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  Abstract 

 

1 Abstract 

 

Rho-family GTPases and the phospholipid kinase PI3-kinase have been clearly 

implicated in c-Met induced actin assembly and InlB-specific Listeria entry. 

However, the relative contributions of individual Rho-GTPases such as Cdc42 

and Rac1, their effectors N-WASP and WAVE, respectively, and PI3-kinase in 

HGF/InlB-mediated actin reorganization has remained incompletely understood. 

In the present work, I investigated the role of Cdc42 in driving HGF- and InlB-

induced actin assembly. Examination of two independent Cdc42 knockout cell 

lines by gentamicin protection assay revealed a gross impairment of InlB-

induced Listeria engulfment. Furthermore, analysis of HGF/InlB-induced actin 

reorganization demonstrated a significant reduction in the percentage of cells 

forming membrane ruffles in the absence of Cdc42. Consistent with the 

observed decrease in  membrane ruffling, biochemical experiments revealed 

that Rac1 GTP-loading downstream of c-Met activation is reduced in Cdc42-

knockout cells. In contrast, an involvement of N-WASP in Cdc42-mediated       

c-Met signalling could be excluded, since InlB-mediated Listeria uptake was not 

affected in N-WASP-deficient cells. Moreover, using pharmalogical tools, I also 

uncovered a significant contribution of PI3-kinase to Rac1 activation, which 

partly depended on Cdc42. Interestingly, InlB-induced Listeria engulfment was 

fully inhibited only in the absence of both Cdc42 and PI3-kinase activation. 

Consistently, Rac1 activation and thus membrane ruffle formation was 

completely abrogated in PI3-kinase inhibitor treated Cdc42-deficient cells.  

 

In conclusion, I have uncovered a so far unrecognized N-WASP-independent 

contribution of Cdc42 to PI3-kinase-dependent and –independent Rac1 

activation and actin rearrangement downstream of c-Met signalling. Hence, I 

was able to place Cdc42 function much further upstream in the signalling 

pathway from c-Met activation to ruffling and Listeria entry than previously 

thought. These conclusions refine and extend the molecular understanding of 

Cdc42 function downstream of activation of receptor tyrosine kinases such as   

c-Met.
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          Introduction 

 

2 Introduction 

 

Reorganization of the actin cytoskeleton is a fundamental process essential for 

cell division, embryonic development, inflammatory response, wound healing 

and pathogenicity. A large repertoire of proteins regulates the dynamic 

assembly and disassembly and spatial organization of actin filaments. These 

proteins are targets of various signalling pathways emanating from diverse 

extracellular stimuli, such as those from the receptor tyrosine kinase (RTK) 

family. Within these pathways, members of the Rho-GTPase family or the 

phospholipid kinase PI3-kinase play a key role in transducing the signalling 

inputs into a coordinated array of output events. 

Exploitation of the host cell actin cytoskeleton is pivotal for many microbial 

pathogens to enter cells, to disseminate within and between infected tissues, to 

prevent their uptake by phagocytic cells or to promote intimate attachment to 

the cell surface. 

Among them, the opportunistic intracellular bacterium Listeria monocytogenes 

has become a model-pathogen for the study of cellular processes such as 

endocytosis, actin-based motility or growth-factor mediated signalling. By 

binding to specific proteins of the host cell such as the hepatocyte growth-factor 

receptor c-Met, Listeria induces actin reorganization and its own uptake into 

non-phagocytic cells. Regulators of the actin polymerization machinery such as 

Rho-GTPase family members Rac1 and Cdc42, the actin-nucleation promoting 

factors N-WASP or WAVE-complex or the phospholipid kinase PI3-kinase have 

all been implicated in c-Met induced Listeria invasion. However, the relative 

contributions of these proteins downstream of c-Met signalling was largely 

elusive. 

 

Thus, in this thesis, I investigated the signalling pathway leading to actin 

rearrangements and Listeria invasion downstream of c-Met activation.  
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          Introduction 

2.1  Polymerization of actin 

 

The ATPase actin, a 43 kDa globular protein, is the most abundant intracellular 

protein in eukaryotic cells. In muscle cells, for instance, actin comprises          

10 percent by weight of the total cellular protein; in nonmuscle cells 1-5 percent. 

Actin exists as a globular monomer called G-Actin and as a filamentous polymer 

called F-Actin, which is a linear chain of G-Actin subunits. In physiological salt 

concentration, actin can undergo polymerization into helical filaments. These 

filaments have a structural and functional polarity, with a barbed or plus end and 

a pointed or minus end, due to rapid association and net dissociation of G-Actin, 

respectively.  

However, the polarity of actin filaments can be demonstrated by electron 

microscopy in so-called "decoration" experiments, which exploit the ability of the 

myosin S1 fragment to bind specifically to actin filaments. When all subunits are 

bound by the myosin S1 fragment, the filament appears coated ("decorated") 

with arrowheads that all point toward one end of the filament (minus or “pointed 

end”). 

Pure actin monomers can only initiate poorly new filaments, since formation of 

dimers or trimers is highly unfavourable compared with polymer elongation. But 

once a trimer is formed, e.g. triggered by an actin nucleation factor, it becomes 

more favourable to add another monomer than to return to a dimer. This 

nucleation step accounts for the lag-phase observed in polymerization kinetics 

(Cooper et al., 1983; Frieden, 1983; Tobacman and Korn, 1983).  

Each actin molecule contains a Mg2+-ion complexed with either ATP or ADP. 

Mg-ATP-bound G-actin is incorporated into the growing filaments during which 

hydrolysis of ATP occurs. The assembly of G-actin into F-actin is accompanied 

by the hydrolysis of ATP to ADP and Pi, as actin-bound ATP is irreversibly 

hydrolysed to ADP Pi and release of Pi destabilises the filament. Thus, actin 

filaments turn over, since nucleotide hydrolysis occurs in the filament, lagging 

behind the assembly process. Since ATP hydrolysis lowers the affinity of ADP-

bound actin within an actin filament as compared to ATP-bound actin (Korn et 

al., 1987), it generates a difference in the critical concentration (Cc) between 

the barbed and the pointed end. However, ATP hydrolysis affects only the 

kinetics of polymerization, but is not necessary for polymerization as such. Net 
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polymerization occurs when the G-actin concentration is higher than the critical 

concentration, and net depolymerization occurs when the G-actin concentration 

is lower than Cc. An equilibrium is established when the number of actin 

monomers joining the filaments equals that leaving the filaments, which is 

marked by Cc at steady state (Pollard, 1986). This turnover of the filament 

without net change of filament length is a process called treadmilling as shown 

in Figure 2, which is crucial in actin-based motility. ADP-actin disassembly from 

the pointed end constitutes the rate limiting step and determines the 

concentration of monomeric actin and thereby the rate of barbed end growth 

(Kirschner, 1980; Wegner, 1976; Wegner, 1977). Consistently, the polymerized 

array of actin filaments displays a very rapid turnover in vivo. However, barbed 

end growth in vivo in processes such as plasma membrane protrusion is faster 

than in vitro implying an additional control of actin dynamics, for instance by 

proteins and lipids that are described in the forthcoming chapters. 

 

2.2 Regulation of actin polymerization 

 

In vivo, the concentration of monomeric actin is maintained at high values by 

factors controlling the dynamics of assembly at the two ends of the actin 

filament (Pantaloni et al., 2001). These actin regulatory proteins affect the 

kinetic/thermodynamic parameters of actin assembly by binding to either         

G-actin or to the filament. The biochemical contribution of various actin 

regulatory proteins has been dissected by in vitro reconstitution of actin-based 

motility of either bacteria of functionalized beads (Loisel et al., 1999; Wiesner et 

al., 2003). In these studies, a limited number of proteins has emerged to be 

essential for actin-based motility, i.e. actin, the actin nucleator complex Arp2/3, 

an Arp2/3 activator (nucleation promoting factor, NPF), an actin depolymerizing 

factor (ADF/cofilin) and a capping protein. These proteins were sufficient to 

reconstitute actin-based propulsion for instance for Listeria and Shigella (Loisel 

et al., 1999; Wiesner et al., 2003). More recently, similar experiments have 

demonstrated Arp2/3-complex-independent motility, which then is mediated by 

formins (Romero et al., 2004).  
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2.2.1 The Arp2/3-complex 

 

The initial formation of dimers and trimers by the association of G-actin 

molecules forming an actin filament is energetically unfavourable due to the 

inherent instability of these complexes (Frieden, 1983; Machesky and Insall, 

1998; Mullins et al., 1997). A recently found binding partner of the actin-binding 

protein profilin turned out to be a seven-component complex now known as the 

actin-related protein 2/3 or Arp2/3- complex (Machesky et al., 1994), which is 

capable of overcoming the thermodynamic barrier to actin nucleation. The 

structures of both Arp subunits are similar to the structure of actin, indicating 

that Arp2 and Arp3 resemble the barbed end represented by an actin dimer 

(Robinson et al., 2001). Thus, actin monomers can attach to this “pseudo 

barbed end” within the Arp2/3-complex, which is a process that bypasses the 

kinetically unfavourable dimerisation step in actin polymerization. However, a 

requirement for generating this interface is a conformational change within the 

complex bringing the proteins Arp 2 and 3 into close proximity (Mullins et al., 

1997). This is achieved upon activation by an nucleation promoting factor 

(NPF). 

Additionally, the Arp 2/3-complex is capable of generating Y-shaped, branched 

array of actin filaments in vitro (Mullins et al., 1998; Mullins et al., 1998). How 

exactly the activated Arp2/3-complex initiates branching has been proposed in 

two possible models: the first one favours the possibility that the Arp2/3-

complex branches by binding to the sides of pre-existing filaments (Blanchoin et 

al., 2000; Mullins et al., 1998), known as the dendritic nucleation model, 

whereas the second model that branching occurs only at the barbed ends of 

growing filaments, which is also known as the barbed end branching model 

(Boujemaa-Paterski et al., 2001; Pantaloni et al., 2000).  
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2.2.2 WAS protein family proteins as nucleation promoting factors 

(NPFs) 

 

The association of a nucleation promoting factor (NPF) is indispensable for 

inducing the active conformation of the Arp2/3-complex. To activate the Arp2/3-

complex, a NPF must possess both a CA element and adjacent binding sites for 

either G-actin (as for WAS proteins) or F-actin (like for Cortactin, Abp1p) 

(Goode et al., 2001; Weaver et al., 2001). Among the cellular NPFs, the 

proteins of the WASP (Wiskott Aldrich syndrome protein; WASP, N-WASP) and 

WAVE (WASP family verprolin homologous, Scar/WAVE1, Scar/WAVE2, 

Scar/WAVE3) families are the most prominent (Machesky and Insall, 1998). All 

WASP and WAVE proteins display a similar modular organization. WAS 

proteins contain a conserved C-terminal effector domain (VCA) and a more 

diverse N-terminal region responsible for targeting and regulation of the           

C-terminal domain. Within the VCA domain, a verprolin homology domain (V) or 

WASP homology 2 domain (WH2) binds G-actin monomers, an intermediate 

conserved cofilin homology domain (C) responsible for conformational changes 

of the Arp2/3-complex (Kelly et al., 2006), and the acidic region (A) binds 

directly to Arp2/3-complex. The protein N-WASP, a widely expressed isoform of 

haemotpoietic WASP is unique among the WASPs in having two V domains. 

The VCA domain is the minimal region required to bind to and activate the 

Arp2/3-complex (Stradal et al., 2004).  
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Figure 1 Modular domain organization of Wiskott-Aldrich syndrome protein (WASP), 

neural (N)-WASP and WASP family verprolin-homologous (WAVE) proteins.  

The various protein domains are indicated. The WASP homology 1 (WH1) domain is conserved 

throughout evolution in WASP and N-WASP, but is absent in the three WAVE isoforms, which 

harbour a WAVE homology domain (WHD) instead. B indicates a stretch of basic amino acids 

mediating phosphatidylinositol (4,5)-bisphosphate binding. The GTPase –binding domain (GBD) 

interacts directly with GTP-loaded Cdc42. This domain is absent in WAVE proteins. PPPPP 

indicates a proline-rich region that contains SH3- and profilin-binding sites. V, C and A form the 

VCA (verprolin homology, cofilin homology and acidic domains, respectively) modular output 

domain, which is responsible for iniating the growth of new actin filaments by bringing together 

actin monomers and the Arp2/3-complex (Stradal et al, 2004) 

 

When in the autoinhibited conformation, WASP and  N-WASP are unable to 

induce activation of the Arp2/3-complex, as the A domain of WASP cannot fully 

interact with the Arp2/3-complex. As shown in vitro, binding of activator proteins 

such as the Rho-GTPase Cdc42 to the CRIB motif of WASP/N-WASP 

destabilizes the interaction between the CRIB and the C domain, allowing full 

binding of the A domain to Arp2/3. Binding of PIP2 to the basic region adjacent 

to the CRIB domain potentiates the activation of WASP (Kim et al., 2000; 

Rohatgi et al., 2000). However, recent work has shown that cellular N-WASP is 

bound to WIP which suppresses activation by Cdc42. A second target of Cdc42, 

Toca-1 (transducer of Cdc42-dependent actin assembly), has been identified to 

be required for complete activation of the N-WASP/WIP complex suggesting a 

trans-inhibited rather than auto-inhibited form of N-WASP/WASP (Ho et al., 

2004).  

Scar/WAVE proteins lack the inhibited form of WASP/N-WASP and are thus 

constitutively active (Machesky et al., 1999). It has been proposed that 
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Scar/WAVE proteins are linked with another member of the Rho-GTPase 

family, Rac1, inducing the formation of broad, sheet like protrusions from the 

cell edge known as lamellipodia (Miki et al., 1998). Since Scar/WAVE proteins 

do not possess a CRIB domain, Rac1 does not directly bind to them. Therefore, 

a number of publications have sought to establish a link between Scar proteins 

and Rac1. One of the identified proteins, IRSp53 (insulin receptor substrate 

p53) appeared as a Scar and Rac1-binding protein (Miki et al., 2000). However, 

IRSp53 and active Rac1 have little effect on the ability of Scar/WAVE2 to 

activate the Arp2/3-complex in vitro and there is no genetic evidence of a 

requirement of IRSp53 in Rac1-mediated, WAVE-dependent ruffling. An 

alternative model to control the activity of Scar/WAVEs via Rac1 was recently 

proposed, in which a WAVE-Abi1-Nap1-PIR121/Sra1 signalling complex is 

recruited to lamellipodia upon Rac1 activation leading to site-directed nucleation 

of actin filaments (Eden et al., 2002; Innocenti et al., 2004; Steffen et al., 2004; 

Stradal and Scita, 2006). Additionally, further observations could highlight the 

requirement of an integral complex for proper signal transduction from Rac1 to 

WAVE, since reintroduction of GFP-tagged WAVE2 could not restore 

lamellipodia formation in Nap1 knockdown cells (Steffen et al., 2004).  

                           

Figure 2 Hypothetical actin polymerization curves illustrating the effects of an activated 

nucleation factor.  

Spontaneous actin polymerization (grey) is very slow, and inactive Arp2/3-complex (green) has 

no effect. After stimulation by WASP proteins (red), Arp2/3-complex becomes a potent 

nucleation factor, reducing the lag-phase of polymerization and allowing rapid growth to 

proceed. The activity of Arp2/3-complex can be further stimulated by F-actin (blue), resulting in 

even more rapid polymerization. Inset, the three kinetic phases of actin polymerization 

(Kreishman-Deitrick and Rosen, 2002) 
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2.2.3 Severing and depolymerizaton of actin by actin depolymerizing 

factors (ADF/cofilin) 

 

ADF/cofilin proteins are ubiquitous, conserved actin-binding proteins, which 

bind preferentially to ADP-bound forms of G- and F-actin and change the rate of 

actin assembly. The activity of these proteins is regulated by reversible 

phosphorylation of a serine residue in the N-terminal region, dephosphorylation 

of which causes activation. Thus, a kinase (LIM-kinase) inactivates ADF by 

phosphorylation of serine 3 (Bamburg and Wiggan, 2002). ADF/cofilin proteins 

specifically increase the rate of depolymerization of ADP-F-actin through 

binding to the pointed end. Since the steady-state concentration of ATP-G-actin 

increases, the rate of barbed end elongation is also enhanced, balancing the 

high rate of pointed end disassembly (Carlier et al., 1997). By severing 

preexisting filaments, ADF/cofilin proteins may also generate new barbed ends, 

promoting actin polymerization and thus actin-based motility (Bamburg and 

Wiggan, 2002). 

 

2.2.4 Capping proteins 

 

Similar to ADF/cofilin, capping proteins contribute to the regulation of actin 

treadmilling in multiple ways. By capping a large fraction of barbed ends, they 

establish a high steady-state concentration of monomeric actin, which derives 

from depolymerization of the pointed end. This in turn increases barbed-end 

growth of uncapped filaments. Additionally, by arresting the growth of filaments, 

capping proteins regulate the lifetime and average length of actin filaments in 

lamellipodia. Thus, a model was generated, in which signal-regulated and 

spatially-restricted capping or uncapping of existing filaments provide sites of 

actin polymerization in actin-based membrane protrusions (Allen, 2003; 

Mejillano et al., 2004).   
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2.3 Cellular organization of the actin cytoskeleton 

 

The actin cytoskeleton is an integrated array of interconnected filament 

assemblies, each with a defined architectural organization. The most-cited 

assemblies of actin in cultured cells are stress fibers, focal contacts, 

lamellipodia, membrane ruffles and filopodia, all of which display diverse 

functions (reviewed in Hall 1998, Small et al, 1999b). 

 

In addition, members of the Rho-family of small guanosine triphosphatases 

have been emerged as key regulators of the different cytoskeletal 

organizations, which are described in more detail below. Thus, it was proposed 

that these proteins link surface receptors to the organization of the actin 

cytoskeleton.  

 

2.3.1 Stress fibres 

 

Stress fibres are composed of thick bundles of parallel microfilaments (actin 

filaments). They are common in fibroblasts and epithelial cells and are anchored 

at the substratum in focal contacts (Izzard and Lochner, 1976). Stress fibers 

contain a bipolar arrangement of actin and myosin II, thus enable the generation 

of contractile forces (Chrzanowska-Wodnicka and Burridge, 1996; Huxley, 

1973).  As mentioned above, stress fibres often terminate at least with one end 

in focal contacts, which represent regions of very close contact between the 

ventral cell surface and the substratum providing an anchor for the cell. In the 

early 1990s, the activation of the Rho-GTPase RhoA was described to be 

implicated in the assembly of contractile actin-myosin filaments (stress fibres) 

and of associated focal contact complexes (Hall, 1998; Ridley and Hall, 1992). 

 

2.3.2 Filopodia/microspikes 

 

Filopodia are thin, cylindrical, needle-like projections that can just like 

lamellipodia extend reversibly into three dimensions around the cell. They 

consist of actin filaments aligned in tight bundles with their fast growing ends 
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pushing the plasma membrane. The architectural organization is similar to what 

is termed microspike, which do not project beyond the cell edge. Microspikes 

are part of lamellipodia (see below) and can be precursors of filopodia. 

Filopodia are commonly regarded as sensors for the extracellular milieu, 

steering the direction, for instance, of growth cones during axon pathfinding 

(Kater and Rehder, 1995; Small et al., 2002). The Rho-GTPase Cdc42 has 

been thought to be the main mediator of filopodium extension (Nobes and Hall, 

1995). However, as shown recently, Cdc42 is not essential for filopodium 

formation (Czuchra et al., 2005). Rif/RhoF, RhoD and Wrch1 can also induce 

filopodia and can probably compensate for the loss of Cdc42 (Aspenstrom et 

al., 2004; Pellegrin and Mellor, 2005). Recent evidence shows that lamellipodia 

are not essential prerequisites of filopodia formation as previously proposed 

(Steffen et al., 2006). 

 

2.3.3 Lamellipodia/membrane ruffles 

 

In 1970, Abercrombie defined the broad, sheet like thin layer of cytoplasm that 

protrudes at the front of spreading and migrating cells as the primary organelle 

of motility. When such protrusions were parallel to the substrate, they were 

called leading lamella, leading edge or lamellipodium, which is the most 

common term (Abercrombie et al., 1970; Abercrombie et al., 1970). Depending 

on cell type and condition, the lamellipodium can vary in breadth from 1-5 µm 

and can contain variable numbers of radiating bundles 0.1-0.2 µm in diameter 

and many micrometers long (Small et al., 2002). Several studies such as 

experiments in which fluorescent actin was injected into fibroblasts could show 

that lamellipodia were the primary sites of actin incorporation, leading to the 

suggestion that these protrusions are based on actin polymerization. In these 

structures, actin filaments are organised in a planar meshwork and oriented with 

their barbed ends towards the plasma membrane (Small et al., 2002). If these 

protrusions are bent upwards, often in a wavy formation, they are termed 

membrane ruffles (Abercrombie et al., 1970). The significance of membrane 

ruffles is uncertain, but these structures may be involved more in 

macropinocytosis than cell migration. Both aspects of actin cytoskeleton  

organisation are linked with the Rho-GTPase Rac1 (Ridley et al., 1992). 
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Moreover, also the Rho-GTPases Cdc42 and RhoG have been implicated in 

lamellipodia formation by activating Rac1 (Gauthier-Rouviere et al., 1998; 

Nobes and Hall, 1995).  

 

 

2.4 Rho family GTPases and actin polymerization 

 

As described above, the assembly of actin-based membrane projections is 

regulated by small GTPases of the Rho family. Rho-GTPases belong to the Ras 

superfamily of small GTPases and are highly conserved throughout eukaryotes. 

To date, 22 genes encoding different members of the Rho family have been 

identified in the human genome. However, it is assumed that each one acts as 

a molecular switch to control distinct biochemical pathways. Among them, only 

Rho (RhoA, RhoB, RhoC), Rac (Rac1, Rac2 and Rac3) and Cdc42 have been 

studied in great detail. Like all regulatory GTPases, they exist in an inactive 

GDP-bound and an active GTP-bound conformation. Their activity is regulated 

by a large family (85 in mammals) of guanine nucleotide exchange factors 

(GEFs) stimulating the exchange of GDP for GTP. Many GEFs share a 

common feature: a DH (Dbl homology) domain adjacent to a PH (pleckstrin 

homology) domain. More recently, another family of Rho GEFs has been 

identified related to the founding member DOCK180 (dedicator of cytokinesis 

180). As opposed to GEFs, GTPase-activating proteins (GAPs) stimulate the 

intrinsic GTPase-activity of Rho-GTPases leading to GTP hydrolysis and thus a 

GDP-bound conformation of the given GTPase. However, little is known about 

the regulation of GEFs and GAPs (Hall, 2005).  

Most Rho-GTPases are post-translationally modified by C-terminal prenylation 

(farnesylation or geranylgeranylation). These modifications are critical for their 

association with specific membrane compartments, where they interact and 

activate their effector proteins (Ridley, 2006). Rho guanine nucleotide 

dissociation inhibitors (RhoGDIs) bind to some Rho-GTPases and prevent their 

interaction with membranes by masking the prenyl group as well as inhibiting 

them from binding to downstream targets. Mammals have three RhoGDIs 
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(RhoGDI α, β, γ), which can also target Rho-GTPases to specific membrane 

compartments or protein complexes (Hall, 2005; Ridley, 2006).  

 

                              

Figure 3 The GTPase cycle.  

Rho-GTPases cycle between an inactive GDP-bound form and an active GTP-bound form. In 

mammalian cells, their activity is regulated by a large family of 85 GEFs, an equally large family 

of 80 GAPs and 3 GDIs. Active GTPases interact with effector proteins to mediate response. 

(Jaffe and Hall, 2005). 

 

Finally, Rho-GTPases can be regulated through direct phosphorylation and 

ubiquitination, but the extent to which these covalent modifications play a role in 

normal physiology is unclear (Jaffe and Hall, 2005). In the active GTP-bound 

state, Rho-GTPases perform their regulatory function through a conformation-

specific interaction with effector proteins. Over 50 effector proteins have been 

identified so far for Rho, Rac1 and Cdc42. These include serine/threonine 

kinases, tyrosine kinases, lipid kinases, lipases, oxidases, and scaffold proteins 

involved in different cellular processes in eukaryotic cells. Thus, these proteins 

control some of the most fundamental processes of cell biology including 

morphogenesis, cell cycle and division, polarity and migration. In addition, 

reorganization of the actin cytoskeleton regulated by Rho-GTPases plays an 

important role (Jaffe and Hall, 2005). 

Using Swiss 3T3 cells as a model system, Ridley and Hall showed in the early 

1990s that the constitutively active forms of Rho, Rac1 and Cdc42 regulate 

distinct structures of the actin cytoskeleton (Ridley and Hall, 1992; Ridley et al., 
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1992). Rho was shown to regulate the formation of contractile actin-myosin 

filaments (stress fibres) in response to extracellular stimuli such as 

lysophophatidic acid, Rac1 was demonstrated to be involved in actin 

reorganization at the cell periphery leading to lamellipodia formation and 

membrane ruffling, and Cdc42 promotes actin filament assembly and filopodia 

formation at the cell periphery. Although Rac1 and Cdc42 lead to 

morphologically distinct protrusions at the plasma membrane, they are both 

proposed to initiate peripheral actin polymerization through the Arp2/3-complex, 

since both Rac1 and Cdc42 activate Arp2/3 by binding to members of the 

WASP-family, which act as nucleation-promoting factors.  

As described above, Cdc42-GTP binds directly to N-WASP or WASP relieving 

the auto-inhibitory interaction and exposing the C-terminal Arp2/3- 

binding/activation site (Kim et al., 2000; Rohatgi et al., 2000). However, an 

additional target of Cdc42 is required for activation of the N-WASP-complex, 

which has been termed Toca-1 (Ho et al., 2004).  

Activation of the Arp2/3-complex by Rac1 is mediated by WAVE-proteins. 

Although WAVE proteins are structurally related to N-WASP/WASP proteins, 

they do not interact directly with Rac1. A complex containing WAVE, Abi1, 

Nap1, and PIR121/Sra1 has been proposed to link Rac1 with the Arp2/3-

complex (Eden et al., 2002; Innocenti et al., 2004; Steffen et al., 2004).  

Furthermore, Rho-GTPases also affect actin polymerization by regulating the 

filament-severing and actin-depolymerizing factor cofilin. Cofilin is 

phosphorylated and inactivated by LIM kinases (LIMKs), which in turn are 

activated by Rac1/Cdc42-activated PAK-kinases and the Rho-target ROCK 

(Rho-kinase) (Bamburg and Wiggan, 2002; DesMarais et al., 2005). Moreover, 

Rho and Rac1 associate with PI5-kinase isoforms catalyzing the formation of 

PIP2, which in turn has been reported to regulate the activation of Rac1 

(Weernink et al., 2004).  

The crosstalk between Rho-GTPases themselves also contributes to 

reorganisations of the actin cytoskeleton. It is well established that Cdc42 can 

activate Rac1, resulting in the formation of lamellipodia and membrane ruffles. 

In case Rac1 is suppressed, Cdc42 then induces filopodia extension (Nobes 

and Hall, 1995). 
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Furthermore, downregulation of the Rac1 pathway promotes the enlargement of 

focal contacts, whereas perturbations of the Rho pathway stimulate membrane 

ruffling, revealing an antagonism between Rac1 and Rho (Rottner et al., 1999). 

However, the exact modes of interactions between Rho-GTPases remain to be 

determined. 

 

2.5 Growth factor induced actin reorganization 

 

Members of the Rho-GTPase family are key regulatory molecules in growth 

factor induced actin reorganization. Growth factors such as the hepatocyte 

growth factor (HGF), the epidermal growth factor (EGF) or the platelet derived 

growth factor (PDGF) are extracellular signal proteins that act through receptor 

tyrosine kinases, inducing alterations and reorganisation of the actin 

cytoskeleton such as lamellipodia formation and membrane ruffling (Nobes et 

al., 1995; Ridley et al., 1992).  

Receptor tyrosine kinases play an important role in the control of most 

fundamental cellular processes including cell division, migration and 

differentiation. All receptor tyrosine kinases contain an extracellular ligand 

binding domain, which is connected to the cytoplasmic domain by a single 

transmembrane helix. The cytoplasmic domain contains a conserved protein 

tyrosine kinase core and additional regulatory sequences that are subjected to 

autophosphorylation and phosphorylation by protein kinases. Ligand binding to 

two adjacent receptor chains induces dimerization of the receptor resulting in 

tyrosine autophosphorylation of the cytoplasmic domains. Although all receptor 

tyrosine kinases are activated by dimerization, different ligands employ different 

strategies for inducing the active dimeric state. For example, several growth 

factors such as PDGF are dimers cross-linking two receptors, whereas the 

growth factor EGF is bivalent toward EGF-R binding to two receptors 

simultaneously and cross-link them directly. Tyrosine autophosphorylation of 

receptor tyrosine kinases is crucial for recruitment and activation of a variety of 

signalling proteins. Most tyrosine autophosphorylation sites are located in 

noncatalytic regions of the receptor molecule and function as binding sites for 

SH2 (Src homology 2) or PTB (phosphotyrosine binding) domains. A large 
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family of SH2 domain-containing proteins possess intrinsic enzymatic activities 

(e.g. protein tyrosine kinase activity, protein tyrosine phosphatase activity), 

whereas another family of proteins contains only SH2 or SH3 domains utilizing 

their SH2 or SH3 domains to mediate interactions with different proteins (e.g. 

Grb2, Nck, Crk or Shc) (Schlessinger, 2000) .  

 

The phospholipid kinase PI3-kinase class I forms a complex with pTyr sites on 

the receptor or with tyrosine phosphorylated docking proteins through its SH2 

domain . 

Class I PI3-kinases are heterodimers composed of a regulatory subunit p85 

containing SH2 and SH3 domains and a catalytic subunit designated as p110. 

They are activated by virtually all receptor tyrosine kinases such as EGF-R, 

PDGF-R or c-Met (Schlessinger, 2000). Since PI3-kinase has an important role 

in growth factor induced signal transduction pathways, the specific inhibitors 

Wortmannin and LY294002 have been invaluable tools for elucidating the role 

of this lipid kinase. Wortmannin was originally isolated from Penicillium 

wortmannii, whereas LY294002 is a synthetic compound. Although the reported 

IC50 of LY294002 is about 500-fold higher than that of wortmannin, LY294002 is 

widely used as a specific PI3K-inhibitor because of its higher stability in 

solution. 

Both of them are competitive inhibitors of ATP-binding and thus prevent 

phosphorylation of phosphatidylinositol-4,5-bisphospate (PIP2) to generate the 

second messenger phosphatidylinositol-3,4,5-triphosphate (PIP3) (Walker et al., 

2000).  

 

The phospholipid PIP3 is required for mediating membrane translocation of a 

variety of signalling proteins which contain a PH (Pleckstrin homology) domain.  

Membrane recruitment of key signalling components is critical in the process of 

their activation and subsequent stimulation of a variety of cellular responses 

(Schlessinger, 2000). For instance, it is well established that the highly 

conserved protein kinase Akt/PKB is recruited to the membrane via its             

N-terminal PH domain by binding to PI3-kinase products, where it is 

phosphorylated and activated to stimulate cell survival, protein synthesis and 

metabolic processes (Franke et al., 1997; Franke et al., 1995). Furthermore, it is 
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well known that PIP3 is required for membrane translocation of a number of 

guanine nucleotide exchange factors (GEFs), where they catalyze exchange of 

GDP for GTP on Rho-GTPases such as Rac1. One well studied example is the 

Eps8/Abi1/Sos1-complex, which requires the subunit p85 of PI3K and the 

phospholipid PIP3 to exhibit Rac1-specific GEF-activity, which is induced by 

PDGF treatment (Innocenti et al., 2003; Scita et al., 1999) . This Rac1-GEF-

complex has also been implicated in EGFR signalling (Lanzetti et al., 2000; 

Scita et al., 1999), since membrane ruffle formation induced by EGF is impaired 

in Eps8 knockout fibroblasts.  

Moreover, activated GTP-loaded Cdc42 or Rac1 have in turn been implicated in 

PI3-kinase activity (Tolias et al., 1995; Zheng et al., 1994). 

Thus, growth factor induced cytoskeletal reorganizations important e.g. for cell 

migration are mediated by specific interactions of different proteins including 

PI3-kinase and Rho-GTPases. However, the exact mode and molecular nature 

of such interactions is still under investigation. 

 

 

2.5.1 Receptor tyrosine kinase c-Met and its ligand HGF/SF (hepatocyte 

growth factor/ scatter factor) 

 

As many other tyrosine kinase receptors, c-Met was discovered as an 

oncogene in tumorigenicity assays. The receptor c-Met is a 150 kDa 

polypeptide that undergoes partial glycosylation to produce a 170 kDa precursor 

protein (Faletto et al., 1992). P170Met is further glycosylated and cleaved into a 

50 kDa α-chain and a 140 kDa β-chain. The α-subunit of the mature α-β Met 

heterodimer is highly glycosylated and entirely extracellular while the β-subunit 

contains a large extracellular, a membrane spanning and an intracellular 

tyrosine kinase region (Chan et al., 1987; Giordano et al., 1989). Activation of 

signal transduction pathways downstream of c-Met is mediated by binding of 

the ligand HGF/SF (hepatocyte growth factor/ scatter factor) which was 

independently discovered as a fibroblast-derived effector of epithelial movement 

(scatter factor) and as a growth factor for liver cells (hepatocyte growth factor) 

(Gherardi and Stoker, 1990; Weidner et al., 1991). Furthermore, HGF/SF is also 
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involved in embryonic development including kidney and mammary gland 

formation, migration of muscle and neuronal precursors and tissue regeneration 

(Bladt et al., 1995; Santos et al., 1994; Woolf et al., 1995). HGF/SF belongs to 

the group of plasminogen-related growth factors (PRGFs), as biologically active 

HGF/SF results from cleavage of a single chain HGF/SF precursor (proHGF) to 

produce a mature, disulfide-linked α-β heterodimer (Gherardi et al., 1997). 

Since normal HGF/c-Met signalling is involved in many aspects of cell 

movement and development, abnormal HGF-Met signalling has been implicated 

in both tumor development and progression. Evidence for this comes from 

experimental approaches showing that mouse and human cell lines ectopically 

overexpressing HGF/SF and/or c-Met become tumorigenic and metastatic 

(Rong et al., 1994). In addition, a large number of studies showed that HGF/SF 

and c-Met are frequently expressed in carcinomas, in other types of human 

solid tumors and in their metastases (Jeffers et al., 1996). Expression of 

HGF/SF is restricted to fibroblasts and stromal cells in the surrounding 

mesenchyme of tissues, whereas expression of c-Met is predominantly found in 

cells of epithelial origin. Thus, activation of c-Met often occurs through autocrine 

or paracrine mechanisms.  

Activation of c-Met by binding of HGF/SF results in autophosphorylation of 

specific tyrosine residues within the intracellular region of c-Met. 

Phosphorylation of these tyrosines activate the intrinsic kinase activity of the 

receptor and form a docking site for multiple proteins containing SH2-, or PTB-

domains. Proteins that are recruited to activated c-Met include the adapter 

proteins Grb2, SHC, Gab1 and Crk, along with other signal transducers such as 

phosphatidylinositol-3-OH-kinase (PI3-kinase), phospholipase C-γ and the Ras 

guanine nucleotide exchange factor son-of-sevenless (Sos), which is recruited 

by Grb2 (Birchmeier et al., 2003; Furge et al., 2000).  

Since the migratory phenotype induced by HGF/c-Met signalling requires a 

remodelling of the actin cytoskeleton, members of the Rho family of small 

GTPases have been implicated in regulating the organization of the actin 

cytoskeleton. It is well established that membrane ruffling and cell spreading in 

response to HGF/SF is accompanied by the activation of Cdc42 and Rac1 

(Royal et al., 2000). Furthermore, inhibition treatments indicated that PI3-kinase 

plays an important role in the formation of lamellipodia and spreading induced 
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by HGF/SF (Royal et al., 2000). Moreover, PI3-kinase has recently been 

implicated in the recruitment of N-WASP and WAVE2 to the cell periphery, 

which were concluded to be required for myogenic cell migration downstream of 

c-Met (Kawamura et al., 2004). 

Nevertheless, it is still not entirely clear how the Rho-GTPases Cdc42 and Rac1 

contribute to actin reorganization downstream of c-Met signalling. 

 

2.6 Exploitation of c-Met induced actin reorganization by 

Listeria monocytogenes 

 

The gram-positive bacterium Listeria monocytogenes is a facultative 

intracellular pathogen that is responsible for listeriosis. This disease is acquired 

by contaminated food products and mainly affects immunocompromised 

individuals, pregnant women and newborns. It is characterized by 

gastroenteritis, meningitis, encephalitis, maternofetal infections and 

septicaemia, resulting in death in 25-30% of cases. These severe illnesses are 

caused by the ability of Listeria monocytogenes to cross three physiological 

barriers, namely the intestinal barrier, the blood-brain barrier and the placental 

barrier (Hamon et al., 2006). 

While the invasion of macrophages by L. monocytogenes is a passive process, 

this pathogen is able to induce its own internalization into a wide variety of non-

phagocytic cells. Following internalization into a host-cell vacuole,                      

L. monocytogenes lyses the membrane-bound phagosome by secreting a 

bacterial toxin named lysteriolysin O (LLO) and escapes into the cytoplasm 

(Decatur and Portnoy, 2000). To avoid contact with circulating antibodies or 

other extracellular bactericidal compounds, L. monocytogenes is able to spread 

from cell to cell by polymerizing host actin asymmetrically along its surface 

producing an actin tail that propels the bacterium through the cytoplasm (Dabiri 

et al., 1990; Tilney and Portnoy, 1989). Polymerization of host actin is mediated 

by the bacterial surface protein ActA, which mimics the proteins of the WASP 

family and functions as a nucleation-promoting factor (NPF) for the            

Arp2/3-complex (Domann et al., 1992; Kocks et al., 1992). 
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Entry into cell types such as hepatocytes, fibroblasts, epithelial cells or 

endothelial cells is induced by binding of the bacterial surface proteins    

Internalin A (InlA) and InlB to receptors of the host cell. The main cellular 

receptors of InlA and InlB have been identified as E-cadherin (Mengaud et al., 

1996) and the HGF-receptor, c-Met (Shen et al., 2000), respectively. By 

interacting with c-Met, which is ubiquitously expressed, Listeria can invade a 

wide range of cell types, whereas the interaction with E-cadherin mediates 

infection of a limited number of cell types. E-cadherin is a transmembrane 

molecule responsible for the formation of adherens junctions and is therefore 

expressed and enriched at the basolateral face of epithelial cells. The formation 

of junctions is due to the complex networks of proteins interacting with the 

intracellular domain of E-cadherin including β-catenin and α-catenin. These 

proteins mediate the anchorage of E-cadherin to the actin cytoskeleton (Perez-

Moreno et al., 2003). In the course of InlA-mediated Listeria invasion, different 

proteins (e.g. β-catenin, α-catenin, vezatin, myosin VIIa) responsible for the 

formation of adherens junctions, are all recruited to the bacterial entry site 

(Lecuit et al., 2000). Thus, it was postulated that the InlA-mediated 

internalization pathway exploits the same machinery used by mammalian cells 

to form adherens junctions. 

InlB-mediated entry of Listeria monocytogenes is induced by an InlB-c-Met 

interaction. In contrast to InlA, InlB is loosely attached with the bacterial surface 

through non-covalent interactions between GW-domains of the C-terminal 

region of InlB and the lipoteichoic acid, which is anchored with the bacterial 

membrane (Braun et al., 1997; Jonquieres et al., 1999). As a consequence, InlB 

can be released in the extracellular environment and can act as a soluble factor 

inducing host cell signalling. Interaction with the extracellular domain of c-Met is 

mediated through the N-terminal LRR-domain (Leucin Rich Repeat) of InlB, 

which is necessary for efficient internalization (Braun et al., 1999). The             

N-terminal region of InlB (cap and LRR) is sufficient to induce entry of Listeria 

and to activate the signal transduction pathway downstream of c-Met (Braun et 

al., 1999; Shen et al., 2000).  

Furthermore, InlB also interacts with a highly acidic glycoprotein and a          

C1q-binding protein, gC1q-R (Braun et al., 2000). Since gC1q-R antibodies and 

C1q compete with InlB for binding to gC1q-R and inhibit InlB-dependent 
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invasion of Listeria, the interaction between InlB and gC1q-R appears critical 

(Braun et al., 2000). However, gC1q-R is devoid of a typical hydrophobic 

transmembrane-spanning region or of a consensus site for 

glycosylphosphatidylinositol anchoring. Thus, the hypothesis that gC1q-R rather 

facilitates the interaction of InlB with c-Met is highly probable. 

Interestingly, the highly acidic protein gC1q-R binds to the basic GW repeats of 

InlB similar to proteoglycans, which are supposed to enhance the interaction of 

the LRR domain of InlB with c-Met (Jonquieres et al., 2001). 

The InlB-mediated internalization of Listeria monocytogenes into non-

phagocytic cells is related to the zipper mechanism induced by the macrophage 

Fc and complement receptors. This mechanism is an actin-based process, 

which requires actin polymerization. Well known regulators of transient actin 

polymerization/depolymerization including WASP family members, cofilin and 

LIM-kinase have been implicated in InlB-mediated actin reorganization, 

suggesting that InlB functions as a growth factor similar to the natural ligand of 

c-Met, HGF/SF (Bierne et al., 2001; Bierne et al., 2005) . 

In common with HGF/SF, purified and soluble InlB stimulates the sequential 

tyrosine phosphorylation of c-Met, recruitment and phosphorylation of Gab1, 

Cbl and Shc, and formation of complexes containing these adaptors and the 

p85 subunit of PI3-kinase (Ireton et al., 1999). Similar to HGF/SF, soluble InlB 

induces membrane ruffling and cell scattering, which are impaired in the 

presence of an PI3-kinase inhibitor (Ireton et al., 1999). Furthermore, it is well 

established that the Rho-GTPase Rac1 is involved in InlB-mediated Listeria 

invasion. Activation of Rac1 induced either by soluble InlB or HGF/SF appears 

to be dependent on PI3-kinase activity presumably by the generation of 

3´phosphoinositides, which are crucial for the recruitment of several Rac1-GEFs 

(Seveau et al., 2006). Additional cholesterol-depletion experiments indicated a 

role for lipid rafts in Rac1-GTP loading induced by both InlB and HGF/SF and in 

InlB-mediated Listeria invasion (Seveau et al., 2004; Seveau et al., 2006). 

Moreover, it was reported that addition of HGF/SF to a Listeria strain lacking 

InlB expression promoted invasion as efficiently as InlB supporting the 

hypothesis that InlB mimics HGF/SF (Banerjee et al., 2004). 
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Figure 4 C-Met signalling induced by hepatocyte growth factor (HGF) and InlB.  

Phosphorylation of c-Met leads to the recruitment and activation of many transducers, which in 

turn recruit cytosolic signalling proteins. Signalling mediated by HGF activates proliferation 

signals, and cytoskeletal rearrangements important for cellular motility and differentiation. 

Endocytosis of c-Met is an important regulatory mechanism that downregulates the cell-surface 

expression of the activated receptor. Met signalling mediated by the Listeria monocytogenes 

protein InlB induces cytoskeletal rearrangements important for bacterial entry into non-

phagocytic cells. Clathrin components of the endocytic machinery are also recruited, but the link 

between cytoskeletal machinery and the endocytic machinery is still elusive (Hamon et al, 

2006). 
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However, HGF/SF and InlB do not share any sequence and structural similarity 

and do not interact with c-Met at the same site.  

 

 

                         

 

Figure 5 Schematic domain organization of the mature InlB and HGF proteins.  

For InlB: Cp, cap-region; LRR, leucin-rich-repeat; IR, inter-repeat region; B, B-repeats; GW, 

GW-repeats. For HGF: N,N-terminal domain; K, kringles; SP, serine protease homology region. 

The mature heterodimer is formed by proteolytic digestion at an Arg-Val site and linkage of the 

resulting α and β chains by a disulfide bridge (S-S) (Bierne et al., 2002).  

 

Moreover, InlB-induced phosphorylation of c-Met is more transient than that 

produced by HGF/SF (Shen et al., 2000). Thus, it still has to be determined 

whether or how these differences contribute to bacterial invasion. 

Surprisingly, the study of InlB-mediated invasion revealed that Listeria is able to 

subvert the clathrin-mediated endocytosis of host cells to induce its 

internalization. Clathrin-mediated endocytosis is used by mammalian cells to 

take up nutrients and to recycle membrane proteins and was thought to engulf 

particles no larger than 120 nm. However, soluble InlB induces degradation of 

c-Met through monoubiquitylation and clathrin-mediated endocytosis. 

Additionally, components of the endocytic machinery were shown to be 

important for the engulfment of Listeria monocytogenes (Veiga and Cossart, 

2006).  

However, it remains to be investigated how actin-dependent phagocytosis and 

clathrin-mediated endocytosis may collaborate to support Listeria entry.  
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2.7 Aims of this thesis 

 

The aims of this thesis were to characterize the relative contributions of         

PI3-kinase and the Rho-GTPase family members Cdc42 and Rac1 to c-Met 

mediated actin assembly and InlB-specific Listeria entry. For this purpose, 

Cdc42, Rac1 and PI3-kinase activities were investigated in murine Cdc42 

control and knockout fibroblasts. The role of Cdc42 and PI3-kinase in Rac1 

activation downstream of c-Met signalling was analysed by employing a 

combination of molecular genetic and pharmalogical tools in cell biological and 

biochemical experiments.  
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3 Material and Methods 

 

3.1 Chemicals and Reagents 

 

All used chemicals, reagents and solvents were purchased from BioRad, 

Boehringer Ingelheim, Fermentas, Fluka, Höchst, Invitrogen, Merck, Millipore, 

Minerva Biolabs, New England Biolabs, Pharmacia, Promega, Qiagen, Riedel 

de Haen, Roche, Roth, Sigma. All reagents were solved in deionised water that 

was purified by a Milli-Q-System (Millipore). 

 

3.1.1 Cell culture reagents and plasticware 

 

Cell culture media and additives were from Gibco, Invitrogen, PAA or Sigma 

unless stated otherwise. Plasticware was obtained from Corning, Falcon and 

Nunc. 

 

3.1.2 Enzymes und Reagents for Molecular Biology 

 

Enzymes were from New England Biolabs, MBI Fermentas or Roche. T4-DNA-

Ligase and alkaline Phospatase were obtained from Roche. Pfu-Turbo-DNA-

Polymerase and Dpn 1 as well as desoxynucleotide-tri-phosphates were from 

Stratagene. Oligonucleotides were from Biosprings or MWG-Biotech. DNA-

standards were from Eurogentec or Peqlab, Protein markers were from MBI 

Fermentas and Bio-Rad. 
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3.2 Bacterial culture 

 

3.2.1 Bacterial strains 

 

Escherichia coli:    TG2 (Stratagene) 

     BL21 (DE3) RIL Competent Cells (Stratagene) 

 

Listeria monocytogenes :  EGD, Serotyp 1/2a 

     ∆InlAB 

 

Shigella flexneri :   M90T, Serotyp 5 

     ∆mxiD (Guy Tran Van Nhieu, Paris) 

 

 

3.2.2 Media for bacterial culture 

 

• LB-medium (“Luria Bertani broth”):  bacto-tryptone  10g/l 

bacto-yeast extract    5g/l 

NaCl    10g/l 

 

• SOB-medium:    bacto-tryptone  20 g/l 

bacto-yeast extract    5 g/l 

NaCl             0.6 g/l 

KCl           0.19 g/l 

 

• SOC-medium:    SOB-medium 

MgCl2    10 mM 

MgSO4   10 mM 

Glucose     2 mM 

 

 

• BHI-medium (“Brain-Heart Infusion“): Brain-Heart Infusion   37 g/l 
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• TSB-medium (“Trypticase Soy Broth”): Trypticase Soy Broth   30 g/l 

 

 

3.2.3 Conditions for bacterial culture 

 

Escherichia coli:    LB-medium 

      

Listeria monocytogenes :  BHI-medium 

      

Shigella flexneri :   TSB-medium 

 

Fluid cultures of bacteria were incubated o/n in 37°C and under agitation at 180 

rpm. 

 

3.3 Molecular Biological Standard Techniques 

 

3.3.1 Plasmids 

 

For the generation of EGFP constructs, the pIRES2 EGFP vector (Clontech) 

was used, which contains the internal ribosome entry site (IRES) of the 

encephalomyocarditis virus (ECMV) located between the MCS (multiple cloning 

site) and the enhanced green fluorescent protein (EGFP) coding region. This 

permits both the gene of interest (cloned into the MCS) and the EGFP gene to 

be translated from a single bicistronic mRNA. The pRKMyc-Rac1 L61 that was 

used to generate the pIRES2 EGFP Rac1 L61 and pIRES2 EGFP Rac1 wt  and 

the pRK5Myc-Cdc42 L61 construct, which was used to generate the pIRES2 

EGFPMyc-Cdc42 L61 construct were kindly provided by Laura Machesky 

(University of Birmingham, Birmingham, UK). The GST fusion of the PAK-PBD 

(p21 activated kinase-binding domain; residues 65-136 of PAK3) was kindly 

provided by Dr.G. Bokoch (The Scripps Research Insitute, La Jolla, USA).The 
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pMIRES2 EGFP Cdc42wt was kindly provided by Dr. Cord Brakebusch 

(University of Copenhagen, Copenhagen, Denmark). 

 

3.3.2  Oligonucleotide primers 

Table 1 List of primers for sequencing and site-directed mutagenesis used in this study. 

Oligonucleotide 

number 

Oligonucleotide 

name 

Purpose Sequence 

5´ to 3´ 

1 pEGFP-C for sequencing GGT CCT 

GCT GGA 

GTT CGT 

2 pEGFP-C rev sequencing GGT GTG 

GGA GGT 

TTT TTA 

AAG C 

3 pEGFP-N for sequencing CCA AAA 

TCA ACG 

GGA CTT 

TCC 

4 pEGFP-N rev sequencing GGA CAC 

GCT GAA 

CTT GTG 

G 

5 5´Rac1 L61Q for Site directed 

mutagenesis 

TTA TGG 

GAT ACA 

GCT GGA 

CAA GAA 

GAT TAT 

GAC AGA 

TTA CG 

6 5´Rac1 L61Q 

rev 

Site 

direceted 

mutagenesis 

CGT AAT 

CTG TCA 

TAA TCT 

TCT TGT 

CCA GCT 

GTA TCC 

CAT AA 
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Oligonucleotide primers used in this study for DNA sequencing analysis or Site 

directed mutagenesis were synthesized by Biospring or Invitrogen. 

Oligonucleotides were designed with the help of Generunner Software (version 

3.2).  

 

3.3.3 Site directed mutagenesis 

 

In this work the QuikChange(R) site directed mutagenesis kit (Stratagene) was 

used to switch the amino acid leucin 61 of Rac1 into glutamine in the following 

reaction mixture : 5 µl 10x reaction buffer, 5 ng DNA, 125 ng of each primer and 

1 µl dNTP Mix as recommended by the manufacturer. 

 

3.3.4 DNA sequencing  

 

DNA sequencing reactions were performed with the ABI PRISM ® Big Dye 

Reaction Terminator Cycle Sequencing Kit (PE Applied Biosystems). In brief, 

0.5 µg DNA, 3.2 pmol Primer listed in Table 1, 2 µl Big Dye and 2 µl of 5 x 

sequencing buffer were mixed in a total volume of 10 µl and a PCR reaction 

was used as follows :96°C 3 sec, 96°C 3 sec, 50-55°C 15 sec, 60°C 4 min, step 

2-4 25 cycles, 4°C. The reaction products were ethanol precipitated and 

separated on a ABI PRISMTM 377 HT DNA Sequencer (Applied Biosystems) at 

GATC Biotech GmbH (Konstanz, Germany). ABI PRISM sequence files were 

edited and aligned with Seqman (Lasergene). 

 

3.3.5 Restriction subcloning 

 

2-15 µg plasmid DNA were restriction digested in a total volume of 10-100 µl in 

1x restriction buffer containing 10 U restriction enzyme for 1-2 hours at 37°C. If 

heat inactivation was not possible, reactions were column purified using the 

QIAquick PCR Purification Kit (Qiagen). If necessary, restriction ends were 

blunted after purification by addition of Mung Bean Nuclease (NEB) in an 
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appropriate buffer and incubated for 30 minutes at 30°C. Blunting reactions 

were stopped by column purification as described above. Alkaline 

dephosphorylation of vector DNA was carried out by adding an appropriate 

buffer and 1 U Alkaline Phosphatase (Roche) for 30 minutes at 37°C. This step 

was repeated once and the reaction was stopped by column purification 

(QIAquick PCR Purification Kit (Qiagen)). 

 

3.3.6 DNA extraction from agarose gels 

 

DNA for subcloning was recovered from agarose gels slices using the QIAquick 

Gel Extraction Kit (Qiagen). 

 

3.3.7 DNA ligation 

 

For the ligation of DNA fragments into other DNA vectors, T4 DNA Ligase 

(Roche) was used in a reaction mixture as recommended by the manufacturer. 

Prior to ligation, DNA concentration was estimated in an agarosegel using 

SmartLadder (Eurogentec) as a standard. Approximately 50 ng vector was 

ligated to a 3x molar excess of insert in a 10-15 µl reaction for 12-16 hours in an 

water/ice bath. 

 

3.3.8 Constructs 

 

An EGFP construct (pIRES2 EGFP) of MycRac1L61 was generated by 

subcloning MycRac1L61 into the respective vector using suitable restriction 

enzymes as indicated in Table 1. The generated constructs were sequence 

verified with specific oligonucleotide primers listed in Table 1. The pIRES2 

EGFP MycRac1wt construct was derived from the EGFP construct pIRES2 

EGFPMycRac1L61 by switching amino acid leucin 61 into glutamine (Rac1Q61 > 

Rac1wt) employing the QuikChange(R) site directed mutagenesis kit 

(Stratagene). The appropriate oligonucleotide primers are listed in Table 1. 
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Table 2  Overview of the mammalian expression contructs and their generation. 

Plasmid 

name 

Vector Insert Species Cloning 

sites 

Origin 

of the 

insert 

pIRES2 

EGFP 

Myc 

Rac1 

L61 

pIRES2 

EGFP 

Myc 

Rac1 

L61 

Human  Cla І / 

EcoR 

І 

blunte

ned 

pRK5

Myc 

Rac1 

L61 

pIRES2 

EGFP 

Myc 

Rac1 wt 

pIRES2 

EGFP 

Myc 

Rac1 

wt 

(Q61)

Human  Cla І / 

EcoR 

І 

blunte

ned 

pRK5

Myc 

Rac1 

L61 

 

3.3.9 Generation of ultracompetent E. coli 

 

To obtain high efficient transformation of E.coli, ultracompetent bacteria were 

generated as follows: an overnight culture of TG2 or BL21 was diluted 1:100 

into SOB medium and incubated under agitation at 37°C until the OD600 

reached 0.5. The bacteria were harvested by centrifugation (5000 x g, 10 min, 

4°C). The pellet was resuspended in 1/5 of the culture volume of ice-cold 0.1 M 

CaCl2 and incubated for 20 minutes on ice. After centrifugation (5000 x g, 10 

min, 4°C), bacteria were resuspended in 1/100 to 1/200 of the culture volume of 

ice-cold 0.1 M CaCl2 and incubated for 3 hours on ice. The bacteria were 

supplemented to a final concentration of 10% (v/v) with glycerine, snap-frozen 

in liquid nitrogen and stored at –80°C.  

 

3.3.10 Transformation of E. coli 

 

For transformation, 100 µl of competent bacteria were thawed on ice, mixed 

with 500 ng plasmid DNA (e.g. 10-15 µl of a typical ligation reaction) and 

incubated for 30 minutes on ice. Bacteria were then heat-shocked for 90 sec at 
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42°C in a water bath, returned to ice for 2 minutes, and then 900 µl of SOC-

medium were added. Bacteria were incubated at 37°C for up to 60 minutes and 

plated on agar plates containing the appropriate antibiotic and incubated at 

37°C for 12-16 hours. 

 

3.3.11 Plasmidpreparation from E. coli 

 

Plasmid Midi-and Maxi Preparations were performed using Qiagen columns 

(Qiagen) according to the manufacturer´s protocols. For Plasmid 

Minipreparations, 1-1.5 ml LB-medium containing the appropriate antibiotic 

were inoculated with single colonies and incubated at 37°C o/n. Bacteria were 

harvested by centrifugation and resuspended in 100 µl buffer 1 with RNAse A. 

After adding 200µl of buffer 2 and 150 µl of ice-cold buffer 3, the bacterial 

suspension was incubated 3-5 minutes on ice. The bacterial lysate was 

harvested after centrifugation of the suspension at 12000 g for 5 minutes and 

mixed with 400 µl isopropanol to precipitate the eluted plasmid DNA. This 

mixture was incubated at room temperature for 2 minutes and centrifuged at 

12000 g for 5 minutes. The DNA pellet was washed with 70% Ethanol several 

times and dried at 37°C for approximately 30 minutes. The DNA pellet was 

redissolved in 50 µl Baker H2O under constant shaking for 30-60 minutes. For 

sequence analysis, the Plasmid Minipreparations were performed using the 

NucleoSpin Plasmid Kit (Macherey-Nagel, Düren, Germany). 

 

3.3.12 Quantification of RNA and DNA 

 

The photometric absorption of RNA and DNA in solution has a maximum at a 

wavelength of λ = 260 nm. To determine the concentration of the nucleic acid 

an aliquot of the solution was diluted to an extinction of the optical density (OD) 

OD260 = 0.1-1.0, which corresponds to a concentration range, in which the 

absorption in still linear. The concentration of the RNA and DNA can be 

calculated by including the molar extinction coefficient (ε) of the RNA and DNA 

(40 and 50 µg/µl, respectively) as follows: OD260  dilution factor  ε µg/µl = cDNA 

µg/µl. 
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3.4 Protein Biochemistry 

 

3.4.1 Sodiumdodecylsulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

 

Sodiumdodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

modified after Laemmli (Laemmli, 1970). SDS-PAGE gels were run in Minigel 

apparatures (Biometra) with 1 mm spacers. 

 

3.4.2 Coomassie-Blue-Staining  

 

Proteins on the PVDF-membrane were stained by a 0,1% Coomassie R-250 

solution in 10% acetic acid and 25% isopropanol for 30-60 minutes. This was 

followed by destaining of the membrane in 10% acetic acid and 40% methanol. 

 

3.4.3 Expression and purification of GST-fusion proteins 

 

To obtain a high level of expression of GST fusion proteins, E.coli BL21 

(Amersham Biosciences) served as a protease-deficient host strain. BL21 

cultures transformed with the plasmids GST-PAK-PBD (p21 activated kinase-

binding domain) were grown overnight and inoculated 1:10 in 1 l of LB-medium 

containing ampicillin. Bacteria were incubated at 37°C on a shaker at 180 rpm 

and protein expression was induced at an OD600 of 0.4 to 0.6 by 0.3 mM IPTG 

(final concentration) followed by a further incubation of 4 hours. Subsequently, 

bacteria were harvested by centrifugation (20 minutes at 6500 x g and 4°C). 

The pellet was resuspended in 25 ml of icecold buffer A (150 mM NaCl, 15 mM 

Tris pH 7.5, 1mM DTE) containing protease inhibitors (Complete MiniTM, EDTA-

free, Roche). Bacteria were lysed two times at 15000 psi with a French 

Pressure Cell Press (SLM-AMINCO Spectronic instruments). After 

centrifugation of the lysate (30 minutes, 30000 x g, 4°C), the supernatant was 

dialysed overnight against buffer A. The solution was incubated with 1.3 ml 

Glutathion Sepharose 4 B in a PD-10 column (Amersham Biosciences) for 60 

 33



  Material and Methods 

minutes on a rotary wheel. The resin with the bound fusion protein was washed 

with 500 ml of buffer A. For pull down purposes, 100 µl  aliquots were snap-

frozen and stored  at –70°C after the addition of 5% (v/v) glycerole (final 

concentration) to a matrix/buffer (25 mM Tris pH 7.5, 10 mM MgCl2, 150 mM 

NaCl, 5% sucrose) of 1:1. 

 

3.4.4 Protein extracts from cultured cells 

 

Extracts from adherent tissue culture cells were obtained as follows: first, the 

cells were washed with PBS. For standard extracts, 4x reducing SDS-sample 

buffer was added directly to the cells (500 µl on a 10 cm-diameter dish), then 

scraped off the dish using a cell scraper, boiled at 95°C for 5 minutes and 

stored at –20°C.  

 

3.4.5 Akt phosphorylation assays 

 

For Akt phosphorylation assays, cell lysates from confluently grown Cdc42(fl/-), 

Cdc42(-/-), Cdc42(-/- +mock) and Cdc42(-/- +Cdc42wt) cells in 10cm-diameter 

dishes were serum starved for 16-18 hours with DMEM and treated with either 

DMEM or DMEM containing 50 ng/ml InlB or 20 ng/ml HGF for 5 minutes. The 

cells were scraped off the dish after 200 µl of 4x reducing SDS-sample buffer 

were added. Akt phosphorylation was analysed by immunoblotting with 

antibodies as listed in Table 3.   

 

3.4.6 Pull down assays 

 

For Rac1 and Cdc42 activation assays, cell lysates from Cdc42(fl/-) and 

Cdc42(-/-) cells grown to confluency in 10 cm-diameter dishes were serum 

starved for 16-18 hours with DMEM and treated as described before. The cells 

were then lysed with 500µl of icecold lysis buffer (25 mM Tris pH 7.5, 10 mM 

MgCl2, 150 mM NaCl, 1% Igepal, 5% sucrose, Complete MiniTM). After 

centrifugation for 15 minutes at 15000 x g at 4°C, activated Rac1 and Cdc42, 
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respectively, was precipitated from the cell lysate using 30µl gluthathione 

sepharose beads coupled with GST-PBD for 1 hour at 4°C on a rotary wheel. 

Beads were then washed three times with wash buffer (25 mM Tris pH 7.5, 10 

mM MgCl2, 150 mM NaCl, 0.1% Igepal, 5% sucrose). Precipitates were 

resolved by SDS-PAGE and analysed by immunoblotting with the antibodies 

listed in Table 3. For quantification of relative Rac1-GTP levels, band intensities 

were measured by luminometry employing a cooled CCD camera (Luminescent 

image analyzer LAS-1000; Fujifilm, London, UK) and analyzed using AIDA 

software (Raytest, Germany). Band intensities of active GTPase from at least 

five independent experiments were each normalized to input (total Rac1), 

averaged and expressed as fold increase as compared to respective mock-

treated controls.  

 

3.4.7 Determination of the protein concentration 

 

Protein concentration was determined using the method described by Bradford 

(Bradford 1976) in a microassay procedure (Protein Assay, Bio Rad). 
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3.5 Immunobiological Methods 
 

3.5.1 Primary antibodies 

 

Primary antibodies used in this work are listed in Table 3. 

 

Table 3 List of the purchased antibodies used in this work. 

Description Protein Mc/pc Application Provided by 

23A8 Rac1 Mc, 

affinity-

purified

WB Upstate 

Biotechnology 

(Lake Placid, 

USA) 

44 Cdc42 Mc, 

affinity- 

purified

WB BD 

Transduction 

Laboratories 

(Franklin 

Lakes, USA) 

4.2B N-WASP Pc WB Lommel et al., 

2004 

15 Eps8 Mc, 

affinity- 

purified

WB BD 

Transduction 

Laboratories 

(Franklin 

Lakes, USA) 

A 5060 Actin pc WB Sigma 

(Germany) 

MAB3729 c-met Mc,  WB Chemicon 

(Germany) 

9272 Akt Pc, 

affinity-

purified

WB Cell Signaling 

(USA) 

9271 Phospho-

Akt 

Pc, 

affinity-

purified

WB Cell Signaling 

(USA)  
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3.5.2 Secondary antibodies 

 

A4a:  Goat anti Mouse IgG & IgM (H+L) coupled to HRP (Dianova), 1:2000 

B4c:  Goat anti Rabbit IgG & IgM (H+L) coupled to HRP (Dianova), 1:2000 

 

3.5.3 Western blots 

 

Western blots were performed as follows: after separation on SDS-PAGE gels, 

proteins were transferred onto PVDF-membrane (Roti-PVDF, Roth) using a 

semidry blotting system (Pegasus, Phase, Germany) and a glycine methanol 

SDS blotting buffer (50mM Tris, 39 mM glycine, 0.037 (w/v) SDS, 20% (v/v) 

methanol) at a constant current of 2 mA per cm2 of gel area for 60 minutes (for 

sizes of the proteins of interest up to 60 kDa) to 120 minutes (for sizes of the 

proteins of interest up to 150 kDa). Transfer efficiency was monitored by 

staining of the membranes with PonceauS solution (0.5% PonceauS (Sigma), 

40% methanol, 15% acetic acid). Membranes were blocked for 30 minutes at 

room temperature or at 4°C overnight in blocking buffer (10% dry-milk in TBS-T 

buffer (20mM Tris-HCl pH 7.6; 137 mM NaCl; 0.1% Tween20)). Afterwards, 

membranes were incubated for 1 hour at room temperature or at 4°C overnight 

in 1% dry-milk in TBS-T buffer containing the primary antibody usually at a 

concentration of 1µg/ml). Membranes were washed three times in TBS-T buffer 

for 10 minutes and then incubated for 1 hour at room temperature with 1% dry-

milk in TBS-T buffer containing the secondary antibody. Membranes were again 

washed three times with TBS-T buffer and once with TBS-T with 0.5% TritonX-

100 for another 10 minutes. Membranes were then incubated for up to 4 

minutes with the chemiluminescence substrate Lumilight (Roche) in the case of 

peroxidase coupled secondary antibodies and either exposed to Hyperfilm ECL 

(Amersham Biosciences) or to a CCD camera (Luminescent image analyzer 

LAS-1000; Fujifilm, London, UK) to measure band intensities for the 

quantification of relative Rac1 or Cdc42-GTP levels. 
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3.6 Tissue culture, Transfections and Treatments 
 

3.6.1 Media and solvents 

 

• Growth-medium 1:  DMEM high       

(Dulbecco´s modified eagle medium,  

Gibco), 4.5 g/l glucose 

  

FCS 34K3396 (Sigma) 10% 

L-glutamine (Gibco) 2 mM 

Non-essential amino acids (Gibco) 1 x 

Sodium-pyruvate (Gibco) 1 mM 

 

 

• Growth-medium 2:  DMEM low       

(Dulbecco´s modified eagle medium,  

Gibco) , 1g/l glucose                     

FCS PAA Clone (PAA)   10% 

L-glutamine (Gibco) 2 mM 

γ-Interferon  50 U/ml 

 

 

• Growth-medium 3:  DMEM low       

(Dulbecco´s modified eagle medium,  

Gibco) , 1 g/l glucose                     

FCS 101K3361 (Sigma)   10% 

L-glutamine (Gibco) 2 mM 
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3.6.2 Used cell lines 

 

Table 4 List of cell lines employed in this work. 

Name Description Origin Growth-medium 

3-9 Cdc42(fl/-) 

fibroblastoid 

mouse cells 

Cord 

Brakebusch, 

University of 

Copenhagen 

1 

3-9-7,  

3-9-9 

 

 

Cdc42(-/-)

fibroblastoid 

mouse cells 

Cord 

Brakebusch, 

University of 

Copenhagen 

1 

3-9-7wt,  

3-9-7F37A, 

3-9-7Y40C,  

3-9-7mock

Cdc42(-/-)

fibroblastoid 

mouse cells 

stably re-

expressing 

Cdc42wt, 

Cdc42F37A, 

Cdc42Y40C or 

mock plasmid 

Cord 

Brakebusch, 

University of 

Copenhagen 

1 + 100 µg/ml 

hygromycin 

1 N-WASP(fl/fl) 

mouse fibroblasts

Lommel et al., 

2001 

3 

1H51 N-WASP(-/-) 

mouse fibroblasts

Lommel et al., 

2001 

3 

g7 N-WASP(fl/fl) 

mouse fibroblasts

Lommel et al., 

2001 

2 

g7N1 N-WASP(-/-) 

mouse fibroblasts

Lommel et al., 

2001 

2 

Eps8(-/-) 

+wt 

Eps8(-/-)mouse 

fibroblasts 

reconstituted with 

wildtype Eps8 

 

Scita et al., 1999 1 

Eps8(-/-) Eps8(-/-) 

mouse fibroblasts

Scita et al., 1999 1 
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3.6.3 Tissue culture 

 

The murine control Cdc42 (fl/-), Cdc42-deficient (-/-) and Cdc42-deficient 

fibroblasts stably re-expressing wildtype Cdc42 (Cdc42wt) were grown as 

described (Czuchra et al., 2005). N-WASP control (1, g; fl/fl) and N-WASP 

deficient (1H51, 1H64 and g7N1; -/-) cells were grown as described in Table 1 

as well as the Eps8 deficient (-/-) mouse fibroblasts and Eps8 deficient cells 

stably re-expressing Eps8wt. Cdc42-deficient cells stably re-expressing mock 

plasmid, Cdc42wt, Cdc42F37A and Cdc42Y40C were generated by infection with 

retroviruses conferring expression of the respective mutant together with a 

hygromycin resistence gene as described (Czuchra et al., 2005) and grown in 

the presence of 100 µg/ml hygromycin B. Efficient transient expression of 

Cdc42wt, Rac1wt or constitutively active Rac1 (Rac1L61) was achieved by 

transfection with vectors (pIRES2 EGFP) driving bicistronic expression of the 

respective GTPase and EGFP or EGFP alone as described in Table 2 

(Clontech, Mountain View, CA, USA), followed by FACS-Sorting.  

 

3.6.4 Culture of cells prior to microscopic analyses 

 

For quantifications of growth-factor induced ruffling, cells were seeded sub-

confluently onto 12 mm glass cover slips, starved and treated either with DMEM 

or DMEM containing 20 ng/ml HGF, 50 ng/ml InlB or 100 ng/ml EGF. Coverslips 

had been pretreated as follows: glass coverslips were incubated in a mixture of 

60% ethanol and 40% concentrated HCl for 1 to 3 hours under agitation. 

Coverslips were then extensively washed in water, which was repeatedly 

exchanged. Coverslips were allowed to dry separately on Whatman filterpaper 

overnight and were sterilized by dry autoclaving or by exposure to UV light for at 

least 45 minutes.  

 

3.6.5 Transfection 

 

Transfections were carried out with FuGene (Roche, Germany) according to 

manufacturers´ protocol. In brief, 253 µl Optimem were mixed with 16 µl 
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FuGene and 5.4 µg DNA and incubated for 20-30 minutes at room temperature. 

The mixture was added to cells in a 10 cm-diameter dish containing fresh 

growth medium and incubated for 48 hours before FACS-sorting.  

 

3.6.6 Treatment of cells 

 

For experiments with PI3-kinase inhibition, cells were treated with LY294002 

(Biosource, USA) 20 minutes before and during stimulation with HGF or InlB or 

during Listeria invasion. The inhibitor was added from a 1000× solution in 

DMSO, so DMSO was added to a final concentration of 0.1% in control 

samples. For growth factor treatment, cells were serum starved for 16-18 hours 

in DMEM and then stimulated for 5 minutes in DMEM containing 50 ng/ml InlB 

(provided by Hartmut Niemann, HZI), 20 ng/ml HGF (human recombinant HGF, 

Sigma, Germany) or 100 ng/ml EGF (human recombinant EGF, Sigma, 

Germany). 

 

3.6.7 Gentamicin Protection Assay 

 

Invasivity assays with L. monocytogenes EGD wt and the isogenic negative 

control strain L. monocytogenes ∆InlAB were performed in 24-well tissue culture 

plates. Before infection, bacteria were washed once in PBS and diluted in 

DMEM without serum to a concentration of 109 colony forming units per ml. 

Bacterial suspensions (1 ml per well) were added and centrifuged onto the cells 

at 1900 rpm for 4 minutes. After 1 hour of incubation at 37°C and 7.5% CO2, 

cells were washed twice with PBS, overlaid with DMEM containing gentamicin 

(50 µg/ml) and serum and incubated for 2 hours at 37°C and 7.5% CO2. After 

washing three times with PBS, cells were lysed by adding 500 µl of 0.2% Triton 

X-100. The number of viable bacteria released from the cells was assessed by 

plating on agar plates in triplicate. At least three independent experiments were 

normalized to an invasion of 1 (100%) in respective control populations as 

indicated. 
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3.7 Immunofluorescence Microscopy 

 

3.7.1 Reagent for labelling of the actin cytoskeleton 

 

Phalloidin, a component derived from the mushroom Amanita phalloides, binds 

to actin filaments and stabilizes them against depolymerization (Cooper, 1987). 

Fluorescent derivative Alexa Fluor TM 488 coupled phalloidin (Molecular 

Probes), 3 U/ml in 1% BSA in PBS was used to stain actin filaments in 

permeabilized cells. 

 

3.7.2 Fixation procedures , staining and analysis  

 

For phalloidin stainings, cells were fixed with 4% formaldehyde (PFA) in PBS for 

20 minutes and extracted with a mixture of 0.1% Triton X-100 and PFA for 1 

minute. Afterwards, cells were washed three times with PBS. To stain for 

filamentous actin, fluorescently coupled phalloidin was added and the coverslips 

with cells incubated on parafilm in a humid chamber at room temperature. After 

washing the coverslips extensively with PBS and H2O, they were mounted in 5 

µl Mowiol 4-88 (Calbiochem) supplemented with n-propylgallate (2.5 µg/ml) , 

dried and stored in the dark at 4°C until analysis. Preparations were analyzed 

on an inverted microscope (Axiovert 100TV, Zeiss, Jena, Germany) using a 

63x/NA 1.4 planapochromatic objective and equipped for epifluorescence. 

Images were acquired with a back-illuminated, cooled charge-coupled-device 

(CCD) camera (TE-CCD 800PB, Princeton Scientific Instruments, Princetion, 

USA) driven by IPLab software (Scananalytics Inc., Fairfax, USA). At least 300 

cells from 3 independent experiments for each cell line and experimental 

condition were manually categorized. Data and images were processed using 

Microsoft Excel 9.0 and Adobe Photoshop 7.0 software.
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4 Results 

4.1 Cloning of the human cDNAs of Rac1wt and Rac1L61.  

 

In order to investigate the role of Rac1 in Listeria invasion more directly, a 

constitutively active variant of human Rac1 (Rac1L61) was cloned as described 

in section 3.3.8 and fused into the pIRES2 EGFP vector (Clontech). In order to 

obtain a wildtype construct, leucin 61 in a Myc-tagged L61Rac1 construct 

(kindly provided by L. Machesky, University of Birmingham), was reverted back 

to glutamine using the Quik Change site directed mutagenesis kit as described 

in section 3.3.3. The cDNA sequence of Rac1wt was subsequently fused into the 

pIRES2 EGFP vector (Clontech) as described in section 3.3.8.. 

 

4.2 The InlB-specific invasion of Listeria monocytogenes is 

significantly reduced in Cdc42 (-/-) fibroblasts. 

 

Activation of c-Met, the hepatocyte growth factor/scatter factor (HGF/SF) 

receptor, induces actin reorganizations driving epithelial cell scattering and 

motility and invasion of the gram-positive bacterium Listeria monocytogenes 

into non-epithelial cells (Birchmeier et al., 2003; Shen et al., 2000). Ligand 

binding to this growth factor receptor leads to clustering and tyrosine 

autophosphorylation to recruit adaptor proteins and activate small GTPases 

such as Rho-family members (Birchmeier et al., 2003; Ridley et al., 1995; Royal 

et al., 2000).  

To obtain more insight into the molecular mechanisms of cytoskeletal 

rearrangements downstream of the receptor tyrosine kinase c-Met, I have at 

first studied the engulfment of the gram-positive pathogen Listeria 

monocytogenes by a cell line genetically deleted for the Rho-GTPase Cdc42. 

Invasion of Listeria monocytogenes is mediated by two separable signalling 

pathways, which are induced by two bacterial factors, Internalin A and InlB, 

binding to E-cadherin and c-Met, respectively (see above). Internalin A does not 
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interact with murine E-cadherin, so the engulfment of Listeria by murine cell 

lines is InlB-specific. Similar to HGF/SF, InlB was recently reported to activate 

c-Met initiating responses such as tyrosine autophosphorylation and recruitment 

of signalling adaptors (Hamon et al., 2006; Ireton et al., 1999). 

To study the role of Cdc42 in actin-dependent Listeria invasion, two 

independent Cdc42 deficient cell lines (Cdc42 (-/-), clones 397 and 399), 

derived from a Cdc42 expressing control fibroblast cell line (Cdc42 (fl/- , clone 

39)), have been investigated using gentamicin protection assays. Wildtype 

bacteria (L.m. EGDwt) and the isogenic mutant lacking Internalin A and InlB 

(L.m. ∆InlAB) were used.  

As shown in Figure 6 A, Listeria invasion is strongly reduced (by 70%) upon 

genetic deletion of Cdc42. To ensure that InlB-specific Listeria invasion is not 

reduced due to lower c-Met expression in Cdc42 (-/-) cells, c-Met expression 

was determined in Cdc42-expressing and Cdc42-deficient cells by Western 

Blotting using an anti-c-Met antibody. As shown in Figure 6 B, c-Met expression 

was similar in Cdc42 knockout fibroblasts and Cdc42 control cells. In order to 

make sure that equal amounts of cell extract were compared for each cell line, 

cells were seeded at different densities, infected and assessed for the amount 

of extract present by Western Blotting using an anti-actin antibody                

(Figure 6 A).Conditions with similar amounts of extract were then subjected to 

bacterial counting. These experiments provided a first indication of a significant 

role of Cdc42 in InlB-specific Listeria engulfment.        
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Figure 6 Cdc42 is required for efficient invasion of Listeria monocytogenes.  

(A) Murine fibroblastoid control (fl/- 39) or Cdc42-deficient (-/- 397, 399) cell lines were infected 

with wildtype Listeria monocytogenes (EGD wt) or with a non-invasive Listeria strain (∆InlAB). 

Bacterial invasion was measured by gentamicin protection assays. The datasets represent 

means + SEM from at least three independent experiments. Bacterial colonies were quantified 

from equal amounts (*) of cellular extracts as determined by Western Blotting using an anti-actin 

antibody. 5, 7, 8 designates numbers of cells loaded (x10
4
). (B) Cdc42 (fl/-) and (-/-) cells (line 

399) were subjected to Western Blotting using Cdc42 and c-Met antibodies. Note that the 

absence of Cdc42 does not affect the efficiency of c-Met expression. 
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4.3 Re-expression of Cdc42wt in Cdc42 (-/-) cells restores 

uptake of Listeria. 

 

To confirm the role of Cdc42 in InlB-specific Listeria invasion, Cdc42 (-/- 399) 

were transiently transfected with a vector driving bicistronic expression of GFP 

and Cdc42wt. As controls, Cdc42 (fl/-) and Cdc42 (-/- 399) cells were also 

transfected with a mock plasmid (pIRES2 EGFP). Transfected cells were 

enriched by FACS-sorting, seeded onto a 24 well plate and subjected to a 

gentamicin protection assay. As shown in Figure 7 A, re-expression of Cdc42wt 

in Cdc42-deficient cells fully restores the uptake of Listeria. Western  Blotting 

with anti-Cdc42 antibodies revealed that the amount of ectopically expressed 

Cdc42 in the knockout cells was comparable to the endogenous protein in 

control cells (not shown). 

 

                              

Figure 7 Ectopic re-expression of Cdc42 restores Listeria uptake. 

(A) Listeria invasion as determined in control (39) or Cdc42-deficient cells (399) transiently 

expressing either GFP alone or co-expressing GFP and Cdc42 wildtype (Cdc42wt) on a 

bicistronic vector as indicated. Successfully transfected cells were enriched by FACS-sorting 

and analysed for Listeria invasion 48 hours after sorting and seeding onto culture dishes. 

Gentamicin protection assays were performed employing wildtype Listeria (EGD wt). Each 

column corresponds to the mean + SEM of internalised bacterial colonies quantified as above 

(three independent experiments).  
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4.4 Cdc42 is activated upon stimulation with soluble InlB or 

HGF. 

 

Since I knew that InlB-specific uptake of Listeria was abrogated in Cdc42 

deficient cells and that re-expression of Cdc42wt in (-/-) cells fully restored 

invasion, I wondered if HGF or InlB treatment drives Cdc42 activation. HGF, the 

hepatocyte growth factor, was reported to be potent modulator of epithelial-

mesenchymal transition and dispersal of epithelial cells, processes that play 

crucial roles in tumor development, invasion and metastasis (Birchmeier et al., 

2003; Birchmeier and Gherardi, 1998). Interestingly, HGF stimulation of 

epithelial cells for 5, 15, 30 and 60 minutes was previously shown to be 

accompanied by Cdc42 activation (Royal et al., 2000). Wells et al. also showed 

activation of endogenous Cdc42 downstream of HGF/c-Met signalling (Wells et 

al., 2005). Given that InlB was established to elicit similar responses as HGF 

(Bierne and Cossart, 2002; Hamon et al., 2006), I was interested to see if 

Cdc42 is activated upon treatment with InlB or HGF in our Cdc42-expressing 

control fibroblasts (Cdc42 fl/-). Therefore, I performed pull down assays using 

glutathione sepharose beads coupled with the p21-binding domain of PAK3 

(PBD), which selectively binds to GTP-Cdc42 or GTP-Rac1. Optimal 

concentration ranges for treatment with HGF or InlB were obtained by judging 

the ability of these cells to form membrane ruffles. HGF and InlB were used with 

a concentration of 20 and 50 ng/ml, respectively. Importantly, Cdc42 can be 

activated with HGF or InlB, which corroborates the function of Cdc42 in 

signalling downstream of the receptor tyrosine kinase c-Met. 
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Figure 8 Cdc42 is activated upon treatment with HGF or InlB.  

Pulldown assays are shown using the p21-binding domain (PBD) of PAK3 followed by detection 

with Cdc42 antibody. Before lysis, cells were serum starved and stimulated with DMEM as 

control or DMEM containing 20 ng/ml HGF or 50 ng/ml InlB as indicated.  

 

4.5 InlB-specific Listeria invasion is independent of N-WASP, 

but requires Rac1 activation downstream of Cdc42. 

 

To get more insight into the pathway driving Cdc42-mediated Listeria invasion, 

different effector binding mutants were stably transduced into Cdc42 null cells. I 

primarily focused on two point mutations, Y40C and F37A, which carry single 

amino acid substitutions in the effector loop of Cdc42. The mutation Y40C was 

reported to block interactions with effectors harbouring a canonical Cdc42/Rac1 

interactive binding (CRIB) motif, like group 1 PAK-kinases or WASP family 

proteins. Hence, the Y40C mutant should not be able to directly control actin 

polymerisation through N-WASP or WASP, which are well known activators of 

the actin nucleation machinery Arp2/3-complex, although the lack of interaction 

of Cdc42Y40C with N-WASP has more recently been doubted (Miki et al., 1998). 

As opposed to Cdc42Y40C, Cdc42F37A is known to abrogate Cdc42 signalling to 

Rac1 activation (Lamarche et al., 1996). In my experiments, Cdc42 (-/- 397) 

stably re-expressing mock plasmid, Cdc42wt, Cdc42Y40C or Cdc42F37A were 

infected with Listeria in a gentamicin protection assay (Figure 9). Cdc42Y40C, but 

not Cdc42F37A reconstituted Listeria invasion, indicating that Cdc42 functions in 

Listeria engulfment by stimulating Rac1 activation, rather than by signalling to 

actin assembly via CRIB-containing effector molecules such as N-WASP. 
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Figure 9 Cdc42 functions in Rac1 activation rather than by directly binding to N-WASP 

controlling actin polymerisation. 

Cdc42 (-/-) cells stably re-expressing mock plasmid, wildtype Cdc42 or Cdc42 effector- binding 

mutants defective in Rac1 activation (Cdc42F37A) or WASP/N-WASP interaction (Cdc42Y40C). 

Cdc42Y40C restores Listeria invasion, while Cdc42F37A does not, suggesting a role for Rac1 

signalling, but not for Cdc42-N-WASP interaction, in Listeria invasion. 

 

To accumulate additional evidence that InlB-specific Listeria invasion is 

independent of N-WASP, Listeria engulfment was determined by independently 

established couples of N-WASP control (N-WASP (fl/fl)) and N-WASP null      

(N-WASP (-/-)) cell lines (Figure 10 A, B). InlB-mediated Listeria invasion was 

not reduced in N-WASP null cells, demonstrating that Cdc42-induced Listeria 

engulfment does not involve actin polymerization driven by N-WASP. Since the 

mutant Cdc42F37A did not restore Listeria invasion, I postulated that reduced 

InlB-mediated Listeria invasion was due to defective Rac1 signalling upon 

genetic removal of Cdc42. If this was correct, a blunt increase in active Rac1 

levels should compensate for the loss of Cdc42 signalling. To test this directly, 

Rac1wt and Rac1L61 (constitutively active form of Rac1) were transiently 

expressed in Cdc42 knockout fibroblasts (399) and compared to Cdc42 (fl/-,) 

cells and Cdc42 (-/- 399) transiently expressing mock plasmid as controls.  

As described before, the cells were enriched by FACS-sorting, seeded onto a 

24 well plate and subjected to a gentamicin protection assay. As shown in 

Figure 11, ectopic expression of Rac1wt could partially restore Listeria 
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engulfment in the absence of Cdc42 and almost full reconstitution was achieved 

by ectopic expression of constitutively active Rac1 (Rac1L61).   

        

 

Figure 10 InlB-mediated uptake of Listeria is independent of N-WASP.  

(A, B) Infection of N-WASP expressing precursor (fl/fl) as compared to N-WASP defective (-/-) 

cell lines with wildtype Listeria monocytogenes (EGD wt) or with the ∆InlAB-strain (A, B). Data 

summarize relative numbers of internalized bacteria (mean + SEM of three independent 

experiments) determined by gentamycin protection assays as described above. N-WASP 

expression was examined by using an anti-N-WASP antibody. 
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Figure 11 Cdc42 functions in Rac1 activation downstream of InlB-induced Listeria 

invasion.  

Cdc42 (-/-) cells ectopically expressing wiltype Rac1 or the constitutively active mutant (Rac1L61) 

were infected with Listeria (EGD wt). Note that the ectopic expression of Rac1 variants is 

capable of restoring Listeria invasion in Cdc42 (-/-) cells to levels comparable to Cdc42 (fl/-) 

cells. 

 

4.6 HGF/InlB-induced Rac1 activation and membrane ruffling is 

impaired in Cdc42 (-/-) cells. 

 

The data accumulated so far suggested a compromised Rac1 activation in InlB-

specific Listeria invasion in Cdc42 knockout fibroblasts. To test directly the 

contribution of Cdc42 in Rac1 activation, I performed pull down assays using 

glutathione sepharose beads coupled with the p21-binding domain of PAK3 

(PBD) to determine relative Rac1-GTP levels in Cdc42-control and -defective 

fibroblasts. As shown recently (Royal et al., 2000; Seveau et al., 2006; Wells et 

al., 2005), Rac1 was activated upon treatment with HGF or InlB. I was 

interested to see whether stimulation of c-Met with 20 ng/ml HGF or 50 ng/ml 

InlB induced Rac1 activation in both Cdc42 null cells and control cells. A twofold 

increase in Rac1-GTP loading was achieved both in control and in knockout 

fibroblasts (Figure 12 A). However, due to reduced Rac1-GTP levels in the 

absence of Cdc42, the absolute increase of Rac1-GTP levels was about half in 

Cdc42-deficient cells as compared to Cdc42-expressing cells as shown in 
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Figure 12 B. Thus, these data demonstrated an impaired Rac1 activation after 

c-Met stimulation in the absence of Cdc42. 

        

Figure 12 Cdc42 contributes to Rac1 activation downstream of HGF/InlB signalling.  

(A) Rac1-GTP-levels as determined from Cdc42 (fl/-) or Cdc42 (-/-) cells treated with soluble 

HGF or InlB as indicated. (B) Although Rac1 activation by HGF or InlB appears similar in both 

the presence and absence of Cdc42, relative Rac1-GTP levels are reduced in Cdc42 (-/-) cells, 

both before and after HGF/InlB treatment. Rac1-GTP-levels are summarized relative to total 

Rac1 as pooled arithmetic means ±  SEMs of all data in arbitrary units as indicated. Numbers in 

(B) are arithmetic means of at least three independent experiments. As described for         

Cdc42 (-/-) cells in serum, relative Rac1-GTP-levels are reduced by app. 50% in starved cells 

and upon HGF/InlB treatment.  

 

The hepatocyte growth factor/scatter factor, HGF/SF, is well known to stimulate 

the motility of epithelial cells, initially inducing centrifugal spreading of cell 

colonies followed by disruption of cell-cell junctions and subsequent cell 

scattering (Birchmeier and Gherardi, 1998). These reponses are accompanied 

by changes in the actin cytoskeleton, including membrane ruffling (Ridley et al., 

1995). Similar to HGF, the bacterial ligand InlB is also able to induce cell 
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scattering of epithelial cells (Shen et al., 2000) and cytoskeletal rearrangements 

like membrane ruffling (Braun et al., 1998). The Rho-GTPase Rac1 is reported 

to be specifically required for the formation of membrane ruffles induced by 

growth factors (Ridley et al., 1992). I therefore assessed whether impairment of 

Rac1 activation in Cdc42-deficient cells affects cytoskeletal reorganisation like 

membrane rufflling. Consequently, cells were seeded onto glass cover slips and 

serum starved for 16-18 hours followed by mock treatment with DMEM or 

DMEM containing HGF or InlB for five minutes. For examination in the 

fluorescent microscope, the cells were fixed and stained for actin filaments with 

fluorescently labelled phalloidin. Both Cdc42-expressing (B; D) and Cdc42-

deficient cells (F, H) formed membrane ruffles in response to both ligands. 

Interestingly, Cdc42 control cells displayed an almost fourfold increase in the 

percentage of ruffling cells compared to mock-treated control cells. Cdc42 

knockout cells also still showed cells capable of membrane ruffling, as reported 

previously (Czuchra et al., 2005). However, the increase, of ruffling cells upon 

HGF or InlB treatment was severely compromised, suggesting a defect in signal 

propagation from growth factor activation to actin reorganization rather than in 

the actin polymerization machinery itself (Figure 13 I).  
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Figure 13 Impairment of HGF/InlB induced membrane ruffling in Cdc42 (-/-) cells.  

(A-H) Cdc42 (fl/-) (A-D) and Cdc42 (-/-) (E-H) fibroblasts were grown on glass-coverslips, serum 

starved for 16-18 h followed by mock treatment with DMEM (A, C, E, G) or by DMEM containing 

HGF or InlB for five minutes as indicated (B, D, F, H). Cells were fixed and stained with 

fluorescently-labelled phalloidin. As opposed to mock-treated controls (A, C, E, G), HGF and 

InlB induced prominent membrane ruffles in most Cdc42 (fl/-) cells (B, D, F, H). (I) 

Quantification of cell morphologies observed upon HGF or InlB addition compared to mock 

treatment of Cdc42 (fl/-) and Cdc42 (-/-) cells. Individual cells were classified according to the 

categories: with ruffles, without ruffles or with ambiguous morphology. At least 100 cells were 

analysed and categorised for each condition. Columns are percentage of cells with respective 

morphology displayed as means ± SEMs. 

 

4.7 PI3-kinase inhibition suppresses InlB-mediated Listeria 

uptake and abolishes Akt phosphorylation. 

 

It is well established that InlB-mediated Listeria invasion is significantly impaired 

by pharmacological inhibition of PI3-kinase (Ireton et al., 1996), which leads to 

the assumption that stimulation of c-Met by InlB activates class Ι PI3-kinases. It 

is also generally thought that InlB-induced Rac1 activation is driven by class Ι   

PI3-kinases, which generate phosphatidylinositol-3,4,5-triphosphate (PIP3) 

needed to recruit and activate guanine nucleotide exchange factors (GEFs) for 

RhoGTPases like Rac1 (Pizarro-Cerda and Cossart, 2006; Seveau et al., 

2006). Since my previous results suggested a critical role in Rac1 activation 

also for Cdc42, I considered to test whether Cdc42 and PI3-kinase act in 
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common or in distinct pathways downstream of InlB-signalling or Listeria 

invasion. For this purpose I employed widely used PI3-kinase inhibitors, 

LY294002 and Wortmannin. However, the majority of the experiments were 

performed with LY294002, due to its greater stability in solution (Walker et al., 

2000). Initially, a dose-response curve for inhibition of InlB-mediated Listeria 

invasion was obtained using Cdc42-expressing control cells. To do so, the cells 

were infected with wildtype Listeria monocytogenes (EGD wt) in the presence of 

different concentrations of the PI3-kinase inhibitor LY294002 or DMSO as 

vehicle 20-30 minutes before and during the entire duration of infection. Similar 

to previous observations in other cell types, concentrations of 1 to 5 µM 

LY294002 caused a sharp reduction in Listeria invasion. The minimal 

concentration to reach maximal inhibition was 10 µM in our cell type          

(Figure 14 A), which was then used in further experiments. To confirm complete 

inhibition of PI3-kinase with 10 µM LY294002, an Akt phosphorylation assay 

was performed, since phosphorylation of the signalling protein Akt depends on 

PI -3,4,5-phospholipids (PIP3). Thus, as shown previously, Akt phosphorylation 

is sensitive to inhibition by the PI3-kinase inhibitor LY294002 (Franke et al., 

1997; Franke et al., 1997). Cdc42 (fl/- 39) and Cdc42 (-/- 397, 399) cells were 

serum starved for 16-18 hours, pretreated 20-30 minutes with LY294002 and 

DMSO as a control and then stimulated with HGF or InlB in the presence of 

LY294002 or DMSO. As shown in Figure 14 B, no phosphorylated Akt was 

detectable after treatment with LY294002 indicating that 10 µM LY294002 

completely inhibited PI3-kinase activation. 
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Figure 14 PI3-kinase activity is abolished by treatment with 10 µM LY294002.  

(A) Dose response curve of the effect of LY294002 on Listeria invasion in Cdc42 (fl/-) cells. 

Each concentration represents arithmetic mean and standard error of mean from at least three 

independent experiments. (B) Inhibition of Akt phosphorylation by the treatment with 10 µM 

LY294002 in Cdc42 (fl/-) and Cdc42 (-/-) cells as compared to DMSO-treated cells. Note that  

10 µM LY294002 abolished HGF- or InlB-induced Akt phosphorylation, and hence PI3-kinase 

activation, in all cell types. 

 

4.8 PI3-kinase inhibition abolishes InlB-mediated Listeria 

invasion only in Cdc42 (-/-) fibroblasts. 

 

Treatment with 10 µM LY294002 or 100 nM Wortmannin reduced InlB-specific 

Listeria invasion by approximately 70% in both Cdc42-expressing and Cdc42 

knockout cells (Figure 15 A, C). Thus the reduction of the entry rates of Listeria 

affected by PI3-kinase inhibition is equal in both the absence and the presence 

of Cdc42, which is illustrated best when entry rates are normalized to 1 (100%) 

for each mock treated cell line individually as shown in Figure 15 B and D.  

These data demonstrate that PI3-kinase does not act upstream of Cdc42 in a 

signalling pathway driving c-Met-mediated Listeria invasion. They also show 

that neither PI3-kinase nor Cdc42 signalling is essential in the presence of the 

respective other component. However, the infection with wildtype Listeria    

(EGD wt) and the InlA/B-deficient strain of LY294002-treated Cdc42 (fl/-) and 

Cdc42 (-/-) cells as shown in Figure 15 E revealed a complete abolishment of 
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InlB-mediated Listeria invasion in the absence of both Cdc42 and PI3-kinase 

activity. These results indicate that Cdc42 and PI3-kinase both contribute to 

InlB-mediated Listeria uptake. 
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Figure 15 PI3-kinase activity is relevant, but not essential for InlB-specific Listeria 

invasion. 

(A, C) Invasion of wildtype Listeria (EGD wt) in control (39) and knockout cell lines (397, 399) 

treated with vehicle (+ DMSO, +MeOH) or LY294002 and Wortmannin, respectively. (B, D) Data 

as in (A, C) normalized to the entry rates with vehicle for each cell line individually. (E) Control 

and Cdc42-deficient cell lines were infected with Listeria wildtype and the ∆InlA/B strain in the 

presence of the PI3-kinase inhibitor LY294002. Data are means and standard error of means. 

Note the absence of specific invasion in PI3-kinase-inhibitor-treated Cdc42 knockout cells. 
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4.9 PI3-kinase inhibition completely suppresses HGF/InlB-

induced membrane ruffling and Rac1 activation only in 

Cdc42 (-/-) cells. 

 

So far the data provided an indication of independent and separate 

contributions of Cdc42 and PI3-kinase downstream of InlB-induced signalling. 

However, it was still unclear whether these relative contributions also hold true 

for HGF-induced ruffling and whether both Cdc42 and the PI3-kinase have a 

critical role in Rac1 activation. To test this directly, membrane ruffling induced 

by brief treatments with HGF or InlB was examined as described before, but 

now in the presence of  LY294002 or DMSO as control. After treatments, cells 

were again fixed and stained for the actin cytoskeleton with fluorescently-

labelled phalloidin. PI3-kinase inhibition in the absence of Cdc42 abolished the 

induction of membrane ruffling by HGF or InlB entirely (F, H), whereas Cdc42-

expressing cells could still be stimulated to ruffle under these conditions (A, D), 

albeit less efficiently as in the absence of PI3-kinase inhibitor. Moreover, the 

induction of membrane ruffling by HGF or InlB treatment was quantitatively 

similar in mock-treated Cdc42 knockout cells and LY294002-treated Cdc42 

expressing cells. As Rac1 activation was strongly compromised in Cdc42 

knockout fibroblasts, which coincided with reduced membrane ruffling frequency 

upon HGF or InlB treatment as compared to the parental Cdc42-expressing 

control cell line, it was interesting to examine whether Rac1 activation was also 

affected by PI3-kinase inhibition. Thus, Rac1–GTP levels upon HGF or InlB 

treatments both in the absence and presence of LY294002 were determined 

(Figure 17). Along the same line, the increase of Rac1-GTP loading was 

reduced in Cdc42 expressing cells treated with LY294002 as compared to the 

DMSO-treated controls. In addition, Rac1-activation in Cdc42 knockout cells 

was totally abolished in the presence of the PI3-kinase-inhibitor. These results 

strongly suggest a role for PI3-kinase in addition to and at least partly 

independent of Cdc42 in Rac1 activation downstream of InlB or HGF-induced   

c-Met signalling. 
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Figure 16 PI3-kinase inhibition completely abolishes HGF/InlB-induced membrane 

ruffling in the absence of Cdc42. 

(A-H) Cdc42 (fl/-) (A-D) and Cdc42 (-/-) (E-H) fibroblasts were grown on glass-coverslips, serum 

starved for 16-18 h followed by mock treatment with DMEM or by DMEM containing HGF (B, F) 

or InlB (D, H) for five minutes in the presence of LY294002. As indicated, cells were fixed and 

stained for actin filaments with fluorescently-labelled phalloidin. (I) Quantification of cell 
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morphologies observed upon HGF or InlB addition compared to mock treatment was done as 

described for Figure 7 I, but in the presence of LY294002 in all experimental conditions. 

 

              

Figure 17 PI3-kinase inhibition impairs and abolishes Rac1 activation in control and 

Cdc42 knockout cells, respectively. 

(A) Rac1 activation assays in the presence or absence of LY294002 in all cell lines as indicated 

and normalized to the respective Rac1-GTP levels in the absence of HGF or InlB. Numbers 

below representative blots give arithmetic means of at least five independent experiments. (B) 

Summary of PAK-CRIB assays performed with all cell lines in the presence of vehicle (+ DMSO) 

or PI3-kinase-inhibitor (+ LY294002). All data are means and standard error of means and 

normalized to DMSO-treated Cdc42-expressing control cells in the absence of HGF or InlB. 

Data from Cdc42 (-/-) cells were pooled (grey) compared to Cdc42 control (fl/-) cells (black). 

 

 

All data presented above indicated that PI3-kinase does not function upstream 

in a signalling pathway to Cdc42 and Rac1 activation downstream of c-Met 
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engagement. If this was correct, PI3-kinase inhibition would not affect Cdc42 

activation. To test this directly, Cdc42-expressing cells were treated with HGF 

or InlB with or without PI3-kinase inhibition. Interestingly, Cdc42-GTP loading 

was increased rather than decreased upon HGF or InlB treatment of             

PI3-kinase-inhibitor-treated cells (Figure 18), corroborating the view that            

c-Met-induced Cdc42 activation is PI3-kinase independent. 

    

Figure 18 PI3-kinase inhibition does not interfere with Cdc42 activation induced by HGF 

or InlB. 

(A) Quantification of InlB- or HGF-induced Cdc42 activation in the presence (+ LY294002) or 

absence (+ DMSO) of the PI3-kinase inhibitor in Cdc42 expressing control cells (39). Data were 

normalized to the respective Cdc42-GTP levels in the absence of the ligands (-). Numbers 

below blots show arithmetic means of at least five independent experiments. (B) Summary of 

PAK-CRIB-Cdc42-GTP assays. Data are arithmetic means and standard error of means and 

normalized to DMSO-treated cells in the absence of c-Met ligands. 

 

4.10  Akt phosphorylation is decreased in Cdc42(-/-) fibroblasts. 
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The data described so far suggested that Cdc42 and PI3-kinase independently 

and separately contribute to Rac1 activation downstream of c-Met signalling. 

However,  the data did not exclude an involvement of Cdc42 in PI3-kinase 

activation. In fact, it is known that GTP-bound Cdc42 can bind to PI3-kinase in 

vitro (Zheng et al., 1994) and affects its activity (Tolias et al., 1995). 

Furthermore, GTP-loaded Rac1 has also been shown to interact with             

PI3-kinase (Tolias et al., 1995). As described previously, phosphorylation and 

activation of protein kinase Akt/PKB depends on membrane recruitment, which 

is mediated by binding to the PI3-kinase product PIP3 (Franke et al., 1995).  

To directly test for a potential role of Cdc42 in PI3-kinase activation, I again 

employed the Akt phosphorylation assay. If Cdc42 affected PI3-kinase activity 

and thus PIP3 generation, phosphorylation of Akt would be decreased in    

Cdc42 (-/-) cells. I have serum-starved Cdc42 (fl/-) and Cdc42 (-/-) cells for     

16-18 hours and stimulated then by a brief treatment with DMEM containing 

HGF or InlB. 

As shown in Figure 19 A, Akt phosphorylation was significantly decreased in 

Cdc42 knockout fibroblasts indicating that Cdc42 functions, at least in part, in 

PI3-kinase activation downstream of c-Met engagement. 

To confirm the potential relevance of Cdc42 in PI3-kinase activation in this 

pathway, Cdc42 (-/- 397) stably re-expressing mock plasmid or Cdc42wt were 

stimulated with HGF or InlB (Figure 19 B). 

Consistent with the results described above, Akt phosphorylation was 

significantly reduced in Cdc42 (-/-) cells re-expressing mock plasmid as 

compared to Cdc42 (-/-) cells re-expressing Cdc42wt. Thus, these data strongly 

suggest that  PI3-kinase activation downstream of c-Met signalling is partly 

driven by Cdc42. However, whether Cdc42 in this case acts directly or indirectly 

through Rac1 is still unclear. Together, my results uncover for the first time that, 

following c-Met activation, PI3-kinase does not function upstream of Cdc42, 

whereas Cdc42 signalling to Rac1 activation partly involves PI3-kinase. 
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Figure 19 Akt phosphorylation is decreased in Cdc42 (-/-) cells, but is restored upon re-

expression of Cdc42wt. 

(A) InlB- or HGF-induced Akt phosphorylation in Cdc42 expressing control (39) and knockout 

cells (397, 399) as indicated. Quantification of Akt phosphorylation is shown at the bottom. Data 

are means and standard error of means of phosphorylated Akt (% of total Akt) from at least 

three independent experiments. (B) InlB- or HGF-induced Akt phosphorylation was analysed in 

Cdc42 (-/-) cells stably re-expressing mock plasmid or wildtype Cdc42 (Cdc42wt). Akt 

phosphorylation is restored upon re-expression of Cdc42wt, suggesting a role of Cdc42 in      

PI3-kinase activation. 

 

4.11 The role of the Rac1-activating complex Eps8/Abi1/Sos1 in       

InlB-mediated Listeria invasion. 

 

Class I phosphoinositide 3-kinases (PI3-kinases) are implicated in many cellular 

responses controlled by receptor tyrosine kinases such as the platelet derived 

growth factor receptor (PDGF-R), the epidermal growth factor receptor (EGF-R) 
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or c-Met (Birchmeier et al., 2003; Citri and Yarden, 2006; Kazlauskas and 

Cooper, 1990). Within these pathways, Rac1 is a key downstream effector of 

PI3-kinase. The product of PI3-kinase, phosphatidylinositol 3,4,5 triphospate 

(PIP3), is required to regulate a number of guanine nucleotide exchange factors 

(GEFs), such as Vav, Tiam-1, Swap-70, and Sos1 (Fleming et al., 2000; Han et 

al., 1998; Innocenti et al., 2003; Nimnual et al., 1998; Shinohara et al., 2002; 

Soisson et al., 1998) leading to activation of Rac1. 

Thus, PI3-kinase-activity may also drive the recruitment and activity of a Rac1-

GEF downstream of c-Met activation. One possible candidate for this function is 

the Rac1-activating complex Eps8/Abi1/Sos1, which possesses Rac1-specific 

guanine nucleotide exchange factor (GEF) activity and has been implicated in 

EGF- and PDGF-induced actin reorganization and membrane ruffling (Scita et 

al., 1999). Whether this complex functions in Rac1 activation downstream of    

c-Met signalling is still unknown. To test for a potential role of the Eps8-based 

complex in InlB-mediated Listeria invasion, I examined entry by Listeria of 

murine Eps8 knockout fibroblasts compared to the same cells stably re-

expressing Eps8. However, as shown in Figure 20, lack of Eps8 did not affect 

InlB-induced Listeria entry.  

 

 

Figure 20 The Rac activating complex Eps8/Abi1/Sos1 is not involved in InlB-specific 

Listeria invasion. 

Eps8-deficient fibroblasts (Eps8 (-/-)) and the same cells stably re-expressing Eps8wt          

(Eps8 (-/-)+wt) were subjected to gentamicin protection assays with wildtype (EGD wt) and 

∆InlA/B Listeria strains as indicated. Data are means and standard error of means from at least 

three independent experiments. Eps8 expression was tested in Western Blotting using an anti-

Eps8 antibody. 
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Moreover, previous data demonstrated an essential function in Listeria entry for 

the actin polymerization machinery downstream of Rac1, namely the WAVE-

complex (Julia Ehinger, Cytoskeleton Dynamics Group, HZI, PhD-thesis). This 

complex comprises not only the Arp2/3-activating WAVE protein, but also Nap1, 

Sra1 and the Abl-interacting protein Abi1, which can also engage into the Rac1-

GEF-complex discussed above. (Steffen et al., 2004; Stradal et al., 2004; 

Stradal and Scita, 2006). Since the presence or absence of Eps8 did not have 

any impact on InlB-mediated Listeria entry (Figure 20), abolishment of Listeria 

invasion upon WAVE-complex knockdown (Figure 21, data were kindly 

provided by Julia Ehinger, PhD-thesis) cannot be explained by indirect 

secondary disruption of the Eps8/Abi1/Sos1-complex. In addition, since the 

WAVE-complex is essential for Rac1-mediated actin rearrangements (Innocenti 

et al., 2004; Steffen et al., 2004), these data are fully consistent with my 

observations that the absence of Rac1-activity – as observed upon interference 

with both Cdc42- and PI3-kinase signalling - coincides with the complete 

abolishment of both Listeria entry and InlB- or HGF-induced membrane ruffling 

(Figure 15 E, Figure 16 and 17). 

 

 

Figure 21 InlB-specific Listeria entry is abolished upon WAVE-complex knockdown.  

Listeria invasion assays using the gentamicin survival assay into mock and Nap1 RNAi-treated 

VA 13 fibroblasts. Western Blotting reveals virtual absence of Nap1 in stable Nap1 RNAi-treated 

cells (left panel). The crossreaction of the antibody was used as a loading control. Right panel: 

Results of gentamicin protection assay with wildtype Listeria and isogenic mutant lacking InlA 

and InlB (L.m. ∆InlAB) as indicated. Entry of Listeria in Nap1 knockdown cells was abolished. 
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4.12 EGF-induced membrane ruffling is impaired in Cdc42 (-/-) 

cells. 

 

The results presented so far suggest a model, in which the coincident activation 

of the Rho-GTPase Cdc42 and PI3-kinase both contribute to Rac1 activation in 

c-Met-mediated actin assembly and Listeria invasion. Although the Wiskott 

Aldrich syndrome protein (WASP) family member N-WASP, an activator of the 

actin filament nucleation machine Arp2/3-complex initiating actin polymerization, 

is linked to the GTPase Cdc42 (Miki et al., 1998), my results implicate Cdc42 in 

signal propagation to Rac1 rather than in directly signalling to actin 

polymerization.  

Receptor tyrosine kinases (e.g. c-Met, EGF-R, PDGF-R) are cell surface 

receptors, which play an important role in the control of most fundamental 

cellular processes including cell division, migration, and/or differentiation. In all 

these processes, actin reorganizations are of particular importance, which are 

initiated by binding of ligands to their receptors. Receptor dimerization and 

autophosphorylation of their cytoplasmic domains are in turn required for 

adaptor recruitment necessary for the activation of small GTPases 

(Schlessinger 2000).  

Since growth factor receptors such as c-Met or EGF-R share common features 

as described above, it is of interest whether the signalling pathway to actin 

reorganization downstream of c-Met as characterized here is specific for c-Met 

signalling or can be extended to other receptor tyrosine kinases. One well 

studied example for such receptor tyrosine kinase signalling pathways involving 

prominent and robust actin reorganizations in mesencymal cells certainly 

constitutes EGF receptor signalling. Thus, I have also done preliminary 

experiments examining a potential function of Cdc42 in EGF-R signal 

transduction. Cells were seeded onto glass cover slips and starved for 16-18 

hours followed by mock treatment with DMEM or DMEM containing 100 ng/ml 

EGF for 5 minutes. The cells were fixed, permeabilized and treated with 

fluorescently labelled phalloidin to stain for actin filaments in analogy to the 

experiments using HGF or InlB as described above. 

Interestingly and not surprisingly, Cdc42 knockout fibroblasts displayed a 

marked defect in membrane ruffling frequency observed upon activations of the 
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EGF signalling pathway (B, F, D, H). This defect was evident after both 5 and 

10 minutes EGF treatment (Figures 22 I and J). Collectively, these data suggest 

that the prominent function of Cdc42 in signal propagation to Rac1 downstream 

of growth factor receptor activation is not restricted to the c-Met signalling 

pathway. It will be interesting to determine therefore, in future studies, if other 

aspects of Cdc42-function established from the c-Met pathway will also hold 

true not only for EGF signalling, but also for additional receptor tyrosine kinase 

pathways such as PDGF-induced actin reorganization. 
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Figure 22 EGF-induced membrane ruffling is impaired in Cdc42 (-/-) cells. 

(A-H) Cdc42 (fl/-) (A-D) and Cdc42 (-/-) (E-H) fibroblasts were grown on glass-coverslips, serum 

starved for 16-18 h followed by mock treatment with DMEM or by DMEM containing 100 ng/ml 

EGF for five minutes (B, F) and for 10 minutes (D, H) as indicated. Cells were fixed and stained 

with fluorescently-labelled phalloidin. (I, J) Quantification of cell morphologies observed upon 

EGF addition compared to mock treatment of Cdc42 (fl/-) and Cdc42 (-/-) cells. Individual cells 

were classified according to the categories: with ruffles, without ruffles or with ambiguous 

morphology. At least 100 cells were analysed and categorised for each condition. Columns are 

percentage of cells with respective morphology displayed as means ± SEMs. 
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5 Discussion/Outlook 

 

 

Members of the RhoGTPase family such as Cdc42 or Rac1 and the 

phospholipid kinase PI3-kinase have been implicated in c-Met induced actin 

assembly and InlB-specific Listeria entry, processes that can be clearly linked to 

the activation of the small GTPase Rac1. However, the relative contributions of 

Cdc42, Rac1 and PI3-kinase in HGF/InlB-mediated actin reorganization were 

poorly defined. The aims of this thesis were to reveal the role of Cdc42 and PI3-

kinase in Rac1-dependent cytoskeletal rearrangements and Listeria invasion. 

The requirement of both proteins, Cdc42 and PI3-kinase, in c-Met induced Rac1 

activation was elucidated. Moreover, Cdc42 was shown to be important for 

EGF-induced membrane ruffling formation, implicating that the prominent 

function of Cdc42 in signal propagation to Rac1 is not restricted to the c-Met 

signalling pathway. 

 

Growth factors including the hepatocyte growth factor (HGF), the epidermal 

growth factor (EGF) and the platelet derived growth factor (PDGF) are 

extracellular signal proteins that act through receptor tyrosine kinases inducing 

alterations of the actin cytoskeleton such as lamellipodia and membrane ruffle 

formation (Mellstrom et al., 1988; Miki et al., 1996; Nobes et al., 1995). 

In particular, the hepatocyte growth factor /scatter factor (HGF/SF) receptor c-

Met drives epithelial cell scattering and motility and invasion of the gram-

positive bacterium Listeria monocytogenes into non-phagocytic cells 

(Birchmeier et al., 2003; Shen et al., 2000). Binding of the natural ligand HGF or 

the bacterial ligand InlB leads to receptor clustering and autophosphorylation to 

recruit adaptor proteins and activate small GTPases such as Rho-family 

members (Birchmeier et al., 2003; Nobes et al., 1995; Royal et al., 2000; Wells 

et al., 2005).  

I have studied c-Met induced actin assembly in Cdc42 control and knockout 

fibroblasts, which were recently described (Czuchra et al., 2005). In contrast to 

data in which Cdc42 appeared to be essential for filopodia formation (Yang et 
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al., 2006), the loss of Cdc42 in ES and fibroblastoid cells, which were studied 

here, did not affect the constitutive formation of filopodia or lamellipodia per se, 

suggesting that Cdc42 is not essential for these protrusions. Recently, these 

surprising results were proposed to be explained by cell transformation, since 

alternatively generated, primary fibroblasts were reported to be more affected 

by the removal of Cdc42 (Yang et al., 2006). However, since the migratory 

performance of non-transformed endothelial cells was also not affected by 

Cdc42 deletion, transformation cannot account for the lack of filopodia formation 

and migration defects in our Cdc42-deficient fibroblastoid cell lines. Moreover, 

Cdc42-deficient cell lines (397 and 399) are reduced in constitutive Rac1-GTP 

levels, which does not have significant influence on the migratory performance 

or lamellipodia formation on fibronectin (Czuchra et al., 2005). The latter 

observations may be due to efficient Rac1 activation via integrins. 

To gain more insight into the molecular mechanism of c-Met induced actin 

assembly, I have at first examined the engulfment of the gram-positive 

pathogen Listeria monocytogenes. As shown in Figure 6 A, InlB-mediated 

Listeria invasion is strongly reduced upon genetic deletion of Cdc42. Transient 

re-expression of Cdc42wt in Cdc42 (-/-) cells fully restores the uptake of Listeria, 

indicating that Cdc42 has a role in InlB-specific Listeria invasion. In common 

with the natural ligand HGF, purified InlB stimulates the tyrosine 

phosphorylation of c-Met as well as recruitment and phosporylation of adaptor 

proteins including PI3-kinase (Ireton et al., 1999). Furthermore, soluble InlB 

induces membrane ruffling, suggesting that InlB behaves as a growth factor and 

mimics HGF. Given that HGF is well known to activate Cdc42 (Royal et al., 

2000; Wells et al., 2005), I was interested to see if Cdc42 is activated upon 

stimulation with HGF and InlB in our Cdc42 expressing cells. In line with the 

observation that Cdc42 plays a role in InlB-mediated Listeria uptake, Cdc42 is 

activated upon stimulation with both InlB and HGF, as shown in Figure 8. 

In contrast to these results, Cdc42 activation was not observed in Vero cells 

after treatment with both ligands (Seveau et al., 2006). These results are in 

accordance with the previous observation that expression of the dominant-

negative form of Cdc42 (Cdc42N17) does not affect InlB-dependent Listeria entry 

and membrane ruffling in the same cell line (Bierne et al., 2001; Bierne et al., 

2005). However, a dominant negative construct of Cdc42 inhibited Listeria entry 
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in Hela cells and in REF52 fibroblasts (Bierne et al., 2005), suggesting that InlB 

and HGF may stimulate a different set of signalling molecules resulting in 

differential amplitude and duration of Cdc42 activation in different cell lines. The 

employment, however, of dominant negative constructs of Cdc42 does not 

necessarily confirm its involvement, as such contructs appeared to display 

drastic effects also in the absence of Cdc42 (Czuchra et al., 2005). The 

observations made upon over-expression of dominant negative Cdc42 may well 

be explained by sequestration of guanine nucleotide exchange factors (GEFs), 

which are not specific for Cdc42. Thus, distinct dominant negative Rho-

GTPases will inhibit additional GTPases leading to complications with 

interpreting the results (Czuchra et al., 2005; Wang and Zheng, 2007). Thus, 

the employment of Cdc42-deficient cells is undoubtedly important to unravel its 

role in specific signalling pathways. 

To get more insight into the pathway driving Cdc42-mediated Listeria invasion, I 

employed different Cdc42 effector binding mutants, which were stably 

transduced into Cdc42 null cells (Figure 9). The mutation Y40C was reported to 

block interactions with effectors harbouring a canonical Cdc42/Rac1 interactive 

binding (CRIB) motif, like WASP family proteins. According to this defintion, the 

Y40C mutant should not be able to directly control actin polymerization through 

N-WASP or WASP, which are well known activators of the actin nucleation 

machinery Arp2/3-complex. Listeria infection assessed by gentamicin protection 

revealed that Cdc42 null cells stably re-expressing Cdc42Y40C were unimpaired 

in Listeria invasion, indicating that Cdc42 does not function in Listeria 

engulfment by directly binding to N-WASP controlling actin polymerization. 

Since other investigators had previously raised doubts on the abrogation of N-

WASP binding to Cdc42Y40C (Miki et al., 1998), additional evidence was 

accumulated by employment of independently established couples of N-WASP 

null (-/-) and control cell lines. As shown in Figure 10, Listeria invasion was not 

reduced in N-WASP knockout cells compared to N-WASP control (fl/fl) cells. 

In contrast to my results, Bierne et al. reported an involvement of N-WASP in 

InlB-induced membrane ruffling and phagocytosis in Hela-cells (Bierne et al., 

2005). Expression of the construct N-WASP-∆V or knockdown of N-WASP by 

RNA interference decreased bacterial entry by approximately 60%. Consistent 

with these results, expression of the same dominant-negative mutant of            
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N-WASP knockdown was also described to reduce HGF-induced lamellipodia 

formation and migration of skeletal muscle cells (Kawamura et al., 2004).  

However, expression of N-WASP-∆V in Vero cells had no effect on Listeria 

entry (Bierne et al., 2005). Moreover, the analysis of N-WASP in actin 

rearrangements by employing dominant-negative mutants is compromised by 

the fact that these mutants may be sequestering factors regulating pathways 

additional to N-WASP, as e.g. Abi-1, which is a prominent activator of N-WASP 

(Innocenti et al., 2005) and a constitutive component fo the WAVE-complex 

(Stradal and Scita, 2006). Thus, the expression of N-WASP-∆V might also 

influence WAVE-dependent actin reorganizatons. 

Since my results excluded an involvement of N-WASP in InlB-mediated Listeria 

invasion, I focused on another Cdc42 effector binding mutant (F37A), which is 

known to abrogate Cdc42 signalling to Rac1 activation (Lamarche et al., 1996). 

As shown in Figure 9, Cdc42F37A did not reconstitute Listeria invasion. 

Moreover, transient expression of wild type Rac1 and constitutively active Rac1 

(Rac1L61) in Cdc42 knockout fibroblasts restored Listeria invasion (Figure 11).  

Collectively, these data suggested that Cdc42 functions in Listeria engulfment 

by stimulating Rac1 activation, rather than by directly controlling actin 

polymerization through effectors such as N-WASP.  

 

The RhoGTPase Rac1 is well known to be involved in HGF-induced cell 

scattering of epithelial cells (Nobes et al., 1995; Royal et al., 2000). Cell 

scattering is accompanied by alterations of the actin cytoskeleton, including 

lamellipodia formation and membrane ruffling. Furthermore, Rac1 has been 

implicated in InlB-mediated Listeria uptake (Bierne et al., 2001). As shown 

recently by using a fluorescence resonance energy transfer-based microscopic 

method, activation of c-Met by HGF or InlB induces activation of Rac1 (Seveau 

et al., 2006) . In addition, HGF treatment also causes Cdc42 activation (Royal et 

al., 2000; Wells et al., 2005). Finally, it is well established that constitutively 

active Cdc42 drives Rac1 activation resulting in the formation of lamellipodia 

and membrane ruffles (Nobes and Hall, 1995). However, the precise interplay 

between Cdc42 and Rac1 signalling downstream of c-Met activation was so far 

elusive. 
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Consistent with the data I have accumulated so far, a potential role of Cdc42 in 

Rac1 activation downstream of c-Met was confirmed by determining relative 

Rac1-GTP levels in Cdc42-expressing and defective cells (Figure 12). Due to 

reduced constitutive Rac1-GTP levels in the absence of Cdc42, the absolute 

increase of Rac1-GTP, which was about 2-fold for each cell line, was reduced in 

Cdc42-deficient cells. Moreover, reduced Rac1-GTP loading was consistent 

with the observed defects in membrane ruffling upon HGF- or InlB treatments 

(Figure 13), since ruffling and lamellipodia formation is considered to be Rac1-

dependent (Ridley et al., 1992; Vidali et al., 2006). 

Nevertheless, it is not precisely understood if there are linear relationships 

between Rac1-GTP levels and membrane ruffling activity in all experimental 

circumstances. For instance, the percentage of mock-treated cells forming 

ruffles was higher in Cdc42-deficient fibroblasts than in control cells, whereas 

the Rac1-GTP levels were only about half in the knockout (Figure 12). Thus, 

Cdc42-deficient cells have apparently adapted to a certain extent to the 

absence of Cdc42, since it appears that decreased relative Rac1-GTP amounts 

are accompanied by the same or even increased ruffling frequencies in the 

absence of growth factors. Yet, this potential adaption does not allow Cdc42-

deficient cells to efficiently respond to growth factor treatments (see above). 

Whatever the case, the molecular nature of these differences is entirely elusive. 

 

Up to that stage, I had uncovered a N-WASP independent contribution of Cdc42 

to Rac1-mediated actin rearrangements downstream of c-Met signalling. 

However, the quantifications of Rac1-GTP loading and membrane ruffling in 

Cdc42-expressing and -deficient cells revealed that Cdc42 is not an essential 

component of the c-Met-induced signalling pathway. Instead, Cdc42 is very 

important for the induction of actin rearrangements downstream of c-Met and 

perhaps other receptor tyrosine kinases such as epidermal growth factor 

receptor (EGF-R). As previously reported, Cdc42 and Rac1 are also activated 

upon EGF addition (Kurokawa et al., 2004).  Furthermore, suppression of EGF-

induced Cdc42 activation by employing a GTPase activating protein for Cdc42 

inhibited lamellipodia and ruffling formation (Kurokawa et al., 2004). These 

observations are in agreement with my results, since membrane ruffling induced 

by epidermal growth factor was also impaired in the absence of Cdc42, 
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suggesting a prominent function of this GTPase in signal propagation evoked by 

the epidermal growth factor receptor (Figure 22). However, the induction of 

membrane ruffling was generally less pronounced by EGF stimulation 

compared to the induction of membrane ruffling upon HGF/InlB addition, which 

may perhaps be explained by little expression of the EGF receptor, which is not 

uncommon in fibroblasts (Stefanie Benesch, Cell Biology, HZI, personal 

communication). 

Whatever the case, these data suggest that Cdc42 may function downstream of 

engagement of receptor tyrosine kinases by driving Rac1-mediated membrane 

ruffling. 

 

I also analysed the relative contributions of Cdc42 and PI3-kinase in signal 

propagation to actin reorganization downstream of c-Met activation. The 

phospholipid kinase PI3-kinase is activated by virtually all receptor tyrosine 

kinases and thus has an important role in growth factor induced signal 

transduction pathways (Schlessinger, 2000). In particular, PI3-kinase has been 

implicated in HGF/InlB- induced actin reorganizations including cell scattering 

and lamellipodia or membrane ruffle formation (Royal et al., 2000; Shen et al., 

2000). Furthermore, it is well established that InlB-mediated Listeria invasion is 

significantly impaired by pharmalogical inhibition of PI3-kinase (Ireton et al., 

1996). PI3-kinase generates the second messenger phosphatidylinositol-3,4,5- 

triphosphate (PIP3), which is required for mediating membrane translocation 

and activation of a variety of signalling proteins containing a PH (Pleckstrin 

homology) domain. For instance, proteins such as guanine nucleotide exchange 

factors (GEFs) are thought to be recruited to the plasma membrane by PIP3, 

and may then catalyze exchange of GTP for GDP on RhoGTPases such as 

Rac1. One well-studied example is the Eps8/Abi1/Sos1 complex, which 

interacts with the PI3-kinase subunit p85 to exhibit Rac1 specific GEF activity, 

which is induced by PDGF treatment (Innocenti et al., 2003; Scita et al., 1999) . 

This Rac1-GEF-complex has also been implicated in EGF-R signalling (Lanzetti 

et al., 2000; Scita et al., 1999), since membrane ruffle formation induced by 

EGF is impaired in Eps8 knockout fibroblasts. Moreover, activation of Rac1 

induced either by soluble InlB or HGF/SF are thought to be dependent on      

PI3-kinase activity (Royal et al., 2000; Seveau et al., 2006). 
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To test whether Cdc42 and PI3-kinase act in common or in distinct pathways to 

HGF- or InlB-induced Rac1 activation, I employed two widely used PI3-kinase 

inhibitors: LY294002 and Wortmannin. Treatment with 10 µM LY294002, which 

completely abolished PI3-kinase activity as assessed by Akt phosphorylation 

(Figure 14), or with 100 nM Wortmannin reduced InlB-specific Listeria invasion 

in both Cdc42-expressing and –deficient cells (Figure 15 A, B). Importantly 

however, PI3-kinase inhibition did not abolish Listeria entry entirely. In contrast, 

specific invasion was abolished completely in PI3-kinase-inhibitor-treated 

Cdc42 knockout cells (Figure 15 E), indicating that PI3-kinase contributes to 

InlB-induced Listeria engulfment in addition to Cdc42. Furthermore, PI3-kinase 

inhibition completely suppressed HGF/InlB-induced Rac1 activation and thus 

membrane ruffling in the absence of Cdc42 (Figure 16 F, H, I and Figure 17).  

Thus, these data initially suggested an independent and separable contribution 

of both Cdc42 and PI3-kinase to Rac1 activation downstream of c-Met 

activation.  

Thus, my data clearly showed that PI3-kinase activity is not essential for 

growth-factor-induced actin remodelling. Nevertheless, mouse embryo 

fibroblasts deficient in all p85α and p85β gene products (p85α-/-, p55α-/-, p50α-/-, 

p85β-/-) were reported to be incapable of PDGF-induced actin rearrangements, 

although they still exhibited PI3-kinase activity, most presumably mediated by 

upregulation of p55γ in these cells (Brachmann et al., 2005). The reason for this 

discrepancy is currently unclear, although different growth factors PDGF versus 

HGF and general experimental conditions (choice of serum etc.) may explain 

the inconsistent observations. Moreover, since Akt phosphorylation assays 

indicated a complete abolishment of PI3-kinase activity in my cells, which yet 

were capable of ruffling. I am confident to suggest an involvement but not 

essential function of PI3-kinase in growth-factor-induced actin remodelling. In 

addition to PI3-kinase, I could also demonstrate a significant function in growth-

factor induced Rac1 activation for Cdc42. Importantly, Cdc42 was totally 

independent of PI3-kinase activity (Figure 18), which is fully consistent with 

previously published results (Royal et al., 2000). 
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However, Cdc42 can also signal, at least in part, to HGF- or InlB-induced      

PI3-kinase activation (Figure 19). This was surprising, since PI3-kinase 

activation by serum was independent of Cdc42, as recently shown (Czuchra et 

al., 2005). Nevertheless, Akt phosphorylation after HGF or InlB treatments was 

significantly reduced in the absence of Cdc42 and could be reconstituted by 

stable re-expression of Cdc42 in Cdc42-deficient cells. These data suggest a 

direct involvement of Cdc42 in PI3-kinase activation, as previously described 

(Tolias et al., 1995; Zheng et al., 1994). However, PI3-kinase was also shown to 

bind to Rac1 (Tolias et al., 1995), which was reported to activate PI3-kinase 

both in vitro and in vivo. Hence, an indirect contribution of Cdc42 through Rac1 

to drive PI3-kinase activation cannot be entirely excluded. However, such a 

positive feedback loop from Rac1 to PI3-kinase activation during c-Met 

signalling is not likely, since PI3-kinase activation by HGF or InlB was not 

affected by Rac1 inhibition through cholesterol depletion (Seveau et al., 2006). 

Thus, I conclude that both Cdc42 and PI3-kinase act upstream of Rac1-

mediated actin assembly in both separable and inseparable pathways, since full 

PI3-kinase activation partly depends on the presence of Cdc42. In other words, 

Rac1 activation downstream of c-Met engagement can be separated into these 

pathways, a Cdc42-dependent, a PI3-kinase-dependent, both of which are 

independent of each other, and a third pathway from Cdc42 via PI3-kinase to 

Rac1 activation (see Figure 23). This conclusion is consistent with all 

phenotypic observations made, both concerning Listeria entry and HGF- or InlB-

induced membrane ruffling. 

 

In the future, it will be interesting to identify the PI3-kinase-dependent and - 

independent guanine nucleotide exchange factors (GEFs) driving this signalling 

pathway downstream of c-Met activation. The product of PI3-kinase, PIP3, is 

required to regulate a number of GEFs, such as Vav, Tiam1, Swap70 or Sos1, 

which are all capable of Rac1 activation (Fleming et al., 2000; Han et al., 1998; 

Innocenti et al., 2003; Nimnual et al., 1998; Shinohara et al., 2002; Soisson et 

al., 1998). One possible candidate for this function was the Rac1-activating 

complex Eps8/Abi1/Sos1, which had previously been implicated in EGF- and 

PDGF-induced actin reorganization and membrane ruffling (Scita et al., 1999). 

However, a function of this complex in Rac1 activation downstream of c-Met 
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could be excluded, since invasion by Listeria of murine Eps8 knockout 

fibroblasts was not affected compared to the same cells stably re-expressing 

Eps8 (Figure 20). 

Instead, interference with the machinery established previously to be essential 

for actin reorganization downstream of Rac1, namely the WAVE-complex 

(Innocenti et al., 2004; Steffen et al., 2004; Stradal and Scita, 2006) caused a 

complete abolishment of Listeria entry.  

The WAVE-complex comprises the Rac1-interacting protein Sra-1/PIR121, the 

Nck-associated protein 1 (Nap1), Abl interactor 1 (Abi-1), which can also 

interact with Eps8 and Sos1 in a Rac-GEF-complex (see above), a 9 kDa 

peptide called HSPC 300, and the Arp2/3-activating protein WAVE. Listeria 

invasion was examined in stable Nap1 RNAi cells, which also show significantly 

reduced Abi-1 expression levels (Steffen et al., 2006). However, an indirect 

interference with upstream signalling via indirect Abi-1 suppression can be 

excluded due to the results obtained with Eps8 knockout cells (Figure 20). 

Interestingly, Abi-1 can also interact with and significantly activate another 

Arp2/3-complex activator, namely N-WASP (Innocenti et al., 2005). Yet, indirect 

down-regulation of N-WASP-mediated actin reorganization can also not account 

for the observed abolishment of Listeria entry in Nap1-knockdown cells, since 

genetic removal of N-WASP did not affect Listeria invasion (Figure 10). 

Altogether, these results strongly suggest a specific and essential function for 

the WAVE-complex driving actin assembly downstream of Rac1 activation.  

These data are fully consistent with the observation that the interference with 

Rac1-activity - e.g. by transfection of a dominant negative construct of Rac1 

(Rac1N17) (Bierne et al., 2001) or after inhibition of both Cdc42- and PI3-kinase 

signalling (this work) – causes the complete abolishment of InlB-induced 

Listeria entry and HGF/InlB-mediated membrane ruffling. 
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Figure 23 Schematic summary of the data presented in this study. Interaction of the 

receptor tyrosine kinase c-Met with its ligands HGF or InlB stimulates Cdc42- and PI3-kinase-

dependent signaling cascades, which converge on Rac1 activation (Rac1
GTP

). Interestingly, PI3-

kinase-dependent Rac1 activation can occur both in parallel to and downstream of Cdc42. GTP-

loaded Rac1 in turn drives WAVE-complex-dependent rearrangements of the actin 

cytoskeleton, essential for membrane ruffling and Listeria invasion.  

 

 

In conclusion, I have uncovered a so far unrecognized N-WASP-independent 

contribution of Cdc42 to Rac1-mediated actin rearrangements downstream of   

c-Met activation. This pathway partly involves PI3-kinase, but can also be 

separated from the latter (see Figure 23). Future studies shall identify the GEFs, 

which drive PI3-kinase-dependent and –independent Rac1 activation. 

Moreover, further and more in depth analyses of Rac1-mediated actin 

reorganizations induced by growth factors such as EGF or PDGF should 

elucidate whether the observed functions of Cdc42 and PI3-kinase in signal 

propagation downstream of receptor tyrosine kinases are a more general 

phenomen or restricted to and thus specific for the c-Met signalling pathway.
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6 Abbreviations 
 

A  Ampere 
aa amino acid 
Abi1 Abl interactor1 
ATCC American Type Culture Collection 
ATP Adenosine triphosphate 
BLAST basic local alignment search tool 
Bp base pairs 

BSA bovine serum albumin 
cAMP cyclic adenosin monophosphate 
cGMP cyclic guanosin monophosphate 
cDNA  copy DNA 
D Dalton 
DDT 1,4 dithiothreitol 
DMSO dimethylsulfoxide 
DNA desoxyribonucleic acid 
E. coli Escherichia coli 
EDTA Ethylene diamine tetraacetic acid 
EGTA Ethylene glycol-bis(2-aminoethylether)-tetraacetic acid 
EGF epidermal growth factor 
EGFP enhanced green fluorescent protein 
ELISA enzyme-linked immunosorbent assay 
Eps8 epidermal growth factor receptor substrate 8 
f-actin filamentous actin 
FCS fetal calf serum 
G-actin globular actin 
GAP GTPase activating protein 
GBD GTPase-binding domain 
GDI GDP dissociation inhibitor 
GDP Guanosine diphosphate 
GEF guanine nucleotide exchange factor 
GST glutathione-S-transferase 
GTP Guanosine triphosphate 
GFP green fluorescent protein 
HEPES N-2-Hydroxyethylpiperazine-N’-2-ethane sulfonic acid 
HGF Hepatocyte growth factor 
IF immunofluorescence 
Ig immunoglobulin 
IP3 inositol triphosphate 

IPTG Isopropyl-β-D-galactopyranoside 
InlB Internalin B 
µ micro 
M molar 
mc monoclonal 
l liter 
mRFP monomeric red fluorescent protein 
mRNA messenger RNA 
Nap1 Nck associated protein1 
OD optical density 
PAGE polyacrylamide-gel electrophoresis 
PBD p21 binding domain 
PBS phosphate buffered saline 
pc polyclonal 
PCR polymerase chain reaction 
PEG Polyethylene glycol 
PDGF platelet-derived growth factor 
PI3-K phosphatidylinositol-3- kinase 
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PtdIn (4,5)P2 phosphatidylinositol (4,5) bisphosphate 
PtdIn (3,4,5)P3 phosphatidylinositol (3,4,5) triphosphate 
RNA ribonucleic acid 
SDS sodium dodecyl sulphate 
SH2 Src-Homologie-Region2 
SH3 Src-Homologie-Region3 
Sra-1 specifically Rac associated protein 1 
TAE Tris-Acetate-EDTA-buffer 
Tris Tris-(hydroxymethyl) aminomethane 
V Volt 
v/v  volume per volume 
x g times gravity 
VASP Vasodilator stimulated phosphoprotein 
WASP Wiskott-Aldrich Syndrome protein 
WAVE Wiskott-Aldrich Syndrome verprolin homologue protein 
WB Western blot 
 
Nucleotides 
A adenine 
C cytosine 
G guanine 

T thymidine
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