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Zusammenfassung 

Integrine sind wesentlich an vielen zellulären Prozessen wie Zellausbreitung, Migration 

und Proliferation beteiligt. Durch die Bindung extrazellulärer Liganden oder durch 

intrazelluläre Stimuli werden Integrine aktiviert. Der Prozess der Integrinaktivierung 

wird normalerweise sehr stark reguliert und bewirkt die Anregung verschiedener 

Signalkaskaden. Integrine werden oft von Pathogenen genutzt, um einen Kontakt zur 

Wirtszelle herzustellen. Staphylococcus aureus bindet an Integrin β1, wobei es 

Fibronektin als molekulare Brücke nutzt. Dies führt zum Clustern und zur Aktivierung 

von Integrin β1, woraufhin ein Fokalkontakt-ähnlicher Komplex an der Bindestelle des 

Bakteriums gebildet und das Aktinzytoskelett umstrukturiert wird. Dadurch wird die 

Aufnahme des Bakteriums in die Wirtszelle eingeleitet. Die Internalisierung ermöglicht 

dem Pathogen die Kolonisierung des Wirts und damit die Entstehung verschiedener 

Infektionen. 

Diese Arbeit basiert auf Untersuchungen zur Integrinregulation durch α-Actinin und 

zum molekularen Mechanismus der Integrin-abhängigen Aufnahme von S. aureus über 

Membranmikrodomänen und Phosphatidylinositolphosphate. 

Hierbei haben wir herausgefunden, dass α-Actinin ein Inhibitor der Integrinaktivierung 

ist. RNAi-vermittelte Depletion von α-Actinin beeinflusst wichtige zelluläre Funktionen 

wie Zellausbreitung und Migration. Außerdem wurde die Zusammensetzung der 

Fokalkontake u.a. durch verstärkte Rekrutierung von Talin beeinflußt. Wir konnten 

zeigen, dass der Knockdown von α-Actinin die Integrinaktivierung steigert und dass in 

der Abwesenheit von α-Actinin mehr Talin mit Integrin β1 assoziiert vorliegt. Daraus 

schließen wir, dass α-Actinin Integrin inhibiert, indem es Talin durch kompetitive 

Bindung an die überlappende Bindestelle von Integrin verdrängt und so eine 

Aktivierung verhindert. 

Außerdem haben wir herausgefunden, dass S. aureus über Membranmikrodomänen 

aufgenommen wird. Caveolin-enhaltende Mikrodomänen verlangsamten allerdings die 

Aufnahme. Wir konnten zeigen, dass Caveolin die Membranmikrodomänen 

immobilisiert, was direkt mit der Internalisierungseffizienz korreliert. Die 

Mobilisierung der Membranmikrodomänen allerdings erleichterte die Aufnahme. 

Zusätzlich konnten wir die Rolle von Phosphatidylinositolphosphaten bei der Aufnahme 

von S. aureus näher bestimmen. Phosphatidylinositol-4,5-bisphosphat (PtdIns-4,5-P2) 

und Phosphatidylinositol-3,4,5-trisphosphat (PtdIns-3,4,5-P3) wurden beide an der 

Kontaktstelle zwischen Wirtszelle und Bakterium generiert. Durch RNAi und 



x 

 

genetische Deletion haben wir herausgefunden, dass die  Phosphatidylinositol-5-Kinase 

Iγ (PIP5KIγ) essentiell für die Internalisierung ist. Außerdem konnte gezeigt werden, 

dass die Phosphatidylinositol-3-kinase (PI3K) und damit einhergehend eine erhöhte 

PtdIns-3,4,5-P3-Konzentration an der Aufnahme beteiligt sind. 

Zusammenfassend haben wir neue Einblicke in die Regulation von Integrinen erhalten, 

erstmalig zeigen können, dass die Mobilität von Membranmikrodomänen mit der 

bakteriellen Aufnahme korreliert, und eine Beteiligung von 

Phosphatidylinositolphosphaten an der Integrin-vermittelten Aufnahme von S. aureus 

gefunden. 
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Summary 

Integrins are crucial for many cellular processes including cell spreading, migration, and 

proliferation. Their engagement by extracellular ligands or intracellular stimuli leads to 

the activation of integrins which is under normal conditions tightly regulated and results 

in a variety of signaling processes. However, integrins are often exploited by pathogens 

to mediate host cell contact. Staphylococcus aureus engages integrin β1 via fibronectin 

as a molecular bridge. This triggers the clustering and activation of integrin β1 causing 

the formation of a focal adhesion-like complex surrounding the bacterium. This leads to 

the reorganization of the actin cytoskeleton and finally to the uptake of S.aureus into the 

host cell facilitating colonization and, thereby, a broad range of infections.  

In this work, we focused on the regulation of integrin β1 by its interaction partner α-

actinin and on the molecular uptake mechanism of S. aureus via integrins employing 

membrane microdomains and phosphatidylinositol phosphates.  

We discovered that α-actinin is an inhibitor of integrin activation. RNAi-mediated 

knockdown of α-actinin deregulated important cellular functions such as cell spreading 

and migration. Additionally, the composition of focal adhesions was disturbed as talin 

was more abundant. We could show that integrin activation is increased in the absence 

of α-actinin correlating with more integrin-associated talin. We conclude, that α-actinin 

inhibits integrins by displacing talin from integrins by competing for the same binding 

site on integrin. 

We also found that, besides integrin β1, the internalization of S. aureus employs 

membrane microdomains. However, caveolin-rich membrane microdomains impeded 

the uptake. We could show that caveolin immobilizes membrane microdomains which 

correlates directly with the uptake efficiency. Mobilizing membrane microdomains led 

to an enhanced internalization. 

Additionally, we could clarify the role of phosphatidylinositol phosphates during 

staphylococcal infections. Phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2) and 

phosphatidylinositol-3,4,5-trisphosphate (PtdIns-3,4,5-P3) were both generated at the 

site of attachment. By RNAi-mediated knockdowns, we could identify that 

phosphatidylinositol-5-kinase Iγ (PIP5KIγ) is essential at the site of bacterial uptake. 

Furthermore, overexpression of a-PtdIns-3,4,5-P3 blocking pleckstrin homolog domain 

and phosphatidylinositol-3-kinase (PI3K) inhibitors demonstrated that an elevated level 

of the local PtdIns-3,4,5-P3 is also necessary for staphyloccal uptake. 
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Altogether, these findings allow new insights in integrin regulation, describe for the first 

time that membrane microdomain mobility correlates with bacterial uptake and decipher 

the role of phosphatidylinositol phosphates in the uptake of S. aureus. 
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1 General Introduction 

1.1 Staphylococcus aureus 

Staphylococci were discovered in 1880 by the surgeon Sir Alexander Ogston in pus 

from surgical abscesses. Ogston named the bacterium due to its grape-like aggregates 

formed during division (from Greek: staphylos, grape). In 1884, the pigmented 

staphylococci were subdivided into staphyloxanthin expressing S. aureus (Latin: aureus, 

golden) and S. albus (Latin: albus, white) by Rosenbach according to their color. S. 

albus, a commensal of the skin, was later renamed to S. epidermidis. Figure 1 shows S. 

aureus in the surface of mouse embryonic fibroblasts. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Staphyloccus aureus during internalization by MEFs. Bar, 2µm. From  (Agerer et al., 2005) 

 

 

The staphylococcus genus belongs to the family Staphylococcaceae which also 

comprises the less known genera Gamella, Macrococcus and Salinicoccus. Although 

the staphylococcus genus includes 32 species and 8 subspecies, only S. aureus and S. 

epidermidis are able to colonize and infect humans. 

S. aureus is a facultative anaerobic Gram-positive coccus that is immotile and non-

sporulating (Wilkinson and Holmes, 1979). In contrast to the other members of this 

genus, S. aureus is coagulase positive enabling the conversion of fibrinogen to fibrin 

and facilitating the identification of the strain.  

S. aureus is a wide spread organism. It occurs not only in the environment, but also 

colonizes as commensal the skin or the upper respiratory tract of a large proportion of 
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the human population (Peacock et al., 2001). While this colonization is normally 

harmless, S. aureus can produce severe infections depending on the immune defense 

condition of the host and characteristics of the pathogen itself. 

 

1.2 Diseases 

S. aureus is a very versatile pathogen. Diseases range from harmless to life-threatening 

infections. They can be divided into local infections such as furuncles, carbuncles and 

sinusitis, systemic diseases such as endocarditis, meningitis, pneumonia and sepsis, and 

toxin-related diseases such as the toxic shock syndrome (TSS) or the scaled skin 

syndrome (SSS) (Lowy, 1998). 

S. aureus is worldwide the leading cause of hospital-acquired infections. Here, 

insufficient sanitation procedures lead to the spreading of the pathogen to patients with 

a comprised immune system. Due to the increased number of antibiotic resistant 

staphylococci, the treatment of infected patients gets very complex. In the late 1940’s, 

the treatment of choice for S. aureus infected patients was penicillin. However, only six 

years after penicillin was introduced, 25% of all hospital-acquired S. aureus infections 

were resistant due to horizontal gene transfer of β-lactamase (Chambers, 2001). 

Therefore, new antibiotics were needed. By the early 1960s, S. aureus patients were 

treated with methicillin which is undegradable by β-lactamase, but only two years later 

methicillin resistant strains evolved. Due to the low binding affinity caused by 

alterations of the penicillin binding protein, these strains are insensitive to all β-lactame 

antibiotics. Therefore, they are called methicillin resistant Staphylococcus aureus 

(MRSA). In 2003, 60% of all hospital-acquired S. aureus-isolates in the USA were 

MRSA (Bamberger and Boyd, 2005). Further on, patients infected with MRSA were 

treated with the glycopeptides vancomycin or teicoplanin which inhibit cell wall 

synthesis. These antibiotics have to be applied intravenously, show toxic effects and are 

therefore applied only if other treatment was unsuccessful. In 2002, the first 

vancomycin resistant S. aureus (VRSA) has been reported (Menichetti, 2005). In this 

case, the bacteria are surrounded by a modified peptidoglycan to which vancomycin can 

not bind. 

In order to find effective therapies against staphylococcal infections, new antibiotics 

and antimicrobial agents such as daptomycin and linezolid are applied (Boucher, 2010). 
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Daptomycin is a cyclic lipopeptide which is intravenously applied to treat skin and soft 

tissue infections. Lineolid is additionally used as antibiotic against pneumonia. 

However, the adverse reactions of this pharmaceutical are severe, significantly 

suppressing bone marrow and disturbing the intestinal colonization (Bamberger and 

Boyd, 2005; Pultz et al., 2005). 

 

1.3 Virulence factors 

S. aureus expresses a broad variety of virulence factors. These virulence factors not 

only enable the pathogen to evade the host immune responses, but also contribute to 

colonization, dissemination, tissue damage and transmission. The expression is 

controlled by a complex regulatory network in response to cell density, energy 

availability, oxygen tension, and other environmental signals (Novick, 2003). Most 

genes involved in pathogenesis encode proteins that are either displayed on the bacterial 

surface or released into the surroundings. These enable the organism to evade host 

defenses, adhere to the tissue matrix, bind to and invade host cells in order to spread 

within the host and degrade cells and tissues. A global regulator of the expression of 

most exoproteins is the quorum sensing two component system agr (Recsei et al., 

1986). 

Virulence factors include toxins, enzymes and structural components. The toxins can be 

categorized into three groups:  

- Pyrogenic toxin superantigens (PTSAGs) include the toxic shock syndrome 

toxin (TSST) with superantigen activity and enterotoxins that induce food 

poisoning. 

- Exfoliating enzymes are implicated in the disease staphylococcal scalded skin 

syndrome which causes the peeling of the skin. 

- Other toxins include Panton-Valentine Leukocidin α-, β-, δ- toxin and other 

bicomponent toxins and are responsible for a variety of diseases. 

Important virulence factors with enzymatic function are coagulase, fibrinolysin and 

hyaluronidase which promote the colonization of host tissue. 

The surface exposed structural components can be divided in secretable expanded 

repertoire adhesive molecules (SERAMs) and microbial surface components 

recognizing adhesive matrix molecules (MSCRAMMs). Both groups mediate the initial 
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attachment of bacteria to host tissue, providing a critical step to establish infections. The 

secreted SERAMs bind to the surface of S. aureus either covalently or via cell surface 

receptors (Flock and Flock, 2001; Kreikemeyer et al., 2002; Palma et al., 1999). 

MSCRAMMs on the other hand are linked to the peptidoglycane of staphylococcal cell 

walls by an LPXTG motif (Fischetti et al., 1990). The most prominent MSCRAMMs 

are: protein A (an immunoglobulin binding protein), fibronectin binding protein 

(FnBP), collagen binding protein and fibrinogen binding protein (clumping factor). 

Protein A is a von Willebrand factor and IgG binding protein that interacts with the Fc 

region of antibodies avoiding opsonization and phagocytosis (Herrmann et al., 1997; 

Moks et al., 1986). 

 

1.4 Pathogen-host-interaction 

For a long time, S. aureus has been thought to be an extracellular bacterium. However, 

it has been shown to have the ability to invade non-professional phagozytes such as 

epithelial cells (Bayles et al., 1998), endothelial cells (Massey et al., 2001; Menzies and 

Kourteva, 1998), fibroblasts (Fowler et al., 2000), osteoblasts (Hudson et al., 1995; 

Jevon et al., 1999), keratinocytes (Kintarak et al., 2004) and kidney cells (Agerer et al., 

2003). The invasion of host cells allows the pathogen to evade the host immune system 

and the application of antibiotics.  

The ability to bind proteins of the extracellular matrix (ECM) facilitates colonization. A 

crucial role hereby play FnBPs. S. aureus expresses two closely related FnBPs, FnBP-A 

and FnBP-B, both of which have been implicated in the pathogenesis of S. aureus 

infection by facilitating attachment of the bacteria to host cells and to fibronectin-coated 

polymer material and by acting as invasins to host cells (Fowler et al., 2000; Menzies, 

2003; Sinha et al., 1999). Deletion mutants of either FnBP are less invasive 

(Dziewanowska et al., 1999). Expression of either of them enables non-invasive 

bacteria to get internalized by host cells (Que et al., 2005; Sinha et al., 2000). FnBP-A is 

composed of a signal sequence for secretion, a long A domain with binding sites for 

fibrinogen and elastin, 11 fibronectin binding motifs in the unfolded B and D domains, 

a proline-rich domain, a cell wall anchor (LPXTG) and a membrane spanning region 

(Fig. 2A). Compared to the highly conserved fibronectin binding domains, the A 

domain of FnBP-A and FnBP-B are only 45% identical. In contrast to FnBP-A, FnBP-B 
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has no binding sites for fibrinogen (Wann et al., 2000) and tropoelastin (Keane et al., 

2007). The FnBP-binding amino-terminal domain of fibronectin contains five sequential 

fibronectin type I modules (Fig. 2B). During fibronectin-mediated invasion of host 

cells, S. aureus exploits the modular structure of fibronectin forming extended tandem 

β-zippers (Schwarz-Linek et al., 2003). The tight connection to fibronectin provides the 

pathogen with a molecular bridge to host cell fibronectin receptor integrin. This triggers 

the reorganization of the actin cytoskeleton and the uptake of S. aureus in the host cell  

(Agerer et al., 2003; Fowler et al., 2000). 

Figure 2: Structures of FnBP-A and Fn. A) The A-D domains and the location of the eleven Fn binding 

motifs are shown. The interaction between D1-D3 with the F1 module of Fn mediates high affinity 

binding. The signal peptide (S), proline rich domain (PRR), the cell wall-spanning region (W), the 

membrane-spanning region and the cell wall anchor (LPETG) are also indcated.B) The five N-terminal 
F1 modules, the gelatine binding fragment (GBF) and the integrin binding RGD sequence are shown. 

From (Hauck and Ohlsen, 2006). 

 

1.5 Integrins 

This protein family evolved early in evolution and is present not only in vertebrates, but 

also in simple metazoa such as cnidaria and sponges (Burke, 1999; Hughes, 2001). 

Integrins are cell surface receptors that interact with the extracellular matrix (ECM) 

mediating intracellular signals in response to ECM interactions regulating cell 

migration, cell adhesion, cell proliferation and apoptosis (Hynes, 2002). They are hetero 

dimeric transmembrane glycoproteins consisting of an α subunit and a β subunit. In 

mammals, 18 α and 8 β subunits have been characterized. Through different 

combinations of α and β subunits, 24 unique integrin heterodimers are formed  (Fig. 3). 

Additionally, alternative splicing increases the variability of several integrins (de 

Melker and Sonnenberg, 1999). Integrin hetero dimers can bind to fibronectin, laminins, 

collagen, tenascin, vitronectin and thrombospondin activating a number of intracellular 

signaling pathways following ECM adhesive interactions. Both subunits are responsible 

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&entryPoint=adirect&productID=A21316&messageType=catProductDetail
http://igene.invitrogen.com/iGene/genecard.do?geneId=4000&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=1282&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=3371&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=7448&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=7057&source=igene
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for the ligand specifity of the hetero dimer. The peptide motifs recognized by integrins 

are relatively short. One set of integrins recognizes the tripeptide arginine, glycine, 

aspartate (RGD) which is present in the ECM molecules fibronectin and vitronectin. 

Another group mediates adhesion to basement membrane laminin. The leukocyte-

specific receptors recognize Ig-superfamiliy counterreceptors and mediate heterotypic 

cell-cell adhesion. 

 

Figure 3: The familiy of Integrin. From (Barczyk et al., 2010) 

 

 

1.6  Exploitation of integrins by pathogens 

Integrins participate in various host-pathogen interactions involving viruses, bacteria 

and fungi. Many bacteria express surface adhesins such as FnBP that mediate integrin-

pathogen interaction either by direct binding or using bridging molecules of the 

extracellular matrix. Besides S. aureus, integrins are involved in the invasion of 

mucosal tissue of a variety of bacteria e.g. Yersinina enterocolitica, Y. 

pseudotuberculosis and Helicobacter pylori, Streptococcus pyogenes (Cue et al., 1998; 

Gustavsson et al., 2002; Kwok et al., 2007; Rankin et al., 1992). Upon binding their 

extracellular ligands, integrins get activated and transmit outside-in signals that regulate 
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various cell functions. This can result in the internalization of the pathogens by the host 

cells. A list of integrin binding bacteria is found in table 1. 

Table 1. Important bacterial interactions with epithelial integrins in the lung. The interaction is mediated 

by direct binding of integrin-binding proteins (left) or by indirect binding using an extra cellular matrix 

protein (right). From (Ulanova et al., 2008). 

 

 
 
 

1.7  Integrin activation 

The affinity of integrin for ligands is under tight spatial and temporal control. Thereby, 

rapid and reversible conformational changes of the extracellular domain regulate the 

accessibility of ligand binding sites. Upon activation, integrin changes from the bent 

conformation of the low-affinity state to the extended conformation of the high-affinity 

state in order to enhance ligand-binding activity (Ginsberg et al., 1992; Sims et al., 

1991; Woodside et al., 2001). The membrane proximal cytoplasmic GFFKR and 

LLxxxHDREE regions of the α and the β subunit, respectively, are crucial during 

integrin activation as deletion of these regions leads to constitutive active integrins 

(O'Toole et al., 1994; O'Toole et al., 1991). Salt bridges and charge interactions between 

the two regions are thought to prevent integrin activation by stabilizing the low-affinity 

state (Hughes et al., 1996; Liddington and Ginsberg, 2002). During activation, the 

GFFKR and LLxxxHDREE regions move apart. A critical step thereby is mediated by 

binding of talin to the cytoplasmic tail in integrin. Talin is an actin binding protein 

involved in integrin clustering at focal adhesions (Horwitz et al., 1986; Priddle et al., 

1998). The amino terminal FERM (band 4.1, ezrin, radixin, moesin) domain interacts 

with the NPxY domain of most integrin β subunits which leads to the unclasping of the 
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transmembrane domains and allows an extension of the extracellular domains of 

integrin (Ratnikov et al., 2005; Vinogradova et al., 2004). The activation of integrin is 

tightly regulated by binding of phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2) to 

talin (positive regulation) (Martel et al., 2001), phosphorylation of integrin (negative 

regulation) (Tapley et al., 1989), or other cytoplasmic proteins that interact with 

integrins with differential effects (Bouvard et al., 2003). The regulation of integrin 

activation by cytoplasmic factors is called inside-out signaling. Additionally, integrins 

are able to be activated by extracellular signals such as binding of fibronectin, 

manganese or activating antibodies. Perturbing the interdomain interactions, the 

transmembrane and cytoplasmic domains move apart and the extracellular domain 

extends exposing various protein binding sites (Fig. 4). 

 

 

 

Figure 4: Schematic view of integrin activation. a) cytoplasmic tails, transmembrane  and extracellular 
domains form a compact structure in the low-affinity state. b) binding sites for other proteins are partly 

exposed in the intermediate conformation. c) the interaction with ligands (green cylinder) triggers free 

accessibility of integrin interaction sites at the high affinity state. d) An illustration of the location of the 

various domains in many integrins, using the same color code as a-c). E1-E4 are EGF-like domains and 

β-T is the β–tail domain. From (Anthis and Campbell, 2011). 

 

1.8 Cell-matrix-adhesions 

Cell-matrix-adhesions are protein complexes at the plasma membrane that generate a 

linkage between intracellular actin microfilaments and the substrate and play an 
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important role in cell morphogenesis, motility and spreading. They were first described 

in 1971 in studies using interference-reflection microscopy at many specialized regions 

along the ventral plasma membrane leaving a gap of only 10-15nm to the substrate. 

(Abercrombie et al., 1971; Izzard and Lochner, 1976).  

The interaction of integrins with the ECM triggers the activation and clustering of the 

receptor. This leads to the formation of cell-matrix-adhesions by recruiting signaling 

and structural proteins to the site of ECM attachment. Integrin-mediated adhesions are 

conserved. However, the number of specific protein interaction domains in focal 

adhesion associated proteins increased during evolution. Indeed, focal adhesions in 

humans are quite complex. So far, almost 200 in adhesions residing and peripheral 

proteins have been found to be involved in adhesion formation and signaling and up to 

700 interaction between them have been described in humans (Zaidel-Bar, 2009). These 

proteins can be divided into six groups: cytoskeletal proteins (e.g. tensin, vinculin, 

paxillin, parvin, α-actinin and talin); tyrosine kinases (e.g. fokal adhesion kinase (FAK) 

and Src); serin/threonin kinases (e.g. ILK, PKC and PAK); modulators of small 

GTPases (e.g. ASAP1 and Graf); tyrosine phosphatases (e.g. Shp2) and other enzymes 

(e.g.PI3Ks) (Zamir and Geiger, 2001). Some of these proteins such as α-actinin and 

talin are able to bind directly to the generally very short cytoplasmic tail of integrins 

(40-60 amino acids), other proteins are recruited indirectly to cell-matrix-adhesions.  

Cell-matrix-adhesion are in a state of constant flux meaning proteins associate and 

dissociate continually as signals are transmitted to other parts of the cell. This steady 

turnover is crucial for many cellular processes ranging from cell motility to cell cycle 

progression. Additionally, cell-matrix-adhesion proteins can assemble in numerous 

alternative ways as many of them contain multiple binding sites for other FA 

components. In typical adherent cells, tens to hundreds distinct FAs differing in size and 

form can be detected. There are three kinds of cell-matrix adhesions: i) classical FAs are 

rich in integrin αvβ3, paxillin, vinculin, talin and tyrosine phosphorylated proteins. 

They form elongated 2-5µm structures at the cell periphery (Sastry and Burridge, 2000). 

ii) Fibrillar FAs also called focal contacts vary in size (1-10µm) and are located under 

the cell center. They are enriched in integrin α5β1 and contain high levels of tensin. 

Fibrillar FAs form fibronectin fibrils at the cell surface (Katz et al., 2000; Zamir et al., 

1999). Both generate from iii) the earlier formed focal complexes, small dot-like 

http://igene.invitrogen.com/iGene/genecard.do?geneId=81&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=7294&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=81&source=igene
http://igene.invitrogen.com/iGene/genecard.do?geneId=7294&source=igene
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structures that are found at the edges of lamellipodia. Focal complexes contain vinculin, 

paxillin and tyrosine phosphorylated proteins (Rottner et al., 1999). 

Although the role of focal adhesions in many cellular processes such as migration has 

been studied thoroughly for many years, high-resolution analysis of the ultrastructural 

architecture of the “adhesome”, however, has developed only recently. Thus, detailed 

descriptions of focal adhesion structures have evolved. By cryo-electron tomography, 

small adhesion particles which mediate the membrane cytoskeleton interaction at focal 

adhesions have been detected and visualized in a three-dimensional reconstruction 

(Patla et al., 2010). Furthermore, three-dimensional super-resolution fluorescence 

microscopoy has revealed that a core complex of focal adhesion proteins of about 40 

nm separates the cytoskeleton and integrins. The complex could be defined to consist of 

different layers: the integrin signaling layer consisting of integrin cytoplasmic tails, 

focal adhesion kinase and paxillin; an intermediate force-transduction layer containing 

talin and vinculin; and the actin-regulatory layer including zyxin, vasodilator-stimulated 

phosphoprotein and α-actinin (Fig. 5 (Kanchanawong et al., 2010)).  

The complex composition of focal adhesions not only mediates cell attachment, but also 

enables to cell to sense their environment. Thus, cells respond to ECM specificity, 

adhesive ligand density, surface compliance and dimensionality by altering cell shape 

and cytoskeletal organization, and by modulating the adhesion sites (Geiger et al., 

2009). 

Interestingly, the recruitment of many proteins seems to require mechanical tension. 

Generating new binding sites for proteins containing the zinc-finger-type LIM (Lin11, 

Isi-1, Mec-3) domain, force generation by myosin II is essential for the correct assembly 

of focal adhesions (Schiller et al., 2011). 
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Fig. 5: Schematic view of focal adhesions. Adhesion sites can be divided into three strata: the integrin 

signaling layer, an intermediate force-transduction layer and the actin-regulatory layer link integrins to 

the actin cytoskeleton (Kanchanawong et al., 2010). 

 

The binding of S. aureus to host cell integrins induces the recruitment of focal contact-

related proteins. So far, vinculin, tensin, zyxin, FAK, and src (Agerer et al., 2005) have 

been found in close proximity to the pathogen (Fig. 6). Thus, focal contacts generate at 

the sites of attachment of S. aureus and mediate outside-in signaling. Subsequently, the 

actin cytoskeleton reorganizes and membrane extensions enclose the bacterium and 

engulf it. Disturbing focal contact assembly functionality at the site of attachment e.g. 

by depletion of integrin β1, FAK or src impairs the internalization process.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Overview of S. aureus-host interaction. Integrin-engagement by S. aureus triggers the formation 

of a focal contact-like complex at the site of attachment which initiates (Hauck and Ohlsen, 2006). 
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1.9 FAK 

FAK contains an amino terminal FERM domain, a central kinase domain, a carboxy 

terminal focal adhesion targeting (FAT) domain and three prolin-rich domains (Fig. 7).  

FAK contains a FERM domain, a kinase domain and a FAT domain. The FERM 

domain interacts with the epidermal growth facter (EGF), the platelet derived growth 

factor (PDGF), the tyrosine kinase ETK and ezrin. The FAT domain is crucial for the 

localization to focal adhesions by binding to talin and paxillin. Additionally, this 

domain links FAK to the regulation of RhoGTPases by binding to GEFs. The three 

proline rich domains (PRRs) are docking sites for src-homology-3 (SH3) domain 

containing proteins such as p130Cas and Graf. Y397 phosphorylation of the kinase 

allows phosphorylation of GRB7, Shc, PLCγ, p85, src and SOCS. From (Mitra et al., 

2005). 

 

 

 

 

 

 

 

 

 

 

Figure 7: Structure of FAK.  

 

The localization of FAK to FAs is crucial for FAK-signaling. It is recruited to FAs via 

its FAT domain. FAK is activated by autophosphorylation of tyrosine 397 (Y397) upon 

integrin engagement with ligands (Zaidel-Bar et al., 2004). This results in the 

recruitment and binding of src-family kinases and to src-mediated phosphorylation of 

FAK at multiple sites of the kinase and carboxy terminal domains enhancing FAK 

kinase activity and creating docking sites for SH2 domain containing molecules. The 

interaction with SH2 domain containing molecules such as Grb2 activates Ras and the 

extracellular-signal regulated protein kinase (Erk) and the  mitogen-activated protein 
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kinase (MAPK) pathway (Calalb et al., 1995; Hauck et al., 2002; Schlaepfer et al., 

1994; Schlaepfer and Hunter, 1998) which in turn induces the activation of the jun N-

terminal kinase (JNK) (Schlaepfer and Mitra, 2004). Serin phosphorylation of paxillin 

at S178 by JNK (Huang et al., 2003) disrupts either paxillin interaction with other 

proteins or stimulates paxillin degradation resulting in focal adhesion disassembly 

(Huang et al., 2004; Webb et al., 2004). Thus, FAK is not only involved in FA assembly 

at the leading edge but also a key component regulating FA disassembly. The constant 

turnover of FAs is essential for cell migration. The activation of FAK and src-family 

kinases has also been crucial for the uptake of S. aureus into host cells (Agerer et al., 

2003; Fowler et al., 2003). 

 

1.10 α–actinin 

The α-actinin family belongs to the spectrin superfamily and consists of four isoforms 

(α-actinin 1-4). α-actinin 2 and 3 are expressed only in muscle cells, whereas α-actinin 1 

and 4 were only found in non-muscle cells. α-actinin contains an amino terminal F-actin 

binding domain (ABD) composed of two calponin homology (CH) domains which also 

binds phosphatidylinositol-4,5-bisphospate (PtdIns-4,5-P2), a central rod containing 

spectrin like repeats and a carboxy terminal calmodulin-like domain composed of EF-

hand calcium-binding motifs. Forming homo-dimers, α-actinin is able to generate actin  

 

 

 

 

Figure 8: Structure of the α-actinin homodimer. The actin-binding domain (ABD), the four spectrin like 

repeats (R1-R4) and the calmodulin-like domain are shown. From (Janmey and Lindberg, 2004). 
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bundles and link them to focal adhesion proteins (Fig. 8). It has been shown that a 

mutation in α-actinin-4 leading to enhanced actin-bundling activity and protein 

aggregation can cause severe focal segmental glomerulosclerosis, a cicratization of the 

kidney (Kaplan et al., 2000). α-actinin is one of the few proteins that provide a direct 

link between integrin β1 and the actin cytoskeleton. Additionally, the central rod 

domain contains binding sites for zyxin, vinculin, titin, MEK kinase (MEKK1), 

palladin, syndecan-4, extracellular regulated kinase (ERK), phosphatidylinositol 3-

kinase (PI 3-kinase), and Tir of pathogenic E. coli (Chi et al., 2008; Christerson et al., 

1999; Crawford et al., 1992; Greene et al., 2003; Leinweber et al., 1999; Parast and 

Otey, 2000; Shibasaki et al., 1994; Wachsstock et al., 1987). Binding of PtsIns-4,5-P2 to 

the homo-dimer enhances the exposition of the binding sites (Fraley et al., 2005; Young 

and Gautel, 2000). 

α-actinins play a pivotal role in the formation of FAs crosslinking actin filaments and 

connecting actin bundles to focal adhesions. During focal adhesion assembly, actin and 

α-actinin form a template which is used for focal adhesion maturation (Choi et al., 

2008). Additionally, α-actinin-1 and -4 have been shown to be involved in cell 

signaling. α-actinin is tyrosine-phosphorylated at Y12 by FAK (Izaguirre et al., 2001). 

Upon phosphorylation of Y12, α-actinin-1 binds to integrin. Activation of integrin 

αIIbβ3 leads to the dephosphorylation and dissociation of α-actinin-1 (Tadokoro et al., 

2011). Dephosphorylation of α-actinin-1 is mediated by the phosphatase SHP-1 (Lin et 

al., 2004). Furthermore, α-actinin-1 is an activator of the focal adhesion kinase (FAK), a 

key regulator of cell migration (Tilghman et al., 2005), and mitosis and meiosis 

modulating ERK1/2 during strain induced phosphorylation in Caco-2 cells (Craig et al., 

2007b). Phosphorylation of FAK at residues Y397 and Y576 via α-actinin-1 signaling is 

necessary for the formation of the FAK-src complex, its interaction with integrin β1 and 

for pressure-activated cell adhesion (Craig et al., 2007a). α-actinin-4, on the other hand, 

has been found also in the nucleus, where it interacts with transcriptional regulators 

(Kumeta et al., 2010).  

In chapter 3.1, new aspects in the understanding of the role of α-actinin-1 and -4 in 

integrin regulation are described. 
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1.11 Membrane microdomains 

The plasma membrane is a lipid bilayer composed of different lipids and proteins. It is 

not only the physical boundary of a cell, but also a filter for substances and information. 

For a long time, the compounds of the plasma membrane were thought to be equally 

distributed. This spatially homogenous mixture of lipids and proteins was called fluid-

mosaik model (Singer and Nicolson, 1972). However, shortly later it was proposed that 

the plasma membrane contains microstructures with spatially organized regions (Stier 

and Sackmann, 1973). This concept has been considered as artifact by many skeptics as 

it was never detected in vivo (Munro, 2003). The resistence of membrane microdomains 

(MMs) to detergents (Brown and Rose, 1992) or mechanical disruption (Song et al., 

1996), finally, allowed their isolation. The MM phase is often referred to as “liquid-

ordered” phase (Lo) compared to the “liquid-disordered” phase (Ld). 

The compartmentalization of the plasmamembrane is hypothesized to form by self-

association of sphingolipids and was initially thought to be based on membrane 

trafficking, but it turned out that it is involved in many bioactivities. Indeed, MMs are 

also involved in signal transduction and protein sorting (Schuck and Simons, 2004). 

Membrane microdomains -also called lipid rafts- are cholesterol-, sphingomyelin- and 

sphingolipid-rich rafts in the plasma membrane with a diameter of 10-200nm. The 

composition of MMs is asymmetric: Sphingomyelins and sphingolipids are part of the 

exoplasmic leaflet, whereas glycerolphospholipids span the cytoplasmic leaflet. 

Cholesterol fills the gaps of the carbohydrate head groups of the sphingolipids and 

between the fatty acid chains of the inner leaflet (Schroeder et al., 1991) and is crucial 

for the integrity of MMs and regulates its fluidity. Cholesterol depletion by chelating 

agents such as methyl-β-cyclodextrin (MβCD) blocks MM-dependent processes 

(Schmitter et al., 2007b; Zidovetzki and Levitan, 2007).  

The protein content of MMs is differs from the rest of the lipid bilayer. 

Glycosylphosphatidylinositol (GPI) anchors enable raft proteins to attach to the outer 

leaflet of the plasma membrane (Chatterjee and Mayor, 2001). Additionally, 

heterotrimeric G proteins, phospholipid-binding proteins such as annexins (Babiychuk 

et al., 2002), and members of the src-family tyrosine kinases (e.g. Lck, Fyn, Lyn) are 

enriched in the inner leaflet of MMs due to dual acylation modification (Simons and 

Toomre, 2000). Finally, raft organizing palmitoylated and myristoylated proteins such 
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as flotillins (Rajendran et al., 2003) and cholesterol-binding proteins such as caveolins 

(Kurzchalia and Parton, 1999) and hedgehog (Karpen et al., 2001) are integrated in 

MMs. This concentration of signaling and scaffolding proteins converts MMs to 

platforms of effective signal transduction. 

 

Table 2. Bacterial pathogens that interact with caveolin-enriched (left) lipid rafts from (Zaas et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Caveolins form flask-shaped rafts called caveolae. Caveolae are involved in signal 

transduction, endocytosis and the uptake of several microorganisms (Tab. 2). 

Microorganisms that exploit caveolae as entry portal in cells are transported in 

caveosomes with a neutral pH to the ER. There is also a small number of raft-associated 

proteins that get internalized caveolin-indepently. One raft-dependent endocytotic 

mechanism devoid of caveolin is the GEEC pathway, the internalization of native GPI-

anchored proteins to recycling endosomes bypassing the early sorting endosomes via 

the GPI-anchored protein enriched endosomal compartment (GEEC, Reviewed in 

(Rajendran and Simons, 2005)) Caveolin-free and caveolin-containing rafts are utilized 

by many viral and bacterial pathogens (Riethmuller et al., 2006). Since MMs have been 

shown to be associated with integrins (Green et al., 1999; Krauss and Altevogt, 1999; 
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Pande, 2000; Skubitz et al., 2000), they are supposed to be also involved in the uptake 

of S. aureus. In chapter 3.2 we describe the uptake of S. aureus via lipid rafts. 

 

1.12 Phosphatidylinositols 

Phosphatidylinositols play as signaling molecules a role in the signaling networks of 

focal adhesions and MMs. All inositol lipids are generated from the precursor 

Phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2). In focal adhesions, it regulates 

the recruitment, activity and/or affinity of several signalling, adaptor and receptor 

molecules such as α-actinins, talin, integrin, FAK, profiling, filamin, ERM domain 

containing proteins and WASP controlling for example the actin fiber polymerization 

and the formation and turnover of focal adhesions (Fukami et al., 1994; Fukami et al., 

1992; Lassing and Lindberg, 1988; Moks et al., 1986; Sechi and Wehland, 2000). Thus, 

PtdIns-4,5-P2 is able regulate the cytoskeleton thereby affecting cell migration, cell-cell 

adhesion, endocytosis, exocytosis, membrane trafficking, cytokinesis, stress response, 

and cell cycle progression (Machesky and Poland, 1993; Sechi and Wehland, 2000).  

Phosphatidylinositols carry a cyclohexanol headgroup which is subject to reversible 

phosphorylation of C3,4 and 5 atoms. The structure of PtdIns-4,5-P2 and an overview of 

the different phosphatidylinositides are depicted in figure 9. 

The PtdIns-4,5-P2 level is tightly regulated by several kinases and phosphatases. It is 

mainly generated by phosphorylation of PtdIns-4-P on C5 by the phosphatidylinositol-

4-phosphate-5 kinase (PIP5Ks), but also via dephosphorylation of the C3 atom of 

PtdIns-3,4,5-P3 by the phosphatase and tensin homolog (PTEN). PtdIns-4,5-P2-

modifying enzymes include the polyisoprenyl phosphate phosphatase (PIPP) which 

hydrolyzes PtdIns-4,5-P2 forming PtdIns-4-P and by the phosphatidyl inositol-3-kinase 

(PI3K) which results in the generation of PtdIns-3,4,5-P3.  
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Figure 9: Structure and generation oft the seven phosphatidylinositos phosphates. Reactions indicated 

with dotted arrows have been shown in vitro, but their relevance in vivo remains unclear.DAG, 

diacylglycerol. From (Di Paolo and De Camilli, 2006). 

 

 

In addition to the regulating function of cytoskeletal proteins, PtdIns-4,5-P2 serves as 

precursor for the second messenger inositol-1,4,5-phosphate (IP3) and diacylglycerol 

(DAG). This reaction is  

performed by phospholipase C (PLC) and results in the release of Ca
2+

 and the 

activation of protein kinase C (PKC) which, again, has numerous impacts on cellular 

responses.  

The binding of PtdIns-4,5-P2 to other proteins is mediated by a motif of positively 

charged residues (Heo et al., 2006) or a Pleckstrin homolog (PH) domain. PH domains 

have been proven to be a useful tool for the visualization of phosphatidylinositols. They 

comprise about 120 amino acids and bind to different phosphatidylinositols with distinct 

affinity and avidity. The generation of fluorescence-tagged PH domains allows for 

specific identification of phosphatidylinositols throughout the cell. 

The role of phosphatidylinositols during endocytosis has been studied thoroughly. 

PtdIns-4,5-P2 and PtdIns-3,4,5-P3 are involved in many forms of endocytosis by 

recruitment and regulation of endocytic proteins at the plasma membrane. The 

interaction of phospholipids with various proteins involved in the uptake of S. aureus 
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suggests that this process depends on the availability of the phospholipids in host cells. 

Therefore, the levels of PtdIns-4,5-P2 and PtdIns-3,4,5-P3 were manipulated in infected 

cells and the uptake of S. aureus in these cells is described in chapter 3.3. 
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2 Aims of the study 

Integrin signaling is pivotal to many cellular processes including cell spreading, 

migration and endocytosis. Thus, it is involved in a broad range of diseases as 

pancreatic, prostate, bladder cancer and metastasis. This study centers on the regulation 

of integrin β1 activation and the integrin β1-mediated uptake of Staphylococcus aureus. 

S. aureus is globally the leading cause of nosocomial infections. Upon colonization of 

host tissues, S. aureus can cause severe diseases. The pathogen exploits integrin β1 in 

order to get internalized and to escape from the host cell’s immune response and 

antibiotic treatment. The arise of new variants of methicillin resistant S. aureus strains 

makes the study of the host factors that regulate the internalization of the bacteria a 

fundamental challenge for the development of new therapies. In this project we 

addressed integrin-mediated internalization of S. aureus mediated by different 

strategies. Summerized, the aims of this work can be divided into three parts: 

 

The regulation of integrin β1 activation by α-actinin 

By using RNAi mediated knockdown of ubiquitously expressed α-actinin forms, a 

deeper understanding of the integrin interaction network should be obtained. In 

particular, we wanted to determine the influence of a-actinin on the regulation of 

integrin β1 activity. 

The integrin-mediated uptake of S. aureus via membrane microdomains 

Membrane microdomains are often referred to as entry portals for many pathogens. 

Thus, we wanted to define their role in the uptake of S. aureus and determine how lipid 

raft proteins affect this process. 

The role of phosphatidylinositol phosphates in the integrin-mediated uptake of 

Staphylococcus aureus 

Phosphatidylinositol phosphates are involved in endocytosis and phagocytosis and play 

also a role in the internalization of several pathogens. We wanted to analyze their 

impact on the uptake of S. aureus in order to complete the understanding of the 

molecular mechanism triggered by the pathogen to facilitate colonization.
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3   Manuscripts  

3.1 Manuscript 1: α-actinin regulates integrin activation by 

displacing talin from focal adhesions 

Anne Berking, Christof R. Hauck
 

3.1.1 Summary 

Focal adhesions link eukaryotic cells to the extracellular matrix and play an important 

role in the regulation of cell spreading and migration. A key component of focal 

adhesions is integrin β1 which is involved in inside-out and outside-in signaling. This 

signaling is mediated by conformational changes of integrin β1 from the low-affinity 

state to the high-affinity state upon stimulation exposing binding sites for interaction 

partners. Talin and kindlin are the main activators of integrin β1. Here, we used shRNA-

mediated knockdown of α-actinin-1 and -4, known binding partners of the integrin b1 

subunit cytoplasmic domain, to analyse the role of a-actinin in the regulation of integrin 

activation. The cell spreading of knockdown cells was dramatically increased, whereas 

the migration was impaired. Furthermore, the knockdown resulted in the depletion of 

vinculin and pY397FAK from focal adhesions and in enhanced localization of talin to 

focal adhesions. This correlates with an increase in integrin activation after α-actinin 

knockdown. Co-immunoprecipitation and pulldown experiments suggest an inhibitory 

effect of α-actinin on integrin activation via competition of α-actinin and talin for the 

same binding site on integrin β1. 

 

3.1.2 Introduction 

In adherent cells, focal adhesions play a major role linking the actin cytoskeleton to the 

cell surface receptors integrins and transmitting cellular signals across the plasma 

membrane border. Focal adhesion sites are constituted of three groups of proteins: 

integrins, actin binding proteins and core proteins which connect the actin cytoskeleton 

with integrins (Burridge et al., 1987). The tight spatial and temporal regulation of these 

components is essential for many cellular processes such as cell proliferation, migration, 

and spreading (Novick, 2003; Recsei et al., 1986). The recent development of accurate 

microscopic tools allows a detailed understanding of the structure and composition of 

adhesion (Geiger et al., 2009; Kanchanawong et al., 2010; Patla et al., 2010; Zaidel-Bar, 

2009). 



 

                                                                                                        Manuscripts 

 22 

α-actinin is a ubiquitously expressed core protein with binding sites for both actin and 

integrin. The family of α-actinin comprises the four proteins α-actinin-1, -2, -3, and -4. 

α-actinin-2 and -3 are found exclusively in muscle cells, whereas α-actinin-1 and -4 are 

expressed in all non-muscle cells (reviewed in (Palma et al., 1999)). Due to high 

homology, the different α-actinin proteins seem to serve the same basic functions. 

However, also isoform specific functions have been reported (Quick and Skalli, 2010). 

A knockout mouse model for α-actinin-3 has been generated and the role of α-actinin-3 

in the regulation of skeletal muscle metabolism, fibre size, muscle mass and contractile 

properties has been described (North, 2008). In most non-muscle cells, α-actinin-1 is 

more abundant than α-actinin-4, but α-actinin-4 plays an important role in the kidney. α-

actinin-4-depleted mice display severe focal segmental glomerulosis and die only a few 

months after birth (Kos et al., 2003). Additionally, the lymphocyte motility in these α-

actinin-4 knockout mice is increased.  

All α-actinins form antiparallel homodimers. The two actin binding sites are located at 

the N-termini of each isoform. Thus, each dimer is able to interact with two actin 

filaments to mediate actin bundling. The central rod domain of α-actinins consisting of 

four spectrin-like repeats serves as binding site for other proteins and allows 

dimerization. Furthermore, this domain provides the molecule with elasticity which 

enables the formation of a flexible, but strong actin cytoskeletal network (Izaguirre et 

al., 2001). Besides actin and integrin, α-actinin interacts with other focal adhesion 

proteins, cell receptors and signaling molecules including zyxin, vinculin, titin, MEK 

kinase (MEKK1), palladin, syndecan-4, extracellular regulated kinase (ERK), 

phosphatidylinositol 3-kinase (PI 3-kinase), and Tir of pathogenic E. coli (Chi et al., 

2008; Christerson et al., 1999; Crawford et al., 1992; Greene et al., 2003; Leinweber et 

al., 1999; Parast and Otey, 2000; Shibasaki et al., 1994; Wachsstock et al., 1987). This 

broad spectrum of interaction partners proposes that α-actinin is involved in a variety of 

cellular processes.  

α-actinin-1 and-4 are located at stress fibers where they anchor the cytoskeleton to the 

focal adhesions and focal contacts. Indeed, α-actinin has been reported to be required 

for proper focal adhesion assembly in C. elegans (Moulder et al., 2010) and mutations 

in α-actinin leading to impaired focal adhesion formation promote migration and 

invasiveness of cancer cells (Craig et al., 2008; Honda et al., 2005; Quick and Skalli, 

2010). Additionally, α-actinin-4 has been found at the leading edge of migrating cells 
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and shuttling to the nucleus. In the cytoplasm, α-actinin-4 has been shown to regulate 

cell spreading, motility and contractility of fibroblast (Quick and Skalli, 2010; Shao et 

al., 2010). 

α-actinin-1 has been reported to play not only a role in crosslinking the cytoskeleton but 

also in cell signaling. α-actinin is tyrosine-phosphorylated at Y12 by FAK (Izaguirre et 

al., 2001). Upon phosphorylation of Y12, α-actinin-1 binds to integrin. Activation of 

integrin αIIbβ3 leads to the dephosphorylation and dissociation of α-actinin-1 

(Tadokoro et al., 2011). Dephosphorylation of α-actinin-1 is mediated by the 

phosphatase SHP-1 (Lin et al., 2004). Furthermore, α-actinin-1 has been shown to be an 

activator of the focal adhesion kinase (FAK), a key regulator of cell migration 

(Tilghman et al., 2005), and mitosis and meiosis modulating ERK1/2 during strain 

induced phosphorylation in Caco-2 cells (Craig et al., 2007b). Phosphorylation of FAK 

at residues Y397 and Y576 via α-actinin-1 signaling is necessary for the formation of 

the FAK-src complex and its interaction with integrin β1 and for pressure-activated cell 

adhesion (Craig et al., 2007a). However, as several α-actinin genes are usually 

expressed side-by-side in a given cell and their basic actin-bundling and integrin-

interacting activities overlap, a rigorous test of α-actinin function will require the 

manipulation of several actinin forms. 

In this study, we employ a lentiviral system to generate mouse embryonic fibroblasts 

(MEFs) with a stable double knockdown of α-actinin-1 and -4 in order to analyze its 

role in integrin β1-mediated processes. We discovered that α-actinins are involved in 

cell adhesion, spreading and migration. The knockdown of α-actinin enhances the 

ability of cells to spread and adhere on fibronectin. In contrast, migration is dramatically 

reduced in the absence of α-actinin. This might be due to the change of focal adhesion 

composition, as focal adhesions in α-actinin knockdown cells were depleted of auto-

phosphorylated FAK (pY397-FAK) and vinculin, but showed a higher talin content. 

Correspondingly, α-actinin knockdown cells had an elevated level of activated integrins 

compared to wt cells. The overexpression of α-actinin mutants that are not able to bind 

integrin did not rescue the knockdown of α-actinin. Furthermore, pulldown using an 

integrin construct with a mutated α-actinin binding site revealed that talin binding to 

this integrin construct was enhanced. We conlude that α-actinin interferes with integrin 

activation by competitive binding with talin to the integrin β1 cytoplasmic tail.  

 



 

                                                                                                        Manuscripts 

 24 

3.1.3 Results 

α-actinin-1 and -4 regulate cell migration and spreading of mouse embryonic 

fibroblasts 

MEFs derived from a wt mouse were sequentially transduced with recombinant 

lentiviral particles carrying shRNA against α-actinin-1 (co-encoding GFP) and α-

actinin-4 (co-encoding a puromycin resistance cassette), respectively. Transduced cells 

were selected for GFP-expression in the presence of puromycin and clonal lines were 

established. As control, MEFs were transduced with a recombinant lentivirus containing 

the empty vector pLKO.1 and selected for puromycin resistance. Whole cell lysates of 

knockdown and control cells were prepared. The knockdown efficiency of the total α-

actinin expression was about 90% as determined by western blotting with an antibody 

recognizing α-actinin-1 and α-actinin-4 (Fig. 1A). The expression of the other 

prominent focal adhesion proteins vinculin, paxillin and talin was not affected by the α-

actinin knockdown (Fig. M1-1A). The expression of the RGD peptide binding integrins 

α5, αV, β1 and β3 was determined by flow cytometry. Cells were trypsinized and kept 

in suspension for 1 h to allow recovery. After fixation, cells were permeabilized and 

stained for the different integrins. The surface expression of the analyzed integrin 

subunits was independent of the α-actinin level (Fig. M1-1B). 

Cell spreading and migration require both the integrity and functionality of focal 

adhesions. Thus, we analyzed if α-actinin is essential for these processes. We seeded 

starved cells for the indicated time on a fibronectin matrix, fixed the cells and stained 

the actin cytoskeleton (Girish and Vijayalakshmi, 2004). We found that α-actinin 

knockdown cells occupied a larger area on the fibronectin-coated surface compared to 

wild type cells indicating that the lack of α-actinin accelerates integrin-mediated 

spreading (Fig. M1-2A). Quantification of cell spreading confirmed the increased rate 

of spreading in α-actinin-1/-4 knock-down cells (Fig. M1-2B). Spreading of both cell 

lines was inhibited on poly-L-lysine or in the presence of cytochalasin D (CytoD) 

indicating a major role of the actin cytoskeleton (Fig. M1-2C). Although the cell area of 

attached cells was increased after knockdown of α-actinin, flow cytometry indicated 

that the size of suspended cells was not altered suggesting that the α-actinin depletion 

did not affect cell volume (Fig. M1-2D). To further reveal the altered dynamics of cell 

contact sites we analyzed cell migration by wound healing assays, where a wound is 

scratched in a confluent layer of starved cells. Wound closure is followed by life cell 
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imaging. During wound healing, α-actinin-1 and -4 down regulated cells showed a 

decreased migration velocity compared to the controls (Fig. M1-2E). 

 

The composition of focal adhesions is regulated by α-actinin 

Since α-actinins can link the actin cytoskeleton to focal adhesion complexes with 

binding sites for numerous interaction partners, they are suggested to play a major role 

in focal adhesion assembly. Therefore, the composition of focal adhesions in α-actinin-1 

and -4 knockdown cells was analysed. Thus, we visualized the focal adhesion 

associated proteins vinculin and paxillin in starved fibroblasts plated on fibronectin for 

one hour by immunostaining. We found that the composition of focal adhesions in α-

actinin-1 and -4 knockdown fibroblasts is strikingly distinct from control cells. While 

paxillin located to focal adhesions, we could not detect vinculin-positive focal 

adhesions in the knockdown cells (Fig. M1-3). Furthermore, we also observed an 

influence of α-actinin on FAK phosphorylation as previously described by Craig et al. 

(2007). Although FAK was still distributed normally to focal adhesions (data not 

shown), FAK phosphorylation at tyrosine 397 was not detected in focal adhesions of α-

actinin knockdown cells (Fig. M1-3). In striking contrast to the reduced staining for 

vinculin and Phospho-Y397-FAK, an increase in talin could be detected at focal 

adhesion sites upon knockdown of α-actinin (Fig. M1-3). 

 

 

Figure M1-1:  α-actinin knockdown does not affect the expression of RGD-binding integrins. A) Western 

blot of whole cell lysates of α-actinin-1 and -4 knockdown fibroblasts and control cells, empty vector, 

wildtype. The membrane was probed for α-actinin, vinculin, paxillin and talin. Tubulin was detected as 

loading control. B) The integrin expression of integrins α5, αV, β1 and β3 was determined by flow 

cytometry. Mean intensities are shown on the x-axis, counts are shown on the y-axis.  
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Figure M1-2: α-actinin controls cell spreading and migration. A) Starved cells were trypsinated and kept 

in suspension for 1 h. Afterwards, cells were seeded on fibronectin for the indicated durations, fixed and 

stained by cy3-conjugated phalloidin. B) The spreading area after the indicated time points was quantified 

by ImageJ (Girish and Vijayalakshmi, 2004). C) Starved cells were trypsinated and kept in suspension for 

1 h in the presence of 1 µM cytochalasinD (CytoD). Afterwards, cells were seeded on fibronectin or poly-

L-lysin for the indicated durations, fixed and stained by cy3-conjugated phalloidin. The spreading area 

after the indicated time points was quantified by ImageJ. D) Cell sizes as means of the forward scatter 

measured by flow cytometry. E) A wound was scratched in confluent layers of starved α-actinin-1 and -4 

knockdown and control cells. The cells were incubated for 13 h in serum containing medium to allow 

wound healing. Bars, 300 µm.  
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Figure M1-3: Depletion of α-actinin-1 and -4 alters the composition of focal adhesions. Starved wildtype, 

empty vector control or α-actinin-1 and -4 knockdown cells were kept in suspension and then seeded on 4 

µg/ml fibronectin for 1h. Cells were fixed and permeabilized. The focal adhesion proteins paxillin, 

vinculin, pY397 FAK and talin were stained with appropriate antibodies. Arrows show the normal 

distribution of the the focal adhesion proteins in control cells, white arrow heads show decreased focal 

adhesion localization in α-actinin knockdown cells, yellow arrow heads show enhanced focal adhesion 
localization in α-actinin knockdown cells. Bars, 10µm. 

 

α-actinin inhibits integrin activation 

Talin is a main effector of integrin activation triggering a conformational change in the 

receptor by binding to the cytoplasmic domain of the integrin β subunit. Thus, the 

binding of talin to integrin induces the high-affinity conformation of the integrin hetero 

dimer allowing for the interaction with other cytoplasmic proteins and extracellular 

ligands. As α-actinin knockdown increased the presence of talin at focal adhesion sites, 

we wondered whether integrin activity is altered in these cells. Therefore, we measured 

integrin activity by using conformation specific antibodies. Serum starved wt and α-

actinin knockdown cells were kept in suspension for 1h and activated integrins were 

stabilized by addition of recombinant fibronectin III9-12 (a ligand of active integrin 

α5β1) and/or manganese ions (a global activator of integrins) as indicated. After 5 min, 

fixed cells were stained with antibody 9EG7, which only recognizes the active 

conformation of integin β1, and analyzed the cells by flow cytometry. Upon treatment 
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with both fibronectin and manganese, clear integrin activation was visible. This 

activation was strongly enhanced in α-actinin knockdown cells compared to control 

cells (Fig. M1-4A). In these suspended cells, integrin β1 was not activated by single 

treatment with either fibronectin or manganese (Fig. M1-4A) and the total amount of 

surface exposed integrin was unaltered (data not shown and Fig. M1-1B).  

The active conformation of integrin β1 is crucial for cell adherence on matrix proteins. 

We tested, if the increased integrin activity in α-actinin-knock-down cells results in 

enhanced cell adhesion. Therefore, we seeded cells on different ECM proteins serving 

as integrin ligands including fibronectin, vitronectin and collagen I as well as on 

gelatine. In addition, cells were seeded on the cationic polymer poly-L-lysine, which 

does not serve as a ligand for integrins. After 15 min of attachment, non-adherent cells 

were washed away and remaining cells were stained with crystal violet. α-actinin-1 and 

-4 knockdown cells bound to fibronectin more efficiently than wt and control cells (Fig. 

M1-4B). The enhanced adhesion correlated with the increased amount of activated 

integrin measured by flow cytometry. After longer adhesion periods (1 h), α-actinin 

knockdown cells showed increased adherence to other integrin ligands such as 

vitronectin Fig. M1-4C). 

In platelets it has been shown that phosphorylated α-actinin binds to integrin αIIbβ3 

(Tadokoro et al., 2011). Upon stimulation of integrin αIIbβ3, α-actinin gets 

dephosphorylated and dissociates from integrin αIIbβ3. We could confirm the effect of 

α-actinin phosphorylation in HEK293T cells. We transfected HEK293T cells with GFP-

fusion proteins of α-actinin-1wt, phosphorylation defective α-actinin-1 Y12F, pseudo 

phosphorylated α-actinin-1 Y12E or the empty vector pEGFP and starved the cells. 

After suspension, integrins were activated by fibronectin and manganese and cells were 

lysed. Integrin β1 was immunoprecipitated and the precipitate was probed with a GFP 

antibody. Indeed, we could show that upon integrin activation, α-actinin wt dissociated 

from integrin β1, whereas α-actinin-1 Y12F was not co-immunoprecipitated with 

integrin β1 and α-actinin-1 Y12F was always bound to integrin (Fig. M1-4D). This 

indicates that the phosphorylation status of α-actinin regulates the binding of α-actinin 

to integrin.  
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Figure M1-4: α-actinin inhibits integrin activation. A) Starved knockdown and control MEFs were kept in 

suspension and treated with 4µg/ml fibronectin III9-12 and/or 10mM MnCl2 as indicated for 5 min. After 

fixation, active integrin β1 was stained with antibody 9EG7 and measured by flow cytometry. B) Starved 

knockdown and control MEFs were kept in suspension before seeding on fibronectin, vitronectin, 

collagen I, gelatine and poly-L-lysine. After 15 min non-adherent cells were washed away and adherent 

cells were stained with crystal violet and quantified by OD550 measurement.  C) Starved knockdown and 
control MEFs were kept in suspension before seeding on fibronectin, vitronectin, collagen I, gelatine and 

poly-L-lysine. After 1 h non-adherent cells were washed away and adherent cells were stained with 

crystal violet and quantified by OD550 measurement. D) HEK293T cells were transfected with GFP-

fusions of actinin-1 wt, actinin-1 Y12F, α-actinin-1 Y12E or the empty vector pEGFP. Cells were starved 

and kept in suspension for 1 h before treatment with 4µg/ml fibronectin III9-12 and 10mM MnCl2 for 5 

min. Cells were lysed and integrin β1 was immunoprecipitated with P5D2 antibody. Samples were 

analyzed by western blotting using a GFP antibody. 
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Cell spreading and migration are impeded by the interaction of α-actinin and 

integrin β1 

 

The binding sites for α-actinin and talin on the cytoplasmic tail of integrin are in close 

proximity. Accordingly, the localization to focal adhesion and, thereby, the integrin 

activation might be regulated by competitive binding. As shown in Figure. M1-4D, α-

actinin Y12F is not able to bind integrin β1, whereas α-actinin Y12E is constantly 

associated with the integrin. Thus, we wondered, if the expression of these constructs 

could rescue the effect of the α-actinin knockdown on integrin-mediated-processes. We 

transfected α-actinin knockdown cells with the empty vector, α-actinin-1 wt, α-actinin-4 

wt, α-actinin-1 Y12E and α-actinin-1 Y12F and starved the cells. After suspension for 

1h, we seeded the cells on fibronectin for 1h, fixed and stained the cells. We measured 

the cell area with ImageJ (Girish and Vijayalakshmi, 2004). Interestingly, we could 

show that overexpression of α-actinin-1 or -4 wt or of α-actinin-1 Y12E could inhibit 

cell spreading, however, non-integrin-binding α-actinin-1 Y12F had no effect on the 

spreading behavior (Fig. M1-5A). Next, we transfected wt and α-actinin knockdown 

cells with the same constructs, seeded them on fibronectin and starved them over night. 

The next day, we added serum containing medium and followed the spontaneous 

migration of single cells during life cell microscopy. We measured the migration 

velocity of single cells with the manual tracking tool of ImageJ (Girish and 

Vijayalakshmi, 2004) and observed that the α-actinin constructs that were able to bind 

and thereby inhibit integrin β1 (α-actinin-1 or -4 wt as well as α-actinin-1 Y12E) 

impeded cell migration, whereas overexpression of non-integrin-binding α-actinin-1 

Y12F had only a slight effect on the migration (Fig. M1-5B). The Expression of the 

constructs is shown n Figure M1-5C. 
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Fig. M1-5: Cell spreading and migration are impeded by the interaction of α-actinin and integrin β1. A) 

α-actinin knockdown cells were transfected with the empty vector pEGFP, or GFP-fusion constructs of α-

actinin-1 wt, α-actinin-4 wt, α-actinin-1 Y12F or α-actinin-1 Y12E and starved. After trypsin treatment, 

cells were kept in suspension for 1 h and seeded on fibronectin for 1 h. Cells were fixed and stained by 

cy3-conjugated phalloidin. Cell area was determined using ImageJ. B) α-actinin knockdown cells were 

transfected with the empty vector pEGFP, or GFP-fusion constructs of α-actinin-1 wt, α-actinin-4 wt, α-

actinin-1 Y12F or α-actinin-1 Y12E, seeded on fibronectin and starved. After 20 h, medium was 

exchanged by serum containing medium and spontaneous cell migration was observed using life cell 
imaging. Migration velocity was measured using ImageJ. C) Expression of the constructs was detected by 

western blotting using an α-GFP antibody. 

 

 

3.1.4 Discussion 

Although α-actinin returned into the focus of many groups, its role in integrin-mediated 

processes is poorly understood and controversial. In the present study, we provide lines 

of evidence of the regulatory effect of α-actinin on integrin activation. In line with 

previous reports, we show that the knockdown of α-actinin dramatically enhances cell 

spreading, but decreases cell motility on fibronectin (Sen et al., 2009; Shao et al., 2010). 

The proposed mechanism of α-actinin regulating cell spreading and migration is via 

integrin activation. Although the expression of focal adhesion proteins is not affected by 

the knockdown, the composition of focal adhesions is disturbed. As a consequence, 
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focal adhesions in α-actinin knockdown cells are vinculin and pY397-FAK free, but 

contain a high amount of talin. The increased recruitment of talin to focal adhesions 

presumably leads to the observed activation of integrin β1 and, thus, to a more efficient 

binding to ECM protein fibronectin. This indicates a crucial role for α-actinin in inside-

out integrin signaling. On the other hand, α-actinin also inhibits integrin activation 

triggered by its ligand fibronectin and manganese pointing out the involvement in 

outside-in integrin signaling. The effects of α-actinin knockdown can be rescued by 

overexpression of α-actinin-1 or -4 wt, but of not non-integrin-binding mutants.  

The inhibitory effect of α-actinins on integrin αIIbβ3 activation has been described 

recently (Tadokoro et al., 2011). α-actinins were found at integrins αIIbβ3 in resting 

platelets. However, upon integrin stimulation by protease-stimulated receptors 1 and 4, 

α-actinins were dephosphorylated and dissociated from integrins. The authors also 

observed an increase in integrin activation after knockdown of α-actinin and proposed a 

model of integrin activation based on the sterical hinderance of α-actinin preventing 

integrin from flipping to the high-affinity conformation. We not only discovered a 

similar inhibitory effect of α-actinin on integrin β1 in MEFs, but also found a new 

regulatory aspect of integrin activation by talin: The displacement of talin from focal 

adhesions by α-actinin.  

It has been shown, that binding of talin to the membrane proximal NPxY motif on the 

integrin β1 tail is essential for cell spreading, focal adhesion and stress-fiber formation 

(Nieves et al., 2010). Depletion of talin even in presence of constitutive active integrin 

β1 inhibits these processes unless the integrin activation inhibitor filamin is also 

depleted. Interestingly, filamin and talin both have overlapping binding sites at the 

NPxY motif on the integrin tail. Indeed, a competing mechanism for integrin binding 

has been described (Kiema et al., 2006). A second talin binding site in the integrin tail 

overlaps with the α-actinin binding site. In contrast to integrin β1, the NMR structure of 

integrin β3 has been determined in the presence of the cytoplasmic domain of integrin 

αIIb (Brown and Rose, 1992). By structure alignment of 3D-models of integrin β3-talin 

and integrin β3-α-actinin, it has been proposed that a simultaneous binding of α-actinin 

and talin to integrin β3 is possible. Both proteins are placed in proximity, but on 

opposite sites of the cytoplasmic tail (Menzies, 2003). However, the 100kDa α-actinin 

is probably able to disturb other binding sites on integrin impeding talin to bind to the 

proximal NPxY motif. 
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The inhibitory effect of the knockdown of α-actinin on migration might be based on the 

activity on FAK, a key regulator of migration, which has been described to be 

depending on α-actinin-1 (Craig et al., 2007a) and also been observed in this study. This 

correlates with the finding that α-actinin-4 expression is increased in many carcinoma 

cells (Barbolina et al., 2008; Honda et al., 1998; Koizumi et al., 2010; Welsch et al., 

2009). Moreover, induced overexpression of α-actinin-4 in cancer cell lines lead to 

enhanced motility and invasiveness (Honda et al., 2005). On the other hand, activation 

of integrin β1 by antibodies impaired tube formation in endothelial cells (Nieves et al., 

2010). Thus, integrin activation must be tightly regulated, which is not the case during 

α-actinin knockdown. 

Tyrosine phosphorylation of Y12 weakens the affinity for actin (Izaguirre et al., 

2001)and is involved in the interaction of α-actinin and integrin β1. By 

immunoprecipitating integrin β1 from whole cell lysates of resting (suspended) or 

activated (manganese-fibronectin treatment), we observed that integrin activation 

dissociates α-actinin wt from integrin β1, while the binding of α-actinin Y12F and 

Y12E was not affected: α-actinin Y12F was not co-immunoprecipitated from 

inactivated or activated cell lysate and α-actinin Y12E was always associated with 

integrins. By cryoelectron microscopy, the integrin proximal amino acids have been 

designated to P303, E304, Y467 and Y468 (Menzies, 2003). The mechanism of how 

phosphorylation of Y12 in the actin-binding domain of α-actinin regulates the binding 

to integrins is not yet determined, but it indicates that kinases and phosphatases such as 

SHP-1 (Lin et al., 2004) or FAK (Izaguirre et al., 2001) allowing for a tight regulation 

of integrin activation. The actin-binding capacity of α-actinin seems to influence the 

ability to associate with integrins. 

It has been shown before, that α-actinin activates FAK signaling (Craig et al., 2007a), 

thus, it is not surprising that we did not detect pY397-FAK at focal adhesions. However, 

it is not clear, how vinculin affects integrin activation. As the focal adhesions in α-

actinin knockdown cells are deprived of vinculin, the change in integrin activation 

might not only be dependent on the absence of α-actinin. It has been reported that 

vinculin knockout cells exhibit reduced spreading and increased random migration 

(Ziegler et al., 2006). This is the contrary effect derived from knockdown of α-actinin. It 

might be that the displacement of vinculin partially compensates the effect of α-actinin 

knockdown and the changes evoked by the knockdown have a much stronger effect in 
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vinculin knockout cells. However, the exact interaction between α-actinin, talin, 

vinculin and integrins has to be analyzed more thoroughly. 
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3.2  Manuscript 2: Caveolin limits membrane microdomain 

mobility and integrin-mediated uptake of fibronectin-

binding pathogens 

 

Anne Berking*, Christine Hoffmann*, Franziska Agerer , Alexander Buntru, Florian 

Neske, G. Singh Chhatwal, Knut Ohlsen, and Christof R. Hauck 

 

*these authors contributed equally 

 

3.2.1 Summary 

Staphylococcus aureus, a leading cause of hospital-acquired infections, binds via 

fibronectin (Fn) to integrin α5β1, a process that can promote host colonization in vivo. 

Integrin engagement induces actin cytoskeleton rearrangements that result in the uptake 

of S. aureus by non-professional phagocytic cells. Interestingly, Fn-binding S. aureus 

triggered the redistribution of membrane microdomain (MM) components. In particular, 

ganglioside GM1 and GPI-linked proteins were recruited upon integrin β1 engagement, 

and disruption of MMs blocked bacterial internalization. Several MM-associated 

proteins such as flotillin-1 and -2 as well as caveolin were recruited to sites of bacterial 

attachment. Whereas dominant-negative versions of flotillin-2 did not affect bacterial 

attachment or internalisation, cells deficient for caveolin-1 (Cav1-/-) showed increased 

uptake of S. aureus and other Fn-binding pathogens. Recruitment of MMs to cell-

associated bacteria was unaltered in Cav1-/- cells. However, fluorescence recovery after 

photobleaching (FRAP) revealed an enhanced mobility of MM-associated proteins in 

the absence of caveolin-1. Enhanced MM-mobility and increased uptake of S. aureus 

was repressed by expression of wildtype caveolin-1, but not caveolin-1 G83S, which 

harbors a point mutation in the caveolin scaffolding domain. Similarly, chemical or 

physical stimulation of membrane fluidity led to increased uptake of S. aureus. These 

results highlight a critical role for caveolin-1 in negatively regulating MM mobility, 

thereby affecting endocytosis of bacteria-engaged integrins. This process might not only 

limit host cell invasion by integrin-binding bacterial pathogens, but might be 

physiologically relevant for integrin-mediated cell adhesion. 
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3.2.2 Introduction 

Pathogenic bacteria and viruses use various endocytic pathways and receptors to enter 

host cells (Pizarro-Cerda and Cossart, 2006). One major group of eukaryotic receptors 

involved in the uptake of pathogens are integrins, heterodimeric glycoproteins, which 

play an important role in different cellular processes such as cell adhesion, migration 

and proliferation (Hynes, 2002; van der Flier and Sonnenberg, 2001). Though the 

primary role of most integrins is to connect cells with the extracellular matrix (ECM) or 

with neighboring cells, they can also mediate endocytotic processes. Classical studies 

have demonstrated that under steady state conditions in adherent CHO cells about 10% - 

15% of the fibronectin receptor cycles between an endocytic compartment and the cell 

surface within 10 minutes (Bretscher, 1989). Steady-state endocytosis of integrins 

seems to occur in the absence of a ligand and involves the clathrin-dependent 

endocytosis machinery (Caswell and Norman, 2008). In addition to an endocytotic 

recycling of unoccupied receptors, integrins are involved in the uptake of ligands. There 

are dedicated phagocytotic integrins, such as integrin αMβ2 (complement receptor 3), 

that internalize particulate material (Dupuy and Caron, 2008). Furthermore, integrin 

αvβ3, the collagen-binding integrin α2β1, and the fibronectin-binding integrin α5β1 are 

taken up together with their ligands, thereby contributing to the turnover of the 

extracellular matrix (Lee et al., 1996; Memmo and McKeown-Longo, 1998; Shi and 

Sottile, 2008).  

Several pathogenic bacteria exploit this endocytotic capacity of integrins to promote 

internalization by non-professional phagocytes (Hauck et al., 2006). Bacterial proteins 

such as the Yersinia enterocolitica Invasin directly bind to integrins and, upon receptor 

clustering, induce a zipper-style uptake mechanism that involves integrin-associated 

protein tyrosine kinase signaling and reorganization of the actin cytoskeleton (Alrutz 

and Isberg, 1998; Dersch and Isberg, 1999). In contrast, other microbes have evolved 

ECM-binding proteins, which they use to immobilize integrin ligands on their surface 

(Boyle and Finlay, 2003). Gram-positive bacteria such as Staphylococcus aureus and 

Streptococcus pyogenes express cell-wall anchored fibronectin-binding proteins (FnBPs 

or Sfb1, respectively) that are able to capture soluble fibronectin (Fn) (Hauck and 

Ohlsen, 2006). An extended protein-protein interaction between repeats in the bacterial 

adhesin and the type I modules of Fn secures the ECM protein on the bacterial surface 

(Schwarz-Linek et al., 2003). Bacteria-bound Fn exposes the tripeptide RGD-motif 
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within the tenth Fn type III module that allows association with cellular integrins. 

Thereby, these pathogens utilize the physiological ligand to connect to integrin α5β1 

(Fowler et al., 2000; Sinha et al., 1999). Upon engagement of integrin α5β1, Fn-coated 

bacteria trigger recruitment of integrin-associated proteins and activate tyrosine kinases 

such as FAK and Src (Agerer et al., 2005; Agerer et al., 2003; Fowler et al., 2003; Ozeri 

et al., 2001). In contrast to Yersinia Invasin-mediated internalization, ultrastructural 

analysis of the uptake of Fn-coated streptococci or staphylococci reveals only minor cell 

protrusions that could be involved in a zipper-style uptake (Agerer et al., 2005; Rohde 

et al., 2003). Moreover, large invaginations are formed beneath the Fn-coated bacteria 

and immunofluorescence and transmission electron microscopy suggests that caveolin-

containing membrane microdomains are involved in the uptake process (Agerer et al., 

2005; Rohde et al., 2003). 

Recently, the endocytosis and turnover of Fn via integrin α5β1 has been linked to 

caveolin-1 and has been shown to occur in a clathrin-independent manner (Shi and 

Sottile, 2008; Sottile and Chandler, 2005). Earlier investigations in T lymphocytes had 

suggested that upon ligand binding, integrins move into a cholesterol- and ganglioside-

rich membrane fraction and converge with membrane regions containing GPI-anchored 

proteins (Leitinger and Hogg, 2002; van Zanten et al., 2009). In turn, activation of 

integrins also results in accumulation of ganglioside GM1 and increases membrane 

order (del Pozo et al., 2004; Gaus et al., 2006) suggesting that ligand-bound integrins 

are able to locally influence the lipid composition of their membrane microenvironment. 

However, it is currently unknown, if Fn-coated bacteria induce changes in the 

organization of the host cell membrane and if such alterations have a functional role for 

the integrin-mediated endocytosis of the bacteria.  

Therefore, we analyzed the distribution of membrane microdomains (MMs) upon 

contact of Fn-binding S. aureus to host integrins. Engagement of integrins by Fn-coated 

bacteria or recombinant bacterial adhesins led to a local accumulation of MMs and 

cholesterol-depletion reduced integrin-initiated uptake of the bacteria. Surprisingly, 

genetic deletion or RNAi-mediated knock-down of caveolin-1 strongly enhanced 

internalization of bacteria. Caveolin-1-deficient cells exhibited increased mobility of 

MM components that correlated with increased bacterial uptake and that was reverted 

by expression of wildtype, but not a scaffolding-domain mutant of caveolin-1. 

Furthermore, physical or chemical enhancement of MM mobility increased the 
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internalization of S. aureus in the presence of caveolin. Together, our results not only 

demonstrate a functional role for cholesterol-rich membrane-microdomains in bacterial 

internalization, but also reveal a critical contribution of caveolin-1 to limit membrane 

mobility and endocytosis of ligand-occupied integrins. 

 

3.2.3 Results 

 

Attachment of S. aureus to host cells induces the redistribution of membrane 

microdomains 

Integrins have been implicated in the organization of ganglioside-rich and caveolin-

positive microdomains in the plasma membrane. In particular, integrin binding to the 

extracellular matrix influences the distribution of ganglioside GM1 and increases local 

membrane order (del Pozo et al., 2004; Gaus et al., 2006). To investigate, whether 

integrin engagement by fibronectin-binding Staphylococcus aureus alters the 

distribution of membrane components in mammalian cells, mouse fibroblasts were 

infected for 2 h either with rhodamine-labeled S. aureus (strain Cowan) or with the non-

fibronectin-binding species S. carnosus. Following infection, the fixed samples were 

stained with the FITC-coupled cholera toxin B-subunit (CT-FITC) that selectively binds 

to ganglioside GM1. Clearly, a pronounced local accumulation of GM1 was observed in 

the vicinity of cell-attached S. aureus, but not S. carnosus (Fig. M2-1A). Quantification 

of the fluorescence signals showed that GM1 was highly enriched within a 1 – 2 µm 

distance surrounding the bacteria (Fig. M2-1A). In contrast to the strong recruitment of 

GM1, the ganglioside Gb3, which was visualized by the shiga toxin B-subunit (Sandvig 

et al., 1993), was only found occasionally in the vicinity of cell-associated 

staphylococci (supplementary material Fig. S1) suggesting a recruitment of particular 

subsets of membrane microdomains to adherent bacteria. 

Ganglioside- and cholesterol-rich membrane microdomains are also enriched for GPI-

anchored proteins (for review see (Kinoshita et al., 2008)). Indeed, a pronounced 

recruitment of a GPI-anchored green fluorescent protein (GPI-GFP) to cell-attached S. 

aureus was observed (Fig. M2-1B). Recruitment of GM1 required host cell integrin ß1 

as accumulation of GM1 around cell-associated bacteria was not observed when 

integrin ß1-deficient mouse embryonic fibroblasts (MEFs) were infected with S. aureus 

(supplementary material Fig. S2).  
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Figure M2-1. Membrane microdomains accumulate in the vicinity of cell-attached S. aureus. (A) 

Integrin-expressing fibroblasts were infected for 2 h with rhodamine-labelled S. aureus Cowan or 

S. carnosus. After fixation, ganglioside GM1 was stained with CT-FITC. Samples were examined by 

confocal microscopy. Cell-associated S. aureus (arrows) or S. carnosus (arrowheads) are indicated. Bars, 

10 µm. The marked areas (red box) were enlarged and the local recruitment of GM1-enriched membrane 

microdomains (green line) to cell-associated bacteria (red line) was quantified by plotting the 

fluorescence intensity as detected in the FITC and rhodamine channels, respectively, against the distance. 

The percentage of GM1-recruiting bacteria was quantified by scoring all cell-associated bacteria for 20 

cells each from three separate experiments. The bars represent the mean values ± S.D. (B) Fibroblasts 

were transfected with GFP-GPI and infected with rhodamine-labelled S. aureus for 2 h. The marked area 

is enlarged (red box) and shown as an inset. GFP-GPI recruitment to cell-associated S. aureus is indicated 

(arrows). Bars, 10 µm. The percentage of GPI-GFP-recruiting bacteria was quantified as in (A). 
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In contrast, stable re-expression of human integrin ß1 restored the accumulation of GM1 

at the sites, where bacteria engaged the host integrin (supplementary material Fig. S2). 

These results demonstrate that fibronectin-binding S. aureus induces the redistribution 

of specific membrane microdomains upon contact with the host cell membrane. 

 

Recruitment of membrane-microdomains depends on the expression of 

staphyloccocal FnBP-A 

To further corroborate the finding that integrin engagement by the bacteria is critical to 

alter the distribution of membrane components, we infected integrin-expressing 

fibroblasts with either fibronectin-binding S. aureus-strain MA12 or an isogenic mutant 

strain lacking both fibronectin-binding proteins (MA12 ΔFnBP-A/FnBP-B). After 2 h 

infection with rhodamine-labeled bacteria, cells were fixed and GM1 was visualised 

using CT-FITC. Importantly, whereas cell-contact of wildtype S. aureus MA12 again 

induced accumulation of GM1 in the vicinity of bacteria, the isogenic FnBP-A/FnBP-B-

double mutant not only showed severely reduced adhesion to the host cells, but also 

completely lacked the ability to redistribute the ganglioside (supplementary material 

Fig. S3A). To confirm that membrane microdomain recruitment is triggered by 

staphylococcal FnBP, the commensal Streptococcus gordonii was transformed with the 

full-length FnBP-A sequence from S. aureus. Similar to the non-pathogenic 

Staphylococcus carnosus, Streptococcus gordonii does not posses fibronectin-binding 

proteins and does not bind to Fn. However, the recombinant S. gordonii strain 

expressing staphylococcal FnBP-A (S. gordonii FnBP-A) was able to bind Fn 

(supplementary material Fig. S3B). Importantly, S. gordonii FnBP-A induced the local 

recruitment of GM1 upon host cell contact, whereas wildtype S. gordonii did not alter 

the distribution of GM1 (Fig. M2-2A). These data further demonstrate that FnBP-

mediated contact to host integrin α5β1 is necessary to trigger the redistribution of 

plasma membrane components in the vicinity of cell-attached bacteria. 

 

S. aureus FnBP-A is sufficient to induce membrane-microdomain recruitment 

The results with wildtype and mutated S. aureus and S. gordonii strains do not formally 

rule out the possibility that upon first host cell contact via FnBP and fibronectin to 

integrin α5β1 additional bacterial products are necessary to induce the recruitment of 

membrane microdomains. To investigate if FnBP-initiated processes are sufficient to 
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modulate the local composition of the plasma membrane, we employed a recombinant, 

fibronectin-binding domain of S. aureus FnBP-A (GST-FnBP; (Agerer et al., 2003)). 

Accordingly, polystyrene microbeads were covalently coupled with either GST-FnBP 

(FnBP-beads) or GST alone (GST-beads) and then incubated with human serum. 

Binding of plasma fibronectin to FnBP-beads, but not to GST beads was detected after 

staining with a monoclonal β-fibronectin antibody followed by flow cytometry analyses 

(Fig. M2-2B). The serum-treated beads were also incubated with integrin-expressing 

fibroblasts and the fixed samples were stained for GM1. Interestingly, FnBP-coupled 

beads strongly recruited the ganglioside GM1, whereas no recruitment was observed 

around GST-coupled beads (Fig. M2-2C). Furthermore, a GPI-anchored protein (GPI-

GFP) also co-localized with ganglioside GM1 and FnBP-coupled beads (supplementary 

material Fig. S4). These results demonstrate that FnBP-mediated host cell contact is not 

only necessary, but also sufficient to recruit GM1-rich membrane microdomains. 
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Figure M2-2. Fibronectin-binding protein together with fibronectin is sufficient for the recruitment of 

GM1-enriched membrane microdomains. (A) Integrin-expressing fibroblasts were infected for 2 h with 

FITC-labelled Streptococcus gordonii or S. gordonii expressing FnBP-A, respectively. After fixation, 

samples were stained with fluorescent cholera toxin B subunit. Cell-associated S. gordonii does not 

recruit GM1 (arrowhead), whereas FnBP-A-expressing S. gordonii recruits membrane microdomains 

(arrows). Bars, 10 µm. The inset shows an enlargement of the GM1 recruitment by S. gordonii FnBP-A. 

(B) FnBP-A B-domain-, fibronectin-, and GST-coupled beads were incubated with human serum for 2 h. 
After incubation, beads were washed and stained with monoclonal anti-fibronectin antibody (HFN7.1) 

followed by FITC-coupled goat-anti-mouse antibodies. Subsequently, beads were analysed by flow 

cytometry. (C) Fibroblasts were incubated for 2 h with FnBP-A B-domain coupled beads or GST beads, 

respectively. After fixation, cells were stained for GM1. Beads coupled with FnBP-A (arrows), but not 

GST (arrowheads) recruit GM1. Bars, 10 µm. The percentage of GM1-recruiting microbeads was 

quantified by scoring all cell-associated beads for 20 cells each from three separate experiments. The bars 

represent the mean values ± S.D. 
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Membrane-microdomains have a functional role during the integrin-mediated 

uptake of S. aureus 

Membrane microdomains are disrupted by cholesterol-chelating agents such as methyl-

β-cyclodextrin (MβCD), nystatin, or filipin. Therefore, human embryonic kidney 293 

cells were treated with increasing concentrations of MβCD 30 minutes prior to infection 

with S. aureus or S. carnosus, respectively. After 2 h of infection, bacterial adhesion to 

the host cells and the amount of viable intracellular bacteria were determined. 

Importantly, attachment of S. aureus to the human cells was not disturbed by MβCD in 

the applied concentration range (Fig. M2-3A). However, MβCD treatment interfered in 

a dose-dependent manner with the uptake of S. aureus into host cells (Fig. M2-3B). 

Similar results were obtained with the cholesterol chelators filipin and nystatin, 

respectively (supplementary material Fig. S5). To further corroborate that the reduced 

number of viable intracellular bacteria is indeed due to a reduced integrin-mediated 

internalisation, we measured cellular uptake of fluorescent bacteria by a flow cytometric 

assay (Pils et al., 2006a). Therefore, 293 cells were treated or not with MβCD and then 

infected with fluorescein-labeled bacteria. 2 h after infection, the fluorescence of 

extracellular bacteria was quenched by addition of trypan blue and the remaining cell-

associated fluorescence was taken as a direct measure for the amount of dead and viable 

intracellular bacteria. Accordingly, non-invasive bacteria, such as S. carnosus, do not 

lead to cell-associated fluorescence, whereas about 60% of the infected cell population 

contains intracellular S. aureus (Fig. 3C). Clearly, upon treatment with MβCD uptake of 

S. aureus was strongly reduced in comparison to untreated cells (Fig. M2-3C and D).  

To exclude the possibility of an overall cytotoxic effect of the cholesterol chelator, cells 

treated with 1 mM MβCD were infected for 2 h with S. aureus either immediately after 

MβCD treatment or following different times of recovery in MβCD-free growth 

medium. Again, treatment with 1 mM MβCD strongly diminished internalization of the 

bacteria (Fig. M2-3E). However, this effect was reversible and cells regained their 

ability to internalize S. aureus within 2 – 4 hours after withdrawal of MβCD (Fig. M2-

3E). 8 h after MβCD withdrawal, internalization of S. aureus by MβCD pre-treated cells 

was comparable to untreated samples (Fig. M2-3E). These data indicate that 

ganglioside- and cholesterol-rich membrane microdomains play a critical functional role 

during the integrin β1 dependent uptake of S. aureus by mammalian cells.  
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Figure M2-3. Disruption of membrane microdomains impairs internalization of S. aureus. A) Cells were 

treated with different concentrations of methyl-β-cyclodextrin (MßCD) and afterwards infected for 2 h 

with S. aureus or S. carnosus at MOI 20. Cell-associated bacteria were quantified after detergent lysis of 

the eukaryotic cells and dilution plating of the bacteria on TSB plates. The graph shows mean values ± 

S.D. of a representative experiment done in triplicate. (B) Cells were treated as described in (A) and 

intracellular bacteria were determined by gentamicin/lysostaphin protection assays. The bars represent 

mean values ± S.D. of a representative experiment done in triplicate. (C) 293 cells were infected with 

FITC-labelled S. aureus or S. carnosus for 2 h. After washing, the fluorescence of extracellular bacteria 

was quenched by addition of trypan blue and the cell-associated fluorescence derived from intracellular 

bacteria was quantified by flow cytometry. Dot plots show a representative experiment, where the number 
indicates the percentage of cells harbouring intracellular bacteria. (FL1, intensity in the fluorescein 

channel; FSC, forward scatter). (D) The number of internalized bacteria in C) was estimated by 

multiplying the percentage of infected cells with the mean fluorescence intensity (uptake index). The bars 

represent mean values ± S.D. of a representative experiment done in triplicate. (E) 293 cells were treated 

or not with 1 mM MßCD. Cells were either infected for 2 h immediately after the 30 min MßCD 

treatment or after the indicated time following replacement of MßCD by regular growth medium (wash 

out). The number of intracellular bacteria was determined by gentamicin/lysostaphin protection assays. 

The bar graph shows mean values ± S.D. of an experiment done in triplicate.  
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Flotillin-1, flotillin-2 and caveolin, but not stomatin are recruited to the site of 

infection. 

To analyze whether membrane-microdomain-associated proteins are involved in the 

internalization process of S. aureus, we analysed the recruitment of stomatin, flotillin-1, 

flotillin-2 and caveolin. These proteins are known to localize to cellular membranes, 

including the plasma membrane and all are enriched in membrane microdomains 

(Browman et al., 2007; Frick et al., 2007; Neumann-Giesen et al., 2004; Salzer and 

Prohaska, 2001). MEFs were transfected with constructs coding for the indicated GFP-

tagged proteins, infected with fluorescence labeled S. aureus and stained with 

AlexaFluor555-coupled cholera toxin b subunit (CT-555). In the case of stomatin, no 

co-localization between this protein, S. aureus and GM1 was detected (Fig. M2-4). In 

contrast, both flotillin-1 and flotillin-2 were strongly recruited to cell-attached S. aureus 

together with ganglioside GM1 (Fig. M2-4). Furthermore, limited recruitment of GFP-

caveolin was observed (Fig. M2-4) that was most pronounced within 30 minutes after 

S. aureus contact with host cells.  

 

Caveolin-1 deficiency enhances integrin-mediated uptake of S. aureus 

To test the functional significance of the membrane-microdomain organizing proteins 

for bacterial internalization, we first overexpressed dominant-negative forms of flotillin-

1 or flotillin-2 that were reported to interfere with flotillin-enriched raft formation 

(Neumann-Giesen et al., 2004). Importantly, no alteration of S. aureus invasion could 

be observed in the presence of these flotillin mutants suggesting that flotillins have no 

functional relevance in this process (supplementary material Fig. S6). To investigate the 

role of caveolin, we employed a fibroblast line derived from caveolin1-deficient mice 

(Cav-/- cells) (Drab et al., 2001). Surprisingly, uptake of S. aureus by Cav-/- cells was 

strongly enhanced compared to wildtype fibroblasts (CavWT), whereas bacterial 

attachment to the cell surface was indistinguishable between Cav-/- and CavWT cells 

(Fig. M2-5A and B).  
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Figure M2-4. A distinct set of membrane microdomain-associated proteins is recruited to the site of 

staphylococcal attachment. Integrin-expressing fibroblasts were transfected with constructs encoding the 

GFP-tagged membrane microdomain marker proteins stomatin, flotillin-1, flotillin-2, and caveolin-1. 
Cells were infected for 2 h with biotin-labelled S. aureus. After fixation and permeabilization, ganglioside 

GM1 was stained with cholera toxin and the bacteria were visualized with streptavidin-Cy5. Recruitment 

of fluorescent proteins to GM1 and cell-attached bacteria is indicated by white arrows. The arrowhead 

indicates the lack of stomatin recruitment to cell-associated bacteria. Bars, 10 µm. The marked areas 

(white boxes) were enlarged and the local recruitment of GFP or the GFP-tagged proteins (green line) to 

cell-associated bacteria (cyan line) was quantified by plotting the fluorescence intensity as detected in the 

FITC and Cy5-channels, respectively, along the indicated white line against the distance. 
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These observations suggested that the presence of caveolin-1 does not alter the 

availability of integrin α5β1 on the cell surface, but interferes with endocytosis of 

fibronectin-coated bacteria. We also verified the complete lack of caveolin-1 expression 

in Cav-/- cells by Western blot analysis and analysed the expression of integrin β1, α-

actinin and vinculin, respectively. Expression of integrin β1 and associated proteins was 

not altered in Cav-/- cells compared to CavWT cells (Fig. M2-5C). Scanning electron 

microscopy (SEM) suggested that FnBP-coated microbeads were more efficiently 

internalized by Cav-/- cells compared to wildtype cells, and Cav-/- cells were often 

observed to take up large clusters of particles (Fig. M2-5D). Clearly, the uptake of 

bacteria in Cav-/- cells was still sensitive to MCD treatment indicating that the 

enhanced internalization in these cells does not occur by a mechanistically distinct 

endocytic pathway (supplementary material Fig. S7). 

To analyze if the inhibitory capacity of caveolin is a general phenomenon, we tested an 

additional example of integrin-mediated bacterial uptake. Therefore, we employed 

isogenic Neisseria gonorrhoeae strains, which either express a fibronectin-binding 

adhesin (Ngo Opa50) or do not express any Opa protein (Ngo Opa-). Similar to the 

FnBP adhesin of S. aureus, the Opa50 protein of N. gonorrhoeae engages integrin α5β1 

indirectly via recruitment of fibronectin (van Putten et al., 1998). Importantly, a 

comparable increase in internalization was observed, when Cav-/- cells were infected 

with the Opa50-expressing strain in the presence of fibronectin, whereas the non-

opaque bacteria were hardly internalized by both cell lines (Fig. M2-5E).  
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Figure M2-5.. The presence of caveolin negatively regulates bacterial internalization. 

(A) Wildtype (CavWT) or caveolin-1-deficient (Cav-/-) mouse fibroblasts were infected for 2 h with S. 

aureus or S. carnosus. Total cell-associated bacteria were quantified. The bars show mean values ± 

S.E.M. of three independent experiments done in triplicate. Samples were compared against CavWT cells 

infected with S. aureus and significance was evaluated by Mann-Whitney-Test. *P<0.05; n.s. not 

significant. (B) Cells were infected as in (A) and intracellular bacteria were determined by 

gentamicin/lysostaphin protection assays. Data were evaluated as in (A). *P<0.05; ***P<0.001. (C) 

Caveolin expression in CavWT and Cav-/- cells was evaluated by Western blotting of whole cell lysates 

with monoclonal α-caveolin-1 antibody. Expression of integrin β1, α-actinin and vinculin was also 

analysed. (D) CavWT and Cav-/- cells were incubated with FnBP-coated microbeads for 2 h. Samples 
were fixed and analysed by scanning electron microscopy (SEM). (E) CavWT and Cav-/- cells were 

infected with N. gonorrhoeae Opa50 or N. gornorrhoeae Opa- for 2 h at MOI 100 in the presence of 

fibronectin. Internalization of bacteria was measured by gentamicin protection assay. The graphs shows 

mean values ± S.E.M. of two independent experiments done in triplicate. Statistical significance was 

evaluated by Mann-Whitney-Test. *P<0.05. 
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These results demonstrated that caveolin diminishes uptake of fibronectin-coated 

microbes via integrin α5β1 and suggest that the inhibitory function of caveolin might 

pertain to the integrin-mediated uptake of ligand-coated particles in general. 

 

Enhanced bacterial uptake by caveolin-1-deficient cells is not due to modulation of 

Src activity or increased recruitment of membrane microdomains. 

Caveolin is a substrate of Src family protein tyrosine kinases (PTKs) and has been 

suggested to act in a negative feedback loop to limit Src PTK activity via the 

recruitment of Csk (Neet and Hunter, 1995). As the integrin-mediated uptake of S. 

aureus requires Src PTK activity (Agerer et al., 2003), we wondered if the inhibitory 

effect of caveolin-1 on integrin-mediated internalization might be due to its inhibition of 

Src PTKs. Therefore, we used fibroblasts expressing a constitutively active, truncated 

form of Src (v-Src) that can not be regulated by Csk. Importantly, siRNA-mediated 

knock-down of caveolin-1 increased the integrin-mediated internalization of S. aureus 

by NIH v-Src cells to a similar extent as observed before with wildtype fibroblasts (Fig. 

M2-6A). These results suggested that increased uptake of bacteria in Cav-/- cells is not 

due to the release of a caveolin-dependent inhibitory feedback-loop impinging on Src 

activity. Therefore, caveolin-1 blocks integrin-mediated endocytosis of S. aureus by a 

mechanism distinct from its effect on Src activity. 

A further explanation for the surprising inhibitory role of caveolin-1 during integrin-

mediated uptake of S. aureus could be that a lack of caveolin-1 releases limiting 

membrane microdomain components from caveolae leading to enhanced accumulation 

of GM1-enriched membrane microdomains at the site of pathogen-host cell contact. 

However, microscopic analysis of GM1 distribution at the cell surface revealed a 

similar extent of GM1-positive membrane microdomains surrounding Fn-bound 

bacteria in both Cav-/- as well as CavWT cells (Fig. M2-6B). This is in line with 

previous reports that have found similar amounts of GM1 at the surface of adherent 

caveolin-1 expressing and caveolin-1-deficient cells (del Pozo et al., 2005). Therefore, 

caveolin-1 does not seem to sequester membrane components to interfere with 

microdomain-mediated uptake. 
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Figure M2-6.. Enhanced bacterial uptake in Cav-/- cells is independent from modulation of Src activity or 

increased membrane microdomain recruitment. 

(A) NIH v-Src cells were treated with siRNA against caveolin for 48h before infection with S. aureus for 

2 h. Intracellular bacteria were determined by gentamicin/lysostaphin protection assay. The bars represent 

mean values ± S.E.M. of a representative experiment done in triplicate. (B) Caveolin expression in NIH 

v-Src cells, treated with siRNA against caveolin, was evaluated by Western blotting of whole cells lysates 

with α-caveolin-1 antibody (upper panel). The membrane was stripped and re-probed with β-tubulin 

antibodies (lower panel). (C) CavWT and Cav-/- cells were infected with rhodamine-labeled S. aureus for 

2 h. After infection, cells were fixed and stained with CT-FITC without prior permeabilization to 

selectively detect surface localized GM1. Recruitment of GM1-enriched membrane microdomains to cell-
attached bacteria is indicated by arrows. Bars, 10 µm. The percentage of GM1-recruiting bacteria was 

quantified by scoring all cell-associated bacteria of 15 cells each from three separate experiments. The 

bars represent the mean values ± S.D. 
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Caveolin-1 interferes with membrane protein mobility and blocks integrin-

mediated uptake of S. aureus 

Caveolin-1 has oligomerization and scaffolding functions, which stabilize the lipid 

microenvironment in the membrane, and this capacity might interfere with membrane 

mobility required for bacterial internalization. Therefore we employed fluorescence 

recovery after photobleaching (FRAP) experiments to determine the degree of mobility 

of a membrane microdomain-associated protein in the presence or absence of caveolin. 

CavWT and Cav-/- cells were transfected with GFP-GPI as a marker for membrane 

microdomains. After bleaching a defined region of interest (ROI), the half-life times of 

fluorescence recovery were measured and the diffusion coefficient was calculated. 

Clearly, mobility of GFP-GPI was increased in Cav-/- cells compared to CavWT cells 

(Fig. M2-7A). We further performed FRAP experiments with GFP-GPI-transfected 

cells upon infection with S. aureus. Mobility of GFP-GPI was also strongly increased in 

the membrane microdomains surrounding the integrin-bound bacteria in cells lacking 

caveolin compared to CavWT cells (Fig. M2-7B). Importantly, mobility of CEACAM3, 

a receptor that does not localize to membrane microdomains (Muenzner et al., 2008; 

Schmitter et al., 2007a), is not altered in Cav-/- cells (Fig. M2-7C), whereas mobility of 

GM1, as a second independent marker of membrane microdomains, is also increased in 

Cav-/- cells (supplementary material Fig. S8). These results suggest that caveolin-1 

selectively suppresses the mobility of membrane microdomain components. 

To investigate, if alterations in the mobility of membrane microdomain components 

could be mechanistically linked to integrin-mediated uptake of bacteria, we treated cells 

with Tween20, a detergent that has been shown to enhance the mobility of membrane 

proteins (Ghosh et al., 2002; Sergent et al., 2005). Tween20 did not effect bacterial 

adhesion, but strongly increased the number of internalized bacteria (Fig. M2-7D).  
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Figure M2-7. Mobility of membrane microdomains positively correlates with integrin-mediated 

internalization of S. aureus. 

(A) CavWT and Cav-/- cells were transfected with GFP-GPI. A region of interest (ROI) was bleached 

with high laser intensity. Recovery of fluorescence was recorded every 0.113 s after bleaching. 

Representative FRAP curves are shown for CavWT and Cav-/- cells, respectively. From half-life times of 

fluorescence recovery the diffusion coefficient D was calculated from FRAP measurements in 14 cells, 

each. Statistically significance was evaluated by unpaired t-test. ***P<0.001. Representative images from 

one FRAP experiment, including one pre-bleach and three post-bleach images from the indicated time 

points, are shown. Images at 0.113 sec represent the first image after bleaching. Bleaching area is 

indicated as a punctated circle. Bars, 10µm. (B) CavWT and Cav-/- cells were transfected with GFP-GPI. 

The next day cells were infected with rhodamine-labelled S. aureus for 1h and analyzed via FRAP. A 

small region of recruited GFP-GPI close to the bacteria was bleached. FRAP was performed and 

evaluated as described in (A). *P<0.05. Bars, 10 µm. (C) CavWT and Cav-/- cells were transfected with 

GFP-CEACAM3 and analyzed by FRAP as in (A). The diffusion coefficient D was calculated from 

FRAP measurements in 10 cells, each. Statistically significance was evaluated by unpaired t-test. n.s., not 
significant, p>0.05. (D) Integrin-expressing fibroblasts were treated with Tween20 for 30 min. Treated 

cells were infected with S. aureus for 2 h at MOI 20. Total cell associated (left panel) and intracellular 

bacteria (right panel) were determined. The bars represent mean values ± S.E.M. of two experiments done 

in triplicate. (E) Integrin-expressing fibroblasts were transfected with GFP-GPI. FRAP experiments were 

performed at 33°C, 37°C, and 41°C and evaluated as described in (A). Diffusion coefficient D was 

calculated from FRAP measurements in 14 cells, each (left panel). Parallel samples were infected with S. 

aureus for 2 h at MOI 20. After infection, total cell-associated and intracellular bacteria were determined 

in parallel samples. The bar represents mean percentage of invasive bacteria ± S.E.M. of two experiments 

done in triplicate. Statistically significance was evaluated by Mann-Whitney-Test. *P<0.05; **P<0.01. 
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Similar to chemical agents, physical parameters such as temperature have a strong effect 

on the fluidity of membrane lipids and the mobility of membrane proteins. Thus, we 

transfected mouse embryonic fibroblasts with GFP-GPI and monitored the mobility of 

membrane microdomains at 33°C, 37°C and 41°C. Mobility of GFP-GPI was strictly 

correlated with temperature (Fig. M2-7E). Accordingly, the diffusion coefficient D for 

GFP-GPI was highest at 41°C, and at this temperature D for GFP-GPI in wildtype 

fibroblasts was comparable to the diffusion coefficient observed in Cav-/- cells at 37°C 

(Fig M2-7E). Infection of fibroblasts under the different temperature regimes revealed 

that enhanced membrane mobility at 41°C correlated with increased bacterial uptake, 

whereas decreased membrane mobility at 33°C was associated with decreased bacterial 

internalization (Fig M2-7E). Together, these data point to membrane microdomain 

mobility, which can be modulated by caveolin-1, as a limiting factor for integrin-

mediated bacterial internalization. 

 

Caveolin scaffolding function is required for reduced mobility of membrane 

microdomain-associated proteins 

In caveolin-3, mutations have been described from muscle dystrophy patients that are 

located in the amino-terminal oligomerization and scaffolding domain (McNally et al., 

1998). In contrast to several other point mutations or microdeletions in this part of 

caveolin-3, the missense mutation G55S in caveolin-3 does not interfere with the 

normal transport of the protein to the plasma membrane, but affects membrane protein 

trafficking (Hernandez-Deviez et al., 2008). Therefore, we introduced the corresponding 

mutation into the scaffolding domain of caveolin-1 (G83S) by site-directed mutagenesis 

(Fig. M2-8A). Upon expression of wildtype caveolin-1 in Cav-/- cells, uptake of FnBP-

coated latex beads was severely reduced compared to Cav-/- cells transfected with the 

cerulean-encoding control construct further confirming the inhibitory role of this 

membrane-microdomain-associated protein (Fig. M2-8B and C). In contrast, re-

expression of caveolin-1 G83S did not affect the efficient internalization of FnBP-

coated latex beads (Fig. M2-8B and C). Importantly, the G83S mutation in the 

scaffolding domain also abolished the ability of caveolin-1 to suppress membrane 

mobility of GFP-GPI (Fig. M2-8D), strongly supporting the idea that caveolin-1 affects 

uptake of integrin-associated bacteria by interfering with the mobility of membrane 

microdomain components via its scaffolding function. 
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Figure M2-8. Caveolin-1 wildtype, but not a scaffolding domain mutant, suppress membrane 

microdomain mobility and FnBP-triggered uptake. 

(A) Amino acid alignment of the human caveolin-1 and caveolin-3 scaffolding domain. Identical amino 

acids are highlighted in red and the G55S mutation in caveolin-3 as well as the analogous G83S point 

mutations in caveolin-1 are marked by green. (B) Cav-/- cells were transfected with a cerulean (Cer)-

encoding control vector or plasmids coding for wildtype caveolin-1-cerulean (Cav wt) or G83S caveolin-

1-cerulean (Cav G83S) and incubated with biotin/rhodamine-labelled FnBP-coated beads for 2 h. After 

fixation, extracellular beads were stained with streptavidin-Cy2. Number of intra- and extracellular beads 

per cells from each sample was determined from 40 cells of two independent experiments. Statistical 

significance was evaluated by Mann-Whitney-Test ***P<0.001. (C) Samples from (B) were analyzed by 

confocal microscopy. Arrows point to intracellular bacteria (red in the overlay), whereas arrowheads 

highlight extracellular bacteria (yellow in the overlay). Bars represent 10 µm. (D) Cav-/- cells were 

transfected with GFP-GPI together with a cerulean (Cer)-encoding control vector or plasmids coding Cav 

wt or Cav G83S, respectively. FRAP experiments were performed and the diffusion coefficient D for 

GFP-GPI was calculated from FRAP measurements in 10 cells, each. Statistically significance was 
evaluated by unpaired t-test. *P<0.05; n.s., not significant. 
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3.2.4 Discussion 

Numerous bacterial pathogens and viruses not only bind to integrins on the surface of 

host cells, but also exploit the endocytotic properties of these receptors to get access to 

an intracellular niche. We show here that the internalization of fibronectin-coated 

bacteria requires the integrin-initiated recruitment of sphingolipid- and cholesterol-rich 

membrane microdomains. The uptake process seems to depend on the mobility of 

membrane microdomain components and is modulated by the presence of the protein 

caveolin-1, membrane mobility-changing agents, or the ambient temperature. These 

data highlight the close functional link between integrin engagement and the spatial 

organization of the plasma membrane, but also imply a novel role for caveolin-1-

mediated scaffolding of membrane microdomain components to suppress their 

endocytosis. 

Cell entry by several different pathogens, which engage distinct surface receptors, 

involves membrane microdomains (Gulbins et al., 2004; Lafont and van der Goot, 2005; 

Riethmuller et al., 2006). Depletion of cholesterol or a lack of membrane sphingolipids 

impairs entry of Shigella flexneri (Lafont et al., 2002). As cholesterol depletion affects 

the interaction between the Shigella effector protein IpaB and its cellular receptor 

CD44, the integrity of lipid rafts is critical for the initial host cell contact in this context 

(Lafont et al., 2002). In the case of Listeria monocytogenes, it has been demonstrated 

that cell contact of the bacteria via distinct adhesive proteins, the E-cadherin-binding 

Internalin A (InlA) as well as the c-Met-binding InlB, results in the recruitment of 

membrane microdomain components such as ganglioside GM1 as well as GPI-linked 

proteins (Seveau et al., 2004). Depletion of cholesterol before infection with InlA-

expressing Listeria or before incubation with InlA-coated microbeads reduces clustering 

of E-cadherin and affects the initial adhesion to the eukaryotic cells (Seveau et al., 

2004). 

This is different to the situation observed by us for Staphylococcus aureus FnBP-

mediated host-cell contact, where cholesterol-depletion selectively affects the 

endocytosis, but not the adhesion of the bacteria to the receptor. An analogous 

observation has been made for Streptococcus pyogenes strains that connect to host cell 

integrin α5β1 via fibronectin, resembling staphylococci in this respect (Talay et al., 

2000). Methyl-β-cyclodextrin treatment blocks S. pyogenes internalization, but not host 

cell association (Rohde et al., 2003). Similarly, outer-membrane vesicles of 
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Porphyromonas gingivalis, which cluster integrin β1 upon host cell contact, exhibit 

diminished internalization by cholesterol-depleted or sphingolipid-deficient cells, 

whereas host cell adhesion of P. gingivalis membrane vesicles is not compromised 

under these conditions (Tsuda et al., 2008). Furthermore, host cell adhesion by 

Salmonella typhimurium is undisturbed by methyl-β-cyclodextrin treatment, even 

though cholesterol-rich membrane domains are critical during Salmonella invasion 

(Garner et al., 2002). These results suggest that availability and clustering of some 

receptors, such as integrin β1, on the surface of eukaryotic cells is not dependent on 

membrane microdomains, whereas other surface receptors such as E-cadherin or CD44 

might allow functional interactions only in the presence of intact cholesterol- and 

sphingolipid-rich membrane microdomains. That membrane microdomain organization 

is downstream of integrin activation and not a pre-requisite for integrin engagement is 

also supported by studies that determined membrane lipid order in the vicinity of 

integrins (Gaus et al., 2006). Upon release of cells from the substrate, the organization 

of GM1-containing membrane regions is strongly perturbed, whereas in adherent cells, 

where high-affinity, active integrins are engaged by a physiological ligand, membrane 

order is re-established (Gaus et al., 2006). 

A clear mechanistic difference in membrane microdomain-mediated uptake of different 

bacteria relates to the role of caveolin-1. Whereas siRNA-mediated knock-down of 

caveolin-1 expression results in a reduction of InlA-triggered uptake of Listeria 

(Bonazzi et al., 2008), caveolin-1-deficiency leads to increased internalization of 

S. aureus. This discrepancy might be connected to the above mentioned difference in 

the dependence on membrane microdomains for clustering of the involved receptors, 

either E-cadherin or integrin β1, respectively. Indeed, caveolin-1 knock-down impairs 

recruitment of E-cadherin to the sites of bacterial attachment thereby contributing to 

reduced E-cadherin-mediated uptake of InlA-expressing bacteria (Bonazzi et al., 2008). 

In support of our findings, several investigations have pointed to a negative regulatory 

role of caveolin for endocytotic processes. SV40, a non-enveloped DNA virus, utilizes 

the endocytotic properties of caveolae to enter cells and to reach the endoplasmatic 

reticulum (Pelkmans et al., 2001). Interestingly, caveolin-1-deficient murine fibroblasts 

internalize SV40 more efficiently than caveolin-1-expressing cells (Damm et al., 2005). 

Similar conclusions have been reached by studying physiological endocytotic processes 

including internalization of autocrine motility factor receptor, endocytosis of dysferlin, a 



                                                                                                         Manuscripts 

 

57 

membrane protein of skeletal muscle cells, or internalization of GM1-containing 

membrane microdomains (Hernandez-Deviez et al., 2008; Lajoie et al., 2009b; Le et al., 

2002). In all three cases, the presence of caveolin-1 correlates with reduced endocytosis 

of the studied molecules. These results together with our findings suggest that caveolin-

1 impairs rather than promotes uptake of particular cholesterol- and sphingolipid-rich 

membrane microdomains and associated components (Kirkham and Parton, 2005). 

Caveolin-1 has also been reported to be critical for the transport of GPI-linked proteins 

from the Golgi complex to the plasma membrane (Sotgia et al., 2002). However, the 

caveolin-1-deficient cells isolated from mice generated by Kurzchalia and colleagues 

(Drab et al., 2001) that were used in our study, do not show an alteration in the surface 

transport and surface localization of GPI-anchored proteins compared to wildtype 

fibroblasts (Manninen et al., 2005). Clearly, caveolin-1 functions as a protein scaffold 

and participates in the distribution of membrane components into spatially separated 

subdomains (Lajoie et al., 2009a). An analogous membrane organizing function is 

mediated by proteins of the SPFH domain family encompassing flotillin-1 and -2 as 

well as stomatin (Browman et al., 2007). Similar to caveolin, the SPFH domain 

containing proteins oligomerize to create stable membrane platforms (Sargiacomo et al., 

1995; Solis et al., 2007). However, though flotillins are abundant in membrane 

microdomains surrounding cell-attached S. aureus, they do not appear to influence 

internalization of these bacteria. Therefore, obstruction of integrin-mediated particle 

uptake is not a general feature of oligomeric, membrane-microdomain associated 

proteins. 

Overlapping with the oligomerization domain, caveolins posses a scaffolding domain 

(caveolin scaffolding domain, CSD), which associates with membrane proteins 

containing a complete or partial ФxФxxxxФxxФ-motif, where Ф represents an aromatic 

amino acid (Couet et al., 1997). Interestingly, the integrin α5 subunit contains a 

ФxxФxxxФФ sequence at the interface of the transmembrane and the cytosolic domain 

that is reminiscent of the CSD binding motif. Indeed, a link between caveolin-1 and 

several integrin α subunits has been reported previously (Wary et al., 1998). Supporting 

the idea that the scaffolding properties of caveolin are important to limit the mobility of 

membrane microdomain components and to suppress the endocytosis of integrin-bound 

bacteria, a point mutation in the CSD abolished the ability of caveolin-1 to modulate 

these cellular functions. It is important to note, that the analogous point mutation in the 
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caveolin-3 CSD is associated with muscular dystrophy and affects the internalization of 

the muscle-specific membrane protein dysferlin (Hernandez-Deviez et al., 2008; 

McNally et al., 1998). Accordingly, scaffolding of surface proteins in cholesterol- and 

sphingolipid-rich membrane domains by caveolins might be a common means to 

prevent or slow down endocytosis of distinct receptors. From a conceptual point of 

view, it is highly plausible that in contrast to many signaling receptors, which are 

rapidly endocytosed upon ligand binding, receptors with adhesive functions should be 

stabilized at the plasma membrane upon binding of their ligand. 

Together, our data suggest that integrin engagement by fibronectin-coated bacteria 

induces the formation of a cholesterol- and sphingolipid-rich membrane 

microenvironment. The transient recruitment of caveolin-1 and the scaffolding function 

of this oligomeric protein interfere with the mobility of membrane microdomain 

components and stabilize the ligand-occupied integrin at the plasma membrane. 

Accordingly, caveolin-1 is able to curtail the internalization of ECM-coated bacteria as 

reported here for the first time. Interestingly, genetic deletion of caveolin-1, mild 

detergents, or enhanced ambient temperature promote membrane mobility and at the 

same time these treatments enhance the uptake of S. aureus via fibronectin-binding 

integrin α5β1. Modulation of membrane mobility by cellular factors and by systemic 

responses such as fever is a novel aspect of pathogen-host interaction that could 

represent a decisive factor during invasion by obligatory and facultative intracellular 

bacterial pathogens. More importantly, the impairment of membrane microdomain 

mobility mediated by the caveolin-1 scaffolding domain might have an important role in 

regulating the endocytosis of distinct surface receptors thereby affecting numerous 

physiological processes. 
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3.2.6 Supplementary Material: 

Caveolin limits membrane microdomain mobility and 

integrin-mediated uptake of fibronectin-binding pathogens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure M2-S1. Ganglioside Gb3 is only partially recruited to cell attached bacteria. Fibroblasts were 

infected or not with S. aureus Cowan. After fixation and permeabilization, cells were stained with Cy3-

labelled shiga-toxin B subunit. Recruitment of Gb3 to cell attached bacteria is indicated by white arrows. 
Scale bars: 10 µm.  
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Figure M2-S2. Recruitment of GM1 by S. aureus requires integrin b1. (A) Fibroblasts deficient for 

integrin β1 (MEF Int β1−/−) and MEF Int β1−/− re-expressing human integrin β1 (MEF hIntβ1) were 

infected for 2 hours with biotin-labelled S. aureus. After fixation and permeabilization, cells were stained 

with CT-555, and the bacteria were visualized with streptavidin-Cy5. Recruitment of GM1-enriched 
membrane microdomains to cell attached S. aureus is indicated (arrows). Scale bars: 10 µm. (B) MEF 

hIntβ1 were infected with Rhodamine-labelled S. aureus for 2 hours. After fixation and permeabilization, 

samples were stained with CT-FITC and monoclonal anti-integrin β1 antibody (AIIB2) followed by goat-

anti-rabbit antibodies conjugated with Cy5. Recruitment of integrin β1 and GM1 to cell-attached bacteria 

is indicated by white arrows. Scale bars: 10 µm. 

 

 

 

 

 

 



                                                                                                         Manuscripts 

 

62 

 

Figure M2-S3. Expression of fibronectin-binding protein is necessary for the recruitment of GM1-

enriched membrane microdomains. (A) Integrin-expressing fibroblasts were infected for 2 hours with 

Rhodamine-labelled S. aureus MA12 or S. aureus MA12 ΔFnBP-A/B at MOI 20. After fixation, cells 

were stained with CT-FITC. Cell-associated S. aureus MA12 recruits GM1 (arrows), whereas S. aureus 

MA12 ΔFnBP-A/B fails to recruit membrane microdomains (arrowheads). Scale bars: 10 µm. (B) S. 
aureus, S. carnosus, S. gordonii (S.go.) FnBP-A and S. gordonii (S.go.) WT, respectively, were incubated 

with serum for 30 minutes. Subsequently, bacteria were lysed and evaluated by western blotting with α-

fibronectin antibody (clone IST-1) (upper panel). The membrane was stained with Coomassie Brilliant 

Blue (CBB) to visualize the equal loading of the samples (lower panel). 
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Figure M2-S4. GPI−GFP recruitment by FnBP-A. HEK293 cells were transfected with GFP−GPI and 

incubated for 2 hours with FnBP-coupled beads. After fixation, cells were stained with CT-555. 

Recruitment of GFP−GPI and GM1 to FnBP-coupled beads is indicated (arrows). Scale bars: 10 µm. 

 

 

Figure M2-S5. Disruption of membrane microdomains impairs internalization of S. aureus. HEK293 cells 

were treated with different concentrations of filipin and nystatin and afterwards infected for 2 hours with 
S. aureus Cowan at MOI 20. Before lysis of the eukaryotic cells, extracellular bacteria were killed by 

gentamicin and lysostaphin treatment (gentamicin/lysostaphin protection assay). The graph shows mean 

values ± s.d. of two independent experiments done in triplicate. 
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Figure M2-S6. Interfering with flotillin function does not impair staphylococcal internalization. (A) 

HEK293 cells were transfected with vectors encoding GFP, flotillin2-7xYF-GFP, flotillin2-G2A-GFP, or 

flotillin2-EA-GFP. Transfected cells were infected with S. aureus at a MOI of 20 for 2 hours. Adherent 

bacteria were measured by dilution plating of cell-asssociated bacteria. The graphs show mean values ± 

s.d. of two independent experiments done in triplicate. (B) Internalization was measured as described in A 

after killing of extracellular bacteria by gentamicin-lysostaphin treatment. (C) Transfection efficiency of 

the used constructs was analysed by flow cytometry measuring GFP fluorescence. (D) Expression of 

flotillin mutants was confirmed by western blotting of whole cell lysates (WCL) with monoclonal anti-

GFP antibody. 
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Fig. S7. Bacterial internalization by caveolin-1-knockout cells is sensitive to cholesterol depletion. Cells 

were treated or not with the indicated concentrations of methyl-β-cyclodextrin (MβCD) and afterwards 

infected for 2 hours with S. aureus Cowan at MOI 20. Before lysis of the eukaryotic cells, extracellular 

bacteria were killed by gentamicin-lysostaphin treatment (gentamicin/lysostaphin protection assay). The 
graph shows mean values ± s.d. of two independent experiments done in triplicate. 

 

Fig. S8. Caveolin-1-knockout cells show enhanced membrane mobility of ganglioside GM1. CavWT and 
Cav−/− cells were incubated with fluorescein-labeled cholera toxin (CT-FITC). A region of interest (ROI) 

was bleached with high laser intensity. Recovery of fluorescence was recorded every 0.113 seconds after 

bleaching. From half-life times of fluorescence recovery the diffusion coefficient D was calculated from 

FRAP measurements in 14 cells, each. Statistically significance was evaluated by unpaired t-test. 

***P<0.001. 
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3.3 Manuscript 3: Phosphatidylinositolphosphate modifying 

enzymes orchestrate the internalization of Staphylococcus 

aureus in host cells 

 

Anne Berking, Christof Hauck 

 

3.3.1 Summary 

Phosphoinositides have been shown to be involved in cell migration, cell-cell adhesion, 

endocytosis, exocytosis and membrane trafficking. Many pathogenic bacteria employ 

the endocytotic machinery of host cells in order to get internalized. We could show that 

PtdIns-4,5-P2 and PtdIns-3,4,5-P3 are generated at elevated levels at the contact sites 

between host cells and pathogenic Staphyloccus aureus.The essential kinase providing 

PtdIns-4,5-P2 is the PIP5KIγ which ist recruited to the site of attachment upon infection 

with S. aureus. We observed that the knockdown or knockout of PIP5KIγ impedes 

bacterial uptake dramatically. Additionally, PI3Ks are recruited to the site of contact 

where they play an essential role during the uptake process. Blocking free available 

PtdIns-3,4,5-P3 by overexpression of a PtdIns-3,4,5-P3-binding PH-domain or inhibition 

of PI3Ks by specific inhibitors reduced the uptake of S. aureus. These findings give new 

insights into the molecular uptake mechanism of S. aureus in host cells. 

 

3.3.2 Introduction 

Phosphoinositides have been shown to be involved in a variety of cellular processes 

including proliferation, membrane trafficking, endocytosis and cytoskeletal 

organization. There are seven different phosphoinositols: Phosphatidylinsositol 

(PtdIns)-3-phosphate (PtdIns-3-P), PtdIns-4-phosphate (PtdIns-4-P), PtsIns-5-phosphate 

(PtdIns-5-P), PtdIns-3,4-bisphosphate (PtdIns-3,4-P2), PtdIns-3,5-bisphosphate (PtdIns-

3,5-P2), PtdIns-4,5-bisphosphate (PtdIns-4,5-P2), PtdIns-3,4,5-trisphosphate (PtdIns-

3,4,5-P3). While most phosphoinositols are located in endosomal compartments, the 

trans-golgi network and secretory vesicles, PtdIns-4,5-P2 and PtdIns-3,4,5-P3 are 

concentrated at the plasma membrane (Di Paolo and De Camilli, 2006). There, they 

interact with intracellular or transmembrane proteins binding to H-, PX-, PTB-, FYVE-, 

ENTH- or FERM-domains or through electrostatic interactions (McLaughlin et al., 

2002; Yin and Janmey, 2003). 
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Especially, the role of PtdIns-4,5-P2 has been studied thoroughly. PtdIns-4,5-P2 is 

mainly generated by phosphorylation of PtdIns-4-P by type I PtdIns-4-P 5-kinases 

(PIP5Ks). Also dephosphorylation of the rare PtdIns-3,4,5-P3 by the inositol 

polyphosphate-3-phosphatase (PTEN) increases the local PtdIns-4,5-P2 concentration. 

This reaction is counterparted by phophorylation of PtdIns-4,5-P2 by PtdIns-3 kinases 

(PI3K) allowing for a highly regulated PtdIns-4,5-P2 level (Moks et al., 1986). 

Three PIP5K isoforms have been described, designated Iα, Iβ and Iγ (Bazenet et al., 

1990; Jenkins et al., 1994; Ling et al., 1989). Iα specifically localizes at membrane 

ruffles (Doughman et al., 2003), Iβ produces the PtdIns-4,5-P2 pool involved in 

endocytosis and Iγ is found mainly in focal adhesions (Ling et al., 2002). Of Iγ, two 

splicing variants were described: murine PIP5KIγ661 also called PIP5KIγ90 in humans 

and the shorter variant PIP5KIγ635 which is called PIP5KIγ87 in humans. The latter 

comprises a deletion of the last 26 amino acids which contains a talin binding site 

responsible for localization in focal adhesions. 

PtdIns-4,5-P2 is as substrate of phospholipase C (PLC) not only the precursor for the 

second messengers inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), but also 

takes part in various cell signaling pathways itself. Regulating the activity of many 

actin-associated proteins, it has been shown to be involved in the modulation of the 

actin cytoskeleton, focal adhesion formation, phagocytosis, vesicle trafficking and 

nuclear events. PtdIns-4,5-P2 binding proteins include integrins, α-actinins, talin, FAK, 

profilin, filamin, ERM domain containing proteins and Wiskott-Aldrich syndrome 

protein (WASP). Thus, PtdIns-4,5-P2 is involved in many kinds of endocytosis serving 

as co-receptor for the recruitment and regulation of endocytotic proteins (Di Paolo and 

De Camilli, 2006). PIP5K and PtdIns-4,5-P2 have been shown to be highly concentrated 

at the phagocytic cup at the early stage of phagocytosis recruiting actin (Botelho et al., 

2000). As soon as the cup seals, PIP5K and PtdIns-4,5-P2 are removed, which is crucial 

for particle ingestion.  

Phosphoinositols are also implicated in the uptake of several bacteria in non-

professional phagocytes. Shigella flexneri and Salmonella enterica have been reported 

to inject phosphoinositol modifying enzymes which facilitates their internalization 

(Niebuhr et al., 2002; Terebiznik et al., 2002). 

The regulation of the actin cytoskeleton by phosphoinositides is exploited by several 

pathogens. Infection of cells with Chlamydia caviae and Yersinia pseudotuberculosis 
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has been shown to activate PIP5K and increase the PtdIns-4,5-P2 level at the site of 

attachment. Both, knockdown of PIP5K or overexpression of a PtdIns-4,5-P2 specific 

phosphatase impaired the uptake of the bacteria (Balana et al., 2005; Wong and Isberg, 

2003). 

The gram-positive pathogen Staphylococcus aureus is a leading cause of nosocomial 

infection in industrialized countries (Hauck and Ohlsen, 2006; Lowy, 1998). S. aureus 

is a facultative intracellular bacterium presumably taking advantage of the protection of 

the host’s membrane against antibiotics and the immune system (Sinha et al., 1999). 

The contact between bacterium and host cell is mainly mediated by the cell wall-

attached fibronectin-binding protein (FnBP) of S. aureus. This surface protein belongs 

to the group of MSCRAMMs (microbial surface components recognizing adhesive 

matrix molecules) and utilizes the fibronectin of the extracellular matrix as a molecular 

bridge to bind to the host cell receptor integrin α5β1 of the host cell (Joh et al., 1999). 

Upon integrin-engagement, a focal contact-like complex forms at the site of bacterial 

attachment. The subsequent reorganization of the actin cytoskeleton initiates membrane 

invagination and internalization of S. aureus (Agerer et al., 2005). This and the role of 

phosphoinositides suggest that they play a major role in the regulation of S. aureus 

internalization. 

To address this question, we analyzed the influence of phosphoinositides on the uptake 

process. We observed that PIP5K was recruited to the site of S. aureus attachment 

where PtdIns-4,5-P2 was generated. Infected cells showed an elevated level of PtdIns-

4,5-P2. siRNA-mediated knockdown of PIP5KIα and γ dramatically reduced the number 

of internalized bacteria. Furthermore, genetic depletion of the talin binding domain of 

PIP5KIγ which is essential for PIP5K localization to focal contacts, impaired the uptake 

of S. aureus in fibroblasts. The overexpression of the PtdIns-4,5-P2 phosphatase PIPP 

also reduced the uptake. The rapamycin-induced translocation of phosphoinositide 

modifying enzymes to the site of bacteria attachment confirmed these data. 

Furthermore, PI3K accumulated around the attached bacteria correlating with a high 

concentration of PtdIns-3,4,5-P3. Blocking of PtdIns-3,4,5-P3 by overexpression of the 

PtdIns-3,4,5-P3-binding PH-domain of Btk impeded the bacterial uptake. Furthermore, 

the relevance of PI3Ks could be verified by treatment of HEK293T cells with PI3K-

inhibitors which significantly inhibited the uptake of S. aureus but not the binding to the 

host cell. Taken together, these data suggest a major role of the phosphoinositides 
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PtdIns-4,5-P2 and PtdIns-3,4,5-P3 in regulation the integrin-mediated internalization of 

S. aureus. 

 

3.3.3 Results 

 

PtdIns-4,5-P2  is generated at sites of bacterial attachment 

It has been shown by our group that the infection of HEK293T cells with S. aureus 

elevates the PtdIns-4,5-P2 level similar to plating the cells on fibronectin. Plating cells 

on poly-L-lysine or infection with non-pathogenic S. carnosus did not induce PtdIns-

4,5-P2 production (Podhorny, master thesis, 2010).  
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Figure M3-1: PtdIns-4,5-P2 is highly enriched at the infection site of S. aureus. HEK293T cells were 
transfected with GFP or GFP-PLCδ-PH and infected with rhodamine-labelled S. aureus or non-

pathogenic S. carnosus. After 2 h, samples were fixed. Recruitment of the fusion protein to the site of 

bacterial attachment is indicated by the arrow. Non-recruited protein is indicated by the arrow head. Bar, 

10µm. 

Fluorescent-labelled PH-domains are a useful tool for the specific tracking of the 

different phosphoinositides. We wanted to further investigate the production of PtdIns-



                                                                                                         Manuscripts 

 

70 

4,5-P2 visualizing the local concentration at the site of bacterial attachment. We 

transfected HEK293T cells with the GFP-coupled PH-domain of PLCδ which 

specifically binds to PtdIns-4,5-P2 and infected the cells with staphylococci. Upon 

infection with S. aureus, a strong enrichment of PtdIns-4,5-P2 was observed at the site 

of attachment (Fig. M3-1). Infection with non-pathogenic S. carnosus did not induce 

this enrichment. This indicates that PtdIns-4,5-P2 is generated at the site of S. aureus’ 

attachment to the host cell.  

 

PIP5K Iγ mediates the uptake of S. aureus 

To determine the PIP5K isoform responsible for the generation of PtdIns-4,5-P2 at the 

site of bacterial attachment, we used siRNA-mediated knockdown of the three isoforms 

in HeLa cells. The knockdown efficiency of the siRNA was confirmed by a semi-

quantitative PCR (Fig. M3-2A). We infected the cells carrying specific knockdowns for 

the three isoforms of PIP5K with staphylococci and treated them with gentamicin. 

Thereafter, we lysed the cells and determined the number of viable internalized bacteria 

by replating on TSB-agar. The knockdown of isoform Iγ strongly inhibited bacterial 

uptake while the invasion in Iα knockdown cells was decreased to a smaller degree. In 

contrast, down regulation of Iβ did not show any effect on this process (Fig. M3-2B 

left). The number of cell adhered bacteria in the different samples was comparable (Fig. 

M3-2B right). Indeed, we could confirm the relevance of isoform Iγ for the infection of 

HEK293T cells transfected with a GFP-PIPKIγ encoding plasmid. We observed that the 

kinase was highly concentrated at the site of bacterial attachment where it generates 

PtdIns-4,5-P2 (Fig. M3-2C).  
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Figure M3-2: PIP5KIγ is essential for S. aureus uptake. A) HeLa cells were transfected with siRNA 

against PIP5K Iα, β and γ. mRNA was detected by semi-quantitatve PCR. B) HeLa cells transfected with 

siRNA against PIP5KI isoforms were infected with S. aureus or S. carnosus and invasive bacteria were 

quantified by a gentamicin-lysostaphin protection assay (left). Cell-adherent bacteria were also quantified 

(right). The bars show mean values ± S.E.M. of one representative of three independent experiments done 

in triplicate. Samples were compared against untransfected cells infected with S. aureus and significance 

was evaluated by t-Test. *P<0.05. C) HEK293T cells were transfected with PIP5KIγ-GFP and infected 

with rhodamine-labelled S. aureus. Bars, 10µm. 

 

Deletion of the PIP5K talin binding site in fibroblasts impairs uptake of S. aureus  

Type Iγ of the PIPK subfamily includes the splice variants PIP5KIγ90 and PIP5KIγ87 

which lacks the talin-binding domain. To further analyze the role of PIPKIγ, we used 

transgenic mouse embryonic fibroblasts (MEFs) with a deletion of the talin-binding site 

of PIP5KIγ (PIP5KIγ90
-/-

) which is essential the localization to focal adhesions or with 

a deletion of the last exon impairing mRNA translation resulting in the complete 

depletion of protein expression (PIP5KIγ
-/-

, Fig. M3-3A). To verify the genotypes of the 

cells, we isolated chromosomal DNA and performed a PCR with primer that bind before 

the talin-binding site and in the last exon generating a product of about 1300 bp in 
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PIPKIγ wt samples (Fig. M3-3A). Accordingly, the PCR product of PIP5KIγ90
-/-

 cells 

was smaller (740bp) than the product of control cells, whereas PIP5KIγ
-/- 

cells did not 

have any product (Fig. M3-3B). Thus, the genotype was confirmed. The cells were 

infected with staphylococci and viable bacteria after gentamicin treatment were 

recovered. The uptake of S. aureus in the PIP5KIγ90
-/- 

MEFs was strongly impaired. 

However, the complete depletion of PIP5KIγ in PIP5KIγ
-/-

 MEFs only had a minor 

effect on staphylococcal invasion (Fig. M3-3C left). The number of cell adhered 

bacteria in the different samples was comparable (Fig. M3-3B right). This result was 

confirmed microscopically. MEFs were transfected with GFP, PIP5KIγ-GFP or 

dominant negative PIP5KIγ-GFP before infection with staphylococci. After fixation, the 

staining of the bacteria before and after permeabilization with different fluorescent 

labels resulted in the differential staining of intracellular and extracellular bacteria. 

Hardly any bacteria were found in PIP5KIγ90
-/-

 cells compared the control cells. The 

uptake could be rescued by overexpression of PIP5KIγ wt, but only partially with 

dominant negative PIP5KIγ (Fig. M3-3C). To take an even more detailed look at the 

sites of PIP5KIγ-mediated internalization of S. aureus, we infected PIP5KIγ90
-/-

 and 

control MEFs for one hour and prepared the cells for scanning electron microscopy. We 

confirmed a dramatic inhibition of S. aureus internalization in PIP5KIγ90
-/-

 MEFs in 

contrast to control cells. Whereas the plasma membrane of the control cells surrounded 

the bacteria efficiently, PIP5KIγ90
-/-

 MEFs only formed small invaginations around the 

bacteria during the same time period. 
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Figure M3-3: The uptake of S. aureus in PIP5KIγ90
-/-

 MEFs is impaired. A) Schematic view of PP5KIγ 
isoforms. B) Genotyping PCR of PIP5KIγ90

-/-
, PIP5KIγ

-/-
, and control cells. C) PIP5KIγ90

-/-
, PIP5KIγ

-/-
 

and control MEFs were infected with S. aureus or S. carnosus. Invasive bacteria were quantified by a 

gentamicin-lysostaphin protection assay (left). Cell-adherent bacteria were quantified to determine the 

binding ability (right). The graphs show mean values ± S.E.M. of a representative of three independent 

experiments done in triplicate. Samples were compared against PIP5KIγ90
fl/fl 

and PIP5KIγ
fl/fl

 cells 

infected with S. aureus and significance was evaluated by t-test. *P<0.05, ***P<0.0002 D) PIP5KIγ90
-/-

, 

PIP5KIγ
-/-

 and control MEFs were infected with S. aureus or S. carnosus. Extra- and intracellular bacteria 

were stained differentially. Bacteria numbers were counted. Graph shows a representative of two 

experiments done in duplicate. E) Scanning electron microscopy images of PIP5KIγ90
-/-

 and control 

MEFs infected with S. aureus. Bars, 2µm. 
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Overexpression and rapamycin-induced translocation of PtdIns-4,5-P2-related 

phosphatases to the site of infection inhibits bacterial invasion 

The overexpression of PtdIns-4,5-P2 phosphatases deregulates many cellular processes. 

We wanted to manipulate the PtdIns-4,5-P2 level at the contact site between bacteria and 

host cell without disrupting major functions. Therefore, we used the rapamycin-induced 

translocation system established for integrin-mediated infection assays (Döderlein, 

master thesis, 2008; Podhorny, master thesis, 2010). Integrin β1
-/-

 MEFs were used to 

generate cells stably expressing integrin β1-FRB (FKBP-rapamycin binding domain). 

FRB is a tag which can be used to translocate FKBP (FK506 binding protein)-fused 

proteins upon rapamycin treatment (Novick, 2003). Integrin β1-FRB expressing MEFs 

transfected with PtdIns-4,5-P2 5-phosphatase PIPP fused to YFP-FKBP showed a clear 

translocation upon rapamycin treatment (Podhorny, master thesis, 2010). Without either 

FRB, FKBP or rapamycin no translocation occurred. We used 0.1µM rapamycin which 

showed no effect on staphylococcal invasion (data not shown). PIPP-YFP-FKBP was 

translocated to cell-attached bacteria mediated by the recruitment of integrin β1 to the 

site of staphylococcal uptake (Fig. M3-4A). The overexpression and translocation of 

PIPP to integrin β1 impaired the uptake of S. aureus. Integrin β1-FRB expressing MEFs 

were transfected transiently with YFP, PIPP-YFP-FKB or dominant negative PIPP-

YFP-FKBP and infected with S. aureus or S. carnosus. After differential staining of 

intra- and extracellular bacteria, the invasion was quantified. Cells transfected with 

PIPP had a strongly reduced number of internalized S. aureus compared to cells 

transfected with the empty vector. Overexpression of dominant negative PIPP affected 

the uptake to a minor degree (Fig. M3-4B). There were no attached or internalized S. 

carnosus at any of the cells (data not shown). The expression of YFP-FKBP, PIPP-

YFP-FKBP or dominant negative PIPP-YFP-FKBP in integrin β1-FRB MEFs was 

detected by western blot using a α–GFP antibody (Fig. M3-4C). 
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Figure M3-4: Overexpression and rapamycin-induced translocation of PtdIns-4,5-P2-related phosphatases 

to the site of infection inhibits bacterial invasion. A) Integrin β1-FRB MEFs were transfected with PIPP-

YFP-FKBP and treated with 1µM rapamycin for 6h prior to infection with S. aureus for 2h before 

fixation. B) Integrin β1-/- and integrin β1-FRB MEFs were transfected with the empty vector pYFP-

FKBP, PIPP-YFP-FKBP or dominant negative PIPP-YFP-FKBP. After treatment with 1µM rapamycin 

for 6h, cells were infected with S. aureus for 2h and fixed. Extra- and intracellular bacteria were stained 

differentially. Bacteria numbers were counted. Graph shows a representative of two experiments done in 

duplicate. C) The expression of YFP-FKBP, PIPP-YFP-FKBP or dominant negative PIPP-YFP-FKBP in 

integrinβ1-FRB MEFs was detected by western blot using a α–GFP antibody. Bars, 10µm.  

 

 

 

The PI3K is highly concentrated at bacterial attachment site and generates PtdIns-

3,4,5-P3 

Since PtdIns-4,5-P2 is the precursor of PtdIns-3,4,5-P3 by phosphorylation by PI3K and 

PtdIns-3,4,5-P3  is like PtdIns-4,5-P2 involved in the regulation of the actin cytoskeleton 

and endocytosis, we analyzed the role of PtdIns-3,4,5-P3 for the uptake of S. aureus. We 

transfected HEK293T cells with GFP-fusion proteins of the PH-domain of Btk which 

specifically binds to PtdIns-3,4,5-P3 and the PH-domain of Akt which interacts with 

PtdIns-3,4,5-P3 and PtdIns-3,4-P2. Upon infection with S. aureus, both PH-domains are 

recruited to the site of attachment indicating a high concentration of PtdIns-3,4,5-P3 and 
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probably PtdIns-3,4-P2 in the vicinity of the bacterium (Fig. M3-5A). In contrast, the 

PH-domain of OSBP which binds only to PtdIns-4-P is not localized at the surroundings 

of S. aureus. Corresponding to the recruitment of the PH-domains of Btk and Akt, also 

the PI3K is enriched at the bacterium-cell contact, where it can generate PtdIns-3,4,5-P3 

by phosphorylation of the highly concentrated PtdIns-4,5-P2 (Fig. 5B). 

B
tk

-P
H

A
k

t-
P

H
O

S
B

P
-P

H
P

I3
K

A

B

GFPS. aureus overlay

B
tk

-P
H

A
k

t-
P

H
O

S
B

P
-P

H
P

I3
K

A

B

GFPS. aureus overlay

B
tk

-P
H

B
tk

-P
H

A
k

t-
P

H
O

S
B

P
-P

H
A

k
t-

P
H

O
S

B
P

-P
H

P
I3

K

A

B

GFPS. aureus overlay

 

 

Figure M3-5: PtdIns-3,4,5-P3 is highly enrichment at the infection site of S. aureus. A) HEK293T cells 

were transfected with GFP-Btk-PH, GFP-Akt-PH or GFP-OSBP-PH and infected with S. aureus before 

fixation. B) HEK293T cells were transfected with PI3K-GFP and infected with S. aureus before fixation. 

Bars, 10 µm. 
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PI3K activity is essential for the uptake of S. aureus 

The role of PtdIns-3,4,5-P3 in the uptake of S. aureus was further determined. We 

transfected HEK293T cells with the GFP-fused PH-domains of Btk and Akt and 

infected the cells with S. aureus or S. carnosus and viable bacteria after gentamicin 

treatment were recovered. The overexpression of BTK-PH decreased the uptake of S. 

aureus by around 50%, whereas with PH transfected cells could take up staphylococci 

almost normally indicating that the latter was not able to efficiently block PtdIns-3,4,5-

P3 for staphylococcal uptake (Fig. M3-6A left). The adherence to the cells was not 

influenced (Fig. M3-6A right). This observation was confirmed by HEK293T cells 

incubated with the PI3K specific inhibitors wortmannin and LY294002 during S. aureus 

infection. The internalization but not the adherence of S. aureus could be blocked by 

treatmentby this treatment indicating an important role of PtdIns-3,4,5-P3 for the uptake 

of S. aureus in host cells.  
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Figure M4-6: PI3K is essential for the uptake of S. aureus. A) HEK293T cells were transfected with GFP, 

GFP-Akt-PH, GFP-Btk-PH or GFP-OSBP-PH and infected with S. aureus or S. carnosus. Invasive 

bacteria were quantified by a gentamicin-lysostaphin protection assay (left). Cell-adherent bacteria were 
also quantified (right). The graphs show mean values ± S.E.M. of a representative of three independent 

experiments done in triplicate. Samples were compared against cells transfected with the empty vector 

and infected with S. aureus and significance was evaluated by t-test. *P<0.05. B) Whole cell lysates of 

HEK293T cells were repaired and analyzed by western blot using a α-GFP antibody. C) HEK293T cells 

were treated with PI3K-inhibitors wortmannin or LY294002 as indicated. Invasive bacteria were 

quantified by a gentamicin-lysostaphin protection assay (left). Cell-adherent bacteria were also quantified 

(right). The graphs show mean values ± S.E.M. of a representative of three independent experiments done 

in triplicate. 
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3.3.4 Discussion 

Phosphatidylinositides represent only a small portion of the total membrane lipid 

content. However, its tight regulation is crucial for actin-involving processes (Di Paolo 

and De Camilli, 2006) (Microbiology (2002), 148, 1737–1746). The uptake of many 

pathogens has been associated with phosphatidylinositides: The intracellular Legionella 

pneumophila that causes a potentially lethal pneumonia requires PI3K for the infection 

(Tachado et al., 2008). Also the uptake of Streptococcus pneumoniae into respiratory 

epithelial cells has been reported to be essentially dependent on PI3K (Agarwal and 

Hammerschmidt, 2009). Parasites as the protozoan Trypanosoma cruzy the causative 

agent of Chagas’ disease invade host cells through the formation of a membrane bound 

vacuole in a PtdIns-3,4,5-P3 dependent manner (Wilkowsky et al., 2001). 

On the other hand, pathogens suc as the extracellular pathogen enteropathogenic 

Escherichia coli (EPECs) inhibit their own uptake by macrophages by blocking the 

PI3K-dependent phagocytic pathway (Araki et al., 1996). PIP5K has also been reported 

to be crucial for the internalization of opsonized pathogens in macrophages (Mao et al., 

2009). Thus, it is intriguing that also the internalization of S. aureus in host cells which 

requires the reorganization of the actin cytoskeleton. This process depends on the 

availability of free phosophatidylinositides. We observed by colocalization studies that 

PtdIns-4,5-P2 as well as PtdIns-3,4,5-P3 are generated at the sites of bacterial 

attachment. PtdIns-4,5-P2 has been reported to be acculumated transiently at the 

phagosomal cup during the endocytosis process. So far, it is not clear how PtdIns-4,5-P2 

production is down regulated once the endocytic vesicle is sealed. It seems to be clear 

that a fraction is cleaved by phospholipase C. Another fraction is thought to be 

desphosphorylated by phosphoinositide-4- and/or 5-phosphatases and a third fraction is 

converted to PtdIns-3,4,5-P3 by PIP3Ks. The observation of this two 

phosphatidylinositide species at the contact site with the pathogen can be explained as a 

consequence of the transformation of PtdIns-4,5-P2 to PtdIns-3,4,5-P3 during the 

endocytic process  Furthermore, we could detect an enhanced PtdIns-4,5-P2 level in 

whole cell lysates after infection with fibronectin-bound S. aureus similar to the 

response of cells plated on fibronectin. 

Here, we demonstrated that the knockdown PIP5KIγ and PIP5KIα have an important 

role in S. aureus internalization. Our finding correlates with the finding that PIP5Kγ and 
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PIP5Kα are involved in different types of actin remodelling at sequential stages of 

phagocytosis (Mao et al., 2009).  

Here, we reported that a major role for PtdIns-4,5-P2 generating enzyme at the site of 

attachment is PIP5KIγ as the knockdown or knockout of this isoform leads to an 

impaired uptake of staphylococci.. We analyzed the uptake of S. aureus in MEFs with a 

complete deletion of PIP5KIγ (PIP5KIγ
-/-

) or a knockout of only the focal adhesion 

located PIP5KIγ splice variant (PIP5KIγ90
-/-

). Interestingly, the uptake of staphylococci 

In the case of PIP5KIγ
-/- 

depleted cells there might exist a compensational upregulation 

of other isoforms i.e. the membrane localized PIP5KIβ. Indeed, siRNA-mediated 

knockdown of single isoforms has been reported to influence the expression of the other 

two isoforms. In particular, the knockdown of PIP5KIα or Iγ resulted in a partial 

compensation by upregulation of Iβ and Iγ or Iα and Iβ expression, respectively. Thus, 

the transcription of PIP5KI genes is co-ordinately regulated in some manner (Padron et 

al., 2003). Consistant with the activity, we found a strong recruitment of GFP-PIP5KIγ 

to the site of the S. aureus attachment. 

Since integrin β1 and PIP5KIγ compete for the same binding site on talin, 

overexpression of PIP5KIγ or its C-terminal 26 amino acids negatively regulate the 

talin-integrin β1 interaction which might extract talin from focal adhesions 

independently of the kinase-activity (Barsukov et al., 2003; Di Paolo et al., 2002; Ling 

et al., 2002). Taken together our data suggest a delicated mechanism involving the 

activity of PIP5KIα, the recruitment of PIP5KIγ to the site of the attachment and the 

requiererment of an active PIP3K. 
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4 General discussion 

The regulation and exploitation of integrins are in the focus of this work. The highly 

conserved family of integrins is involved in a variety of cellular processes such as cell 

spreading, migration, proliferation and cell cycle progression. Thus, integrin 

dysfunction can cause many diseases including cancer, thrombosis, infections and 

autoimmune disorders (reviewed in (Cox et al., 2010)). Therefore, the understanding of 

integrin signaling and regulation is essential not only for the profound understanding of 

cellular events but also for the search of new therapeutic targets against diseases. 

Specifically, integrins have been shown to be exploited by several pathogens that are 

able in persist intracellular. The internalization into host cells affords the pathogens 

protection from antibiotics and from the host’s immune response. Examples of integri-

exploiting pathogens are Yersinia enterocolitica, Shigella flexneri, Streptococcus 

pyogenes and Staphylococcus aureus (Demali et al., 2006; Gustavsson et al., 2002; 

Ozeri et al., 1998). The fate of the organisms in the host is not clear yet, but it has been 

shown that the internalization allows the pathogens to persist and to cause recurrent 

infections (Clement et al., 2005). In the last decades, the increasing number of antibiotic 

resistence has shown the necessity for a better understanding of the uptake mechanism 

of pathogens. Especially, many multiresistent S. aureus strains were isolated leading to 

the requirement of new treatments. 

 

4.1 Integrin regulation by α-actinins 

We found that α-actinin inhibits integrin. Through co-localization studies and co-

immunoprecipitation, we also found out, that talin is displaced from focal adhesions by 

α-actinin. This displacement of integrin’s most important activator results in the 

inhibition of integrin activation.  

The deregulation of integrin activation is the cause for many diseases. In breast cancer, 

the expression of integrins α2β1, α5β1 and αVβ3 has been shown to be downregulated 

markedly (Zutter et al., 1990). This is in accordance with our findings that α-actinin 

inhibits integrins and correlates with the observed upregulation of α-actinins in several 

tumors (Craig et al., 2008; Honda et al., 2005; Quick and Skalli, 2010) which causes 

inhibition of integrins as described in this work and leads to increased cell motility and 

invasiveness. Thus, a tight regulation of integrin activation is essential. Although the 

cytoplasmic tail of integrins is very short (40-60 amino acids), several interaction 
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partners have specific binding sites resulting in significant overlaps. Therefore, it is not 

surprising that integrin interaction partners can regulate each other by influencing the 

binding capacity of integrin. 

A best described regulatory interaction partner of integrin is talin. Talin can bind to 

integrins β1, β2, β3, β5 and β7 and induces the conformational shift which opens 

integrin to expose all binding sites. Other proteins that regulate integrin activation have 

been described. The most prominent integrin inhibitor is filamin (Kiema et al., 2006). 

With its 280 kDa, filamin binds to the NPxY of integrin impeding talin binding and 

thereby integrin activation. Here, we propose that α-actinin acts in a similar manner as a 

negative regulator of integrin. 

At focal adhesions, α-actinins is a central molecule. Through their numerous binding 

sites, α-actinins can interact with a variety of different proteins. They belong to the few 

proteins that directly bind to integrins and actin filaments indicating a pivotal role in 

integrin-mediated processes. Thus, α-actinins are of major interest for a broad range of 

cellular processes. In the past few years, α-actinins have been shown to be involved e.g. 

in the proper assembly of focal adhesions, migration and cancer invasiveness. While α-

actinin-1 is located along stress fibers. α-actinin-4 is additionally located at the leading 

edge of cells and at the nucleus. Although many interaction partners of α-actinin-4 in 

the nucleus have been identified, its function there is still unclear compared to the role 

of both α-actinins at stress fibers. The nuclear α-actinin-4 level has been shown to be 

increased in the late G2 phase compared with the G1 phase. In the nucleus, α-actinin-4 

interacting partners include the INO80 chromatin-remodelling
 
complex, β-actin, α- and 

β-tubulins, ribonucleoprotein A2/B1 (regulates splicing and is associated with β-actin), 

peroxiredoxin-1 (involved in oxidative stress), and glycolytic enzyme D-3-

phosphoglycerate dehydrogenase (Khotin et al., 2009; Kumeta et al., 2010). This 

indicates that α-actinin is involved in many processes besides focal adhesion formation 

and integrin regulation. 
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4.2 Implication of membrane microdomains in integrin-

mediated uptake of S. aureus 

Membrane microdomains take part in polarization, signal transduction, endocytosis, 

secretion and cell–cell adhesion (Grimmer et al., 2002; Harris et al., 2001; Manes et al., 

1999). Their main function is the recruitment and concentration of signaling molecules.  

However, lipid rafts also serve as entry sites for many pathogens including viruses, 

bacteria and protozoa. Some examples are SV40 (Pelkmans et al., 2002),  HIV (Fantini 

et al., 2002), Mycobacterium (Gatfield and Pieters, 2000), Legionella pneumophila 

(Naroeni and Porte, 2002) and Listeria monocytogenes (Seveau et al., 2004). Also the 

prion protein gets internalized via membrane microdomains (Stuermer et al., 2004).  

The entry by membrane microdomains affords two advantages: the avoidance of 

degradation by intracellular mechanisms and the triggering of signaling cascades 

leading to membrane ruffling and the reorganization of the actin cytoskeleton (Manes et 

al., 2003).  

We have shown that the uptake of S. aureus in caveolin-containing lipid raft, called 

caveolae, is limited in contrast to caveolin-free rafts, because caveolin reduces 

membrane microdomain mobility. However, other pathogens including Chlamydia 

trachomatis, Salmonella typhimirium, Listeria monocytogenes, Shigella flexneri and 

Group A Streptococci enter host cells specifically via caveolae (Zaas et al., 2009). 

Crucial for cavaolae-mediated uptake is probably the localization of the pathogen 

receptor in caveolae in contrast to integrin-binding S. aureus. 

Host cells have evolved responses to pathogen entering via lipid rafts. Thus, there is a 

connection between toll-like receptors and rafts (Triantafilou et al., 2002). Upon 

lipopolysaccharide treatment, several toll-like receptors moved to lipid rafts. This 

underlines the advantage of an aggregation of specific receptor molecules within lipid 

rafts facilitating the lipopolysaccharide signalling to support the clearance of 

intracellular pathogens (Triantafilou et al., 2002). 

 

4.3 Phosphatidylinositol phosphates and the uptake of S. 

aureus 

Our data indicate an important role of the local composition of the cell membrane 

during S.aureus internalization. Phosphatidylinositides were in the first place classified 

as mediators of cell signaling. PtdIns-4,5-P2 is substrate of phospholipase C which 
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cleaves the phospholipid in inositol trisphosphate (IP3) and  diacylglycerol (DAG). IP3 

induces the release of Ca
2+

 from the endoplasmatic reticulum and DAG functions as an 

allosteric cofactor of the protein kinase C. This regulates fundamental events in the cells 

including contraction/excitation, secretion, gene expression, cell cycle, apoptosis and 

cellular growth. Recently, the requirement of kinases directly involved in the synthesis 

of PtdIns-4,5-P2 and PtdIns-3,4,5-P3, PIP5K and PIP3K respectively, have been 

reported to be required for the internalization of many pathogens into the cells. How the 

synthesis of the phosphatidylinositides mechanistically mediates the endocytic process 

is unknown. However there are some indications for effects of the isoforms PIP5KIα 

and PIP5KIγ on actin remodelling in the surrenders of the endocytic vesicle in a delicate 

temporal manner. PIP3K has also been reported to be required for the efficient 

endocytosis of pathogenes by professional phagocytic cells such as macrophages. 

Our work focuses on a better understanding of the internalization of S. aureus. In 1961, 

a methicillin resistant strain of S. aureus (MRSA) was isolated. Today 1-2% of the 

people are colonized by MRSA. Even though in most cases the colonization is not 

enough to develop a disease, injuries can facilitate the entry of S. aureus and subsequent 

infections. The fast development of antibiotic resistant strains of S. aureus makes the 

understanding of the mechanism by which the pathogen interacts with the host cells and 

mediates its own uptake indispensable.  

Due to reports of phosphatidylinositides involved in phagocytosis of pathogens, we 

tested the hypothesis that the uptake of S. aureus is mediated by a 

phosphatidylinositides-dependent process.  

We demonstrate the accumulation of PtdIns-4,5-P2 and PtdIns-3,4,5-P3 directly at the 

site of S. aureus attachment. By specific knockdown of PIP5K isoforms we also could 

observe an inhibition of S. aureus internalization by specific knockdown of PIP5KIα 

and an even stronger inhibition by knockdown of PIP5KIγ. We corroborate the 

PIP5KIγ-mediated uptake inhibition of S. aureus by using MEF cells from PIP5KIγ-/- 

or from a PIP5KIγ90-/- knockout mice. Additionally, we show that GFP- PIP5KIγ 

localizes at the site of S. aureus attachment. Finally, the uptake of S. aureus was 

strongly inhibited by PI3K-inhibitors wortmannin or LY294002 indicating that also 

PI3K kinases are involved in the process.  
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Taking these observations together, we conclude that phosphatidylinositides play a 

major role in the uptake of S. aureus and that there are multiple possibilities to target 

this pathway in order to inhibit the infection and propagation of the pathogen when 

antibiotics cannot longer be used. However, it will be difficult to manipulate 

phosphatidylinositides without affecting main cellular function maintaining the proper 

functioning of cellular processes. 
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6 General Material and Methods 

 

6.1 Material 

 

6.1.1 Bacteria 

Escherichia coli – strains 

NovaBlue  endA1, hsdR17(rk12-mk12+), supE44, thi-1, recA1, gyrA96, rclA1, 

lac [F´proA+B+lacIqΔM15::Tn10(tctR)] 

 

StBl4 mcrA Δ(mcrBC-hsdRMS-mrr) recA1 endA1 gyrA96 gal-
 thi-1 

supE44 λ
-
 relA1 D(lac-proAB)/F' proAB

+
 lacI

q
ZΔM15 Tn10 (Tet

R
) 

 

BL21 Rosetta    F-, ompT, hsdSB (rB-mB-), gal, dcm 

 

Staphylococcal – strains 

S. aureus Cowan   clinical isolate from a patient with septic arthritis 

S. carnosus TM300   non-pathogenic and non-invasive species 

S. aureus MA12 

S. aureus MA12 ΔFnBP-A 

S. aureus MA12 ΔFnBP-AB 

 

Streptococcus gordonii – strains 

S. gordonii GP1221 

S. gordonii ΔFnBP-AB 

 

Neisseria gonorrhoeae – strains 

N. gonorrhoeae MS11 N302 non-opaque 

N. gonorrhoeae MS11 N303 Opa50 
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6.1.2 Cells 

HEK293T        human embryonic kidney cells 

Hela        human cervical cancer cells 

MEF        wt mouse embryonic fibroblasts 

MEF Int β1-/-        integrin β1 deficient mouse embryonic fibroblasts 

MEF Int β1-/-+hIntβ1      integrin β1 deficient mouse embryonic fibroblasts    

                reexpressing human Integrin β1 

MEF Int β1-/-+hIntβ1 FKF-AAA    integrin β1 deficient mouse embryonic fibroblasts  

                                                    expressing human Integrin β1 with mutated α-actinin  

                                                    binding site 

MEF CavWT              wt mouse embryonic fibroblasts 

MEF Cav-/-                                caveolin deficient mouse embryonic fibroblasts 

NIH3T3 v-src       v-src expressing mouse embryonic fibroblasts 

MEF PIP5K Iγ90
fl/fl

      PIP5K Iγ90 expressing mouse embryonic fibroblasts 

MEF PIP5K Iγ90
-/-

      PIP5K Iγ90 deficient mouse embryonic fibroblasts 

MEF PIP5K Iγ
fl/fl

      PIP5K Iγ expressing mouse embryonic fibroblasts 

MEF PIP5K Iγ
-/-

      PIP5K Iγ deficient mouse embryonic fibroblasts 
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6.1.3 Medium 

 

6.1.3.1 Medium for agar plates and bacteria 
TSB medium    3% w/v Tryptic Soy Broth (TSB) 

TSB agar plates   3% w/v TSB, 1.5% w/v Agar-Agar 

LB agar plates    1% w/v Tryptone; 0.5% w/v yeast extract; 0.5% w/v NaCl; 

10mM MgCl2; 1.2% w/v Agar-Agar; pH 7.0 with NaOH 

(autoclaved) 

LB medium     1% w/v Tryptone; 0.5% w/v yeast extract; 0.5% w/v NaCl; 

pH 7.0 with NaOH (autoclaved) 

Refreezing medium    50% LB-medium, 50% Glycerol 

 

6.1.3.2 Antibiotics 
Ampicillin (amp)    100 mg/ml 

Chloramphenicol (cam)   30 mg/ml 

Erythromycin     7 μg/ml 

Gentamicin     50 μg/ml 

Kanamycin     50 mg/ml 

Lysostaphin     20 μg/ml 

 

6.1.3.3 Medium for cell culture 
Medium for HEK293T cells  DMEM (PAA) + 10% v/v CS (calf serum) 

Medium for MEF and HeLa cells  DMEM (PAA) + 10% v/v FCS + 1% v/v Pyruvat 

(PAA) + 1% v/v non-essential amino acids (PAA) 

Refreezing medium for cells  70% v/v DMEM, 20% v/v CS, 10% v/v DMSO 

Gelatine-solution   0.1% w/v gelatine in PBS, sterile filtration 

Poly-L-lysine-soluteion  10µg/ml in PBS 

Fibronectin or recombinant  4µg/ml in PBS fibronectinIII9-12 
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6.1.4 Antibodies 

6.1.4.1 Primary Antibodies  
 
Antigen Name Isoform Species Company 

Actinin BM-75.2 IgM Mouse Sigma 

Caveolin1 2297 IgG1 Mouse BD Transduction L. 

FAK 77 IgG1 Mouse BD Transduction L. 

Flotillin2 29 IgG1 Mouse  BD Biosciences  

GFP Clone JL-8 IgG2a Mouse Clontech 

Integrin β1 9EG7 IgG1 Rat AG Hauck 

Integrin β1 MAB1961F IgG1 Rabbit Cymbus Biotechnology 

Integrin αv RMV-7 IgG1 Rat BD Pharmingen 

Integrin α5 5H10-27 IgG1 Rat BD Pharmingen 

Integrin β3 2C9.G3 IgG1 Hamster eBiosciences 

NEF M2 IgG1 Mouse AG Hauck 

Paxillin 177 IgG1 Mouse BD Transduction L. 

Phosphotyrosine P72 IgG1 Mouse AG Hauck 

pY397-FAK 44-624G IgG1 Rabbit Invitrogen 

Staphylococci 1063 IgG1 Rabbit AG Hauck 

Talin 8D4 IgG1 Mouse Thermo Scientific 

Talin H-300 IgG1 Rabbit Santa Cruz Biotechnology 

Tubulin E7 IgG1 Mouse AG Hauck 

Vinculin hVIN-1 IgG1 Mouse Sigma  

 

 

 

 



                                                                            General Material and Methods 

 

91 

6.1.3.4 Secondary Antibodies 

 
Name Company 

Cy3-conjugated AffiniPure goat anti-mouse IgG *JIR  

Cy5-conjugated AffiniPure goat anti-mouse IgG *JIR  

Cy2-conjugated AffiniPure goat anti-mouse IgG *JIR  

Cy3-conjugated AffiniPure goat anti-rabbit IgG *JIR  

Cy5-conjugated AffiniPure goat anti-rabbit IgG *JIR  

Cy2-conjugated AffiniPure goat anti-rabbit IgG *JIR  

HRP-conjugated AffiniPure goat anti-mouse IgG *JIR  

HRP-conjugated AffiniPure goat anti-mouse IgA *JIR  

HRP-conjugated AffiniPure goat anti-mouse IgG and IgM *JIR  

Rhodamine-conjugated Affinipure goat anti-rat *JIR  

Biotin-SP-conjugated AffiniPure goat anti-rat IgG *JIR  

Streptavidin-conjugated Cy5 *JIR  

*JIR =( Jackson ImmunoResearch (West Grove, PA) 

 

6.1.3.5 Antibody independent staining reagents 

 

 

 

 

 

 

 

 

Name Company 

Cholera toxin subunit B –FITC Sigma (Schnelldorf, Germany) 

Cholera toxin subunit B-Alexa-Fluor555 

Shiga toxin 

Sigma-Aldrich (Schnelldorf, Germany) 

Ludger Johannes, Institute Curie (Paris, France) 

Cy5-Streptavidin ICN 

Rhodamine-Streptavidin Jackson ImmunoResearch Laboratories 

(5-(6)-carboxyfluorescein-succinylester) Molecular Probes (Eugene, OR) 

Pacific Blue Molecular Probes (Eugene, OR) 

AlexaFluor 647 Molecular Probes (Eugene, OR) 

(5-(6)-carboxytetramethylrhodamine-succinimidylester) 

Phalloidin-Cy3 

Phalloidin-Cy5      

Molecular Probes (Eugene, OR) 

Molecular Probes (Eugene, OR) 

Molecular Probes (Eugene, OR) 
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6.1.5 Enzymes 

 

6.1.6 Inhibitors 

 

Name Target Company 

LY294002 PI3K Calbiochem 

Wortmannin PI3K Calbiochem 

Methyl-β-Cyclodextrin Cholesterol Sigma 

Cytochalasin D Actin Calbiochem 

Genistein Tyrosine Kinases Calbiochem 

Filipin Cholesterol Sigma 

Nystatin Cholesterol Calbiochem 

 

 

 

 

 

 

 

6.1.7 Oligonucleotides 

 

Name Sequence 5´-3´ Template Plasmid 

shRNA-actinin1-

sense 

tgcaccatgcatgccatgcaattcaa

gagattgcatggcatgcatggtgctt

ttttc 
none 

pLL3.7 

shactinin-1 shRNA-actinin1-anti tcgagaaaaaagcaccatgcatgcca

tgcaatctcttgaattgcatggcatg

catggtgca 

shRNA-actinin4- ccgggggagaagcagcagcgcaactc none pLKO.1 

Name Manufacturer 

Taq-Polymerase AG Hauck 

Pfu-Polymerase AG Hauck 

T4 Ligase AG Hauck 

Cre Recombinase AG Hauck 

InFusion ClonTech 

Antarctic Phosphatase NEB 

Trypsin PAA Laboratories 

Restriction Enzymes NEB or Fermentas 
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sense gagttgcgctgctgcttctccctttt

tg 

shactinin-4 

shRNA-actinin4-anti aattcaaaaagggagaagcagcagcg

caactcgagttgcgctgctgcttctc

cc 

hIntβ1_cyto_EcoRI_s

ense 

atagaattctggaagcttttaatgat

aattc pDNR dual 

hIntβ1 

pBS SK (+) 

and 

pGEX4Ti 

hIntβ1 cyto 

hIntβ1_cyto_XhoI_an

ti 

atactcgagtcattttccctcatact

tcg 

hcaveolin-sense gaagttatcagtcgacaccatgtctg

ggggcaaatacg 

caveolin-1–

Myc–mRFP 

pDNR dual 

hcaveolin1 

hcaveolin-anti atggtctagaaagcttatttctttct

gcaagttgatgcgg 

caveolin_G83S_sense gggacacacagttttgactccatatg

gaaggccagcttcacc caveolin-1–

Myc–mRFP 

caveolin-1– 

G83S 

Myc–mRFP 
caveolin_G83S_anti ggtgaagctggccttccatatggagt

caaaactgtgtctccc 

siCaveolin-sense gcaaguguaugacgcgcac   

siCaveolin-anti gugcgcgucauacacuugc 

PIP5KIg_mut_sense gttcgccctcaagggctccacctaca

agaggcgagccagcaag pEGFP-C1 

PIP5KIg 

pEGFP-C1 

PIP5KIg dn PIP5KIg_mut_anti ggctcgccgcttgtaggtggagccct

tgagggcgaacttgaggtg 

hIntβ1_IF_sense gaagttatcagtcgacatgaatttac

aaccaatt pCMV-Sport6 

hIntβ1 

pDNR dual 

hIntβ1 hIntβ1_IF_anti atggtctagaaagcttttttccctca

tacttcgg 

FRB_sense gctaccggtcgcgggagcagatagtg

ctgg 

pCMV-Sport6 

hIntβ1 

 

pLPS-

3’FRB 

hIntβ1 

FRB_anti gtcgcggccgcctttgagattcgtcg

gaac 

PIPP_sense tatggaattcggcggagcagcgcaaa

gacaacttcc pCMV-Sport6 

PIPP 

pEYFP 

FKBP-PIPP PIPP_anti ggggatcctcagtccctgaaggcaaa

ctgcagg 

PIPP-mut-sense ggaatacacagtcagcgctcacaagc

ctgtggc 

pEYFP 

FKBP-PIPP 

 

pEYFP 

FKBP-PIPP 

dn PIPP-mut-anti gccacaggcttgtgagcgctgactgt

gtattcc 

PIP5KIγ-1_sense tactaactgcttcccgctgctgc Chromosomal 

DNA 

 

PIP5KIγ-2_anti gttttctgtgtcttctcgt 
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6.1.8 Plasmids 

 

Vektor Inserts Cloning Strategy or source 

pLentilox3.7  Addgene 

pLKO.1  Addgene 

pMD2.G  Addgene 

psPAX2  Addgene 

pLKO.1 shactinin4 AgeI, EcoRI 

pLL3.7 shactinin1 HpaI, XhoI 

pEGFP-N1 α-actinin1 Carol Otey, UNC 

pEGFP-N1 His-α-actinin1 Y12F Götz von Wichert, Ulm 

pEGFP-N1 His-α-actinin1 Y12E Götz von Wichert, Ulm 

pGEX4Ti cytopl. domain of Intβ1 EcoRI, XhoI 

pGEX4Ti cytopl. domain of Intβ1 FKF-

AAA 

EcoRI, XhoI 

pLPS3´Cerulean LoxP caveolin1 wt cre recombination 

pLPS3´Cerulean LoxP caveolin1 G83S site directed mutagenesis 

pEGFP GL-GPI Lucas Pelkmans (ETH 

Zürich, Switzerland) 

pEGFP caveolin-1 Lucas Pelkmans (ETH 

Zürich, Switzerland) 

pEGFP stomatin Lucas Pelkmans (ETH 

Zürich, Switzerland) 

 caveolin-1–Myc–mRFP Ivan Nabi (Life Science 

Institute, Vancouver, 

Canada) 

pEGFP flotillin-2 7xYF–GFP Ritva Tikkanen (University 

Clinic of Frankfurt am Main, 

Germany) 

pEGFP flotillin-2-G2A–GFP Ritva Tikkanen (University 

Clinic of Frankfurt am Main, 

Germany) 

 

pEGFP flotillin-2–GFP Ritva Tikkanen (University 

Clinic of Frankfurt am Main, 

Germany) 

pEGFP flotillin-2-EA–GFP Claudia A. O. Stürmer 

(University of Konstanz, 

Konstanz, Germany) 

pEGFP flotillin-1-GFP Benjamin J. Nichols (MRC 

Laboratory of Molecular 

Biology, Cambridge, UK) 

pLPS’-mCerulean caveolin1 Cre recombination 

pGEX4Ti  GE Healthcare 

pEGFP PLCδ-PH T. Balla 
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pEGFP Akt-PH T. Balla 

pEGFP Btk-PH T. Balla 

pEGFP OSBP-PH T. Balla 

pEGFP PIP5KIγ R. Fässler, MPI München 

pEGFP PIP5KIγ dn site directed mutagenesis 

pEYFP FKBP-PIPP EcoRI, BamHI 

pEYFP FKBP-PIPP dn site directed mutagenesis 

 

6.1.9 Media and Buffer 

 

Name Recipe 

Ammonium Persulfate (APS)  10% w/v APS 

Annealing buffer 100 mM K-acetate, 30 mM HEPES-KOH pH7.4, 

2 mM Mg-acetate 

Birnboim-Doly P1  50 mM Tris/HCl; 10 mM EDTA; 100 mg/ml RNAseA 

Birnboim-Doly P2  0.2 mM NaOH; 20% w/v SDS 

Birnboim-Doly P3  3 M potassic acetate; pH 5.5 with acetic acid 

Blocking buffer  10% v/v FCS in PBS 

Blotto  2% w/v BSA; 0.05 %w/v sodium azide; in 1x TBS-T 

Borate buffer 0.2 M borate buffer prepared by adding 1 M NaOH to 

boric acid until pH 8.5 

Coomassie Stain  

(PVDF Membrane) 

25% v/v isopropanol; 10% v/v pure acetic acid; 3% w/v 

coomassie 

Cre-Buffer  33 mM NaCl; 50 mM TRIS/HCl pH7.5; 10 mM MgCl2 

Cristal violet 50mg/ml in 96% ethanol 

Destain (PVDF Membrane)  45.5% v/v methanol; 9.1% v/v pure acetic acid 

DNA-Ladder (1 kb Marker)  1 kb DNA-ladder in 6x loading dye solution 

dNTPs [20 mM]  20 mM dGTP; 20 mM dATP; 20 mM dCTP; 20 mM 

dTTP in ddH2O 

ECL 0.225 mM ρ-coumaric acid, 1.25 mM luminol, 0.1 M 

TRIS-base, pH 8.5 
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Ethanolamine [0.25 M] 20µl ethanolamine in 1.3 ml borate buffer 

Ethidium bromide 10 mg/ml EtBr 

FACS buffer  5% heat inactivated FCS; 0.1% azide; in 1x PBS 

FITC  4 mg FITC in 1 ml DMSO 

GEBS  20% w/v glycerol; 0.5% w/v sarkosyl; 50 mM EDTA; 

0.05% bromphenol blue 

H2O2 solution 30% v/v H2O2 

HBS (2x)  50 mM Hepes; 280 mM NaCl; 1.5 mM Na2HPO4; pH 

7.1-7.05 with NaOH 

Lysis buffer 7.5 mM HEPES; 5 mM EGTA; 75 mM NaCl; 

1% Triton X-100;  

10 μM Benzamidin; 5 μg/μL Leupeptin; 10 μg/μL  

aprotenin; 10 μg/μL Pefablock 

PBS (10x)  1.37 M NaCl; 26.8 mM KCl; 14.7 mM KH2PO4; 78.1 

mM Na2PO4 

PBS
++

 0.9 mM Ca
++

 (CaCl2); 0.5 mM Mg
++

 (MgCl2); in 1x 

PBS 

PFA 4% w/v PFA, in Aq.bidest pH 7.3  

Pfu-buffer  10 mM Tris/HCl pH 7.5 ; 50 mM KCl, 1.5 mM MgCl2 

Permeabilization buffer  10% v/v FCS, 0.1% triton; in PBS
++

 

RIPA-buffer  1% triton X-100; 50 mM HEPES; 150 mM NaCl; 

10% glycerol; 1.5 mM MgCl2; 1 mM EGTA;  

10mM sodium pyrophosphat; 100 mM NaF;  

1 mM sodium orthovanadate; 5 μg/ml leupeptin;  

10μg/ml aprotinin; 10 μg/ml pefablock;  

5 μg/ml pepstatin; 10 μM benzamidin;  

0,1% w/v SDS; 1% v/v deoxycholin acid 

Running-buffer (10x) 3% w/v TRIS-base; 14.4% w/v glyzin; 1% w/v SDS 
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Sample buffer 2x/4x  4% w/v SDS; 20% w/v glycerol; 125 mM TRIS-HCL; 

10/20% v/v β-2-mercaptoethanol;  

1% w/v bromphenol blue; pH6.8 

Saponin (gentamicin-assay) 0.5% in 1x PBS  

Saponin (immunofluorescence) 0.2% in 1x PBS with 10% CS 

SDS-PAGE-Marker (HMW)  0.5 mg/ml horseradish-peroxidase (40 kDa) 

0.5 mg/ml bovine serum albumin (66 kDa) 

0.5 mg/ml lipoxidase (96 kDa) 

0.5 mg/ml β-galactosidase (116 kDa) 

0.5 mg/ml myosin rabbit muscle (205 kDa) in  

triton-buffer 

SDS-PAGE-Marker (LMW) 0.5 mg/ml lysozym (14.4 kDa); 

0.5 mg/ml soybean trypsin inhibitor (22 kDa) 

0.5 mg/ml horseradish-peroxidase (40 kDa) 

0.5 mg/ml bovine serum albumin (66 kDa) 

0.5 mg/ml lipoxidase (96 kDa) in triton-buffer 

SEM fixation solution  2% glutaraldehyde, 3% formaldehyde in 0.1M  

isotonic, Na-cacodylate buffer, 0.09 M sucrose,  

0.01 M CaCl2 0.01M MgCl2, pH6.9 

 

Sodium dodecyl sulfat (SDS)  20% w/v SDS 

Stacking gel buffer 0.5 M TRIS-base; pH 6.8 

Staining solution (crystal violet) 0.1 M borate buffer; 1% v/v crystal violet 

0.2  Starvation medium 0.5% CS in DMEM 

Storage buffer 0.01 M phosphate buffer (pH 7.4), 1% BSA, 0.1%   

sodium acid, 5% glycerol 

Stripping buffer  1% w/v SDS; 62.5 mM TRIS-HCl, 0.8% v/v β- 

mercaptoethanol 

Suspension medium 0.25% BSA in DMEM 
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TAE-buffer (50x)  500 mM TRIS-base; 50 mM EDTA; 5.7% w/v acetic  

acid 

TBS (10x) 500 mM TRIS-base; 1.5 M NaCl; pH 7.5 

TBS-T  0.05% Tween in 1x TBS 

TE-buffer  10 mM TRIS-base; 1 mM EDTA; pH 8.5 (autoclaved) 

T4 Ligase buffer  50 mM TRIS-HCl pH 7.5; 10 mM MgCl2;  

10 mM dithiothreitol; 1 mM ATP 

Triton-buffer  1% v/v triton X-100; 50 mM HEPES; 150 mM NaCl; 

10% Glycerol; 1.5 mM MgCl2; 1 mM EGTA;  

10 mM sodium pyrophosphate; 100 mM NaF;  

1 mM sodium orthovanadate; 5 μg/ml leupeptin;  

10 μg/ml aprotinin; 10 μg/ml pefablock;  

5 μg/ml pepstatin; 10 μM benzamidin 

Tween-solution  10% v/v tween 20 

Western transfer buffer 0.3% w/v TRIS-base; 1.44% w/v glycine; 21.5% v/v 

Methanol; 10% w/v SDS; 30 min devolatilization 

 

 

 

 

6.1.10 KITs 

 

Application Name Manufacturer 

Gel Extraction QIAquick Gel Extraction Kit Qiagen 

InFusion   InFusion PCR Clonig System Clontech 

Mini-preparation  QIAprep Spin Miniprep Kit Qiagen 

Midi-preparation   Nucleobond AX Pc Macherey-Nagel 

Transfection Lipofectamine 2000 Reagent Invitrogen 

Interferrin Polyscience 
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6.1.11 Laboratory Equipment and Consumption Items 

 

Instrument Notation Manufacturer 

Autoclave Autoclave Sauter, Sulgen Switzerland 

Centrifuges 5415R / 5417R Eppendorf 

Multifuge 1s-R Hereaus Instruments 

Centrifuge H-401 Hermle 

Jan 14 

Sigma Laborzentrifugen 

GmBH 

E Centrifuge CLP3401  Pathtech 

SORVALL RC6+ Thermo 

Cryostat Vacutom HM500 Microm 

Ultracentrifuge Optima L-80 XP Beckman Coulter 

Cell counter Casy Model TT Schärfe System 

Blotter Semidry Blotter    PeqLab 

Developer Curix 60 AGFA 

Electrophoresis System 

(agarose) 

Perfect Blue Gelsystem Mini PeqLab 

Electrophoresis System  

(SDS) 

Mini Protean: 3Cell/Tetra cell BioRad 

Flow cytometry device LSRII BD Biosciences 

Gel Documentation GelDoc XR System BioRad 

Incubator – bacteria  Celsius 2005 Memmert 

Incubator –cells  Innova Co 170 CO2  New Brunswick Scientific 

Microscopes ECLIPSE TC100 Nikon 

AF 6000LX Leica 

TIRF Leica 

TCS SP5 Leica 

LSM 510 Zeiss 

Microwave 646223M Privileg 
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Mini UV Table 60 ECX 20M PeqLab 

NanoDrop  PeqLab 

Neubauer Chamber Neubauer Chamber Roth 

PCR Cycler Primus 25 advanced PeqLab 

Master Cycler Gradient Eppendorf 

pH Meter Seven Easy Mettler Toledo 

Photometer Biophotometer 6131 Eppendorf 

Libra S4 Biochrom 

Power Supply Units EV202 / Power Pac Basics Consort / BioRad 

Rotator STR 4 Roth 

Scanning Electron 

Microscop 
REM 505 Philips 

Spectrophotometer NanoDrop ND-1000 PeqLab 

Spectrofluorometer Varioskan Flash Thermo Scientific 

Sterilisator Sterilisator 966-HS-1ELD Belimed / Sauter 

 

 

 

Product Supplier 

Plastic Ware Greiner Bio-one 

Cover Slips 

 

WTC Binder 

 Eppendorf tubes 

 

Eppendorf 

 Filter Paper 

 

Whatman 

 Glass Ware Schott 

Glutathion Sepharose 

 

Amersham Biosciences 

 Object Slides 

 

Menzel Gläser 

 Pasteur Pipettes (glass) 

 

Roth 

 Pipette Tips  

 

Sarstedt 

 Plastic Pipettes 

 

Nalge Nunc  

 PVDF-Membranes 

 

Millipore 
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Sepharose (Sephadex G 10) 

 

Sigma 

 Sterile Filter (Poresize: 0.2 μm & 0.45 µm) 

 

Schleicher & Schuell 

 X-Ray Films 

 

Typon Imaging AG 

 

6.1.12 Software 

 

Adobe Photoshop 6.0, Clone Manager Professional 9, FACSDiva software, GraphPad 

Prism5, ImageJ, LAS software, MS Office, Quantity One, Cyflogic, LSM 5 Image 

Browser, EndNote. 

 

 

 

 

6.2 Methods 

 

6.2.1 Cell Culture 

 

6.2.1.1 Culturing 
Human embryonic kidney HEK293T cells were cultured in 10 cm dishes with DMEM + 

10% CS in a water saturated 95% air / 5% CO2 atmosphere at 37°C. Mouse embryonic 

fibroblasts were incubated in DMEM containing 10% FCS, 1% pyruvate and 1% non-

essential amino acids. Cells were splitted 1:10 when reaching around 80% confluency. 

For splitting, cells were washed once with PBS (37°C) and trypsinized with 1 ml 

trypsin/EDTA at 37°C. Serum containing medium was added and cells were centrifuged 

for 3 min at 800 rpm. Afterwards medium supernatant was aspired and cells were 

resuspended and seeded. 

 

6.2.1.2 Counting 
For different experiments distinct cell numbers were necessary. Therefore, cells were 

counted prior to seeding. After trypsinizing the cells, medium was added and 25 µl of 

the cell suspensions was mixed with 5 ml CasyTon. Subsequently, cells were counted 

by Casy Model TT according to the manufacturer’s manual. 
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6.2.1.3 Transfection 
For each transfection sample, a clean mini- or midipreparation of the plasmid construct 

was needed. Cells were splitted the day before transfection. The transfection samples for 

HEK293T cells were mixed in a 15 ml tube by adding 500 μL sterile ddH2O, 5µg DNA 

and 500 μL 2X HBS. To this solution, 50 μL 2.5 M CaCl2 were added drop wise during 

vortexing, followed by an incubation time of 15 minutes. During that time, 10 μL 25 

mM chloroquin, which inhibits the acidification of the lysosomes and therefore 

counteracts the degradation of the inserted DNA, were added to the cells. Subsequently,  

the transfection sample was dropwise added to the cells. Transfected cells were cultured 

in a water saturated 95% air / 5% CO2 atmosphere at 37°C for 6 - 8 h. Afterwards, 

medium was changed and cells were cultured for further 12 – 24 h. MEFs were 

transfected with lipofectamin2000 acording to the manufacturer’s manual. siRNA was 

transfected with interferrin according to the manufacturer’s manual. To determine the 

transfection efficiency, cells were analyzed either by fluorescence microscopy, flow 

cytometry or western blot analyzes.  

 

6.2.1.4 Unfreezing and refreezing 
Cells were thawed quickly at 37°C. Afterwards, the cell suspension was transferred to a 

15 ml tube and centrifuged for 3 min at 800 rpm. Subsequently, medium was removed 

and cells were resuspended in 10 ml fresh medium and transferred to a prepared culture 

dish. For refreezing semiconfluent or confluent cell cultures were chosen. After 

trypsinizing, centrifugation and washing, cells were resuspended in 1 ml refreezing 

medium and transferred to cryo-tubes. Tubes were cooled slowly over night in an 

isopropanol box at -80°C. The next day, tubes were transferred for permanent storage to 

liquid nitrogen. 

 

6.2.1.5 Treatment of cells prior to spreading or adhesion assays 
Cells were starved 20 h prior to spreading or adhesion assays in DMEM containing 

0.5% CS. After trypsination,soybean trypsin inhibitor was used to stop the protease 

activity. Cells were transferred to a 15 ml tuben and centrifuged for 3 min at 800 rpm. 

The supernatant was removed and the cells were washed one with PBS. Subsequently, 

cells were resupended in suspension medium (DMEM + 0.25% BSA) and incubated in 

suspension for 1h at 37°C, before they were seeded for the experiments.  
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6.2.1.6  Spreading assay 
Starved cells were kept in suspension for 1h and seeded for different times on 

fibronectin. Afterwards, cells were fixed and, if necessary, stained. Images were taken 

with the widefield. Cell areas were measured by ImageJ and quantified by Graphpad 

Prism. 

 

6.2.1.7  Wound healing assay 
One day before the assay, 5x10

5
 MEFs were plated in a 6-well plate on fibronectin in 

starvation medium. A yellow tip was used to scratch a wound in the cell layer. Cells 

were washed thoroughly with PBS and incubated with serum containing medium at 

37°C and 5% CO2 on the microscope. Images of the wound were taken with the 

widefield every 30 min for 17h. 

 

6.2.1.8 Single cell migration assay 
The day before the assay, 3x10

4
 MEFs were seeded in starvation medium in fibronectin 

coated 24-well plates. After 20h, medium was exchanged by serum containing medium 

and cells were incubated at 37°C and 5% CO2 on the microscope. Spontaneous cell 

migration was recorded with the widefield taking images every 10 minutes for 10h. 

Single cells were tracked and velocities were calculated by ImageJ. 

 

6.2.1.9 Integrin activity assay 
Cells were starved over night and kept in suspension for 1 h. Afterwards, cells were 

stimulated by addition of 4µg/ml fibronectinIII9-10 and/or 10mM MnCl2 for 5 min. Cells 

were centrifuged 2.5 in at 3000 rpm at 4°C and fixed in 2% cold PFA for 10 min 

followed by an incubation at RT for 5 min. Active and total integrin β1 were stained. 

 

6.2.1.10 Adhesion assay 
96-well plates were coated over night at 4°C. The next day, wells were blocked with 

0.2% BSA. Starved cells were kept in suspension for 1 h and seeded in the wells for 15 

min. Non-adherent cells were washed away with PBS and remaining cells were fixed 

for 20 min in 4% PFA. After three washes, cells were stained with crystal violet for 30 

min. Excessive crystal violet was removed by three washes with PBS and the cells were 

destained with 10 mM containing 0.2% BSA for 1 h. OD450 was measured with 

varioscan spectrofluorometer. 
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6.2.2  Molecular Biology 

 

6.2.2.1 DNA Preparation 

From E. coli grown on agar plates, the plasmids were isolated following the protocol of 

Birnboim and Doly (Pils et al., 2006b) by resuspending one inoculating loop full of 

bacteria of one clone in 300 μl cold buffer P1. By adding 300 μl buffer P2 and inverting 

the tubes 6 times, the bacteria were lyzed and the proteins were precipitated. Within the 

following 5 min, 300 μl cold buffer P3 were added and the tubes inverted to precipitate 

chromosomal DNA. By centrifugation for 10 min at 13000 rpm, the precipitated 

proteins and the genomic DNA formed a pellet. The supernatant, containing the 

plasmids, was transferred into a fresh tube. After adding 0.7x volume of isopropanol, 

the tube was inverted three times to precipitate the plasmid DNA and centrifuged for 15 

min at 13000 rpm. The supernatant was discarded. The pellet was washed by adding 0.5 

ml 70% EtOH, followed by another centrifugation step for 5 minutes at 13000 rpm. To 

remove all EtOH, pellet was dried at 37°C for at least 10 minutes before resuspending 

in 40 μl TE buffer. The plasmid concentration was determined photometrically via 

NanoDrop. The plasmid quality and size was determined by agarose-gel-

electrophoresis. For high quality purification of plasmids used for transfections or 

sequencing, DNA was purified with a commercial kit (QIAprep Spin Miniprep Kit, 

Qiagen) following the provided manufacturer’s protocol. For high quantity of plasmids 

a commercial kit (QIAprep Spin Midiprep Kit, Quiagen) was used following the 

provided manufacturer´s protocol. 

 

6.2.2.2 Polymerase chain reaction (PCR) 
 
Standard 

Specific DNA fragments were generated by PCR using the appropriate oligonucleotides 

and Pfu- or Taq-polymerase. For the amplification the following protocol was used: 
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reaction mix   enzyme mix   

reagent volume reagent volume 

10x Pfu-buffer 4 µl 10x Pfu-buffer 1µl 

Forward primer (10 pmol) 1 µl Pfu-polymerase (10 U/µl) 1µl 

Reverse primer (10 pmol) 1 µl ddH2O ad 10 µl 

dNTPs (20 mM) 1 µl    

MgCl2 (25 mM) 3.2 µl   

Template DNA (50-100 µg) 1 µl    

ddH2O ad 40 µl   

 

 

For amplification in the thermocycler variations of the following standard program were 

used: 

 

hot start  94°C 

   80°C  pause 

denaturation  94°C  20sec 

hybridization  64-58°C 20sec         7 cycles 

elongation  72°C  60sec/1000bp 

denaturation  94°C  20sec 

hybridization  58°C  20sec         30 cycles  

elongation  72°C   60sec/1000bp 

final elongation 72°C  5-10min 

stop   4°C  forever 

 

For analysis and purification, the PCR product was applied on a agarose gel. 

 

6.2.2.3 Agarose Gel-Electrophoresis 
By agarose-gel-electrophoresis, DNA fragments can be separated and identified. The 

separation of the fragments in the gel matrix is dependent on their size, whereas the 

velocity is proportional to the logarithm of their size. For an optimal separation, the 

concentration of agarose in the gel was chosen dependent on the size of the fragments. 

The suitable amount of agarose was solved in 1x TAE buffer by heating and poured into 
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the gel chamber after cooling down to about 50°C. Slots were formed by a comb. The 

DNA samples were mixed with GEBS, applied to the slots and then separated in 1x 

TAE at 70-90 V. A DNA standard (Gene Ruler DNA Ladder, Fermentas) that was also 

applied in one slot facilitated a direct comparison of the fragment sizes. DNA bands 

were visualized by staining the gel in ethidium-bromide for approximately 10 min, as 

after intercalation into the DNA, DNA bands become fluorescent with UV light (λ = 

366 nm). 

 

6.2.2.4 Purification of PCR-Products by gel extraction 
After PCR amplification, the obtained products were cut out of the agarose gel and 

purified by QIAquick Gel Extraction KitTM (QIAgen), following the provided 

manufacturer’s protocol. The concentration of DNA was measured with NanoDrop. 

 

6.2.2.5 Restriction Digest 
The PCR product and plasmids were restricted by enzymatic digestion for analytical 

purposes or in order generate new constructs. For digestion reaction mix following 

protocol was used: 

 

2-4 µl   plasmid DNA (depending on concentration) 

2 µl   10x restriction buffer 

2 µl  10x BSA (optionally) 

0.1 µl  restriction enzyme (2 U) 

ad 20 µl ddH2O 

 

The reaction mix was incubated for 3 h at 37°C or over night at 37°C. The optimal 

temperatures and buffers for the digestion could be extracted from the enzyme lists 

provided by the manufacturers (NEB and Fermentas). For double digestions, the same 

protocol was used, however, a compatible buffer had to be found. Afterwards, the 

digestion mix was analyzed via agarose-gel-electrophoresis. 

 

6.2.2.6 Ligation 
The method of ligation was used to integrate a digested insert of interest into a plasmid 

vector with the same restriction digestion. The following reaction mix was prepared: 
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x µl plasmid vector (100 ng) 

x µl insert (300 ng) 

1 µl T4-ligase (1U) 

1 µl 10x T4-ligase buffer 

ad 10 µl ddH2O 

 

The reaction mix was incubated for 1 h at 20°C or at 4°C over night. Subsequently, the 

sample was directly transformed into competent E. coli NovaBlue or E. coli StBl4. 

 

6.2.2.7 InFusion Cloning 
A method to insert a PCR product into a cloning vector without prior restriction 

digestion is the In-Fusion™ Dry-Down PCR Cloning Kit from Clontech. As a 

precondition, the oligonucleotides must contain a specific InFusion sequence, which 

consists of a 15 basepair long overlap that is homologous to the ends of the linearized 

vector (pDNRdual). The InFusion enzyme is able to insert the PCR fragment via 

homologous recombination (without restriction and ligation) in the linaerized vector, 

leading to a cyclization. To one Dry-Down sample with 25 ng linearized pDNRdual, 1 

μl 10x InFusion buffer and the InFusion, the purified PCR product was added with a 

molar ratio (Insert:Vector) of 2:1. The sample was filled up to a final volume of 10 µl, 

incubated at room temperature for 30 minutes and then stored on ice until being 

transformed into E. coli NovaBlue. 

 

6.2.2.8 Chemically competent Bacteria 
For an effective uptake of DNA, the bacterial cell membrane has to be permeabilized. 

This is warranted through MnCl2 treatment. Therefore, E.coli Nova Blue or E. coli 

StBl4 were cultivated over night on an agar plate at 37°C or 30°C, respectively. Three 

of these colonies were cultivated over night in 2ml LB medium at 37°C or 30°C under 

shaking. Thereafter, 250 ml SOB medium were inoculated with the grown bacteria in 

LB medium and incubated over night at 19°C and 200 rpm, until an optical density 

(OD) of 0.5 was reached. The culture was incubated on ice for 10 min and centrifuged 

for 10 min at 4°C and 4000 rpm. The pellet was resuspended in 80 ml ice cold SOB and 

incubated for 10 min on ice. Again bacteria were centrifuged for 10 min at 4°C and 
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4000 rpm. The bacterial pellet was resuspended in 20 ml ice cold TB and 1.4 ml DMSO 

and 200µl aliquots are frozen in liquid nitrogen and stored at -80°C. 

 

6.2.2.9 Transformation of Bacteria 
Competent bacteria were thawed on ice, mixed with 0.5 µl DNA, a 10 µl InFusion 

sample or a 20 µl ligation sample and incubated for 30 min on ice. Subsequently, the 

bacteria were heat shocked at 42°C for 60 sec to open the pores. Finally, the sample was 

cooled on ice for 5 min. 1 ml LB-medium was added and the bacteria were incubated 

for 1 h at 37°C on a shaker to allow phenotypic expression of antibiotic restistance 

genes. After centrifugation at 5000 rpm for 2 min, the supernatant was discarded and the 

pellet was resuspended in the remaining medium (approximately 100 μl), plated on 

adequate selective medium plates and incubated over night at 37°C. The next day, 

clones were selected from grown colonies, plated on new selective medium plates and 

incubated under the same conditions. 

 

6.2.2.10 Cre/LoxP Recombination 
For Cre/lox recombination the BD Creator DNA Cloning Kit was used. As donor vector 

for Cre/lox recombination the pDNRDual vector with adequate PCR-fragment was 

used. The prokaryotic expression vectors pLPS3´EGFP, pLPS3´mKate or 

pLPS3´Cerulean were used as acceptor vector. The recombination between donor and 

acceptor vector was mediated by the enzyme cre-recombinase. It recognizes the specific 

recombination sequences (loxP) on both vectors. The optimal ratio between donor and 

acceptor vector was 1:2.  

 

1 µl   10x cre-buffer 

1 µl   10x BSA 

0.5 µl   cre-recombinase 

100 ng  donor vector 

200ng  acceptor vector 

 

The reaction mix was incubated for 15 min at RT. Heat inactivation of the enzyme 

followed by 70°C for 5min. Subsequently, 5 µl of the reaction was used for 

transformation in E. coli and plated on LB-plates with chloramphenicol and 7% sucrose. 

With chloramphenicol and sucrose it is possible to select desired recombinant colonies 

that contain a directionally correct gene insert. Clones containing the remaining Donor 

Vector, without the gene insert, will express SacB, and therefore, cannot be grown on 
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media containing sucrose. Putative positive clones were verified by restrictional 

digestion and sequencing. 

 

6.2.3 Biochemical methods 

 

6.2.3.1 Overexpression of recombinant proteins 
To get high amounts of recombinant proteins, an expression strain carrying the 

encoding plasmid was grown in 30 mL LB medium with adequate antibiotics at 30°C 

and 220 rpm over night. From this pre culture, three 350 mL main cultures were 

inoculated at an OD600 of 0.2 and incubated under the same conditions. The optical 

density at 600 nm of all three cultures was observed by measuring every 30 minutes. 

When an OD600 between 0.6 and 0.8 was reached, protein expression was inducted 

with 0.5 mM IPTG. The expression took place at 37°C and 220 rpm for 3 hours. Then, 

the cultures were pool and pelleted at 4700 rpm for 20 minutes. 

 

6.2.3.2 Purification of GST Fusion Proteins via FPLC 
For the purification of proteins that were produced during overexpression, the bacteria 

were lysed, the protein-containing supernatant transferred to an affinity chromatography 

column and the purified protein was eluted. After this purification, the relatively pure 

eluates were dialyzed to remove rests of the buffers. All steps of the purification were 

conducted at 4°C. 

 First, the frozen pellet from the over expression was thawed in a total of 5 mL T-buffer 

and mixed with 1 mL lysozym (25 mg/mL), a muramidase that breaks open the cell wall 

of gram negative bacteria. After 30 minutes of incubation on ice, 20 mL lysis buffer 

were added and the sample was treated with ultrasonic (50% intensity, 5 cycles of 20s 

each) to completely lyse all bacteria. By adding 300 μL sepharose solution and a 

rotating incubation for 10 minutes afterwards, all DNA molecules were removed from 

the sample. Now the lysates could be centrifuged for 30 minutes at 11000 g to pellet the 

debris and sepharose. The supernatant was filtered to remove all traces of debris and 

transferred to a GSTrap column, which previously had been equilibrated with 10 

column volumes of T-buffer. After the sample has been applied, the column was 

washed with 10 volumes T-buffer, followed by elution of the protein by adding 10 

volumes elution buffer that contained 10 mM glutathione. All steps were conducted at a 

flow rate of 0.5 mL per minute. The elution passage was sampled in fractions of 2 mL, 
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and by photometrically measuring the eluate, fractions containing protein could be 

roughly identified. 

The column was then recalibrated by washing with 5 volumes elution buffer, followed 

by washing in turns with 5 volumes regeneration buffers A and B at a time. All proteins 

should be eluted by the low pH from the glutathione sepharose. Then the column was 

washed in 3 volumes ddH2O and conserved in 20% EtOH at 4°C. 

For definite identification of protein containing fractions, 2 μL were applied on a 

Whatman filter paper and stained in a Coomassie solution. After destaining, fractions 

that contained protein became visible as a stained dot. Furthermore, 20 μL of each 

sampled fraction was run on a SDS-gel and stained for examination. The two fractions 

containing the highest concentration of protein were then pooled and dialyzed. The 

dialysis hose was deposited in ddH2O for 30 minutes before the concerned fractions 

were transferred. Dialyzed was 2 times against 2 L PBS for 24 h, then against 1 L 

dialysis buffer, which contained glycerol, over night. Aliquots of 1 mL were transferred 

to eppendorf tubes and stored at -80°C. 

The exact protein concentration of the dialysis product was conducted via SDS-PAGE. 

A BSA standard was applied as well as two different volumes of the protein. After 

staining in coomassie and destaining, the concentration could be estimated. 

 

6.2.3.3 SDS-Polyacrylamide gel-electrophoresis (PAGE) 
Gel systems and gel chambers from BioRad were used. Separation gels had a 

polyacrylamide concentration between 8 and 15%, according to protein size. After 

addition of TEMED and APS to the separation gel it was cast between two glass plates 

and covered with a layer of ddH2O to smoothen the surface. After polymerization, the 

water was removed and the stacking gel was cast on the separation gel. Before 

polymerization, a comb was put between the glass plates. The completely polymerized 

gel was put in a gel chamber after removal of the comb and covered with running 

buffer. Protein samples were mixed with 2x SDS sample buffer and boiled for 5 min at 

90°C. Subsequently, they were loaded on the SDS gel. Protein separation carried out at 

100 V for 1 – 2 h. Gel compositions are shown in table 3. 

 

 

 

Table 3 : Composition of acrylamide gels 
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separation gel     stacking gel   

  8% 12.5%   5% 

polyacrylamid  (40%) 2 ml 3.1 ml polyacrylamid (40%) 1.25 ml 

ddH2O 6 ml 4.3 ml ddH2O 6.15 ml 

1.5 M Tris pH 8.8 2.5 ml 2.5 ml 0.5M Tris pH 6.8 5 ml 

    devolatilization     

SDS (20%) 50 µl 50 µl SDS (20%) 50 µl 

APS (10%) 30 µl 30 µl APS (10%) 30 µl 

TEMED 15 µl 15 µl TEMED 15 µl 

 

For Coomassie staining the gel was fixed and stained for 5 – 15 min in Coomassie 

staining solution. For destaining, gels were shaken in methanol-pure acetic acid 

destaining solution until all bands were detectable. 

 

 

6.2.3.4 Western Blot 
For protein detection via antibodies, proteins were separated according to their size by 

SDS-PAGE. Afterwards the SDS-gel is packed between sponges, Whatman Paper and a 

methanol-activated PVDF membrane. The blot chamber was filled with western transfer 

buffer and blotted over night at 30 V or for 2 h at 150 mA. Through capillary forces the 

proteins were transferred onto the PVDF membrane. Through coomassie staining and 

destaining the protein bands and marker could be detected. Unspecific binding was 

blocked by incubation over night with blotto. The appropriate first antibody was added 

in blotto (1:1000) over night at 4°C or for 2 h at room temperature. The membrane was 

washed three times for 10 min with TBS-T and incubated for 30 min at room 

temperature with the secondary HRP-conjugated antibody. After washing three times 

for 10 min with TBS-T the membrane was incubated with 10 ml ECL solution and 3 µl 

H2O2 for 1 min. The horseradish peroxidase converts the luminol of the ACL solution 

with the H2O2, whereupon light is emitted that can be detected with an x-ray film, so 

that the concerning proteins are depicted. 
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6.2.3.5 Dot Blot 
In order to detect small molecules which can not be separated by SDS-gel 

electrophoresis, we applied the dot blot. Whole cell lysates were prepared, but not 

diluted in SDS-sample buffer and heat denatured. 50 µl of each sample were applied 

onto a nitrocellulose membrane, using the microfiltration manifold DHM-96 connected 

to a vacuum pump to suck the liquid onto the membrane. After the samples were 

applied, the membrane was dried for 10 min. To estimate the protein concentration, the 

membrane was stained either with coomassie or with ponceau S. The stained membrane 

was scanned for subsequent measurement of the mean color intensity with Image J. An 

identical membrane was blocked for 2 h in blotto. This membrane was incubated with 

α-PtdIns-4,5-P2 (1:1000) in blotto over night at 4°C. The next day, the membrane was 

washed 3x with TBST and subsequently incubated with the HRP-secondary antibody 

for 30 min. Afterwards, the membrane was washed three times 10 min with TBS-T and 

developed according to 6.2.3.4. 

 

6.2.3.6 Whole cell lysates 
To obtain whole cell lysates, cells were lysed by RIPA-buffer and scraped of the cel 

culture dish with a rubber police man. Chromosomal DNA and cell debris were pelleted 

by addition of 100 µl sepharose beads (5 min on the shaker) and centrifugation 

(13000 rpm, 20 min). The supernatant was mixed with 2x SDS sample buffer and boiled 

up for 5 min at 90°C.  

 

6.2.3.7 Co-immunoprocipitation 
Cells were starved over night and kept in suspension for 1 h. Afterwards, they were 

stimulated with 4µg/ml fibronectinIII9-10 and 10 mM MnCl2 for 5 min and centrifuged 

(800 rpm, 3 min, 4°C). Pellets were resuspended in ice cold lysis buffer and incubated 

on ice for 30 min. Lysates were centrifuged (13000 rpm, 20 min, 4°C) and the 

supernatant was transferred to a fresh tube. 3µg of P5D2 or control antibody were added 

and samples were incubated rotating for 6 h at 4°C. 20µl proteinA/G sepharose beads 

were added and samples were incubated rotating 1 h at 4°C. Samples were centrifuged 

(2000g, 1min, 4°C) and washed 3 times with lysis buffer. Pellets were resuspended in 

30µl lysis buffer. 10 µl 4x SDS buffer were added and samples were heated at 95°C for 

5 min. Subsequently, samples were applied on 8% acrylamide gels and analyzed by 

western blotting. 
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6.2.4 Infection 

 

6.2.4.1 Infection of cells 
The infection cells followed one day after transfection with lipofectamin2000, two days 

after transfection with calciumphosphate or three days after siRNA transfection by 

interferrin. Cells were seeded one day before infection. Pathogenic S. aureus was grown 

in TSB medium overnight. Prior to infection, bacteria were diluted 1:10 in TSB medium 

and incubated 2 h to obtain bacteria in the logarithmic growth state minimize toxin 

production. Streptococcus gordonii was cultured on TSB agar plates and used directly 

for infection. 

Bacteria were washed once with PBS. For some experiments, bacteria were incubated 

with fluorescent dyes or fibronectin for 15 min at 37°C. Following this incubation, the 

bacteria were washed again in PBS. The number of bacteria was determined 

photometrically at OD600 using a standard curve. Cells were infected with MOIs (FACS 

or microscopic analysis: MOI 50, gentamicin-protection-assay: MOI 20) depending on 

the experiment. 

 

6.2.4.2 Gentamicin-Protection-Assay 
 

4x10
5
 HEK293T or 1x10

5
 MEFs or HeLa cells seeded in gelatine coated 24-well-plates. 

In some cases, cells were treated with inhibitors 30 min before infection in the denoted 

concentrations. Cells were infected with an MOI 20 and incubated for 2 h at 37°C and 

5% CO2. After infection time, the medium was carefully removed and replaced by fresh 

medium containing 50 µg/ml gentamicin and 20 µg/ml lysostaphin. Cells were 

incubated for 1 h at 37°C and 5 % CO2. After all extracellular bacteria were killed, the 

medium was removed and cells were washed once with PBS. Subsequently, the cells 

were lysed with 1 ml 0.5% saponin for 10 min at 37°C. The samples were diluted (10
2
, 

10
3
, 10

4
) and 20 µl of the lysed cells were plated on TSB agar plates and incubated at 

37°C over night. Colony forming units (cfu) were quantified by colony counting. 

Simultaneously, infected cells were directly lysed with saponin without antibiotic 

treatment and plated on TSB agar plates in order to quantify cell adherent bacteria.  
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6.2.5 Microscopy 

 

6.2.5.1 Immunofluorescence staining 

5x10
4
 HEK293T or 3x10

4
 MEF cells were seeded on gelatine- or fibronectin-coated 

glass coverslips over night or for the indicated times. Cells were fixed with 4% PFA for 

20 min at room temperature. Fixed samples were washed with PBS and permeabilized 

with PBS containing 10% CS and 0.2% saponin. After washing, samples were blocked 

with PBS containing 10% CS. Samples were probes with anti-vinculin, anti-paxillin, 

anti-p-tyr antibody or Cy5-conjugated phalloidin. Samples were washed and incubated 

with secondary antibodies Cy3-goat anti-mouse, Cy3-goat anti-rabbit. 

After a final washing step, coverslips were mounted in embedding medium (DaKo, 

Glastrup, Denmark). Samples were viewed with a Leica TCS SP5 (Leica Microsystems, 

Wetzlar, Germany) confocal laser scanning microscope using a 63_/1.40–0.60 objective 

or with Leica Widefield. 

Images were processed with ImageJ (Wayne Rasband, National Institutes of Health, 

USA) and merged to yield pseudo-colored RGB images. 

 

6.2.5.2 Differential staining of intra- and extracellular bacteria 

For differential staining of extracellular and intracellular bacteria, cells were infected 

with bacteria. Following infection and fixation, samples were blocked with PBS 10% 

CS without cell permeabilization and probed with anti-S. aureus antibody (K1063) and 

Cy3-conjugated goat anti-rabbit. After cell permeabilization and blocking, samples were 

probes with anti-S. aureus antibody (K1063) and Cy5-conjugated goat anti-rabbit 

resulting in Cy3-labelled extracellular bacteria and Cy5-labelled total bacteria. FnBP-

coupled latex beads were labelled before the incubation with the cells with 0.2mg/ml 

biotin and rhodamine for 15 min at 37°C. After fixation, cells were blocked. 

Extracellular beads were stained using streptavidin-conjutad Cy5. 

 

6.2.5.3 Live cell imaging 
Cells were seeded in gelatine or fibronectin coated 3.5cm dishes (with integrated 

coverslip), (ca. 1 x 10
5
 cells/dish). The next day, medium was exchanged by colourless 

DMEM. Cells were incubated under the microscope at 37°C and 5% CO2. If bacterial 

infection was investigated, cells were directly infected under the microscope and 

analyzed. Appropriate cells were chosen and marked. Images were taken automatically 
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at the indicated time points. Images and movies were analyzed by LAS software and 

ImageJ.  

 

6.2.5.4 Scanning Electron Microscopy (SEM) 
3x10

4
 cells/well were seeded on gelatine coated coverslips in a 24-well-plate. The next 

day, cells were infected with MOI 50 for 2 h. Subsequently, cells were fixed with SEM 

fixation solution for 1 h at RT. Afterwards samples were gradually dehydrated via an 

ethanol dilution range. The critical point drying by liquid CO2 followed and samples 

were sputtered with 10 nm gold-palladium. Samples were analyzed by a Philips SEM 

505. 

 

6.2.6  Flow cytometry 

 

6.2.6.1 Determination of transfection efficiency 

Cells were trypsinized, washed with PBS and mixed with FACS buffer. If needed, cells 

were incubated with a primary antibody (in FACS buffer with 0.2% saponin) for 30 h at 

RT. After washing the samples, the secondary antibody was added for 15 min at RT in 

the dark. If no antibody staining was necessary cells were directly analyzed by flow 

cytometry (LSRII, FACSDiva software). 

 

6.2.6.2 Staining method for flow cytometry 
Cells were centrifuged at 3000 rpm for 2.5 min. The pellet was resuspended in 100 µl 

2% PFA and incubated for for 5 min at RT. 1 ml FACS buffer was added and cells were 

centrifuged at 3000 rpm for 2.5 min. The pellet was resuspended in 100 µl 1. antibody 

solution (0.5% saponin in FACS buffer) and incubated for 30 min at RT. 1 ml FACS 

buffer was added and cells were centrifuged at 3000 rpm for 2.5 min. The pellet was 

resuspended in 100 µl 2. antibody solution and incubated for 30 min at RT. 1 ml FACS 

buffer was added and cells were centrifuged at 3000 rpm for 2.5 min. Finally, the cells 

were resupended in 1 ml FACS buffer and measured by flow cytometry  (LSRII, 

FACSDiva software). 

 

6.2.6.3 FACS-Assay 
Cells were transfected with the indicated constructs 2 days before the assay. One day 

after cells were seeded in 6 cm dishes, respectively (1 x10
6
 cells/dish). On the next day 
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bacteria were marked with CFSE for 15 min at 37°C under shaking in the dark and 

washed afterwards three times with 1xPBS. After determination of bacterial density via 

photometer cells were infected with CFSE-marked bacteria with an MOI of 30 for 2 h. 

Denoted inhibitor treatment was 30 min prior to infection. Afterwards cells were 

washed one time with 1xPBS and trypsinized with 1 ml trypsin/EDTA at 37°C. DMEM 

+ 10% CS was added and cells were centrifuged for 3 min at 800 rpm. Cells were 

washed with FACS buffer and pellets were resuspended in 1 ml of FACS buffer and 

divided into two reaction tubes prior to analyzing by flow cytometry (LSRII, FACSDiva 

software). One half of the cells were analyzed after the addition of trypan blue prior to 

measuring quenching the flurescence signal of the extracellular bacteria. The amount of 

intracellular bacteria could be obtained by multiplying the mean fluorescence intensity 

with the percentage of CFSE positive cells determining the uptake index (u.i.). 

 

 

6.2.7 Lentiviral Methods 

 

6.2.7.1 Cloning Strategies 

Recombinant lentiviral particles were generated using the systems developed by the 

groups of D. Trono (Eades-Perner et al., 1994) and Luc van Parijs (Schmitz et al., 

2002). The used plasmids pLL3.7, pLKO.1 (Addgene), pMD2.G and psPAX2 were 

maintained in E. coli STBL4. 

For shRNA production the algorithm AAGN18TT (available online at 

http://jura.wi.mit.edu/biocs/siRNAext/) was used identifying sequences that could 

silence expression of the target gene. According to this prediction, two complementary 

primers were synthesized. The primers were annealed with the following protocol: 

 

1µl sense oligo (60 pmol) 

1µl reverse oligo (60 pmol) 

48µl Annealing buffer  

 

Program: 

95°C 4min 

70°C 10min 
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decrease temperature slowly to 4°C (0.1°C/min) 

4°C 10min 

 

The annealed primers were ligated into the XhoI and HpaI sites of pLL3.7 generating 

pLL3.7-shactinin1 or into the sites AgeI, EcoRI of pLKO.1 generating pLKO.1 

shactinin4. The correct insertion of the shRNA cassette was verified by sequencing. 

 

6.2.7.2 Production 
HEK293T cells were transfected with 14 µg of pLL3.7 or pLKO.1 containing the gene 

of interest, 10 µg of packaging plasmid psPAX2 and 7 µg of envelope-coding plasmid 

pMD2.G using calcium phosphate DNA precipitation method. After 8 h the medium 

was replaced with 5 ml of fresh DMEM containing 10 %CS. 48 – 72 h later the virus-

containing medium was collected, centrifuged at 2000 rpm at 4°C for 7 min and filtered 

through a 0.45 µm pore-size filter. To increase the concentration, 4 ml of 20 % sucrose 

were overlayed with 25 ml of the virus-containing supernatant in a Beckman tube. 

Afterwards the supernatant was centrifuged at 20.000 rpm for 2 h in an ultracentrifuge 

to pellet the lentiviral particles. After that the viral pellet was taken up in PBS/1% BSA, 

flash-frozen in liquid nitrogen, and stored at -80°C for at least one day prior to usage. 

 

6.2.7.3 Transduction 
For titration of recombinant lentiviral particles, 1x10

6
 cells or according cell lines were 

transduced with serial dilutions of the lentiviral particle preparation. 24h after infection, 

cells transduced with the pLKO.1 system were treated with 1µg/ml puromycin. 48h 

after transduction, cells were analyzed by flow cytometry for GFP-expression or by 

viability to determine the infectious units. The titre of the preparations was between 3 - 

7 x 10
9
 infectious units (IFU) per ml. Single cell lines of transduced HEK293T cells and 

MEFs were generated by dilution. The knockdown efficiency was determined by 

western blot. 
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