC purification from human blood. Whole blood or diluted buffy coat was 
layered onto Ficoll (density 1.077 g/mL). After centrifugation, PBMCs form a white ring between the 
plasma and the Ficoll layer and can be aspirated. 

3.2.5. Measurement of cell viability and concentration 

Viability of isolated cells was assessed using staining with the diazo dye trypan blue. This is 

a dye exclusion method and stains only dead cells as trypan blue only traverses membranes of 

non-viable cells. A cell suspension was mixed with trypan blue to a final concentration of 0.1% 

and cells are counted in a Neubauer improved counting chamber (figure 3.2). 

 

figure 3.2. Neubauer counting chamber for determination of cell concentrations in solutions. Cells in 
the squares 1-4 were counted. When stained with trypan blue, blue and colorless cells were distinguished. 

 

The number of cells counted in four large squares (red areas in figure 3.2) was used to 

calculate the cell concentration per mL by using the following formula: 
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3.2.6. Expression and purification of recombinant SAgs 

The SAgs SEB and SEI were produced by Dorothee Grumann (Department of Immunology, 

University of Greifswald) by using recombinant gene technology. The gene sequences were 

amplified from the sequenced S. aureus strains N315 (sei) and COL (seb) using primers 

containing BsaI restriction sites (table 3.5, underlined). PCR products were purified with the 

Qiagen Quick PCR Purification Kit, digested with BsaI and introduced into the Escherichia coli 

plasmid pPR-IBA1 with Strep-tag II (IBA). The resulting plasmids were amplified in E. coli DH5α 

and then transfected into E. coli BL21 pLysS for overexpression. Recombinant proteins were 

purified with Strep-Tactin Superflow columns according to the manufacturer’s instructions 

(IBA). The purity of the recombinant SAgs was assessed by SDS-PAGE stained with colloidal 

Coomassie-Brilliant Blue G-250. Protein concentrations were determined with the BCA Protein 

Assay Kit. LPS concentrations were determined with a limulus amebocyte lysate assay. 

Contaminating LPS was very efficiently removed by two rounds of LPS depletion with the 

EndoTrap red columns. In our proliferation and cytokine secretion assays, the final LPS 

concentrations ranged between 0.4 (0.004 EU/ml) and 31.6 pg/ml (0.316 EU/ml). The final 

concentrations of LPS in the stimulation experiments for microarray analysis were always below 

31.6 fg/ml (3.14 x 10-4 EU/ml). 

 

table 3.5. SAg gene cloning primers. 

gene primer sequencesa 

seb-strepII 5’-ATGGTAGGTCTCAAATGGAGAGTCAACCAGATCCTAAACC-3’ 

3’-ATGGTAGGTCTCAGCGCTCTTTTTCTTTGTCGTAAGATAAACTTC-5’ 

sei-strepII 5’-ATGGTAGGTCTCAAATGCAAGGTGATATTGGTGTAGGTAAC-3’ 

3’-ATGGTAGGTCTCAGCGCTGTTACTATCTACATATGATATTTCGAC-5’ 

a BsaI restriction sites are underlined. 

3.2.7. Stimulation of human PBMCs with recombinant SAgs 

For the stimulation of human PBMCs with recombinant SAgs, 2.5 x 106 PBMCs in 5 mL R10F 

were seeded in 6-well plates. The SAgs SEI and SEB were added to final concentrations of 

10 pg/mL and 100 pg/mL. Non-treated PBMCs were used as controls. Each sample was 

performed as duplicate to yield 5 x 106 PBMCs per treatment in total. Plates were centrifuged 

2 min at 120 g to facilitate appropriate cell-to-cell contact. PBMCs were incubated in a 

humidified incubator at 37°C with 5% CO2. After six hours, PBMCs were harvested by thorough 

pipetting and transferred to a 15 mL tube pooling the duplicates of each sample. After 

centrifugation at 300 g for 5 min the supernatant was discarded and PBMCs were directly lysed 
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in 1 mL TRIzol. Samples were frozen in liquid nitrogen and stored at -80°C until isolation of total 

RNA as described in section 3.2.8.1. In parallel, 72 h proliferation assays were performed as 

described by Grumann et al. [74]. In short, this assay assesses T cell proliferation after 72 h 

culture by measuring the incorporation of [3H]thymidine into proliferating T cells. The lowest 

SAg concentrations eliciting maximal responses in 72 h proliferation assays were determined for 

each case, and RNA samples obtained by stimulation with 10-fold higher (plateau) SAg 

concentrations (10 to 100 pg/ml) were selected for microarray analysis (section 3.2.8). This 

project was done in cooperation with Dorothee Grumann (Department of Immunology, 

University Greifswald). 

3.2.8. Microarray analysis of PBMCs stimulated with recombinant SAgs 

3.2.8.1. Isolation of total RNA from PBMCs 

Total RNA was isolated from PBMCs stimulated with the SAgs SEI and SEB (see section 

3.2.5) using a combination of TRIzol and RNeasy Micro Kit from Qiagen. Frozen samples were 

thawed and200 µL of chloroform were added. Samples were mixed by hand for 15 s and 

incubated at room temperature for 2-3 min. Phases were separated by centrifugation for 15 min 

at 4°C and 12,000 g. The upper aqueous phase was transferred into a new 1.5 mL tube, 500 µL 

isopropanol were added and RNA was precipitated overnight at -20°C. The RNA was purified via 

RNeasy MinElute spin columns following the manufacturer’s instructions (Qiagen RNeasy Micro 

Handbook, April 2003). On-membrane digestion with DNase I was performed to remove 

contaminating DNA. RNA was eluted twice in 30 µL of RNase-free water. To visualize small 

amounts of RNA during precipitation, linear acrylamide was added to a final concentration of 

20 ng/µL. 1/10 volume of sodium acetate was added and mixed by flicking. After spinning down, 

2.5 volumes of ethanol were added and mixed. Precipitation of RNA was performed overnight at 

-20°C. Precipitated RNA was centrifuged at 12,000 g and 4°C for 15 min. RNA was washed three 

times with 70% ethanol and centrifuged for 5 min at 12.000 g and 4°C. RNA was dried at room 

temperature and dissolved in nuclease-free water. After quantitative and qualitative analysis 

(section 3.2.8.2), RNA was stored in appropriate aliquots at -70°C until gene expression analysis 

(section 3.2.8.3). 

3.2.8.2. Quantitative and qualitative analysis of RNA 

Quantity and concentration of RNA was assessed via absorption at 260 nm using a 

NanoDrop® ND-1000 spectrophotometer. RNA concentration was calculated using the modified 

Beer-Lambert law: 
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[RNA] = RNA concentration in ng/µL 

A = absorption units at 260 nm 

e = wavelength-dependent extinction coefficient (40 ng/µL for RNA) 

b = optical path length in cm 

 

The concentration of RNA was determined twice and the average was used. 

RNA integrity and quality was measured on a Bioanalyzer 2100 using the RNA 6000 Nano 

LabChip® Kit following manufacturer’s instructions (Agilent). This method is based on capillary 

electrophoresis and allows simultaneous analysis of twelve RNA samples and one reference. 

RNA molecules are labeled with a fluorescent marker, move through micro channels from the 

sample well, and are injected into a separation channel. Here, the molecules are 

electrophoretically separated, detected by their fluorescence, and translated into gel-like images 

and electropherograms. Evaluation of the data was carried out using the 2100 expert software. 

Besides RNA-concentration and 18S rRNA vs. 28S rRNA ratio also the RNA integrity number 

(RIN) describing the degree of RNA degradation is calculated. RNA integrity ranges from RIN 1.0 

(highly degraded) to RIN 10.0 (excellent integrity). 

3.2.8.3. Gene expression analysis 

Gene expression analysis of PBMCs stimulated with the SAgs SEI and SEB was performed 

from 2.5 µg of total RNA using the Affymetrix GeneChip® Human Genome U133 Plus 2.0 Array 

according to manufacturer’s instructions (Affymetrix, GeneChip® Expression Analysis Technical 

Manual, 701021 Rev. 5). Briefly, T7 oligo(dT) primers were used in a reverse transcription 

reaction to synthesize first-strand cDNA from the mRNA in the sample containing a T7 promoter 

sequence. A second-strand cDNA synthesis reaction yielded double-stranded cDNA templates for 

transcription. RNase H was used to simultaneously degrade the RNA in the reaction. In vitro 

transcription (IVT) amplified biotin-labeled cRNA from the double-stranded cDNA. A 

purification step removed unincorporated NTPs and other contaminants. Labeled cRNA was 

fragmented and thereby represented the target for hybridization to the expression arrays. A 

starting amount of 2.5 µg of total RNA resulted in ~60 µg cRNA after IVT. Arrays were washed 

and stained using the Fluidics Station 450 and scanned with the Affymetrix Scanner 3000. 

3.2.8.4. Microarray data analysis 

The Affymetrix GeneChips used in this study analyze the expression of 54,675 probe sets. 

Affymetrix array image data were processed with the GeneChip Operation Software (GCOS) with 

the MAS5.0 algorithm and default settings. Expression raw data were transferred to the 
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GeneSpring GX software package. Very low raw signal intensities were raised to the threshold 

level of 10 U to avoid artificially high ratios in the subsequent calculations. Expression values 

were further subjected to a “per chip” and “per gene” median normalization. Statistical analysis 

was restricted to probe sets flagged “present” or “marginal” by GCOS software in at least two of 

the three samples (different blood donors) in untreated controls and/ or in samples stimulated 

with SEI or SEB. To identify differentially expressed probe sets, intensity ratios between SAg 

stimulated and untreated cells were calculated for each donor and each SAg. These ratios 

(PBMCs stimulated with SEI vs. untreated controls or PBMCs stimulated with SEB vs. untreated 

controls) were used for statistical analysis performed with the rank products method [149], 

which is especially suited for ratio comparison in experiments with small numbers of replicates 

[150]. Data underwent rank product statistics with 1,000 iterations resulting in average ratio 

values for each probe set and two false discovery rates (FDR) [151], one for upregulation and 

one for downregulation. Probe sets with FDR values less than 0.05 for either up- or 

downregulation were considered to represent significant changes in gene transcription. The 

signal intensities of all probe sets displaying significant differences in intensity between 

untreated controls and samples stimulated with SEI or SEB were further used for clustering of 

samples. Therefore, Pearson correlation was applied. In addition, the intensity ratios of the same 

probe sets were subjected to a principal component analysis (PCA). Both analyses were 

performed with GeneSpring GX. Gene expression data have been deposited in NCBIs Gene 

Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO 

Series accession number GSE11281. 

3.2.9. Preparation of whole cell extracts 

Whole cell extracts were prepared from PBMCs. After isolation of PBMCs from buffy coats 

and whole blood, 2 x 107 cells were centrifuged 5 min at 720 g and room temperature. Pellets 

were frozen in liquid nitrogen and stored at -70°C until cell disruption. For sample preparation, 

cells were thawed and lysed in 1 mL UT (table 3.4). DNA was shredded on ice by three rounds of 

sonication with a duration of 3 s each and a power of 50 W. Non-lysed cells were precipitated by 

centrifugation at 4°C and 20,000 g for 45 min. The supernatant was transferred to a new tube 

and the protein concentration was determined (see section 3.2.10). 

3.2.10. Determination of protein concentrations according to Bradford 

The concentration of proteins in aqueous solutions was determined according to Bradford 

[152]. Quantitation is based on a shift of the maximum of absorption of Coomassie Brilliant Blue 

from 465 nm to 595 nm due to binding of proteins. For the quantitation of protein 



PHD THESIS SANDRA SCHARF  MATERIALS & METHODS 

45 

concentrations the ready-to-use Protein Assay Reagent was used in a ratio of 1:5. Protein 

concentrations of unknown samples were determined from a calibration curve of BSA in 

concentrations ranging from 1 to 12 µg/µL. 

3.2.11. Two-dimensional separation of proteins (2-DE) 

For separation of proteins according to their isoelectric point (pI; first dimension) and their 

molecular weight (Mr; second dimension) the 2D-gelectrophoresis (2-DE) was used. A protein 

amount of 75 µg was filled to 450 µL with UT and 50 µL 10xRH were added (table 3.4). Samples 

were incubated at room temperature for 30-60 min with shaking (1,400 rpm) and afterwards 

centrifuged 10 min at 16,000 g and room temperature. The supernatants were transferred into 

the slots of a rehydration tray and covered with IPG-strips (pH gradient 4-7, 24 cm) with the gel 

side down. To prevent drying of the sample during the rehydration process the strips were 

covered with mineral oil and a glass plate. Rehydration was allowed for 20 to 24 hours until the 

protein solution was absorbed completely by the strip. The strips were removed from the tray 

and washed with distilled water to remove excess urea. The strips were placed in the MultiPhor-

apparatus for isoelectric focusing (IEF) with the gel side up and the acidic end pointing to the 

anode. The ends of the strips were covered with electrode strips wetted with distilled water and 

the electrodes were placed onto the strips. At the basic end of the IPG-strips an additional 

electrode strip wetted with 15 mM DTT (table 3.4) was applied. The IPG-strips were covered 

with mineral oil and the IEF was started (table 3.6). At the end of the IEF IPG-strips can be 

stored at -20°C. 

table 3.6. Program for IEF. 

step Voltage Vh time (h:min) 

1st gradient 0-500 1 0:01 

2nd gradient 500-3,500 3,000 1:30 

plateau 3,500 57,000 16:20 

total  60,001 17:51 

max. 2 mA current and 5 W power 

 

Separation of proteins by SDS-PAGE (2nd dimension) requires equilibration of IPG-strips. 

Therefore, the strips were first incubated for 15 min in SE buffer A and then for 15 min in SE 

buffer B (table 3.4) with shaking. Strips were transferred onto 12.5% SDS-gels (table 3.7) and 

embedded with 0.5% agarose dissolved in running buffer. The separation was performed in the 

Dodeca-Cell applying max. 5 W per gel. The run was stopped when the dye front reached the end 

of the gel. The 2D-gels were then subjected to silver staining (section 3.2.12). 
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table 3.7. Separation gels for 2-DE. 

component volume 

acrylamide 40% 158.8 mL 

1.5 M Tris pH 8.8, 0.4% SDS 127 mL 

A. dest. 219.5 mL 

APS 2.5 mL 

TEMED 125 µL 

3.2.12. Silver staining of 2D-gels 

Gels were fixed in fixer (table 3.4). Gels can be stored in fixer overnight, but then without 

formaldehyde. This should be added for at least 30 min before subsequent proceeding. Gels were 

washed twice for 20 min with 50% ethanol. Subsequently, the gels had to be sensitized exactly 

60 s. Sensitizing has to be removed by washing twice for 20 s with distilled water. Silver stain 

was added for 20 min followed by two washings with distilled water. Developer was added and 

reaction was monitored until no new spots appeared. Reaction was stopped with stop solution 

for 20 s and stopping was prolonged to 20-30 min with fresh stop solution. Glycine was 

substituted by fresh distilled water for at least 30 min. Stained gels were digitalized using Epson 

Expression 1680 Pro-Scanner and Adobe Photoshop CS3. Image analysis was carried out using 

Delta2D. 

3.2.13. Metabolic labeling of S. aureus RN1HG via SILAC 

Quantitative analysis of proteome changes in S. aureus due to internalization by non-

professional phagocytes was achieved by metabolic labeling. Therefore, heavy isotopes of 

arginine and lysine were used (table 3.8). Although S. aureus strain RN1HG is not known to be 

auxotroph for arginine and lysine, proteins showed complete labeling with the heavy amino 

acids. 

 

table 3.8. Isotopes used for SILAC of S. aureus RN1HG pMV158GFP. 

light isotope heavy isotope mass difference 

12C6-arginine 13C6-arginine 6.0202 Da 

12C6-lysine 13C6-lysine 6.0202 Da 

 

This observation allowed application of SILAC in a pulse-chase approach, which is an 

established method for quantitation of protein abundances, turnover rates, and 
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post-translational modifications (PTMs) [153]. S. aureus was initially labeled to completion 

during growth in SILAC-pMEM (table 3.3). Staphylococci were grown to exponential growth 

phase and then 13C labeled bacteria were exposed to S9 human bronchial epithelial cells growing 

in eMEM just containing the light forms of arginine and lysine (section 3.2.14). Since only light 

amino acids can be incorporated into bacterial proteins during contact and internalization, 

changes in the bacterial proteome could be monitored due to the increase in 12C counterparts 

compared to 13C amino acids. Non-internalized bacteria were killed after one hour by treatment 

with lysostaphin which cannot enter eukaryotic cells. Subsequently, invasive bacteria were 

released hourly from the eukaryotic cells by addition of Triton X-100 (section 3.2.14) and were 

subjected to flow cytometry and sorted directly onto a filter device (section 3.2.15). This setup 

allowed the efficient collection of very dilute bacterial samples in a very small volume in a time 

range of 40-50 min. After on-membrane digestion with trypsin (section 3.2.17.1), bacterial 

proteins/ peptides were identified by routine LTQ-Orbitrap-MS (section 3.2.17.2), quantified 

and classified according to physiological function (section 3.2.17.3). 

3.2.14. Internalization of S. aureus RN1HG by human non-professional 

phagocytes 

For the internalization of S. aureus RN1HG by human S9 cells, S9 cells were seeded in 

24-well plates (8 x 104 cells per well) and cultivated for 3 days. One day before internalization, 

S. aureus strain RN1HG pMV158GFP was inoculated in SILAC-pMEM (table 3.3) with 20 µg/mL 

tetracycline as pre-culture. On the day of the internalization experiment, a main culture of 

S. aureus RN1HG pMV158GFP in SILAC-pMEM was inoculated from an exponentially growing 

pre-culture to an optical density at 600 nm (OD600) of 0.05. Bacteria were grown to OD600 0.4. At 

this time-point, bacteria were diluted in eMEM to a final concentration of 1.5 x 107 bacteria per 

mL representing a multiplicity of infection (ratio of bacteria vs. S9 cells, MOI) of 25. For 

stabilization of pH during co-cultivation of S. aureus RN1HG and S9 cells, sodium bicarbonate 

was added to a final concentration of 2.2 g/L. Medium of the S9 cells was replaced by 1 mL of 

diluted bacterial culture, which corresponds to a multiplicity of infection (MOI) of 25 and 

internalization was allowed for one hour in a humidified incubator at 37°C with 5% CO2. 

Bacteria incubated for the same period of time but not encountering S9 cells were used as 

control of changes due to serum effects. 

Extracellular bacteria were killed after one hour by replacement of the supernatant with 

1 mL eMEM containing lysostaphin at a final concentration of 10 µg/mL. After 25 minutes, the 

first aliquot of S9 cells was harvested (1.5 hours post infection) by aspirating the medium and 

washing the cells twice with phosphate buffered saline containing calcium and magnesium. S9 

cells were lysed in 150 µL 0.1% Triton X-100 per well by incubation for seven minutes at 37°C 
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with 5% CO2. Lysed cells were detached by extensive pipetting and lysates of 12 wells were 

pooled into a 15 mL tube on ice. Subsequently, four wells were washed with 200 µL FACSFlow 

buffer resulting in a total lysate volume of 200 µL per well. The pooled lysate was put on ice and 

subjected to flow cytometric measurement and sorting. Sampling was performed hourly for up 

to 6.5 hours post infection (figure 3.3). 

 

figure 3.3. Workflow for sampling of internalized S. aureus. S. aureus strain RN1HG expressing GFP and 
metabolically labeled with 13C6-arginine and 13C6-lysine was allowed to infect human S9 cells for one hour. 
Extracellular bacteria were killed by 25 min of lysostaphin treatment. Subsequently bacteria were 
released from the host cells by lysis and subjected to cytometric cell sorting. Sampling was performed 
hourly up to 6.5 hours post infection. 

3.2.15. Determination of internalized staphylococci by plating 

An aliquot of 100 µL of the lysate obtained after lysis of host cells (section 3.2.14) was 

serially diluted and 100 µl of the dilution steps 5∙10-2, 10-2, 5∙10-3, 10-3, and 5∙10-4 were plated in 

triplicates on TSB agar plates. The MOI was determined by plating dilution steps 5∙10-3, 10-3, 

5∙10-4, 10-4, 5∙10-5 of the bacterial solution in eMEM added onto the S9 cells. Growth of colonies 

was allowed for 24 to 48 hours and colonies were counted for determination of colony forming 

units (CFUs). 

3.2.16. Separation of internalized bacteria by cytometric cell sorting 

Flow cytometric measurements and sorting were performed on a biosafety level 2 FACSAria 

high-speed cell sorter with 488 nm excitation from a blue Coherent Sapphire solid state laser at 

18 mW. Optical filters were set to detect the emitted GFP fluorescence at 515-545 nm (FITC 

filter block). All data were recorded at logarithmic scale with the FACSDiva software. Prior to 

measurement of the cell lysate containing bacteria, the proper function of the instrument was 

calibrated using Spherotech’s Rainbow calibration particles. 

Prior to sorting, drop delay was adjusted to >99% sorting with ACCUDROP beads. In order 

to limit artifacts during the sorting process, cells to be sorted were kept on ice and the filter 

1.5 h 2.5 h 3.5 h 4.5 h 5.5 h 6.5 h

S9

Harvesting of intracellular S. aureus
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device on which sorted cells were collected was cooled to 4°C. Sorting was performed from the 

gate set in SSC vs. FITC dot plot at a sort rate of up to 3,000 cells per second with the sort mode 

“purity” resulting in a sorted sample that is highly pure, at the expense of recovery and yield. 

Bacteria were directly sorted into wells of a 96-well MultiScreenHTM filter plate with a 

hydrophilic low protein binding Durapore membrane. Using a diaphragm pump and a 

custom-made manifold base, vacuum was applied to the filtration plate during the sorting 

procedure (pressure approx. 500 mbar) to accommodate three to seven million bacteria per well 

and to remove the sheath fluid. After sorting, filter wells with attached bacteria were rinsed once 

with 200 µl FACSFlow buffer. The membranes were then cut from the bottom of the wells right 

after filtration and stored at -70°C until digestion with trypsin (section 3.2.17.1). 

3.2.17. Mass spectrometric analysis of internalized staphylococci 

3.2.17.1. Peptide preparation for MS analysis 

Membranes with sorted internalized staphylococci (section 3.2.15) were cut into four 

pieces, dissolved in 16 µL 25 mM ammonium bicarbonate (pH 7.8) buffer, and proteolytically 

digested with 4 µL of trypsin (0.2 µg/µL) overnight in a water bath at 37°C [154]. Digestion was 

stopped by addition of TFA to a final concentration of 0.1%. Debris was removed by 

centrifugation at 16,000 g for 10 min at room temperature. The supernatant was transferred 

into a new tube and peptides were purified and desalted using C18 resin-ZipTip® columns. ZipTip 

columns were equilibrated by serial pipetting of 100% ACN; 80% ACN in 1% AA; 50% ACN in 

1% AA; 30% ACN in 1% AA, and 1% AA. Then the peptides were loaded onto the ZipTip by 

pipetting 20 times. ZipTip was washed 5 times with 1% AA and peptides were eluted in 

50% ACN+1% AA and 80% ACN+1% AA. Eluates were pooled and a commercial vacuum 

centrifuge concentrator was used to remove ACN. Peptides were resolved in 10 µL Buffer A 

(2% ACN, 0.1% AA) and stored at -20°C until MS measurement. 

3.2.17.2. Identification of proteins by LC-LTQ-Orbitrap-MS/MS 

MS was performed on a Proxeon nano-LC system connected to an LTQ-Orbitrap-MS 

equipped with a nano-ESI source. For liquid chromatography separation an Acelaim PepMap 

100 column (C18, 3 µm, 100 Å) capillary of 15 cm bed length was used. The flow rate used was 

300 nL/min for the nano column and the solvent gradient used was from 0% solvent B (15 min) 

to 60% solvent B (290 min). Solvent A was 0.1% formic acid, whereas aqueous 90% ACN in 

0.1% formic acid was used as solvent B. The MS was operated in the data-dependent mode to 

automatically switch between Orbitrap-MS and LTQ-MS/MS acquisition. Survey full scan MS 

spectra (from m/z 300 to 2,000) were acquired in the Orbitrap with resolution R = 60,000 at 
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m/z 400 (after accumulation to a target of 1,000,000 charges in the LTQ). The method used 

allowed sequential isolation of the most intense ions, up to five, depending on signal intensity, 

for fragmentation on the linear ion trap using collision induced dissociation at a target value of 

100,000 charges. Target ions already selected for MS/MS were dynamically excluded for 60 

seconds. General MS conditions were: electrospray voltage, 1.5 kV; no sheath and auxiliary gas 

flow. Ion selection threshold was 500 counts for MS/MS, and an activation Q-value of 0.25 and 

activation time of 30 ms were also applied for MS/MS. 

3.2.17.3. Analysis of MS data 

Qualitative and quantitative analysis of SILAC MS data was performed with Rosetta 

Elucidator. The frame and feature annotation was done using the following parameters: 

retention time minimum cut-off 41 min, retention time maximum cut-off 284 min, m/z minimum 

cut-off 366 and maximum 1,264 m/z. An intensity threshold of 1,000 counts, an instrument 

mass accuracy of 10.0 ppm, and an alignment search distance of 10.0 min were applied for 

binning process. For quantitative analysis, the data pairs were built using a binning tolerance of 

10 ppm, a RT location tolerance of 0.8 min, and a mass label shift of 6.0202 Da for both arginine 

and lysine. For identification, the S. aureus ssp. aureus NCTC 8325 FASTA sequence (downloaded 

from NCBI repository, 2009) in combination with SEQUEST/ Sorcerer was used. Tandem MS 

spectra were searched with precursor ion tolerance of 20 ppm and a fragment ion mass 

tolerance of 1.00 Da. Oxidation of methionine and SILAC of arginine and lysine (6.0202 Da) were 

specified as variable modification. Peptide/ protein identifications were accepted if they 

exceeded the PeptideTeller score of 0.8 and a ProteinTeller score of 0.95 in at least one 

experiment [155, 156]. Proteins were considered for further investigation when at least two 

peptides in at least one experiment were identified. For quantitation, only labeled pairs were 

considered reaching a Labeled Pair Status of “good” (at least one of the isotope groups in the 

labeled pair was annotated by peptide identification) and for further quantitative analyses, only 

proteins having at least two “good” pairs were taken into account. Proteins were considered 

regulated with a light vs. heavy ratio deviating more than two-fold from the median light vs. 

heavy ratio in at least two of the three experiments at a given time-point post internalization. 

Proteins were excluded from the analysis when regulation was observed already in the serum 

samples. 

For protein classification such as Gene Ontology, TMDs, and signal peptides, the 

ProteinCenter was used. The assignment of proteins to subcellular localization was performed 

using PSORTdb [157]. This web-accessible database contains information on subcellular 

localization of proteins determined by both laboratory experimentation and computational 

predictions based on the experimental data. 
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For the comparison to the study of Becher et al. [158], identified proteins of S. aureus ssp. 

aureus NCTC 8325 have been mapped to S. aureus COL (SACOL) locus tags by using NCBI. KEGG 

[159, 160] orthology classifies genes/ proteins in an acyclic multihierarchical tree-graph 

according to their function. For a graphical planar representation of this tree-like structure, 

Voronoi Treemaps [161] according to Balzer and Deussen [162] were used. The Voronoi 

Treemap-based layout of KEGG’s S. aureus COL gene orthology intuitively visualizes the coverage 

of general cell functions achieved by the gel-free experimental approach used. Computation of 

the Treemaps was performed by Jörg Bernhardt (Institute for Microbiology, University 

Greifswald, Germany). 

To distinguish between degradation and/ or loss of proteins and true induction of protein 

biosynthesis, the ratio of heavy/ light intensities vs. the total heavy/ light sum intensities of all 

proteins quantified was calculated over the time monitored post internalization.  
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4 RESULTS & DISCUSSIONS 

4.1. IMMUNE CELL ACTIVATION BY ENTEROTOXIN GENE CLUSTER 

(EGC)-ENCODED AND NON-EGC  SUPERANTIGENS FROM STAPHYLOCOCCUS 

AUREUS 

Egc SAgs are not a prominent cause of toxic shock, although they are far more prevalent in 

clinical S. aureus isolates than non-egc Sags [88, 163]. Moreover, even among carriers of egc 

SAg-positive S. aureus strains, neutralizing antibodies against egc SAgs are very rare [84, 164, 

165]. This paradox prompted us to test two non-exclusive hypotheses: (i) egc and non-egc SAgs 

have unique intrinsic properties and drive the immune system into different directions and (ii) 

egc and non-egc SAgs are released by S. aureus under different conditions shaping the immune 

response to them. In a collaborative project together with Dorothee Grumann (Department of 

Immunology, University of Greifswald), we compared three egc (SEI, SElM, and SElO) and three 

non-egc SAgs (SEB, SElQ, and toxic shock syndrome toxin-1). I contributed to this work by gene 

expression analysis of PBMCs stimulated with one egc SAg (SEI) and one non-egc SAg (SEB). 

This work has been published in 2008 [74]. 

4.1.1. PBMCs from whole blood and buffy coat do not differ in their 

intracellular protein patterns 

In order to answer the question whether PBMCs from buffy coats are suited for stimulation 

experiments with the SAgs SEI and SEB, PBMCs were isolated from whole blood and from buffy 

coat (section 3.2.4) and the protein patterns of these cells were compared. Therefore, the 

intracellular proteins of PBMCs from the two sources were prepared (section 3.2.9) and a 

protein amount of 75 µg was used for two-dimensional separation of proteins (i) according to 

their isoelectric point (pI, first dimension) and (ii) according to their molecular weight (Mr; 

second dimension; section 3.2.11). The first dimension was performed using IPG-strips with a 

pH range of 4 to 7 and a length of 24 cm. Protein gels were stained with silver nitrate (section 

3.2.12). Images of stained gels were analyzed using the Delta2D software. 
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figure 4.1 Comparison of the intracellular protein patterns of PBMCs isolated from whole blood and 
buffy coat. PBMCs were isolated by density gradient centrifugation and proteins were extracted (see 
sections 3.2.4 and 3.2.9). Proteins were subjected to 2-DE (section 3.2.11) and stained with silver nitrate 
(section 3.2.12). The Delta2D software was used to create false colored overlay images of the gels with the 
proteins from buffy coat-PBMCs (blue) and the proteins from whole blood-PBMCs (orange). Proteins 
being present in both samples in equal intensities display a black color. 

 

The comparison of proteins from PBMCs from whole blood with proteins from PBMCs from 

a buffy coat is illustrated in figure 4.1. Blue spots show proteins of PBMCs from buffy coat, spots 

colored in orange indicate proteins of PBMCs from whole blood. Overlay of the images results in 

colors ranging from blue over black to orange. Black spots indicate similar amounts of proteins 

in both gels and thereby reflect no difference in protein abundance on the two gels. Blue spots 

mark proteins with higher abundance in PBMCs from buffy coat, orange spots are proteins more 

abundant in PBMCs from whole blood. 

As most of the spots display a black color, the two protein samples can be considered as 

exhibiting similar protein patterns. Only few spots seem to differ between the two PBMCs 

sources. As buffy coats are easily available from the blood donation centre of Greifswald and as 

the protein pattern of PBMCs out of buffy coats do not show big differences compared to PBMCs 

from whole blood, buffy coats were used for in vitro stimulation of PBMCs with the recombinant 

SAgs SEI and SEB for gene expression analysis (section 4.1.3). 
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4.1.2. Optimization of RNA preparation from human PBMCs 

First tests of RNA isolation from human PBMCs used the standard protocol using TRIzol 

reagent following the manufacturer’s instructions (Invitrogen). This protocol consists of cell 

lysis with TRIzol, phase separation, precipitation of RNA, washing, drying, and dissolving of RNA 

in nuclease-free water. This method yielded high quality RNA. But as it lacks digestion with 

DNase to remove contaminating DNA which would otherwise interfere with microarray 

analyses, the RNA was treated with DNase I and then purified using the RNeasy Micro Kit from 

Qiagen. Determination of RNA quantity after elution from the RNeasy column using the 

NanoDrop spectrophotometer revealed a 260 nm vs. 230 nm ratio smaller than 2.0 indicating 

organic contamination (figure 4.2 A). Therefore it was decided to perform a second precipitation 

step using sodium acetate and ethanol (section 3.2.8.1). This resulted in high quality RNA with 

260 nm vs. 230 nm ratios greater than 2.0 and only a minor loss of RNA amount (figure 4.2 B). 

Also the RNA quality determined using the Bioanalyzer (3.2.8.2) was not significantly affected by 

the additional precipitation step. An example of how this optimization improved RNA quality is 

given in figure 4.2. This optimized RNA isolation method was used to extract RNA from human 

PBMCs stimulated with the SAgs SEI and SEB. 

 

figure 4.2. Optimization of RNA isolation from human PBMCs. Displayed are the results of RNA 
quantitation and quality control (A) before and (B) after optimization. The upper panel gives the 
absorption spectrum of RNA after lysis of 107 PBMCs with TRIzol and purification of RNA with RNeasy 
Micro columns (Qiagen) measured with the NanoDrop. A 260 nm vs. 230 nm ratio below 2.0 indicates 
organic contamination. The lower panel displays quality of RNA assessed with the Bioanalyzer 2100. RNA 
quality is indicated by the RNA integrity number (RIN) and can reach a maximum of 10. Optimization was 
achieved by applying a precipitation step after elution from RNeasy Micro columns. M, marker.  
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4.1.3. The SAgs SEI and SEB exhibit similar effects on gene expression of human 

PBMCs 

For a comprehensive view of the PBMC response to stimulation with SAgs, the egc SAg SEI 

and the non-egc SAg SEB were selected to stimulate PBMCs from three different blood donors. 

PBMCs from buffy coats where isolated using density gradient centrifugation and stimulated 

with recombinant SAgs expressed in E. coli (see sections 3.2.4 and 3.2.5). After isolation, cells 

were counted and viability of PBMCs was assessed using trypan blue staining (3.2.5). Per buffy 

coat, 4.23 x 108 ± 5.88 x 107 PBMCs could be isolated and PBMCs showed viability of 

92.1% ± 1.6%. After six hours of stimulation, PBMCs were harvested and their transcription 

profiles were analyzed using Affymetrix expression arrays (3.2.8). In parallel, 72 h proliferation 

assays were performed as described by Grumann et al. [74]. In short, this assay assesses T cell 

proliferation after 72 h culture by measuring the incorporation of [3H]thymidine into 

proliferating T cells. The lowest SAg concentrations eliciting maximal responses in 72 h 

proliferation assays were determined for each case, and RNA samples obtained by stimulation 

with 10-fold higher (plateau) SAg concentrations (10 to 100 pg/ml) were selected for 

microarray analysis. From 107 stimulated PBMCs, 10.4 ± 2.7 µg RNA of high quality (RIN 

9.9 ± 0.1) were isolated using the optimized RNA isolation protocol described above (4.1.2). 

The gene expression data showed that 391 genes (511 probe sets, FDR <0.05) were 

influenced by stimulation of PMBC with SEI and/ or SEB. As shown in figure 4.3 A, two-thirds of 

these genes were upregulated (262 genes) and one-third was downregulated (129 genes). The 

vast majority of genes was influenced to a similar extent by SEI and SEB. In general, the 

stimulation with SEI was slightly stronger than with SEB, so that more of the observed changes 

in gene expression reached significance (350 genes vs. 249 genes). This fits to the observation 

that 91% (171 of 188 genes) of all SEB-induced genes were also significantly induced by SEI, 

while only 17 genes were significantly upregulated only by SEB (figure 4.3 A, upper panel). 

Repression of gene expression was generally less impressive, but still more than half of the 

genes influenced by SEB (61%, 37 of 61 genes) were also significantly affected by SEI. Notably, 

no gene was regulated in opposite directions by SEI and SEB (data not shown). The complete 

lists of regulated genes are documented in supplementary table 6.1 and supplementary table 6.2. 

A hierarchical clustering analysis of all probe sets significantly affected by SEI and/ or SEB 

was conducted to group samples based on the similarity of their expression data. The results of 

this analysis are illustrated as a condition tree in figure 4.3 B. As expected, non-stimulated and 

SAg-stimulated samples clustered separately. Strikingly, the SAg-exposed samples of the three 

healthy blood donors clustered separately, but not the two SAgs used for stimulation as one 

would have expected if SEI and SEB had different effects on PBMCs. Thus, the condition tree 

clearly shows that interindividual differences between the blood donors outweighed the 
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differences between the stimulating SAgs. In an independent approach, the data were submitted 

to a principal component analysis (PCA). This PCA was based on the ratios between the probe 

set signals of stimulated and non-stimulated PBMCs, which had been calculated separately for 

each donor and each SAg. The PCA converges the majority of statistical variables of complex data 

sets to three informative dimensions (principal components), which are visualized in figure 

4.3 C. Similar to the hierarchical clustering, the PCA grouped the samples into three pairs which 

comprised the SEI- and SEB-stimulated samples of each donor. Therefore, both analysis tools 

show that the effects of SEI and SEB on PBMCs gene expression were very similar so that 

differences between them had less impact than the interindividual variation between the blood 

donors. Genes whose transcription was induced more than 10-fold by SAg treatment are 

displayed in table 4.1. No gene was repressed by a factor of 10 or more. Among the most 

strongly induced genes were those encoding for IL-2 (SEI: 318.4-fold; SEB: 166.1-fold), IFN-γ 

(SEI: 165.8-fold; SEB: 127.2-fold) and IL-17A (SEI: 98.5-fold; SEB: 57.0-fold), indicative of a very 

strong Th1- and Th17-response. But also the cytokines IL-22, IL-3, and IL-27, the chemokines 

CXCL9, CXCL10, CXCL11, XCL2, and CCL8 as well as the T cell activation marker CD64 were 

strongly induced. The T cell activation marker genes CD69, CD40L, and CD25; the cell cycle 

genes cyclin D2 and cyclin-dependent kinase 6 as well as the transcripts for the cytokines IL-4, 

IL-5, and TNF-α were also significantly induced by both SEI and SEB but less than 10-fold (see 

supplementary table 6.1). 

Gene expression data have been deposited in NCBIs Gene Expression Omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number 

GSE11281.  
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figure 4.3. Similar gene expression profiles induced by SEI and SEB. Gene expression of human PBMCs 
was analyzed after six hours of stimulation with SEI and SEB. Probe sets were filtered for an FDR <0.05 by 
rank test. (A) Venn graphs of the upregulated (upper panel) and downregulated (lower panel) genes. 
Probe sets representing the same gene were combined (see supplemental table 6.1 and table 6.2). There 
was a high overlap of genes regulated by SEI and SEB. (B) Hierarchical clustering (condition tree) of the 
511 probe sets with an FDR <0.05. Expression is shown as deviation from the mean expression value of 
the probe set over all samples. Samples are grouped based on the similarity of their expression data. (C) 
PCA based on the expression values of the 511 probe sets with an FDR <0.05, normalized to the 
corresponding control sample (The variances of the axes are: x-axis 41.7%, y-axis 24.9%, and z-axis 
20.4%). Interindividual differences outweigh the differences between the stimulating SAgs (B and C).  
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table 4.1. Genes upregulated more than 10-fold by SAg treatment of human PBMCs. 

gene 
symbola 

encoded protein NCBI 
accession no 

SEI 
fold 

changeb 

SEB 
fold 

changeb 

IL2 IL-2 NM_000586 318.4 166.1 

CXCL9 CXCL9, Mig NM_002416 196.5 159.8 

UBD ubiquitin D NM_006398 175.7 122.1 

IFNG IFN-γ M29383 165.8 127.2 

CXCL11c CXCL11, I-TAC AF030514 112.7 90.2 

IL22c IL-22 AF279437 109.3 65.0 

ANKRD22c ankyrin repeat domain 22 AI925518 106.2 89.3 

IL17A IL-17A Z58820 98.5 57.0 

IL31RAc IL-31 receptor α-chain AI123586 74.3 46.7 

FAM26Fc family with sequence similarity 26, member F AV734646 50.6 37.5 

CXCL10 CXCL10, IP-10 NM_001565 45.6 47.3 

IL3 IL-3  NM_000588 45.6 22.4 

SLAMF8c SLAM family member 8 NM_020125 38.9 33.5 

LOC729936 Similar to guanylate binding protein 3 BC013288 35.6 38.7 

XCL1 / XCL2 XCL1, lymphtactin / XCL2, SCM-1β NM_003175 26.4 17.1 

SERPING1 serpin peptidase inhibitor, clade G (C1 inhibitor), 
member 1, (angioedema, hereditary) 

NM_000062 26.0 21.7 

SUCNR1 succinate receptor 1 AF348078 25.2 13.0 

IL27 IL-27 NM_145659 24.9 15.4 

XCL2 XCL2, SCM-1β U23772 23.8 16.3 

APOL4 apolipoprotein L, 4 AF305226 22.2 19.2 

FCGR1B FcγR I (CD64), β-chain  L03419 18.6 17.8 

FCGR1A FcγR I (CD64), α -chain  X14355 16.9 15.7 

SECTM1 secreted and transmembrane 1 BF939675 16.8 13.1 

CCL8 CCL8, MCP-2 AI984980 15.7 14.5 

IL17F IL-17F AL034343 15.0 10.9 

BATF2 basic leucine zipper transcription factor, ATF-like 2 AW083820 14.7 15.2 

GBP5c guanylate binding protein 5 BG545653 14.4 16.5 

ETV7c ets variant gene 7 (TEL2 oncogene) AF218365 14.3 11.9 
a Genes upregulated more than 10-fold by SEI and SEB (FDR values ≤ 0.0001). No gene was 10- fold 
downregulated 
b Mean fold change of three blood donors. 
c Gene represented by more than one probe set; the probe set with the highest fold change is displayed. 

 

In the context of this project, Dorothee Grumann (Department of Immunology, University of 

Greifswald) performed further experiments assessing the mitogenic potency of selected 

recombinant egc SAgs and non-egc SAgs and the cytokine profiles they induced in PBMCs. 

Furthermore, the patterns of mitogenic potency on PBMCs along the bacterial growth curve of 

different S. aureus strains harboring either egc or non-egc SAg genes were analyzed. As these 

experiments were not part of this work, they are not described here. Nevertheless, the data 

obtained from these experiments are included in the following discussion as they are essential 

for understanding the project as a whole.  
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4.1.4. Discussion 

Although egc SAgs are far more prevalent in clinical S. aureus isolates than non-egc SAgs, 

they are not a prominent cause of toxic shock [88, 163]. Moreover, neutralizing antibodies 

against egc SAgs are very rare, even among carriers of egc SAg-positive S. aureus strains [84, 

164, 165]. This counterintuitive contradiction gave rise to two non-exclusive hypotheses: (i) egc 

and non-egc SAgs have unique intrinsic properties and drive the immune system into different 

directions and (ii) egc and non-egc SAgs are released by S. aureus under different conditions 

shaping the immune response to them [74]. 

To test the first hypothesis, the effect of three egc and three non-egc SAgs on human blood 

cells was examined. Therefore, the purified and rigorously LPS-depleted recombinant egc (SEI, 

SElM, SElO) and non-egc SAgs (TSST-1, SEB, SElQ) were used to stimulate human PBMCs from 

nine different blood donors and induction of proliferation was assessed. All six SAgs induced 

strong and dose-dependent proliferation. Half-maximal proliferation was observed at 

concentrations between ~0.5 and 20 pg/mL. Only the egc SAg SEIO was significantly less potent 

(~2,200 pg/mL). These findings corroborate and extend earlier studies where mitogenic 

concentrations for non-egc staphylococcal SAgs were determined to be in the pg/mL or even 

fg/mL range [166-168]. To date, the mitogenic potency of the other egc SAgs, SEG, SElN, and 

SElU, has not been determined in a human T cell proliferation assay. The group of Munson et al. 

[169] reported that concentrations of 1.84 nM SEG (~40 ng/mL) were necessary to induce 

maximal proliferation in murine splenocytes, but murine cells are less susceptible to SAg 

stimulation than human PBMCs by several orders of magnitude [164, 170]. 

If intrinsic properties of egc and non-egc SAgs were responsible for the different response of 

the immune system, one might expect them to elicit contrasting cytokine profiles. Thus, human 

PBMCs from seven blood donors were stimulated with recombinant SAgs and after 72 hours 

cytokine concentrations in the supernatant were determined. We observed no systematic 

differences between egc and non-egc SAgs in terms of cytokine induction. Both groups induced 

release of high amounts of pro-inflammatory (IFN-γ, TNF-α, IL-2) and lower concentrations of 

anti-inflammatory (IL-4, IL-5, IL-10) cytokines. IFN-γ was the lead cytokine in our panel, 

reaching average concentrations of ~17 ng/mL after 72 hours. Other groups also have reported 

induction of Th1- and Th2-cytokines after stimulation with a number of non-egc staphylococcal 

and streptococcal SAgs [171-173]. In contrast, Dauwalder and co-workers reported that 

stimulation of human PBMCs with very high concentrations (100 ng/mL) of SEA resulted in a 

stronger Th1-response than stimulation with the egc SAg SEG [87]. This suggests that SEG might 

have unique properties among the egc SAgs, but differences in the SAg concentration and/ or 

SAg production and purification procedures should also be considered as an explanation [174]. 

Third, a comprehensive picture of the response of blood cells to SAg stimulation should be 
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obtained. Therefore, we used transcriptional profiling to compare one egc SAg (SEI) with one 

non-egc SAg (SEB). PBMCs from three different blood donors were stimulated with these SAgs 

for six hours and transcriptional changes were analyzed using Affymetrix gene expression 

arrays. PBMCs stimulated with concentrations of SAgs 10-fold above the lowest concentration 

eliciting maximal proliferation were used for transcriptome analysis. Stimulation with SEI and/ 

or SEB changed the transcription of 391 genes, two thirds of which were upregulated. This is in 

agreement with Mendis and co-workers, who also treated PBMCs with SEB [175]. Stimulation 

with SEI was slightly stronger than with SEB, probably because this SAg activates a larger 

fraction of T cells. However, the hierarchy of induced genes was very similar and not a single 

gene was regulated by the two SAgs in opposite directions. In fact, there were interindividual 

variations of the blood donors in their SAg response as have also been reported by others [172, 

173], and these were stronger than the differences between the transcription profiles induced 

by SEI and SEB. Among the most strongly induced genes were pro-inflammatory mediators of 

Th1- as well as cytotoxic T cell-responses: IL-2 and IFN-γ were upregulated more than 100-fold, 

supporting our observations on the protein level. Fitting the same response profile, CD40L, 

lymphotoxin-α, granzymes A and B, TNF-α, IL-12, and IL-27 were also highly induced. 

Additionally, we noticed highly increased transcription levels of IL-17A and IL-17F that indicate 

activation of Th17 cells. We interpret these findings to represent an extremely strong pro-

inflammatory in vitro reaction to both SAgs. The only discrepancy concerns IL-10, where protein 

secretion was detected by cytokine measurements but no induction of gene transcription by SEI 

or SEB was observed. However, IL-10 is typically produced in the later phase of the immune 

response, while in this study the gene expression patterns were assessed already after 6 hours 

of stimulation. Nevertheless, in agreement with our cytokine measurements, the Th2-cytokine 

genes IL-4 and IL-5 were also induced. As expected, the T cell activation marker genes (CD69, 

CD40L, and CD25) and cell cycle genes (cyclin D2 and cyclin-dependent kinase 6) were 

upregulated, and the transcription of chemokines guiding the migration of activated T cells, 

CXCL9, CXCL11, CXCL10, and CCL8 was also increased [176]. In addition, we found enhanced 

transcription levels of the apoptosis-related genes trail, fas, casp10, and casp7 which is not 

surprising as very strong T cell stimulation may drive activation-induced cell death and the 

elimination of SAg-reactive T cell subpopulations is considered to be a hallmark of SAg action 

[177]. In summary, the egc SAg SEI and the non-egc SAg SEB induced very similar gene 

expression patterns corresponding to an extremely strong activation of T cells and APCs as one 

might expect from SAgs. A recent study of Dauwalder et al. investigated the very early 

transcriptional response of human PBMCs to the egc SAg SEG and the non-egc SAg SEA [178]. As 

in their cytokine study [87], they found extensive differences in the potency of the two SAgs. 

However, they tested other SAgs than in our study. Furthermore, differences in the SAg 

concentrations and/ or SAg production and purification procedures can also account for the 
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differing results [174]. Additionally, as the amino acid sequences of the egc SAgs are more 

closely related to those of individual non-egc SAgs than to each other [68, 72], it also appears 

unlikely that the two groups of SAgs differ systematically in their immunogenicity. 

Taken together, the immune cell-activating properties of egc and non-egc SAgs, their 

superantigenicity, proved very similar in every aspect studied and cannot explain the striking 

differences in the immune response to egc and non-egc SAgs with a high prevalence of 

neutralizing antibodies specific for non-egc but not for egc SAgs [88, 179-181]. 

Finally, we focused on regulation of SAg release by S. aureus as an explanation for the lack of 

neutralizing antibodies against egc SAgs. Four different clinical isolates harboring either only egc 

or non-egc SAg genes were cultured and supernatants obtained along the growth curve and 

normalized for cell density were used to stimulate human PBMCs. Proliferation of the PBMCs 

was used as a read-out of SAg secretion. Strains encoding non-egc SAgs induced proliferation 

indicating secretion of these SAgs during late exponential and stationary growth. In contrast, 

strains harboring egc SAgs induced maximum proliferation of human PBMCs during exponential 

growth. Similar observations have been reported on mRNA-level: The polycistronic egc-mRNA 

accumulated maximally during exponential growth, while most non-egc SAg genes were 

transcribed in the post-exponential growth phase [72, 169]. Recently, Derzelle et al. analyzed the 

expression of 18 SAgs by quantitative RT-PCR [182]. The authors observed four distinct 

expression patterns: (i) unchanged mRNAs abundance during bacterial growth (sea, see, sej, selk, 

selp and selq); (ii) slight decrease in transcript levels (seg, sei, selm, seln, selo, seu); (iii) drastic 

induction of expression at the end of the exponential growth phase (seb, sec, seh), or (iv) modest 

post-exponential increase in mRNAs level (sed, selr, sell). Presumably, decrease of egc mRNA 

levels in the late exponential growth phase is responsible for the decline in T cell mitogenicity as 

concentration of the egc SAgs decreases on a per cell basis. So far, it is not clear why the 

egc-operon is selectively transcribed during early exponential growth. The regulation of 

staphylococcal SAg gene expression is complex: Besides the accessory gene regulator agr, the 

staphylococcal accessory regulator sar, the alternative σ factor B, and the regulator of toxins, 

Rot, also have been shown to play a role [27, 52, 53, 63, 183]. However, this information has 

been obtained by investigation of S. aureus gene regulation in bacterial cell culture. The 

challenge will now be to elucidate how these processes are effective during the interactions of 

the microorganism with its host. There is evidence that the regulatory circuits employed by 

S. aureus during infection (and probably also colonization) differ from those characterized in 

vitro [184, 185]. It remains to be seen how this affects the release of egc and non-egc SAgs in vivo 

and the immune response against them. 

At this stage, the high prevalence of neutralizing antibodies against non-egc SAgs [88] 

allows us to conclude that most healthy adults have been exposed to these toxins during their 
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encounters with S. aureus. For egc SAgs, it remains an open question whether they are (i) 

expressed in vivo, (ii) in which quantities, and (iii) under which conditions. In vitro data suggest 

that egc SAgs are generally produced in very small amounts [186]. As S. aureus secretes egc and 

non-egc SAgs in distinct functional states, they are likely released during different phases of its 

interaction with the human host. Consequently, it is possible that the cell populations exposed to 

egc- vs. non-egc SAgs differ and that only non-egc SAgs are able to drive an efficient adaptive 

immune response.  
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4.2. TIME-RESOLVED QUANTITATIVE PROTEOME PROFILING OF HOST-

PATHOGEN INTERACTIONS:  THE RESPONSE OF STAPHYLOCOCCUS AUREUS  

TO INTERNALIZATION 

Functional genomics technologies including proteomics have been used extensively to study 

the adaptive network of S. aureus and its response to environmental challenges in vitro. 

Nevertheless, studies of bacteria from in vivo settings lack behind. Particularly in proteomic 

studies, the lack of sufficient proteomic coverage from low numbers of cells is a major drawback. 

The aim of this study was to set up a workflow to quantitatively investigate time-resolved 

changes in the proteome of staphylococci upon internalization. This workflow was then used to 

reveal time-resolved changes in levels of proteins in S. aureus strain RN1HG upon internalization 

by human bronchial epithelial cells for the first time. 

Parts of this work have been published in 2010 [187]. 

4.2.1. Adaptation of a cell culture medium for cultivation of S. aureus RN1HG 

Usually, internalization experiments are performed with bacteria cultivated in rich media 

such as LB or TSB. However, as changes in abundance of bacterial proteins due to internalization 

should be quantified using a SILAC approach, the bacteria needed to be cultivated in a defined 

medium which allows depletion of single amino acids and addition of 13C amino acids when 

needed. Usage of SILAC allows quantitation of changes in protein abundance. Additionally, the 

medium should not have any influence on eukaryotic host cells. Furthermore, bacteria used for 

internalization should not be stressed by centrifugation and medium shift prior to 

internalization as these manipulations most likely induce additional bacterial adaptation 

responses that might mask the original adaption to eukaryotic host cells. Therefore, a method 

for the cultivation of S. aureus RN1HG in a cell culture medium setting had to be established. As 

the eukaryotic cell line used for the internalization experiments (S9, see section 3.2.3) grows in 

eMEM, this medium was selected as basis for the bacterial cultivation. First, growth in TSB and 

eMEM was compared. Cultures were inoculated from pre-cultures exponentially growing in TSB. 

To prevent carry-over of TSB, bacteria were centrifuged and suspended in the appropriate 

medium. Main cultures were inoculated to an OD600 of 0.05. Growth was monitored by OD600 

measurements and pH was assessed using pH indicator sticks. As illustrated in figure 4.4 A, 

S. aureus strain RN1HG yields a 10-times lower final optical density when grown in eMEM 

compared to TSB (0.66 vs. 6.12). Also the transient growth phase, i.e. the transition from 

exponential to stationary growth was very long (>5 hours in eMEM vs. 3 hours in TSB) and 

generation times during exponential growth were much higher in eMEM than in TSB (>150 min 

in eMEM vs. 35-42 min in TSB). 
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As stated above, the medium should allow metabolic labeling with stable isotopes of defined 

amino acids (SILAC [188]). As serum also contains amino acids which cannot be removed, 

subsequent growth experiments were performed in MEM without FCS. Furthermore, eMEM 

contains sodium bicarbonate for pH buffering. This system is adapted to buffering in an 

incubator with 5% CO2. As bacterial cultivation takes place in ambient air without additional 

CO2, the buffering of pH is impaired, i.e. the medium becomes very basic. As alkaline stress 

induces a σB-dependent stress response in S. aureus [189], the pH of the medium had to be 

buffered otherwise. HEPES is a buffer commonly used in cell culture and was therefore used as a 

buffering system. HEPES was tested in a concentration of 10 mM only, as higher HEPES 

concentrations induced morphological changes in S9 cells indicating osmotic stress (data not 

shown). It also became obvious that the amino acid composition of MEM is not sufficient to 

promote proper growth of S. aureus. Improvement of growth should therefore be achieved by 

addition of 2 mM of amino acids (alanine, aspartic acid, cysteine, glutamic acid, histidine, 

isoleucine, leucine, proline, phenylalanine, serine, threonine, tryptophane, and valine, also see 

section 3.1.3) based on a synthetic medium used by Gertz et al. [190]. The results from these 

experiments are depicted in figure 4.4 B and C. MEM supplemented with 2 mM amino acids 

improved growth of S. aureus RN1HG to 48-70 min generation time and maximum OD600 of 1.32 

(figure 4.4 B, green line), but the pH gets very acidic (pH 5.0, figure 4.4 C, green line). Addition of 

10 mM HEPES yielded the best growth in MEM (generation time 45-60 min, peak OD600 1.70; 

figure 4.4 B, orange line). Also the pH was less alkaline in MEM supplemented with 10 mM 

HEPES and 2 mM amino acids than in MEM without HEPES and amino acids (pH 5.5 (orange) vs. 

pH 8.0 (violet); figure 4.4 C) and less acidic pH than in MEM supplemented with amino acids but 

not with HEPES (pH 5.5 (orange) vs. pH 5.0 (green), figure 4.4 C). 
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figure 4.4. Adaptation of the cell culture medium MEM for growth of S. aureus strain RN1HG. Growth 
was assessed by measurement of optical density at 600nm. Cultures were inoculated from exponentially 
growing cultures in TSB. To prevent carryover of TSB, bacteria were washed three times with PBS before 
inoculation of main cultures. Measurement of pH was performed with pH indicator sticks. (A) Growth of 
S. aureus RN1HG in TSB (red) and eMEM (blue). (B) Growth of S. aureus in eMEM (blue), MEM without FCS 
(violet), MEM supplemented with 2 mM amino acids (for composition, see table 3.3), and MEM 
supplemented with amino acids and 10 mM HEPES (orange). (C) Changes in pH during growth of S. aureus 
RN1HG in the media described in (B). Exemplary results are shown. (D) Subcultivation of S. aureus RN1HG 
in pMEM. A first culture in pMEM was inoculated from an exponentially growing pre-culture. Growth was 
monitored until an OD600 of 0.4 was reached. An aliquot of the culture was used to inoculate a follow-up 
culture and again growth was monitored by OD600 measurement. 

 

These growth experiments allowed classification of the tested media in terms of benefit for 

the growth of S. aureus RN1HG: 

 

eMEM < 

MEM w/o 

HEPES w/o 

amino acids 
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MEM w/o 

HEPES w 

amino acids 
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amino acids) 
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As supplementation of MEM with 10 mM HEPES and 2 mM additional amino acids yielded 

best growth of S. aureus RN1HG, this medium was defined as pMEM and chosen for the 

cultivation of S. aureus RN1HG for internalization experiments (3.2.14) of metabolically labeled 

bacteria (3.2.13). 

Finally, the adapted pMEM was tested for multiple subcultivations of a growing S. aureus 
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RN1HG culture. A first main culture was inoculated from exponentially growing staphylococci to 

a start OD600 of 0.05. This culture was cultivated until OD600 0.40, then diluted with fresh pMEM 

to OD600 0.05 and again, growth was monitored. As shown in figure 4.4 D, subcultivation of 

S. aureus RN1HG in pMEM does not affect the generation time which is constantly about 49-

60 min. Also the optical density yielded in the stationary growth phase does not change due to 

subcultivation (OD600 1.68 in the first culture, OD600 1.61 in the follow-up culture; figure 4.4 D). 

As the adapted pMEM allows reliable and reproducible growth of S. aureus RN1HG, this 

medium was used for the infection of human bronchial epithelial cells (section 3.2.14) with 

metabolically labeled staphylococci (section 3.2.13). 

4.2.2. Determination of the optimal multiplicity of infection (MOI) for 

internalization experiments 

Before infection of human airway epithelial S9 cells with S. aureus RN1HG, the infection 

dose had to be determined as a fixed number of bacteria have to be added to the cell culture. As 

exponentially growing bacteria were used for internalization experiments, the optimized 

synthetic medium pMEM (sections 3.1.3, 3.2.2, and 4.2.1) was used to cultivate S. aureus RN1HG 

to an OD600 of 0.4 and then serial dilutions of the culture were plated on TSB agar plates to 

determine the CFUs. Three independent experiments resulted in a value of 

2.16 x 108 ± 6.14 x 107 CFUs per mL at OD600 being the basis for calculations of MOIs for the 

infection of human airway epithelial cells by S. aureus RN1HG. 

4.2.3. S. aureus RN1HG enters, persists and multiplies in human airway 

epithelial cells 

For the infection of S9 cells with exponentially growing staphylococci, S. aureus strain 

RN1HG was cultivated in the adapted cell culture medium pMEM to an OD600 of 0.4. This medium 

only contained labeled isotopes of arginine and lysine (SILAC-pMEM) and thus all bacterial 

proteins were heavily labeled. For the infection of human S9 cells, bacteria were shifted to eMEM 

containing only the non-labeled isotopes of these amino acids. Changes in the proteome could 

therefore be monitored due to incorporation of non-labeled amino acids into newly synthesized 

proteins. After killing of extracellular bacteria by lysostaphin treatment, intracellular 

staphylococci were released at defined time-points post internalization and were sampled for 

MS analysis via FACS sorting. Aliquots of the lysed host cells were used to determine the number 

of intracellular staphylococci by plating serial dilutions on TSB agar plates (section 3.2.15). After 

incubation of the plates at 37°C for 24 to 48 hours, staphylococcal colonies were counted and the 

CFUs per S9 cell were calculated. The results of CFUs determination from the three independent 
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internalisation experiments used for MS analysis (sections 0 ff.) are given in figure 4.5. Although 

the absolute number of CFUs per S9 cell differs between the three experiments, it can be clearly 

seen that from 1.5 hours to 3.5 hours post internalisation the CFUs per S9 cell increased 4-fold 

(0.2 to 0.9 CFUs per S9 cell in experiment 1; 1.0 to 4.0 CFUs per S9 cell in experiment 2, 0.2 to 1 

in experiment 3) indicating that intracellular bacteria underwent approximately two 

duplications. This is followed by stagnation (experiments 2 and 3) or decrease (experiment 1) of 

CFUs per S9 cell but viable staphylococci could be isolated from S9 cells over the whole time 

period investigated. 

 

figure 4.5. Determination of intracellular staphylococci after infection of S9 cells. Human S9 cells 
infected with S. aureus RN1HG were lysed at defined time-points and aliquots of the lysates were plated in 
serial dilutions on TSB agar plates. After incubation at 37°C, colonies were counted and the CFUs per S9 
cell were calculated. Depicted are mean plating results and standard deviations of three independent 
experimental series. 

In an independent approach for the determination of intracellular staphylococcal growth, 

the changes in intensities of the 648 proteins identified from internalized staphylococci (see 

section 4.2.6) were analyzed. Therefore, overall peptide sum intensities were calculated for each 

time-point post internalization (figure 4.6). The overall staphylococcal peptide intensities 

approximately doubled from 1.5 hours to 6.5 hours post internalization, also indicating 

intracellular growth of internalized bacteria, although the increase was not as pronounced as in 

the CFU data (figure 4.5).  
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figure 4.6. Peptide sum intensities of all proteins identified in internalized staphylococci. The 
intensities of all peptides identified in three independent experimental series were summed up for each 
time-point and plotted on a log2 scale. An increase of 1 unit therefore represents a doubling in protein 
intensity. The mean sum intensity of the three experiments is indicated.  
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4.2.4. Experimental outline for the quantitative analysis of the staphylococcal 

proteome 

Even with optimization of cell sorting for high purity, significant amounts of contaminating 

proteins from human airway epithelial cells were still expected in the fraction containing 

S. aureus cells isolated from human epithelial host cells. Such contaminating human proteins 

would probably compromise the quantitation of bacterial proteins present in low quantities. 

Therefore, metabolic labeling using the well established SILAC workflow was applied. However, 

usage of amino acids labeled with stable isotopes in bacteria is usually hampered by the ability 

of the bacteria to synthesize amino acids de novo, requiring the availability of mutant strains 

auxotrophic for arginine and/ or lysine. S. aureus strains usually need a set of amino acids for 

growth in synthetic medium albeit having the full complement of enzymes required for the 

synthesis of amino acids. Therefore, labeling of S. aureus strain RN1HG in the adapted cell 

culture medium pMEM was tested with a mixture of 13C6-arginine and 13C6-lysine and 

surprisingly saturation labeling in the absence of a true mutation causing amino acid auxotrophy 

was discovered as no pairs of labeled and unlabeled peptides could be found in MS analysis. This 

observation allowed application of SILAC in a pulse-chase approach which is an established 

method for quantitation of protein abundances, turnover rates, and PTMs [153]. Using the 

workflow depicted in figure 4.7, S. aureus was initially labeled to completion during growth in 

SILAC-pMEM and then exponentially growing, 13C labeled staphylococci were exposed to human 

bronchial epithelial S9 cells in eMEM containing only non-labeled arginine and lysine. Since only 

light amino acids can be incorporated into bacterial proteins during host cell contact and 

internalization, changes in the bacterial proteome could be monitored due to the increase in 12C 

counterparts compared to 13C amino acids. After one hour, non-internalized bacteria were killed 

by treatment with lysostaphin which is unable to enter eukaryotic cells. Subsequently, invasive 

bacteria were released and subjected to flow cytometry and sorted directly onto a filter device 

up to 6.5 hours post internalization in hourly intervals. This setup allowed the efficient 

collection of very dilute bacterial samples in a very small volume in a time range of 40-50 min. 

After on-membrane digestion with trypsin, bacterial proteins/ peptides were identified by 

routine LTQ-Orbitrap-MS, quantified and classified according to physiological function. Using the 

workflow just described, three independent internalization experiments were performed 

following the fate of bacteria up to 6.5 hours after internalization in hourly intervals.  
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figure 4.7. Outline for quantitative proteome profiling of internalized S. aureus. S. aureus RN1HG 
pMV158GFP grown in heavy medium was transferred to S9 monolayers and internalization was allowed 
for one hour. After killing of extracellular bacteria by lysostaphin, eukaryotic cells were lysed at defined 
time-points to release intracellular staphylococci. GFP-positive bacteria were separated via flow 
cytometry and accumulated on a filter device. Sorted bacteria were subjected to on-membrane tryptic 
digestion and purified peptides were measured by LTQ-Orbitrap-MS. Data analysis was performed using 
Rosetta Elucidator.  
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4.2.5. Flow cytometric separation of internalized S. aureus RN1HG for 

proteome profiling 

Analysis of the proteome of internalized staphylococci required the separation of the 

bacteria from eukaryotic debris after host cell lysis (section 3.2.14) in order to reduce 

contamination with human host cell proteins. Therefore, the released bacteria were subjected to 

cytometric sorting. As the bacterial strain used expressed the green fluorescent protein (GFP) 

from a plasmid, GFP-positive bacteria could be detected by cytometric measurement (figure 4.8). 

As GFP-positive bacteria were detected in two ranges of Side Scatter (SSC) intensity units (main 

population 102 - 103, subpopulation 104 - 105; figure 4.8 A), two different gates were tested for 

sorting of internalized S. aureus RN1HG pMV158GFP. The first covered all GFP-positive events 

(large gate; figure 4.8 A), the second covered only the main population (small gate; figure 4.8 B). 

Per gate, approximately 5 x 106 internalized bacteria were sorted directly into wells of a filter 

device and subjected to tryptic on-membrane digestion (section 3.2.17.1). After peptide 

extraction and LC-LTQ-Orbitrap-MS/MS analysis (section 3.2.17.2), the coverage of the 

staphylococcal proteome and the degree of contamination with human proteins was assessed 

using the Sorcerer platform. 

A B 

 

figure 4.8. Dot plot (GFP vs. SSC) of the cytometric analysis of GFP-positive staphylococci isolated 
after internalization by human airway epithelial cells. S. aureus RN1HG pMV158GFP was allowed to 
reside inside S9 cells for 2.5 hours. Then, host cells were lysed and bacteria were subjected to FACS 
analysis. GFP-positive events in the highlighted area were sorted and subjected to LC-LTQ-Orbitrap-MS 
analysis to determine the coverage of staphylococcal proteins and the degree of contamination with 
human proteins. (A) Large gate used for sorting. (B) Small gate used for sorting. x-axis, side scatter area 
(SSC-A); y-axis, intensity of green fluorescent protein. 

 

Numbers of proteins identified with at least two peptides and displaying a protein 

probability ≥95% in the two samples are depicted in table 4.2. Bacteria sorted from the small 

gate yielded in 693 staphylococcal and 723 human proteins, whereas the samples from the large 

sorting gate had reduced bacterial protein identifications (497 proteins) and more human 

contaminants (1,055 proteins). 
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table 4.2. Staphylococcal and human proteins from internalized S. aureus RN1HG pMV158GFP 
identified with at least two peptides. S. aureus RN1HG pMV158GFP was allowed to reside in human S9 
cells for 2.5 hours. Bacteria were released from host cells by lysis and were subjected to flow cytometric 
sorting. Two different gates were used for sorting (see text and figure 4.8). Proteins were identified using 
LC-LTQ-Orbitrap-MS analysis. 

species large 

sorting gate 

small 

sorting gate 

S. aureus RN1HG 497 693 

H. sapiens 1,055 723 

 

For the sorting of metabolically labeled bacteria recovered from the intracellular milieu of 

human airway epithelial cells, the small sorting gate was chosen as samples harvested under this 

condition resulted in the identification of more bacterial proteins and less human contaminating 

proteins than sorted using the large sorting gate. 

S. aureus RN1HG pMV158GFP was metabolically labeled using SILAC (section 3.2.13). 

Exponentially growing bacteria were allowed to internalize into human airways epithelial cells 

(S9) for one hour, followed by killing of all remaining extracellular staphylococci with 

lysostaphin (section 3.2.14). At defined time-points post infection, eukaryotic host cells were 

lysed with Triton X-100 to release intracellular bacteria which were subsequently subjected to 

flow cytometric sorting in order to remove eukaryotic debris. One aliquot of the lysate was taken 

for determination of intracellular CFUs (sections 3.2.15 and 4.2.3). This was done for every time-

point investigated (1.5 – 6.5 hours). As the bacterial strain used expressed GFP, GFP-positive 

bacteria could be gated in a range of 104 - 105 intensity units in the GFP channel and 102 - 103 

intensity units in SSC (figure 4.8 B). This range was used to exclude most of the debris of S9 cells. 

The number of sorted GFP-positive bacterial events varied from 3.1 million after 1.5 hours of 

internalization to 7.6 million 6.5 hours post internalization (table 4.3). The sorted bacteria were 

directly collected in wells of a filter device and subjected to tryptic on-membrane digestion. 

Peptides were analyzed by LC-LTQ-Orbitrap-MS (section 3.2.17.2). Three independent 

experimental series were performed.  
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table 4.3. GFP-positive bacterial events sorted from internalized staphylococci in three 
independent experimental series. 

time post 

internalization 

experiment 1 experiment 2 experiment 3 

1.5 hours 3.5 x 106 3.1 x 106 1.4 x 106 

2.5 hours 4.8 x 106 5.4 x 106 5.1 x 106 

3.5 hours 4.7 x 106 5.6 x 106 2.4 x 106 

4.5 hours 5.3 x 106 5.9 x 106 5.6 x 106 

5.5 hours 6.0 x 106 6.3 x 106 7.1 x 106 

6.5 hours 5.4 x 106 6.4 x 106 7.6 x 106 
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4.2.6. Identification of proteins of internalized S. aureus RN1HG and 

assignment of proteins to cellular compartments 

Sorted GFP-positive bacteria (section 4.2.5) were tryptically digested and analyzed by LC-

LTQ-Orbitrap-MS using a long gradient of 300 minutes. Thus, we were able to obtain from only 

3 – 7 x 106 sorted S. aureus cells 648 proteins identified with at least two peptides (supplemental 

table 6.3); 491 proteins were identified in the first experimental series, 526 proteins in the 

second, and 541 proteins in the third. Of these 648 proteins, 505 proteins (77.9% of all identified 

proteins) were identified in at least two of the three internalization experiments and 405 

proteins (62.5% of all identified proteins) were identified in all three experimental series (figure 

4.9). Forty one proteins were only seen in experiment one, 45 only in experiment two, and 57 

only in experiment three. However, the quantification was not compromised by these 

differences because heavy and light peptides were present in the same sample and we used 

stringent selection criteria only looking for quantitative information for proteins detected in at 

least two of the three experiments with at least two peptide ratios (section 3.2.17.3). 

 

figure 4.9. Venn diagram illustrating the identification of S. aureus proteins from internalized 
staphylococci in three independent experimental series. Of the total of 648 proteins identified with at 
least two peptides, 505 were seen in at least two of the three independent experimental series, 41 were 
only identified in experiment one, 45 in experiment two, and 57 in experiment three, respectively. 

 

The ProteinCenter software was used to calculate the number of TMDs and signal peptides. 

As a result, 69% of the identified proteins were detected with null, 20% with one, 6% with two, 

and 5% with more than two TMDs indicating that the majority of identified proteins belonged to 

the cytoplasmic fraction. Similarly, only 47 out of 648 proteins (7%) were predicted to have a 

specific signal sequence. 
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To get a more comprehensive view on the subcellular localization of the 648 proteins 

identified from internalized staphylococci, the PSORTdb database was used [157]. This web-

accessible database contains information on subcellular localization of proteins determined by 

both laboratory experimentation and computational predictions based on the experimental data. 

As shown in figure 4.10, the major proportion of proteins (71.6%) belonged to the cytoplasmic 

compartment. A minor fraction was assigned to be part of the membrane (12.7%) and only very 

few proteins were cell wall-associated (1.9%) or secreted (1.5%), respectively. For 12.3% of the 

identified proteins no prediction of subcellular localization was available (figure 4.10). 

 

figure 4.10. Subcellular localization of proteins identified from internalized staphylococci. The 648 
proteins identified in three independent experimental series were assigned to their subcellular 
localization using PSORTdb (db.psort.org; [157]). 
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4.2.7. Mapping the proteome of internalized S. aureus RN1HG onto pathways 

In order to investigate the coverage of known pathways in S. aureus strain RN1HG, a 

Voronoi Treemap-based layout of KEGG's S. aureus gene orthology was used to intuitively 

visualize coverage of detected proteins compared to the theoretical ones (figure 4.11). The 648 

identified proteins were mainly assigned to metabolism and genetic information processing. 

Thus, particularly good coverage was accomplished for the ribosome, amino acyl t-RNA 

synthetases, RNA-polymerase and other proteins involved in transcription as well as many 

metabolic pathways including among others purine and pyrimidine, peptidoglycan and fatty acid 

synthesis, and central carbon metabolism with glycolysis/ glyconeogenesis, pentose phosphate 

pathway, pyruvate metabolism, and citrate cycle. Thus, the time-resolved proteomics snapshots 

provide insights into many important branches of the metabolic network. On the other side, 

information on environmental information processing is mostly missing (figure 4.11 B). 

To get a more quantitative impression of proteomic coverage, the Comprehensive Microbial 

Resource (CMR) was used to annotate the 648 identified proteins according to their 

physiological role. 

As shown in figure 4.12 B, most of the proteins identified from internalized staphylococci 

exhibit functions in protein synthesis (14.8%), energy metabolism (12.8%), and cell wall 

metabolism (6.8%). Compared to the expected metabolic coverage (figure 4.12 A), protein 

synthesis and energy metabolism are overrepresented in samples from internalized 

staphylococci (14.8% vs. 4.9% and 12.8% vs. 7.8%, respectively). In contrast, proteins with 

functions in signal transduction were clearly underrepresented compared to the overall 

proteome of S. aureus RN1HG (8.2% vs. 19.0%). This is also true for proteins involved in 

transport and binding (5.2% vs. 10.8%). 
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figure 4.11. Coverage of S. aureus protein inventory. The map is based on KEGG's S. aureus gene orthology and visualizes the coverage of the protein inventory as a 
Voronoi Treemap [161, 162]. Treemaps display hierarchically organized information by using a space filling approach according to their hierarchy level. (A) Reference 
Treemap. Each colored field represents a physiological branch (blue - metabolism, red - genetic information processing, green -environmental information processing, 
yellow - cellular processes) consisting of different subgroups and pathways. (B) Treemap visualizing the proteome coverage identified from internalized staphylococci 
based on 648 proteins. Each small field represents an independent protein. Grey - Proteins covered in KEGG's S. aureus gene orthology but not found in this study; black 
- proteins identified from internalized S. aureus in only one of the three independent experiments; dark red - proteins identified in two out of three experiments; light 
red - proteins identified in all three experiments. 
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figure 4.12. Metabolic functions covered by the proteins identified from internalized S. aureus. (A) Reference proteome of all S. aureus RN1HG entries in the 
Comprehensive Microbial Resource (CMR, J. Craig Venter Institute) grouped according to their metabolic function. (B) Assignment of the 648 proteins identified with at 
least two peptides from staphylococci internalized by human airway epithelial cells in three independent experiments to metabolic functions. 

2.9%
3.6%

8.2%

5.6%

3.5%

4.3%

7.8%

1.8%

19.0%

3.3%

3.7%

4.9%

2.2%

5.1%

0.2%

1.2%

10.8%

3.3%

8.6%

Amino acid biosynthesis

Biosynthesis of cofactors, prosthetic groups, and 
carriers
Cell envelope

Cellular processes

Central intermediary metabolism

DNA metabolism

Energy metabolism

Fatty acid and phospholipid metabolism

Hypothetical proteins

Mobile and extrachromosomal element functions

Protein fate

Protein synthesis

Purines, pyrimidines, nucleosides, and nucleotides

Regulatory functions

Signal transduction

Transcription

Transport and binding proteins

Unclassified

Unknown function

2.9%
3.7%

6.8%

5.1%

2.6%

4.5%

12.8%

2.8%

8.2%
0.6%6.2%

14.8%

6.0%

3.9%

0.2%

2.5%

5.2%

3.1%

8.2%

Amino acid biosynthesis

Biosynthesis of cofactors, prosthetic groups, and 
carriers
Cell envelope

Cellular processes

Central intermediary metabolism

DNA metabolism

Energy metabolism

Fatty acid and phospholipid metabolism

Hypothetical proteins

Mobile and extrachromosomal element functions

Protein fate

Protein synthesis

Purines, pyrimidines, nucleosides, and nucleotides

Regulatory functions

Signal transduction

Transcription

Transport and binding proteins

Unclassified

Unknown function



PHD THESIS SANDRA SCHARF  RESULTS & DISCUSSIONS 

81 

4.2.8. Quantitation of proteins of intracellular S. aureus RN1HG via pulse-chase 

SILAC 

Pulse-chase analysis allows examining cellular processes occurring over time by 

successively exposing cells to a labeled compound (pulse; labeled amino acids) and then to the 

same compound in a non-labeled form (chase) or vice versa. As all proteins synthesized by 

S. aureus during the pulse phase contain the labeled amino acids only, the excess of non-labeled 

amino acids in the chase phase and their incorporation exclusively into newly synthesized 

proteins allows time-resolved tracking of quantitative changes in the complete proteome. In our 

experimental setup, the chase phase started with infection of eukaryotic host cells, thus 

extensive changes in levels of bacterial proteins are likely due to adaptation reactions of the 

bacteria to the intracellular milieu. For the quantitative analysis of the time course experiment, 

S. aureus strain RN1HG was grown in pMEM containing 13C6-arginine and 13C6-lysine (pulse) and 

subsequently, labeled bacteria were transferred to S9 cells growing in eMEM containing only 

non-labeled amino acids. This time-point was set as zero (internalization and start of chase). 

After one hour, extracellular bacteria were killed and only internalized bacteria were 

investigated further. Because light amino acids accumulate in addition to their remaining heavy 

counterparts, for each peptide a labeled and a non-labeled form could be observed. These pairs 

were used further to quantify the proteins over a period of 6.5 hours post infection. An 

illustration of the rationale behind such a pulse-chase experiment is illustrated in figure 4.13. At 

the pulse-chase starting point, only heavy peptides are present. During time the intensities of 

light peptides continuously increase until heavy peptides are not detected any more against the 

vast majority of light peptides. By plotting all detected ratios, the majority of proteins showed 

slightly increasing intensities of the light peptides compared to the heavy ones (figure 4.13; 

shown in grey). This overall increase of ratios likely reflects growth of the S. aureus population 

but might in part also be due to turnover of old proteins. Ratios significantly higher than the 

median (figure 4.13; shown in red) can be assumed to either reflect increased levels due to 

upregulation of synthesis rates or increased degradation which would continuously dilute heavy 

signal as, in contrast to the light form, it would not be refilled by new synthesis. On the other 

side, a significantly slower slope of the ratios than the median (figure 4.13; shown in green) can 

be interpreted as decreased synthesis compared to the phase prior to internalization.  
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figure 4.13. Idealized principle of protein quantitation after pulse-chase SILAC. S. aureus RN1HG was 
initially grown in labeled (heavy) medium to saturated labeling of all proteins with heavy amino acids. For 
proteome analysis, bacteria were transferred to non-labeled (light) medium allowing incorporation 
exclusively of light amino acids and simultaneously exposed to human bronchial epithelial S9 cells. Thus, 
the ratio of light vs. heavy amino acids allows analysis of changes in the proteome due to the exposure to 
S9 cells and internalization of S. aureus RN1HG by S9 cells. The idealized grey zone covers the changes 
observed for the majority of proteins and represents intracellular growth. If ratios of proteins deviate in 
time significantly (more than two-fold) from the median of all proteins (out of grey zone) these candidates 
were considered as differentially regulated (either up- (red) or downregulated (green)). 

 

 

figure 4.14. Median light vs. heavy ratios of proteins quantified from internalized S. aureus RN1HG 
using a pulse-chase SILAC approach. For each time-point, the median light vs. heavy ratio based on all 
proteins quantified in the sample was calculated. Depicted are the median light vs. heavy ratios from three 
independent internalization experiments. The mean of the medians is indicated.  
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In agreement with the observations made above, the median light vs. heavy ratio of the 

proteins quantified in three independent experiments constantly increased during the time 

frame investigated (figure 4.14). At 1.5 hours, the median light vs. heavy ratios were smaller 

than one and increased up to four after 6.5 hours. 

Taking all time-points together, we were able to identify 648 proteins from aliquots of only 

3 – 7 x 106 sorted staphylococci isolated from host cells. Of those, 561 could also be quantified 

with at least two “good” labeled pairs; 430 proteins in experiment one, 458 proteins in 

experiment two, and 481 in experiment three (figure 4.15). When comparing the independent 

experimental series, 452 proteins (81.7%) could be quantified in at least two of the three 

experiments and those were used for assessment of the impact of internalization on the 

proteome pattern of S. aureus RN1HG (supplemental table 6.4). 

 

figure 4.15. Venn diagram illustrating the quantitation of S. aureus proteins in the three 
independent experimental series. Of the total of 648 proteins identified with at least two peptides, 561 
could also be quantified. Of these, 452 were seen in at least two of the three independent experimental 
series, 356 could be quantified in all three experiments, 29 were only quantified in experiment 1, 30 only 
in experiment 2, and 50 only in experiment 3, respectively. 

 

In figure 4.16, the overall ratios of the six time-points from experiment two (figure 4.16 A) 

and the Log10 intensities of light vs. heavy peptides (figure 4.16 B) were plotted exemplary. The 

calculated median, shown as a green line, continuously increased from 1.5 hours (0.9) to 

6.5 hours (4.4) indicating approximately two doublings over the time monitored. Applying a fold 

change cut-off of factor two (figure 4.16 A, red lines), 74 of the quantified proteins (16.4%) were 

upregulated and 43 proteins (9.5%) were downregulated in not less than two of the three 

independent experiments in at least one time-point investigated (supplementary table 6.5). An 
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example of the intensity calculation for a non-regulated protein (elongation factor Tu; EF-Tu) is 

given in panel D of figure 4.16 and in figure 4.18 A. After one hour, the intensity of the light 

peptide (red) was almost similar to the intensity of the corresponding heavy peptide. Over time, 

this ratio continuously increased very similar to the median. In contrast to EF-Tu, the intensity 

pattern of the foldase protein PrsA is exemplarily shown in panel C of figure 4.16. After two 

hours, the intensity of the heavy peptide compared to the light one is much lower than for EF-Tu, 

indicating rapid new-synthesis or degradation of pre-existing PrsA post invasion.  
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figure 4.16. Display of the time-resolved analysis of changes in the proteome pattern of internalized 
S. aureus cells. SILAC ratio data of proteins after pulse-chase are displayed for the time period from 1.5 to 
6.5 hours after internalization into S9 cells. (A) Protein ratios of experiment two are plotted to display the 
overall distribution of the ratios. X-axis, all quantified proteins ranked from the smallest to the largest 
ratio; y-axis, light vs. heavy protein ratios of experiment two. (B) Dot-plot of light vs. heavy intensity 
values. Green - median calculated for each time-point. (C) Mean intensity values of heavy and light 
isotopes of the protein PrsA as an example of a protein displaying internalization-related increase in level 
and (D) Mean intensity values of heavy and light isotopes of the elongation factor Tu (EF-Tu), the level of 
which only increases in the light form due to growth of S. aureus RN1HG in S9 cells.  
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4.2.9. Proteins of S. aureus RN1HG displaying internalization-associated 

changes in level 

Considering all three replicates and the six time-points it was obvious that the level changed 

significantly for a number of proteins after internalization. Proteins with light vs. heavy ratios 

(see also section 4.2.8) differing more than two-fold from the median were particularly 

interesting, as they might display changes in protein abundance or turnover caused by the 

intracellular localization of staphylococci. Therefore, proteins with light vs. heavy differing at 

least two-fold from the median light vs. heavy ratio in at least two of the three independent 

experiments in at least one of the time-points investigated were filtered as being potentially 

interesting. Proteins showing contradicting regulations between the experimental series were 

excluded from the analysis as well as proteins differing more than two-fold from the median 

already in the serum controls. This method resulted in 74 upregulated (light vs. heavy ratio ≥ 

2-fold median) and 43 downregulated (light vs. heavy ratio ≤ -2-fold median) proteins listed in 

supplementary table 6.5. Three proteins (SAOUHSC_01838, SAOUHSC_02123, and 

SAOUHSC_02714) were listed in both the up- and downregulated list as they were 

downregulated at early time-points and upregulated 6.5 hours after infection. Thus, 114 

proteins were considered as being regulated. 

To get a more comprehensive view on the regulated proteins, they were assigned to 

metabolic pathways according to CMR. All proteins belonging to an individual subrole were 

counted and the resulting numbers are depicted in figure 4.17. Most of the upregulated proteins 

were part of the degradation of proteins, peptides, and glycopeptides (e.g. proline dipeptidase 

and the ATP-binding subunit ClpB of the Clp protease), transport and binding of carbohydrates, 

organic alcohols, and acids (e.g. putative phosphocarrier protein hpr, glucoside-specific EIICBA 

component of PTS, glucose-specific component of PTS, putative PTS enzyme IIA), TCA cycle (2-

oxoglutarate dehydrogenase E1 component, dihydro-lipoyllysine-residue succinyltransferase 

component, fumarate hydratase class II, NADP-dependent isocitrate dehydrogenase) and 

facilitate the adaptation to atypical conditions (e.g. peptide methionine sulfoxide reductases 

MsrA2 and MsrB) and detoxification (superoxide dismutase [Mn/Fe] 2 SodM). Also upregulated 

were two proteins involved in protein folding and stabilization (foldase protein PrsA and 33 kDa 

chaperonin). Other proteins upregulated in staphylococci during internalization were the 

pathogenesis-associated response regulator of the accessory gene regulator operon (AgrA) and 

the response regulator VraR. Most of the downregulated proteins are involved in tRNA 

aminoacylation (e.g. glycyl-tRNA synthetase, phenylalanyl-tRNA synthetase -chain and -

subunit, and threonyl-tRNA synthetase) and purine biosynthesis (PurC, PurD, PurH, PurL, PurM, 

PurQ, and PurS). Further downregulated proteins were the anti-σB factor RsbW, the anti-σB 

factor antagonist RsbV, and the alkaline shock protein 23 (Asp23). 
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figure 4.17. Classification of regulated proteins from internalized S. aureus RN1HG according to 
their metabolic subroles. The 114 regulated proteins were assigned to metabolic subroles using CMR. 
The length of the bar indicates the number of counted proteins with a specific subrole. Green bars 
represent downregulated proteins, red bars represent upregulated proteins. Twenty one up- and 12 
downregulated proteins were unclassified or of unknown function. 
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higher than 2-fold and downregulated proteins [SAOUHSC_01854] exhibited fold changes of the 

median-normalized light vs. heavy ratio below -2. Summation of the light and heavy peptide 

intensities of a protein and division by the total light plus heavy intensities of all proteins in the 

sample resulted in an impression of the relative abundance of a given protein (figure 4.18 B). 

Non-regulated proteins (EF-Tu) showed no infection-related changes in protein abundance over 

the time investigated. In contrast, abundance increased in upregulated proteins 

(SAOUHSC_00488) and decreased in downregulated proteins (SAOUHSC_01854). Calculating the 

abundance of the light and heavy isotopes of a protein separately allows speculation on the 

mode responsible for the fact that a protein is regulated in internalized staphylococci (figure 

4.18 C). Here, different scenarios are conceivable: Upregulation of a protein due to (i) increased 

biosynthesis or (ii) decreased stability. The latter would result in decreasing abundance of the 

heavy intensity (blue line) whereas an increased biosynthesis of a protein would show 

increasing light intensity abundance (red line). In contrast, a protein can be downregulated due 

to (iii) decreased biosynthesis (resulting in a lower slope of the light (red) intensity abundance) 

or (iv) increased protein stability (causing an increase of heavy (blue) intensity abundance). 

Certainly, these mechanisms can also occur in parallel and can thereby complicate data 

interpretation. 

As illustrated in figure 4.18 C, the hypothetical protein SAOUHSC_00488 showed increased 

light intensity abundance combined with a stable heavy intensity abundance indicating new 

biosynthesis of the protein. For the hypothetical protein SAOUHSC_01854, the light intensity 

abundance decreased during the first two hours of infection and remained at a steady level for 

the time remaining. The heavy intensity abundance was relatively stable over the time 

investigated. Thus, this protein seemed to be downregulated in internalized staphylococci due to 

reduced biosynthesis.  
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figure 4.18. Quantitative analysis of changes in the protein level of internalized S. aureus RN1HG. 
Depicted are the elongation factor Tu as an example of a protein not changed due to internalization of 
S. aureus, an upregulated hypothetical protein (SAOUHSC_00488) and the hypothetical protein 
SAOUHSC_01854 as an example of a protein downregulated in internalized staphylococci. (A) Proteins 
whose median normalized light vs. heavy ratio exceeded the 2-fold threshold (dotted line) in at least two 
of the three experimental series in at least one of the time-points investigated were considered as being 
regulated. Due to the calculation, no median-normalized value can occur between 1 and -1. (B) Relative 
protein abundance. The summed light and heavy intensities of a particular protein were divided by the 
total summed light and heavy intensities. The line represents the mean of the three experiments for each 
time-point. (C) Relative isotope abundance. The intensities of light and heavy signals were divided by the 
total light (red) and heavy (blue) signals, respectively. The mean light and heavy intensity of the three 
experiments for each time-point is indicated by the line in the respective color.  
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Similar to EF-Tu, almost all ribosomal proteins displayed no infection-related regulation. 

However, the ribosomal proteins S21 (30S subunit component [SAOUHSC_01678]) and the 50S 

ribosomal protein L9 [SAOUHSC_00017] (figure 4.19) showed a much stronger increase 

distinctively different from those of the other 40 ribosomal proteins observed. Despite this, the 

protein abundance of both proteins did not change dramatically over time and the isotope 

abundance showed a steady level of relative light isotope abundance combined with an initial 

drop in relative heavy isotope abundance at 1.5 hours post internalization staying stable for the 

time remaining. 

 

figure 4.19. Infection-related upregulation of ribosomal proteins in internalized S. aureus RN1HG. 
(A) The ribosomal proteins L9 (50S subunit) and S21 (30S subunit) show strong upregulation in 
internalized staphylococci. Depicted are the median-normalized light vs. heavy fold changes. Dotted line, 
2-fold cut-off. (B) Relative protein abundance as the proportion of the summed light and heavy intensity 
of a protein divided by the total light plus heavy intensities of all proteins in the sample. The line 
represents the mean of the three experiments for each time-point. (C) Relative isotope abundance. Red, 
relative light isotope intensity; blue, relative heavy isotope intensity. The mean light and heavy intensity of 
the three experiments for each time-point is indicated by the line in the respective color.  
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figure 4.20. Infection-related upregulation of proteins exhibiting functions in the adaptation to 
atypical conditions (MsrA2 and MsrB) and detoxification (SodM) in internalized S. aureus RN1HG. 
(A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold cut-off. (B) Relative protein 
abundance. The line represents the mean of the three experiments for each time-point. (C) Relative 
isotope abundance. Red, relative light isotope intensity; blue, relative heavy isotope intensity. The mean 
light and heavy intensity of the three experiments for each time-point is indicated by the line in the 
respective color. 
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[SAOUHSC_00093]) are depicted in figure 4.20. The methionine sulfoxide reductases showed a 

strong upregulation already 1.5 hours post internalization persisting over the whole time period 

investigated. In agreement with this, the relative protein abundance of these proteins increased 

from 0.15-0.2% at 1.5 hours post infection to 0.5-0.6% at the end of the time frame investigated. 

Both reductases also showed a clear increase in light isotope abundance accompanied by stable 

heavy isotope abundance over the time investigated. SodM showed only a temporary 

upregulation 2.5 and 3.5 hours after infection. This was also represented by a limited increase in 

relative protein abundance at these time-points (0.3% to 0.55%, figure 4.20 B). This increase 

was mainly due to a simultaneous increase in relative light isotope abundance (figure 4.20 C).  

 

figure 4.21. Infection-related upregulation of the foldase protein PrsA in internalized S. aureus 
RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold cut-off. (B) Relative 
protein abundance. The line represents the mean of the three experiments for each time-point. (C) 
Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy isotope intensity. The 
mean light and heavy intensity of the three experiments for each time-point is indicated by the line in the 
respective color. 
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(~1%) compared to 1.5 hours post internalization (0.3%, figure 4.21 B) and could be attributed 

to a strong increase of the relative light heavy isotope abundance (figure 4.21 C). 
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figure 4.22. Infection-related upregulation of the ATP-binding subunit ClpB of the Clp protease in 
internalized S. aureus RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold 
cut-off. (B) Relative protein abundance. The line represents the mean of the three experiments for each 
time-point. (C) Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy 
isotope intensity. The mean light and heavy intensity of the three experiments for each time-point is 
indicated by the line in the respective color. 

 

Transiently upregulated in internalized staphylococci was the ATP-binding subunit ClpB of 

the Clp protease [SAOUHSC_00912] (figure 4.22). The relative protein abundance of this protein 

approximately doubled from 1.5 to 3.5 hours post internalization and stabilized at 0.15% for the 

following time-points (figure 4.22 B). This increase was most likely due to an increase of relative 

light isotope abundance which also was doubling in the very same time frame whereas the 

relative heavy isotope abundance remained stable (figure 4.22 C). 

Further regulated proteins were some components of the phosphotransferase system (PTS) 

(figure 4.23). The PTS is a multicomponent system facilitating uptake and concomitant 

phosphorylation of a large number of carbohydrates [192]. The PTS enzyme IIA 

[SAOUHSC_01430] was upregulated in two of three experimental series 2.5 hours post 

internalization and reached a maximum fold change of 3-4 (figure 4.23 A). This upregulation was 
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figure 4.23. Infection-related upregulation of components of the PTS in internalized S. aureus 
RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold cut-off. (B) Relative 
protein abundance. The line represents the mean of the three experiments for each time-point. (C) 
Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy isotope intensity. The 
mean light and heavy intensity of the three experiments for each time-point is indicated by the line in the 
respective color.  
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In contrast, the glucoside- and glucose-specific PTS components [SAOUHSC_02848, 

SAOUHSC_00155] as well as the putative phosphocarrier protein Hpr [SAOUHSC_01028] showed 

significant upregulation only at the first sampling time-point. In relative abundances of both 

proteins, no dramatic change of level was observed during internalization. In the case of the 

glucoside-specific EIICBA component, the slight increase in protein abundance when compared 

to non-internalized controls was due to a higher level of the light isotope. Finally, the 

phosphocarrier protein Hpr even showed reduction in relative protein abundance during the 

course of infection. A decrease in light isotope was responsible for this observation. 

Unfortunately, no quantitative information was available for this protein in the non-internalized 

controls. 

Of particular interest in this study were proteins of unknown functions and hypothetical 

proteins as information gained from intracellular staphylococci might shed light on their 

functions in vivo. Three of these proteins [SAOUHSC_00197, SAOUHSC_00717, and 

SAOUHSC_00767] being upregulated in internalized staphylococci are depicted in figure 4.24. All 

three proteins were strongly upregulated during the complete time frame investigated reaching 

top fold changes of six and more (figure 4.24 A). Furthermore, the course of relative protein 

abundance differed between the three proteins (figure 4.24 B). In the case of protein 

SAOUHSC_00197, it steadily increased up to 4.5 hours post infection and reached a plateau four-

fold higher than in the beginning of the experiment. This process was reflected by the 

progression of the relative light isotope abundance (figure 4.24 C). In contrast, the relative 

protein abundance of protein SAOUHSC_00717 increased dramatically only in the late phase of 

the experiment (figure 4.24 B). This can be explained by the strong increase in relative 

abundance of the light isotope (figure 4.24 C). Finally, the protein SAOUHSC_00767 substantially 

increased in relative protein abundance from the beginning of the experiment and peak 

abundance was reached at 4.5 hours after infection. As with protein SAOUHSC_00197, this 

increase was also due to a strong slope in relative light isotope abundance (figure 4.24 C).  
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figure 4.24. Infection-related upregulation of hypothetical and uncharacterized proteins in 
internalized S. aureus RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold 
cut-off. (B) Relative protein abundance. The line represents the mean of the three experiments for each 
time-point. (C) Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy 
isotope intensity. The mean light and heavy intensity of the three experiments for each time-point is 
indicated by the line in the respective color. 

 

Prominent downregulation of proteins in internalized staphylococci occurred in the purine 

biosynthesis pathway. Of the 18 proteins assigned to functions in this metabolic pathway, we 

identified 17 and quantified 13 proteins. Of these, seven proteins showed strong downregulation 

in internalized staphylococci. Three exemplary data sets (PurC, PurL, PurD) are depicted in 
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figure 4.25. All three proteins were 3- to 4-fold downregulated over nearly the whole period 

investigated (figure 4.25 A). For PurC and PurD, this downregulation coincided with a steady 

decrease in relative protein abundance (figure 4.25 B), whereas the abundance of PurL 

decreased in the early phase of infection, stabilized for 3 hours around 0.1% and slightly 

increased during the time remaining. PurC showed a sharp rise of heavy isotope abundance 

combined with a slight decline in the level of the light isotope (figure 4.25 C). Both isotope levels 

stayed stable over the time examined. In PurL, the light isotope abundance declined sharper 

than the heavy isotope increased at the first time-point observed and both levels stabilized for a 

few hours. In the late infection phase, both levels increased to some extent. Also in PurD, the 

light isotope abundance considerably decreased at 1.5 hours post internalization. This decline 

moderately went on during the course of infection. In parallel, the heavy isotope abundance 

increased marginally during the first two hours of infection and plateaued for the time 

remaining.  
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figure 4.25. Infection-related downregulation of proteins involved in purine biosynthesis in 
internalized S. aureus RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold 
cut-off. (B) Relative protein abundance. The line represents the mean of the three experiments for each 
time-point. (C) Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy 
isotope intensity. The mean light and heavy intensity of the three experiments for each time-point is 
indicated by the line in the respective color. 
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were listed as being downregulated. In figure 4.26, two of these proteins (glycyl-tRNA 

synthetase [SAOUHSC_01666] and phenylalanyl-tRNA synthetases alpha chain 

[SAOUHSC_01092]) are depicted exemplarily. These two proteins showed distinct regulation 

patterns. The glycyl-tRNA synthetase was maximally downregulated already 1.5 hours post 

internalization and the fold change reclined during the following time course. In contrast, the 

phenylalanyl-tRNA synthetases alpha chain was not significantly downregulated until 5.5 hours 

after infection. These different patterns were reflected by the progression of the relative protein 

abundance (figure 4.26 B). Here, abundance of the glycyl-tRNA synthetase showed a minor drop 

at the first time-point investigated which recovered slowly during the course of infection. 

 

figure 4.26. Infection-related downregulation of proteins involved in tRNA aminoacylation in 
internalized S. aureus RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold 
cut-off. (B) Relative protein abundance. The line represents the mean of the three experiments for each 
time-point. (C) Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy 
isotope intensity. The mean light and heavy intensity of the three experiments for each time-point is 
indicated by the line in the respective color. 
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stabilized. Nevertheless, abundance of the phenylalanyl-tRNA synthetases alpha chain steadily 

decreased over time in internalized staphylococci from 0.9% to 0.6%. Accounting for this is a 

strong initial decrease in light isotope abundance followed by a steady decline (figure 4.26 C). 

 

figure 4.27. Infection-related downregulation of proteins involved in stress adaptation in 
internalized S. aureus RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold 
cut-off. (B) Relative protein abundance. The line represents the mean of the three experiments for each 
time-point. (C) Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy 
isotope intensity. The mean light and heavy intensity of the three experiments for each time-point is 
indicated by the line in the respective color. 
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abundance than by a decline in light isotope abundance during initial infection. In contrast, the 

relative level of thioredoxin reductase declined after 1.5 hours of infection and this decline 

continued to a smaller extent over up to 6.5 hours post internalization. This drop can be 

assigned to reduction of both light and heavy isotope abundance (figure 4.27 C). 

4.2.10. Regulatory adaptation of S. aureus RN1HG after internalization into 

human S9 cells 

Particularly interesting was the observation of internalization-related upregulation of the 

response regulator VraR. Dramatic changes in the lifestyle as for example the shift from 

extracellular to intracellular life, have to be linked to fast regulatory adaptation of the pathogen 

to the new environment. In bacteria, environmental stimuli can be sensed and transduced by 

two-component systems (TCSs) [27]. Of the total of 17 potential TCSs that have been identified 

in S. aureus [193], in this study only the response regulator VraR [SAOUHSC_02098] of the TCS 

VraSR (vancomycin resistance associated sensor/ regulator) and the accessory gene regulator 

protein A (AgrA, SAOUHSC_02265) increased in level over time after internalization into S9 cells 

(figure 4.28). For VraR, at least a two-fold upregulation could be observed 3.5 hours after 

internalization which constantly remained high even after 6.5 hours (figure 4.28 A). This 

upregulation was due to an increase in relative protein abundance driven by an internalization-

related increase of relative light isotope abundance (figure 4.28 C). 

AgrA showed only a temporal upregulation 1.5 hours after internalization of staphylococci 

in human airway epithelial cells. On protein level, the abundance reached its maximum 3.5 hours 

after infection. This was reflected by a peak of light as well as heavy relative isotope abundance 

(figure 4.28 C). In addition, upregulation of the transcriptional regulator SarR [SAOUHSC_02566] 

could be seen already 1.5 hours after infection and remained constantly high over the complete 

course of infection. However, no dramatic changes occurred in terms of relative protein 

abundance. On isotope level, abundance of the light form peaked 2.5 hours after internalization 

followed by moderate decrease in relative light isotope abundance. The heavy form of the 

protein decreased slightly during the course of infection. 

Also a putative transcriptional regulator [SAOUHSC_2583] was strongly upregulated in 

S. aureus RN1HG internalized into human S9 cells. Relative abundance of this protein increased 

constantly from 2.5 hours on up to 6.5 hours post infection (figure 4.28 C) and reflected a 

decrease in heavy isotope abundance combined with a steady increase in light isotope 

abundance.  
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figure 4.28. Infection-related upregulation of transcriptional regulators in internalized S. aureus 
RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold cut-off. (B) Relative 
protein abundance. The line represents the mean of the three experiments for each time-point. (C) 
Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy isotope intensity. The 
mean light and heavy intensity of the three experiments for each time-point is indicated by the line in the 
respective color.  
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Besides being upregulated, a few transcriptional factors were also downregulated in 

internalized staphylococci. Two of them, RsbW [SAOUHSC_02299] and RsbV [SAOUHSC_02300], 

are depicted in figure 4.29. RsbW is the anti-σB factor, whereas RsbV acts as antagonist of RsbW 

(also see section 1.2). Downregulation already occurred in the early phase of infection (1.5 hours 

RsbV, 2.5 hours RsbW) and persisted for the rest of the time analyzed (figure 4.29 A). Similarly, 

relative abundance of these proteins decreased over time (figure 4.29 B). This was mainly due to 

a reduction in light isotope level and for RsbW, also a slight stabilization of heavy isotope 

abundance could be observed (figure 4.29 C). 

 

figure 4.29. Infection-related downregulation of transcriptional regulators in internalized S. aureus 
RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold cut-off. (B) Relative 
protein abundance. The line represents the mean of the three experiments for each time-point. (C) 
Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy isotope intensity. The 
mean light and heavy intensity of the three experiments for each time-point is indicated by the line in the 
respective color.  
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4.2.11. Discussion 

S. aureus is a versatile microorganism. It is as well commensal and colonizer of the human 

skin and mucous membranes [1] as it can cause severe and life-threatening infections such as 

sepsis [194]. The rapid spreading of resistances to almost all antibiotics including methicillin 

(MRSA) [9] is a major obstacle to a successful therapeutic intervention. Furthermore, highly 

pathogenic, non-nosocomial (hospital-related) MRSA strains (CA-MRSA) causing severe 

infections in otherwise healthy individuals are emerging [11, 195, 196]. They represent a serious 

threat and urge the need for a comprehensive analysis of the virulence-associated mechanisms 

of this pathogen. The knowledge on the virulence factors of S. aureus expanded over the past 

decades, especially in the post-genomic era (see also section 1.2). These technologies allow 

extensive studying of adaptation reactions of in vitro grown S. aureus in settings mimicking 

infection-related conditions such as iron limitation and oxidative stress [139-142]. 

Despite its ability to invade and persist in various cell types (reviewed by Garzoni and 

Kelley in ref. [124]), S. aureus has traditionally not been considered as an intracellular pathogen. 

However, several studies showed that S. aureus is even able to survive inside professional 

phagocytes like neutrophils and macrophages [125-127]. Thus, this intracellular niche might 

constitute a bacterial strategy to evade the host’s defense reactions and a reservoir for chronic 

or relapsing infections, a hypothesis compatible with the high relapse rate and prolonged 

treatment times observed for staphylococcal infections like recurrent rhinosinusitis [129, 130]. 

Certainly, the shift from extracellular to intracellular life style of S. aureus requires fast and 

extensive adaptation of the pathogen and analysis of this process is likely to reveal new facets of 

staphylococcal pathophysiology. Unfortunately, in vitro experiments can mimic the conditions 

the pathogen encounters inside eukaryotic host cells only to a limited extent. In contrast to their 

potential importance, studies on post-invasion events in in vivo settings are rare. This is mainly 

due to the fact that obtaining sufficient bacterial material from such settings is still challenging. 

Furthermore, contamination of samples with host material complicates samples analysis. Thus, 

genome-wide functional genomics analyses of the adaptation reactions of S. aureus are mostly 

confined to gene expression profiling (see also section 1.5). Studies addressing the adaptation 

reactions of internalized staphylococci on proteome level are still lacking. 

The number of bacterial cells required for gel-based proteome approaches such as 2-DE 

often exceeds the numbers available from in vivo infection models. Therefore, the aim of this 

study was to establish an experimental setup for the analysis of S. aureus internalized by human 

epithelial cells using gel-free proteomics. This workflow should then be used for the first time-

resolved proteome profile of S. aureus strain RN1HG after internalization by human airway 

epithelial S9 cells [187]. 
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Traditionally, gel-free quantitative proteome profiling requires the introduction of a labeled 

standard into the sample. Besides other labeling techniques, stable isotope labeling of amino 

acids has been widely used in proteomics as an internal standard since its introduction in 1999 

[197-199]. Here, quantitation of peptides is based on the theory that stable isotope-labeled 

peptides are chemically identical to their non-labeled counterparts and therefore, these peptide 

pairs behave identically during MS analysis. Peptides are then quantified by comparison of their 

respective signal intensities. As depicted in figure 4.30, such isotope labels can be introduced (i) 

metabolically, or (ii) chemically. Alternatively, spiked synthetic peptides can be used as an 

external standard [200]. 

Metabolic labeling is the earliest possible point for introduction of a stable isotope standard 

into proteins. Compared to other labeling workflows, it excludes all sources of quantitation 

errors as the differentially treated samples can be combined at the level of intact cells (figure 

4.30). Thus, errors introduced by biochemical and mass spectrometric procedures affect both 

samples in the same way. SILAC was introduced in 2002 [188] and is one of the most popular 

metabolic labeling approaches. Most commonly, a growth medium contains 13C6-arginine and 

13C6-lysine so that all tryptic cleavage products of a protein carry at least one labeled amino acid. 

Hence, metabolic labeling is considered the most accurate quantitative MS method in terms of 

overall experimental process [201], although usually limited to eukaryotic cells. However, 

applicability of SILAC to prokaryotic cells was proven for instance by Dreisbach et al. who 

analyzed the membrane proteome of Bacillus subtilis which is not easily accessible by gel-based 

approaches [202]. Recently, Soufi and coworkers also applied SILAC to a Bacillus subtilis strain 

auxotrophic for lysine to analyze proteomic changes due to different growth conditions and 

predicted “that SILAC and similar methods will soon play a dominant role in bacterial 

proteomics” [203]. 
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figure 4.30. Common quantitative MS workflows. Blue and orange boxes represent two experimental 
conditions. Horizontal lines indicate the step of sample combination. Dashed lines indicate points at which 
variations in the experiment and thereby quantitation errors can occur (from ref. [201]). 

 

As changes in the proteome of internalized staphylococci should be profiled quantitatively, 

S. aureus strain RN1HG used in this study had to be metabolically labeled to full extent with the 

stable isotopes 13C6-arginine and 13C6-lysine. This required reliable growth of S. aureus in a 

defined medium allowing exchange of single amino acids when necessary. Usually, 

internalization experiments are performed with bacteria cultivated in rich media like LB or TSB. 

However, these media do not allow amino acid exchange and therefore are unfeasible for the 

needs of our study. Additionally, the medium used for bacterial cultivation should not have any 

influence on eukaryotic host cells. Furthermore, bacteria used for internalization should not be 

stressed by centrifugation and medium shift prior to internalization as these manipulations 

most likely induce bacterial responses. Therefore, a method for the cultivation of S. aureus 

RN1HG in a cell culture medium setting had to be established. As the eukaryotic cells used for 

the internalization experiments (S9, see section 3.2.3) are cultivated in eMEM (table 3.3), this 

medium was selected as basis for the bacterial cultivation. As elucidated in section 4.2.1, a 

medium allowing appropriate growth of S. aureus RN1HG and amino acid exchange was 

developed. This medium was called pMEM and composes of MEM buffered with 10 mM HEPES 

for cultivation at ambient air without additional CO2, lacks serum, and contains 2 mM each of the 
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additional amino acids alanine, aspartic acid, cysteine, glutamic acid, histidine, isoleucine, 

leucine, proline, phenylalanine, serine, threonine, tryptophane, and valine. The composition of 

amino acids is based on a synthetic medium for staphylococci used by Gertz et al. [190] and all 

ingredients are listed in table 3.3. This medium was already successfully used to investigate the 

composition of the extracellular proteome of S. aureus RN1HG and its influence on eukaryotic 

host cells was analyzed by Melanie Gutjahr (Interfaculty Institute for Genetics and Functional 

Genomics, University of Greifswald). 

Metabolic labeling of S. aureus was performed in SILAC-pMEM containing the stable 

isotopes 13C6-arginine and 13C6-lysine. However, metabolic labeling of bacteria by amino acids 

labeled with stable isotopes is usually hampered as the bacteria are able to synthesize amino 

acids de novo, thus requiring the availability of mutant strains auxotrophic for arginine and/ or 

lysine. Although having the full complement of enzymes required for synthesis of amino acids, 

S. aureus strains typically need a set of amino acids for growth in synthetic medium. Therefore, 

labeling of S. aureus strain RN1HG in the adapted cell culture medium SILAC-pMEM was tested 

and surprisingly, saturated labeling of peptides in the absence of a true mutation causing amino 

acid auxotrophy was discovered (section 4.2.4). 

This observation allowed application of SILAC in a pulse-chase approach, which is an 

established method for quantitation of protein abundances, turnover rates, and PTMs [153]. 

Pulse-chase analysis allows examining cellular processes occurring over time by successively 

exposing cells to a labeled compound (pulse) and then to the same compound in a non-labeled 

form (chase) or vice versa. As all bacterial proteins synthesized during the pulse phase contain 

the labeled amino acids only, the excess of non-labeled amino acids in the chase phase allows 

time-resolved tracking of quantitative changes in the complete proteome. In our experimental 

setup, the chase phase starts with infection of eukaryotic host cells, thus extensive changes in 

levels of proteins are likely due to adaptation reactions of the bacteria to the intracellular milieu. 

Clearly, this approach allows relative quantitation of changes in protein levels only. 

For quantitative proteome profiling of intracellular staphylococci, S. aureus strain RN1HG 

pMV158GFP was metabolically labeled with the stable isotopes 13C6-arginine and 13C6-lysine. 

Upon infection of human bronchial epithelial S9 cells, bacteria were shifted to medium 

containing only non-labeled amino acids. Bacteria were allowed to internalize for one hour, then 

all non-internalized staphylococci were killed by lysostaphin. Melanie Gutjahr could show that 

30 minutes of lysostaphin treatment reliably killed extracellular bacteria, i.e. numbers of 

extracellular bacteria are reduced by at least four orders of magnitude (University of Greifswald, 

unpublished data). After 30 minutes of lysostaphin treatment, intracellular bacteria were 

released in hourly intervals by lysis of host cells and subjected to cytometric sorting to enrich 

the bacteria and to reduce the amount of contaminating human proteins. Fate of intracellular 
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bacteria was followed up to 6.5 hours post infection in three independent experimental series. 

For each sampling point, CFUs of intracellular staphylococci were determined. Plating of 

internalized bacteria revealed that staphylococci reside intracellularly over the whole period 

examined (figure 4.5). After 90 minutes of internalization, statistically 0.2 to 1 CFU could be 

recovered from one S9 cell. This is in agreement with other studies like the one of Jarry and 

Cheung who investigated internalization of S. aureus RN6390 (like RN1HG also a derivative of 

S. aureus strain NCTC8325) into a cystic fibrosis cell line [204] and reported internalization 

similar to the rates observed in this study (0.2-0.3 bacteria per host cell after 1 hour 

internalization). Also the study of Kahl et al. yielded approximately 0.5 S. aureus RN6390 per 

host cell in the same cystic fibrosis cell line [205]. A third example is the study of Jevon et al. 

[47]. They analyzed internalization of S. aureus strain NCTC6971 in human osteoblasts and 

obtained 0.25 bacteria per host cell using similar conditions as in our study. 

During the course of infection, CFU data furthermore indicated intracellular growth of 

S. aureus RN1HG. Numbers of recovered staphylococci increased during time from one 

bacterium per S9 cell at 1.5 hours to a maximum of 4 bacteria per S9 cell at 6.5 hours post 

internalization indicating that intracellular bacteria underwent two doublings (figure 4.5). 

Unfortunately, plating of staphylococci is error-prone, probably due to clumping of staphylococci 

with one another and/ or with debris of the lysed host cells. Thus, another method was used to 

validate the estimated rate of multiplication. It bases on the assumption that staphylococcal 

proteins increase in abundance due to multiplication and therefore generate higher peptide 

intensity signals during MS measurement. Therefore, summation of all peptide intensities 

quantified from internalized staphylococci should give an impression of their intracellular 

growth. As depicted in figure 4.6, peptide sum intensities indicated one to two intracellular 

doublings of internalized staphylococci. 

Even with optimization of cell sorting for high purity, significant amounts of contaminating 

proteins from human airway epithelial cells were still expected. Such contaminating human 

proteins would probably compromise the quantitation of bacterial proteins present in low 

quantities. Therefore, the number of identified bacterial proteins from sorted S. aureus RN1HG 

was maximized and simultaneously, contaminating human proteins were reduced by adjusting 

the gate used for cytometric sorting (section 4.2.5). By DAPI staining of the host cell lysate 

containing released internalized bacteria, Petra Hildebrandt (Interfaculty Institute for Genetics 

and Functional Genomics, University of Greifswald) could show that the GFP-positive events in 

the large gate tested (figure 4.8) are most likely nuclei of the S9 cells (University of Greifswald, 

unpublished data). Indeed, Zalta et al. already in 1962 introduced a method for the isolation of 

nuclei using Triton X-100 [206, 207] giving support to our assumption as these organelles are 

not disrupted by Triton X-100 treatment. 
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Direct sorting of GFP-positive bacteria onto low protein binding membranes facilitated easy 

concentration, washing, and on-membrane digestion with concomitant minimization of sample 

loss. All three independent internalization experiments showed the same trend of a clear 

increase in number of GFP-positive events over the entire period of 6.5 hours examined, also 

indicating that S. aureus RN1HG probably continued to multiply after internalization. 

The sorted GFP-positive bacteria were further tryptically digested and analyzed by LC-LTQ-

Orbitrap-MS. Thus, in total we were able to identify 648 proteins with at least two peptides 

based on three independent experimental series from only as few as 3 – 7 x 106 sorted 

internalized staphylococci (figure 4.9). A majority of 78% (505 proteins) was identified in at 

least two of the three experiments. The small proportion of proteins identified only in the single 

experiments is likely due to the fact that these proteins were present at threshold levels 

sometimes not allowing detection of two peptides. However, the quantification was not impaired 

by these differences as heavy and light peptides were present in the same sample and stringent 

selection criteria filtering only for quantitative information of proteins detected in at least two of 

the three experiments with at least two peptide ratios were applied (section 3.2.17.3). 

Comparison of the numbers of proteins identified from internalized staphylococci with 

previous studies on intracellular pathogens from in vivo settings is restricted to very few 

publications. None of these analyzed internalized staphylococci on proteome level so far. 

Nevertheless, other pathogens have been investigated by proteome analyses at least to limited 

extent. In 2006, Becker et al. reported the first in vivo proteome analysis of the facultative 

intracellular pathogen Salmonella enterica [144, 208]. They analyzed two different mouse 

infection models and recovered Salmonella from spleen and caecum homogenates by extensive 

cytometric sorting in multiple sessions (each of four to six hours duration). Sorted bacteria were 

analyzed by MS analysis and at maximum 835 proteins were identified from 3 x 108 sorted 

Salmonella. Most of the Salmonella proteins identified (65%) were of metabolic function out of 

which the authors hoped to identify new potential drug targets. However, Becker and co-

workers were not able to quantify infection-related changes in the Salmonella proteome as they 

did not include any internal/ external standard or labeling. We identified in our study only about 

200 proteins less than Becker at al. from samples 50- to 100-times smaller in terms of sorted 

bacteria (3 – 7 x 106 vs. 3 x 108). 

Also in 2006, Twine et al. published in vivo proteomic data of the intracellular pathogen 

Francisella tularensis, the cause of tularemia [143]. They also isolated the bacteria from 

homogenated spleens of infected mice. In contrast to Becker and co-workers, bacteria were 

separated from eukaryotic debris by immunomagnetic purification. Although usage of 

immunomagnetic beads is a fast tool for the purification of bacteria with negligible host protein 

contamination, it results in dramatic loss of bacterial material ranging from 50 to 70% [143]. 
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Purified bacteria were subjected to 2-DE and compared to different in vitro conditions. From 

0.66 ± 0.57 x 108 recovered F. tularensis cells (based on CFU determination), only 401 protein 

spots were identified on 2D-gels in the pH range 4-7. 

One of the first proteome studies quantitatively investigating proteome changes related to 

conversion from extra- to intracellular lifestyle used Porphyromonas gingivalis, a Gram-negative 

pathogen associated with periodontal disease, and was published in 2007 by Xia et al. [209]. The 

authors infected human gingival keratinocytes with P. gingivalis and recovered intracellular 

bacteria after hypotonic lysis of host cells by centrifugation. From bacterial pellets of 109 cells, a 

total of 1,223 P. gingivalis proteins were qualitatively identified by MS. Label-free quantitation of 

protein abundance was performed by spectral counting and comparison of internalized vs. 

non-internalized bacteria. Spectral counting uses the numbers of tandem mass spectra obtained 

for a protein as a surrogate measure of protein abundance in a mixture. Liu et al. demonstrated 

that spectral counts correlated linearly with protein abundance in a mixture over two orders of 

magnitude [210]. However, as Xia stated together with Hendrickson and colleagues in a 

comparative study in 2006, spectral counting is only half as sensitive as stable isotope labeling 

[211]. Re-analysis of the proteome data obtained in 2007 was performed by the authors in 2009 

as by then the genome annotation of the corresponding P. gingivalis strain was available for the 

first time [212]. The number of detected proteins changed insignificantly from 1,223 to 1,266 

proteins. 

Another quantitative proteome study published by Al Dahouk et al. in 2008 assessed the 

intramacrophagic proteome of Brucella suis by using 2D-differential in-gel electrophoresis 

(DIGE) [213]. DIGE overcomes limitations in traditional 2-DE due to inter-gel variations as 

protein samples are labeled with fluorescent dyes and are separated on the same gel allowing 

direct comparison of the samples. Additionally, relative protein abundance can be measured by 

introduction of a pooled internal standard labeled with a third dye. Unfortunately, Al Dahouk 

and co-workers did not state the number of bacteria required for gel electrophoresis. In total, 

they identified 1,737 protein spots attributed to intramacrophagic brucellae. However, DIGE 

experiments are very time consuming and are known to be biased toward high abundant 

proteins or proteins that are hydrophilic [214]. Moreover, they require an amount of bacterial 

material by far exceeding the possibilities of our study (20-25 µg vs. max. 2 µg). Another study 

analyzing the intramacrophagic proteome of another Brucella species, B. abortis, was published 

in 2009 by Lamontagne et al. [215]. They isolated brucellae from murine macrophages at 

different time-points post infection by discontinuous gradient centrifugation and compared the 

proteome patterns of a virulent strain and a vaccine strain by MS analysis. Mass spectra were 

only acquired for target peptides selected as differentially expressed by pre-measurement, thus 

this study gives no information on the total numbers of identified proteins or the numbers of 
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bacteria recovered from macrophages. 

One of the most recent studies on intracellular pathogens investigated the intracellular 

proteome of Listeria monocytogenes internalized by human monocytes by means of 2D-DIGE and 

MALDI-TOF MS analysis [216]. The authors yielded a total of 245 different identified proteins 

only from a number of bacteria exceeding that used in our study many times over (25 µg of 

protein vs. maximal 2 µg of digested peptides in our study). 

Usage of the PSORTdb database predicted the vast majority of the 648 proteins identified 

from internalized staphylococci in our study to be cytoplasmic (figure 4.10). A minor fraction 

was assigned to be part of the membrane and only very few proteins were cell wall-associated or 

secreted, respectively. This is not surprising since due to the low amount of material enrichment 

of subcellular fractions was not feasible and no efforts were made to increase the solubility of 

proteins with extreme hydrophobicity such as integral membrane proteins. Similarly, only 47 

out of 648 proteins were predicted to have a specific signal sequence because true extracellular 

proteins were likely lost during cell sorting. In order to benchmark the workflow developed, we 

compared the data of our in vivo proteomics approach with the most comprehensive proteome 

analysis reported for S. aureus so far (figure 4.31) [158]. In that study complementing 

subproteomes were analyzed for exponentially growing and glucose starved S. aureus cultures 

to derive coverage of close to 80% of the expressed proteome of S. aureus COL by combination of 

gel-based and gel-free technologies. First of all, the number of proteins covered in internalized 

S. aureus RN1HG of course was with 648 distinct proteins much smaller than the 1,703 proteins 

reported by Becher et al. [158]. Secondly, particularly integral membrane proteins and 

extracellular proteins were barely covered due to the reasons described above. However, we 

also detected a number of cell wall-associated proteins and lipoproteins probably owing to the 

direct digestion of S. aureus cells. The majority of proteins identified from internalized S. aureus 

RN1HG after sorting and on-membrane digestion were of cytoplasmic origin (83%).  
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figure 4.31. Allocation of identified proteins to bacterial compartments and coverage of different 
subproteomic fractions. The data of the in vivo proteomics approach presented here are benchmarked 
with the most extensive proteomic investigation of S. aureus reported so far [158]. Starting from DNA 
array-based expression studies, Becher et al. defined the expressed proteome and then used extensive 
proteome analysis of in vitro grown S. aureus strain COL to provide a proteomic inventory of 80% of the 
expressed proteome. Six different protein classes (cytosolic proteins, integral membrane proteins, 
extracellular proteins, cell wall associated proteins, lipoproteins, and sortase substrates) are displayed. 
The figure displays the proportions of the different protein classes as percent of the total proteins covered 
and the total number of proteins covered in the respective study. These numbers are presented for the 
proteins whose genes are predicted to be expressed in vitro, the proteins identified by Becher et al. and 
the proteins covered in this study of internalized staphylococci. 

 

Coverage of known pathways in S. aureus strain RN1HG was investigated employing a 

Voronoi Treemap-based layout of KEGG's S. aureus gene orthology. Treemaps display 

hierarchically organized information by using a space filling approach according to their 

hierarchy level [161, 162]. Hence, this layout intuitively visualizes coverage of detected proteins 

(figure 4.11). The 648 identified proteins were mainly assigned to metabolism and genetic 

information processing. Thus, the time-resolved proteomics snapshots provide insights into 

many important branches of metabolism likely because these proteins are present in rather high 

levels. On the other side, information on environmental information processing is mostly 

missing because integral membrane proteins and low abundance proteins were not covered due 

to the reasons mentioned above. Usage of Voronoi Treemaps for the visualization of expression 

data is a relatively new approach and was introduced by Bernhardt et al. in 2009 [161]. 

Unfortunately, it is not yet possible to display dynamic data like the time-resolved changes in 
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our study. Although Treemaps give a very intuitive impression of the data, it lacks information 

on numbers of protein assigned to a particular pathway. It is therefore necessary to combine this 

visualization concept with “classical” illustrations, e.g. using functional classification of proteins. 

The comparison of metabolic functions covered from our data showed a clear 

overrepresentation of enzymes involved in protein synthesis and energy metabolism (figure 

4.12). In contrast, proteins with functions in signal transduction were clearly underrepresented 

compared to the overall proteome of S. aureus RN1HG. This is also true for proteins involved in 

transport and binding. Additional coverage also of these functions would necessitate 

modification of sample preparation in order to improve recovery of high hydrophobic proteins. 

Stable isotope labeling of S. aureus to fully extent combined with a pulse-chase approach 

and simultaneous internalization into human bronchial epithelial S9 cells allowed quantitation 

of a total of 561 proteins of which 452 were quantified in at least two of the three experimental 

series (section 4.2.8). As elaborated above, metabolic labeling excludes all sources of 

quantitation errors as the differentially treated samples can be combined at the level of intact 

cells (figure 4.30). Therefore, it is considered the most accurate quantitative MS method in terms 

of overall experimental process [201]. In our study, mixing of differentially treated cells was not 

necessary as trends of changes in protein abundance were examined over time. 

Considering all three replicates and the six time-points it was obvious that abundance of 

proteins changed significantly for a number of proteins after internalization. In total, we 

considered 114 proteins as being regulated in at least two of the three experimental series in at 

least one of the time-points investigated. Three proteins (SAOUHSC_01838, SAOUHSC_02123, 

and SAOUHSC_02714) were listed in both the up- and downregulated protein list as they were 

downregulated at early time-points and upregulated 6.5 hours after infection. Thus, 74 proteins 

were up- and 43 proteins were downregulated in S. aureus RN1HG internalized into human 

bronchial epithelial S9 cells. 

The only study addressing the reactions of S. aureus to internalization by eukaryotic cells so 

far was published in 2007 by Garzoni and co-workers [46]. The authors investigated changes in 

the transcriptome of S. aureus strain 6850 after internalization into the human epithelial lung 

adenocarcinoma cell line A549 in the early phase of infection, i.e. two and six hours after 

internalization. In total, they found 1,130 genes being regulated due to the intracellular 

adaptation of S. aureus when compared to non-internalized bacteria. Interestingly, this study 

revealed that the majority of differentially expressed genes were downregulated (>500 

downregulated vs. ~120 upregulated genes). In our study, more proteins were up- than 

downregulated (74 vs. 43 proteins). Of course, a proteomic study is not able to cover as many 

features as a transcriptomic approach and furthermore, responses measured on gene level may 

differ from those identified on protein level. Translation of the S. aureus strain NCTC8325 locus 
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tags into the ones used by Garzoni et al. (S. aureus strains N315 and MW2) allowed direct 

comparison of the two data sets. Of the 114 regulated proteins found in our study, 65 were also 

found to be regulated by Garzoni and co-workers. To our surprise, 33 of the proteins were found 

to be regulated on transcription level in the opposite direction. This discrepancy might result 

from the fact that Garzoni et al. compared the transcriptome of internalized staphylococci to 

non-internalized controls whereas in our study quantitation of protein regulation was 

performed using a sample-internal ratio of light vs. heavy isotopes. Adaptation of the bacteria 

due to the medium shift from cultivation to infection in the transcriptome study might therefore 

distort the direction of infection-mediated changes in gene expression. Furthermore, all proteins 

being regulated already in non-internalized bacteria were excluded from our analysis. Thus, 

comparison of the two data sets is maybe not feasible. Another source of discrepancy might be 

the fact that Garzoni et al. used another S. aureus strain as well as a different host cell line. 

The differences discussed above gained additional support when comparing the results of 

our proteome study with matching gene expression experiments performed by Maren Depke 

(Interfaculty Institute for Genetics and Functional Genomics, University of Greifswald, 

unpublished data). She analyzed changes in the transcriptome of S. aureus RN1HG after 

internalization into S9 cells using the same experimental setting developed for the proteomic 

study presented here. Samples for gene expression analysis were harvested 2.5 and 6.5 hours 

post internalization and gene expression was analyzed using tiling arrays (080604_SA_JH_Tiling, 

Roche NimbleGen, WI, USA). The array design was based on a model introduced by Nicolas et al. 

in 2009 [217]. Like in the study of Garzoni et al., non-internalized bacteria served as baseline for 

calculation of changes in gene expression. In total, statistically significant changes in gene 

expression were found for 765 and 627 genes after 2.5 hours or 6.5 hours of infection, 

respectively. After 2.5 hours of infection, 402 genes were upregulated whereas 363 were 

downregulated, while 319 genes were found upregulated and 308 genes downregulated 6.5 

hours post infection. The numbers of genes showing differential expression levels only for one of 

the two time-points were 357 and 219 for 2.5 and 6.5 hours, respectively. Thus, 408 genes were 

differentially expressed at both time-points. Of the 452 proteins quantified in internalized 

staphylococci, 451 of the respective coding genes were also represented on the array. 

Comparison of the regulated proteins and the differentially expressed genes revealed relatively 

small overlap between the two analyses (figure 4.32). Only 21 of the upregulated (28%) and 9 of 

the downregulated (21%) proteins were also found to be regulated on mRNA level. 
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figure 4.32. Comparison of proteome and transcriptome data from internalized S. aureus RN1HG. 
Proteins regulated in internalized staphylococci were compared with differentially expressed genes. (A) 
Comparison of upregulated genes and proteins. (B) Comparison of downregulated genes and proteins. 
ind. - induced; rep. - repressed. 

 

Identical upregulation was observed for some proteins of the TCA cycle, some hypothetical 

proteins and some proteins involved in amino acid biosynthesis. Downregulation of proteins of 

the purine biosynthesis pathway was also detected on transcription level. This was also true for 

the downregulated tRNA aminoacylation proteins. As already observed in the comparison with 

the study of Garzoni et al., some proteins showed a direction of regulation opposite to the 

direction of gene expression. This applied for five of the upregulated and nine of the 

downregulated proteins and this fraction was mainly composed of hypothetical proteins (11 of 

14). Another possible explanation for these discrepancies might be different effects of the 

stability of mRNAs and proteins in the cell. Here, high stability of mRNA and low stability of the 

encoded protein might result in opposite regulation directions and vice versa. Furthermore, 

differential regulatory effects on proteome and transcriptome level might result from the fact 

that proteins are downregulated at early time points and showed no regulation in the later 

phase of infection whereas upregulation in gene expression was only detectable at 6.5 hours 

post internalization or vice versa. This trend could be seen for four of the 14 proteins regulated 

opposite to the direction of gene expression. 

In the approach presented here, regulation of proteins was determined by calculating the 

ratio of light vs. heavy isotopes. Normalization of this ratio to the median light vs. heavy ratio of 

all proteins in the respective samples was performed to allow comparison of different data sets. 

However, increase of light vs. heavy ratio of a protein is not necessarily linked to true 
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upregulation in terms of protein level. It can also result from a decrease of protein stability or 

reflect a high turnover rate of a particular protein. Therefore, relative abundance of total protein 

intensities (summed light and heavy isotope intensity) as well as relative individual abundance 

of light and heavy isotopes of a particular protein were taken into account for estimating the 

degree of true induced biosynthesis and turnover. Striking examples of proteins showing strong 

upregulation based on high protein turnover were the ribosomal proteins L9 [SAOUHSC_00017] 

and S21 [SAOUHSC_01678] (figure 4.19). Here, relative protein abundances did not display 

major changes although normalized light vs. heavy fold changes indicated strong upregulation. 

Therefore, in both cases the strong increase in the light vs. heavy signal very likely does not 

indicate more pronounced synthesis but rather decreased stability of the protein. In fact, L9 has 

been shown to display much greater exchange in vivo by isotope-transfer experiments already a 

long time ago [218, 219]. 

A prime example of upregulated proteins is the putative PTS enzyme IIA [SAOUHSC_01430] 

(figure 4.21). The PTS is a multicomponent system facilitating uptake and concomitant 

phosphorylation of a large number of carbohydrates [192]. Other (membrane-associated) 

components of the PTS quantified in internalized staphylococci either did not change in protein 

abundance (glucoside-specific EIICBA component [SAOUHSC_02848], glucose-specific 

component [SAOUHSC_00155]) or displayed reduction in relative protein level (putative 

phosphocarrier protein Hpr [SAOUHSC_01028]) (figure 4.23). It is not clear to which degree 

changes in protein abundance of PTS components affect enzyme activity as these proteins are 

part of a phosphorylation chain and phosphorylation status of the enzymes cannot be addressed 

in this study. However, one can assume that a decrease in transporter enzyme abundance might 

influence the transport capacity of the respective enzyme at least to some extent. Unfortunately, 

no study on regulation of the PTS in S. aureus in terms of protein abundance has been published 

so far. 

Protein upregulation combined with true increase in protein abundance also applied to the 

foldase protein PrsA [SAOUHSC_01972] (figure 4.21) which plays a major role in protein 

secretion by assisting in the post-translocational extracellular folding of several secreted 

proteins [191]. Here, upregulation most likely is based on true induction of protein synthesis as 

total protein abundance and light isotope level increased over time. 

From a functional point of view, the observation of fast increases in the ratios of the peptide 

methionine sulfoxide reductases MsrA2 [SAOUHSC_01432] and MsrB [SAOUHSC_01431] was 

particularly interesting. Peptide methionine sulfoxide reductases have an important function as 

repair enzymes of proteins that have been inactivated due to oxidation [220]. Thus, this 

observation might be interpreted as a hint for the exposure of intracellular staphylococci to 

oxidative stress, a probable defense reaction of the epithelial cells. This assumption is supported 
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by the fact that also the superoxide dismutase SodM [SAOUHSC_00093], which is involved in the 

resistance to external oxidative stress [118], was transiently upregulated in internalized 

staphylococci 2.5 to 3.5 hours after infection (figure 4.20). Another indication for exposure of 

intracellular S. aureus to stress conditions is the induction of the Clp ATPase ClpB 

[SAOUHSC_00912] (figure 4.22) which followed the same pattern as induction of SodM. Frees et 

al. showed in 2004 that besides its role in thermotolerance induction, ClpB is required for 

intracellular multiplication of S. aureus within bovine mammary epithelial cells [221]. As Clp 

ATPases are part of the cellular protein quality system, the authors suggested that intracellular 

replication of a clpB mutant is hampered by the accumulation of denatured proteins. In our 

setting, other Clp ATPases were either not quantified (ClpL [SAOUHSC_02862]) or, like the Clp 

protease ClpP [SAOUHSC_00790], not regulated (ClpC [SAOUHSC_00505] and ClpX 

[SAOUHSC_01778]). 

Taken together, intracellular staphylococci apparently have to deal with stress conditions 

resembling oxidative stress and leading to accumulation of denatured proteins. The fact that 

production of reactive oxygen species (ROS) is a common host defense mechanism underscores 

this hypothesis. It has to be mentioned that thioredoxin reductase, the product of the trxB gene 

[SAOUHSC_00785], did not follow this trend but was transiently downregulated in internalized 

staphylococci 1.5 and 2.5 hours after infection. However, different regulatory mechanisms may 

account for this behavior. Expression of sodM and trxB genes is mainly controlled by the 

staphylococcal accessory regulator A (SarA [SAOUHSC_00620], slightly downregulated in 

internalized S. aureus RN1HG at 1.5 hours post infection) [222, 223]. However, SarA-

independent regulation of trxB transcription, e.g. via the peroxide-responsive repressor (PerR 

[SAOUHSC_01997], identified but not quantified in internalized S. aureus RN1HG), was suggested 

by Ballal et al. [223] and might therefore be responsible for the different regulation of SodM and 

thioredoxin reductase. 

Prominent downregulation of proteins in S. aureus RN1HG internalized into human airway 

epithelial cells applied to enzymes of the purine biosynthesis pathway (figure 4.25). As purine 

bases are essential components of ribonucleotides, one can assume that reduction of purine 

synthesis results in decreased DNA and/ or RNA synthesis. As intracellular staphylococci were 

clearly reduced in growth rate (extracellular generation time ~60 min, intracellular generation 

time ~3 hours), downregulation of the replication machinery is plausible. Another finding 

supporting this assumption is the reduction in levels of tRNA synthetases, which facilitate 

ligation of tRNAs with their specific amino acids, directly after infection. Subsequent increase in 

protein abundance of some purine biosynthesis enzymes and tRNA synthetases in later phases 

of infection might thereby reflect a restart of metabolic functions as it was also suggested by 

Garzoni [46]. 
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One of the highest abundant proteins in internalized staphylococci was the alkaline shock 

protein 23 (Asp23, [SAOUHSC_02441]). Compared to non-internalized bacteria, relative protein 

abundance was three-fold higher 1.5 hours post internalization than in non-internalized bacteria 

and decreased slightly during the course of infection. This change in relative protein level was 

not primarily caused by increased biosynthesis of the protein but can rather be traced back to a 

higher stability of the protein in terms of heavy isotope abundance. Thus, although this protein 

appeared to be downregulated in internalized staphylococci when analyzing light vs. heavy fold 

changes, protein abundance was elevated when compared to non-internalized bacteria (figure 

4.27). Why Asp23 abundance was higher in internalized S. aureus RN1HG remains unclear. Gene 

expression analyses showed that asp23 is strongly induced when cells enter the post-

exponential growth phase and largely depends on σB activity [60, 63, 189, 190]. However, Gertz 

and co-workers found constitutive expression of σB-dependent stress genes like asp23 in slowly 

growing cells cultured in a synthetic medium and speculate that this high level of σB regulon 

expression is triggered by environmental conditions encountered within the host [190]. 

However, in the matching transcriptomic study performed by Maren Depke (Interfaculty 

Institute for Genetics and Functional Genomics, University of Greifswald) asp23 gene expression 

did not reflect the effects seen on proteome level. Here, although showing a statistical significant 

difference in gene expression 2.5 hours after infection, the 2-fold threshold was not reached 

when compared to non-internalized bacteria. 

Of the σB operon, only RsbV [SAOUHSC_02300] and RsbW [SAOUHSC_02299] could be 

identified in staphylococci internalized into human airway epithelial cells. Both proteins showed 

a slight infection-related decrease in protein abundance (figure 4.29). In S. aureus, σB controls 

the expression of genes involved in stress adaptation by positively controlling a regulon 

consisting of about 200 genes [63, 189, 224]. This regulon consists of genes involved in 

numerous cellular processes such as cell envelope biosynthesis and turnover, intermediary 

metabolism, and membrane transport processes and is probably highly cross-linked with other 

regulatory networks [62]. Furthermore, σB positively regulates several adhesion molecules 

whereas negative regulation is true for many extracellular virulence factors [53, 63]. Of the 

genes identified as parts of the σB regulon by Pané-Farré [189] and Bischoff [63], 51 gene 

products were identified and 31 were quantified from intracellular S. aureus RN1HG isolated 

from human airway S9 cells. We found 43 proteins showing infection-related downregulation of 

which 15 were previously shown to be positively regulated by σB. Among them were the alkaline 

shock protein 23, the anti- σB factor RsbV, the anti- σB factor antagonist RsbW, the 

transcriptional regulator SarA [SAOUHSC_00620], the chaperone protein HchA 

[SAOUHSC_00533], the putative septation protein SpoVG [SAOUHSC_00469], a putative ABC 

transporter [SAOUHSC_00847], and some hypothetical proteins [SAOUHSC_00356, 
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SAOUHSC_01854, SAOUHSC_02443, and SAOUHSC_01729]. Of the 74 proteins being upregulated 

in internalized staphylococci, five displayed σB-dependent expression: Two are negatively 

regulated by σB (SodM and the putative periplasmic binding protein SAOUHSC_00074) and three 

are positively influenced by σB (probable transglycosylase IsaA [SAOUHSC_02887] and the 

hypothetical proteins SAOUHSC_00371 and SAOUHSC_02434). However, it has to be kept in 

mind that although the light vs. heavy fold changes indicated a direction of regulation, the level 

of relative protein abundance has to be considered as well. Here, some of the proteins were not 

regulated due to increased or decreased biosynthesis but showed alterations in protein 

abundance due to changes in protein stability or even displayed a mixture of both. This was true 

for Asp23, SarA, SpoVG, IsaA, the hypothetical protein SAOUHSC_01729, and the putative 

periplasmic binding protein SAOUHSC_00074 (supplemental figure 6.1). 

Taken these observations together, at least parts of the σB regulon apparently were 

downregulated in internalized staphylococci during the early phase of infection. In contrast to 

B. subtilis, energy depletion fails to activate σB in S. aureus [189] indicating that σB function might 

facilitate a more specific host stress response in this pathogen rather than a general, nonspecific, 

and preventive stress response [62]. However, although these physiological rearrangements 

might be interpreted as required for the switch from a persistent to a more invasive phenotype 

[62], the role of σB in staphylococcal virulence in in vivo models is controversially discussed and 

still remains to be elucidated. Several studies showed that σB-negative strains of S. aureus were 

not impaired in virulence in several animal models [65, 225, 66, 226]; findings that might 

explain why the σB regulon showed no upregulation in our study. To which extent these findings 

are also true for our setting is currently investigated using a sigB mutant of RN1HG in the 

experimental setup developed in this study (Henrike Pförtner, Interfaculty Institute for Genetics 

and Functional Genomics, University of Greifswald). 

Particularly interesting was the observation of a strong increase in the ratio of light vs. 

heavy (post to pre-internalization) ratio of the response regulator VraR. Dramatic changes in the 

lifestyle as for example the shift from extracellular to intracellular life have to be linked to fast 

regulatory adaptation of the pathogen to the new environment. In bacteria, environmental 

stimuli can be sensed and transduced by two-component systems (TCSs) [27]. Of the total of 17 

potential TCSs that have been identified in S. aureus [193], in this study only the response 

regulator VraR [SAOUHSC_02098] of the TCS VraSR (vancomycin resistance associated sensor/ 

regulator) and the accessory gene regulator protein A (AgrA, SAOUHSC_02265) increased in 

level over time after internalisation into S9 cells (figure 4.28). For VraR, at least a two-fold 

upregulation could be observed 3.5 hours after internalisation which constantly remained high 

even after 6.5 hours. For this example we believe in a correlation of increased signal, synthesis, 

level, and activity because five of the target genes reported in a transcriptional study of the 



PHD THESIS SANDRA SCHARF  RESULTS & DISCUSSIONS 

121 

VraSR system [227], among them PrsA and the enzyme IIA of the PTS [SAOUHSC_01430], were 

shown to display strongly increased light vs. heavy ratios as well. These data are plausible from a 

physiological point of view as VraSR positively modulates cell wall biosynthesis by upregulation 

of genes associated with peptidoglycan biosynthesis [227]. In this study, we did not observe 

upregulation of MurZ and PBP2 above the threshold of two (SgtB could not be quantified). 

Although the VraSR system was active during internalization and survival of S. aureus within S9 

cells, cell wall biosynthesis was probably not the reason for activation. Since it is also known that 

VraSR responds to damage of cell wall structure, i.e. by antibiotics that target cell wall 

peptidoglycan biosynthesis (-lactams and vancomycin) [228], one may speculate that within S9 

cells, cell wall damage occurs which is then sensed by VraSR. As no antibiotic was added during 

cultivation this might be due to host molecules such as components of the complement. Another 

reason for the activity of VraSR might be a certain rearrangement of the cell envelope. 

AgrA showed a temporal upregulation 1.5 hours after internalization of staphylococci in 

human airway epithelial cells. This protein is part of the quorum sensing system agr which 

controls expression of various virulence genes in a growth phase-dependent manner [50]. 

Interestingly, the agrA gene has its own promoter which is very weak in vitro but highly active in 

vivo [27] giving rise to the question whether transient upregulation of AgrA in internalized 

staphylococci reflects activation of the agr system. As agr is activated by high cell densities, the 

question arises how these high densities should be reached in the initial phase of infection when 

the staphylococci are probably trapped in endosomal compartments. In fact, only few members 

of this regulon identified by microarray analysis [52] showed internalization-related changes on 

proteome level. Furthermore, the role of agr signaling during infection is controversially 

discussed [54]. Gene expression analyses in cystic fibrosis patients revealed that agr is not active 

during chronic infections [55] and many drug-resistant and clinical isolates do not even have a 

functional agr locus [50]. However, there is evidence that timing of agr activity is crucial for the 

virulence of S. aureus at least in some animal models. For example, George and Muir proposed 

that agr plays a role during early phases of infection and subsequent shutdown of agr activity 

confers an advantage to long-term survival in vivo [50]. The work of Wright et al. supported this 

hypothesis as in their studies the agr system was induced in the very early phase of infection in a 

murine abscess model followed by a decline in agr activity [56]. 

Another transcriptional regulator showing infection-related upregulation in internalized 

staphylococci was the staphylococcal accessory regulator R (SarR, [SAOUHSC_02566]). An 

increase in light vs. heavy ratio was detectable already 1.5 hours after infection and remained 

constantly high over the complete course of infection. However, no dramatic changes occurred 

in terms of relative protein abundance. SarR is a member of the SarA family which is involved in 

transcription regulation of several virulence genes like spa, hla, tst, and fnbA [67] but the exact 
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mode of action of this family as repressors or activators is still not clear [229]. Furthermore, 

SarA is involved in regulation of the agr locus [230] and thereby indirectly affects transcription 

regulation of agr controlled genes. SarR has been shown to repress SarA protein expression and 

thereby modulates SarA activity [231]. Moreover, SarR binds the same DNA-region of the agr 

promoter as SarA and has been shown also to partly regulate agr expression [232]. 

In conclusion, S. aureus RN1HG internalized in human airway epithelial cells encountered 

conditions resembling oxidative stress and requiring adaptation of cell wall biosynthesis. 

Furthermore, metabolic functions such as biosynthesis of ribonucleotides and aminoacylation of 

tRNAs were downregulated after infection of the host cells indicating reduction of replication 

and protein biosynthesis. 

It is obvious that the regulatory network consisting of σB, agr, the sarA family, and other 

regulatory elements orchestrating adaptation reactions of S. aureus to changes in environmental 

conditions is highly complicated. Thus, functional analysis of these global regulators will require 

usage of isogenic mutants lacking important regulators or virulence factors in order to elucidate 

their individual roles in in vivo settings. The study design presented here allowed quantitative 

and time-resolved analysis of infection-related changes in the proteome of internalized 

staphylococci and thereby is a powerful tool for answering these remaining questions. Finally, it 

allowed some conclusions on the metabolic state of internalized staphylococci. One might even 

speculate to reveal potential new therapeutic targets for the treatment of staphylococcal 

diseases where the intracellular niche is discussed as a reservoir for relapsing infections 

although this assumption is admittedly a very long shot. However, this technology provides an 

important tool for the deciphering of the adaptive network of S. aureus.  
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6 APPENDIX 

6.1. SUPPLEMENTAL MATERIAL 

 

The following additional material can be found on the attached data storage medium: 

 

table 6.1. Genes upregulated after stimulation of PBMCs with SEB and SEI. Gene expression of human 
PBMCs analyzed after 6 hours stimulation with SEI and SEB. The vast majority of genes was influenced to 
a similar extent by SEI and SEB. 

 

table 6.2. Genes downregulated after stimulation of PBMCs with SEB and SEI. Gene expression of 
human PBMCs analyzed after 6 hours stimulation with SEI and SEB. The vast majority of genes was 
influenced to a similar extent by SEI and SEB. 

 

table 6.3. Proteins identified with at least two peptides in S. aureus RN1HG internalized by human 
bronchial epithelial S9 cells. 

 

table 6.4. Proteins quantified from internalized S. aureus RN1HG in at least two of three 
independent experimental series. 

 

table 6.5. Upregulated and downregulated proteins of internalized S. aureus RN1HG. Proteins with 
light/ heavy ratios deviating more than two-fold from the median heavy/ light ratio in at least one time-
point post internalization in at least two of three experiments were considered to be regulated. Heavy vs. 
light ratios higher than the two-fold median are colored in red, those lower than the -2-fold median are 
colored in green. exp., experiment; fc, fold change. 

 

figure 6.1. Infection-related regulation of proteins of the σB regulon in internalized S. aureus 
RN1HG. (A) Median-normalized light vs. heavy fold changes. Dotted line, 2-fold cut-off. (B) Relative 
protein abundance. The line represents the mean of the three experiments for each time-point. (C) 
Relative isotope abundance. Red, relative light isotope intensity; blue, relative heavy isotope intensity. The 
mean light and heavy intensity of the three experiments for each time-point is indicated by the line in the 
respective color. 
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