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1. Introduction 

Cell motility, that being the ability of the cell to move and for material to be moved within the cell, is 

fundamental to the lives of cells, enabling them to engage in a multitude of dynamic processes: they 

divide, change shape, migrate, adopt polarity, secrete molecules, take up material from outside the cell 

and translocate intracellular organelles. Cell motility is thus critical to the development and function of 

a multicellular organism, but is also important in the disease state, for example the ability of a tumor 

cell to become metastatic (for review see (Lauffenburger and Horwitz, 1996)).  
Cell motility depends on the cytoskeleton, which is made up by three main protein filament systems, 

the microfilament, intermediate filament and microtubuli systems (reviewed in (Bray, 1992)). 

Although the term “cytoskeleton” unfortunately gives an impression of a rather static entity, all three 

constituents are dynamic structures, constantly changing shape through cycles of polymerization/ 

depolymerization, and interactions with other proteins. 

In particular the microfilament system or actin cytoskeleton forms the basis of movement in 

eukaryotic cells. Microfilaments are polar helical assemblages of the globular 43kD protein actin that 

is very highly conserved between species and is, with three main actin isotypes, the most abundant 

protein in eukaryotic cells, accounting for as much as 20 % of total protein (overviews in (Pollard, 

1986a; Pollard and Cooper, 1986; Bray, 1992; Herman, 1993). The actin cytoskeleton is organized in 

the cytoplasm in linear bundles as well as 2- and 3 -dimensional networks by a plethora of associated 

actin-binding proteins which determine structural and dynamic properties and associations with other 

cell components. The actin cytoskeleton can thus give shape and structure to cells and at the same time 

enables them to engage in motility: Phagocytosis, cell migration, cytokinesis as well as muscle 

contraction all depend on dynamic structures built from actin.  

This thesis will focus on the regulation of de novo actin assembly in response to signalling which 

drives many forms of cellular motility, most recognized extension of the leading edge of locomoting 

cells, protrusion of the plasma membrane during phagocytic particle engulfment and rocketing of 

vesicles or pathogenic microorganisms through host cell cytoplasm (for review see (Higgs and Pollard, 

2001)).  

 

1.1 Actin Polymerization 

 

Actin is an adenosine-nucleotide binding molecule with ATPase activity. In physiological salt 

conditions, monomeric G-actin spontaneously self-associates to form polar, helical microfilaments 

(F-actin) (reviewed in (Bray, 1992)). Polymerization is a multi-step process. The limiting step in actin 

polymerization is the formation of actin trimers, which is highly unfavourable. Only a trimer of actin 

molecules is more likely to lead to the next step of polymerization than to disassembly. This so-called 
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nucleation step accounts for the lag-phase observed in polymerization kinetics. Once a trimer has 

formed, polymerization by extension is favoured and rapid during the growth phase. The rate of 

extension gradually lessens as the concentration of remaining free G-actin reaches a point where 

available monomers become exhausted. An equilibrium is then established when the number of actin 

monomers joining the filaments equals that leaving the filaments, which is marked by the so-called 

critical concentration (Cc) at steady state. This kinetic behaviour is shown in Figure 1. Net 

polymerization occurs when the G-actin concentration is higher than Cc, and net depolymerization 

occurs when the G-actin concentration is lower than Cc. 

 

 

 

Figure 1:   

Actin polymerization kinetics. 

Actin polymerization follows three phases; these are nucleation, growth and steady state. Depicted is the time 

course of actin polymerization as followed for example by pyrene fluorescence assay (Cooper et al., 1983). 

Polymerization can be induced by adding monovalent (KCl) or divalent (MgCl2 , CaCl2) salts. Polymerization 

usually proceeds after an initial lag phase of a few minutes, as shown. 

 

Microfilaments have structural as well as functional polarity. Actin subunits are added to the filament 

in only one orientation creating microfilaments with two topologically different ends, termed the 

pointed end and the barbed end based on decoration with myosin S1 fragments (Ishikawa et al., 1969; 

Wegner, 1976). As the filament grows, actin-bound ATP is irreversibly hydrolysed (Korn et al., 1987), 

creating an additional functional polarity. In the absence of nucleotide hydrolysis, polymers behave as 

equilibrium polymers with identical Cc for both ends. However, actin filaments are non-equilibrium 

polymers because nucleotide hydrolysis occurs in the filament, lagging behind the assembly process. 

ATP hydrolysis lowers the affinity of ADP-bound actin for the filament ends as compared to ATP-

bound actin (Pollard, 1986b). As a consequence, incorporation of ADP-bound actin to existing 

filaments is slower than incorporation of ATP-bound actin. This creates microfilaments with a 

disparity of the apparent affinity for monomers of the two ends. ATP-actin subunits are added at the 

fast growing, also called plus end, which happens to be the barbed end, whereas ADP-actin 

disassembles at steady state from the slow growing, so called minus end, which happens to be the 

pointed end. Thus ATP hydrolysis is the basis for a turnover of the filament without net change of 

filament length, a process termed treadmilling (Wegner, 1976; Wegner, 1977; Kirschner, 1980) as is 

shown in Figure 2 (for review see (Pantaloni et al., 2001)). ADP-actin disassembly from the pointed 

end constitutes the rate limiting step and determines the concentration of monomeric actin and thereby 
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the rate of barbed end growth. Treadmilling is an important characteristic of actin filament turnover 

not only in vitro, but also in vivo (Wang, 1985; Small et al., 1993; Small et al., 1995) (see also 1.2). 
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Figure 2: Treadmilling of actin filaments. 

Treadmilling is an intrinsic property of actin filaments 

and a direct consequence of the irreversible 

hydrolysis of ATP associated with actin 

polymerization. Under physiological conditions, 

polymer and monomer remain constant in mass, but 

filaments depolymerize at the pointed end and a 

steady concentration of ATP-G-actin is established 

which allows barbed end growth to balance pointed 

end depolymerization. In this ATPase cycle, 

depolymerization from the pointed end is the rate-

limiting step that controls turnover of actin filaments 

(for review see (Pantaloni et al., 2001).  

 

1.2 Control of actin dynamics by actin binding proteins 
 

The polymerization and depolymerization of actin filaments and the assembly of actin filaments into 

two and three dimensional arrays is controlled by proteins that interact with actin filaments or 

monomers (reviewed in (Bray, 1992; Ayscough, 1998; Carlier, 1998)). These actin-binding proteins 

ultimately convey signals to the actin cytoskeleton. Most are classified according to their in vitro 

functions as is shown in Figure 3. 
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Figure 3: Schematic diagram 

summarizing the changes in the 
state of actin filaments and their 

aggregation produced by various 

types of actin-binding protein. 

Only principle types are shown with 

given examples, their functions as 

determined from in vitro research. Each 

type is illustrated as having only a single 

mode of action on actin. Not shown are 

proteins that tie actin filaments to 

membranes, microtubules or 

intermediate filaments or that use actin 

filaments as anchorage in the cytoplasm. 
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In resting cells, the concentration of G-actin is higher than the Cc of filament assembly (for review see 

(Stossel, 1993)). Thymosinß4 binds G-actin in its GTP-bound form (Safer et al., 1991) and creates a 

storage pool of GTP-G-actin, ready for filament assembly (Cassimeris et al., 1992). Profilin binds G-

actin (Carlsson et al., 1977) and catalyses the exchange of GDP for GTP by as much as 1000 fold 

(Goldschmidt-Clermont et al., 1991). Since GTP-actin polymerizes faster and at a lower Cc than ADP-

actin (Pollard, 1986b), profilin can speed up actin polymerization by delivering ATP-charged G-actin 

to uncapped barbed filamend ends (Pring et al., 1992). The profilin-actin complex can in fact be 

incorporated into barbed ends, although profilin soon dissociates from the filaments due to its low 

affinity for F-actin (Gutsche-Perelroizen et al., 1999).  

Proteins of the ADF (actin depolymerising factor)/cofilin family enhance actin filament treadmilling 

(25 fold, in vitro) and actin-based motility by increasing the rate of filament disassembly from the 

pointed end specifically (Carlier et al., 1997). This increases the steady state concentration Css of 

ATP-G-actin (see Figure 2), resulting in faster barbed end growth at steady state. ADF/cofilin family 

proteins were suggested to serve an additional function, the severing of actin filaments (Maciver et al., 

1991), reviewed in (Cooper and Schafer, 2000).  

Capping proteins associate with barbed or pointed ends of actin filaments. Barbed end capping 

proteins inhibit further elongation at these capped ends. Cells contain a variety of barbed end capping 

proteins; some, like gelsolin, also sever filaments (Weber et al., 1991). By capping a large proportion 

of filaments, they establish a high steady state concentration of ATP-G-actin in the cell. In one model, 

free barbed ends which are generated at membrane proximal sites in response to signalling can grow 

very quickly due to a ‘funneled’ treadmilling flux of subunits from the pointed ends of a large number 

of capped filaments to a small number of localized uncapped barbed ends (reviewed in (Carlier and 

Pantaloni, 1997; Carlier, 1998)). 

The Arp2/3 complex finally nucleates new actin filaments as is described in chapter 1.5. 

 

1.3 Cellular Organization of the Actin Cytoskeleton 
 

Actin filaments within a cell are arranged into dynamic structures with diverse functions (reviewed in 

(Small, 1988)).  

Thick bundles of parallel microfilaments are called stress fibers. Stress fibers are common in 

fibroblasts and epithelial cells and are anchored to the substratum via focal contacts (Izzard and 

Lochner, 1976; Bretscher, 1991). Stressfibers contain a bipolar arrangement of actin and myosinII, 

thus enabling the generation of contractile force (Huxley, 1973; Chrzanowska-Wodnicka and 

Burridge, 1996) and serve mainly the maintenance of cellular structure (reviewed in (Schoenwaelder 

and Burridge, 1999)).  
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The assembly of monomeric actin into dynamic polymer networks is thought to drive protrusion of the 

plasma membrane at the leading edge of the cell during such motile processes as chemotaxis, neurite 

extension or phagocytosis. Various cell types such as amoebas, leukocytes, fibroblasts, epithelial cells 

or neural growth cones are able to move on a substratum (for reviews see (Lauffenburger and Horwitz, 

1996; Small et al., 1996; Sanchez-Madrid and del Pozo, 1999). Consistent with the idea that actin 

polymerization is a prerequisite, cell locomotion is inhibited by drugs such as cytochalasin B, which 

specifically binds and blocks barbed ends of actin filaments (Lin et al., 1980; MacLean-Fletcher and 

Pollard, 1980). 

Cell movement is initiated by protrusion of a thin cytoplasmic sheet of about 200 nm thickness, 

termed the lamellipodium (Abercrombie et al., 1970a). Lamellipodia are filled with a dense network of 

actin filaments (reviewed in (Small, 1988; Heath and Holifield, 1993)) that are oriented such that their 

fast growing barbed ends are located next to the membrane (Small et al., 1978). Lamellipodial 

protrusion is powered by actin assembly, involving a rapid turnover of actin filaments operating by a 

treadmilling mechanism which has been demonstrated in many cell types (Wang, 1985; Okabe and 

Hirokawa, 1989; Symons and Mitchison, 1991; Small et al., 1993; Small, 1994). 

Based on a modification of the critical point drying method for electron microscopy to visualize the 

actin filament network in lammellipodia, Svitkina and Borisy have proposed lamellipodia to be filled 

with a dense meshwork of branched actin filaments, with Y-shaped branches averaging 70° and a lack 

of detectable free pointed ends (Svitkina et al., 1997; Svitkina and Borisy, 1999). The main actin 

filament nucleator, the Arp2/3 complex (see chapter 1.5) was found to be present at many branch 

points (Svitkina and Borisy, 1999). This model is consistent with binding of the Arp2/3 complex to 

pointed ends (Mullins et al., 1998) and to the sides of actin filaments, where it is thought to nucleate 

new filaments (dendritic nucleation model (Mullins et al., 1998) see chapter 1.5), as well as with 

Arp2/3 mediated nucleation of branched filaments in vitro (Blanchoin et al., 2000; Gournier et al., 

2001). A branched network that arises from a tightly coupled nucleation and cross-linking of actin-

filaments at the leading edge is proposed to provide the structural basis for polymerization-driven 

protrusion.  

Lamellipodia are involved in the formation of adhesions to the substrate, and as ruffles, which form 

when lamellipodia lift upwards and detach from the substratum and fold back (Abercrombie et al., 

1970b), lamellipodia serve in macropinocytosis as well as in the engulfment of particles during 

phagocytosis (see (Coppolino et al., 2001)). 

Many cells also extend microspikes, which are embedded radially in lamellipodia and are able to move 

laterally within lamellipodia (Wessells et al., 1973), fuse and divide into new microspikes (reviewed in 

(Small et al., 1996). Microspikes have been proposed to serve in the initiation of contacts with the 

substratum (DePasquale and Izzard, 1987). 

Similar needle-like, highly motile structures termed filopodia extend far beyond the border of 

lamellipodia (see (Small, 1989)). They can protrude 5 to 50µm beyond the edge of the cell in all three 
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dimensions and can kink and fold back. Filopodia have been most recognized in the neural growth 

cone, a guidance apparatus located at the tip of growing neurons, but are also present in other cell 

types, and may fulfil sensory functions (Gallo and Letourneau, 1998; Suter and Forscher, 1998; 

Jacinto and Wolpert, 2001).  

The controlled polymerization of actin filaments at the leading edge creates a force to push the cell 

membrane outwards, with the concomitant protrusion of lamellipodia, filopodia or microspikes. In 

migration, new cell-substratum attachments are established at the front of the cell, the cell body is then 

translocated by intracellularly generated forces, and in a last step all connections to the substratum at 

the back end are broken (for review see (Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 

1996; Sanchez-Madrid and del Pozo, 1999; Wells et al., 1999).  

 

1.4 Regulation of the Cellular Organization of the Actin 
Cytoskeleton 

 

The family of small Rho-like GTPases have been acknowledged as key regulators in the dynamic 

control of actin cytoskeletal organization. They act as molecular switches, cycling between inactive, 

GDP-bound and active, GTP-bound states. This allows tight regulation of their activity: Activation 

through GDP-GTP exchange is promoted by guanine nucleotide exchange factors (GEFs), whereas 

inactivation (by the intrinsic GTPase activity) is stimulated by GTPase activating proteins (GAPs). 

Guanine nucleotide dissociation inhibitors (GDIs) finally stabilize the GDP-bound inactive form of the 

protein by sequestering it in the cytoplasm (reviewed in (Kaibuchi et al., 1999; Ridley, 2001).  

Only the active GTP-bound form of Rho-family GTPases is able to interact with a distinct set of so-

called target or effector proteins (reviewed in (Aspenstrom, 1999)), which mediate the respective 

cellular responses. The best characterized members of the family of small Rho-like GTPases are 

Cdc42, Rac and Rho (for review see (Hall, 1998)). Cdc42 and Rac trigger de novo actin 

polymerization at the cell periphery to form filopodia and lamellipodia, respectively (Ridley et al., 

1992; Kozma et al., 1995; Nobes and Hall, 1995), while activation of Rho in fibroblasts leads to 

bundling of actin filaments into stress fibers and the clustering of integrins and associated proteins into 

focal adhesion complexes (Ridley and Hall, 1992), which is accompanied by a stimulation of myosin 

II-based contractility (Chrzanowska-Wodnicka and Burridge, 1996). 

 

1.5 De novo actin polymerization 
 

As mentioned in 1.2, the assembly of actin monomers into dynamic F-actin polymer networks is 

thought to drive protrusion of the plasma membrane at the leading edge during such motile processes 
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as chemotaxis, neurite extension or phagocytosis under the control of small GTPases of the Rho 

family. Actin polymerization depends on the availability of free barbed ends that act as nuclei. 

Formally, free barbed ends can be generated by uncapping barbed ends on existing filaments, by 

severing existing filaments or alternatively, by nucleating new filaments from actin monomers de novo 

(see 1.2, reviewed in (Pantaloni et al., 2001)).  

Since pure actin monomers initiate new filaments poorly because formation of trimers is highly 

unfavourable (see 1.1), the cell needs cytosolic factors that reduce the kinetic barrier to actin filament 

nucleation. The Arp2/3 complex, a stable assembly of seven highly conserved subunits, has been 

identified as a principle factor in the nucleation of actin assembly (Machesky et al., 1994), reviewed in 

(Higgs and Pollard, 2001)). By itself, Arp2/3 weakly accelerates the rate of actin assembly, but its 

activity is powerfully stimulated by nucleation promoting factors, in particular by the carboxy-

terminal domains of proteins of the WASP/Scar-family (Ma et al., 1998b; Machesky and Insall, 1998; 

Machesky et al., 1999; Rohatgi et al., 1999; Suetsugu et al., 1999; Winter et al., 1999), by ActA, a 

bacterial surface protein of Listeria monocytogenes which mimics the Arp2/3 stimulating activity of 

WASP/Scar family proteins (Welch et al., 1997b; Welch et al., 1998), as well as by a growing list of 

other proteins such as cortactin (Weaver et al., 2001), yeast Abp1p (Goode et al., 2001) or pan1p 

(Duncan et al., 2001), fission yeast myosin-I’s(Higgs and Pollard, 2001), or Dictyostelium CARMIL 

(Jung et al., 2001). 

The Arp2/3 complex is associated with regions of dynamic actin assembly and motility in living cells, 

such as lamellipodia (Welch et al., 1997a; Schafer et al., 1998; Svitkina and Borisy, 1999), or the actin 

filament network of comet tails induced by intracellular motile pathogens such as Listeria 

monocytogenes, Shigella flexneri or vaccinia virus (Welch et al., 1997b; Welch et al., 1998; Gouin et 

al., 1999; Loisel et al., 1999; Cossart, 2000; Moreau et al., 2000; Cameron et al., 2001), which 

therefore are often seen as model systems of Arp2/3 mediated actin dynamics. Using an improved 

critical point drying method for electron microscopy, Arp2/3 is found in branched actin filament 

networks at Y-branches (Svitkina and Borisy, 1999) and in association with free barbed ends (Bailly et 

al., 1999) at the leading edge of the cell. 

At present, there are two models of how Arp2/3 nucleation of new filaments occurs, that are both 

based on a branched network organization of actin filaments in lamellipodia: The dendritic nucleation 

model (Mullins et al., 1998; Blanchoin et al., 2000) (reviewed in (Pollard et al., 2000)) and the barbed 

end branching model (Pantaloni et al., 2000). Both models take into account that the nucleation 

activity of WASP/Scar activated Arp2/3 complex (see chapters 1.6 and 1.7) is stimulated by the 

addition of actin filaments. The models differ in regard of whether WASP/Scar activated Arp2/3 binds 

to the sides of pre-existing filaments (Mullins et al., 1998; Pollard et al., 2000) where it nucleates new 

filaments and thus creates Y-shaped branched networks, or whether is binds and branches barbed ends 

of pre-existing filaments (Pantaloni et al., 2000), also creating a Y-shaped branched network. Both 

models are supported by kinetic data and are reviewed in (Condeelis, 2001). 
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An important question is how cytosolic factors receive signalling inputs to reduce the kinetic barrier to 

actin filament nucleation. The low intrinsic actin nucleating activity of the Arp2/3 complex allows 

cells tight control over the generation of actin filament networks (Mullins et al., 1998; Welch et al., 

1998). The need of actin nucleation promoting factors for Arp2/3, which can in turn underlie 

regulation, adds a further level of complexity. 

 

1.6 WASP/Scar family of nucleation promoting factors 
 

The WASP/Scar family has emerged as a family of key regulators of Arp2/3 nucleated actin 

polymerization at membrane proximal sites in response to signalling (reviewed in (Higgs and Pollard, 

2001). The family consists of Wiskott-Aldrich Syndrome Protein (WASP), the protein mutated in 

patients with Wiskott-Aldrich syndrome, its ubiquitous homologue N-WASP, as well as the more 

distantly related Scar/WAVE proteins. At least one family member has been found in all eukaryotes 

examined so far (reviewed in (Higgs and Pollard, 2001)). The WASP/Scar family proteins are listed in 

an overview in Table 1. They are multidomain proteins that interact with signalling molecules, actin 

monomers, and the Arp2/3 complex.  
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Table 1: Overview of the WASP/Scar family of Arp2/3 activating nucleation promoting factors. 

Abbreviations: WH1, WASP homology domain1; IQ, IQ motif; CRIB/GBD, Cdc42 and Rac interactive 

binding/GTPase binding domain; poly-proline, poly-proline region; V, Verprolin-homology domain; C; Cofilin-

homology or central domain; A, Acidic region; SH, Scar homology region. The carboxy termini of N-WASP, WASP 
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and related Scar proteins stimulate the actin-nucleating activity of the Arp2/3 complex. The fact that the 

stimulatory ability of WASP and N-WASP is enhanced upon binding of signalling molecules, such as PIP2, GTP-

Cdc42 or Nck, makes them ideal candidates to integrate and coordinate signalling pathways that control actin 

polymerization. Adapted from (Higgs and Pollard, 1999; Higgs and Pollard, 2001). 

 

WASP/Scar family proteins are thought to integrate diverse signalling pathways that control dynamic 

changes of the actin cytoskeleton by activating Arp2/3 nucleated actin polymerization.  

The two subgroups (WASP/N-WASP and Scar/WAVE proteins) retain functionally conserved binding 

sites for the Arp2/3 complex and actin, but differ in the remaining binding sites for regulatory inputs.  

For all WASP/Scar proteins tested, the carboxy-terminal VCA domains (V, verprolin-homology; C, 

cofilin-homology or central domain; A, acidic region), also called WA region (reviewed in (Higgs and 

Pollard, 2001)) is sufficient to activate the Arp2/3 complex (Machesky and Insall, 1998; Egile et al., 

1999; Machesky et al., 1999; Rohatgi et al., 1999; Winter et al., 1999; Yarar et al., 1999; Yamaguchi 

et al., 2000; Marchand et al., 2001). For maximal activation, WA must bind both the Arp2/3 complex 

and an actin monomer (Machesky and Insall, 1998; Miki and Takenawa, 1998; Higgs et al., 1999; 

Yamaguchi et al., 2000; Marchand et al., 2001).  

In the following chapters, brief overviews of the other WASP/Scar family members are given, before 

introducing in more detail the ubiquitous family member N-WASP. 

 

1.6.1 Wiskott-Aldrich Syndrome Protein 

 

Wiskott-Aldrich Syndrome Protein (WASP), the gene product that is mutated in patients with Wiskott-

Aldrich Syndrome (Derry et al., 1994), is expressed exclusively in all cells of haematopoietic stem 

cell-derived lineages, i.e. the lymphocytic and megakaryocytic cell lineages. Wiskott-Aldrich 

Syndrome is a human X chromosome- linked recessive hereditary disorder characterized by immuno-

deficiency, thrombocytopenia with small platelets and eczema (for reviews see (Ochs, 1998; Snapper 

and Rosen, 1999)) with phenotypes ranging from mild to severe. Affected cells show a reduced size 

and cytoskeletal abnormalities such as aberrant cell surface microvilli, suggesting a role for WASP in 

the regulation of the cytoskeleton (Kenney et al., 1986; Molina et al., 1992; Thrasher et al., 2000; 

Westerberg et al., 2001).  

T cells from WAS patients have both signalling and cytoskeletal abnormalities (reviewed in (Remold-

O'Donnell et al., 1996). T cell proliferative responses to antigen receptor stimulation are severly 

depressed or absent (Molina et al., 1993). In contrast, responses to non-specific mitogens are often 

normal, suggesting a role of WASP in T cell receptor proximal signalling events (Blaese et al., 1968; 

Ochs et al., 1980; Molina et al., 1992; Molina et al., 1993; Sullivan et al., 1994). Peripheral blood 

lymphocytes show a paucity of cell surface microvilli (Kenney et al., 1986). Defective regulation of 

the actin cytoskeleton may be responsible for the abnormal expression of cell surface glycoproteins 
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(e.g. CD43; (Parkman et al., 1981; Remold-O'Donnell et al., 1984; Remold-O'Donnell et al., 1992)). 

All WAS mutations result in severe thrombocytopenia, with platelet counts typically 10% of normal 

(Sullivan et al., 1994) and reduced platelet size. In addition, a defect in neutrophil and monocyte 

chemotaxis was noted with cells from WAS patients (reviewed in (Jones, 2000)). Generally, there is 

no clear correlation found between the type of mutation and the phenotype observed (Schindelhauer et 

al., 1996; Zhu et al., 1997; Lemahieu et al., 1999). WASP has been reported to be predominantly 

cytoplasmic with some protein found in membrane (16%) and nuclear (<3%) fractions (Rivero-

Lezcano et al., 1995; Stewart et al., 1996). 

The carboxy-terminal VCA domains of WASP were found to activate Arp2/3 nucleation of actin 

assembly (Machesky and Insall, 1998). Full-length WASP is a less potent activator due to an 

intramolecular interaction resulting in autoinhibition (Kim et al., 2000), which is released upon 

regulatory interactions of the amino-terminal part of WASP with signalling proteins such as Cdc42 in 

its GTP-bound form (Abdul-Manan et al., 1999; Higgs and Pollard, 2000; Kim et al., 2000). 

Disruption of the mouse WASP gene (Snapper et al., 1998; Zhang et al., 1999) also leads to reduced 

numbers of circulating B and T lymphocytes and platelets, as well as to impaired T cell proliferation 

and antigen receptor cap formation in response to antigen receptor activation, and thus recapitulates 

aspects of the human disease. 

 

1.6.2 Scar/WAVE proteins 

 

The more distantly related, structurally and functionally distinct subfamily of Scar/WAVE proteins 

was first discovered in Dictyostelium (Suppressor of cAMP activated receptor) (Bear et al., 1998). 

Scar proteins were also named WAVE, for WASP family Verprolin-homologous protein. Three 

Scar/WAVE isoforms in humans have been characterized by now (Miki et al., 1998b; Suetsugu et al., 

1999). Scar/WAVE proteins share homology to the WASP/N-WASP subfamily in the carboxy-

terminal half of the proteins, as is shown in Table 1, with which they can bind and activate the Arp2/3 

complex (Machesky and Insall, 1998; Machesky et al., 1999; Suetsugu et al., 1999). They also contain 

a poly-proline region serving as binding sites for SH3 domain containing proteins (Miki et al., 2000). 

The amino-termini of Scar/WAVE proteins share sequence homology of unknown function within 

their subgroup (termed SH domain for Scar homology domain, reviewed in (Higgs and Pollard, 

2001)), but differ from the amino-termini of the WASP/N-WASP subfamily. Scar1/WAVE1 localizes 

at lamellipodial tips (Hahne et al., 2001; Nakagawa et al., 2001) and has been implicated in activating 

Arp2/3 in lamellipodia formation (Machesky and Insall, 1998; Miki et al., 1998b). 
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1.6.3 N-WASP 

 

N-WASP (neural-WASP) was first identified as a 65kD protein from bovine brain that binds to the 

adaptor protein Ash (abundant Src homology)/Grb2 (growth factor receptor-bound protein 2) (Miki et 

al., 1996; Miura et al., 1996). The predicted amino acid sequence revealed 50% overall sequence 

identity to WASP (Wiskott-Aldrich-Syndrome protein) (Miki et al., 1996), as well as a similar 

multidomain organization which is shown as a bar diagram of the N-WASP protein in Figure 4. 

N-WASP was first found to be expressed at nerve terminals in the brain with weaker expression levels 

in other organs (Miura et al., 1996; Fukuoka et al., 1997), but was later recognized to be expressed 

ubiquitously (Miki et al., 1998a). Consistent with this, in the mouse, N-WASP expression was 

detected in Northern blot analyses in all tissues analysed, which included brain, colon, lung, heart, 

muscle, kidney, testis, liver, embryonic stem cells and lymphocytes (Snapper and Rosen, 1999). 
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Figure 4: Schematic Organization of N-WASP. 

Bar diagram of the N-WASP protein and described interactions. The 501 amino-acid protein N-WASP (in rat and 

mouse, 505 aa for human and bovine proteins) contains multiple functional domains: an N-terminal WH1 (WASP 

homology 1) domain, an IQ motif, a basic region, a CRIB/GBD domain (Cdc42 and Rac interactive 

binding/GTPase binding domain), a polyproline-rich domain, two Verprolin-homology domains, also called WH2 

domains (WASP homology 2), a Cofilin-homology domain also called central domain followed by a carboxy-

terminal acidic domain. A multitude of interactions with other proteins and signalling molecules have been 

described for each of the domains as is described in chapter 1.6.3 which are indicated by arrows. Dotted arrows 

indicate that the domain involved in the interaction in N-WASP has not been determined thus far. N-WASP also 

shows an intramolecular interaction where sequences in the Cofilin-homology domain are bound by the GBD 

resulting in an autoinhibitory conformation of the N-WASP protein (Prehoda et al., 2000) (see chapter 1.7). 
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As is shown in Figure 4, N-WASP contains several motifs which seem to be relevant to its function. 

At the amino-terminal, N-WASP contains a WH1 (WASP homology1) domain which shares similarity 

to poly-proline binding EVH1 domains (Ena/VASP homology domain1 (Fedorov et al., 1999; Prehoda 

et al., 1999)). In agreement with this, the WH1 domain of N-WASP has been shown to bind to the 

proline-rich actin-binding protein WIP (WASP interacting protein) (Ramesh et al., 1997; Moreau et 

al., 2000). The N-WASP-WIP complex is thought to act as a functional unit in integrating signalling 

cascades that lead to actin polymerization (Moreau et al., 2000; Martinez-Quiles et al., 2001) e.g. in 

the formation of filopodia protrusions and the motility of intracellular pathogens (for review see 

(Frischknecht and Way, 2001)). Besides binding to WIP, the WH1 domain has also been shown to 

bind to a similar proline-rich actin-binding protein predominantly expressed in brain, CR16 (Ho et al., 

2001). Furthermore, amino-terminal sequences were shown to bind to F-actin (Egile et al., 1999).  

Miki et al. proposed a PH-domain to be located at the amino-terminus of N-WASP at overlapping 

sequences with the WH1 domain, which allowed binding of N-WASP to phosphatidylinositol 4,5-

bisphosphate (PIP2) coated surfaces and was proposed to be important for the localization of N-WASP 

to membranes (Miki et al., 1996). There has been some controversy whether or not the amino-terminal 

sequences of N-WASP really constitute a PH-domain, since the sequence identity with the PH-domain 

consensus sequence is very low (6 amino-acids out of 94 (Insall and Machesky, 1999)). In addition, 

the WH1 domain related EVH1 domains were demonstrated to bind to poly-proline helices rather than 

to PIP2 although they exhibit similar folding as PH domains (Fedorov et al., 1999; Prehoda et al., 

1999). Furthermore, binding of PIP2 has subsequently been attributed to the basic region present in the 

middle part of the N-WASP protein by two other groups (Prehoda et al., 2000; Rohatgi et al., 2000). 

N-WASP is the only member of the WASP/Scar family that contains an IQ motif, which may be a site 

for Ca2+-dependent binding of Calmodulin (Miki et al., 1996), raising the possibility that N-WASP is 

regulated by Ca2+-signalling. 

As mentioned above, the basic region has been identified as the binding site for phosphatidylinositol 

4,5-bisphosphate (PIP2) (Prehoda et al., 2000; Rohatgi et al., 2000). Binding of PIP2 is thought to be 

important for the synergistic stimulation of full Arp2/3-activating ability of N-WASP together with 

other activating inputs such as GTP-Cdc42 (Rohatgi et al., 1999; Prehoda et al., 2000) or Nck (Rohatgi 

et al., 2001) at membrane proximal sites, which is described in more detail in 1.7.  

In contrast to Scar/WAVE proteins, WASP (Aspenstrom et al., 1996; Kolluri et al., 1996; Symons et 

al., 1996) and N-WASP (Miki et al., 1998a; Rohatgi et al., 1999) directly interact with the small Rho 

family GTPase Cdc42 specifically in its GTP-bound form through their GBD/CRIB domain (GTPase 

binding domain/Cdc42 and Rac interactive binding (Burbelo et al., 1995)). As is described in 1.7, 

N-WASP was shown to provide the first functional link between GTP-Cdc42 and the Arp2/3 complex, 

which nucleates actin assembly when activated by N-WASP (Rohatgi et al., 1999; Rohatgi et al., 

2000).  

The proline-rich region binds various SH3 domain containing proteins, including the signalling 
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adaptor molecules Ash (abundant Src homology)/Grb2 (growth factor receptor-bound protein 2) (Miki 

et al., 1996; She et al., 1997; Carlier et al., 2000) and Nck (Rohatgi et al., 2001), as well as the WASP 

interacting SH3 protein (WISH) (Fukuoka et al., 2001), and profilin (Suetsugu et al., 1998). N-WASP 

was furthermore shown to interact with the SH3 domains of Intersectin-l, the neuronal isoform of the 

dynamin-associated endocytic scaffolding protein Intersectin (Hussain et al., 2001), as well as with the 

SH3 domain of Syndapin I (synaptic, dynamin-associated protein I), which is also highly enriched in 

brain and its 2 other isoforms (Qualmann et al., 1999; Modregger et al., 2000; Qualmann and Kelly, 

2000). Binding is presumably mediated by the proline-rich region of N-WASP, although this has not 

been demonstrated thus far using purified proteins. As is described in more detail in chapter 1.8.3, the 

identified interactions of N-WASP with these endocytic or synaptic proteins raise the possibility that 

N-WASP is involved in synaptic vesicle recycling, or more generally in endocytosis or intracellular 

vesicle trafficking. 

The carboxy-terminus of N-WASP, which is also called WA region, is a very potent activator of the 

Arp2/3 complex (Egile et al., 1999; Rohatgi et al., 1999). This has been attributed to the fact that it 

contains two Verprolin-homology domains instead of only one (Yamaguchi et al., 2000) (see also 

Table 1), besides the cofilin-homology domain and the acidic region.  

As for all WASP/Scar proteins tested, the WA region of N-WASP is sufficient to activate the Arp2/3 

complex in vitro (Egile et al., 1999; Rohatgi et al., 1999), and as was found for WASP, full-length 

N-WASP protein is less potent in activating Arp2/3 than the WA domain alone (Egile et al., 1999; 

Rohatgi et al., 1999). This is due to an intramolecular autoinhibitory interaction where sequences in 

the Cofilin-homology domain are bound to the GBD (shown in Figure 4), which prevents the 

activation of the Arp2/3 complex by WA in full-length N-WASP (Prehoda et al., 2000) as is described 

in the next chapter.  

As amino-terminal ligands can release N-WASP from its autoinhibited conformation (Rohatgi et al., 

1999; Prehoda et al., 2000; Rohatgi et al., 2000), which will result in Arp2/3 activation by full-length 

N-WASP to levels of activation caused by WA alone, this allows signalling events to effect 

reorganization of the actin cytoskeleton by controlled actin assembly (see next chapter). 

 

1.7 N-WASP stimulates Arp2/3 nucleated actin assembly in 
response to signalling 

 

Multidomain organizations are common to signal transduction proteins. It was therefore thought early 

on, that N-WASP might have relay function in different signal transduction pathways, possibly 

transmitting signals to the actin cytoskeleton.  

By sequence comparison Miki et al. identified a Cdc42/Rac interactive binding (CRIB) motif / 

GTPase binding domain (GBD) (Burbelo et al., 1995) in N-WASP (Miki et al., 1996). The small 
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GTPase Cdc42 had been previously identified to regulate the formation of actin filaments to generate 

filopodia and microspikes (Kozma et al., 1995; Nobes and Hall, 1995), but the exact nature of its 

linkage to the actin cytoskeleton had remained obscure.  

To examine the functional interaction of Cdc42 with N-WASP, Miki et al. transiently co-expressed 

N-WASP with a constitutively activated form of Cdc42 in COS7 cells and found that overexpression 

of N-WASP enhanced Cdc-42 induced formation of filopodia (Miki et al., 1998a). A point mutant 

incapable of binding to activated Cdc42 (H208D, (Miki et al., 1998a)) did not enhance Cdc42 induced 

filopodia formation, suggesting that binding of N-WASP to activated Cdc42 was essential for this 

process. Coexpression of WASP blocked Cdc42 induced filopodia formation, as did a N-WASP 

mutant lacking the Cofilin-homology domain. This mutant was interpreted to act in a dominant-

negative manner, demonstrating the need of the carboxy-terminus for N-WASP to fulfil its function. 

These results led Miki et al. to first propose cellular N-WASP as a critical effector of Cdc42 for 

microspike and filopodia formation (Miki et al., 1998a) and to suggest cellular N-WASP to reside in 

an autoinhibited conformation which would be relieved upon Cdc42-GTP binding. Consistently, a 

fragment comprising the GBD (including the basic region) was found to bind to the carboxy-terminal 

VCA domains of N-WASP (Miki et al., 1998a) and a N-WASP mutant lacking the Verprolin-

homology domain also blocked microspike formation by COS7 cells treated with EGF (Miki and 

Takenawa, 1998). 

Most data regarding the activation of N-WASP as well as its downstream interaction with the Arp2/3 

complex has come from in vitro studies using cell-free extracts or purified proteins. In vitro, Cdc42 

induced actin assembly was reconstituted in cell-free systems (Zigmond et al., 1998) and biochemical 

fractionation indicated that the Arp2/3 complex was involved in the polymerization of actin induced 

by Cdc42-GTP (Ma et al., 1998b), with an additional, still unidentified factor linking activated Cdc42 

and the Arp2/3 complex. A definite step forward was made when Machesky and Insall (Machesky and 

Insall, 1998) discovered that the carboxy-terminal VCA domain of Scar1 and WASP interacted with 

the p21-ARC subunit of the Arp2/3 complex in a yeast-2-hybrid assay and that actin nucleation by 

Arp2/3 was greatly enhanced upon interaction (Machesky et al., 1999), suggesting a role for 

WASP/Scar proteins as activators of Arp2/3 nucleated actin assembly.  

A more complete picture of the connection of the Arp2/3 complex to Cdc42 emerged from the in vitro 

reconstitution of Cdc42-induced actin assembly from purified components (Rohatgi et al., 1999): 

N-WASP stimulated actin nucleation by the Arp2/3 complex in a Cdc42-GTP dependent fashion, 

providing a functional link between signalling components and actin assembly. The carboxy-terminal 

VCA fragment of N-WASP constitutively activated Arp2/3, but full-length N-WASP was only 

modestly active in the absence of Cdc42. Hence, the authors proposed that binding of Cdc42 to 

N-WASP would induce a structural positioning of the domains, unmasking the carboxy-terminus for 

interaction with G-actin and the Arp2/3 complex. In addition, Rohatgi et al. found that PIP2 also 

induced intermediate activation and that in the presence of both activated Cdc42 and PIP2, full-length 
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N-WASP could activate Arp2/3 nucleated actin assembly to the same level as the isolated VCA 

fragment, suggesting a cooperative activation mechanism by PIP2 and Cdc42 (Rohatgi et al., 1999), 

which is shown in a cartoon model in Figure 5. 

Since then numerous other studies have addressed the activation mechanism of N-WASP by various 

signalling proteins that were shown to act either independently or in cooperation with activated Cdc42.  

Thus, PIP2 was confirmed to activate N-WASP synergistically with activated Cdc42 (Prehoda et al., 

2000; Rohatgi et al., 2000). In addition, Carlier and collegues were able to demonstrate an 

intermediate stimulatory effect on N-WASP activated Arp2/3 nucleated actin assembly by binding of 

the adaptor protein Grb2 to the proline-rich region of N-WASP independently of GTP-Cdc42 or PIP2 

(Carlier et al., 2000). This could thus represent a possible link between activated tyrosine 

phoshporylated receptor kinases and actin polymerization. 
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Figure 5: Signal dependent actin polymerization. 

Cartoon model showing how signalling molecules such as GTP-bound Cdc42, PIP2 , SH3-domain containing 

proteins (e.g. Nck or Grb2) or other signals may regulate actin assembly at membrane-proximal sites by activation 

of the Arp2/3 complex via N-WASP: N-WASP normally resides in an auto-inhibited state in the cytoplasm 

(possibly already bound to Arp2/3). Upon interaction of signalling molecules with the amino-terminal half of N-

WASP, the carboxy-terminal VCA domains of N-WASP are released to activate the Arp2/3 complex (adapted 

from (Rohatgi et al., 1999; Carlier et al., 2000; Kim et al., 2000; Prehoda et al., 2000; Rohatgi et al., 2000; Rohatgi 

et al., 2001). 

 
There are contrasting reports on the role of Nck in N-WASP activation. Whereas Rohatgi et al. 

reported a strong stimulatory effect on N-WASP activated Arp2/3 nucleated actin assembly by Nck, 

which they found to act synergistically with PIP2 (Rohatgi et al., 2001), Fukuoka et al. were unable to 

detect any stimulatory effect of Nck (Fukuoka et al., 2001). Instead they reported a strong stimulation 

brought about by the N-WASP binding protein WISH (Fukuoka et al., 2001). Nck was also shown to 

bind to WIP (Anton et al., 1998) and can thus mediate recruitment of N-WASP via WIP without the 
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need for direct interaction of Nck and N-WASP e.g. to the surface of intracellular vaccinia virus 

(reviewed in (Frischknecht and Way, 2001)) (see Figure 6 and chapter 1.8.1). 

N-WASP was also shown to be essential for recruitment and activation of Arp2/3 nucleated actin 

assembly driving intracellular motility of Shigella flexneri upon interaction of N-WASP with the 

bacterial protein IcsA (Egile et al., 1999) (see chapters 1.8.1, 1.8.1.1). A major step in understanding 

of how site directed actin-polymerization can produce movement in cells was the reconstitution of 

sustained bacterial motility using purified proteins by Loisel et al., who were able to demonstrate that 

a mixture of Arp2/3, ADF/cofilin, capping protein and F-actin is sufficient for the generation of 

sustained motility of N-WASP-coated IcsA expressing E.coli (Loisel et al., 1999). 

A NMR study of the closely related N-WASP homologue WASP has provided a structural model for 

the mechanism of autoinhibition and activation of WASP (Kim et al., 2000): In the autoinhibited state, 

the GBD domain is in contact with the carboxy-terminal region, blocking the Arp2/3 binding site. 

Binding of Cdc42 to the GBD causes a dramatic conformational change that results in release of the 

carboxy-terminus to interact with Arp2/3. In N-WASP, the interaction between the GBD and the 

carboxy-terminal region must also be intramolecular, because N-WASP is present as a monomer in 

solution (Rohatgi et al., 2000). Prehoda et al. reported that the Arp2/3 complex binds to N-WASP 

even in the inactive closed conformation, but in a manner that precludes the Arp2/3 complex 

activation (Prehoda et al., 2000). They used partial constructs comprising the basic region and GBD 

connected by a short linker to the VCA fragment.  

Thus, in vitro, many different ligands can activate N-WASP, independently or cooperatively. If the 

same took place in vivo, diverse signalling events could be integrated by cooperative activation of 

N-WASP, which would then converge the signals in a final common pathway to actin assembly by the 

Arp2/3 complex.  

 

1.8 Cellular roles of N-WASP 

 

1.8.1 Actin-based motility of intracellular pathogens 

 
Several unrelated baterial and viral pathogens gain access to the cytoplasm of infected host cells and 

have evolved ways to subvert the host cell cytoskeleton to support their lifecycle. Intracellular 

pathogens circumvent the host’s humoral immune system by using actin-based motility to move 

within the cytoplasm and to spread directly between cells. To that effect, intracellular pathogens have 

evolved strategies to utilize the normal actin assembly machinery of the host cell.  

The most widely studied examples of intracellular pathogen motility are Listeria monocytogenes, 

Shigella flexneri and vaccinia virus. In each case, the pathogen expresses a surface protein that recruits 

cellular factors and drives directed actin assembly. Listeria and Shigella require only one bacterial 
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protein, ActA and IcsA/VirG respectively for their actin-based intracellular motility (Bernardini et al., 

1989; Domann et al., 1992; Kocks et al., 1992; Goldberg and Theriot, 1995; Kocks et al., 1995). The 

surface protein that is responsible for inducing actin tail nucleation by vaccinia virus is A36R (van Eijl 

et al., 2000). Newly assembled actin filaments are cross-linked to form a comet tail structure that 

generates the force necessary for movement. Actin comet-tails induced by Listeria and Shigella were 

found to consist of branched networks of actin filaments (Gouin et al., 1999; Cameron et al., 2001) 

and the Arp2/3 complex, which is essential for the intracellular motility of Listeria (Welch et al., 

1997b; Welch et al., 1998; Loisel et al., 1999; May et al., 1999), Shigella (Egile et al., 1999; Loisel et 

al., 1999) and vaccinia virus (Moreau et al., 2000). 

Whereas Listeria monocytogenes ActA protein can recruit and activate Arp2/3 directly (Welch et al., 

1997b; Welch et al., 1998), Shigella flexneri and vaccinia virus are both thought to first recruit and 

activate N-WASP via different pathways, which then in turn recruits and activates the Arp2/3 complex 

nucleated actin polymerization, as is shown schematically in Figure 6(for review see (Cossart, 2000; 

Frischknecht and Way, 2001)). Whereas in vaccinia virus, N-WASP is thought to be recruited via Nck 

and WIP, in Shigella, WIP is recruited via N-WASP, which is directly recruited and activated by the 

bacterial protein IcsA (Moreau et al., 2000). 

 

 
taken from (Frischknecht and Way, 2001). 

Figure 6: Schematic representation of Arp2/3-
mediated actin tail formation by Listeria 

monocytogenes, Shigella flexneri and Vaccinia 

virus. 
Listeria uses ActA to directly recruit and activate the 

Arp2/3 complex. VASP and profilin (Pr) enhance actin 

tail formation. By contrast, Shigella and vaccinia achieve 

activation of Arp2/3 by recruiting N-WASP via different 

pathways. Shigella recruits N-WASP directly through 

interaction of glycine-rich repeats of IcsA with N-WASP, 

whereas phosphorylated (P) A36R of vaccinia recruits N-

WASP indirectly via Nck and WIP. Possible interactions 

are indicated by ‘?’. Arrows or overlapping proteins 

indicate where interactions have been demonstrated 

experimentally. The domains/sequence motifs are 

represented as follows: PolyPro, poly-proline regions; 

KR, basic lysine-arginine-rich motif; ABS, actin-binding 

sequence; A, acidic region; V, verprolin homology; C, 

KR-rich cofilin homology region; WH1, Wiskott-Aldrich 

homology 1 domain; CRIB, Cdc42/Rac interactive 

binding motif; WBD, WASP-binding domain; NBD, Nck-

binding domain; SH2, phosphotyrosine-binding Src-

homology 2 domain; SH3, polyproline-binding Src-

homology 3 domain. 
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1.8.1.1 Actin-based motility of Shigella flexneri 

 

The gram negative bacterium Shigella flexneri is the major cause for bacillary dysentery or shigellosis 

(see (Sansonetti, 2001a)), believed to be responsible for the deaths of over one million people annually 

(Kotloff et al., 1999). Entry of Shigella into the intestinal mucosa of the colon induces degeneration of 

the epithelium and a strong inflammatory reaction. Upon contact with the host cell, Shigella secretes 

several proteins that activate Src kinase and Rho family GTPases, resulting in the actin-mediated 

phagocytosis of the bacterium. After inducing lysis of the phagosome, Shigella initiate actin 

polymerization at one bacterial pole to propel themselves through the cytoplasm of infected cells and 

into membrane protrusions which can be engulfed by neighbouring cells, allowing cell-to-cell spread 

of the bacteria (for reviews see (Tran Van Nhieu et al., 2000; Sansonetti, 2001a; Sansonetti, 2001b). 

In vitro studies have shown that the bacterial protein IcsA is both necessary and sufficient for Shigella 

motility (Goldberg and Theriot, 1995; Kocks et al., 1995). IcsA recruits cellular N-WASP which has 

been demonstrated in vivo and in vitro to be essential for Shigella motility (Suzuki et al., 1998; Egile 

et al., 1999; Loisel et al., 1999; Moreau et al., 2000). It was initially proposed by Suzuki et al. that the 

Verprolin-homology domains of N-WASP were required for binding to the glycine-rich repeats in the 

IcsA protein (Suzuki et al., 1998), but later experiments suggested that binding is mediated by 

sequences in the GBD domain of N-WASP which contain the CRIB motif (Moreau et al., 2000). 

Binding of IcsA was proposed to mimic Cdc42 mediated activation of N-WASP (Egile et al., 1999), 

thereby freeing the carboxy-terminal VVCA domains of N-WASP from the autoinhibitory state to 

activate Arp2/3 nucleation of actin polymerization.  

The role of Cdc42 in Shigella motility is still under debate. Suzuki et al. claimed that Cdc42 

contributes to the actin-based motility of Shigella by initiating actin nucleation through formation of a 

ternary IcsA/N-WASP/Cdc42 complex and that Cdc42 is recruited to bacteria in the process of 

initiating actin polymerization (Suzuki et al., 2000), although it is not observed on Shigella that have 

already formed an actin tail (Mounier et al., 1999; Moreau et al., 2000) and although neither dominant-

negative Cdc42 nor treatment with Clostridium difficile exotoxin TcdB-10463, which inactivates Rho-

GTPases (reviewed in (Aktories et al., 2000)), did inhibit tail formation in vivo (Mounier et al., 1999). 

Furthermore, in in vitro reconstitutions of bacterial motility of N-WASP coated, IcsA expressing 

E.coli from purified proteins, Cdc42 was not needed for actin-driven motility (Loisel et al., 1999).  

As with Cdc42, the role of profilin in actin-based motility of Shigella needs further clarifcation. 

Profilin is thought to only enhance Shigella motility in vitro (Loisel et al., 1999) and in vivo (Mimuro 

et al., 2000), but deletion of the profilin-binding region in ectopically expressed N-WASP led to a 

severe inhibition of tail formation in infected cells or extracts (Mimuro et al., 2000).  
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1.8.2 Actin-pedestal formation by enteropathogenic and enterohemorrhagic 
Escherichia coli 

 

1.8.2.1 Enteropathogenic E.coli 

 

The gram-negative pathogen Enteropathogenic E.coli (EPEC) is the major causative agent of watery, 

persistent diarrhoea in developing countries and is responsible for over one millions deaths each year 

(for reviews see (Goosney et al., 1999; Goosney et al., 2000b)). EPEC adhere to human intestinal 

epithelial cells, resulting in specific, so-called ‘attaching’ and ‘effacing’ (A/E) lesions that are 

characterized by localized loss of microvilli and intimate attachment of the bacteria (for review see 

(Vallance and Finlay, 2000)). It subverts the host cell cytoskeleton, causing a rearrangement of 

cytoskeletal components into a characteristic actin-based pedestal structure underneath adherent 

bacteria. In contrast to intracellular pathogens, EPEC bacteria remain extracellular and transmit signals 

through the host cell plasma membrane via direct injection of virulence factors by the bacterial type III 

secretion system (Jarvis et al., 1995). One injected factor is Tir (translocated intimin receptor), which 

functions as the plasma membrane receptor for EPEC adherence by binding to the bacterial surface 

protein intimin (Kenny et al., 1997; Kenny and Finlay, 1997; de Grado et al., 1999). Tir directly links 

extracellular EPEC through the epithelial membrane and firmly anchors it to the host cell actin 

cytoskeleton via interactions with focal adhesion proteins such as α-actinin (Freeman et al., 2000; 

Goosney et al., 2000a). Phoshorylation of Tyr474 in the cytoplasmic tail of Tir is essential for 

stimulation of actin polymerization underneath the attached bacteria to form an actin-based pedestal 

(Kenny, 1999), which elevates the attached bacterium up to 10µm above the cell surface. Pedestals are 

not static structures, but can move laterally in the cell membrane (Sanger et al., 1996). 

WASP-family proteins and the Arp2/3 complex have also been implicated in actin pedestal formation 

by EPEC with the CRIB domain suggested to mediate recruitment (Kalman et al., 1999). EPEC 

pedestal formation is not inhibited by Toxin B treatment (Ben-Ami et al., 1998) which led Kalman et 

al. to suggest an involvement of the Cdc42-like Rho GTPase Chp, which they claim insensitive to 

Toxin B treatment (Kalman et al., 1999). However, a recent publication showed that Tyr474 

phosphorylation leads to recruitment of Nck, which was essential to EPEC induced actin pedestal 

formation and allowed recruitment of N-WASP to EPEC attachment sites (Gruenheid et al., 2001). 

Thus, this suggests an alternative pathway to N-WASP recruitment.  

EPEC pedestal formation seems to parallel vaccinia actin tail formation in several aspects: in both 

cases, tyrosine phosphorylation of a pathogen-derived membrane protein is essential (Frischknecht et 

al., 1999a; Kenny, 1999) and results in subsequent recruitment of Nck (Frischknecht et al., 1999b; 

Gruenheid et al., 2001). Furthermore N-WASP and the Arp2/3 complex are recruited to EPEC 

attachment sites (Kalman et al., 1999; Goosney et al., 2001) as well as to vaccinia virus (Frischknecht 
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et al., 1999b; Moreau et al., 2000) and are implicated in pathogen induced actin polymerization 

(Kalman et al., 1999; Moreau et al., 2000) which in both cases is insensitive to Toxin B treatment 

(Ben-Ami et al., 1998; Moreau et al., 2000). 

Besides initiating actin pedestal formation in the host cell, EPEC activates several other signalling 

pathways that lead to tight junction disruption, inhibition of phagocytosis, altered ion secretion, and 

immune responses (for review see (Goosney et al., 2000b)). 

 

1.8.2.2 Enterohemorrhagic E.coli 

 

Another pathogen closely related to EPEC, Enterohemorrhagic E.coli (EHEC; O157:H7) is 

responsible for numerous food poisoning outbreaks especially in North America. The causative agent 

of hamburger disease, EHEC produces acute gastro-enteritis, hemorrhagic colitis, and in severe cases, 

a systemic kidney disease known as hemolytic uremic syndrome (HUS). The increased severity of 

EHEC versus EPEC-mediated disease is thought to be due to the presence of additional virulence 

factors in EHEC, including Shiga-toxin (see (Goosney et al., 2000b). EHEC induce actin-based 

pedestal formation on the surface of infected cells, but in contrast to EPEC, the translocated intimin 

receptor Tir of EHEC does not become phosphorylated (Deibel et al., 1998; DeVinney et al., 1999; 

Kenny, 1999). A/E lesion formation as well as actin pedestal formation occur independently of 

tyrosine phosphorylation and Nck (Gruenheid et al., 2001). The mechanistic differences that allow 

EHEC to form pedestals in the absence of Tir phosphorylation have not yet been characterized, 

however N-WASP and Arp2/3 were still found to be recruited to EHEC attachment sites (Goosney et 

al., 2001) and are thus likely to mediate actin nucleation and polymerization leading to EHEC induced 

pedestal formation. This suggests that there are at least two different pathways to form a pedestal, 

which is supported by additional differences in the proteins recruited to EPEC versus EHEC pedestals, 

e.g. Grb2, which has been shown to be recruited to EPEC pedestals, but is lacking from EHEC 

induced pedestals (Goosney et al., 2001). 

 

1.8.3 N-WASP and actin assembly at vesicles, rafts and endomembranes 

 

Recently, vesicles have been described to propel through the cytoplasm on actin-rich comet-tails 

(Merrifield et al., 1999; Rozelle et al., 2000; Taunton et al., 2000), a process known to be exploited by 

pathogens such as Listeria, Shigella and vaccinia virus as described in chapter 1.8, in which localized 

actin polymerization provides the driving force for propulsion. Do these motile pathogens exploit a 

mechanism normally used by mammalian organelles to nucleate actin assembly? Actin networks 

nucleated by endomembranes could power organelle movement and shape changes, in addition to 
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serving as scaffolds or tracks for vesicle movement or tethering by myosins (Evans and Bridgman, 

1995; Langford, 1995; Huang et al., 1999; Tuxworth and Titus, 2000).  

When cytoplasmic vesicles from Xenopus laevis oocytes or HeLa cells were analysed by Taunton et 

al., N-WASP was found to be recruited to membrane surfaces of vesicles associated with actin comet 

tails (see Figure 7). N-WASP recruitment to oocyte vesicles was further analysed and shown to require 

Cdc42 which was recruited and activated by protein kinase C (PKC) (Taunton et al., 2000). 

 

Figure 7: Electron micrograph depicting N-WASP immunogold-labeled 

HeLa vesicles associated with an actin comet tail. 

Cell-free motility reactions containing unlabeled HeLa membranes were fixed in 

perfusion chambers, immunolabeled with affinity-purified N-WASP antibodies 

followed by 15 nm protein A-gold, and processed for EM. Bar equals 200 nm.  

Taken from (Taunton et al., 2000) 

 
The phosphoinositide lipid phosphatidylinositol-4,5-bisphosphate (PIP2) is now established as a key 

cofactor in signalling to the actin cytoskeleton and in vesicle trafficking (reviewed in (Caroni, 2001)). 

Almost 50% of cellular PIP2 has been shown to localize to so-called rafts, low-density, detergent-

insoluble, cholesterol-enriched membrane microdomains (Pike and Casey, 1996; Liu et al., 1998; Pike 

and Miller, 1998), which can induce the formation of F-actin in a tyrosine-phosphorylation dependent 

manner (Harder and Simons, 1999). Furthermore, rafts are thought to be important for synaptic vesicle 

formation (Martin, 2000) and trafficking from the trans-Golgi (Wang et al., 2000). A central role for 

PIP2 clusters and rafts has emerged in the recruitment and modulation of key components that regulate 

the actin cytoskeleton (Shibasaki et al., 1997; Ma et al., 1998a; Higgs and Pollard, 2000; Raucher et 

al., 2000; Rohatgi et al., 2000) and the endocytic machinery (Cremona et al., 1999; Gillooly and 

Stenmark, 2001). In support of this, PIP2-containing, raft-enriched vesicle rocketing has been observed 

in cultured fibroblasts under conditions that led to increased levels of PIP2 (Rozelle et al., 2000). The 

actin comets observed under these conditions were associated with phosphotyrosine-positive vesicles. 

Arp2/3 was found to be required in this process and N-WASP was thought a candidate nucleation 

promoting factor as it can be activated by high concentrations of PIP2 in vitro (Rohatgi et al., 1999; 

Rohatgi et al., 2000). Phosphotyrosine-positive clathrin-coated vesicles exhibiting actin-based motility 

have also been described earlier (Moreau and Way, 1998; Frischknecht et al., 1999a; Frischknecht et 

al., 1999b) and were compared to the intracellular motility of vaccinia virus.  

Furthermore, recent studies have identified several proteins that physically link proteins of the 

endocytic machinery with proteins of the actin cytoskeleton, among them N-WASP, as is depicted in 

Figure 8 (reviewed in (Qualmann et al., 2000; Lanzetti et al., 2001; Schafer, 2002). The functional 

significance for the endocytic process of many of these interactions is not yet known, but they may 

result in a coordinated regulation of actin assembly and endocytosis / trafficking events. As was 

mentioned in chapter 1.6.3, N-WASP was shown to interact with the dynamin-associated endocytic 

scaffolding protein Intersectin-l (Hussain et al., 2001), as well as with the various isoforms of 
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Syndapin (Qualmann et al., 1999; Modregger et al., 2000; Qualmann and Kelly, 2000). Intersectin 

functions as a scaffolding protein in the formation of clathrin-coated endocytic vesicles. The neuronal 

variant Intersectin-l may furthermore promote the Arp2/3 complex-dependent actin assembly through 

activation of N-WASP and Cdc42 (Hussain et al., 2001). Syndapins are dynaminI-, synaptojanin- and 

synapsinI- binding proteins which appear to participate in endocytosis since overexpression of the 

SH3 domains inhibits receptor-mediated uptake (Qualmann et al., 1999; Simpson et al., 1999; 

Qualmann and Kelly, 2000). They may also affect actin organization as overexpression of Syndapin 

was reported to induce filopodia formation in HeLa cells (Qualmann and Kelly, 2000).  

The interactions with these endocytic proteins may serve to recruit N-WASP to nascent clathrin-coated 

pits in the vicinity of the large GTPase dynamin, where actin assembly may help e.g. in the pinching 

process or to propel newly formed vesicles away from the plasma or endo- membrane (reviewed in 

(Qualmann and Kelly, 2000; Hussain et al., 2001; Lanzetti et al., 2001)). 

Thus, together with findings in yeast, where the N-WASP homolog Bee1p/Las17p interacts with the 

WIP homologue End5p in vesicle endocytosis (Naqvi et al., 1998), and findings in WASP knockout 

mice, which exhibited defects in T cell receptor endocytosis (Zhang et al., 1999), these observations 

raise the possibility that N-WASP is involved in endocytosis or intracellular vesicle trafficking. 

 

 

Figure 8: Summary of protein-protein interactions 

identified as potential links between components of 
the endocytic and actin cytoskeletal machines with 

special focus on N-WASP. 

Lines joining individual proteins indicate specific binding 

interactions for those components. The 

depicted interactions were identified using a 

variety of techniques, including direct binding 

studies, immunoprecipitation and blot overlay 

experiments. The functional significance for 

the endocytic process of many of these 

interactions is not yet known, however, two 

types of functional links are apparent. First, 

activation of actin assembly by the Arp2/3 

complex could occur either directly or via 

activation of N-WASP, which may be recruited 

to nascent clathrin-coated pits by saffolding 

proteins (i.e. Syndapins and Intersectins). 

Second, interactions of endocytic proteins with 

F-actin may tether the machineries together 

and modulate the dynamics of each. Modified 

from (Schafer, 2002). 

 

1.9 N-WASP and the Regulation of Cellular Actin Organization 

 

Although actin polymerization pushing the leading edge of cells and actin polymerization at bacterial 

surfaces driving intracellular motility of pathogens are both thought to be dependent on the de novo 

nucleation activity of the Arp2/3 complex and additionally share other common actin assembly 
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components, in contrast to the constitutive motility of pathogens, the assembly of actin-based 

projections at the cell periphery underlies tight regulation. The ability of N-WASP and WASP to be 

activated in vitro by diverse signalling molecules such as phosphatidylinositol-4,5-bisphosphate 

(PIP2), the small GTPase Cdc42 or the SH3 signalling adaptor molecules Grb2 and Nck make them 

ideal candidates to integrate and coordinate signalling pathways that control actin polymerization.  

At present, the exact subcellular localization of N-WASP remains unclear. Besides nuclear staining, 

N-WASP is also detected in a spotty fashion dispersed in the cytosol and overexpressed N-WASP has 

been reported to be distributed mainly at the plasma membrane (Miki et al., 1998a). In addition, it has 

been reported to localize to the leading edge of lamellipodia by antibody staining (Bear et al., 2001), 

which would support a regulatory role in actin dynamics at the leading edge. 

As mentioned in chapter 1.7, N-WASP was reported to be a critical effector of Cdc42 for filopodia 

and microspike formation (Miki et al., 1998a). This view has become widely accepted by the scientific 

community, mainly since it was possible to demonstrate a direct connection linking activated Cdc42 to 

Arp2/3 nucleated actin assembly via N-WASP in vitro using purified proteins (Rohatgi et al., 1999).  

N-WASP has also been implicated in neurite extension in a study using PC12 cells and hippocampal 

neurons (Banzai et al., 2000). It has been shown that filopodia actively extend from the growth cone, a 

guidance apparatus located at the tip of neurites, suggesting their role in neurite extension. Banzai and 

collegues demonstrated that a N-WASP mutant lacking part of the cofilin-homology domain 

suppressed neurite extension of PC12 cells and hippocampal neurons. Consistent with an important 

role of N-WASP in neurons, N-WASP was isolated as a protein from brain, highly enriched in nerve 

terminals (Miura et al., 1996), where it could potentially serve additional roles, e.g. in synaptic vesicle 

recycling (see (Brodin et al., 2000; Qualmann et al., 2000; Jarousse and Kelly, 2001) and previous 

chapter) or in the actin-based plasticity of dendritic spines, the predominant postsynaptic terminals for 

excitatory synapses in the brain, which is thought to represent one possible cellular basis for 

alterations in synaptic connectivity ultimatively underlying complex cognitive processes such as 

learning and memory formation (for review see (Matus, 1999)). 

There are still many unsolved questions. As mentioned in chapter 1.5, the Arp2/3 complex is thought 

to generate branched filament networks (Mullins et al., 1998; Svitkina and Borisy, 1999), reviewed in 

(Pollard et al., 2000; Higgs and Pollard, 2001) and is thought to be absent from filopodia (Svitkina and 

Borisy, 1999). How the N-WASP-activated Arp2/3 complex downstream of Cdc42 could then produce 

the long, unbranched filament bundles found in filodpodia is not easily explained.  

To obtain further insight into the function of N-WASP in coupling signalling cascades to actin 

polymerization, the objective of this thesis was to generate mice carrying a conditionally targeted 

mutation of the N-WASP gene using the Cre/loxP system of gene targeting and homologous 

recombination in ES cells. 
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1.10 Conditional mutagenesis in the mouse 

 

Gene function is frequently studied in mice by the analysis of embryonic stem cell derived, gene 

targeted animals which carry a predesigned mutation in their germline and are devoid of a particular 

gene product throughout ontogeny (examples in (Brandon et al., 1995a; Brandon et al., 1995b). A 

more precise analysis of gene function, however, can be achieved if a gene is inactivated in vivo only 

in certain cell types in an inducible or constitutive manner. Such conditional gene targeting also 

circumvents embryonic lethality resulting from complete gene inactivation in some cases (examples 

given in (Copp, 1995)) and may uncover, if gene deletion is induced in adult mice, reactions of an 

organism to compensate a targeted mutation (reviewed in (Kuhn and Schwenk, 1997)). 

Conditional gene targeting, which allows to restrict the inactivation of a target gene to a certain cell 

type or to induce gene inactivation in adult animals, can be achieved by combining the bacteriophage 

P1- derived Cre/loxP site specific recombination system with targeted mutagenesis by homologous 

recombination in ES cells (Thomas and Capecchi, 1987; Sauer and Henderson, 1988; Gu et al., 1993). 

The Cre enzyme is a 35 kDa protein isolated from bateriophage P1, which belongs to the lambda 

integrase family and acts as a site specific DNA recombinase without the need of co-factors or other 

associated proteins (Sternberg, 1981; Sternberg and Hamilton, 1981; Sternberg et al., 1981; Abremski 

et al., 1983; Abremski and Hoess, 1984) even in mammalian cells (Sauer and Henderson, 1988). The 

sequence recombined by Cre, termed loxP, is a unique 34 bp consensus sequence, consisting of two 13 

bp inverted repeats (Cre recognition sites) separated by an 8 bp spacer. The 8 bp spacer is 

asymmetrical and is responsible for the directional nature of the loxP site. Two loxP sites in the direct 

orientation will result in excision of the intervening DNA by Cre leaving only one intact loxP site.  

Mammalian genomes are devoid of naturally occurring loxP sites, but Cre recombinase will efficiently 

recombine loxP sites that have been introduced into the mammalian genome in cells (Sauer and 

Henderson, 1989; Sauer and Henderson, 1990), transgenic mice (Lakso et al., 1992; Orban et al., 

1992) and also when introduced in mice by homologous recombination in ES cells (Gu et al., 1993)  

Cre recombinase mediated conditional targeting thus requires a mouse strain harbouring a target gene 

flanked with loxP recombinase recognition sites introduced by homologous recombination in ES cells. 

A loxP- flanked allele should be expressed at wild-type levels but become inactivated by Cre-mediated 

deletion of the loxP-flanked gene segment due to the loss of a functionally essential region. Gene 

inactivation can be restricted in vivo by crossing a strain harbouring a loxP-modified allele to 

transgenic mice expressing Cre recombinase under the control of a constitutive, cell type-specific or an 

inducible promoter (reviewed in (Rajewsky et al., 1996)). 
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2 Materials and Methods 

2.1 Chemicals and Reagents 

 

The used chemicals, reagents and solvents were of p.A. quality or ‘extra pure’. They were purchased 

from Roth, Sigma, or Baker. Plasticware was obtained from Biozym, Eppendorf and Greiner. 

Radiochemicals were bought from Amersham (α32P-dATP and α32P-dCTP). X-ray films were from 

Kodak (BioMax MS, MR and ML). Ingredients for bacterial culture media were from Difco. 

 

2.1.1 Cell culture reagents and plasticware 

 

Cell culture media and additives were bought from Gibco BRL and Sigma. Plasticware was from 

Falcon, Greiner or Costar.  

 

2.1.2 Enzymes und Reagents for Molecular Biology 

 

Enzymes were bought from Gibco BRL, NEB or Roche. Taq-DNA-Polymerase was from Gibco BRL, 

Pfu-Turbo-DNA-Polymerase from Stratagene, Pfx-DNA-Polymerase from Gibco BRL. DNA- und 

protein standards were from Gibco BRL or Sigma. Desoxynucleotide-tri-phosphates and 

nucleotidetriphosphates were obtained from Pharmacia-Amersham or Gibco BRL. Oligonucleotides 

were synthesized at ARK, MWG-Biotech, GIBCO BRL or Methabion.  

 

2.1.3 Vectors 

 

Vectors used for subcloning were pBluescriptSK+ and pBluescriptKS+ (Stratagene) or pCR4-TOPO 

and pCR4-Blunt-TOPO (Invitrogen). For the targeting construct, the pBluescript based vector 

pKSneoloxPTKXin was used (kindly provided by X. Liu, Institute for Genetics, Köln). For generation 

of EGFP-N-WASP fusion constructs, pEGFP-C1 and -C3 vectors were used (Clontech). 

 

2.1.4 Bacterial Strains used for subcloning 

 

E.coli XL1-Blue, XL2-Blue, XL-10GOLD MRF (Stratagene) 

E.coli TOP10F and TOP10F’ (Invitrogen) 
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2.1.5 Reagents for Immunodetection and Immunofluorescence 

 

2.1.5.1 Phalloidin 

 

Phalloidin, a component from the mushroom Amanita phalloides, binds to actin filaments and 

stabilizes them against depolymerization (Cooper, 1987). Fluorescent derivatives were used to stain 

actin filaments in permeabilized cells: 

Alexa FluorTM 594 coupled phalloidin (Molecular Probes), 3 U/ml in 1% BSA in PBS; 1:200 – 1:500 

Alexa FluorTM 488 coupled phalloidin (Molecular Probes), 3 U/ml in 1% BSA in PBS; 1:200 – 1:500 

 

2.1.5.2 Primary Antibodies 

 

- Anti-N-WASP (C-terminal) rabbit polyclonal antibodies raised against the VCA fragment 

were kindly provided by Dr. Hiroaki Miki (Tokyo), immunoblotting 1:5000, 

immunofluorescence 1:100 

- Anti-N-WASP (N-terminal) rabbit polyclonal antisera (anti-CRIB 1, 8592), raised against a 

synthetic peptide corresponding to amino acids 193 to 212 of the human N-WASP sequence 

was kindly provided by Anika Steffen (GBF, Braunschweig), 1:2400 

- Anti-N-WASP amino-terminal rabbit polyclonal antisera 103/200 raised against a synthetic 

peptide corresponding to amino acids 135 to 155 was kindly provided by Stefanie Benesch 

(GBF, Braunschweig), 1:1000 

- Anti-EspE monoclonal antibody (B51) (supernatant) was kindly provided by Trinad 

Chakraborty (Giessen) 

- Anti-Listeriolysin polyclonal antibodies K52, 1:100, (Domann et al., 1992) 

- Anti-Shigella flexneri polyclonal antibodies (1:100 - 1:80) were kindly provided by Trinad 

Chakraborty (Giessen) 

- Anti-GFP monoclonal antibody (101G4), 1:1000 

- Anti-GFP polyclonal antibody (1.8 mg/ml), 1:400 

- ß-actin monoclonal antibody AC-15/AC-74, 1.3 mg/ml;PBS, 1:1000 was kindly provided by 

Mario Gimona, Salzburg, (Gimona et al., 1994) 

 

Antibodies used in FACS analysis and ELISA are listed separately in chapters 2.5.2 and 2.5.4 in Table 

6, Table 7 and Table 8. 
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2.1.5.3 Secondary Antibodies 

 

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

(Roche) for chemiluminescent detection) 

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

(Roche) for chemiluminescent detection) 

B8c: Goat anti Rabbit IgG (H+L) coupled to AMCA, 1:200 (Dianova) 

B12c:  Goat anti Rabbit IgG (H+L) coupled to Alexa FluorTM 488, 5 µg/ml in 1% BSA in PBS, 1:400 

(Molecular Probes) 

B13c: Goat anti Rabbit IgG (H+L) coupled to Alexa FluorTM 594, 2.8 µg/ml in 1% BSA in PBS, 

1:700 (Molecular Probes) 

A8C: Goat anti Mouse IgG (H+L) coupled to AMCA, 1:50- 1:250 (Dianova) 

- Goat anti Rabbit IgG coupled to horse raddish peroxidase (Dianova, 1:20000 in 1% BSA in PBS 

(with SuperSignalTM (Pierce) for chemiluminescent detection 

- Goat anti Rabbit IgG coupled to alkali phosphatase (Promega); 1:7500 in 1% BSA in PBS (with 

CDP-Star or WesternBlue Detection Solution (Promega)) 

 

2.2 Molecular Biological Standard Techniques 

 

Common methods in molecular biology were performed according to standard protocols (Maniatis et 

al., 1982; Sambrook et al., 1989; Ausubel et al., 1993) unless otherwise stated. 

 

2.2.1 Plasmidpreparation from E.coli 

 

Plasmids propagated in E.coli were isolated by alkaline lysis modified after Birnboim (Birnboim, 

1983). Plasmid minipreparations were performed essentially as described by Zhou (TENS method, 

(Zhou et al., 1990)). For cleaner preparations, QIAprep spin miniprep columns (Qiagen) were used. 

Plasmid midi- and maxipreparations were performed using Qiagen columns (Qiagen). 

 

2.2.2 Restriction subcloning 

 

Usually, 4µg Plasmid DNA were restriction digested in a total volume of 20 µl in 1x restriction  buffer 

containing 10 U restriction enzyme for one to two hours at the appropriate temperature. When needed 

and possible, reactions were heat inactivated for 20 min at the appropriate temperatures (see NEB 
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Catalogue) or if heat inactivation was not possible, reactions were either extracted by phenol-

chloroform followed by ethanol precipitation, or column purified using the PCR MinElute Kit 

(Qiagen). If necessary, restriction fragments were blunted by addition of 0.5 µl Klenow large fragment 

DNA Polymerase I (GIBCO BRL) and 1 µl dNTPs (0.5 mM stock solution, GIBCO BRL) and 

incubation for 15 min at room temperature in case of 5’ overhangs; or by addition of  1-2 U T4 DNA 

Polymerase (GIBCO BRL) and 1 µl dNTPs (2 mM stock solution) and incubation at room temperature 

for 15 min in case of 3’ overhangs. Blunting reactions were stopped by heat inactivation for 15 min at 

75 °C. Dephosphorylation was carried out by adding 1 U CIAP (GIBCO BRL) for 5 min at room 

temperature for 5’ overhangs or at 50°C for 3’ overhangs and blunt ends and was stopped by heat 

inactivation.  

 

2.2.3 DNA extraction from agarose gels 

 

DNA was recovered from agarose gel slices with the QIAEXII or MinElute gel extraction Kits 

(Qiagen) or for large fragments by electroelution using Quik-Pik electroelution capsules (Stratagene). 

 

2.2.4 DNA ligation 

 

DNA ligations were performed using either T4DNA Ligase (GIBCO BRL) in a reaction mixture as 

recommended by the manufacturer or with the TAKARA or Roche rapid ligation kits for 5 min at 

room temperature. Subcloning of PCR fragments were done using the TOPO-cloning kits from 

Invitrogen (TOPO TA Cloning Kit for Sequencing and Zero Blunt TOPO PCR Cloning Kit for 

Sequencing). Usually, approximately 50ng vector fragment was ligated to a 3 x molar surplus of insert 

fragment in a 20µl reaction volume for 5 minutes at room temperature. 

 

2.2.5 Efficient Transformation of E.coli 

 

To obtain high efficient transformation of E.coli, ultracompetent bacteria (XL1Blue and XL2Blue, 

Stratagene) were generated according to the protocol of Inoue et al. (Inoue et al., 1990) and stored in 

aliquots at –80°C or bought directly from Stratagene (XL10Gold) or Invitrogen (TOP10 and 

TOP10F’). 

For transformation, 40µl competent bacteria were thawed on ice, mixed with 0.1 – 2µl of plasmid 

containing solution or ligation reaction (and in the case of XL1Blue, XL2Blue and XL10GOLD with 

ß-Mercaptoethanol (25 mM end concentration)) and incubated for 30 min on ice. Bacteria were then 

heatshocked for 30 sec (TOP10) or 45 sec (XL1,2Blue,10GOLD) at 42°C in a water bath. Bacteria 
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were returned to ice for 2 min after which 250µl SOC was added. The bacteria were then incubated at 

37°C for up to 60 min and 40 and 250µl aliquots were plated on agar plates containing the appropriate 

antibiotic and incubated at 37°C until single colonies had grown. 

 

2.2.6 RNA Isolation 

 

Total-RNA from tissue or cells was isolated with a modification of the acid guanidinium thiocyanate-

phenol-chloroform method (Chomczynski and Sacchi, 1987)) using RNAzolB (Wak Chemie).  

RNA was stored either in RNase-free milipore water or as ethanol precipitate at –70°C, or in deionised 

formamide at –20°C. RNA stored in deionised formamide could be directly used as a template in 

reverse transcription reactions or separated from formamide by ethanol precipitation.  

The integrity of the RNA was confirmed by electrophoresis on a 1% agarose gel in TAE buffer using 

denaturing loading buffer (90% formamide) and the concentration was determined photometrically. 

 

2.2.7 Reverse Transcription and Polymerase Chain Reaction 

 

RT-PCR was performed in the cloning of the wild-type murine N-WASP cDNA from mouse total 

brain RNA (C57BL/6) and the truncated N-WASP cDNA transcribed from the N-WASPdel allele using 

the Titan One Tube RT-PCR System (Roche) according to the manufacturer’s recommendations.  

Polymerase chain reaction (PCR) (Saiki et al., 1985; Saiki et al., 1988) was performed in the 

subcloning of the short arm of homology of the N-WASP targeting construct, in the generation of N-

WASP-GFP-fusion constructs and to genotype ES clones, fibroblast cell lines and mice. Typically, 

PCR reactions were carried out in a volume of either 25 or 50µl containing 0.2 to 0.3µM of each 

primer, 200µM dNTPs (Pharmacia or GIBCO BRL), 1x PCR buffer (10mM Tris-Cl pH=8.3, 50mM 

KCl), 1.5 to 3mM MgCl2, and 5U Thermus Aquaticus (Taq) DNA Polymerase (GIBCO BRL) per 

100µl reaction volume. In PCR reactions designed to amplify fragments for cloning purposes, 

proofreading Pfu-Turbo- (Stratagene) or Platinum-Pfx (GIBCO BRL) DNA polymerases were used in 

their respective supplied PCR buffers or in a mixture with Taq DNA polymerase. Oligonucleotide 

primers used in this study were synthesized at ARK, Eurogentec, MWG-Biotech or Methabion 

(Munich) and are listed in Table 2. The reactions were performed either in a Biometra Triblock, 

Biometra 96 well plate thermocycler or in a MJ cycler (Biozym). Denaturing, annealing and extention 

times were varied according to the primers used and the size of the template to be amplified. PCR was 

also performed in site-directed mutagenesis to generate a N-WASP point mutant unable to interact 

with activated Cdc42 (H208D) using the QuickChange Site-Directed Mutagenesis Kit (Stratagene) 

according to the manufacturer’s recommendations. 
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# used for 
Oligonucleotide Primer 

Name 
Sequence 5’ to 3’ 

1 Genotyping 5’Del-Cre GAA AGT CGA GTA GGC GTG TAC G 

2 Genotyping Cre-tot 1 ACG ACC AAG TGA CAG CAA TG 

3 Genotyping Cre-tot 2 CTC GAC CAG TTT AGT TAC CC 

4 Genotyping Mx-Cre F CAT GTG TCT TGG TGG GCT GAG 

5 Genotyping Mx-Cre R CGC ATA ACC AGT GAA ACA GCA T 

6 Genotyping / Sequencing Neo-A1 GGT GGA TGT GGA ATG TGT GC 

7 Genotyping / Sequencing NW3loxPas GTT ATG TCG ACT CTA GAT CG 

8 Genotyping / Sequencing NW4.3A1 AGA GGC ATT TCC TGA CCA CC 

9 Genotyping / Sequencing NW4.3A1O TTT AGA TCC CAC TCA GAA CC 

10 Genotyping / Sequencing NW-A6 ACT TGG TCT GCT ATG TAT CGG 

11 Genotyping / Sequencing NW-PVS2 TAA CTC ACA TCC ATA GTA TC 

12 Genotyping / Sequencing NW-S2 CAG AGA GAA CAG GAA GTG GG 

13 Genotyping / Sequencing NW-S2N GCA GAG AGA ACA GGA AGT GG 

14 Genotyping / Sequencing NW-EX6-A ACC TCA GCA GCA TAT AGC AC 

15 Genotyping / Sequencing NW-EX6-S TTG ATG TAT AAT CAG CAG GAG G 

16 GFP-N-WASP constructs NW-WH1toCRIB-Xma-as AGG TGG CCC GGG TGC TTG TCT TCG GAG TTC G 

17 m N-WASP cDNA cloning NW-mA1 ACA GAT CAA TAG ACA GGA AG 

18 m N-WASP cDNA cloning NW-mA2 TCA ATA GAC AGG AAG TAG TG 

19 
m N-WASP cDNA cloning     

GFP-N-WASP constructs 
NW-mS1 AGA GTG GGA CCC GAG TGC TC 

20 
m N-WASP cDNA cloning     

GFP-N-WASP constructs 
NW-mS2 CAG AAG TGA CGA CCC TGG AC 

21 Site directed Mutagenesis NW-H208D-30as CAA CAT GCC CAA TGT CCT GGA AAT TAC TTG 

22 Site directed Mutagenesis NW-H208D-30s CAA GTA ATT TCC AGG ACA TTG GGC ATG TTG 

23 short arm targeting construct NWS3NCla GGC TAT ATC GAT GTC TGT CAC CAG AGA TAC 

24 short arm targeting construct NWA4NBam TTT GCT GGA TCC CAA GTC TTA CAG GTA TC 

25 Sequencing  A3 CGC ATC CCT TCC TGA GCA GGA C 

26 Sequencing A7 GAA TAA AAT CAA TCT ACA GAC 

27 Sequencing A18 AAC TGC AGC TCC AGT GGT TC 

28 Sequencing A20 ATT AAC ATC AAT CAA AAT TAG CC 

29 Sequencing A22 ACA GAT CAA TAG ACA GGA AGT AGT G 

30 Sequencing A23 TCA GTC TTC CCA CTC ATC ATC ATC C 

31 Sequencing NEO-S1 TTC CAC ATA CAC TTC ATT CTC 

32 Sequencing NW4.3S1 TTG CTC GAG GTT GGA GAG AC 

33 Sequencing NWEX7-S3 GAT CTC CTG AGG CCC AGC C 

34 Sequencing NWEX7-S4 TTT GAA CAC CCA TTG CCT AC 

35 Sequencing NWEX7-S5 TAC TAC CCA AGG AAC CTC TG 

36 Sequencing NWEX7-S6 TTG TAT TCC TTC ATT TTC TGC 

37 Sequencing NWEX7-S7 GTA ATG ATC TCA GAA GAA TAT C 

38 Sequencing NW-EX8-A AGA GTA AGC CTG TAA TAT AGA C 

39 Sequencing NW-EX8-S1 AGG TGC TGG GGA CTC AAC TG 

40 Sequencing NW-EX8-S2 CTC CTA CTG CTG CAC CTC C 

41 Sequencing NW-EX9-S1 TAC CTT GCT GTA TGT TTT GCC 

42 Sequencing NW-EX9-S2 GGT CCT GAT GCT CGT ATG AC 

43 Sequencing NW-EX10-A1 AAG GCA ACA AAA ATA TAC AGC C 

44 Sequencing NW-EX10-A2 ACA CAG CAA CAA GGA GTA GC 

45 Sequencing NW-EX10-S GTC TGT AGA TTG ATT TTA TTC CG 
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46 Sequencing S2 TGG CTG CCT TCT GAT GGT AAC 

47 Sequencing S4 TAA CAT AAA CGT ATA AAA TAT TAG 

48 Sequencing S5 TAT AAG TTT GGA TTT TCT GAC 

49 Sequencing S8 CAC TAC TTC CTG TCT ATT GAT 

50 Sequencing S19 TTG CAC AGA GAG AAT GAA TG 

51 Sequencing S21 CAC AAG CCC TTG TCT GCA TTT G 

52 Sequencing S26 CAA TAG TAA TGG TGT ATA AGT TTG G 

53 Sequencing GFP-N-WASP constructs GFPc23s ACG GGG TCA TTA GTT CAT AG 

54 Sequencing GFP-N-WASP constructs GFPc145s CAT AGT AAC GCC AAT AGG GA 

55 Sequencing GFP-N-WASP constructs GFPc280as GGG CCA TTT ACC GTC ATT GA 

56 Sequencing GFP-N-WASP constructs GFPc398s GGA TAG CGG TTT GAC TCA CG 

57 Sequencing GFP-N-WASP constructs GFPc466s GCA CCA AAA TCA ACG GGA CT 

58 Sequencing GFP-N-WASP constructs GFPc486as AAG TCC CGT TGA TTT TGG TG 

59 Sequencing GFP-N-WASP constructs GFPc658s CTG GTC GAG CTG GAC GGC GAC G 

60 Sequencing GFP-N-WASP constructs GFPc679as CGT CGC CGT CCA GCT CGA CCA G 

61 Sequencing GFP-N-WASP constructs GFPc816as GCC GTA GGT CAG GGT GGT CA 

62 Sequencing GFP-N-WASP constructs GFPc918s GGA CGA CGG CAA CTA CAA GA 

63 Sequencing GFP-N-WASP constructs GFPc1101as CTT GAT GCC GTT CTT CTG CT 

64 Sequencing GFP-N-WASP constructs GFPc1238s GCA AAG ACC CCA ACG AGA AG 

65 Sequencing GFP-N-WASP constructs GFPc1266s CAT GGT CCT GCT GGA GTT CGT G 

66 Sequencing GFP-N-WASP constructs GFPc1287as CAC GAA CTC CAG CAG GAC CAT G 

67 Sequencing GFP-N-WASP constructs GFPNWc1416as CTC GTT CTC TTG CGG GGT GA 

68 Sequencing GFP-N-WASP constructs GFPNWc1433s TCG GCA AGA AAT GTG TGA CT 

69 Sequencing GFP-N-WASP constructs GFPNWc1490s GGA ACT GTA TGT GGG CAA AG 

70 Sequencing GFP-N-WASP constructs GFPNWc1736as GTA ACT GCT TTT CGG AAC TT 

71 Sequencing GFP-N-WASP constructs GFPNWc1748s GCC GAC GAC AAA GGA AAT CT 

72 Sequencing GFP-N-WASP constructs GFPNWc1850s GAT TTT ATG GTT CAC AAG TC 

73 Sequencing GFP-N-WASP constructs GFPNWc2016as AAA TTA TTT AGA TCA AAA CC 

74 Sequencing GFP-N-WASP constructs GFPNWc2201s CTC CTC CCC CTC CTC ATA GC 

75 Sequencing GFP-N-WASP constructs GFPNWc2208as GGG AGG AGG AGG GGG AGG TC 

76 Sequencing GFP-N-WASP constructs GFPNWc2259s TCC TCC TCC CCC ACC TTC AA 

77 Sequencing GFP-N-WASP constructs GFPNWc2334s TCC TCC GCC CCC TCC AAA CA 

78 Sequencing GFP-N-WASP constructs GFPNWc2351as GCG GAG GAA CAA CAA CAC CA 

79 Sequencing GFP-N-WASP constructs GFPNWc2404 GGC CTG AAG GTG CTG AAG AG 

80 Sequencing GFP-N-WASP constructs GFPNWc2479as CTG GTG GGG GCG GAG GTG GA 

81 Sequencing GFP-N-WASP constructs GFPNWc2496s TGG CCT GCC TTC TGA TGG TG 

82 Sequencing GFP-N-WASP constructs GFPNWc2609as CGG CTA TTC TGT TCC ACT TT 

83 Sequencing GFP-N-WASP constructs GFPNWc2646s CCA GAT ACG ACA GGG ACT TC 

84 Sequencing GFP-N-WASP constructs GFPNWc2663as ATG CCC TGT CGT ATC TGG TC 

85 Sequencing GFP-N-WASP constructs GFPNWc3043s CCT CCC CCT GAA CCT GAA AC 

86 Sequencing GFP-N-WASP constructs GFPNWc3052as AGG GGG AGG TGT GGG AGG TT 

87 Sequencing GFP-N-WASP constructs GFPNWc3314as TAA GGG ATT TTG CCG ATT TC 

Table 2: List of primers used for PCR and sequencing reactions in this study. 

In addition, 6 primers of unknown sequence kindly provided by Gloria Esposisto, Institute for Genetics, University 

of Cologne, which anneal within the NEO selection cassette of the targeting vector, were used to confirm the 

sequence integrity of the selection cassette and flanking loxP sites. 
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2.2.8 DNA preparation from mouse tissues and ES cells 

 

Genomic DNA from mouse tails for Southern blots was prepared by overnight incubation in Laird-

lysis buffer (100 mM Tris-Cl pH8.5, 5mM EDTA, 0.2% SDS, 200mM NaCl, (Laird et al., 1991)) 

supplemented with Proteinase K (0.4 to 0.8 mg/ml) at 55°C. Undigested debris was pelleted by 

centrifugation. Genomic DNA was precipitated by addition of an equal volume of isopropanol, 

collected by centrifugation, washed with 70% ethanol, air dried and resuspended in TE (10mM Tris-

Cl, pH=8, 1mM EDTA). Genomic DNA from ear punches used in PCR-based genotyping of mice was 

prepared by overnight incubation in PCR-friendly Proteinase K buffer (50mM KCl, 1.5mM MgCl2, 

10mM Tris-Cl pH8.4, 0.5% NP-40 (Roche), 0.5% Tween-20 (Sigma)), supplemented with 0.8mg/ml 

ProteinaseK (Roche) at 55°C, followed by a 10 minute incubation at 95°C to inactivate the Proteinase 

K. After centrifugation to collect undigested debris, 0.5µl of the supernatant were directly used as 

template per 25µl standard PCR genotyping reaction.  

Genomic DNA from various mouse tissues, as well as from trypsinized ES cells or embryonic 

fibroblasts was prepared by resuspending pelleted cells (previously washed several times in PBS) or 

by homogenizing tissue using a dounce homogenizer in ½ final volume of TSE buffer (10mM Tris-Cl, 

pH=7.5, 150mM NaCl, 10mM EDTA pH=8) at 5x106 cells/ml end volume and then adding ½ final 

volume of TSE supplemented with freshly added Proteinase K (at 0.8mg/ml final volume). After 

overnight incubation at 55°C, the digestion mixture was extracted twice with phenol, once with 

phenol/chloroform and twice with chloroform. Genomic DNA was then precipitated by adding either 

1/10 volume 3M NaOAc pH=7 and 2.5 volumes ethanol or by adding 0.7 volumes isopropanol. 

Precipitated DNA was either removed with flame closed Pasteur pipettes or collected by centrifugation 

and washed in 70% ethanol, air dried and resuspended in TE pH=8 at a concentration of 6µg/25µl 

based on the following calculation: 10pg genomic DNA/cell, DNA of 106 cells for 1 southern blot 

analysis. 

Genomic DNA from ES cells grown in 96-well plates was prepared by directly lysing the cells 

according to the protocol by Pasparakis et al. (Pasparakis and Kollias, 1995). 50µl of ES cell lysis 

buffer (10mM NaCl, 10mM Tris-HCl pH 7.5, 10mM EDTA, 0.5%Sarcosyl, 0.4mg/ml freshly added 

Proteinase K) were added to each well and plates were incubated overnight at 56°C in a humidified 

chamber. DNA was precipitated with 100µl ethanol, and subsequently washed three times with 70% 

ethanol. Plates were air dried and restriction digestion mix was added directly to each well. 

 

2.2.9 Southern blot analysis 

 

For Southern blot analysis (Southern, 1975), 5-15µg genomic DNA were digested with appropriate 

restriction enzymes (6-10 U/µg DNA) overnight at temperatures as recommended for the restriction 
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enzyme used. ES cell genomic DNA was directly digested in 96-well plates by addition of 35µl of 

restriction digestion mix (20U to 50 U restriction enzyme, 1x restriction buffer, 100µg/ml BSA, 1mM 

spermidine, 50µg/ml RNase and 1mM DTT) to each well and overnight incubation in a humidified 

chamber at temperatures according to the restriction enzymes used. 

Digested DNAs were separated by electrophoresis on 0.8% agarose TAE gels, blotted on a positively 

charged nylon membrane (HybondN+, Amersham) by downward alkaline capillary transfer (0.4N 

NaOH) for 4 h. Membranes were neutralized by washing in 2xSSC and baked at 80°C for 1-2 h. 

 

2.2.9.1 Radioactive Southern blot analysis 

 

Membranes were prewetted in 5x SSC, followed by incubation in preboiled pre-hybridisation buffer 

(50mM Tris-HCl pH 7.5, 1M NaCl, 1% SDS, 10% Dextrane sulphate and 250µg/ml sheared salmon 

sperm DNA) for 1-2 hours at 65°C. Templates for probes were boiled, cooled on ice and radioactively 

labelled with α32PdCTP (Amersham) using the RTS RadPrime DNA Labelling System (GIBCO BRL) 

which is based on the random primer labelling method modified after Feinberg and Vogelstein 

(Feinberg and Vogelstein, 1983; Feinberg and Vogelstein, 1984) or the Rediprime II or Megaprime 

DNA Labelling Systems (Amersham Biosciences, Freiburg) at 37°C for 30 min. Unincorporated 

nucleotides were removed by centrifugation on a Sepharose MicroSpin G-25 column (Amersham 

Biosciences). After the labelling reaction, the probe was boiled and added to the pre-hybridisation 

buffer. Hybridisation was performed at 65°C overnight. To remove unspecifically bound probe, 

membranes were typically washed 5-10 minutes in 2xSSC, 0.1%SDS and 5-10 minutes in 0.1xSSC, 

0.1%SDS which was monitored using a Geiger counter and adjusted according to the signal strength. 

Membranes were exposed to autoradiographic films (BioMax MS or MR, Kodak) for several hours to 

overnight. Films were developed in a Curix 50 developing machine (Agfa). 

 

2.2.9.2 Nonradioactive Southern blot analysis 

 

Membranes that had been pre-wetted in 5xSSC were pre-hybridized for 1 hour at 65 °C in 40ml pre-

hyb mix (0.1%SDS, 5% (w/v) dextrane sulphate, 5x SSC, 1/20 liquid block (Gene Images random 

prime labelling and detection system, Amersham Biosciences)) that had been pre-heated at 65°C for 2 

hours. 25-100ng heat denatured template was labelled with a fluorescein-11-dUTP containing 

nucleotide mixture for 1 hour at 37°C using the Gene Images random prime labelling module yielding 

approximately 6-8 ng/µl Fl-labelled probe (50µl reaction). The probe was boiled for 3 min, snap 

cooled on ice and added to the pre-hyb mix to a concentration of approximately 10ng/ml. Membranes 

were hybridised for 4 hours to overnight at 65°C. The hyb-mix could be stored up to 12 months at –

20°C and re-used up to approximately 8 times. Membranes were washed for 10 to 15 minutes in 1x 
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SSC, 0.1% SDS at 65°C, followed by a more stringent wash in 0.5x SSC, 0.1% SDS in the 

hybridisation tube. For detection, the membranes were blocked for 1-2 hours at room temperature in 

150ml blocking buffer (1/10 liquid block in buffer A (100mM Tris-HCl pH 9.5, 300mM NaCl)) which 

could be re-used for 8 weeks after the addition of 0.1% sodium azide. Afterwards, membranes were 

incubated for 1 hour at room temperature with anti-fluorescein alkaline phosphatase (anti-Fl-AP) 

conjugate diluted 1:5000 in 150ml buffer A supplemented with 0.5% BSA (the anti-Fl-AP conjugate 

solution could be reused for 8 weeks after the addition of 0.1% sodium azide). Membranes were then 

washed 3 times 10 minutes in 200 ml washing solution (0.3% Tween-20 in buffer A). Membranes 

were then incubated with the detection reagent CDP-Star (in buffer A) on a piece of saran wrap for 5 

minutes at room temperature. Membranes were sealed in plastic and exposed to film for 2 to 30 

minutes (BioMaxML or MR, Kodak). Films were developed in a Curix 50 developing machine 

(Agfa). The probes used in this study are listed in Table 3. 

 
probe name purpose fragment 

N-WASP 3’external probe 
3’ targeting, cointegration of 3rd loxP 

site 

0.9 kb Hind III fragment 0.9 kb BamH I 

fragment from pBSSK+B0.9 

N-WASP short arm internal probe #1 

5’ targeting 630bp Hind III – Xba I fragment from 

pBSSK+VA-X spanning the short arm of 

homology 

N-WASP internal probe #2 5’ targeting 0.7 kb BamH I fragment from pBSSK+B0.7 

Neo probe (internal probe #3) 

neomycin resistance (neoR) cassette 

internal probe 

test for random integration 

1kb Pst I – EcoR V fragment from 

pBSKSneoloxPTKXin 

Table 3: Probes used for Southern blot analysis. 

Templates for probes were subcloned as listed in Table 4, released by restriction digest from the vector 

sequences, purified by gel isolation and extraction and labelled according to 2.2.9.1 or 2.2.9.2. 

 

2.2.10 DNA sequence analysis 

 

DNA Sequencing reactions were done with the ABI PRISM® Big Dye Reaction Terminator Cycle 

Sequencing Kit (Applied Biosystems). The sequencing reaction products were ethanol precipitated and 

separated e.g. on a ABI PRISM™ 377 HT DNA Sequencer (Applied Biosystems) at GATC Biotech 

GmbH. ABIPRISM-sequence files were edited with Chromas 1.5.5 (Technelysium Pty Ltd) and 

aligned with ClustalX (Thompson et al., 1997), GeneDoc Version 2.4.016 (Nicholas and Nicholas, 

1997), Vector NTI Suite 5 and 6 (InforMax), Sequencher, or the Wisconsin GCG sequence analysis 

package. Oligonucleotides were designed in part with the help of the Oligo5.0 Primer Analysis 

Software. 
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2.3 Vector Constructions 

 

2.3.1 Targeting construct 

 

For construction of the N-WASP targeting construct, a BAC clone encompassing parts of the murine 

N-WASP gene (129/SvJ strain background) was obtained by Dr. Ralf Kühn from Genome Systems 

Inc. using the complete rat N-WASP cDNA (kindly provided by Dr. Hiroaki Miki, Tokyo, Japan) as a 

probe. Dr. Kühn then subcloned a HindIII fragment of approximately 13.5kb from BAC clone #13929 

(BACM-191(A23)) into pBluescriptKS+.  

From this ~13.5 kb HindIII genomic fragment, several subfragments were further subcloned as listed 

in Table 4 and were analysed by restriction enzyme mapping as well as in parts by sequencing to 

identify coding regions and restriction sites suitable for construction of the targeting vector. The 

resulting exon-intron map of the ~13.5kb HindIII genomic N-WASP fragment and positions of 

selected mapped restriction sites are shown in Figure 9. All exons contained were completely 

sequenced and confirmed to constitute one open reading frame encoding the carboxy-terminal part of 

the N-WASP protein starting at amino acid 208 (mouse sequence) in the CRIB domain. 

 

 

Figure 9: Schematic Organization of the murine genomic N-WASP 13.5kb HindIII fragment 

subcloned from BAC clone # 13929 (BACM-191(A23), Genome Systems, Inc.) into pBSSK+. 

A schematic representation of the exon-intron organization of the genomic 13.5 kb HindIII fragment containing 

putative exons 6 through 10 of the murine N-WASP locus as described in 2.3.1 as well as the relative positions of 

a selection of mapped restriction enzyme recognition sites. 

 

Based on the genomic map shown in Figure 9, the N-WASP targeting construct was designed as 

follows: The short arm of homology containing intron sequences upstream of putative exon 6 was 

amplified by PCR from pBSSK+VA-X (see Table 4) using primers #23 and #24 (see Table 2), 

containing introduced Cla I and BamH I restriction sites, respectively. After digestion with Cla I and 

BamH I, the 525bp short arm fragment was cloned into the respective sites of the targeting vector 

backbone pKSneoloxPTKXin (kindly provided by Xin Liu in the lab).  

To generate the loxP flanked region encompassing the putative exons 6 through 9, a ~7.55 kb BamH I 

fragment from a partial BamH I digestion of pBSSK+H12 was ligated into BamH I opened 
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pBSSK+130 (containing the Xba I to BamH I fragment). The combined ~7.68kb genomic fragment 

was cut out of pBSSK+PV with Not I and EcoR V, blunted and introduced into 

pBSKSneoloxPTKXin+short arm that had been opened with Xba I and also blunted.  

The 4.3 kb BamH I fragment encompassing exon 10 from pBSSK+B 4.3 was introduced downstream 

of the 3rd loxP site in pBSKSneoloxPTKXin+short arm+loxP flanked exon6-9 opened with Hind III 

(blunted ) and Not I by releasing it from the pBSSK+B 4.3 vector using a Hind III digest followed by 

blunting and further digestion with Not I. Restriction cloning was performed as described in chapter 

2.2.2. The resulting targeting vector is included in Figure 11 and was linearized with Cla I prior to ES 

cell transfection. The transitions, all exons and all three loxP sites were confirmed by sequencing. 

Together with the 3rd loxP site, a new EcoR V site 3’ of the 3rd loxP site was introduced to enable 

identification of the various alleles following targeting in ES cells.  

 
Plasmid Name Clone # Used for Vector Insert 

pBSSK+ H12  
3 

5 

Restriction enzyme mapping, 

construction of targeting vector 

pBSSK+ opened with 

Hind III and 

dephosphorylated 

13.5kb HindIII genomic 

fragment of  murine  

N-WASP 

pBSSK+ X6 3 
Restriction enzyme recognition 

site mapping and sequencing 

pBSSK+ opened with 

Xho I and 

dephosphorylated 

6kb XhoI fragment from 

pBSSK+ H12 containing 

putative exons 6, 7 and 

parts of exon 8 

pBSSK+ X4 8 
Restriction enzyme recognition 

site mapping and sequencing 

pBSSK+ opened with 

Xho I and 

dephosphorylated 

4kb XhoI fragment from 

pBSSK+ H12 containing 

most of exon 8, as well as 

exons 9 and 10 

pBSSK+VA-B 1, 2, 5 construction of targeting vector pBSK+H12 BamH I digested and re-ligated 

pBSSK+VA-X 

1 

2 

3 

4 

PCR control vector and targeting 

vector construction, internal 

probe #1 (Hind III to Xba I 

fragment) 

pBSSK+ H12 Xba I digested and re-ligated 

pBSKSneoloxPTKXin+
PCRcontrol 

1 
5 

establishment of PCR screen for 

targeted ES clones with 

homologous recombination in the 

short arm of homology using 

primers NW-S2 #12 & neoA1#6 

pBSKSneoloxPTKXin 

opened with Cla I and 

BamH I (blunted) 

640bp Cla I to Xba I 

(blunted) fragment of 

pBSSK+VA-X  

 

pBSKSneoloxPTKXin+
short arm 

12 

17 
construction of targeting vector 

pBSKSneoloxPTKXin 

opened with Cla I and 

BamH I 

PCR product from pBSSK+ 

VA-Xba using primers 

NWS3NCla #23 and 

NWA4NBam #24, digested 

with Cla I and BamH I  

pBSSK+130 
1-1 

1-2 
1-3 

construction of targeting vector 
Xba I and BamH I 

opened pBSSK+   

130bp Xba I to BamH I 

fragment from pBSSK+VA-

B 

pBSSK+ PV 48 construction of targeting vector 

pBSSK+130 opened 

with BamH I and 

dephosphorylated 

7.55 kb BamH I fragment 

from a partial BamH I 

digest of pBSSK+H12 
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pBSKSneoloxPTKXin-
short arm+ loxP 
flanked exon6-9 

17-II-3 construction of targeting vector 

PBSKSneoloxPTKXin+

short arm opened with 

Xba I and blunted 

Not I (blunted), EcoR V 

(blunted) fragment from 

pBSSK+ PV  containing 

exons 6 to 9 

pBSSK+B 4.3 
4.3 O2-1 
4.3 O2-2 

construction of targeting vector 

pBSSK+ opened with 

BamH I and 

dephosphorylated 

4.3kb BamH I fragment 

from pBSSK+ H12 

containing exon 10 

N-WASP  
targeting vector 

1 
20 

conditional targeting of the  

N-WASP gene in murine ES cells

PBSKSneoloxPTKXin+

short arm+ loxP 

flanked exon6-9 

opened with Hind III 

(blunted) and Not I 

4.3kb Hind III (blunted) to 

Not I fragment from 

pBSSK+B 4.3 containing 

exon 10 

pBSSK+B 0.9 
1 
2 

5 

0.9kb external probe 

pBSSK+ opened with 

BamH I and 

dephosphorylated 

0.9kb BamHI fragment 3’ of 

exon 10 from pBSSK+ H12 

pBSSK+B 0.7 
0.7-2 

0.7-3 

0.7-4 

0.7kb internal probe #2 

pBSSK+ opened with 

BamH I and 

dephosphorylated 

0,7 kb BamHI fragment 

from pBSSK+ H12 

Table 4: Overview of subcloned genomic murine N-WASP fragments and individual steps in the 

construction of the N-WASP targeting vector. 

Given are plasmid names, clone numbers, purpose of construction, sequences contained and restriction sites 

used in the subclonings. Vector backbones are listed under ‘vector’, inserts under ‘insert’. Clone numbers printed 

in bold indicate the ones used. Subcloned fragments were either used in the construction of the targeting vector 

as described in 2.3.1 or used as probes in Southern blot analysis (see also Table 3) or both. 

 

2.3.2 GFP-N-WASP fusion constructs 

 

For EGFP-tagged N-WASP expression constructs, murine N-WASP cDNA regions as indicated in 

Table 5 and Figure 30 were either first amplified by PCR or directly restriction cloned into pEGFP-C1 

or -C3 vectors (Clontech) as carboxy-terminal fusions in respect to GFP as listed in Table 5. 

Restriction cloning was performed as described in chapter 2.2.2. PCR amplified fragments were 

confirmed by complete sequencing, restriction clonings were confirmed by sequencing the transitions. 

Expression of GFP-N-WASP fusion proteins was confirmed in Western blot analysis of extracts of 

transiently transfected N-WASPdel/del fibroblast cell lines (see Figure 31) using polyclonal antibodies 

against GFP. 

 

plasmid name 
N-WASP aa 
positions 

clone 
number  

Vector Insert 

pCR4-mN-WASP 1-501 111-4(H12) PCR4-TOPO mS1-mA2 RT-PCR fragment 

EGFP-N-WASP full 
length  

1-501 
C1-111-4 
(H12) 

pEGFP-C1 opened with BspE I and 

Pst I and dephosphorylated 

SgrA I to Pst I fragment from  

pCR4mN-WASP111-4 (H12) 

pCR4-mN-WASP ∆ 

(B-CRIB) 

1-159 + 

226-501 
A7, G11 

pCR4-mN-WASP 111-4 (H12) cut with HincII & BamHI, blunted and re-

ligated 
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EGFP-N-WASP  

∆ (B-CRIB)  
1-159 + 

226-501 

C1-A7-4A 

C1-G11-2F 

pEGFP-C1 opened with BspE I and 

Pst I and dephosphorylated 

SgrA I to Pst I fragment from pCR4-

mN-WASP ∆(B-CRIB) clones A7 

and G11 

pCR4-N-WASP 
H208D 

1-501  

H208D 

10a,11d,         

11g, 12b 

quick site directed mutagenesis product using pCR4-N-WASP 111-4 

(H12) as template and primers # 21,22 

EGFP-N-WASP 
H208D 

1-501 

H208D 

10a-3              

11g-2              

pEGFP-C1 opened with BspE I and 

Pst I and dephosphorylated 

BspE I to Pst I fragment from 

pCR4-N-WASP 

H208D clones 10a, 11g 

pCR4 mN-WASP 
WH1-GBD 

1-274 
F11                 

B12  
PCR4-BLUNTTOPO 

PCR product using pCR4-mN-

WASP 111-4 (H12) as template 

and Primers T7, #16 (Xma) 

EGFP-N-WASP 
WH1-GBD 

1-274 F11-1 
pEGFP-C1 opened with BspE I and 

Xma I, dephosphorylated 

BspE I to Xma I fragment from 

pCR4mN-WASPWH1-GBD clone 

F11 

EGFP-N-WASP 

∆WH1 
 1A 

pEGFP-C1 opened with BspE I, 

(blunted) and Pst I and de-

phosphorylated 

Nco I (blunted) to Pst I fragment 

from pCR4mN-WASP111-4-(H12) 

EGFP-N-WASP WH1 1-154 6B 
EGFP-N-WASP full length C1-111-4 (H12) opened with Xcm I (blunted) 

and Sma I and re-ligated 

EGFP-N-WASP WA 392-501 

4C 
4D, 4F, 4G, 

5B, 5D 

pEGFP-C3 opened with Sca I and 

Pst I and deposphorylated 

BstE II (blunted) to Pst I fragment 

from pCR4-mN-WASP 111-4 (H12) 

EGFP-N-WASP  

∆(WH1-CRIB) 
226-501 

8A 
9D 

pEGFP-C3 opened with Bgl II and 

Pst I and dephosphorylated 

BamH I to Pst I fragment from 

pCR4mN-WASP111-4 (H12) 

EGFP-N-WASP  

∆poly-Pro 
1-274 + 392-

501 

1 

4 

EGFP-N-WASP WH1-GBD 

clone F11-1 opened with Sma I and 

dephosphorylated 

BstE II (partially blunted) to 

Dra I fragment from pCR4-mN-

WASP 111-4 (H12)  

EGFP-N-WASP  
B-GBD 

156-274 

9C 

10D  

12 E 

EGFP-N-WASP WH1-GBD 

clone F11-1 opened with Sma I and 

dephosphorylated 

Nco I (blunted) to Xma I fragment 

from EGFP-N-WASP WH1-GBD 

clone F11-1 

EGFP-N-WASP ∆WA 1-392 
3 

8 

EGFP-N-WASP∆(B-CRIB) clone 

G11#2F opened with 

Bgl II and Sma I and 

dephosphorylated 

BstE II (blunted) to BglII fragment 

from pCR4-mN-WASP 111-4 (H12) 

EGFP-mini- 
N-WASP 

177-274 + 

392-501 

141, 161 
144, 166 

pEGFP-C1 opened with Hinc II and 

dephosphorylated 

Hinc II fragment from EGFP-N-

WASP∆poly-Pro clones 4B, 6G 

pCR4-N-WASPdel 1-207 E12 pCR4 TOPO 

NW-mS1 to NW-mA2 RT-PCR 

fragment from liver of mouse 

carrying N-WASPdel allele 

EGFP-N-WASPdel 1-207 1, 6, 8, 11 
pEGFP-C1 opened with BspE I and 

EcoR I , dephosphorylated 

SgrA I to EcoR I fragment from 

pCR4-N-WASPdel 

Table 5: Overview of GFP-N-WASP expression constructs and their generation. 

GFP-N-WASP expression constructs are printed in black, helper plasmids used or generated in the course of the  

construction process are printed in grey. Given are the plasmid names, amino-acid positions of N-WASP that are 

contained in each plasmid/ fusion construct, as well as actual clone numbers of clones confirmed by partial or 

complete sequencing as described in the text 2.3.2. Clone numbers printed in bold were the ones used in 

transfection experiments.The recipient fragments are listed under “vector”, the insert fragments under “insert”.  
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2.4 Protein biochemistry 

 

2.4.1 Protein extracts from tissue 

 

Protein extracts from freshly dissected tissue were obtained as follows: tissues were weighed and 

homogenized in a Dounce homogenizer in RIPA buffer (50mM Tris-HCl pH8, 150mM NaCl, 1%NP-

40, 0.5% DOC, 0.1% SDS) supplemented with Proteinase Inhibitor Cocktail (P8340, Sigma) (100mg 

tissue in 300µl RIPA buffer supplemented with 5µl Proteinase Inhibitor Cocktail). The homogenates 

were incubated for 30 minutes on ice in an ultrasound device and cleared twice by centrifugation at 

4°C for 10 min at  10000 x g. The protein concentration of the extracts was determined using the 

detergent compatible DC Protein Assay Kit (Biorad) which is modified after the Lowry method 

(Lowry et al., 1951). Protein extracts were either mixed with reducing SDS-sample buffer and 

analysed by SDS-PAGE or frozen directly or with sample buffer at –20°C for storage. 

 

2.4.2 Protein extracts from cultured cells 

 

Extracts from adherent tissue culture cells were obtained by first washing the cells with PBS. 4x 

reducing SDS-sample buffer was then directly added to the cells (40 – 70µl per 3cm dish depending 

on cell density), and cellular extracts were scraped off the dish using a cell scraper. After heating to 

95°C for 5 to 10 minutes, extracts were ready for SDS-PAGE separation or were stored at –20°C. 

 

2.4.3 Pull down assay 

 

Pulldown assays were performed by Theresia Stradal and Klemens Rottner as follows: Whole cell 

extracts from N-WASPdel/del fibroblasts transfected with GFP-tagged N-WASP full-length, H208D or 

∆(B-CRIB) mutants were prepared with icecold lysis buffer (25 mM TRIS pH 7.5,100mM NaCl, 

5mM MgCl2, 1mM EGTA, 1% Triton X-100, 0.5% Nonidet P-40, protease inhibitor cocktail (Roche), 

0.1 mM DTT) and incubated with GST-tagged L61Cdc42 bound to glutathione-coupled sepharose 

(Amersham Pharmacia Biotech). After 1 hour, the beads were washed three times with lysis buffer and 

analysed by SDS-PAGE and western blotting as described in chapters 2.4.4 and 2.5. 
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2.4.4 Sodiumdodecylsulphate-Polyacrylamide Gelelectrophoresis 

 

Sodiumdodecylsulphate-Polyacrylamide gelelectrophoresis (SDS-PAGE) was modified after Laemmli 

(Laemmli, 1970). SDS-PAGE gels were run in a Mini-PROTEAN 3 Cell (Biorad) using 0.75 mm 

spacers or a Biometra apparature with 1 mm spacers. 

 

2.4.4.1 Coommassie-Blue-Staining of Protein Gels 

 

After separation on SDS-PAGE gels, proteins were stained by short boiling in a 0,01% Coomassie R-

250 Solution in 10% acetic acid and 10% ethanol in a microwave, followed by a 5 minute incubation.  

This was followed by destaining of the gels in 10% acetic acid and 10% ethanol at room temperature 

or by boiling using a microwave. 

 

2.5 Immunological methods 
 

2.5.1 Immunoblots 

 

Immunoblots were performed as follows. After separation on SDS-PAGE gels, proteins were 

transferred onto PVDF-membrane (Hybond-P, Amersham or Roti-PVDF, Roth) or supported 

nitrocellulose (Hybond-C extra, Amersham) using either a tank blot apperatus (Mini-Trans-Blot 

Electrophoretic Transfer Cell (Biorad)) with a glycine methanol blotting buffer (25mM Tris, 192 mM 

glycine, 20% (v/v) methanol, pH 8.3) at 30V, 90mA, 4°C overnight or at 100V, 350mA and 4°C in 1h, 

or using a semidry blotting system (Phase) and a glycine methanol SDS blotting buffer (50 mM Tris, 

39 mM glycine, 0.037% (w/v) SDS, 20% (v/v) methanol) at 120mA for 70 minutes (1 gel), or at 

160mA for 2 gels. The efficiency of the transfer was monitored by staining of the membranes with 

PonceauS (Sigma). Membranes were either processed directly, or air-dried and stored, after which 

PVDF-membranes had to be pre-wetted again in methanol before proceeding.  

Membranes were blocked for 1 hour at room temperature or at 4°C overnight in blocking buffer (10% 

milk (0.3% fat) in TBS-T 20mM Tris-HCl pH 7.6; 137 mM NaCl; 0.1% Tween20 (Sigma)). 

Afterwards, membranes were incubated for 1-1.5 hours at room temperature or at 4°C overnight in 

blocking buffer containing the primary antibody. Membranes were washed for 10 minutes in TBS-T, 

for 10 minutes in TBS-T with 0.5M NaCl, for 10 minutes in TBS-T, 0.5 % TritonX-100 and for 

another 10 minutes in TBS-T. Membranes were then incubated for 1 hour at room temperature with 

blocking solution containing the secondary antibody (coupled to either peroxidase or to alkali 
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phosphatase), followed by another 4 washes as described above. Membranes were then incubated for 

up to 3 minutes with the chemiluminescence substrates Lumilight (Roche) or SuperSignal® West 

Chemiluminescent Substrate (Pierce) in the case of peroxidase coupled secondary antibodies, or with 

CPDStar (Roche) or WesternBlue Detection solution (Promega) for AP coupled secondary antibodies) 

and  for chemiluminescence substrates, exposed to BioMaxMR (Kodak) for 10 seconds to 10 minutes. 

Films were developed in a Curix 50 developing machine (Agfa). 

 

2.5.2 Cytofluorometric analysis (FACS) of immune cell populations 

 

Single cell suspensions were stained with FITC-, PE-, APC-, and biotin-conjugated antibodies as is 

described in (Forster and Rajewsky, 1987). Briefly, 2x 106 cells were stained with antibodies diluted in 

1%BSA in PBS, 0.01% NaN3 (PBA) for 15 min at 4°C. All antibodies were titrated in separate 

experiments before use. After washing with PBA a second staining step including Streptavidin-

CyChrome, -APC, -PercP, -Cy7, -PE was included whenever biotin-conjugated primary antibodies 

had been used, otherwise analysis was performed immediately after resuspending the cells in 200 – 

400 µl of PBA. Three and four color analyses were done on a FACScalibur (BecktonDickinson). For 

the exclusion of dead cells Topro-3 (1nM) was added to the cell suspension just prior to acquisition. 

The antibodies used in the experiments are listed in Table 6. 
Specificity antibody name (clone) reference or supplier 

CD3ε 145-2C11 PharMingen, (Leo et al., 1987)  

CD4 GK1.5/4 PharMingen, (Dialynas et al., 1983) 

CD5 53-7.3 (Ledbetter and Herzenberg, 1979) 

CD8α 53-6.72 (Ledbetter and Herzenberg, 1979) 

CD19 6D5, 1D3 SBA, Inc., (Krop et al., 1996) 

CD21 7G6 or 8C12 (Heyman et al., 1990; Wiersma et al., 1991)  

CD23  PharMingen 

CD24/ HSA M1/69 PharMingen, (Springer et al., 1978b) 

CD25 7D4 PharMingen, (Malek et al., 1983) 

CD43/ Leukosialin S7 (Gulley et al., 1988) 

CD44 KM114 (Miyake et al., 1990) 

CD69 H1.2F3 PharMingen, (Yokoyama et al., 1988) 

CD90/ Thy-1.2 CGFO-1 (Opitz et al., 1982) 

TCRα/β H57-597 PharMingen, (Kubo et al., 1989) 

TCRγ∆  PharMingen 

CD11b/ Mac1 M1/70.15.11 (Springer et al., 1978a) 

IgD 1.3-5 (Roes et al., 1995) 

IgM R33-24-12 (Grützmann, 1981) 

CD45R/ B220 RA3-6B2 PharMingen, (Coffman, 1982; Coffman and Weissman, 1983) 

DX5 (PanNK)  PharMingen 

NK1.1  PharMingen 

Gr1/ Ly6G  PharMingen 

Table 6: Antibodies used in FACS analysis. 
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2.5.3 Magnetic Cell Sorting 

 

Enrichment or depletion of cellular fractions by magnetic cell sorting was done using magnetic bead-

conjugated antibodies (CD4, CD8, CD19), MACS magnets and columns from Miltenyi Biotec 

according to the manufacturer’s instructions. Sorting efficiency was monitored by fluorocytometry. 

 

2.5.4 ELISA 

 

Ig serum concentrations were determined by enzyme-linked immunosorbent assay (ELISA) (Engvall 

and Perlman, 1971; Kendall et al., 1983). Flat bottom microtiter plates (Costar) were coated with 50 µl 

antibody or NP14-16 in PBS overnight at 4°C. Plates were washed three times 5 min with PBS, 0.1% 

Tween-20 (Sigma). Remaining unspecific binding sites were saturated by incubating the plates with 

PBS, 0.5% BSA for 2 hours at 37°C. Plates were washed again three times 5 min with PBS, 0.1% 

Tween20. Serially diluted serum samples or standards were added to the wells (sera were pre-diluted 

1:50 in PBS) and incubated for 1 h at 37°C. Plates were washed and secondary biotinylated antibodies 

were added and incubated for 1 h at 37°C. Detection of biotynilated antibodies was achieved with 

streptavidin conjugated alkaline phosphatase (AP, Roche) and p-nitrophenylphosphate (Roche) as a 

substrate. The OD was measured with an ELISA photometer 30 min to 1 h after addition of the 

substrate at 405 nm. Antibodies used in ELISA are listed in Table 7 and Table 8. 

 
Antibody (clone ID) for 
coating (C) / detection 
(biotin coupled) 

specificity 
Reference/ 
supplier 

Standard 
(clone ID)  

Isotype Reference/ supplier 

rat anti mouse IgG2aa (C)  NORDIC 

Biotin coupled goat anti 

mouse IgG2aa 

IgG2aa 
SBA 

41.2-3 IgG2aa, Κ Förster, unpublished 

G12-47/30 (C) 

Biotin coupled G12-47/30 
IgG2ab (Seemann, 1981) S43-10 IgG2ab, λ  (Wildner, 1982) 

R14-50 (C) (Müller, 1983) 

Biotin coupled goat anti 

mouse IgG2b 

IgG2b 
SBA 

D3-13F1 IgG2b, λ Gause, unpublished 

Goat anti mouse IgA (C) Sigma 

Biotin coupled goat anti 

mouse IgA  

IgA 
SBA 

233.1.3 IgA, λ (Siekevitz et al., 1987) 

Goat anti mouse IgG1 (C) Sigma 

Biotin coupled goat anti 

mouse IgG1 

IgG1 
SBA 

N1G9 IgG1, λ 
(Cumano and Rajewsky, 

1985) 

R33-24-12 (C) (Grützmann, 1981) 

Biotin coupled goat anti 

mouse IgM 

IgM 
SBA 

B1-8µ IgM, λ (Reth et al., 1981) 

95.3 (C) IgE 
(Baniyash and 

Eshhar, 1984) 
B1-8 IgE IgE, λ (Reth et al., 1981) 
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Biotin coupled rat anti mouse 

IgE 

 
PharMingen 

   

2E.6 (C)  

Biotin coupled goat anti 

mouse IgG3 

IgG3 
SBA 

S24/63/63 IgG3, λ (Baumhackel et al., 1982) 

Table 7: Antibodies used in ELISA for determination of serum levels of different 

immunoglobulin isotypes. 

 
Antibody (clone ID) for 
coating (C) / detection 
(biotin coupled) 

specificity 
Reference/ 
supplier 

Anti-NP 
Standard 
(clone ID)  

Isotype Reference/ supplier 

NP14-16 (C)   

Biotin coupled goat anti 

mouse IgG1 

IgG1 
SBA 

N1G9 IgG1 (Cumano and Rajewsky, 

1985) 

NP14-16 (C)   

Biotin coupled goat anti 

mouse IgM 

IgM 
SBA 

B1-8µ IgM 
(Reth et al., 1981) 

NP14-16 (C)  

Biotin coupled R33-18-10-1 
Κ 

(Grützmann, 1981) 
S8  

IgG2a & 

IgG1, Κ 
(Reth et al., 1981) 

NP14-16 (C)  

Biotin coupled Ls136 
λ1 

(Reth et al., 1981) 
N1G9 IgG1, λ 

(Cumano and Rajewsky, 

1985) 

Table 8: Antibodies used in ELISA for determination of serum immunoglobulin levels during T-

cell dependent immune response to NP-CG. 

 

2.6 Cell Culture and Transfections 
 

2.6.1 Feeder cell preparation and culture 

 

Embryonic fibroblast (EF) cells were prepared at embryonic day 13.5 (E14). Embryos were dissected 

from surrounding placental tissue and transferred to and washed several times in sterile PBS. After 

removal of head, heart, liver, gut, kidney, as well as limbs, the remaining embryonic tissue from 

several embryos was cut to small pieces with sterilized scissors in a small volume of PBS and added to 

50ml of 1x Trypsin in PBS just covering glassbeads in an Erlenmeyer flask (washed previously with 

PBS and heat sterilized by baking for several hours at 180°C). The Erlenmeyer flask was then 

incubated for 30 min at 37°C, 7.5% CO2. The flask was swivelled every 10 min. After 30 min, the 

trypsin solution was transferred to 50ml falcon tubes. After sedimentation of remaining large tissue 

pieces, the supernatant containing trypsinized embryonic cells was transferred to 50 ml falcon tubes 

and the cells were collected by centrifugation (250 xg, 5 min). Cells were resuspended in EF media 

(DMEM high glucose with glutamax) supplemented with 10% FCS (GIBCO BRL), counted and 
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plated to a density of 106cells per 10 cm dish. Cells were grown for 4-5 days and frozen in aliquots in 

EF media containing 10% DMSO.  

EF cells with resistance to G418 expanded to the second (or third) generation were used after mmC 

treatment (see 2.6.2) as feeder cell monolayers for embryonic stem (ES) cell culture. 

 

2.6.2 ES cell culture 

 

Two different embryonic stem (ES) cell lines (Bruce-4 or C57BL/6 origin (Kontgen et al., 1993) and 

IB10, a subclone of E14.1 ES cell line, of 129 Ola origin (Kuhn et al., 1991) were initially used for 

targeted mutagenesis of the N-WASP gene. Due to the preferred C57BL/6 background e.g. for 

behavioural or immunological studies, only the Bruce-4 targeted ES cells were used for generation of 

mice. ES cells were handled according to standard protocols (Pasparakis and Kollias, 1995; Torres and 

Kühn, 1997). Cells were grown in DMEM media supplemented with 10% heat inactivated FCS 

(Boehringer Mannheim, ES cell tested batch 148 296-02), 2mM L-glutamine, 1mM sodium pyruvate, 

1x non-essential aminoacids, 0.1mM ß-mercaptoethanol and LIF (leukemia inhibitory factor, 

conditioned media from CHO cells transfected with a LIF expression construct) in a 1:1000 dilution 

(or 103U/ml LIF, Chemicon)) on a confluent monolayer of embryonic fibroblasts (EF) that had been 

mitotically inactivated with mitomycin C (mmC, Sigma) (10µg/ml media) for 2 to 3 hours the 

previous day and replated after several washes to remove any traces of mmC. ES cells were always 

grown to subconfluency when they were split by mild trypsinisation with 1x trypsin (supplemented 

with 2% chicken serum in the case of Bruce-4 ES cells). 

 

2.6.3 Culture of immortalized embryonic fibroblast cell lines 

 

Embryonic fibroblasts from N-WASPflox/flox mice were isolated as described in 2.6.1 and immortalized 

by Dr. Klemens Rottner (GBF, Braunschweig) using retroviruses causing expression of a temperature 

sensitive simian virus 40 large-T-antigen (Jat and Sharp, 1989), kindly provided by P. Sharp. N-

WASPdel/del fibroblast cell lines were derived from immortalized N-WASPflox/flox lines by transient 

transfection with a pPGKCrebpA Cre recombinase expression vector (Kurt Fellenberg, Institute for 

Genetics, Köln) kindly provided by W. Müller (Institut for Genetics, Köln, GBF, Braunschweig) by 

Stefanie Benesch (GBF, Braunschweig). Fibroblast cell lines were routinely cultured in DMEM, low 

glucose, supplemented with 2 mM L-glutamine (Flow Laboratories), 10% FCS (GIBCO BRL), 50 

U/ml Penicillin and 50 U/ml Streptomycin and in the case of the γ7 and γ7n-1 clones with γIFN (50 

U/ml, recombinant CHO derived, GIBCO BRL) at 32°C, 7.5%CO2  on plasticware from Costar. 
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2.6.4 Culture of immortalized embryonic fibroblast cell lines prior to 
microscopic analyses 

 

For microscopic analyses, fibroblasts were seeded onto 12 mm (for immunofluorescence microscopy 

of fixed cells) or 4 cm (for microscopic analyses of living cells) glass cover slips that had been 

pretreated as follows: glass coverslips were incubated in a mixture of 60% ethanol and 40% 

concentrated HCl for 15 to 30 min with shaking. Coverslips were then extensively washed in MPW 

which was repeatedly exchanged. Coverslips were allowed to dry separately on Whatman filterpaper 

overnight and were sterilized by autoclaving or by exposure to UV light for 45 min. 

One day prior to infection studies, 35000 fibroblasts were seeded onto 12 mm coverslips and 400000 

onto 4 cm coverslips.  

 

2.6.5 Mycoplasma test of targeted ES clones 

 

Prior to blastocyst injection, targeted ES clones were tested for mycoplasma contamination using the 

H-3 based Gen-Probe Mycoplasma Tissue Culture Rapid Detection System (Gen-Probe, BioMerieux) 

according to the manufacturer’s recommendations. 

 

2.6.6 Transfection of ES cells by Electroporation 

 

ES cells were stably transfected by electroporation, followed by positive and negative selection with 

G418 ( GIBCO BRL) and ganciclovir (Cymeven i.v., Roche) as follows.  

1x107 trypsinized ES cells were washed in PBS and resuspended at 1x107/ml in electroporation buffer 

(20mM Hepes, 137mM NaCl, 5mM KCl, 0.7mM Na2HPO4, 6mM glucose and 0.1mM ß-

mercaptoethanol (Thomas and Capecchi, 1987) mixed with 50µg (to compensate for the large size of 

the targeting vector) ClaI linearized targeting vector that had been purified by phenol and chloroform 

extraction and ethanol precipitation. Cells were then transferred to electroporation cuvettes (0.4cm 

electrode gap, Biorad) and electroporated in a Biorad GenepulserII with a capacitance extender using 

the following parameters: mode = 500 V/capacitance & resistance, capacitance = 500 µF, set 

resistance = R$ (72 Ohm), charging voltage = 230 V resulting in time constants between 7.5 and 8. 

After a 5 min incubation, cells were recovered in pre-warmed ES cell media and plated on confluent 

layers of mmc-treated feeder cells which had been plated onto 0.1% gelatine-treated 10cm falcon 

dishes. After 48h, positive selection for stable integration of the targeting vector was started by 

addition of G418 (152.5µg/ml of biologically active G418 for Bruce-4 ES cells and 200µg/ml for IB10 

cells). These concentrations had been previously established in a dilution series to be the minimal 
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concentration that led to a reliable killing of untransfected ES cells. The NEO cassette included in the 

targeting construct encodes an aminoglycoside-phosphotransferase confering resistance to eukaryotic 

cells against the aminoglycoside-antibiotic G418 that inhibits translation (Colbere-Garapin et al., 

1981).  

Five days post transfection, selection against random integrants was started by addition of ganciclovir 

(Cymeven i.v., Roche) (2µM). The nucleoside-analog ganciclovir becomes phosphorylated by the 

HSV-thymidinekinase encoded at the 3’end of the targeting construct, but not by the endogenous 

thymidinekinase. Due to the toxicity of phosphorylated gancyclovir, HSV-TK expressing cells die 

(Mansour et al., 1988). 

Resistant colonies containing 2000-5000 ES cells were picked 8 to 9 days after transfection and 

expanded directly into gelatine-treated 96-well plates with confluent EF monolayers (Pasparakis and 

Kollias, 1995). ES cell clones were also frozen directly in 96-well plates: 50µl of 1x trypsin (+/- 2% 

chicken serum) were added per well and incubated at 37°C for 5 minutes. Subsequently, 50µl of 2x 

freezing media (1x: FCS with 10%DMSO) were added and wells were overlaid with 100µl of sterile 

light mineral oil (Sigma). Plates were frozen at –80°C until homologous recombinants were identified. 

Specific deletion of the loxP flanked NEO selection marker in targeted ES cells was performed by 

transient transfection of Cre recombinase expression plasmid pPGK-Cre-bpA (K. Fellenberg, Institut 

for Genetics, Köln) in targeted ES cells (30µg per 107 cells). Transfection conditions were as 

described above. ES cells were recovered in non-selective media and plated at 5x106 cells per 10cm 

dish on fresh feeder monolayers. To avoid the growth of mixed colonies (containing cells harbouring 

Cre mediated deletion as well as targeted, non-deleted parental cells), cells were split 48 hours post 

transfection (as soon as colonies were established) and replated at a density of 103 cells per 10 cm dish 

on fresh feeder monolayers. Clones were picked 7 days later and split between 96 well plates of which 

1 plate was analysed for G418 sensitivity. Sensitive clones were expanded from the other 96 well plate 

and frozen as well as analysed by Southern blot for Cre mediated deletion. 

 

2.6.7 Transient transfection of immortalized embryonic feeder cell lines 

 

Embryonic feeder cell lines were transiently transfected using lipofectamine based transfection 

reagents (FuGENE6, Roche) according to the manufacturer’s recommendations. In brief, 94µl DMEM 

were mixed with 6µl FuGENE6 and 2µg plasmid DNA and incubated for 30 minutes at room 

temperature. The mixture was split between two 3cm dishes of fibroblast cells with freshly replaced 

media and incubated for 15 to 24 hours. For transfections of increased numbers of cells, the mixture 

was upscaled accordingly. 

When needed, transfected cells were sorted for GFP expression at the FACS sorting facilities at the 

GBF by Dr. Dave Monner or Maria Höxter.  

 



   Materials and Methods 

 47

2.7 Bacterial Infection Experiments 

 

2.7.1 Bacterial strains used in infection experiments 

 

Shigella flexneri M90T wild-type invasive strain, serotype 5 

Listeria monocytogenes EGD serotype 1/2a 

Enteropathogenic E.coli strain 2348/69 (kindly provided by T. Chakraborty, University Giessen) 

Enterohemorrhagic E.coli O157:H7 strain 86/24 and strain EDL933 (kindly provided by F.Gunzer, 

GBF) 

Salmonella typhimurium UMR1 ATCC 14028-1s Nalr (kindly provided Xhavit Zogay) (Romling et 

al., 1998) 

 

2.7.2 Shigella flexneri infections  

 

Prior to infections with Shigella flexneri, bacteria grown overnight in trypticase soja bouillion (TSB). 

Bacteria from 1 ml overnight culture were collected by centrifugation and washed two times in 

DMEM. Bacteria were then diluted 1:100 into DMEM and centrifuged onto the cells at 700xg for 5 

minutes and incubated at 37°C at 7.5% CO2. 1,5 h after infection, medium was exchanged to fresh 

DMEM supplemented with 10% FCS and 50 µg/ml gentamicin (Sigma, Germany) and incubated for 

another 2 h.  

 

2.7.3 Infection with Listeria monocytogenes 

 

Listeria-infections were performed as described in (Carl et al., 1999): Prior to infections with Listeria 

monocytogenes, 1 ml overnight culture was collected and washed once in PBS and resuspended in 

DMEM. Bacteria were then diluted 1:1000 in DMEM and centrifuged onto the cells at 700xg for 5 

minutes at 37°C followed by incubation at 37°C at 7.5% CO2. After 1 to 1.5 h, medium was 

exchanged to fresh DMEM supplemented with 10% FCS and 50µg/ml gentamicin (Sigma) and 

incubated for another 3.5 h.  
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2.7.4 EPEC and EHEC infections 

 

For infections with EPEC, bacteria from 1 ml overnight culture (in LB) were collected by 

centrifugation and washed two times in DMEM. Bacteria were then diluted 1:50 into DMEM and 

grown for 3 h at 37°C with shaking. After diluting bacteria 1:100 in DMEM supplemented with 10% 

FCS and 2 mM L-glutamine, they were centrifuged onto the fibroblasts at 700xg for 5 minutes at 37°C 

and incubated over a time period of 4-5 h with medium changes every hour. Cells were then fixed in 

4% PFA in PBS for 20 min, followed by a 1 min extraction with 0.1% Triton-X100 in 4% PFA in PBS 

and 2 washes with 4% PFA in PBS before proceeding to immunolabelling. 

 

2.7.5 Salmonella typhimurium infections 

 

For infections with Salmonella, bacteria from an overnight culture were diluted 1:33 in LB and grown 

for an additional 3 h. Bacteria from 1 ml were collected by centrifugation and washed and resuspended 

in DMEM. After diluting bacteria 1:100 in DMEM, they were centrifuged onto the fibroblasts at 

700xg for 5 minutes at 37°C and incubated for 15 - 25 min at 37°C. Cells were then washed twice with 

PBS and once with DMEM supplemented with 10% FCS and gentamycin (50µg/ml) and incubated for 

another 1.5 h – 2 h in DMEM supplemented with 10% FCS and gentamycin before processing for 

electron microscopy (Manfred Rohde, GBF). 

 

2.8 Immunofluorescence Microscopy 

 

Multiple immunofluorescence microscopy of the cytoskeleton was performed in principle as described 

in (Herzog et al., 1994; Mies et al., 1998). 

 

2.8.1 Fixation procedures and Immunolabellings 

 

For studies of general cell morphology, cells were seeded onto coverslips coated with either 

fibronectin (50µg/ml) or laminin (25 µg/ml) and fixed and permeablized for 1 min in warm 0.5% 

glutaraldehyde, 0.25% Triton-X100 in cytoskeletal buffer (CB: 10 mM MES (Sigma), 150 mM NaCl, 

5 mM EGTA, 5 mM MgCl2, and 5 mM glucose, pH6.1) and fixed for 10 min in 1% glutaraldehyde in 

CB. Autofluorescence of glutaraldehyd-fixed cells was quenched twice for 5 min in ice cold NaBH4 

(0.5mlg/ml), followed by 2 washes in CB and incubation with phalloidin to stain filamentous actin. 
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For indirect immunofluorescence of fixed cells, proteins were visualized using primary antibodies that 

were detected with secondary antibodies coupled to fluorescent-dyes. Prior to antibody staining, cells 

were fixed for 20 min in 4% PFA in PBS at 37°C and permeabilized for 1 min in 0.1% Triton-X100 in 

4% PFA in PBS, followed by 2 washes with PBS. Cells were then kept in PBS at 4°C until antibody 

staining. To saturate unspecific interactions, cells were blocked prior to antibody staining by 

incubation for 20 min with 20 µl 5% horse serum in 1% BSA in PBS on parafilm in a humid chamber 

at room temperature. For antibody staining, coverslips with cells were incubated with 20µl of primary 

antibody solution on parafilm for 1-2 hours at room temperature or 45 min at 37°C in a humid 

chamber, followed by 3 washes in PBS. Incubation with secondary antibodies was done 

correspondingly (+/- addition of fluorescently coupled phalloidin to stain for filamentous actin). 

Coverslips were mounted in 5 µl Mowiol 4-88 (Calbiochem) supplemented with n-propylgalat (2.5 

µg/ml) on SuperFrost microscope glass slides, dried and stored in the dark at 4°C until analysis. 

 

2.8.2 Microscopy and Image Processing 

 

Cells were observed on an inverted microscope (Axiovert 135TV, Zeiss) equipped for epifluorescence 

and phase-contrast microscopy, using 100x NA 1.4 plan-apochromatic and NA 1.3 neofluar 

objectives, as well as 63x and 40x.NA 1.3 neofluar objectives. Mercury and tungsten lamps were used 

for epi- and transmitted illumination, respectively. Data were acquired with a back-illuminated, cooled 

charge-coupled-device (CCD) camera (Princeton Research Instruments Inc., (TE/CCD-1000 TKB)) 

driven by. IPLab software (Scanalytics) and with computer-controlled shutters (Optilas GmbH) in the 

transmitted and epi-fluorescence light paths to minimize radiation damage to the cells. Data were 

stored as 16-bit digital images and analysed on a Power Macintosh G4 using IPLab, Scion Image 1.62 

(Scion) or Adobe Photoshop 6.0 software. 

For video micropscopy, cells were seeded on 4 cm glass cover slips which were assembled into a 

Focht Live-Cell Chamber System (FCS2, Bioptics) or into an open, heated chamber (Warner 

Instruments) which was filled with the appropriate medium (usually supplemented with HEPES). The 

temperature of the chamber was controlled to 32°C for immortalized fibroblasts or 37°C in case of 

bacterial infection experiments. To record single exposures, the following parameters had to be 

specified: shutter for fluorescence channel and phase contrast, exposure times, image size and 

illumination intensity. To record time-lapse sequences the number of single exposures, combination of 

fluorescence and phase contrast and pause between single exposures had to be set. 
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2.9  Mice 

 

2.9.1 Mouse maintenance 

 

Mice were kept in a SPF mouse facility (special pathogen free ) in IVC (individually ventilated cage) 

–racks (Technoplast) in the mouse facilties of Artemis Pharmaceuticals GmbH (Köln) or GBF 

(Braunschweig) or conventionally in the quarantene at Artemis Pharmaceuticals GmbH or the animal 

facility of the Institute for Genetics, Köln. Blasotcysts were obtained at day 3.5 p.c. from balb/c 

females with timed pregnancies. Foster mothers were NMRI. N-WASPflox/flox mice were maintained on 

a C57BL/6 background. 

 

2.9.2 Generation of N-WASP chimeric mice 

 

To generate N-WASP chimeric mice, ES cells harbouring the loxP flanked =floxed N-WASP allele 

were microinjected into BALB/c blastocysts. Injected blastocysts were transferred into 

pseudopregnant foster mothers (NMRI). Chimeras carrying ES cell derived cells could be identified 

easily by coat and eye color. ES clones were derived from the Bruce-4 ES line obtained from a pre-

implantation embryo of C57BL/6 strain background (black coat color, black eyes) (Kontgen et al., 

1993). ES cells were injected into BALB/c blastocysts (BALB/c: white coat color, red eyes). Based on 

different alleles in the agouti-, albino-, and pink-eye loci (for review see (Silvers, 1979)), chimeric 

mice can identified by areas of brown/black fir color or black eyes whereas BALB/c offspring are 

uniformely white with red eyes. Chimeras were tested for germline transmission by crossing to 

C57BL/6. Agouti-colored offspring resulted from BALB/c derived germcells, whereas black offspring 

resulted from Bruce-4 ES cell derived germcells from the chimera. On average, 50% of the black 

colored offspring should have inherited the loxP flanked N-WASP allele which was confirmed by 

Southern blot analysis using tail biopsy DNA. Heterozygous N-WASPflox(wt mice were then 

intercrossed to obtain N-WASPflox/flox mice, as well as crossed to various Cre-transgenic lines.  

To obtain blastocysts, uteri were dissected from BALB/c females with timed pregnancies at day 3.5 

p.c. and pre-implantation embryos were flushed out of the uteri with EF-media supplemented with 

1mM sodium pyruvate and 33mM HEPES, pH 7.2, collected with a glas transfer capillary and 

transferred into drop cultures overlaid with paraffin oil. Prior to injection and prior to transfer, 

blastocysts were kept at 37°C with 5% CO2. 

ES cells for injection were harvested by trypsinization, collected by centrifugation, washed in PBS and 

resuspended in injection media (EF media with 1mM sodium pyruvate, 33mM HEPES and 300 Kunitz 

Units DNAseI /ml (Sigma). Approximately 10 to 15 ES cells were injected per blastocyst.  
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Injected blastocysts were transferred into uteri of pseudopregnant foster mothers (2.5 days p.c., mated 

by vasectomized males) that had been anasthesized by injection of 0.25 ml/ 25 g body weight of 

Ketanest/Rompun in saline (1ml KetanestR50 (50mg/ml ketamine hydrochloride), 4 ml sterile saline 

(0.9% NaCl) and 0.25 ml RompunR (20mg/ml xylazine hydrochloride, Bayer AG). Ideally, in a two-

sided transfer, two times seven blastocysts were transfered or in a one sided transfer, ten blastocysts 

were transferred.  

 

2.9.3  Genotyping protocols  

 

2.9.3.1  Genotyping of ES cells by PCR 

 

ES clones were screened for homologous recombination in the short arm of homology by PCR using 

the external primer NW-S2 (#12, see Table 2) that anneals 5’ of the short arm of homology and the 

targeting construct specific internal primer neoA1 (#6), that anneals in the neoR resistance cassette 

yielding a 0.7 kb amplification product only with homologous recombined ES clones. The reaction 

conditions and primer combination had been established beforehand using ES clones each harbouring 

single copy integrations of the PCR control vector (see Table 4) containing an extended short arm of 

homology and the neoR resistance cassette and thus the sequences corresponding to both primers used 

in the screen and the following protocols was set up: ES colonies were picked in 5-15 µl PBS, 

trypsinized by adding to 25 µl 1x trypsin solution supplemented with 2% chicken serum. 

Trypsinization was stopped by adding of 100 µl ES media and cell suspension was mixed by pipetting. 

Approximately a quarter to one fifth of each trypsinized ES colony equaling around 1000 cells was 

transferred to 96 well PCR plates (Costar) and collected by 2 min centrifugation at 300 x g. The 

supernatant was removed leaving a residual volume of approximately 5 µl containing the ES cell pellet 

by using a 8-well aspirator (Sigma). Cell pellets were then washed twice with 100 µl PBS. Next, 20 µl 

1.25 x PCR buffer were added to the ES cells contained in 5µl PBS and mixed by pipetting up and 

down. The reactions were overlaid with mineral oil (Sigma) and plates were incubated in a 96 well 

PCR block (Biometra) for 10 min at 95°C. 1µl Proteinase K (10 mg/ml) was added underneath the oil 

and mixed by pipetting. Plates were incubated for 1 hour at 55°C, followed by a 10 min incubation at 

95°C to inactivate Proteinase K and cooling to 4°C. For PCR, 20µl of PCR-mix (1x PCR buffer, 0,2 

µM of each primer NW-S2 (#12) and neoA1(#6), 2.5 mM MgCl2) were added to each reaction 

underneath the oil and mixed by pipetting. Plates were heated to 80°C when 5µl of 1x PCR-buffer 

containing 2.5 U Taq DNA Polymerase (GIBCO, BRL) were added to ensure hotstart PCR and to 

reach the final reaction volume of 50 µl. Reactions were then subjected to temperature cycles as 

follows: 1) 94°C for 1 min, 2) 94°C for 1 min, 3) 62°C for 1 min, 4) 72°C for 1 min cycling back to 
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step 2) for 39 additional cycles, followed by 5) a 5 min incubation at 72°C and cooling to 4°C. A 15 µl 

aliquot of each reaction was subsequently analysed by gel electophoresis on 1% agarose TAE gels. 

 

2.9.3.2 Genotyping of mice by PCR 

 

Mice were genotyped by PCR or Southern blot analysis. PCR was either performed on isolated tail 

DNA or ear punches digested in PCR-friendly Proteinase K buffer as described in chapter 2.2.8. PCR 

genotyping reactions were usually carried out in 25 µl reaction volume using 0.5 to 1 µl template, 150 

to 300 nM of each primer, 200 µM dNTPs, 2 to 3 mM MgCl2, and 2.5 U Taq DNA Polymerase 

(GIBCO BRL) and the following cycles: 1) denaturation at 94°C for 1 min, 2) denaturation at 94°C for 

30s, 3) annealing at 58°C or 60°C for 30 s, 4) extension at 72°C for 30 to 40 s, and cycling back to 2) 

for additional 34 cycles. 5) final extension at 72°C for 5 min and cooling to 4°C. Table 9 summarizes 

the genotyping protocols for the different N-WASP alleles and Cre recombinase transgenes. 

 

N-WASP alleles 
product 
size in bp 

primers 
primer 
conc. 

MgCl2 
annealing 
temp. 

extension 
time 

# of 
cycles 

wt  

floxed AA9 

200  

306 

NW-PVS2 (#11)

NW-A6 (#10) 
300 µM 3 mM 58°C 30s 35 

wt  

floxed AA9 

floxed CE4 

615 

664 

S19 

ex6A 
200 µM 3 mM 58°C 40s 35 

408 
S19 

NW-A6 (#10) 
300 µM 3 mM 58°C 40 s 35  

deleted AA9 

 650 
S2 

NW-A6(#10) 
200 µM 3 mM 58°C 40 s 35 

deleted AA9  

deleted CE4 
~600  

S19 

4.3A1 
200 µM 3 mM 58°C 40s 35 

Cre recombinase
transgenes 

product 
size 

primers 
primer 
conc. 

MgCl2 
annealing 
temp. 

extension 
time 

# of 
cycles 

Deleter-Cre ~600  
5’ Deleter 

Mx-Cre R 
300 µM 3 mM 58°C 40 s 35 

Mx-Cre 596  
Mx-Cre F  

Mx-Cre R 
300 µM 2 mM 60°C 40 s 35 

Deleter-Cre 

Mx-Cre 

Cre157 (CaMKIICre) 

Balancer Cre 

~300 
Cre-tot1 

Cre-tot-2 
200 µM 3 mM 60°C 30s 35 

Table 9: Overview of Genotyping PCRs. 

Listed are all alleles detectable with each PCR, the size of the expected amplification products, the primer 

combinations used and concentrations for each primer, the MgCl2 concentration in the reaction, the annealing 

temperature, extension time and number of cycles. 
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2.9.4 Analysis of embryonic lethality 

 

For embryonic analysis, mice were crossed to a deleter-Cre strain (Schwenk et al., 1995) which had 

been previously backcrossed to C57BL/6 background. Subsequently, N-WASPdel/wt-deleter-Cre mice 

were backcrossed to wt C57BL/6 and the resulting N-WASPdel/wt mice that had not inherited the 

deleter-Cre transgene were intercrossed. Embryos were dissected from females with timed pregnancies 

at the times indicated and photographed using a Hitachi HV C20M camera. For histological analysis in 

serial sections, whole uteri were removed from females, which were fixed by immersion in Bouin’s or 

Carnoy’s solution, dehydrated in ascending ethanol concentrations and either embedded in paraffin 

wax or in methylmethacrylate, Technovit 7100 (Kulzer) according to the manufacturer’s 

recommendations. All sections were stained with hematoxylin/eosin according to standard protocols. 

 

2.9.5 Immunization 

 

Mice were immunized by intraperitoneal injection of 20µg 4-hydroxy-3-nitrophenylacetyl coupled 

chicken γ-globulin (NP-CG) in 200µl of PBS. Prior to injection, NP-CG had to be alaun precipitated 

as follows. 1 volume NP-CG was mixed with 1 volume 10% KAl(SO4)2, carefully titrated with 1N 

NaOH to pH 6.5 and incubated on ice for 30 min, followed by centrifugation in 15ml Falcon tubes for 

5 min at 4°C at 3000 rpm, and 3 washes with PBS with repeated centrifugation. Precipitated NP-CG 

was then brought to desired concentration (20µg/200µl) with PBS. 

Blood samples were collected at d0, 7, 14, 21 and 27 after immunization from the tail vein and 

incubated overnight at 4°C. Serum was separated by centrifugation at 13000 rpm for 5 min in 

Eppendorf tubes, transferred to new tubes and stored at 20°C until analysis. 
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3 Results 

The first part of the results section deals with the characterization of murine genomic N-WASP 

sequences resulting in a targeting strategy specific for the N-WASP gene, as well as with the isolation 

of N-WASP gene-targeted ES clones and the generation of chimeras that transmitted the loxP-flanked 

N-WASP allele through the germline. The second part describes the results obtained with the 

generated gene targeted mice. The next parts describe the isolated N-WASP cDNA sequence and the 

characterization of the deleted N-WASP allele and the last part deals with analyses of N-WASP 

function on a cellular level. 

 

3.1 Generation of mice with a loxP flanked N-WASP allele 

 

To generate conditionally gene targeted mice on a C57BL/6 background, the phage P1 derived 

Cre/loxP site-specific recombination system of targeted mutagenesis in ES cells was employed.  

As a prerequisite for the development of a Cre/loxP gene targeting strategy specific for the murine 

N-WASP gene as well as for the construction of the actual targeting vector for generation of gene-

targeted N-WASP mutant mice, first, murine genomic sequences containing parts of the N-WASP 

gene had to be obtained and characterized. 

 

3.1.1 The murine N-WASP gene 

 

A 13.5 kb Hind III fragment of genomic murine N-WASP sequences, as identified by probing with the 

rat N-WASP cDNA (kindly provided by Dr. Hiroaki Miki, Tokyo, Japan), had been subcloned from a 

murine genomic BAC clone obtained from GenomeSytems by Ralf Kühn and provided.  

Extensive restriction mapping and partial sequence analysis were carried out and the exon-intron map 

(see Figure 9 and Figure 10) and positions of many restriction sites were determined. 

The genomic subclone was found to comprise five exons of the murine N-WASP gene, including the 

exon containing the translation stop codon and 3’ untranslated sequences. The genomic organization 

was compared to that of the human WASP gene which consists of 12 exons. Since WASP exons five 

and six encode sequences not present in any N-WASP protein identified so far (Fukuoka et al., 1997) 

(termed WASP specific sequences (Higgs and Pollard, 2001)), it was assumed that the N-WASP gene 

would most likely consist of ten exons. The exons present in the genomic subclone were thus termed 

putative exons six to ten of the N-WASP gene. The exon-intron boundaries were determined by 

sequence comparisons with the consensus sequences for splice borders applying the GT-AG rule as 

shown in Figure 10 (Breathnach and Chambon, 1981; Mount, 1982). 
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consensus splice sequences (Mount, 1982): 
 
      5’ splice site       3’ splice site 
------exon X intron-----------------------------------------intron X exon— 
 
                    62                                      65 
%    64  73  100  100    68  64  64                              100  100   52 
                     A                          T       C      
------A  G X  G   T  -  A  G  T ------------- {   }>11 N -   A   G  X G--

 

                     G                          C       T 
 
                    29                                  31 

 

murine N-WASP gene:           --intron 5 X exon 6---- 
          --TTTTATCTGTTTTCCATGTTAG X GCACATTG-- 
 
----exon 6 X intron 6---------------------------------------intron 6 X exon 7---- 
---TTTTGAT X GTAAGTATCTTTTT----------------------TTGTTTTATCTGTTGTAG X CTAAATAA-- 
 
----exon 7 X intron 7---------------------------------------intron 7 X exon 8---- 
--AAGACAAG X GTAACTTTGGATCTAT-----------------TTTTCTCTGCTCTTATTTCAG X CACCACCA-- 
 
----exon 8 X intron 8---------------------------------------intron 8 X exon 9---- 
--TGAAATCT X GTAAGTAATGAGAC—-----------------TTTAATAATTTTCTTCTCCAAG X GTGTCTGA-- 
 
----exon 9 X intron 9---------------------------------------intron 9 X exon 10--- 
--TTCCTCAG X GTATGGTCACAT-----------------CTCCTGCTTTTGGGTTTATTTTTAG X ATGAAGAT-- 

Figure 10: Splice borders in the N-WASP gene according to the GT-AG rule.  

Depicted are the splice consensus sequences at exon-intron boundaries as determined by (Mount, 1982). The 

frequency of given nucleotides found at specific positions in a total of 130 splice borders analysed are indicated in 

% in blue color. Also shown are the sequences surrounding the determined splice junctions in the murine 

N-WASP gene.  

 

Putative N-WASP exons 6 to 10 were confirmed by sequence analysis to constitute an open reading 

frame encoding the carboxy-terminal half of the murine N-WASP protein starting at amino-acid 

position 208 in the CRIB domain and ending at the translation stop codon at position 502 in analogy of 

the rat N-WASP sequence. The encoded part was found to share very high sequence homology with 

the rat N-WASP protein. The sequences were identical with exception of three amino-acid exchanges: 

proline in the murine protein instead of leucine at position 361 (in a region quite variable between the 

different N-WASP proteins (Fukuoka et al., 1997)), proline instead of serine at position 402 and 

glutamate instead of glutamine at position 494 (as in the human and bovine N-WASP proteins) (see 

also chapter 3.3 for description of the isolated murine N-WASP cDNA). A schematic representation of 

the N-WASP genomic organization and the encoded protein is included in Figure 11 in the next 

chapter. 

 

3.1.2  Targeting strategy for the murine N-WASP gene  

 

Based on the determined exon-intron structure and restriction site map of the genomic subclone, a 

Cre/loxP based gene targeting strategy specific for the murine N-WASP gene was designed. 
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To enable conditional inactivation of the N-WASP gene, a gene targeting construct was generated in 

which a loxP flanked G418 resistance cassette (termed NEO) allowing positive selection in embryonic 

stem cells was introduced upstream of putative exon 6 and a third loxP site was introduced in the same 

orientation downstream of exon 9. A 525 bp genomic fragment was included 5’ of the loxP flanked 

NEO selection cassette as the short arm of homology and another 4.3 kb genomic sequences were 

included at the 3’ end as part of the long arm of homology in order to allow the endogenous N-WASP 

allele to be replaced with the targeting construct by homologous recombination in ES cells. The 

targeting strategy is depicted in Figure 11. 

 

 

Figure 11: Targeting strategy for the murine N-WASP gene. 

Schematic representation of the N-WASP protein and the gene targeting strategy showing the genomic 

organization of the N-WASP locus in wild-type, targeted, floxed and deleted alleles. Also shown are the targeting 

vector, the design of the PCR screen for homologous recombination in the short arm of homology (with primers 

depicted as arrows) and external and internal (#1) probes used for Southern blot analyses. Expected sizes of 

respective restriction fragments are listed. Note the introduction of a new EcoR V restriction site upon gene 

targeting (marked EcoR V*) used to distinguish the different alleles. The map is shown to scale except for loxP 

sites, PCR primers and product and the 3’UTR, the length of which has not been determined with certainty. The 

resistance cassette allowing positive selection with G418 is marked NEO, the HSV-thymidine kinase cassette that 

allows counterselection of random integrants with gancyclovir is marked HSV-TK. 
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The NEO selection cassette as well as the HSV-tk gene were included in the targeting construct since 

homologous recombination in mammalian cells is infrequent and the isolation of mutant ES cells 

consequently requires stringent selection. Wheras the NEO selection cassette allows positive selection 

of ES clones that have integrated the targeting construct, the HSV-tk gene included at the 3’ end of the 

targeting construct is lost only upon homologous recombination and thus allows counterselection of 

random integrants and enrichment of homologous recombinant ES clones.  

As the NEO selection cassette represents a strong transcriptional unit predicted to disrupt expression 

of the N-WASP gene product from the targeted allele even in its intronic position, it had to be 

removed again from targeteted ES clones by transient Cre expression in ES cells in order to create the 

loxP flanked = floxed N-WASP allele. The floxed allele, which differs from the endogenous N-WASP 

allele only in the two remaining loxP sites flanking exons 6-9, was expected to allow normal 

expression of the N-WASP gene product until Cre mediated deletion of the floxed gene segment.  

Based on the targeting strategy, Cre-mediated excision of the floxed exons 6 to 9 was predicted to 

result in deletion of the sequences encoding almost the complete GBD, including the histidine at 

position 208 found to be crucial for GTP-Cdc42 binding (Miki et al., 1998a), as well as the poly-

proline region and the verprolin- and cofilin- homologous domains. The acidic domain encoded by 

putative exon 10 was also expected not to become expressed, since alternative splicing of the 

remaining exon 10 to exon 5 after excision of exons 6 to 9 would result in a premature translation 

termination codon (PTC) at the transition of exon 5 to exon 10. 

The deleted N-WASP allele was thought to represent a functional knockout of the N-WASP gene, 

since a possibly expressed truncated N-WASP protein encoded by exons 1 to 5 would lack most of the 

important functional domains. At the time the strategy was designed, the only interactions described 

for the amino-terminal part of N-WASP encoded by exons 1 to 5 were PIP2 (via the proposed PH-

domain) and a possible interaction with Ca2+/Calmodulin (via the IQ motif) (Miki et al., 1996). In 

addition, there was evidence that introduction of a premature translation termination codon (PTC) 

frequently caused a dramatic downregulation of the affected transcribed message, a phenomenon 

termed Nonsense Mediated Decay (NMD) (reviewed in (Maquat, 1995)). NMD is thought to 

contribute to RNA surveillance, a ‘quality control’ process, keeping the cell from unwanted and in 

some cases deleterious truncated proteins.  

Thus the premature translation termination codon created at the transition of exon 5 to exon 10 

through splicing was thought likely to cause NMD of the truncated N-WASP message transcribed 

from the deleted N-WASP allele, with the anticipated result that it would not be translated at all or not 

very efficiently.  
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3.1.3 Targeting of the N-WASP gene by homologous recombination in ES cells 

 

After sequencing all exons and loxP sites, the N-WASP targeting vector was linearized at the 

introduced unique restriction site Cla I at the 5’ end and transfected into ES cells of C57BL/6 strain 

background (Bruce4, (Kontgen et al., 1993)) by electroporation.  

To select positive ES clones that had replaced one of their endogenous N-WASP alleles with the 

targeted allele of the targeting construct by homologous recombination, transfected ES cells were 

selected with G418 for the presence of the NEO selection marker and with ganciclovir against the 

presence of the HSV-tk gene, which had been included at the 3’ end of the targeting construct to allow 

selection against random integrants as explained in the previous chapter. 

Altogether, 9 x 107 ES cells were electroporated with the N-WASP targeting construct, followed by 

positive and negative selection. By comparison to control cultures that had only been subjected to 

positive selection with G418, additional negative selection resulted in a ~10 times enrichment of 

double resistant, homologously recombined clones. 

In total, 750 ES clones were isolated, expanded and analysed in a PCR screen for homologous 

recombination in the short arm of homology using the external primer #12 (see Table 2) that anneals 

5’ of the short arm of homology and internal primer #6 which is specific for the NEO selection 

marker. The design of the PCR screen is depicted in Figure 11. The specific conditions for this PCR 

based screen had been established beforehand with ES cells transfected with a PCR-control vector 

containing the NEO selection cassette and an extended short arm of homology allowing the 5’ primer 

(#12) to anneal (data not shown) (for details see chapter 2.3.1), serving as a simulation of targeted ES 

clones with homologous recombination in the short arm of homology.  

31 ES clones (4.1%) showed the 0.7 kb amplification product expected if homologous recombination 

in the short arm of homology had occurred. An example of the PCR screen is shown in Figure 12 . 

 

 

Figure 12: PCR screen for ES clones with homologous 
recombination in the short arm of homology.  

Cells were digested with Proteinase K and submitted to PCR with 

primers #12 (N-WASP-S2) and #6 (neo-A1) (see Table 2). A 

0.7kb amplification product was detected for ES clones that had 

undergone homologous recombination in the short arm of 

homology (marked with asterics). 

 

In the 31 clones positive in the PCR screen, the homologous recombination event was confirmed and 

the cointegration status of the 3rd loxP site was determined by Southern blot analysis of genomic DNA 

digested with EcoR V and hybridised with the 3’ external probe as is shown in Figure 13. 
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Figure 13: Cointegration of 3rd loxP site in homologous 

recombinant ES clones. 

ES clones positive in the PCR screen for homologous recombination in the short 

arm of homology were analysed for a cointegration of the 3rd loxP site by 

Southern blot analysis using the 3’ external probe (see Table 3 and targeting 

strategy in Figure 11). Genomic DNA was digested with EcoR V. The 

endogenous wild-type allele results in a 23.5 kb band. Homologous 

recombination 3’ of the 3rd loxP site results in its cointegration along with the 

EcoR V* restriction site unique to the targeting construct (see Figure 11) and 

consequently in detection of a 8.7kb band, as seen here for ES clones a and b. 

Homologous recombination 5’ of the 3rd loxP site results in a failure to 

cointegrate the 3rd loxP site and the EcoR V* site and thus in a 16.7 kb band as 

seen here for ES clone c.  

 

Seven out of the identified thirty-one homologous recombined ES clones showed cointegration of the 

3rd loxP site (22.6%, or 0.93% of total clones analysed). 

Finally, additional random integration of the targeting construct was excluded by Southern blot 

analysis using the internal probe #3 specific for the NEO selection marker (Table 3, data not shown). 

 

3.1.4 Cre mediated deletion in N-WASP targeted ES cells 

 

The NEO resistance cassette was removed in ES cells by transient expression of Cre recombinase in 

targeted ES cells. Two targeted ES clones (AA9 and CE4) were chosen and for each clone, 107 ES 

cells were transfected independently by electroporation with 30µg of Cre expression vector pPGK-

Cre-bpA (K. Fellenberg, Institute for Genetics). For each of the two targeted parental clones, 300 ES 

clones were isolated, expanded and screened for G418 sensitivity. Cre mediated deletion was 

confirmed in G418 sensitive subclones and the type of deletion was determined by Southern blot 

analysis of EcoR V digested genomic DNA hybridised with the N-WASP short arm internal probe #1 

(listed in Table 3 and see targeting strategy in Figure 11) as is shown in Figure 14. 

~70% of analysed G418 sensitive ES clones had undergone a partial deletion through Cre mediated 

recombination of the first and the second loxP sites. Thus, they carried the loxP flanked= floxed 

N-WASP allele (N-WASPflox) shown in Figure 11, in which, by excision of the NEO selection 

cassette, exons 6 to 9 are left flanked with loxP sites (e.g. clones AA9-1A12 and CE4-1H7, termed a’ 

and b’, respectively, in Figure 14). Floxed ES clones were used in blastocyst injections to obtain mice 

carrying the floxed N-WASP allele for conditional mutagenesis of the N-WASP gene in the mouse. 

~30% of analysed ES clones had recombined the first and the third loxP sites (e.g. subclone CE4-1A8, 

termed b’’ in Figure 14) and carried the deleted (N-WASPdel) allele. Such clones could have been used 

to generate conventional N-WASP knockout mice, which in this thesis were obtained alternatively by 
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crossing a so-called deleter-Cre transgene (Schwenk et al., 1995) into the generated N-WASPflox lines 

(see chapter 3.2.1). 

 

 

Figure 14: Cre mediated deletion in 
targeted ES cells. 

Cre recombinase was transiently expressed in targeted ES 

clones after transient transfection with a Cre expression 

vector. Genomic DNA of ES clones was digested with 

EcoR V and hybridised with the N-WASP short arm internal 

probe #1 (listed in Table 3 and depicted in Figure 11). The 

endogenous wild-type allele results in a 23.5 kb band (wt), 

in case of the targeted, NEO containing ES clones, a 8.8 

kb band is detected (a and b). Cre transfected targeted 

subclones (a’ and b’) harbour a deletion of the NEO 

cassette through recombination of loxP sites 1 and 2. As 

predicted by the targeting strategy (see Figure 11), this 

results in detection of a 14.8 kb band. ES clones with a 

complete deletion through recombination of loxP sites 1 

and 3 show a 7.1 kb band as is shown for subclone b’’. 

 

3.1.5 N-WASP chimeras transmit the N-WASPflox allele through the germline 

 

Chimeric mice were generated by morula aggregation and blastocyst injection of two independently 

derived ES subclones, AA9-1A12 and CE4-1H7, which both carried the loxP flanked N-WASP allele 

(N-WASPflox/wt). In total, 11 chimeras were obtained that survived to be bred, all of which were 

generated by blastocyst injection. Bruce4 ES cells are of male origin (Kontgen et al., 1993) and thus 

germline transmission is more frequently obtained with male chimeras. Consistent with this, five of 

the seven male chimeras gave germline transmission as identified by the coat color of the offspring as 

listed in Table 10 (see chapter 2.9.2 for details). 

 
ES Clone # of N-WASP chimeras generated ES cell-derived offspring in % (identified by coat color) 

2 females 0%/ no offspring 
AA9-1A12 5  

3 males 100% /25%/ no offspring 

2 females 0% / no offspring 
CE4-1H7 6  

4 males 100% /100% / 25% / 0% 

Table 10: Overview of chimeras generated and % germline transmission obtained. 

 

Offspring with germline transmission as judged by coat color were genotyped for the N-WASP allele 

by Southern blot analysis. As expected, according to mendelian rules, about 50 % had inherited the 

N-WASPflox allele. The genotyping of offspring from a N-WASP chimera by Southern blot analysis is 

shown as an example in Figure 15. 
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Figure 15: Germline transmission of the N-WASPflox allele. 

Southern blot analysis of genomic DNA of tail biopsies from offspring of 

N-WASP-chimera #C20 which displayed germline transmission by coat color. 

Genomic DNAs were digested with EcoR V and probed with the 3’ external 

probe resulting in a 23.5 kb band in case of the wild-type allele and a 8.7kb 

band for the N-WASPflox allele. Offspring that inherited the N-WASPflox allele are 

marked with asterics.  

 

The new mouse strains were called N-WASPflox/wt AA9 and N-WASPflox/wt CE4. N-WASPflox/wt mice of 

both lines (AA9 and CE4) were separately intercrossed to obtain N-WASPflox/flox mice and maintained 

on a C57BL/6 background. N-WASPflox/flox mice appeared and bred normally and showed no 

difference in N-WASP expression as compared to wild-type C57BL/6 in all tissues analysed (see e.g. 

chapter 3.2.3), confirming that introduction of the loxP sites flanking exons 6-9 did not interfere with 

gene function. 

 

3.1.6 N-WASPflox/flox AA9 and CE4 lines differ at sequences close to the 3rd loxP 
site 

 

When genotyping of N-WASPflox/flox mice was carried out by PCR, it was observed, that primer 

combinations involving primer NW-A6 (#10) did not support amplification of templates derived from 

N-WASPflox mice of the CE4 lineage, whereas this primer worked well for templates derived from 

N-WASPflox mice of the AA9 lineage. Therefore PCR was performed with templates from both 

lineages using the primer pair #11 PVNW-PVS2 and #8 A4.31 and resulting PCR products, which 

span the annealing region of primer #10 NW-A6, were subcloned and sequenced. Sequence 

comparisons revealed a difference in sequences between the two lineages just 3’ of the 3rd loxP site. 

Whereas the CE4 derived line contains the sequence as present in the targeting vector, the AA9 

derived line harbours a small deletion of 10 bp as is shown in Figure 16. A possible explanation why 

this difference should result in a difference in the PCR genotyping reaction could be, that the 

sequences surrounding the 3rd loxP site are multiple cloning site sequences that were included in the 

targeting construct along with the subcloned genomic fragments. In the targeting vector and line CE4 

they represent repeats able to form secondary structures as indicated in Figure 16 which are likely to 

reduce the efficiency of PCR amplification with primer NW-A6 (#10) due to the proximity of its 

annealing site. In line AA9, secondary structure formation is prevented by the small deletion and 

efficient amplification by PCR can take place.  

Gene function is not affected by these sequence differences and alternative primers for genotyping of 

the CE4 lineage have been designed (see chapter 2.9.3.2 for details). 
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N-WASP genomic sequence --TCCTGCTGTTCAGGATCC------------------------------------- 

Targeting Vector  --TCCTGCTGTTCAGGATCCCCCGGGCTGCAGGAATTCGATCTAGAGTCGACATAAC 

CE4 N-WASPflox/flox mice --TCCTGCTGTTCAGGATCCCCCGGGCTGCAGGAATTCGATCTAGAGTCGACATAAC 

AA9 N-WASPflox/flox mice --TCCTGCTGTTCAGGATCCCCCGGGCTGCAGGAATTCGATCTAGAGTCGACATAAC 

       BamH I 

N-WASP genomic sequence --------------------------------------------------------- 

Targeting Vector  TTCGTATAATGTATGCTATACGAAGTTATAAGCTAGCTTGATATCGAATTCCTGCAG 

CE4 N-WASPflox/flox mice TTCGTATAATGTATGCTATACGAAGTTATAAGCTAGCTTGATATCGAATTCCTGCAG 

AA9 N-WASPflox/flox mice TTCGTATAATGTATGCTATACGAAGTTATAAGCTAGCTTGATATCGAAT-------- 

         loxP    EcoR V*   deletion 

N-WASP genomic sequence ------------TCCGATACATAGCAGACCAAGTCTTCCC-- 

Targeting Vector  CCCGGGGGATCCTCCGATACATAGCAGACCAAGTCTTCCC-- 

CE4 N-WASPflox/flox mice CCCGGGGGATCCTCCGATACATAGCAGACCAAGTCTTCCC-- 

AA9 N-WASPflox/flox mice --ATTGATATCCTCCGATACATAGCAGACCAAGTCTTCCC-- 

     BamH I  NW-A6 primer 

Figure 16: Genomic Sequences of N-WASPflox/flox AA9 and CE4 mice differ 3’ of the 3rd loxP site. 

Mice derived from ES clone AA9 harbour a small deletion of 10 bp downstream of the introduced EcoR V* site 3’ 

of the 3rd loxP site as compared to the targeting construct and CE4 derived mice. This disrupts repeated multiple 

cloning site sequences and might thus inhibit the formation of secondary structures that block efficient 

amplification from CE4 derived templates using primer NW-A6 (annealing position indicated by a brown arrow). 

Restriction sites are indicated in yellow, the 3rd loxP site is boxed in pink and indicated by pink arrows, the 

repeated multiple cloning site sequences are boxed in black. Possible formation of secondary structures is 

indicated by a black filled double arrow.  

 

3.2 Conditional N-WASP knockouts generated by crossing in 
different Cre transgenes. 

 

N-WASPflox/flox mice allow analysis of N-WASP function in mice in a tissue specific or inducible 

manner by crossing in various Cre recombinase transgenes which are under the control of 

corresponding tissue specific or inducible promoters. 

For this thesis, N-WASPflox/flox mice were crossed to 3 different Cre transgenics. First, to a so-called 

deleter-Cre mouse strain (Schwenk et al., 1995), which drives ubiquitous Cre expression including 

germ cells, resulting in the generation of a conventional N-WASP knockout in which the N-WASP 

gene is disrupted in all cells throughout ontogeny. The conventional N-WASP knockout turned out to 

be embryonic lethal and is described in chapter 3.2.1. 

Second, N-WASPflox/flox mice were crossed to so-called Mx-Cre mice (Kuhn et al., 1995), which allow 

inducible deletion of floxed genes in a wide variety of tissues, most efficiently in liver, bone marrow, 

spleen and thymus, upon induction of the Mx-promoter driving Cre expression e.g. with interferon-α 

which is administered to mice by intraperetoneal injections. Thus, N-WASP mice with efficient 
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deletion of the N-WASPflox alleles in immune cells were obtained and analysed for a role of N-WASP 

in the immune system, e.g. in the development of various immune cell populations or in the T cell 

dependent immune response to protein antigen upon immunization. As interferon-α injections 

surprisingly caused a severe liver intoxication phenotype specifically in N-WASPflox/del,Mx-Cre mice 

at a dose where no phenotype was observable in wild-type or heterozygous mice, this was more 

closely analysed. The results obtained with N-WASP mice carrying the Mx-Cre transgene are 

described in chapter 3.2.2. 

Last, it was sought to analyse whether N-WASP contributed to actin-based synaptic plasticity at nerve 

terminals in the brain proposed as a cellular basis for the alterations in synaptic connectivity thought to 

underlie complex cognitive processes such as learning and memory formation (reviewed in Rao, 

(Matus, 1999)). To that effect, N-WASPflox/flox mice were crossed to so-called Cre159 mice, which 

have been characterized to express Cre recombinase specifically in neurons of the forebrain under the 

control of the CamKII promoter (Minichiello et al., 1999). Results obtained with these mice are 

described in chapter 3.2.3. 

 

3.2.1 Disruption of N-WASP leads to embryonic lethality 

 

To assess the physiological consequences of N-WASP deficiency during embryonic development, the 

N-WASP gene was disrupted in the mouse germline by crossing the N-WASPflox/flox mouse strain to a 

deleter-cre mouse strain (Schwenk et al., 1995) (>10th generation backcrossed to C57BL/6), leading to 

a constitutive knockout (N-WASPdel/del) which turned out to be embryonic lethal. 

Whereas no obvious defects were noted in the reproductive vigour, weight or lifespan of heterozygous 

N-WASPdel/wt mice, no homozygous N- WASPdel/del offspring were born. To determine the precise 

gestational stage of embryonic development that was compromised by a disruption of the N-WASP 

gene, seventy-nine embryos were dissected on embryonic day (E) 9.5, 10.5, 11.5, 12.5 and E13.5 after 

timed matings. Twenty-two embryos (27.8%) revealed developmental abnormalities and / or were 

completely or partially resorbed. Upon genotyping of the dissected embryos by PCR as described in 

chapter 2.9.3.2 (data not shown) with exception of the ones already completely resorbed, 

developmental abnormalities were found to correspond to the homozygous N-WASPdel/del genotype. N-

WASPdel/del embryos demonstrated severe developmental retardation and reduced growth. They failed 

to undergo turning, a process taking place specifically in rodents which is normally completed at day 

E9.5 and results in an inversion of the germ layers (Kaufman, 1999). Heart beating N-WASPdel/del 

embryos were detectable up to day E11.5, at later stages mutant embryos were found to consist of 

increasingly undefined and resorbed tissue masses. Figure 17 shows a comparison of wild-type (N-

WASPwt/wt) or heterozygous (N-WASPdel/wt) versus mutant N-WASPdel/del embryos at days E9.5, 10.5 

and E11.5.  
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Figure 17: Disruption of the 

N-WASP gene is embryonic 

lethal between E11.5 and E12.5. 

Wild-type N-WASPwt/wt or 

heterozygous N-WASPdel/wt embryos 

are shown at embryonic day E9.5, 

10.5 and 11.5 in the left panels and 

N-WASPdel/del embryos from the 

corresponding litters are shown in the 

right panels. Whereas all wild-type and 

heterozygote embryos were already 

turned by day E 9.5, no turned mutant 

embryos were observed. Thus, the 

heart is still positioned on the outside 

of the U-shaped structure of the 

mutant embryos. All embryos shown 

had a beating heart at the time of 

dissection. Bars equal 1 mm. 

 

At E9.5, developmental abnormalities leading to embryonic lethality at around day E11.5 were already 

detectable in N-WASPdel/del embryos. Due to their small size, it was not possible to dissect embryos at 

earlier stages of development. For a more detailed characterization especially of early stages, thirty-

nine implants were histologically analysed in serial sections on E8.5, E9.0 and E9.5 in collaboration 

with Prof. Thomas Franz, Institute of Anatomy, University of Bonn.  

Embryos were fixed and embedded in utero which ensured good preservation of intraembryonic 

structures, as well as of extraembryonic tissues, which form an integral part of the life support system 

essential for the maintenance, nourishment, and protection of the fetus within the uterus. 

Of the thirty-nine embryos, ten (25.6%) revealed developmental abnormalities and/or were partially 

resorbed. Since genotyping of the dissected embryos had demonstrated, that the retarded phenotype 

correleated with the N-WASPdel/del phenotype, the abnormal embryos detected in the histological 

analysis most likely represent N-WASPdel/del embryos. Figure 18 shows representative examples of 

sections taken from phenotypically normal as well as abnormal embryos.  
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Figure 18: Histological analyses of lack of N-WASP 

function in embyonic development.  

Shown are histological analyses of presumptive wild-type or 

heterozygous (left) and N-WASPdel/del embryos (right) in litters 

from intercrosses of heterozygous N-WASPdel/wt mice. 

Images show 5 µm sections of embryos embedded in utero in 

paraffin (A, B and G, H) or 3µm sections of emryos embedded 

in methylmethacrylate (Technovit 7100, Kulzer) (C to F). 

Embryos in A to F were fixed in Bouin prior to embedding, 

embryos shown in G and H were fixed in Carnoy. All sections 

were stained with hematoxylin/eosin. 

A and B: Embryos at day E8.5 from one litter. 

(A) Phenotypically normal embryo and (B) 

altered, presumptive N-WASPdel/del embryo. 

Arrows point at embryos, arrowheads at 

ectoplacental cavity, E indicates exocoelomic 

cavity. Gastrulation has not started in the 

retarded embryo (B). Epithelia of parietal and 

visceral yolk sac are formed, but the 

ectoplacental cavity (arrowhead) is still round 

as it would normally be on day E7.  

Embryos from one litter at day E8.5 shown in 

C – F: Long arrows (C-E) point at embryos. In 

the phenotypically normal embryo (C and E) 

formation of headfolds (long arrow in C), 

heart (open arrow marked with h in C) and 

differentiation of mesoderm (in E) to paraxial 

and lateral mesoderm can be seen. P, 

placenta in C; open arrowhead points at 

amnion in C. The retarded presumptive 

N-WASPdel/del embryo in D and F has entered 

gastrulation (D) and formed intra- and 

extraembryonic mesoderm (long and short 

black arrow in F respectively), but lags about 

one day behind and has not begun 

somitogenesis. The embryo is unturned with 

ectoderm still on the inside (red arrow, F) and 

endoderm (green arrow, F) on the outside of 

the embryonic structure. In F, a proamniotic 

canal can still be seen.  

In G and H, embryos from one litter at day E9 

are shown. While the caudal ends are still 

gastrulating in the normal embryo (not 

shown), the cranial parts are well developed 

(G) showing pharyngeal arches, a large brain 

cavity and an almost closed cranial 

neuropore in the hindbrain area (filled 

arrowhead in G). The heavily retarded 

embryo in H has not turned, but has formed a 

heart (marked h) and cranial mesenchyme, 

whereas the allantois (short arrow) shows 

widening of the intercellular spaces distally 

and does not contribute to the placenta as in 

wild-type. Open arrowheads point at amnion, 

short arrows at allantois. All Bars equal 

100µm. 
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As is shown in representative examples in Figure 18, N-WASP-mutant embryos displayed broad 

developmental delay and reduced growth and appeared to be arrested in development at around E8.5 

to E9. Mutant embryos were found that had entered gastrulation (see e.g. Figure 18 D), but never to 

undergo turning or to complete neurolation (Figure 18 B, D, F, H), even though some had formed 

cranial mesenchyme. Most obviously, N-WASPdel/del embryos showed abnormalities in intra- and 

extraembryonic mesoderm development. They displayed no signs of somitogenesis (see e.g. Figure 18 

H), and the extraembryonic mesoderm derived allantois did not contribute to the placenta as in 

phenotypically wild-type embryos (compare Figure 18 G and H), where the allantois becomes a major 

component of the labyrith of the placenta, and gives rise to the blood vessels of the umbilical cord. As 

in mice, embryos become dependent on the placenta only rather late and can thus develop normally up 

to E10 / E10.5 even with a placenta deficiency (Th. Franz, pers. communication), the observed defects 

in extraembryonic mesoderm derived structures can not account for the developmental delay and 

reduced growth of N-WASP-mutant embryos which is observed already at earlier stages of 

development. However, they may aggravate the phenotype of N-WASPdel/del embryos at later stages.  

No biochemical data concerning lack of N-WASP expression could be obtained with N-WASPdel/del 

embryos due to their small size and partial resorption. Lack of N-WASP expression from the 

N-WASPdel allele was investigated in N-WASP conditional knockout animals derived from crosses 

with tissue specific or inducible Cre transgenics as were mentioned at the beginning of chapter 3.2 and 

are described in the next chapters. 

 

3.2.2 Does N-WASP contribute to immune function? A preliminary analysis. 

 

Ubiquitous N-WASP mutant embryos showed broad developmental abnormalities suggesting a role of 

N-WASP in the development of many different cell types.  

Immune system development starts during embryogenesis, but continues postnatally. T lymphocyte 

production starts in the late embryo and declines slowly after maturation of the mouse (for review see 

(Kisielow and von Boehmer, 1995)). T cells develop in the thymus from bone marrow derived 

precursors and can be separated into distinct developmental stages corresponding to rearrangement of 

the different TCR (T cell receptor) loci and expression of surface glycoproteins (reviewed in (Kisielow 

and von Boehmer, 1995)). B lymphocyte generation occurs in liver and spleen during embryogenesis, 

after birth, it is largely restricted to bone marrow. B cell development in the bone marrow can be 

divided into distinct steps that are easily identified by the differential expression of surface antigens 

(Hardy and Hayakawa, 1991), (reviewed in (Rajewsky, 1996)).  

In murine lymphocytes, N-WASP is expressed alongside its hemtopoietic homologue WASP (results 

from RT-PCR with DNA from spleen and thymus (data not shown) and (Snapper and Rosen, 1999)). 

With the broad developmental abnormalities displayed by ubiquitous N-WASP mutant embryos in 
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mind, it was sought to analyse, whether N-WASP also fulfilled a role in the development and function 

of immune cells that could not be compensated by its hematopoietic lineage homologue WASP. 

To that effect, N-WASPflox/del *, Mx-Cre mice were generated by crossing N-WASPflox/del mice with 

Mx-Cre transgenic mice (Kuhn et al., 1995) (6th generation backcross to C57BL/6) as mentioned 

briefly at the beginning of chapter 3.2 (*: these mice carried already one constitutively deleted 

N-WASPdel allele derived from crosses with deleter-Cre mice, see last chapter. This allowed 

quantification of Cre mediated deletion of the single remaining N-WASPflox allele and thus 

determination of the portion of homozygous N-WASPdel/del cells analysed).  

The Mx-Cre transgene allows efficient deletion of floxed genes in a variety of tissues upon induction 

of the Mx-promoter driving Cre expression with interferon-α. Highest deletion efficiencies have been 

found in liver, bone marrow and lymphocytes upon administration of interferon-α neonatally by 

intraperitoneal (IP) injections (106 Units interferon-α2/α1 (Weber et al., 1987) each time on postnatal 

day 1, 4 and 7). 

 

3.2.2.1 Normal development of N-WASPdel/del immune cell populations  

 

As mentioned above, the overall picture of T and B cell development can be monitored by the surface 

expression of specific sets of glycoproteins, e.g. the surface markers CD4, CD8, CD25 and CD44 can 

be used to follow the different developmental stages of thymocytes (for review see (Kisielow and von 

Boehmer, 1995)).  

Thus, to analyse whether the various T and B lymphocyte and precursor populations developed to 

normal ratios when their N-WASP alleles were disrupted, cell suspensions from thymus, spleen, bone 

marrow and lymphnodes of neonatally interferon-α injected, 6 to 8 weeks old N-WASPflox/del, Mx-Cre 

mice were stained for surface markers as listed in Table 11 and analysed by FACS, with interferon-α 

injected N-WASPflox/flox and uninjected C57BL/6 as controls (data not shown).  

 
surface markers analysed by FACS cell source 
CD4 / CD8 / CD3 thymus, lymphnodes 
TCRαβ / TCRγ∆ / Thy1 spleen, thymus 
CD4 / CD8 / CD69 spleen, thymus, lymphnodes 
CD4 / CD8 / CD25 / CD44 thymus 
CD4 / CD8 / CD19 spleen, lymphnodes 
IgD/ IgM / B220 spleen, lymphnodes 
IgM / CD5 / B220 spleen 
IgM / CD21 / CD23 spleen 
IgM / B220 / CD43 bone marrow 
IgD / IgM bone marrow 
DX5 / NK1.1 / TCRβ spleen 
HSA / NK1.1 / TCRβ spleen, thymus 
Gr1 / CD11b spleen 

Table 11: Overview of cell surface 

markers analysed by FACS. 

Cell populations of listed sources from 

two neonatally interferon-α injected, 8 

and 10 weeks old N-WASPflox/del, Mx-

Cre mice were stained for cell surface 

markers as listed and analysed each 

in comparison with interferon injected 

N-WASPflox/del and uninjected C57BL/6 

wild-type controls. Normal ratios of the 

analysed T cell, B cell, leukocyte and 

precursor populations were observed.
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No differences in the distribution and relative numbers of the analysed immune cell populations (T 

and B lymphocyte, NK, NK/T lymphocyte and precursor and monocytes, neutrophiles) were found. 

Also, the approximate total numbers of cells obtained from thymus, spleen, lymphnodes and bone 

marrow did not differ from controls. Thus, expression of WASP seems to be sufficient to allow normal 

development of the analysed immune cell populations.  

Aliquots of analysed cells and tissue samples were subsequently tested by Southern blot analysis as is 

shown in a representative example in Figure 19 to confirm that the N-WASPflox allele had been 

efficiently deleted by Cre recombinase. This was found to be the case and allowed to exclude the 

possibility that the assayed lymphocyte populations had developed from precursor cells that had not 

undergone Cre mediated deletion. 

 

 

Figure 19: Mx-Cre mediated deletion of the 
N-WASPflox allele in immune cell populations. 

Deletion status of the N-WASPflox allele as detected by 

Southern blot analysis in the assayed immune cells and 

selected tissues which had been derived from a 

N-WASPflox/del, Mx-Cre mouse 8 weeks after interferon-α 

induced Cre-mediated deletion. Genomic DNA was 

digested with Hind III and hybridized with internal probe #1. 

Wild-type (13.5 kb) and floxed (13.7 kb) alleles run at the 

same height, whereas the deleted allele results in a signal 

at 5.8 kb. Th, thymus; LN, lymphnodes; SpMACS, 

spleenocytes isolated by MACS: CD4, CD8 positive 

spleenocytes (70% splenic T-cells in FACS re-analysis), 

CD19 positive spleenocytes (98% splenic B-cells in FACS 

re-analysis); sp, total spleen; BM, bone marrow; L, liver.  

 

Deletion efficiencies were quantified using a phosphoimager. On average, deletion efficiencies for the 

floxed allele were determined to amount to ~99% in thymus, spleenocytes sorted by MACS, total 

spleen and bone marrow and somewhat lower (~87%) in lymphnodes, probably due to contaminating 

surrounding tissue included in the preparations of lymphnodes. Thus, the N-WASPflox allele can be 

efficiently deleted by Cre recombinase in an inducible manner, since uninjected controls showed 

undetectable to only very low levels of background deletion at the same age (data not shown). 

 

3.2.2.2 Serum levels of immunoglobulin isotypes and the T cell dependent immune 
response are unaltered upon disruption of the N-WASP gene 

 

B cells are the key effectors of the humoral immune response since they can produce antibodies. These 

are expressed on the B cell surface, and in addition become secreted. The titers of the various 
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immunoglobulin isotypes present in serum can thus serve as a measure of B cell development and 

function. 

To analyse whether N-WASP might contribute to B cell function, immunoglobulin levels of various 

isotypes were determined by ELISA in sera of three unimmunized 10 weeks old neonatally interferon-

α injected N-WASPflox/del, Mx-Cre mice in comparison to littermate controls.  

The serum immunoglobulin titers of the analysed isotypes IgA, IgG1, IgG2aa, IgG2ab, IgG2b, IgG3, 

IgM and IgE (n = 3) were not found to be significantly different from neonatally interferon- α injected 

N-WASPflox/wt (n = 4), N-WASPflox/wt Mx-Cre (n = 5) and N-WASPflox/del (n = 5) littermate controls 

(data not shown).  

Mature Ig expressing B cells (IgM+, IgD+) leave the bone marrow and migrate to peripheral lymphoid 

organs, where they persist for weeks or months. These B cells can become activated upon encounter 

with antigen. Multimeric antigens often directly stimulate B cell proliferation and differentiation into 

antibody producing plasma cells by cross-linking of the BCR, while protein antigens require T cell 

help for B cell activation (reviewed in (Rajewsky, 1996)). During the T cell dependent immune 

response to protein antigen, TCR engagement results in polarized reorganization of the actin 

cytoskeleton in T cells and the formation of antigen-receptor caps (reviewed in (van Leeuwen and 

Samelson, 1999)). Studies from WAS patients (reviewed in (Ochs, 1998)) and WASP knockout mice 

(Snapper et al., 1998; Zhang et al., 1999) had revealed a critical role of WASP in these processes.  

The fact that the T cell dependent isotypes, especially IgG1 and IgE had not been decreased in sera of 

unimmunized neonatally interferon injected N-WASPflox/del, Mx-Cre mice, already suggested that 

development and function of T helper cells and B cells was not compromised by disruption of the 

N-WASP gene. To analyse whether this was true or whether N-WASP nevertheless contributed to 

immune function during the T cell dependent immune response, the three neonatally interferon- α 

injected N-WASPflox/del, Mx-Cre mice and littermate controls (see above) were immunized at 10 weeks 

of age with NP-CG (NP-coupled chicken γ-globulin) and the immune response to NP was monitored 

by measuring serum titers of IgM, IgG, lambda and kappa light chains by ELISA on days 0, 7, 15, 21 

and 27, which were found not to differ significantly from serum levels of immunized controls (for 

numbers and genotypes of controls, see above). 

In summary, disruption of the N-WASP gene had no detectable effects on the immunoglobulin 

repertoire generated by B cells or on the T cell dependent immune response. Titers of 

immunoglobulins and isotype switching during the immune response were found to be unchanged 

relative to controls.  
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3.2.2.3 Inducible disruption of the N-WASP gene leads to liver intoxication upon 
interferon-α administration. 

 

Curiously, deletion of the floxed allele in livers of these neonatally interferon-α injected 

N-WASPflox/del, Mx-Cre mice was very inefficient when analysed at 6 or 8 weeks of age or beyond (see 

e.g. Figure 19) and amounted to only ~ 30% per allele as determined by Phosphoimager (data not 

shown). This is in contrast to very high deletion efficiencies observed for other floxed genes in liver 

using Mx-Cre mice (e.g. (Kuhn et al., 1995)). Since efficient Mx-Cre mediated deletion of the 

N-WASPflox allele was in principle possible in liver, as was demonstrated in Southern analyses of 

neonatally interferon-α injected N-WASPflox/wt, Mx-Cre animals (see Figure 21), this suggested 

counterselection of cells with a disruption of both N-WASP alleles followed by regeneration of liver 

tissue from cells that had not undergone Cre mediated deletion and thus still carried an undeleted 

N-WASPflox allele.  

In addition, it had been noted that 7 of 12 neonatally interferon-α injected N-WASPflox/del, Mx-Cre 

mice had died between the second and third week of age and that the surviving displayed 

macroscopical abnormalities in their livers which were specified in histological analyses e.g. as so-

called foreign body granulomas, necrotic liver parenchym encapsulated by connective tissue including 

multinuclear giantcells (macrophages) (J. Loehler, Heinrich-Pette-Institut, Hamburg, pers. 

communication) and in addition suffered hair loss on the belly surrounding the injection site. 

Based on these observations it was hypothesized that mice that had undergone complete deletion in all 

liver cells had died between the second and third week of age, whereas ones in which Cre mediated 

deletion had not been complete in liver had been able to survive and regenerate liver tissue from the 

cells with an undeleted N-WASPflox allele.  

To analyse this hypothesis in more detail, more N-WASPflox/del, Mx-Cre mice were bred (this time 

using Mx-Cre mice that had been backcrossed to C57BL/6 for 10 generations), neonatally injected 

with interferon-α as described, and thereafter examined daily.  

Of all interferon-α injected mice, solely N-WASPflox/flox, Mx-Cre and N-WASPflox/del, Mx-Cre mice 

developed a phenotype (all, 18 in total), characterized in the initial examination by reduced body 

weight with concomitant reduced size, loss of hair on the belly as compared to interferon-α injected 

N-WASPflox/flox or N-WASPflox/wt, Mx-Cre littermate controls (see Figure 20), as well as by reduced 

numbers of peripheral blood erythrocytes (~3 x 109/ml versus ~5 x 109/ml in littermate controls). 

When 8 of the most heavily affected animals died within 1.5 weeks after the last injection, remaining 

affected mice (n = 10) were sacrificed at 1.5 to 2.5 weeks of age, and blood and tissue samples were 

taken. Livers from these mice were macroscopically abnormal, as is shown representatively in Figure 

20, displaying signs of acute intoxication e.g. necrotic and adipose areas and multiple small cysts. 
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Figure 20: Phenotype of N-WASPflox/del, Mx-Cre mice upon 

neonatal interferon-α injection. 

Shown are neonatally interferon-α injected N-WASPflox/del (upper left) 

and N-WASPflox/del, Mx-Cre (upper right) littermates and their internal 

organs at the time of dissection (lower panels). Note the reduced size 

and hair loss of the N-WASPflox/del, Mx-Cre mouse upon interferon-α 

injection (upper right) and the macroscopically altered appearance of its 

liver (lower right).  

 

When Southern blot analysis of genomic DNA isolated from various organs of these mice was 

performed (shown representatively for livers, spleens of several of the sacrified mice in Figure 21), 

deletion of the N-WASP allele approached completeness not only in spleens, but also in livers, which 

was confirmed by quantification using a Phosphoimager (data not shown). Intermediate levels of 

deletion were found in kidney and heart (data not shown). Detection of deletion levels appoaching 

100% in livers of neonatally interferon-α injected N-WASPflox/del, Mx-Cre mice at 1.5 to 2.5 weeks of 

age was consistent with the hypothesis previously raised, that the low deletion efficiencies of ~30% 

which had been detected in livers of 6 and 8 weeks old neonatally interferon-α injected N-WASPflox/del, 

Mx-Cre mice were due to counterselection of homozygously N-WASP deleted hepatocytes followed 

by regeneration of liver tissue from cells carrying an undeleted N-WASPflox allele. 

 

 
 

 

Figure 21: Mx-Cre mediated complete deletion of 

the N-WASPflox allele can take place also in liver. 

Genomic DNA was isolated from livers and spleen from 

neonatally interferon-α injected N-WASPflox/del, Mx-Cre mice 

at 2 to 3 weeks of age and analysed by Southern. Deletion 

efficiencies of the N-WASPflox allele now approached 

completeness even in livers. Genomic DNA was digested 

with Hind III and probed with internal probe #2. N-WASPflox 

allele, 13.7 kb; N-WASPdel allele, 5.8 kb. L, liver; Sp, spleen. 

Genotypes of interferon-α (IFN) injected mice are indicated: 

mice 1 and 2: N-WASPflox/wt, Mx-Cre; mice 3-7: N-

WASPflox/del, Mx-Cre. 

 

Blood and serum samples were taken from the 10 sacrificed mice and from neonatally injected 

littermate control mice. Samples from the two groups were pooled independently where necessary to 

receive the volumes required for analysis. Blood counts and biochemical analysis of standard serum 
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enzyme (e.g. serum transaminases) and metabolite levels (e.g. cholesterol, albumin, glucose) were 

analysed at Dr. Mertens and partners laboratory medical facility (Köln) and histological analyses of 

PFA fixed organs were performed in collaboration with J. Loehler, Heinrich-Pette-Institute, Hamburg.  

Serum enzyme and metabolite levels revealed severe liver dysfunction and an acute liver intoxication 

state (data not shown) as did histological analyses, which in addition demonstrated manifold 

pathologies in almost all tissues examined, e.g. steatosis and necrosis and central lobular congestion in 

liver, beginning acute tubular necrosis (ATN) syndrome in kidney, heart failure, steatosis of the 

intestinal mucosa due to anoxaemia, and subacute to chronic excemic dermatitis of abdominal skin 

with concomitant disorder in hair formation (data not shown) (J. Loehler, pers. communication). 

Blood counts confirmed reduced numbers of erythrocytes, leukocytes and thrombocytes in the 

neonatally interferon-α injected N-WASPflox/del, Mx-Cre mice (data not shown). Heart failure and liver 

dysfunction were suspected to be the finally lethality causing alterations in the most heavily affected 

animals (J. Loehler, pers. communication).  

All the observed alterations were compatible with effects of acute interferon intoxication (J.Loehler, 

pers. communication) as have been described after systemic applications of high doses of interferons 

(Forth et al., 1992). In those cases, they ranged from acute flu like symptoms, suppression of 

hematopoiesis with leukopenia followed by anaemia and thrombocytopenia, to liver cell damage, 

kidney dysfunction, multiple neurological disorders as well as to hair loss and heart and circulatory 

disorders (Forth et al., 1992).  

Interferon-α regulates gene expression via activation of the JAK/STAT signaling pathway (Darnell et 

al., 1994) and was shown in a microarray study to induce the expression of more than 300 genes (Der 

et al., 1998). Interferon-α has been demonstrated to depress hepatic microsomal cytochromes P-450, 

which results in a diminished oxidative drug metabolism in the liver (Sonnenfeld et al., 1981; Galkin 

et al., 1983; Knickle et al., 1992; Sakai et al., 1992; Cribb et al., 1994). This in turn has manifold 

consequences, with the cytochrome P-450 dependent hepatic progesterone metabolism given as just 

one example (Wong et al., 1993). Interferon-α was furthermore shown to block polyamine synthesis 

by negatively regulating ornithine decarboxylase, which ultimately inhibits regeneration in liver 

(Favre et al., 2001).. 

The acute intoxification state, liver dysfunction and manifold pathologies observed in neonatally 

interferon-α injected N-WASPflox/flox, Mx-Cre or N-WASPflox/del, Mx-Cre may therefore be explained 

as direct and indirect consequences of the interferon-α administration. Importanly though, they were 

only observed in neonatally interferon-α injected N-WASPflox/del, Mx-Cre or N-WASPflox/flox, Mx-Cre 

mice and furthermore at a dose (3 times 106 Units interferon-α injected intraperetoneal at d 1, 4 and 7) 

where no adversary effects were observable in heterozygous and wild-type N-WASP mice in this 

study as well as in other studies using Mx-Cre mice at the Institute of Genetics (Köln).  

Although the actual amounts of interferon-α present e.g in serum of injected animals were not 

determined, the observed genotype-correlated phenotype at the administered dose may point to a 
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defect in the clearance of interferon-α brought about specifically through homozygous disruption of 

the N-WASP gene. If this speculation was correct, the administered interferon-α would persist and be 

active for a much more extended time period in the affected animals than in injected animals with 

functioning N-WASP genes, and may even accumulate with the repeated injections. Interferon-α could 

thus cause a persistant depression of the hepatic metabolism systems resulting in an acute intoxication 

state and liver dysfunction with the described secondary effects. 

Endogenous interferons mostly act as paracrine effectors locally at sites of viral infection (Forth et al., 

1992). Type I interferons, including the numerous interferon-α subspecies known in human and mouse 

and interferon-β, are internalised after binding to their plasmamembrane spanning receptors via 

receptor-mediated endocytosis, followed by intracellular degradation which has been demonstrated in 

various cell types (e.g. (Zoon et al., 1983; Evans and Secher, 1984; Bajzer et al., 1989)). Where 

internalisation and degradation of systemically applied interferons primarily takes place has not been 

determined for all type I interferons. Whereas interferon-β is known to be predominantly metabolised 

in liver (Forth et al., 1992), interferon-α2C was demonstrated in rat and marmoset to be ultimately 

disposed of in the kidney via lysosomal degradation in the tubulus cells (Greischel et al., 1988).  

How N-WASP could possibly contribute to the clearance of interferon-α is currently unclear. As 

N-WASP has been implicated in actin-assembly at vesicles and endomembranes (see introductory 

chapter 1.8.3), one likely hypothesis would be, that disruption of N-WASP affects internalisation of 

interferon-α by receptor-mediated endocytosis and/or vesicle trafficking to late endosomes or 

lysosomes in the cells where interferon-α is finally degraded. As suggested from the few studies 

addressing disposal of systemically administered interferons stated above, the tubulus cells in the 

kidney and / or hepatocytes most likely represent the cell types that are primarily involved in the 

clearance of systemically administered interferons. 

Consistent with this hypthesis, a severe interferon intoxication phenotype was always correlated with 

the N-WASPdel/del genotype in the entire liver of affected animals (see Figure 21). Furthermore, 

although only intermediate levels of deletion were detected in total kidney DNA (see Figure 21), 

tubulus cells in the kidneys of the affected animals may still have been homozygous for the 

N-WASPdel allele upon Cre mediated deletion. As tubulus cells express the interferon type I receptor 

and are known to be very responsive to interferon-α (which is therefore used as a treatment for renal 

carcinomas (reviewed e.g. in (Goldstein and Laszlo, 1988)), efficient Mx-Cre mediated deletion is 

very likely in these cells. The beginning acute tubular necrosis (ATN) syndrom observed in kidneys of 

affected animals in the histological analyses also suggests that the tubulus cells in the kidney were 

exposed to high levels of interferon-α upon systemic administration, making induction of efficient 

Mx-Cre mediated deletion very likely. 

 



   Results 

 74

3.2.3 Does N-WASP contribute to synaptic plasticity at nerve terminals in the 
brain? An ongoing analysis. 

 

N-WASP was originally identified as a protein from brain, with strong levels of expression in nerve 

terminals in the brain, in particular in neurons of the cerebral cortex, in the pyramidal neurons and 

their dendrites in the hippocampus and in the molecular layer of the cerebellum (Miura et al., 1996), 

and is thus likely to serve an important function in neurons. 

Enriched in nerve terminals, N-WASP could potentially play a role in synaptic vesicle recycling in the 

presynapse (see (Brodin et al., 2000; Qualmann et al., 2000; Jarousse and Kelly, 2001)), alternatively 

or additionally, it could also be involved in the regulation of actin dynamics in the postsynapse. 

The primary postsynaptic targets of excitatory synapses in the mature brain are dendritic spines, µm-

sized, actin-based protrusions of dendritic membrane of variable shape (for reviews see (Harris, 1999; 

Sorra and Harris, 2000). Dendritic spines behave as individual postsynaptic compartments and serve 

as integrative units in neuronal circuitry.  

Regulation of spine morphology, receptor composition, and stability are likely to contribute to long-

lasting changes in synaptic efficacy. Rapid fluctuations in spine structure have been visualized in 

cultured hippocampal neurons that are mediated by changes in the degree of actin polymerization 

secondary to changes in the level of internal calcium ((Fischer et al., 1998), reviewed in (Matus, 1999; 

Matus, 2000)). Spines are reported to become altered in shape or number after high-frequency synaptic 

activity (Halpain et al., 1998; Engert and Bonhoeffer, 1999; Kirov et al., 1999; Maletic-Savatic et al., 

1999; McKinney et al., 1999; Toni et al., 1999) or because of behavioural stimuli or the effects of 

endogenous hormonal cycles (reviewed in (Halpain, 2000; Smart and Halpain, 2000)). Dynamic actin 

filaments were found to be required for the maintanance of long term potentiation (LTP), as the 

sustained enhancement of synaptic efficacy observed after high-frequency stimulation was impaired 

after application of cytochalasins or latrunculinA (Krucker et al., 2000). In addition, recent studies 

have demonstrated that cycling of AMPA receptors in and out of the postsynaptic membrane by exo- 

and endocytosis contributes to the regulation of synaptic strength during LTP as well as during long 

term depression (LTD) (Luscher et al., 1999; Noel et al., 1999; Shi et al., 1999; Shi et al., 2001) 

reviewed in (Rao and Craig, 2000; Turrigiano, 2000) and actin dynamics were found to be involved in 

these processes (Kim and Lisman, 1999). Such findings strongly support the idea that activity 

dependent changes in actin dynamics can lead to modifications in shape, number or composition of 

existing synapses and thus to changes in synaptic strength thought to underlie the normal processing 

and long-term storage of information in neural circuits (reviewed in (Rao and Craig, 2000)). In 

addition, a compelling link between spine dysgenesis and cognitive defects is coming from studies that 

have identified marked abnormalities in spines in human adults with mental retardation (Purpura, 

1974; Marin-Padilla, 1976; Hinton et al., 1991)) and the fact that spines are vulnerable to neurological 

disease states such as epilepsy, where excitotoxic mechanisms are prevalent (Scheibel et al., 1974; 
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Muller et al., 1993; Multani et al., 1994; Jiang et al., 1998). Dendritic spines were furthermore shown 

to evolve from transient filopodia-like precursory structures on dendrites in the developing brain (Fiala 

et al., 1998) as well as in culture (Ziv and Smith, 1996).  

N-WASP, which is enriched in nerve terminals (Miura et al., 1996) and has been implicated in 

filopodia formation in fibroblasts (Miki et al., 1998a; Martinez-Quiles et al., 2001) and in neurite 

extension (Banzai et al., 2000), as well as in vesicle endocytosis or trafficking (Taunton et al., 2000) 

represents a likely candidate for integrating signalling pathways leading to actin reorganization in 

dendritic spines and/or in presynaptic terminals that utimately result in synaptic plasticity.  

It was therefore sought to analyse by behavioural as well as electrophysiological analyses, whether 

N-WASP might contribute to synaptic plasticity in the mature brain, either postsynaptically by 

mediating actin-based changes in the morphology, number and composition of dendritic spines or 

presynaptically in synaptic vesicle recycling. 

For these analyses, N-WASPflox/flox mice were generated that were transgenic for Cre recombinase 

under the control of the αCamKII promoter, driving Cre expression specifically in neurons of the 

forebrain, with expression starting postnatally between the second and the third weeks of age, by 

crossing with the Cre159 strain (Minichiello et al., 1999). 

 

3.2.3.1 Efficient forebrain specific deletion of the N-WASPflox allele in Cre159 
transgenic mice 

 

When Southern blot analyses of various tissues of 11 to 13 weeks old N-WASPflox/flox,Cre159 (n=3) 

and N-WASPflox/wt, Cre159 mice (n = 3) (5th generation Cre159 backcrossed to C57BL/6) were 

performed, the N-WASPflox allele was demonstrated to be efficiently deleted in hippocampus and 

cortex, but to be fully present in cerebellum, spleen and liver, shown representatively in Figure 22, as 

well as in tail and ear punch biopsies (data not shown) as expected using this forebrain specific Cre 

line. 

 

 

Figure 22: Cre159-mediated forebrain-

specific deletion of N-WASPflox alleles. 

Southern blot analysis of genomic DNA from tail (T), 

hippocampus (H), cortex (Co), cerebellum (Ce), 

spleen (Sp) and liver (L) of N-WASPflox/flox or 

N-WASPflox/wt, Cre159 mice. Cre159 mediates 

deletion specifically in neurons of the forebrain, in 

cortex, hippocampus, amygdala and corpus striatum 

(Minichiello et al., 1999). Deletion states of 

N-WASPflox alleles in different brain regions and 

tissues are shown representatively for 3 of the 

analysed 6 mice.  
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Deletion efficiencies were quantified using a phosphoimager and amounted to 65 - 75% deletion of the 

N-WASPflox allele in hippocampus and cortex in all of the analysed 6 mice, whereas no deletion could 

be detected in cerebellum, spleen, liver and tail of these mice. This confirmed forebrain specific 

deletion in these mice by Cre159. No difference in deletion efficiencies of floxed alleles was observed 

between homozygous N-WASPflox/flox, Cre159 (n=3) and heterozygous N-WASPfloxt/wt, Cre159 (n=3) 

animals, suggesting that both floxed alleles become deleted in neurons of the forebrain in homozygous 

N-WASPflox/flox, Cre159 animals. As Cre159 does not drive Cre expression in parvalbumin positive 

interneurons and seems also not to be active in cells of glial origin (Minichiello et al., 1999), deletion 

in remaining neurons seemed to be quite efficient as judged by the Southern analysis, although 

immunostainings of sections which would have allowed a resolution on a cellular level were not done.  

 

3.2.3.2 Cre159 mediated disruption of the N-WASP gene results in a block of N-WASP 
protein expression specifically in the forebrain. 

 

To clarify, whether the forebrain specific disruption of the N-WASP gene demonstrated in Southern 

analyses also resulted in a lack of N-WASP protein in these brain regions, immunoblot analyses of 

brain extracts were carried out using 3 different antibodies against N-WASP, one raised against the 

carboxy-terminus (kindly provided by Hiroaki Miki, Tokyo), the 2 others raised against the amino-

terminus of N-WASP (anti-CRIB1, kindly provided by Anika Steffen; 103/200, kindly provided by 

Stefanie Benesch).  

As shown representatively in Figure 23, expression levels in brain extracts of 11 months old N-

WASPflox/flox mice did not differ from wild-type C57BL/6, which demonstrated that the introduction of 

the loxP sites did not alter expression of the N-WASP gene product. In contrast, levels of N-WASP 

protein were reduced to almost background levels in hippocampus and cortex derived extracts from 

two N-WASPflox/flox, Cre159 mice (10 and 32 weeks of age), whereas the level of expression seemed 

unchanged in cerebellum derived extracts of these mice as compared to controls, as was expected. 

This proofs the successful targeting strategy for conditional mutagenesis of N-WASP in the mouse. 

Although no cellular analysis by immunostaining of brain sections was carried out, disruption of the 

N-WASP gene in neurons of the forebrain is believed to result in a lack of protein expression in these 

cells based on the results of the immunoblot analysis in this study and the expression pattern of Cre 

recombinase in Cre159 mice observed by Minichiello et al. (Minichiello et al., 1999). Importantly, no 

truncated gene product could be detected using 2 different antisera raised against the amino-terminus 

of N-WASP in extracts from 2 different forebrain regions in which the N-WASPflox allele had been 

efficiently deleted. 
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Figure 23: Forebrain specific block of N-WASP 

protein expression in N-WASPflox/flox Cre159 mice.  

Representative immunoblot analysis of extracts derived 

from a N-WASPflox/flox, Cre159 (Cre159flox/flox) mouse at 

32 weeks of age in comparison to a 11 months at old 

N-WASPflox/flox (flox/flox) as well as a C57BL/6 (wt/wt) 

control using an antisera against the amino-

terminus of N-WASP (PAK 103/200). Note the 

huge reduction in N-WASP protein expression 

detectable in hippocampus and cortex in extracts 

derived from the N-WASPflox/flox, Cre159 mouse, 

with residual detectable protein most likely 

representing N-WASP expression in interneurons 

and glial cells (Minichiello et al., 1999). The 

crossreaction at ~ 30 kD was used as loading 

control. Importantly, no expression of a truncated 

N-WASP protein is detectable upon disruption of 

the N-WASP gene. Note as well the unchanged 

level of expression in extracts from the 

N-WASPflox/flox mouse relative to the C57BL/6 

control, which confirms that the introduction of the 

loxP sites does not alter N-WASP protein 

expression. 

 

3.2.3.3 Behavioural and electrophysiological testing 

 

Since activity-dependent changes in synaptic plasticity are thought to ultimately underlie complex 

cognitive functions such as learning and memory, it was sought to analyse N-WASPflox/flox, Cre159 

mice (8 males, 8 females, 15 weeks of age, 6th generation backcross to C57BL/6) in comparison to 

N-WASPflox/flox littermate controls (8 males, 8 females) in behavioural testing for learning and memory 

formation, which was carried out together with David Wolfer in the laboratory of Hans-Peter Lipp, 

Institute of Anatomy, University of Zurich. Mice were analysed for learning and memory formation in 

three paradigms that require at least 24 h retention (hidden platform watermaze, cued and contextual 

fear conditioning and active avoidance). Overall behaviour, such as speed of locomotion, level of 

activity, initial exploratory drive and habituation was furthermore tested in openfield, emergence and 

novelty tests. No deficit in learning and memory formation was detected in a preliminary evaluation of 

the data (David Wolfer, pers. communication), although the final evaluation is still ongoing.  

The same mice were then further analysed by electrophysiological recordings at hippocampal slice 

preparations in collaboration with the laboratory of Prof. Dr. Helmut Haas, University of Düsseldorf. 

Preliminary analysis of initial results of e.g. LTP measurements in the pyramidal neurons in the CA1 

region of the hippocampus or paired-pulse potentiation did not reveal any changes in N-WASP mutant 

animals relative to controls. Nevertheless, as electrophysiological analyses of e.g. LTD in CA1, as 

well as LTP/LTD in the CA3 region of the hippocampus are still ongoing with additional N-

WASPflox/flox, Cre159 mice that were not tested in behavioural analyses, no final results are available as 

of now. 
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In the meantime, it turned out that with every generation of backcross to the C57BL/6 background of 

the N-WASP mice, the Cre159 transgene increasingly gained properties of a deleter-Cre strain, driving 

expression of Cre in the germline. Thus with every generation, more and more offspring inherited a 

pre-deleted N-WASP allele. Expression patterns of transgenes are sometimes found to change in 

offspring relative to the parental animals, an effect which is termed variegation (Dobie et al., 1997). 

Here, variegation may have resulted from a failure to inherit a specific modifier gene together with the 

Cre159 transgene in the course of backcrossing to the C57BL/6 background.  

For this reason a continuation of the analyses using the Cre159 line seems not to be possible. However 

analyses of early generations of N-WASPflox/flox Cre159 mice clearly demonstrated that a forebrain 

specific knockout of the N-WASP gene is in principle possible and will result in a lack of protein 

expression in neurons of the forebrain. Other Cre transgenic mice have been made and published that 

also allow forebrain specific mutagenesis of floxed genes (e.g. (Tsien et al., 1996; Casanova et al., 

2001)). Thus, a continued analysis of N-WASP function in nerve terminals of the brain should be 

possible in the future using one of these other Cre lines.  

 

3.3 Isolation of the murine N-WASP cDNA  
 

To isolate the murine N-WASP cDNA containing the complete coding sequence, independent RT-

PCR assays were performed on RNA isolated from brains of adult C57BL/6 mice using the forward 

5’UTR specific primer NW-mS1 #19 and the exon 10 3’UTR specific reverse primer NW-mA1 #17 

(listed in Table 2 and shown in an example in Figure 24). Independently generated PCR products were 

sequenced and the possibility of PCR introduced mutations was excluded by sequence comparison. 

Primer #19 had been designed by sequence comparison of mouse EST sequences with rat, bovine and 

human N-WASP sequences, primer #17 by comparison of mouse EST sequences with the 3’UTR 

sequences present in exon 10 of the isolated genomic N-WASP clone.  

The murine N-WASP cDNA sequence encodes a 501 amino acid protein. The sequence has been 

submitted to the EMBL Nucleotide Sequence Database under accession number AJ318416 and is 

given in the appendix along with a comparison of the murine, rat, bovine and human amino-acid 

sequences. BLAST searches revealed the amino-acid sequence to be 99% identical with the rat protein 

sequence, 95% with the bovine and 94% with the human N-WASP amino-acid sequences, and the 

cDNA sequence to be 96% identical to the rat N-WASP sequence and 90% identical to bovine and 

human sequences.  

The murine N-WASP cDNA was the basis for the generation of GFP-N-WASP fusion constructs used 

in the analyses of N-WASP function on a cellular basis as described in chapters 3.5.3, 3.5.4 and 3.5.5.  
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3.4 A shortened N-WASP transcript can be transcribed from the 

N-WASPdel allele. 
 

According to the targeting strategy and the predicted exon-intron boundaries, alternative splicing of 

exon 5 to exon 10 after Cre mediated deletion of exons 6 to 9 should create a premature translation 

termination codon (PTC) right at the transition of exon 5 and 10 that might subject the truncated 

N-WASPdel message to Nonsense Mediated Decay (NMD) as described in chapter 3.1.2.  

To confirm whether splicing of putative exon 5 to exon 10 in fact creates a PTC, RT-PCR was 

performed on total RNA isolated from various tissues of mice carrying the N-WASPdel allele using the 

forward 5’UTR specific primer NW-mS1 #19 and the exon 10 3’UTR specific reverse primer 

NW-mA1 #17 (see Table 2) (or mNW-S2 #20, data not shown). The RNA template included the 

nuclear RNA pool in order to allow detection of a truncated message even if it was subject to NMD. 

As is shown for a representative example in Figure 24, a shortened cDNA product was amplified by 

RT-PCR from RNA of mice bearing the N-WASPdel allele (e.g. RNA from spleen, liver or thymus 

from N-WASPflox/del, Mx-Cre mice injected with IFN (see chapter 3.2.2)), whereas RNA from mice 

bearing N-WASPflox or N-WASPwt  alleles (e.g. RNA from brain, spleen or thymus of N-WASPflox/flox, 

N-WASPflox/wt or N-WASPflox/wt mice) allowed amplification of the complete coding region containing 

cDNA. 

 

 

Figure 24: A truncated N-WASP cDNA can 

be amplified by RT-PCR from RNA of mice 

bearing the N-WASPdel allele. 

(M), marker: 1kb DNA ladder (GIBCO);(-), RT-PCR 

assay negative control containing no template RNA; (1), 

RT-PCR on brain RNA isolated from a N-WASPflox/wt 

mouse allows amplification of the N-WASP cDNA 

containing the complete coding sequence (marked wt / 

flox; ~1.5 kb); (2), Liver RNA isolated from a 

N-WASPflox/del Mx-Cre mouse injected with interferon-α 

(see chapter 3.2.2) allows the amplification of a 

shortened N-WASP cDNA product (labelled trunc (del), 

~0.8 kb). The primer combination NW-mS1 and NW-A1 

was used. 

 

The shortened cDNA product was subcloned and sequenced. Sequence analysis verified the 

introduction of a PTC at the transition of exons 5 to 10 as predicted by the targeting strategy. The part 

of the sequence containing the PTC is shown in comparison with the wild-type sequence in Figure 25. 
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Pro    Ser    Asn   Phe   Gln    His    Ile     Gly   His
..CCA AGU AAU UUC CAG CAC AUU GGG CAU..

Pro    Ser    Asn   Phe   Gln    Stop Stop  
..CCA AGU AAU UUC CAA UGA AGA UGA AGA..

exon 5 exon 6

exon 5 exon 10

splice site

N-WASPflox

N-WASPdel

WH1
CRIB
GBD

poly-
proline VV AIQ

STOPWH1 IQ

C

allele splice junctions encoded protein

N-WASPwt

501
aa

207
aa

 

Figure 25: Splicing of exon 5 to exon 10 introduces a premature translation termination codon. 

Given are the N-WASP alleles, the sequences surrounding the splice junctions in transcripts as well as encoded 

proteins, and bar diagrams of the theoretically encoded proteins. 

 

3.4.1 Does the N-WASPdel allele encode a truncated protein? 

 

Although there is evidence that introduction of a PTC can lead to dramatic downregulation of the 

translated message as mentioned in 3.1.2, a phenomenon termed Nonsense Mediated Decay (NMD) 

(reviewed in (Maquat, 1995), it has become clear that in order for NMD to be most efficient, there 

needs to be at least one intron left downstream of the PTC, separating it from the normal stop codon 

(reviewed in (Frischmeyer and Dietz, 1999; Hentze and Kulozik, 1999)). This is not the case in the 

altered transcript transcribed from the N-WASPdel allele. As is shown in Figure 25 in the previous 

chapter, the altered message encodes a truncated N-WASP protein encompassing amino-acids 1 to 207 

which could potentially become translated to high amounts if the altered transcript was not subject to 

efficient NMD. 

Immunoblot analyses of extracts derived from brains of N-WASPflox/flox, Cre159 mice had shown no 

evidence of a truncated protein actually being translated efficiently in vivo. No truncated N-WASP 

protein had been detectable using two polyclonal antisera raised against different peptides present in 

the amino-terminus of N-WASP (anti-CRIB1 and polyclonal antiserum #103/200 directed against aa 

135-155) (seeFigure 23), thus suggesting that in neurons, the altered transcript is subject to efficient 

NMD even in the absence of a further intron left downstream of the introduced PTC.  

Nevertheless, a truncated protein product could still be made in other cell types or developmental 

stages and was finally observed in small amounts in extracts of immortalized N-WASPdel/del embryonic 

fibroblast cell lines (described in chapter 3.5.1 and shown in Figure 28), that were generated for 

cellular analyses of N-WASP function.  
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3.5 Analysis of N-WASP function on a cellular level 

 

3.5.1 Isolation and characterization of N-WASPflox/flox and N-WASPdel/del 
embryonic fibroblast cell lines 

 

To analyse N-WASP function on a cellular level, N-WASPflox/flox embryonic fibroblasts were isolated 

on day E14 from embryos of homozygous crosses of N-WASPflox/flox AA9 mice. 

All further experiments were carried out together with Klemens Rottner and Stefanie Benesch, GBF. 

Embryonic fibroblasts were immortalized by Klemens Rottner using a temperature sensitive simion 

virus large-T-antigen (Jat and Sharp, 1989) kindly provided by P. Sharp. Several N-WASPflox/flox 

fibroblast cell lines were established (n= 16). By transient expression of Cre recombinase, 

N-WASPdel/del fibroblast cell lines γ7n-1, as well as 1H-51 and 1H-64 were derived from 

N-WASPflox/flox precursor lines γ7 and 1, respectively, which was done by Stefanie Benesch using a 

pPGK-Cre-bpA expression vector kindly provided by Werner Müller (Kurt Fellenberg, Institute for 

Genetics, Köln).  

This enabled a direct comparison of N-WASPdel/del fibroblast cell lines with their respective parental 

precursor N-WASPflox/flox lines in all experiments performed.  

Genotypes of N-WASPflox/flox and N-WASPdel/del fibroblast cell lines were confirmed by Southern blot 

analysis and PCR-genotyping which are shown in Figure 26 and Figure 27 respectively.  

 

 

Figure 26: Genotyping of N-WASP cell lines by Southern Analysis. 

Genomic DNA was digested with Hind III and hybridized with internal probe #1. 

The N-WASPflox/flox fibroblast precursor cell line γ7 is shown representatively 

with its corresponding N-WASPdel/del line γ7n-1. Also shown are N-WASPdel/del 

lines 1H-51 and 1H-64 that were derived from the N-WASPflox/flox precursor line 

1. Note the complete lack of N-WASPflox allele in the N-WASPdel/del cell lines 

γ7n-1, 1H-51, 1H-64. 

 

 

Figure 27: PCR for genotypes of mice and fibroblast cell lines. 

Wild-type (200 bp), floxed (306 bp) and deleted alleles (650 bp) amplified with a 

combination of primers NW-PVS2, NW-S2 and NW-A6.  

The N-WASPflox/flox fibroblast precursor cell line γ7 is shown representatively with 

its corresponding N-WASPdel/del line γ7n-1, in comparison to mice (1-4) that carry 

different combinations of the wild-type, floxed and deleted N-WASP alleles. Note 

the complete absence of the N-WASPflox allele in the N-WASPdel/del cell line γ7n-1.  
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Expression of N-WASP protein was analysed by immunoblotting of extracts derived from the 

N-WASP cell lines using the two different antisera raised against the amino-terminus of N-WASP 

(anti-CRIB1 and 103/200) and is shown representatively for the N-WASPflox/flox line γ7 and its derived 

N-WASPdel/del line γ7n-1 in Figure 28. 

 

 

Figure 28: Immunoblot analysis of a representative 

N-WASPflox/flox fibroblast precursor cell line (γ7) and its 
corresponding N-WASPdel/del line (γ7n-1). 

Extracts derived both cell lines were analysed by immunoblot analysis 

using an antisera raised against the amino-terminus of N-WASP. Note 

the lack of N-WASP full-length expression in γ7n-1. The crossreaction 

at ~30 kD was used as loading control. The small polypeptide of 

~23kD detected in extracts of N-WASPdel/del fibroblasts is marked as 

trunc. This product was not detected in forebrain extracts from Cre159 

transgenic animals (see Figure 23). 

 

Whereas extracts derived from the established N-WASPdel/del cell lines showed a complete lack of the 

full-length N-WASP protein product as expected (shown in Figure 28 representatively for line γ7n-1), 

a shortened protein product of approximately 23 kD could be detected to a minor extent, which clearly 

represents the truncated N-WASP protein encoded by the N-WASPdel allele. This truncated product 

had not been detectable using extracts derived from forebrains of N-WASPflox/flox, Cre159 mice as 

described in chapter 3.2.3. As mentioned in chapter 3.4, this discrepancy could be explained if NMD 

of the altered message took place with different efficiencies in different cell types and/or 

developmental and/or immortalization states. Analysis of extracts derived from a variety of cell and 

tissue sources of different developmental stages should be performed for further characterization of the 

situtation present in N-WASP conditional mice. The expression in the immortalized N-WASPdel/del 

fibroblast cell lines could be further analysed if an antibody recognizing the amino-terminus of 

N-WASP was available, that would work also in immunostainings of cells. This would allow to 

discriminate whether all cells of the immortalized N-WASPdel/del fibroblast lines expressed low levels 

of the truncated N-WASP protein or whether just few cells expressed higher levels, e.g. only at a 

certain stage during cell cycle.  

The truncated protein product present in the N-WASPdel/del cell lines (thus N-WASP-defective and not 

N-WASP-deficient) could in the worst case excert a dominant-negative effect. However, as the 

encoded truncated protein can not bind to activated Cdc42 or Arp2/3 and expression levels of the 

truncated protein were close to the detection level in derived extracts (e.g. Figure 28), and as the 

cellular morphology in an initial analysis of overall cell behaviour as well as the overall growth 

patterns of N-WASPdel/del fibroblasts seemed normal as compared to their N-WASPflox/flox precursor 

lines (data not shown), expression of a truncated N-WASP protein either in small amounts in all cells, 
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or to higher amounts only in some cells of the population as stated above, was not expected to cause 

difficulties in the interpretation of the cellular analyses of N-WASP function carried out and described 

in the following chapters. 

In addition, WASP was demonstrated to not be expressed in the N-WASP-defective fibroblast cell 

lines as well as their respective N-WASPflox/flox precursor control lines in immunoblot analyses of 

derived extracts using an antibody against WASP carried out by Stefanie Benesch in the lab (data not 

shown), consistent with the described exclusively hematopoietic expression pattern of murine WASP 

(for review see (Snapper and Rosen, 1999)). Thus, observed phenotypes or lack of phenotypes of 

N-WASP-defective fibroblasts described in the next chapters are not based on compensatory WASP 

expression.  

 

3.5.2 Induction of filopodia by Cdc42 does not require N-WASP 

 

Rho family GTPases have been recognized as key molecules in the regulation of actin-based cell 

motility (Hall, 1998), of which Cdc42 is thought to induce the formation of filopodia (Kozma et al., 

1995; Nobes and Hall, 1995) as described in chapter 1.4. Several effector proteins that interact 

specifically with GTP-Cdc42 have been identified to date (Erickson and Cerione, 2001), but only N-

WASP (Miki et al., 1998a; Rohatgi et al., 1999) and the hematopoietic WASP provide a direct link to 

actin assembly. The ubiquitously expressed N-WASP was therefore proposed to effect the formation 

of filopodia (Miki et al., 1998a). Interestingly, none of our N-WASP-defective cell lines showed any 

apparent abnormalities in cell morphology compared with their respective precursor cell lines (data not 

shown). We therefore sought to test whether the formation of filopodia induced by constitutively 

active Cdc42 was altered in N-WASP defective cells. Nobes and Hall (1995) microinjected a mixture 

of constitutively active Cdc42, dominant-negative Rac (to suppress lamellipodia) and C3-transferase 

(to inhibit Rho), which caused the formation of filopodia in Swiss 3T3 fibroblasts. Microinjection of 

the same mixture into precursor N-WASPflox/flox and N-WASP-defective N-WASPdel/del cells by 

Klemens Rottner led to the rapid formation of numerous filopodia in both cell types as is shown in 

Figure 29, and in video 1 included on CD-Rom in the appendix. 

Quantification of filopodia ~30 min after microinjection revealed no difference between the average 

number of filopodia induced in N-WASPflox/flox (42 ±13, n=6) and in N-WASP-defective cells (48±16, 

n=9). Thus our data demonstrate for the first time that, at least in fibroblasts, N-WASP is not essential 

for the protrusion of filopodia induced by Cdc42. 
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Figure 29: N-WASP is not required for Cdc42-induced filopodia formation.  

Cells were microinjected with a mixture of L61Cdc42 (1.5mg/ml), N17Rac (0.35 mg/ml) and C3-transferase (0.1 

mg/ml). Phase contrast images show a precursor (A, A’) and a corresponding N-WASP-defective cell (B, B’) 

before (A, B) and after (A’, B’) microinjection, which induced the formation of filopodia in both cell types. 

Approximate times before and after injections are given in minutes and seconds. Bar, 5 µm. 

 

3.5.3 N-WASP is essential for intracellular motility of Shigella flexneri 

 

As described in the introductory chapters 1.8.1 and 1.8.1.1, the bacterial pathogens Shigella flexneri 

and Listeria monocytogenes gain access to the host cytoplasm of infected cells where they induce 

polymerization of actin filaments at their surface which leads to the formation of comet-like actin tails, 

a process that provides the driving force for bacterial propulsion. In the case of Shigella, interaction of 

N-WASP with the bacterial surface protein IcsA/VirG is thought to unfold N-WASP leading to 

recruitment of the Arp2/3 complex and its activation, whereas the Listeria surface protein ActA 

recruits and activates Arp2/3 directly (for references see (Frischknecht and Way, 2001)). In addition, 

the Rho family GTPase Cdc42 has been suggested to contribute to the actin-based motility of Shigella 

by initiating actin nucleation through formation of the IcsA/N-WASP/Arp2/3 complex (Suzuki et al., 

2000). 

When N-WASP-defective fibroblasts (lines γ7n-1 and 1H-51) were infected with S. flexneri, actin-tail 

formation was completely abolished (compare Figure 30 C with B), whereas tail formation by Listeria 

was unaffected in these cells (Figure 30 A), as expected.  

Next, experiments to rescue the intracellular motility of Shigella were carried out by transiently 

transfecting N-WASP-defective fibroblasts with a series of GFP-N-WASP fusion constructs prior to 

bacterial infections. An overview of the GFP-N-WASP fusion constructs that were generated and used 

in this study is included in Figure 30 K, and their expression was confirmed in extracts from 

transiently transfected N-WASP-defective fibroblasts as is shown in Figure 31.  
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Cells were fixed post infection and analysed for Shigella-induced actin tail formation by staining for 

filamentous actin. In addition, Shigella motility was assessed directly in time-lapse movies, although 

these have not been quantified thus far. 

Shigella- induced actin tail formation could be fully restored upon ectopic expression of full-length 

murine N-WASP fused to GFP (Figure 30 D) as well as by expression of either N-WASP-H208D 

(Figure 30 E) or of a ∆(B-CRIB) mutant (N-WASP-∆aa160-225) (Figure 30 F), which are both 

incapable of binding to GTP-Cdc42 (Miki et al., 1998a) and Figure 32). Time-lapse movies of Shigella 

infected N-WASP-defective cells transfected with full-length N-WASP, N-WASP-H208D (see video 

2 on the CD-Rom in the appendix) or with the ∆(B-CRIB) mutant (not shown) revealed that the 

incapability of these mutant proteins to interact with Cdc42 (see Figure 32) does not cause an obvious 

decrease in Shigella motility.  

Both the N-WASP constructs B-GBD (GTPase binding domain) (aa 156-274, see Figure 30 K) and the 

WH1 domain (aa 1-154) were recruited to the Shigella surface without inducing actin tails (Figure 30 

H and G, respectively), which was also observed when N-WASP-∆WA was used as a control (Figure 

30 I). 

Interestingly, constructs that lack the WH1 domain such as ∆(WH1-CRIB) (Figure 30 J) or mini-

N-WASP (not shown, see Figure 30 K), an amino-terminally truncated version of the poly-Pro 

construct which corresponds to a mutant that could still be induced by PIP2 and Cdc42 to activate the 

Arp2/3 complex in vitro (Prehoda et al., 2000), were still capable of restoring actin tail formation, 

although average tail lengths appeared to be decreased as compared with full-length N-WASP. 

Reconstitution of Shigella motility by these two mutants, as well as by an additional mutant, ∆WH1 

(see summary in Figure 29 K), was confirmed in time-lapse movies (data not shown), which revealed 

for mini-N-WASP a strong decrease in speed and number of motile Shigella, probably due to the lack 

of the poly-proline region in this construct (see ∆(poly-Pro) and Figure 30 K). 

N-WASP lacking the poly-proline region, ∆(poly-Pro), was also still capable of restoring Shigella-

induced actin tail formation, although again with less efficiency when analysing fixed cells (not 

shown). In time-lapse movies this reflects a marked decrease in Shigella motility (see video 3 on CD-

Rom in appendix). This may be explained by the lack of direct interaction of N-WASP missing the 

poly-proline region with profilin I (Suetsugu et al., 1998), which has previously been shown to play a 

significant role in Shigella motility (Mimuro et al., 2000).  
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Figure 30: N-WASP is essential for Shigella-induced actin tail formation.  

Precursor (B) and N-WASP-defective fibroblasts (A and C-J) were infected with L. monocytogenes (A) or S. 

flexneri (B-J). (A-C) show non-transfected cells, while (D-J) show cells expressing GFP-tagged N-WASP 

constructs as indicated. In all images, filamentous actin is shown in red. Listeria (A) and Shigella (B, C) are shown 

in green. In (D-J), Shigella and GFP-fusion proteins are labeled blue and green, respectively. Listeria form actin 

tails in N-WASP-defective fibroblasts (A), while Shigella-induced actin tails are abolished in these cells (C), in 

contrast to the precursor cell line (B). Actin tail formation by Shigella is restored upon expression of full-length 

N-WASP (D), H208D, ∆(B-CRIB), ∆WH1, and ∆(WH1-CRIB) mutants (E, F, not shown and J, respectively), but 

not after expression of N-WASP-WH1 (G), -B-GBD (H) or N-WASP-∆WA (I), although the three latter constructs 
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are recruited to the Shigella surface (indicated by arrows). Bar in (A) (5 µm) is valid for (A-J) except (C) (10 µm). 

(K) shows the domain structure of N-WASP and an overview of the GFP-tagged constructs used in this study. 

Recruitment to Shigella and reconstitution of actin tail formation are given. +* marks low efficiency and/or shorter 

tails, +*+ indicates that this construct has only been tested in time-lapse video microscopy where it reconstituted 

Shigella motility, no information regarding average tail lengths from fixed cells is available. WH1, WASP-

homology domain; PH, pleckstrin-homology domain; IQ, calmodulin-binding motif; B, basic domain; GBD, 

GTPase binding domain, polyPro, poly-proline region; V, Verprolin-homology domain; C, Cofilin homology domain 

and A, acidic domain.  

 

In summary, in contrast to previous results (Suzuki et al., 2000), Cdc42 was found to be dispensable 

for the actin-driven motility of Shigella, as no apparent differences between Shigella-induced actin-tail 

formation could be detected upon rescue with full-length N-WASP as compared with H208D or 

∆(B-GBD) mutants. Our data clearly demonstrate a recruitment mechanism independent of Cdc42 and 

the CRIB domain, as the N-WASP mutants H208D, ∆(B-GBD) as well as ∆(WH1-CRIB) were 

recruited and reconstituted Shigella motility. The recruitment domain initially characterized by 

Moreau et al.to residues 148-273 (Moreau et al., 2000) can now be refined based on our data to 

residues 226-273 within the GBD, as both the B-GBD and ∆(WH1-CRIB) mutants of N-WASP were 

recruited to the Shigella surface. In addition, an alternative WH1 domain mediated recruitment 

mechanism is suggested by the fact that the WH1 domain by itself was also recruited. 

Expression of all GFP-N-WASP constructs used in experiments was confirmed in immunoblot 

analyses of extracts derived from both transiently transfected N-WASPdel/del fibroblast cell lines γ7n-1 

and 1H-51 using polyclonal antibodies against GFP and is shown representatively for the 1H-51 

N-WASPdel/del line in Figure 31. GFP-N-WASP fusion proteins migrated as expected. 

 

 

Figure 31: Immunoblot analysis of GFP-N-WASP 

fusion constructs.  

GFP-N-WASP fusion constructs as depicted in 

Figure 30 K were transiently transfected into 

N-WASP-defective fibroblasts. In immunoblot 

analysis of derived extracts, GFP-fusion proteins 

were detected with polyclonal antibodies against 

GFP and migrated as expected; mini-N-WASP 

(1), full-length N-WASP (2), WH1 (3), WA (4), 

∆(WH1) (5), ∆(WH1-CRIB) (6), WH1-GBD (7), 

H208D (8), ∆CRIB (9), ∆WA (10), ∆polyPro (11) 

and B-GBD (12).  

 

Although Miki et al. had already demonstrated that the H208D mutant of N-WASP is not capable of 

binding to activated Cdc42 in blot overlays (Miki et al., 1998a), this lack of interaction was confirmed 

for the GFP-N-WASP mutant H208D generated and used in this study, and extended also for the GFP-

N-WASP mutant ∆(B-CRIB) as is shown in Figure 32 in immunoblot analysis of pull-down assays of 
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cellular extracts from transiently transfected N-WASPdel/del fibroblasts with purified GST-tagged 

L61Cdc42 produced in E. coli, which were done by Klemens Rottner and Theresia Stradal in the lab. 

 

Figure 32: N-WASP-H208D and ∆(B-CRIB) 

mutants fail to interact with L61Cdc42. 

Immunoblot analysis with monoclonal anti-GFP 

antibody of pull-down assays carried out using GST-

tagged L61Cdc42 produced in E.coli and extracts 

from N-WASPdel/del fibroblasts expressing GFP-

tagged N-WASP full-length (1), H208D (2) or ∆(B-

CRIB) (3) constructs. E, total cell extract; S, unbound 

protein in the supernatant; P, protein bound to the 

affinity resin in the pellet. 

 

3.5.4 Enteropathogenic E.coli (EPEC)-induced formation of actin pedestals 
requires N-WASP 

 

EPEC subvert the actin cytoskeleton by inducing the formation of characteristic pseudopodial 

structures (pedestals) with the bacteria residing at their tips (Goosney et al., 2000b). Overexpression of 

a WASP mutant lacking the C-terminal cofilin-homology domain has been shown to interfere with 

pedestal formation in HeLa cells, an effect that was dependent on the CRIB domain of WASP 

(Kalman et al., 1999). N-WASP, which localizes to the pedestal tips (Goosney et al., 2001) is thought 

to be required for recruitment and activation of the Arp2/3 complex. It was further proposed that 

recruitment of WASP/N-WASP involves the Cdc42 homolog Chp (Aronheim et al., 1998; Kalman et 

al., 1999). Very recently, the adaptor protein Nck was shown to be essential for pedestal formation 

(Gruenheid et al., 2001). 

When N-WASP-defective fibroblasts were infected with EPEC, bacteria readily attached to the cell 

surface (Figure 33 B, Figure 34 C), but actin pedestal formation was completely blocked (Figure 33 B 

and Figure 34 D), in contrast to infected precursor cells, where attached bacteria (Figure 33 A and 

Figure 34 A) readily induced prominent actin pedestals (Figure 33 A and Figure 34 B). 

 

 

Figure 33: N-WASP is essential for 

pedestal formation by EPEC. 

Raster electron micrographs of a N-

WASPflox/flox precursor (A) and N-WASPdel/del 

(B) fibroblast infected with EPEC strain 

2348/69. Attached bacteria form actin-based 

pedestals on N-WASPflox/flox precursor cells, 

but not on N-WASP-defective fibroblasts. Bar 

equals 2 µm. Raster electron microscopy was 

performed by Manfred Rohde, GBF. 
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Figure 34: EPEC pedestal formation depends on N-WASP. 

Infection of precursor (A, B) and N-WASP-defective cells (C-J) with EPEC. EPEC are shown in (A,C and H) and 

in blue in (E-G). F-actin is shown in (B, D and J) and in red in (E-G). GFP constructs are shown in (I) and in green 

in (E-G). EPEC (A, C)-induced formation of actin pedestals in precursor (B), but not in N-WASP-defective cells 

(D). Pedestal formation in N-WASP-defective cells was restored upon expression of GFP-tagged full-length 

N-WASP (E), N-WASP-H208D (F) and N-WASP- ∆(B-CRIB) (G), while N-WASP-WH1-GBD was recruited (I) by 

EPEC (H) without induction of actin pedestals (J). Bars (5 µm) in (A,E and H) are valid for (A-D), (E-G) and (H-J), 

respectively. For description of GFP fusion constructs see Figure 30 K. (K) The recruitment to EPEC attachment 

sites and reconstitution of pedestal formation by the respective mutants are indicated. 

 

Pedestal formation could be fully restored in N-WASP-defective cells by expression of full-length 

N-WASP ( Figure 34 E), N-WASP-H208D (Figure 34 F) or the ∆(B-CRIB) mutant (Figure 34 G), but 

not by expression of N-WASP mutants truncated at the amino-terminus or lacking the WA-effector-

domain (summarized in Figure 34 K, for constructs see Figure 30 K). Furthermore, the WH1-GBD 

construct (aa 1-274) clearly targeted to the host cell surface (Figure 34 I) at sites of EPEC attachment 

(Figure 34 H) without inducing formation of actin pedestals (Figure 34 J). Thus, the recruitment 

domain of N-WASP is restricted to its aminco-terminal half. A construct lacking the poly-proline 
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region (∆poly-Pro, see Figure 30 K and Figure 34 K) also restored pedestal formation, suggesting that 

a direct interaction of N-WASP with profilin I or SH3-domain containing adaptor proteins that are 

recruited to EPEC pedestals such as Nck or Grb2 (Goosney et al., 2001) is not essential for this 

process. This is especially interesting as Nck was recently shown to be essential for pedestal formation 

by EPEC, as well as for recruitment of N-WASP (Gruenheid et al., 2001). Our data points to an 

indirect recruitment mechanism of N-WASP by Nck in EPEC induced pedestal formation, possibly 

similar to the one used by vaccinia virus, where Nck is thought to recruit N-WASP indirectly via WIP 

(Frischknecht and Way, 2001).  

Consistent with a role of the amino-terminus of N-WASP in recruitment, mini-N-WASP, an amino-

terminally truncated version of the poly-Pro construct (see Figure 30 K and Figure 34 K), did not 

restore pedestal formation. This suggests a role of the WH1 domain in N-WASP targeting to the 

attachment site of EPEC, although so far it has been difficult to detect a recruitment of the WH1 

domain alone (not shown). Thus, in contrast to previous results (Kalman et al., 1999), this study 

clearly shows that recruitment of N-WASP to attachment sites of EPEC at the host cell membrane is 

not mediated by the CRIB-domain. 

 

3.5.5 N-WASP is required for EHEC induced actin-pedestal formation 

 

The EPEC relative EHEC also subvert the actin cytoskeleton by inducing the formation of 

characteristic actin-based pedestals with the bacteria residing at their tips (Goosney et al., 2000b). 

Again, N-WASP, which localises to the pedestal tips (Goosney et al., 2001) is thought to be required 

for recruitment and activation of the Arp2/3 complex. Nevertheless, there are differences in EHEC 

versus EPEC induced pedestal formation pointing to different mechanism leading to actin assembly. 

EHEC Tir is lacking the phosphorylation site necessary for pedestal formation in EPEC and the 

adaptor proteins Nck or Grb2 are not recruited to pedestals formed by EHEC (Goosney et al., 2001). 

Consistently, Nck was recently shown to be dispensable for pedestal formation induced by EHEC 

using Nck knockout cells (Gruenheid et al., 2001). 

Nevertheless, when N-WASP-defective fibroblasts were infected with EHEC, bacteria readily attached 

to the cell surface, but actin pedestal formation was completely abolished (Figure 35 B), in contrast to 

infected N-WASPflox/flox precursor cells, where attached bacteria readily induced prominent actin 

pedestals (Figure 35 A).  

Furthermore, in a preliminary analysis whether EHEC pedestal formation could be rescued upon 

expression of full-length N-WASP and ∆(B-CRIB) in N-WASP-defective cells, both constructs were 

found to be recruited and to fully restore EHEC pedestal formation (not shown). 
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Thus, N-WASP is also essential for pedestal formation induced by EHEC and is likely to be recruited 

in a GTPase independent manner, as ∆(B-CRIB) was found to restore pedestal formation in N-WASP-

defective fibroblasts.  

 

 

Figure 35: EHEC pedestal formation requires N-WASP. 

Infection of N-WASPflox/flox precursor (A) and N-WASPdel/del fibroblasts (B) with EHEC. EHEC are shown in green, 

F-actin is shown in red. EHEC-induced formation of actin pedestals in precursor (A), but not in N-WASP-defective 

fibroblasts (B). Bar equals 5 µm. 

 

3.5.6 Bacterial infection experiments may link N-WASP function to 
endocytosis and vesicle trafficking. 

 

3.5.6.1 Does Shigella entry require N-WASP function? 

 

Shigella invades cells by inducing cytoskeletal reorganization localized at the site of bacterial-host cell 

interaction by translocating bacterial effectors via a type III secretion apparatus. Actin polymerization 

and the formation of filopodial and lamellipodial extensions dependent on the Cdc42 and Rac 

GTPases are triggered by bacterial effectors and are necessary for the final engulfment of Shigella by 

phagocytosis (reviewed in (Tran Van Nhieu et al., 2000)).  

The intracellular Shigella that had been observed in N-WASP-defective fibroblasts during the motility 

studies can potentially be explained by the fact that fibroblasts in general appear to have a high 

background of unspecific uptake of Shigella (Guy Tran Van Nhieu, pers. communication).  

For this reason a possible involvement of N-WASP in the cytoskeletal reorganizations specifically 

elicited by Shigella to induce its own uptake was sought to be analysed in a collaboration with Guy 

Tran Van Nhieu from the laboratory of Philippe Sansonetti (Pasteur Institut, Paris).  

When entry of Shigella into N-WASP-defective fibroblasts was analysed, Guy Tran Van Nhieu found 

that N-WASP deficient cell lines showed a 6-fold reduction of Shigella invasion as compared to the 

N-WASPflox/flox precursor cells used as controls for both lines tested. However, uptake of a non-
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invasive strain unable to trigger its specific uptake was also reduced in the N-WASP-deficient cells by 

the same order of magnitude relative to the precursor controls (data not shown). Thus, the defect in 

phagocytosis of Shigella does not appear to be specific for Shigella-induced uptake, which suggests 

that the N-WASP-deficient fibroblasts are somewhat defective for a pathway affecting endocytosis / 

phagocytosis more generally. 

 

3.5.6.2 Salmonella containing vacuoles are not maintained in N-WASP-defective cells 

 

Further indications that N-WASP might be involved in vesicle or vacuole trafficking came from 

infection experiments carried out with Salmonella typhimurium. Salmonella differ from Shigella or 

Listeria in that they do not escape from the phagosomal vacuole in which they become enveloped 

during phagocytosis, but rather actively maintain it and turn in into a specialised compartment with a 

microenvironment suitable for bacterial replication, termed the Salmonella containing vacuole (SCV). 

They do so by what has been described as ‘hijacking’ the host vacuolar trafficking machinery 

(reviewed in (Garcia-Del Portillo, 1999)) which involves translocation of so-called host trafficking 

interfering factors (Htifs) into the host cytosol or on to the cytosolic surface of the vacuole through a 

second type III secretion system encoded by the Salmonella pathogenity island 2 (SPI-2 TTSS). The 

bacterial effector SpiC for example allows the SCV to escape fusion with lysosomes as well as with 

early endosomes (Uchiya et al., 1999) and SifA, another bacterial protein translocated to the cytosolic 

side of the vacuolar membrane is essential to actively maintain the vacuolar membrane (Beuzon et al., 

2000). SCVs can thereby undergo a unique maturation process, in which e.g. early endocytic markers 

such as the tranferrin receptor are lost and lysosomal glycoproteins (lpgs) are acquired without 

concomitantly acquiring all the soluble enzymes normally present in lysosomes, with the consequence 

that SCVs finally differ notably in composition of the class, amount and persistance of membrane-

associated markers, including the Rab proteins, a large family of Ras-like GTPases involved in 

vacuolar trafficking ((Schimmoller et al., 1998; Meresse et al., 1999), reviewed in (Gorvel and 

Meresse, 2001)). 

When N-WASP-defective fibroblasts were infected with Salmonella typhimurium and cell sections 

were analysed by electron microscopy by Manfred Rohde (GBF, Braunschweig), bacteria were shown 

on electron micrographs to have entered the cells, but to less frequently be contained in SCVs as 

compared to N-WASPflox/flox percursor controls (data not shown, Manfred Rohde, pers. 

communication). They were either found released in the cytosol or to be contained in what appeared as 

lysosomes. This suggests that maintainance of the SCV somehow involves N-WASP function in the 

host cell. Consistent with this speculation, dynamic actin polymerization was recently shown to be 

essential for the maintenance of the vacuolar membrane and replication of intracellular Salmonella 

typhimurium (Meresse et al., 2001).  
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4 Discussion 

N-WASP has emerged as a key regulator of Arp2/3 nucleated actin polymerization at membrane 

proximal sites in response to signalling (reviewed in (Higgs and Pollard, 2001)).  

The objective of this thesis was to generate N-WASP conditional knockout mice for analysis of 

N-WASP function in mice as well as in derived N-WASP-defective cell lines.  

 

4.1.1 Targeting strategy for conditional mutagenesis of the N-WASP gene - 
“pros and contras”  

 

To generate conditionally gene targeted mice, targeted mutagenesis in murine ES cells and the P1 

phage-derived Cre/loxP recombination system were employed (Thomas and Capecchi, 1987; Sauer 

and Henderson, 1988; Gu et al., 1993). A 13.5 kb fragment encompassing murine genomic N-WASP 

sequences was obtained from Ralf Kühn and characterized to comprise putative exons 6-10 of the 

murine N-WASP gene. These were found to encode the carboxy-terminal part of the N-WASP protein 

starting at the histindine at position 208 in the CRIB domain essential for binding of N-WASP to 

GTP-Cdc42 ((Miki et al., 1998a) and Figure 32 this study).  

Whereas conventional knockouts are usually designed so that a resistance marker disrupts the 

transcription/translation of the endogenous gene, in conditional gene knockouts, the gene must 

function normally until recombined by Cre recombinase. Hence any modifications must be placed 

outside coding regions or intronic and not interfere with regulatory regions. For conditional gene 

targeting, loxP sites are thus either positioned to block transcription/translation by Cre mediated 

deletion of promoter elements including the transcription or even translation start sites, or alternatively 

to remove exons encoding important functional domains, with removal of exons resulting in a 

frameshift if alternative splicing occurred after recombination. 

As the genomic sequences that had been obtained encoded the carboxy-terminal half of the N-WASP 

protein, a strategy was designed for conditional targeting of the N-WASP gene which was based on 

the removal of domains important for N-WASP function. As is shown in the targeting strategy in 

Figure 11, a loxP flanked NEO selection cassette was introduced upstream of exon 6 and a third loxP 

site was introduced downstream of exon 9 by homologous recombination in ES cells. Thus, loxP sites 

were positioned to remove as many of the domains important for N-WASP function as possible, 

including most of the CRIB domain, the poly-Proline region, as well as the carboxy-terminal 

Verprolin- and Cofilin-homologous domains. Furthermore according to the determined exon-intron 

boundaries (see Figure 10), the acidic domain encoded by exon 10 was also not going to be expressed 

upon Cre mediated deletion, since alternative splicing of the remaining exon 5 to exon 10 would 
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introduce a frameshift and result in a premature termination codon (PTC) at the transition, which 

turned to be the case (see Figure 25).  

This left a possible transcript encoded by exons 1-5 with a PTC introduced in case of alternative 

splicing to exon 10, potentially translated into a truncated N-WASP protein comprising the WH1 

domain, the IQ motif, the basic region and the first 7 amino acids of the CRIB domain. 

In many cases introduction of a PTC had been demonstrated to lead to degradation of the mutated 

transcript, a process termed nonsense mediated decay (NMD) (reviewed in (Maquat, 1995)). Thus, 

there was the possibility that a truncated N-WASP protein encoded by exons 1-5 would not become 

translated at all or not very efficiently after Cre mediated deletion of exons 6-9. Consistent with this, a 

truncated N-WASP protein could not be detected in extracts derived from forebrains of mice carrying 

a Cre-mediated forebrain-specific disruption of the N-WASP gene (see Figure 23). By now it has 

become clear that for NMD to be most efficient, at least one intron needs to be left downstream of the 

introduced PTC (reviewed in (Frischmeyer and Dietz, 1999; Hentze and Kulozik, 1999)). This is not 

the case for the PTC introduced in the mutant N-WASP transcript and low amounts of a truncated 

N-WASP protein corresponding to a transcript encoded by exons 1-5 were finally detected in extracts 

derived from immortalized N-WASP-defective fibroblasts (see Figure 28). Whether all N-WASP-

defective fibroblasts expressed such low amounts of the truncated N-WASP protein or whether just 

few cells expressed higher amounts, e.g. just at a certain point during cell cycle, could not be resolved 

in this thesis as none of the available antibodies recognizing the amino-terminus of N-WASP works in 

immunostainings of cells.  

An explanation for the different findings in brain versus fibroblast derived extracts would be if NMD 

of the mutant N-WASP message took place with varying efficiencies e.g. governed by cell type, cell 

cycle, developmental and /or immortalisation state. Further analysis of extracts derived from different 

tissues and cell sources of various developmental stages are needed to resolve this question, besides 

the already mentioned immunostainings of cell populations.  

A truncated N-WASP protein encoded by exons 1-5 lacks the CRIB/GBD domain and the poly-

Proline region, which are so far the only domains where protein interactions able to unfold and 

activate N-WASP have been demonstrated (Egile et al., 1999; Loisel et al., 1999; Rohatgi et al., 1999; 

Carlier et al., 2000; Fukuoka et al., 2001; Rohatgi et al., 2001). Furthermore, the truncated protein 

lacks the carboxy-terminal effector domains important for activation of Arp2/3 in response to 

signalling (Egile et al., 1999; Rohatgi et al., 1999; Yamaguchi et al., 2000). The truncated protein can 

therefore be excluded to act in a dominant-negative manner by binding to and blocking upstream 

signalling partners such as GTP-Cdc42 or SH3 containing adaptor proteins such as Grb2 or Nck, or 

the profilins or its downstream effector the Arp2/3 complex.  

The truncated N-WASP protein can potentially still interact with PIP2 (Miki et al., 1996; Prehoda et 

al., 2000), F-actin (Egile et al., 1999) and possibly with Ca2+/ Calmodulin (Miki et al., 1996), as well 

as with WIP (Moreau et al., 2000; Martinez-Quiles et al., 2001) or the related brain specific protein 
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CR16 (Ho et al., 2001). The WIP N-WASP interaction was recently suggested to serve the localization 

of N-WASP (Vetterkind et al., 2002). The possibility, that the truncated N-WASP protein is causing a 

dominant-negative effect by binding to and blocking e.g. WIP, can formally thus not be excluded, 

especially since overexpression of the amino-terminus of WASP which can also interact with e.g. WIP 

was recently shown to impair proliferation of T cells upon TCR ligation (Sato et al., 2001). However, 

experiments carried out in N-WASP-defective fibroblasts, where low levels of the truncated protein 

have been detected in derived extracts, have revealed no indications so far for a dominant-negative 

effect exerted by the truncated N-WASP protein. Also, analyses of N-WASP conditional knockout 

mice have in many cases revealed no difference relative to N-WASP expressing controls which again 

argues against the truncated protein having a dominant-negative effect, either because it is expressed 

only at low levels or only in few cells due to NMD, or because it does not block the function of 

interacting proteins. In addition, indications for N-WASP functioning in signalling events leading to 

proliferative responses independent of actin reorganization mediated effects, in analogy to what has 

been suggested for the amino-terminus of WASP (Sato et al., 2001), have not been described so far 

and could be mediated by the WASP-specific sequences present in the amino-terminus of WASP 

which are absent from N-WASP (see (Higgs and Pollard, 2001)). 

An additional consideration led to the employed targeting strategy. At the time the project was started 

the situation regarding the generation of N-WASP knockout mice was highly competitive as Scott 

Snapper in Fred Alt’s group at Harvard Medical School in Boston was also working on the generation 

of a N-WASP knockout. As the characterization of genomic sequences was still very tedious and time 

consuming back then, it was decided to proceed with this targeting strategy rather than to try to isolate 

and characterize genomic N-WASP sequences containing promoter elements and exon 1 that might 

have allowed a targeting strategy without any risk of a truncated protein becoming expressed. 

 

4.1.2 Targeting of the N-WASP gene in ES cells 

 

The targeting strategy was unusual in respect to the small size of the short arm of homology and the 

large size of the loxP flanked region: As exon 6 had to be enclosed in the loxP flanked region since it 

encoded the histidine at position 208 important for binding to GTP-Cdc42, this left an unusually short 

arm of homology of 525 bp for homologous recombination in ES cells. Furthermore, the floxed 

region, encompassing exons 6-9 in order to allow deletion of as many of the functional domains as 

possible, was very large, spanning 7.7 kb. These two facts together were expected to reduce the 

chances of introducing the complete loxP flanked region by homologous recombination in ES cells. 

To compensate for the expected lowered efficiency, 9x107 ES cells were transfected and 750 

positively and negatively selected ES clones were isolated and screened for homologous 

recombination in the short arm of homology. Despite the unusual proportions of the N-WASP 

targeting construct, targeting of the N-WASP gene turned out to be reasonably efficient and 7 ES 
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clones (0.93% of total isolated ES clones) were identified that had undergone homologous 

recombination in the short arm of homology and in addition had cointegrated the 3rd loxP site 

downstream of exon 9.  

The NEO selection cassette was removed by transient expression of Cre recombinase in targeted ES 

cells, since it represented a strong transcriptional unit likely to disrupt normal N-WASP gene function 

even at its intronic position. Deletion of the NEO cassette by recombination of the 1st and 2nd loxP 

sites left one loxP site upstream of exon 6 and thus created the N-WASPflox allele, where exons 6-9 are 

flanked by loxP sites. Two independently derived ES clones that carried the loxP flanked = floxed 

N-WASP allele were used for blastocyst injections to generate N-WASPflox chimeric mice to reduce 

the risk of confounding results obtained in analyses of N-WASP function by additional mutations or 

loss of chromosomes sometimes found in ES cells. In fact, the two N-WASPflox/flox mouse lines 

obtained after germline transmission were found to differ by a small deletion of 10 bp in multiple 

cloning site sequences surrounding the 3rd loxP site which did not affect gene expression or Cre 

mediated deletion. As they furthermore did not show any differences in lifespan, reproductive vigour, 

as well as in initial analyses of embryonic lethality or expression of N-WASP, this argues against 

further mutations being present in the background of the two lines and further studies were therefore 

carried out with only one of the two lines. Both lines were separately intercrossed and maintained on 

the C57BL/6 background, which is the standard strain for genetic studies (Silver, 1995) Effects 

exerted by mixed backgrounds may confound the results obtained from conditional mutagenesis and 

especially may lead to false positives (Gerlai, 1996). Thus, whenever available, Cre transgenics were 

used for conditional mutagenesis of the N-WASP gene in this study, that had been derived from 

advanced backcrosses to C57BL/6 in order to minimize the differences in their background relative to 

the background of the N-WASPflox/flox mice. The backcross status of the Cre transgenics used was 

always included in the description of the analyses in the results section and if necessary may have to 

be considered during interpretion of the obtained results. 

 

4.1.3 Disruption of the N-WASP gene is embryonic lethal 

 

Although the cellular roles of N-WASP are still rather an enigma, its vital importance, however, has 

been strikingly demonstrated by the embryonic lethal phenotype caused by the ubiquitous disruption 

of the N-WASP gene in mice.  

Whereas heterozygous N-WASPdel/wt mice appeared normal, no N-WASPdel/del embryos were born. The 

broad developmental abnormalities observed in dissections and histological analyses of N-WASPdel/del 

embryos are consistent with ubiquitous expression of N-WASP and suggest that its function is 

fundamental to many different cell types. Still, with the exception of a few already mostly resorbed 

embryos, all embryos up to E11.5 were dissected with a beating heart, which shows that N-WASPdel/del 

embryos at least in this case were able to initiate organogenesis. Although dissected embryos were 
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found to be alive up to E11.5, developmental abnormalities were already present at E8.5, the earliest 

developmental stage analysed. Embryos appeared in fact to be arrested in their development at around 

E8.5. Thus they were not found to undergo turning, a process which normally takes place between 

E7.5 and E9.5 and results in an inversion of the germlayers. In the histological analyses, mutant 

embryos were found that had entered gastrulation and had formed cranial mesenchyme, although they 

were never found to complete neurolation. These findings suggest a defect in morphogenetic 

movements and may reflect alterations in the polarization and / or migratory behaviour of certain cell 

types as is discussed separately in chapter 4.1.11. Mutant embryos displayed abnormalities in intra- 

and extraembronic mesoderm development, e.g. they displayed no signs of somitogenesis and the 

allantois did not contribute to the placenta as in normal embryos. The allantois normally becomes an 

integral part of the placenta and even forms the blood vessels of the umbillical cord. Apart from 

having an important function in the transfer of nutrients and metabolites into and out of the fetal 

circulation, the placenta synthesizes many steroid, polypeptide, and prostaglandin-type hormones that 

are required for the coordination of maternal and embryo physiology during pregnancy (see, 

e.g.(Soares et al., 1985)). Thus, it might be speculated that the extraembryonic defects in the 

development of the allantois are responsible for the phenotype of N-WASP mutant embryos. 

However, embryos with placenta defects are found to develop normally up to E10, E10.5 and only 

later become dependent on the placenta, presumably because at earlier stages the large surface of the 

yolk sac allows for sufficient exchange to take place (Thomas Franz, pers. communication). This 

makes in vitro culture analyses possible in which embryos develop normally from E8.5 to E10.5 in the 

absence of a placenta. As intraembryonic defects are furthermore already observed at E8.5, before the 

allantois contributes to the placenta even in wild-type embryos, the defects observed in the 

development of the allantois can not account for the broad developmental abnormalities seen in 

intraembryonic structures, but may rather be a consequence of defects in intraembryonic development 

or take place in parallel. Extraembryonic defects may aggravate the observed phenotype past E10 / 

E10.5 and may contribute to the final lethality of N-WASPdel/del embryos.  

These findings have been published (Lommel et al., 2001) and are somewhat in contrast to what has 

been published by Snapper et al. shortly thereafter (Snapper et al., 2001).  

Whereas in this study, mutant embryos dissected up to E11.5 were found to have a beating heart at the 

time of dissection with the exception of very few ones already undergoing vast resorption, Snapper et 

al. state that dissected N-WASP-deficient embryos were never observed to have a beating heart, 

although on the other hand they are described to survive to E11 and to be dead by E12. They state that 

the heart was always markedly dilated and filled with red blood cells in N-WASP-deficient embryos 

and hypothesize the defective cardiac function to be responsible for the observed lethality. They 

furthermore show that their N-WASP knockout embryos underwent turning and state that they 

developed somites and that extra-embryonic tissues including placenta and yolk sac seemed normal. 
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How can these discrepancies be explained? The ubiquitous knockouts in both studies were generated 

differently. Whereas in this study, the ubiquitous N-WASP knockout was generated and maintained on 

a C57BL/6 background, Snapper et al. used E14.1 ES cells to generate a conventional N-WASP 

knockout, which are of 129/Ola origin (Handyside et al., 1989). Resulting chimeras were bred to 

C57BL/6 or 129/SvEv mice to generate F1 offspring. Thus the N-WASP deficient embryos analysed 

by Snapper et al. were either of a mixed 129/Ola / 129/SvEv background or of a mixed 129/Ola / 

C57BL/6 background. Inbred mouse strains have been characterized to differ in many aspects (see e.g. 

(Silvers, 1979; Silver, 1995; Gerlai, 1996; Crawley et al., 1997)). As a dramatic example given, 129 

mice suffer from agenesis of the corpus callosum which normally connects the two brain hemispheres 

(Livy and Wahlsten, 1991; Balogh et al., 1999). Mixed backgrounds are known to often be more 

robust - a phenomenon called heterosis or hydrid vigour (see e.g. (Davis and Lamberson, 1991)). 

Thus, the differences observed between the two N-WASP ubiquitous knockouts can probably be 

explained at least in part by the different strain backgrounds, e.g. the ability to undergo turning. 

Nevertheless, as expression of a truncated protein can not be excluded in the N-WASP-defective 

embryos analysed in this study, it can not be ruled out that for example the inability to undergo turning 

may be a consequence of a dominant-negative effect exerted by the truncated protein, e.g.by binding 

to and blocking a so far unidentified function of WIP.  

In contrast, the fact that no N-WASP deficient embryos with a beating heart were observed by 

Snapper and collegues is believed to represent most likely an artefact of dissection. In dissections of 

embryos from wild-type crosses for training purposes as well as in the analyses of embryos from N-

WASPdel/wt heterozygous crosses, it was noted that whenever too much time had passed between the 

sacrifice of the mother followed by preparation of the uterus and the final dissection of the embryos 

out of the surrounding uterus tissue, embryos were found to have died by the time of dissection and 

were found to display dilated hearts filled with red blood cells irrespective of the genotypes. Since N-

WASP-defective embryos were already easily discernable from the outside of the uterus by the small 

size, they were always dissected first in this study and were found to have beating hearts at the time of 

dissection up to and including E11.5. Mutant embryos that were found without a beating heart at the 

time of dissection (e.g. at E12.5 and later stages, as well as a few embryos at earlier stages) displayed 

already signs of broad ongoing resorption indicating that they had died already in utero at quite some 

time before the mother had been sacrificed. Thus it is believed that the cardiac defect observed by 

Snapper and collegues most likely is not real, especially since they state that their N-WASP-deficient 

embryos survived to E11 and were dead by E12. If their N-WASP-deficient embryos had not had a 

beating heart up to E11, Snapper and collegues would have had to observe signs of broad ongoing 

resorption of the dissected embryos. 
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4.1.4 N-WASP and the immune system 

 

As murine immune cells express not only WASP, the hematopoietic N-WASP homologue, but also 

N-WASP ((Snapper and Rosen, 1999; Snapper et al., 2001), this study), N-WASP was thought to 

possibly contribute to aspects of immune function. Thus, development of immune cell populations was 

monitored by surface expression of glycoproteins characteristic for the various populations and stages 

of differentiation. As no differences in the relative numbers and distributions of analysed T cell and B 

cell, precursor, NK, NK-T, and leukocyte cell populations were detected and total numbers were also 

found unchanged relative to wild-type controls, it was concluded that N-WASP expression is 

dispensable for development and differentiation of the analysed immune cell populations, presumably 

because they express WASP. Similarly, in analyses of B cell function and of the T cell dependent 

immune response to protein antigen no defects were detectable upon disruption of the N-WASP gene 

relative to controls.  

WASP has been shown to share many binding partners described to interact with N-WASP and may 

have been able to compensate for loss of N-WASP function in immune cells in the analyses that were 

carried out in this study. As these were only a first characterization of immune function in N-WASP 

mutant mice, suited to reveal rather severe defects, more specialized analyses e.g. of the cytoskeletal 

reorganization leading to cap formation upon TCR engagement and the evoked proliferative responses, 

or of endocytosis / phagocytosis or chemotaxis may thus reveal more subtle defects upon disruption of 

N-WASP in immune cells. Alternatively, as WASP may always be able to compensate for loss of 

N-WASP function in immune cells, analyses of immune function in animals carrying disruptions in 

both their WASP and N-WASP genes may reveal a much more severe phenotype than is found in 

WASP single knockouts and may thus uncover so far unrecognized contributions of N-WASP to 

immune function.  

Disruption of the N-WASP gene in specific immune cell populations could be achieved by crossing to 

Cre transgenics which express Cre specifically in certain immune cell populations, e.g. lck-Cre for 

deletion in thymocytes (Orban et al., 1992; Hennet et al., 1995) or CD19-Cre for deletion in B 

lymphocytes (Rickert et al., 1997). This would allow to circumvent the interferon injections necessary 

for induction of the Mx-Cre transgene and thus avoid the adversary effects of interferon-α on 

N-WASP-defective mice. 

 

4.1.5 N-WASP-defective cell lines in comparison to N-WASPflox/flox precursors 

 

Given the options of targeted mutagenesis through transgenes encoding Cre under various kinds of 

genetic control, N-WASPflox/flox mice generated in this study represent a versatile tool for analysis of 

the functional importance of N-WASP in mice. In addition, N-WASPflox/flox mice can be used as a 
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source for the establishment of various sorts of N-WASPflox/flox cell lines, which, after immortalization, 

can be turned into N-WASP-defective cell lines simply by transient expression of Cre recombinase in 

cell culture. 

Most importantly, this approach allows always a direct comparison of the N-WASP-defective cell 

lines with their respective N-WASP containing precursor lines. This makes interpretation and 

quantification of obtained results more reliable, as it avoids the problem of having no suitable control 

cell line with regard to differences in genetic backgrounds as well as to immortalization procedure or 

selection conditions, often encountered with cell lines derived from conventional knockout mice.  

Fibroblasts are a rather well characterized cell type in respect of cytoskeletal organization and thus 

were ideal for initial studies of cellular roles of N-WASP. Nevertheless, analyses of N-WASP function 

in other cell types e.g. epithelial cells should clearly be included in future studies as they might allow 

analyses which are not possible in fibroblasts e.g. whether loss of N-WASP function may impair the 

ability to form a polarized epithelium (see also chapters 4.1.8, 4.1.9). 

 

4.1.6 N-WASP is not required for filopodia formation induced by GTP-Cdc42 

 

As the formation of filopodia induced by constitutively active Cdc42 appeared strongly enhanced 

upon coexpression of N-WASP in COS-7 cells, but was blocked upon coexpression of a N-WASP 

mutant with a deletion in the cofilin-homologous domain, N-WASP was proposed to effect the 

formation of filopodia (Miki et al., 1998a). This was subsequently supported by the demonstration of 

N-WASP to provide a direct link between Cdc42 in its GTP-bound form and Arp2/3 nucleated actin 

assembly in vitro (Rohatgi et al., 1999). Later, microinjection studies using polyclonal antibodies 

against N-WASP and WIP (WASP interacting protein) also indicated an involvement of these proteins 

in the formation of filopodia (Martinez-Quiles et al., 2001), although the specificity of the polyclonal 

antisera used was not directly demonstrated. However, the Arp2/3 complex is thought to nucleate actin 

assembly creating a branched network (Mullins et al., 1998; Svitkina and Borisy, 1999), as described 

in the introductory chapter 1.5 (reviewed in (Condeelis, 2001), which is difficult to reconcile with the 

formation of parallel actin filament bundles containing filopodia induced by Cdc42 at the cellular 

periphery (Kozma et al., 1995; Nobes and Hall, 1995) 

As N-WASP-defective cells were highly responsive to the induction of filopodia by microinjection of 

constitutively active Cdc42 and quantification revealed no difference between the average number of 

filopodia induced in N-WASP-defective and N-WASPflox/flox precursor controls, it was concluded that, 

at least in fibroblasts, N-WASP is not essential for protrusion of filopodia induced by Cdc42 (this 

study, published in (Lommel et al., 2001)). Nevertheless, it can not be excluded that N-WASP is 

contributing to filopodia formation in a different context or other cell types. The methodology of 

establishing N-WASP loss of function in permanent cell lines could have obviously enabled the 

selection of clonal cell lines capable of overcoming functional defects in actin dynamics by ‘up-
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regulation’ of proteins that are able to compensate for the loss of N-WASP. With the respective 

N-WASPflox/flox precursor cell lines available as controls, potential compensatory gene regulation upon 

disruption of the N-WASP gene could be revealed by comparing gene expression levels in N-WASP-

defective fibroblasts and their respective N-WASPflox/flox precursor controls in immunoblot or 

microarray analyses, with a focus on candidate genes such as the remaining WASP/Scar family 

members, other identified effectors of GTP-Cdc42 (reviewed in (Bishop and Hall, 2000)), as well as 

additional proteins known to be involved in the regulation of actin dynamics. Compensatory 

expression of WASP can already be excluded as it was not detectable in immunoblot analyses of 

extracts derived from N-WASP-defective as well as N-WASPflox/flox precursor cell controls using 

polyclonal antibodies against WASP.  

As another approach to uncover potential compensatory mechanisms in N-WASP-defective cells, 

N-WASP expression could be knocked down in wild-type and N-WASPflox/flox fibroblast cell lines 

using RNA-interference (Elbashir et al., 2001) and the consequences of the transient N-WASP knock 

down for cell morphology as compared to the constitutive N-WASP-defective cell lines could be 

analysed. In addition a newly developed chemical inhibitor of N-WASP (Peterson et al., 2001) and its 

inactive diastereomer (Kenney et al., 1986) could be used in order to confirm possible effects on actin 

cytoskeleton reorganization obtained after transient knock-down by RNA interference.  

Finally, given that N-WASP-defective cells were unable to support Shigella motility or EPEC / EHEC 

pedestal formation, potential compensatory mechanisms of N-WASP loss of function seem less likely.  

Assuming that filopodia formation in N-WASP-defective fibroblasts was not due to compensation, 

how are these structures formed instead? Over 20 target proteins have been identified that interact with 

Cdc42 specifically in its GTP-bound form (reviewed in (Bishop and Hall, 2000)). Of these, IRSp53, 

an SH3 domain-containing scaffold protein, has recently emerged as a candidate effector of Cdc42 in 

filopodia formation (Krugmann et al., 2001): Cdc42 interacts with IRSp53 at a partial CRIB motif 

thought to relieve an intramolecular, autoinhibitory interaction with the amino-terminus, allowing 

recruitment of Mena, a member of the Ena/VASP family of actin filament assembly regulators, to the 

IRSp53 SH3 domain. This IRSp53 - Mena complex is then thought to initiate actin assembly into 

filopodia.  

IRSp53 has also been described as an essential intermediate between Rac and WAVE in the regulation 

of membrane ruffling (Miki et al., 2000). Thus, IRSp53 may potentially also link activated Cdc42 with 

WAVE and thus again to the Arp2/3 complex, although then again the problem of creating a branched 

network instead of parallel actin-filaments arises.  

Snapper et al. also analysed filopodia formation upon microinjection of constitutitvely active Cdc42 in 

what they called fibroblast like cells (FLCs) deficient for N-WASP expression (Snapper et al., 2001). 

They stated that the number of N-WASPneo/neo FLCs extending filopodia was decreased by more than 

50% compared with N-WASPwt/wt cells. Since they still observed filopodia formation in a significant 

number of cells lacking N-WASP, they concluded that these structures were either retraction processes 
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or generated by a N-WASP-independent pathway, which they were unable to resolve as they analysed 

fixed cells. In time-lapse video microscopy analyses, their N-WASP knockout cells were able to form 

filopodia in response to stimulation with serum and PDGF, this time with only slightly reduced 

numbers as compared to wild-type controls.  

Assuming the reduction in filopodia upon microinjection of constitutively active Cdc42 in the study by 

Snapper et al. was not due to differences in retraction, how can it be compared to the unaltered 

responsiveness to the induction of filopodia formation in N-WASP-defective fibroblasts relative to 

their N-WASP expressing precursor controls observed in this study? Does the reduction observed by 

these authors suggest an involvement of N-WASP in filopodia formation and the presence of only 

partially compensatory mechanisms in their as compared to fully compensatory mechanisms in this 

study? 

In their study, Snapper et al. used 2 different types of fibroblast like cells (FLCs). Either FLCs derived 

from E9.5 N-WASPneo/neo embryos (in which the endogenous exon 2 of the N-WASP gene is replaced 

by a NEO selection marker), which they immortalized using a simian virus 40 (SV40) large T-

containing retrovirus and thus termed SV-FLCs, or FLCs derived from targeted N-WASPneo/neo ES 

cells (ES-FLCs). Whereas ES-FLCs have a 129/Ola genetic background, SV-FLCs have either a 

mixed 129/Ola / 129/SvEv or a mixed 129/Ola / C57BL/6 background. They do not clearly specify 

which type of FLCs were used in the analyses. It may be important though, as they deduced their 

results from comparisons of their N-WASP knockout cells with so-called wild-type FLC controls.  

In case they analysed SV-FLCs, the wild-type FLC controls are likely to have been SV-FLCs derived 

from N-WASPwt/wt littermates of the N-WASPneo/neo embryos. With the mixed genetic background 

stated above, they may not represent good controls as they will differ from the N-WASPneo/neo embryos 

not only at the N-WASP locus but also at many other loci due to differences in recombination patterns 

(affecting especially early backcross generations) and genetic linkage (reviewed in (Gerlai, 1996)). 

Thus, even with 12 backcrosses to C57BL/6, the length of the 129/Ola type chromosome segment 

surrounding a gene of interest was still determined to be on average about 16 centiMorgans or 1% of 

the genome, which was estimated to be approximately equivalent to some 300 genes (reviewed in 

(Gerlai, 1996)). As the SV-FLCs used in this study were most likely obtained from early backcrosses, 

they may differ at even more loci due to a larger chromosomal region being linked to the targeted 

N-WASP allele, as well as different recombination patterns. Thus, differences in the ability to form 

filopodia observed by Snapper et al. may have resulted from combinatorial effects of the differences in 

genotypes and not just be due to a lack of N-WASP.  

Alternatively, they may have used 129/Ola ES cell derived ES-FLCs for their studies of filopodia 

formation with 129/Ola ES cell derived wild-type controls. The derivation of homozygous 

N-WASPneo/neo ES-FLCs requires transfection and 2 rounds of stringent selection. Thus, N-WASPneo/neo 

ES-FLCs may also differ from wild-type 129/Ola ES-FLCs, as the N-WASPneo/neo ES-FLCs spent 

increased time passaged in culture. ES cells have the potential to differentiate into all different kinds of 
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cell types and an increasing portion will do so spontaneously with increasing time in culture. Thus, 

N-WASPneo/neo ES colonies isolated from ES cultures that have spent long time in culture and 

underwent transfection by electroporation and selection pressure are increasingly likely to differ in 

their differentiation state from untargeted wild-type ES cells and may thus again exhibit differences in 

their gene expression pattern in addition to the difference in N-WASP expression.  

Thus, the reduction in filopodia forming cells observed by Snapper et al. may be a consequence of the 

experimental set up. As they still observed a significant number of N-WASPneo/neo FLCs that were able 

to form filopodia, an independent pathway to filopodia formation downstream of activated Cdc42 also 

in their FLCs seems most likely, which then would be consistent with the results obtained in this 

study. 

 

4.1.7 N-WASP and Shigella motility 

 

N-WASP was confirmed to be essential for intracellular actin-based motility of Shigella flexneri, as 

Shigella motility was completely abolished in N-WASP-defective fibroblasts. In contrast to previous 

findings (Suzuki et al., 2000), Cdc42 was found to be dispensable for Shigella motility, as no 

differences were detected in Shigella motility in reconstitution experiments using N-WASP H208 or 

the ∆(B-CRIB) mutant relative to full-length N-WASP. Furthermore, the recruitment mechanism was 

demonstrated to be independent of the CRIB domain, as the constructs missing the CRIB domain 

∆(B-CRIB) as well as ∆(WH1-CRIB) were both recruited to the Shigella surface and reconstituted 

Shigella motility. The recruitment domain previously mapped to residues 148-273 of N-WASP by 

Moreau et al. (Moreau et al., 2000) had been shown to target to the Shigella surface under 

experimental conditions where one can not exclude an interaction with endogenous N-WASP, since 

residues 209-274 were demonstrated thereafter to interact intramolecularly with the carboxy-terminal 

cofilin-homology domain of N-WASP in vitro (Prehoda et al., 2000). As both the constructs (B-GBD) 

and ∆(WH1-CRIB) were recruited to the Shigella surface in the N-WASP-defective cells, the 

recruitment domain can now be refined to residues 226-273 within the GBD. These conclusions 

corroborate both the observation that Shigella-induced actin tail formation is not impaired by the 

clostridial toxin TcdB-10463, which blocks the GTPases of the Rho family including Cdc42 (Mounier 

et al., 1999), and the fact that, in a reconstituted cell-free system, Cdc42 is not required for motility of 

IcsA expressing bacteria (Loisel et al., 1999). 

In addition to the recruitment domain in the GBD, an alternative recruitment mechanism is suggested 

by the fact that the WH1-construct comprising residues 1-154 was also recruited to the Shigella 

surface. The significance of this alternative recruitment domain is presently unclear, as the ∆WH1 and 

∆(WH1-CRIB) mutants which lack this alternative recruitment domain were both recruited and 

reconstituted Shigella motility. However, as the time-lapse analyses of these constructs relative to full-
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length N-WASP have not been quantified thus far, the alternative recruitment domain present in the 

WH1 construct may contribute to recruitment, initiation or maintenance of motility. To analyse the 

nature and significance of this alternative recruitment domain, further N-WASP mutants could be 

generated and tested for reconstitution of Shigella motility in N-WASP-defective fibroblasts, e.g. a 

mutant with a deletion of the recruitment domain in the GBD (∆(aa 226-273)), as well as WH1 

constructs carrying a series of deletions or point mutations to further map the alternative recruitment 

domain. Furthermore, although IcsA was desribed to bind to N-WASP via glycine-rich repeats, this 

may have to be reevaluated as sequences in the Verprolin-homologous domains were supposed to be 

the interacting sequences in N-WASP (Suzuki et al., 1998). To that effect, tagged versions of both 

IcsA and various IcsA mutants recombinantly expressed in E.coli could be used for 

immunoprecipitation studies of extracts derived from N-WASP-defective fibroblasts transfected with 

N-WASP constructs carrying a deletion in either the alternative recruitment domain or in the 

recruitment domain present in the GBD to determine whether both recruitment domains are able to 

interact with IcsA and if so, to map the respective binding regions in IcsA.  

In Shigella motility, WIP and Nck are thought to be recruited to Shigella via their interaction with 

N-WASP (Moreau et al., 2000; Frischknecht and Way, 2001). Consistent with this, Snapper et al. 

were unable to detect recruitment of either WIP or Nck to Shigella in their N-WASP knockout cells 

(Snapper et al., 2001). The contributions of WIP and Nck to Shigella motility are currently unclear, as 

they were not essential for in vitro reconstitution of motility of IcsA expressing E.coli using purified 

proteins (Loisel et al., 1999) and as N-WASP ∆WH1 reconstituted Shigella motility, although, as 

stated above, the time-lapse movies have not been quantified thus far relative to full-length N-WASP. 

Furthermore, WIP may still be recruited to Shigella in N-WASP-defective cells reconstituted with 

∆(WH1) via its interaction with Nck. To unravel the recruitment mechanisms and the contributions of 

WIP and Nck to Shigella motility in vivo, tagged versions of Nck, WIP, as well as of N-WASP 

mutants carrying various point mutations in the WH1 domain, most of which correspond to naturally 

occurring missense mutations in patients with Wiskott-Aldrich syndrome (Schindelhauer et al., 1996) 

and were shown previously by Moreau et al. (Moreau et al., 2000) to inhibit the ability of N-WASP to 

interact with WIP (e.g. C35W, R76C, E123K, W54A) could be tested in the N-WASP-defective cells 

as compared to their N-WASPflox/flox precursors, as well as constructs with further dissections of the 

poly-proline region. 

The ability to reconstitute Shigella motility in N-WASP-defective cells could potentially be used as a 

system to compare other Arp2/3 activators in their efficiency to activate the Arp2/3 complex. Their 

Arp2/3 activation domains would have to be fused to the N-WASP recruitment domains in order to 

allow them to become efficiently targeted to the Shigella surface. Actin-assembly driven Shigella 

motility as monitored by time-lapse video microscopy would serve as a readout for the respective 

Arp2/3 activation state.  
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4.1.8 N-WASP and EPEC versus EHEC 

 

The infection experiments carried out in this study with the bacterial pathogens EPEC and EHEC 

revealed that N-WASP is essential for actin pedestal formation induced by both pathogens. Although 

both were still able to adhere to the cell surface of N-WASP-defective cells, pedestal formation was 

completely blocked (published in parts in (Lommel et al., 2001)). However, EPEC and EHEC differ in 

the mechanisms of how they recruit N-WASP. Both insert their own receptor into the plasma 

membrane of the host cell, the translocated intimin receptor, Tir. But whereas EPEC depends on Tir to 

become phosphorylated as well as on the adaptor protein Nck for N-WASP recruitment and pedestal 

formation (Kenny, 1999; Gruenheid et al., 2001), EHEC Tir is not phosphorylated and Nck is not 

recruited to EHEC pedestals (Deibel et al., 1998; DeVinney et al., 1999; Gruenheid et al., 2001). Thus, 

EHEC must have developed an alternative pathway that allows recruitment of N-WASP. In support of 

this, there are further differences in the proteins that are recruited to both types of pedestals. The 

adaptor proteins Grb2 and CrkII are absent from pedestals induced by EHEC, but are found along the 

lengths of the pedestals induced by EPEC (Goosney et al., 2001). 

In this study, N-WASP recruitment during EPEC pedestal formation was further analysed by testing 

various GFP-tagged N-WASP mutants in N-WASP-defective cells for recruitment and reconstitution 

of pedestal formation. It was demonstrated that although Nck is essential for EPEC pedestal formation 

and N-WASP recruitment (Gruenheid et al., 2001), a direct interaction of N-WASP with Nck is 

neither necessary nor sufficient for recruitment of N-WASP, as in N-WASP-defective fibroblasts, the 

∆(poly-Pro) mutant reconstituted pedestal formation and WH1-GBD clearly targeted to EPEC 

attachment sites, whereas the ∆(WH1-CRIB) mutant did neither target nor reconstitute pedestal 

formation. Therefore it was concluded that Nck recruits N-WASP indirectly via another, so far 

unrecognized protein. As the WH1-GBD mutant clearly targeted to EPEC attachment sites, but the 

∆(WH1-CRIB), mini-N-WASP or WA mutants did not, this suggested the recruitment domain to be 

located in the amino-terminus of N-WASP. The difficulties to detect corresponding recruitment of the 

WH1 mutant may have been a consequence of the potential presence of the truncated N-WASP protein 

in N-WASP-defective fibroblasts, as it would presumably compete with the GFP-tagged WH1 mutant 

if present. Alternatively, the recruitment domain may be only partially present in the WH1 mutant, but 

fully present in the WH1-GBD mutant, although with the prerequisite that the part not contained in the 

WH1 mutant would only contribute to recruitment, but not be able to mediate recruitment by itself, as 

otherwise the mutant (B-GBD) should have been observed to target as well.  

Nevertheless, a recruitment mechanism involving the CRIB domain as suggested previously by 

Kalman et al. can be excluded (Kalman et al., 1999), because the constructs ∆(B-CRIB) and H208D 

were recruited and fully reconstituted EPEC pedestal formation in N-WASP-defective cells with no 

difference relative to full-length N-WASP, whereas the construct (B-GBD) was not recruited. Kalman 

et al. had reported recruitment of a WASP mutant consisting of the GBD domain including the CRIB 
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motif (aa 207-313) to EPEC attachment sites in HeLa cells and thus under experimental conditions 

where one can not exclude the GBD to target to EPEC attachment sites via an interaction with the 

endogenously expressed N-WASP, as sequences within the GBD have been demonstrated to be able to 

bind to carboxy-terminal sequences in N-WASP in vitro (Prehoda et al., 2000). Furthermore, as no 

difference in the reconstitution of EPEC pedestal formation was observed between N-WASP H208D 

and ∆(B-CRIB) relative to full-length N-WASP, an involvement of a GTPase in recruitment or 

activation of actin assembly seems also unlikely. This corroborates previous studies, which indicated 

that small family Rho GTPases are not involved based on the finding that Clostridium difficile toxins 

TcdB-10463 and TcdB-1470 did not inhibit EPEC pedestal formation (Ben-Ami et al., 1998; Ebel et 

al., 1998). Kalman et al. had claimed a TcdB-10463 insensitive GTPase, Chp, to mediate recruitment 

and activation of N-WASP to EPEC attachment sites during pedestal formation (Aronheim et al., 

1998; Kalman et al., 1999), but at present this seems rather unlikely, as so far there is no evidence in 

support of it.  

In summary, EPEC recruit Nck, which then indirectly recruits N-WASP to mediate pedestal 

formation. This resembles the recruitment mechanism described for vaccinia virus in which Nck was 

reported to recruit N-WASP via WIP (Moreau et al., 2000; Frischknecht and Way, 2001), although 

this view has become challanged recently, as surprisingly, neither WIP nor Nck were found to target to 

vaccinia in N-WASP knockout cells (Snapper et al., 2001). This may be explained by the fact that the 

recruitment mechanism reported by Moreau et al. had been established in the presence of endogenous 

N-WASP and the findings in N-WASP knockout cells may point to a ternary complex between 

N-WASP, WIP and Nck that is recruited together. Although no data is available so far concerning a 

potential recruitment of WIP to EPEC attachment sites, WIP appears to be a likely candidate to be 

involved in recruitment of N-WASP downstream of Nck in EPEC pedestal formation, considering that 

it binds to N-WASP in the WH1 domain (Moreau et al., 2000), as well as to Nck (Anton et al., 1998). 

Thus, recruitment of WIP to EPEC attachment sites in N-WASP-defective fibroblasts and precursor 

control cells should clearly be tested, as well as N-WASP mutants carrying various point mutations in 

the WH1 domain which were shown previously by Moreau et al. to inhibit the ability of N-WASP to 

interact with WIP (e.g. C35W, R76C, E123K, W54A) (Moreau et al., 2000). 

With the N-WASP-defective fibroblasts at hand and the possibility to do reconstitution analyses with 

the various N-WASP mutants, it should also be possible to reveal which domains mediate recruitment 

during EHEC induced pedestal formation. The preliminary result obtained in this study, that 

N-WASP∆(B-CRIB) reconstitutes EHEC pedestal formation in N-WASP-defective cells is very 

interesting, as it may suggest, that small GTPases of the Rho family seem again not to be involved in 

the recruitment of N-WASP, although in this case recruitment does also not take place via tyrosine 

phosphorylation, Nck, Grb2 or CrkII (Deibel et al., 1998; DeVinney et al., 1999; Goosney et al., 2001; 

Gruenheid et al., 2001). Thus, a comprehensive analysis of EHEC pedestal formation with the various 

N-WASP mutants is expected to provide insights into which proteins are involved in the alternative 
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recruitment mechanism employed by EHEC. Figure 36 summarizes in a schematic model the 

recruitment mechanisms leading to N-WASP activated actin assembly by Arp2/3 employed by 

vaccinia virus in comparison to EPEC and EHEC, including a hypothetical representation of actin-

assembly at vesicles, as these pathogens are speculated to hijack host cell mechanisms leading to actin 

assembly normally applied to the trafficking of vesicles (Taunton et al., 2000). 

 

 

Figure 36: Schematic comparison of the mechanisms used in actin tail formation by 

intracellular vesicles and vaccinia virus, and in pedestal formation by EPEC and EHEC at the 

plasma membrane. 

Vaccinia and EPEC seem to use a similar core mechanism involving the binding of Nck to a phophorylated 

tyrosine residue and indirect recruitment of N-WASP to activate the Arp2/3 complex mediated actin assembly, 

which is hypothesized to normally serve vesicle trafficking in the host cell. The EPEC related pathogen EHEC 

also depends on N-WASP and Arp2/3 for actin assembly, but has evolved an alternative N-WASP recruitment 

mechanism. Recruitment mechanisms according to (Moreau et al., 2000; Frischknecht and Way, 2001) and this 

study. Adapted from May and Machesky, 2001. 

 

The infection studies performed in this thesis were done with fibroblasts. However, EPEC and EHEC 

normally cause attaching and effacing (A/E) lesions and pedestal formation on enterocytes in the 

intestine. Thus, future studies should clearly be extended to the analysis of EPEC / EHEC infections of 

enterocytes. As epithelial cells, enterocytes form polarized epithelia including microvilli, and will do 

so even ex vivo under the appropriate culture conditions. Provided that immortalization of enterocytes 

does not impair their ability to form polarized epithelia, analyses of N-WASPdel/del enterocytes relative 

to their N-WASPflox/flox precursor control cell lines could potentially reveal alterations in the formation 

of a polarized epithelium or microvilli as a result of lack of functional N-WASP (see also chapter 

4.1.9). Furthermore, in case N-WASP-defective enterocytes were not compromised in their ability to 

form polarized epithelia and microvilli, bacterial infection studies with EPEC or EHEC could help to 
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clarify whether the destruction of microvilli observed in A/E lesions or the disruption of tight 

junctions upon EPEC infection (Goosney et al., 2000b) are mechanistically connected to the actin 

pedestal formation induced by these pathogens.  

As there is an A/E lesion creating pathogen related to EPEC in mice, Citrobacter rodentium 

(Luperchio et al., 2000; Luperchio and Schauer, 2001), infection studies could potentially be extended 

to mice carrying a disruption of the N-WASP gene restricted to the epithelium of their intestines, 

provided that the generation or maintenance of the intestinal epithelium was not affected by lack of 

functional N-WASP. Mice with a specific disruption of the N-WASP gene in the intestine could be 

generated with Cre transgenics driving Cre expression specifically in enterocytes. FABP-Cre mice 

(e.g. (Saam and Gordon, 1999)) or alternatively the villin promotor (Robine et al., 1993; Robine et al., 

1997; Pinto et al., 1999) or the apolipoprotein (apo) A-I promoter (Bisaha et al., 1995) may potentially 

be suitable for enterocyte specific expression of Cre. Such studies would help to clarify the 

contribution of actin pedestal formation to disease, and could thus potentially help to determine factors 

that convey resistance to A/E lesion causing pathogens.  

 

4.1.9 Are the GFP-tagged N-WASP mutants functional? 

 

The murine N-WASP cDNA was isolated and used to generate various mutants tagged with GFP 

harbouring deletions of one or more domains or point mutations for reconstitution analyses of Shigella 

motility or EPEC / EHEC pedestal formation in N-WASP-defective cells. One may argue that there is 

the danger of GFP-N-WASP fusion proteins not being functional, as they may become degraded or 

may be improperly folded due to the fusion to GFP or or due to the lack of various domains in the 

mutants, and that the obtained results in these experiments may therefore be a consequence of the 

experimental design and not reflect the physiological situation.  

However, GFP-N-WASP fusion proteins were expressed in N-WASP-defective fibroblasts and 

migrated as expected in immunoblot analyses of extracts derived from N-WASP-defective fibroblasts 

transiently transfected with the fusion constructs and no degradation products were detectable. But 

more importantly, in many cases, GFP-N-WASP mutants that gave a negative result e.g. in analyses of 

EPEC pedestal formation, gave a positive result in analyses of Shigella motility and vice versa, thus 

suggesting that they were functional. As examples given, B-GBD did not target to EPEC attachment 

sites, but was clearly recruited to Shigella, ∆(WH1-CRIB) was unable to restore EPEC pedestal 

formation, but reconstituted Shigella motility and ∆(poly-Pro) reconstituted Shigella motility with a 

marked reduction in speed, but restored pedestal formation induced by EPEC.  
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4.1.10 N-WASP in endocytosis and vesicle/vacuole trafficking 

 

Indications for implicating N-WASP in endocytosis and vesicle/vacuole trafficking have been rather 

incidental in this study and came first from the observation of an interferon-α intoxication phenotype 

after systemic application of interferon-α that was specifically linked to a disruption of the N-WASP 

gene and occurred at a dose where no effects were observed in animals that still carried a functional 

copy of the N-WASP gene. This interferon-α intoxication phenotype could most easily be explained 

by a defect of N-WASP mutant mice in the clearance of systemically applied interferon-α, which 

normally takes place by receptor-mediated internalization followed by lysosomal degradation.  

The second observation linking N-WASP function to endocytosis or phagocytosis was the 6 fold 

reduction in the unspecific uptake of Shigella flexneri observed in N-WASP-defective fibroblasts 

relative to their precursor controls.  

Finally, Salmonella typhimurium were found to be unable to maintain Salmonella containing vacuoles 

(SCV) in which they normally reside specifically in N-WASP-defective cells, which suggested a 

function of N-WASP in the maintenance of the SCV. In support of this, actin assembly was found to 

be required for maintenance of the SCV and intracellular replication of Salmonella (Meresse et al., 

2001). A possible function of N-WASP in vesicle trafficking involved in the maintenance of the SCV 

would emerge if N-WASP-mediated actin filament assembly allowed e.g recruitment of specific 

subsets of vesicles or promoted their selective fusion with SCVs. An example of one such type of 

vesicle could be the LAMP-1 enriched vesicles which were shown to recruit N-WASP and displayed 

actin-driven motility demonstrated by Taunton et al. (Taunton et al., 2000)). Alternatively, N-WASP 

could be speculated to be recruited to the vacuolar membrane to mediate actin assembly serving e.g. as 

a physical barrier to block fusion of the vacuole with some endocytic compartments such as lysosomes 

(Valentijn et al., 1999).  

Pathogens such as Shigella or vaccinia virus exploit N-WASP to gain access to intracellular actin-

based motility, which was clearly demonstrated using N-WASP knockout cells in this study as well as 

by Snapper et al. (Lommel et al., 2001; Snapper et al., 2001). These pathogens range in size 

approximately comparable to the size of intracellular organelles such as endocytic vesicles, endosomes 

or lysosomes, etc.. It seems likely, that these pathogens have gained access to a molecular host cell 

mechanism in which N-WASP mediated actin-assembly at membrane proximal sites normally serves 

the trafficking of vesicles or other intracellular organelles as is speculated in Figure 36. N-WASP 

mediated actin-pedestal formation by EPEC (this study, published in (Lommel et al., 2001)) and 

EHEC (this study) would be compatible with this notion, the only difference being, that the bacteria 

remain on the outside of the cell, but manage to gain access to host cell actin-dynamics with the help 

of their type III secretion system.  

Thus, at present, given the demonstration that N-WASP is dispensable for filopodia formation 

(Lommel et al., 2001), vesicle trafficking or endocytosis seem to be one of the most likely candidates 
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for cellular functions of N-WASP. A role of that kind would also be compatible with the broad 

developmental abnormalities seen in N-WASP-defective embryos, which suggest N-WASP to be 

important in many different cell types.  

Further support of a function of N-WASP related to endocytosis may come from experiments 

conducted by Miki et al., in which EGF treatment of COS7 cells induced N-WASP to form a complex 

with the EGF receptor, most likely via the adaptor protein Grb2 (Miki et al., 1996). Although this may 

serve the transduction of signals from the EGF receptor to the actin cytoskeleton leading to changes in 

cell shape (reviewed in (Wells et al., 1999), alternatively or additionally, it may mediate the 

internalization of the EGF receptor upon stimulation (reviewed in (Condeelis et al., 2001; Sorkin, 

2001)). Furthermore, N-WASP is not the only WASP family member implicated in endocytosis. Thus, 

lymphocytes from WASP knockout mice exhibited a reduction of actin polymerization and defects in 

T cell receptor endocytosis (Zhang et al., 1999) and in addition, WASP was also found to 

coimmunoprecipitate with the EGF receptor upon stimulation, presumably again via the adaptor 

protein Grb2 (She et al., 1997) and is present in a molecular complex linking the actin cytoskeleton to 

Fcgamma receptor signalling during phagocytosis (Coppolino et al., 2001). Finally, the yeast 

homologue Bee1p/Las17p was found to function together with the WIP homologue End5p/Verprolin 

in vesicle endocytosis (Naqvi et al., 1998) 

Further indications that N-WASP may in fact have a role in trafficking processes came recently from 

studies regarding cycling of the intracellular glucose transporter 4 (GLUT4) e.g. in fat cells in 

response to insulin (Jiang et al., 2001; Kanzaki and Pessin, 2001; Kanzaki et al., 2001).  

Vesicle trafficking is also thought to be important for the establishent of polarized epithelia and 

interestingly, Cdc42 has been implicated in this process (Kroschewski et al., 1999). By the 

establishment of polarization, vesicle trafficking may even influence asymmetric cell division or the 

formation of boundaries during development. Interestingly, the phenotype of Wsp-deficient 

Drosophila is reminiscent of the phenotype observed in Notch-deficient flies and together with genetic 

interaction studies identified an essential role of Wsp in lineage decisions mediated by the Notch 

signaling pathway (Ben-Yaacov et al., 2001). 

The association of N-WASP with the endocytic protein Intersectin-l and the various isoforms of 

syndapins (Qualmann et al., 1999; Qualmann and Kelly, 2000; Hussain et al., 2001) may also point to 

a function of N-WASP in endocytosis or trafficking processes or especially synaptic vesicle recycling, 

as intersectin-l is a neuronal isoform of intersectin-s and syndapinI is a protein present in synaptic 

terminals. Specific recruitment of N-WASP to the dynamin neck of a constricted pit could allow an 

N-WASP promoted local F-actin assembly, first supporting the pinching-off process and subsequently 

leading to propulsion of the vesicle away from the membrane (Qualmann et al., 2000). In support of 

this, actin assembly driven motility of vesicles has been reported and N-WASP was shown to be 

recruited to vesicle surfaces (Taunton et al., 2000). The brain enriched profilinII isoform has also been 

shown to be able to interact with dynamin as well as other regulators of endocytosis, synaptic vesicle 
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recycling and actin assembly (Witke et al., 1998), suggesting a role for profilinII in membrane 

trafficking events in the brain. ProfilinII can also interact with N-WASP (Ralph Gareus, pers. 

communication). A common role of N-WASP and profilinI and II in actin assembly at 

endomembranes may be envisaged by the reduced motility of Shigella seen in reconstitutions with a 

N-WASP mutant ∆poly-Pro. 

Clearly, further experiments are necessary which directly address a possible involvement of N-WASP 

in endocytosis or vesicle trafficking. With the N-WASP-defective fibroblasts established in this study 

which always allow a direct comparison with their respective N-WASPflox/flox precursor controls, and 

with the additional option to carry out reconstitution experiments using the various GFP-N-WASP 

mutant constructs generated and described in this study, this now represents a system with the 

potential to gain insights in the molecular mechanisms of actin dynamics also in endocytosis and 

vesicle trafficking. Thus, receptor mediated internalisation of e.g. fluorescently labeled transferrin 

analysed in N-WASP-defective fibroblasts relative to precursor controls is thought likely to reveal a 

phenotype in N-WASP-defective cells which could subsequently be reconstituted using the GFP-

N-WASP constructs. Furthermore, in analogy to the approach taken by Rozelle and collegues (Rozelle 

et al., 2000), stimulating vesicle motility by overexpression of type I phosphatidylinositol phosphate 5-

kinase (PIP5KI) in N-WASP-defective versus N-WASPflox/flox precursors is also very likely to reveal 

interesting insights in the molecular mechanism of this actin-based motility of vesicles. In addition, 

N-WASP-defective cells allow other candidate proteins to be tested in these processes that are known 

to interact with N-WASP by introducing GFP- or otherwise tagged versions of these proteins in the 

N-WASP-defective background, which may allow to unravel the molecular mechanisms behind.  

As the N-WASPflox/flox mice generated in this study furthermore enable also the establishment of stable 

cell lines of other cell types, and as N-WASP-defective lines can be derived from these easily by 

transient expression of Cre recombinase in cell culture, even more analyses become possible.  

As mentioned above, vesicle trafficking has been implicated in the formation and maintenance of 

polarization e.g. in epithela. Thus, N-WASP-defective epithelial cell lines e.g. enterocytes (see chapter 

4.1.8) could serve in comparison to N-WASPflox/flox precursor controls to elucidate whether lack of 

N-WASP function may affect the formation of a polarized epithelium. 

Finally, with the ever increasing number of tissue-specific and inducible Cre transgenics available, 

N-WASPflox/flox mice will allow to ask related questions in vivo. As mentioned in chapter 4.1.8, by 

crossing in an intestine-specific Cre transgene or an inducible version of the latter (e.g. (Saam and 

Gordon, 1999)), it should become possible to analyse whether a polarized intestinal epithelium can be 

established and maintained in the absence of functional N-WASP in vivo.  

Formation of polarized epithelia may also be studied in mice with a specific disruption of the 

N-WASP gene in the epidermis of the skin as is discussed in chapter 4.1.11.  
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4.1.11 N-WASP and cell migration 

 

Cell migration begins with the establishment of cell layers during gastrulation, and is critical for many 

processes throughout development. The organization of morphogenetic movements from coordinated 

changes in cell shapes and cell migration, and the formation of complex tissue structures require 

transduction of extracellular signals to the cytoskeleton. Consistent with this, mice deficient for Cdc42 

or Rac exhibit developmental arrest before or at the time of gastrulation (Sugihara et al., 1998; Chen et 

al., 2000). N-WASPdel/del embryos analysed in this study were able to enter gastrulation, but they 

showed no signs of somitogenesis, did not complete neurolation and were unable to undergo turning, 

which normally results in an inversion of the germlayers. These abnormalities may reflect defects in 

the polarization critical for coordinated changes in cell shapes and /or the migratory behaviour of 

certain cell types of N-WASPdel/del embryos. Several possibilities exist how loss of N-WASP function 

could bring about such defects. As mentioned in the previous chapter, loss of N-WASP function may 

impair vesicle trafficking important in the establishment of polarized cell layers. Alternatively or 

additionally, alterations in the migratory performance of N-WASP-defective cells may reflect a 

possible modulating function of N-WASP for lamellipodial protrusion or additional so far unknown 

aspects of cytoskeletal reorganization. Consistent with such a function, N-WASP immunoreactivity 

was demonstrated at the leading edge of lamellipodia (Bear et al., 2001). Migration of N-WASP-

defective fibroblasts and their N-WASPflox/flox precursors could be analysed over scratch wounds 

applied to confluent monolayers and may reveal whether loss of N-WASP function affects the 

establishment of cell polarity during wound healing and / or the overall migratory performance. 

Reconstitution of a potential phenotype could be tested with GFP-tagged full-length N-WASP and the 

N-WASP mutants. Furthermore, the chemotactic performance and/or directionality of cell migration 

of N-WASP-defective versus precursor cell lines could be analysed using Boyden (Seppa et al., 1982) 

as well as Dunn chambers (Zicha et al., 1998).  

Migratory behaviour involved in coutaneous wound healing could be studied in mice carrying a 

disruption of the N-WASP gene specifically in the epidermis of the skin. These could be obtained by 

crossing N-WASPflox/flox mice to K14-Cre or K5-Cre transgenic mice or inducible versions of the latter 

two, which drive Cre expression constitutively or inducibly in the basal keratinocyte cell layer of the 

epidermis (e.g.(Indra et al., 1999; Vasioukhin et al., 1999; Berton et al., 2000; Indra et al., 2000)). 

Given a phenotype in migratory behaviour of N-WASP-defective cells in culture, analyses could 

furthermore be extended to coutaneous wound healing assays in vitro (Kim et al., 2001) as well as in 

vivo (Scheid et al., 2000). 

An additional Cre transgenic that may be used in analyses of whether lack of N-WASP function 

affects the migratory behaviour of cells in vivo is a line expressing Cre specifically in the neural crest 

(Yamauchi et al., 1999; Li et al., 2000), as neural crest cells differentiate to many different cell types 

and migrate to various parts in the body, e.g. melanocytes in the skin are of neural crest origin.  
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4.1.12 N-WASP and synaptic plasticity 

 

As the analyses of whether N-WASP contributes to synaptic plasticity are still ongoing, no results 

could be presented in this thesis. Highest levels of N-WASP expression has been detected in brain. As 

N-WASP is highly enriched in nerve terminals in the brain, it is likely to affect synaptic function. As 

explained in chapter 3.2.3, it could do so in various ways, presynpatically in the recycling of synaptic 

vesicles (see chapter 4.1.10) and postsynaptically, by mediating actin-based changes of shape and 

number of synapses or of the neurotransmitter receptor composition of the postsynaptic membrane and 

could thus lead to the changes in synaptic strength thought to underlie the normal processing and 

storage of information in the brain.  

In initial characterizations, Miura et al. demonstrated that in cerebellum, immunoreactivity to 

N-WASP was weak in the cell bodies of Purkinje neurons but strong in the molecular layer, with the 

terminals of the parallel fibres showing possible intense immunoreactivity (Miura et al., 1996). This 

may suggest a presynaptic localization of N-WASP. In contrast, in the CA1 region of the 

hippocampus, N-WASP immunoreactivity was seen in the cell bodies of pyramidal neurons and their 

dendrites (Miura et al., 1996), which suggests a postsynaptic localization. Further analyses of the 

subcellular localization of N-WASP in neurons in various brain regions, as well as e.g. in cultured 

hippocampal neurons are needed, as information about its subcellular localization would clearly 

influence the predictions of N-WASP function and thus the experimental design (e.g. different 

electrophysiological recording paradims etc.).  

Furthermore, as the Cre159 transgene changed its expression pattern with the increasing contribution 

of the C57BL/6 background of N-WASPflox/flox mice during the backcrosses, alternative brain-specific 

N-WASP knockout mice are needed for further analyses of N-WASP function in synaptic plasticity. 

Other neuron and forebrain specific Cre transgenic lines have been described (Tsien et al., 1996; 

Casanova et al., 2001), thus it should be possible to continue the analyses in the future.  

Furthermore, analyses of embryonic lethality of N-WASPdel/del embryos revealed that they did not 

complete neurolation. Loss of N-WASP function may thus affect the development of neuronal 

structures. Various neuron- and brain-specific Cre transgenics are available that could be used to 

inactivate the N-WASP gene in various brain regions and developmental stages (e.g. (Barski et al., 

2000; Cinato et al., 2001; Hirasawa et al., 2001; Zhuo et al., 2001)). 

 

4.1.13 Future perspectives 

 

With the ever increasing number of Cre transgenic mice becoming available that express Cre in a 

tissue specific or inducible manner or in a combination of both, N-WASPflox/flox mice represent a 

versatile tool for the analysis of the physiological functions of N-WASP in vivo. Furthermore, they can 
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serve as a source to derive specific N-WASPflox/flox cell lines of various cell types, and corresponding 

cell lines lacking N-WASP can be obtained from these by transient Cre expression in cell culture.  

Thus various analyses become feasable as were indicated throughout the discussion, ranging from 

continued analyses of molecular mechanisms of pathogen host interactions and of the cellular 

functions these mechanisms may normally be applied to in the cell, to analyses of the physiological 

effects of loss of N-WASP function in vivo e.g. on synaptic plasticity of nerve terminals in the brain. 
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5 Summary 

The ubiquitously expressed N-WASP is a highly potent activator of Arp2/3 in vitro and harbours key 

regulatory functions for cellular actin assembly in response to signalling. To analyse N-WASP 

function in more detail, mice carrying a loxP flanked N-WASP allele were generated using gene 

targeting in embryonic stem cells and the Cre/loxP recombination system. N-WASPflox/flox mice allow 

the conditional inactivation of the N-WASP gene by Cre recombinase mediated deletion in a tissue 

specific and temporally controlled manner. The N-WASP gene was disrupted in the mouse germline, 

which led to embryonic lethality between embryonic day E11.5 and E12.5. Mutant embryos displayed 

broad developmental abnormalities, developmental delay and reduced growth. Analyses of lack of 

N-WASP function in immune cells did not reveal any contribution of N-WASP to the development 

and function of various immune cell populations, presumably due to compensatory action of WASP, 

the hematopoietic specific homologue, in these cells. To elucidate the role of N-WASP at the cellular 

level, embryonic fibroblasts from N-WASPflox/flox mice were immortalized and various N-WASP-

defective cell lines were selected upon transient expression of Cre recombinase in N-WASPflox/flox 

precursor cell lines. These N-WASP-defective fibroblasts showed no apparent morphological 

alterations and were highly responsive to the induction of filopodia by microinjection of constitutively 

active Cdc42, but failed to support the intracellular motility of Shigella flexneri. Reconstitution 

experiments using GFP-tagged N-WASP and various GFP-N-WASP mutants revealed a recruitment 

mechanism independent of the CRIB domain and Cdc42 and instead revealed two recruitment 

domains, one in the GBD and a second within the first 154 residues of the amino-terminus. In 

addition, enteropathogenic and enterohemorrhagic Escherichia coli were incapable of inducing the 

formation of actin pedestals in N-WASP-defective cells. In reconstitution experiments, N-WASP 

recruitment and EPEC pedestal formation was shown to be independent of small Rho family GTPases 

and the CRIB domain, but to be mediated by a recruitment domain in the amino-terminal half of 

N-WASP.  

These results prove the essential role of N-WASP for actin cytoskeletal changes induced by these 

bacterial pathogens in vivo and in addition show for the first time that N-WASP is dispensable for 

filopodia formation. Furthermore, several observations in mice and cells upon disruption of the 

N-WASP gene suggested that the cellular function of N-WASP may be linked to endocytosis and 

vesicle trafficking. 
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6 Zusammenfassung 

Das ubiquitär exprimierte N-WASP Protein aktiviert den Aktinfilament-Nukleator Arp2/3 Komplex in 

Abhängigkeit von Signaltransduktionsvorgängen und spielt damit eine Schlüsselrolle in der 

Regulation des Aktinzellskeletts. Um die Funktion des N-WASP Proteins genauer zu untersuchen, 

wurden durch gezielte Mutagenese mittels homologer Rekombination in embryonalen Stammzellen 

Mäuse hergestellt, die ein mit loxP Erkennungsstellen flankiertes N-WASP Allel tragen und die damit 

eine gewebsspezifische und zeitlich kontrollierte Inaktivierung des N-WASP Gens in Abhängigkeit 

der Cre Rekombinase erlauben. Um die Rolle von N-WASP während der Embryonalentwicklung zu 

erforschen, wurde das N-WASP Gen in der Keimbahn der Maus inaktiviert, was zum Absterben der 

betroffenen Embryonen zwischen den Embryonaltagen E11,5 und E12,5 führte. Die N-WASP 

defizienten Embryonen zeigten viele Abnormalitäten und waren in ihrer Entwicklung zurückgeblieben 

und kleiner. Demgegenüber zeigten Untersuchungen zur Entwicklung und Funktion von N-WASP 

defizienten Immunzellen keine Veränderungen, vermutlich da das hämatopoetisch exprimierte 

Homolog WASP die fehlende N-WASP Funktion kompensieren kann. Um die Funktion von N-WASP 

auf zellulärer Ebene zu analysieren, wurden embryonale Fibroblasten von N-WASPflox/flox Mäusen 

immortalisiert und mehrere N-WASP-defekte Zelllinien nach transienter Expression der Cre 

Rekombinase selektiert. Diese N-WASP-defekten Zellen zeigten keine auffälligen morphologischen 

Veränderungen, vor allem war auch die durch konstitutiv aktives Cdc42 induzierte Ausbildung von 

Filopodien durch das Fehlen von N-WASP nicht beeinträchtigt. N-WASP defekte Zelllinien 

ermöglichten allerdings keine intrazelluläre Fortbewegung des pathogenen Bakteriums Shigella 

flexneri mehr. In Versuchen, die Shigellenmotilität in N-WASP-defekten Zellen mit GFP-N-WASP 

Fusionsprotein und verschiedenen GFP-N-WASP Mutanten zu rekonstituieren, konnte gezeigt 

werden, dass N-WASP unabhängig von der CRIB Domäne an die Shigellen rekrutiert wird und Rho 

GTPasen nicht zur Rekrutierung und Motilität beitragen. Weiterhin konnten enteropathogene und 

enterohämorrhagische Escherichia coli in N-WASP-defekten Zellen keine Aktinpodeste mehr 

induzieren. Rekonstitutionsanalysen der Aktinpodestausbildung durch EPEC mit den GFP-N-WASP 

Fusionsproteinen zeigten, dass auch hier die Rekrutierung und Podestbildung unabhängig von der 

CRIB Domäne und Rho GTPasen stattfindet, und dass N-WASP über eine im Aminoterminus 

liegende Rekrutierungsdomäne zu den Anheftungsstellen dieser Bakterien rekrutiert wird.  

Diese Resultate zeigen die essentielle Rolle des N-WASP Proteins in den von diesen Pathogenen 

induzierten Reorganisationsvorgängen des Aktinzellskeletts in vivo und beweist zudem zum ersten 

mal, dass, zumindest in diesen Fibroblasten, N-WASP für eine Ausbildung von Filopodien nicht 

notwendig ist. Weitere Beobachtungen in Mäusen und Zellen nach Inaktivierung des N-WASP Gens 

deuten ausserdem auf eine mögliche Rolle von N-WASP in Vorgängen der Endocytose und des durch 

Aktinpolymerisation angetriebenen Vesikeltransports hin. 
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8 Appendix 

Mus musculus mRNA for N-WASP protein AJ318416 
gi|15706271|emb|AJ318416.1|MMU318416[15706271] 

 
 
ID   MMU318416  standard; RNA; MUS; 1642 BP. 
XX 
AC   AJ318416; 
XX 
SV   AJ318416.1 
XX 
DT   18-SEP-2001 (Rel. 69, Created) 
DT   18-SEP-2001 (Rel. 69, Last updated, Version 1) 
XX 
DE   Mus musculus mRNA for N-WASP protein 
XX 
KW   N-WASP gene; N-WASP protein. 
XX 
OS   Mus musculus (house mouse) 
OC   Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; Mammalia; 
OC   Eutheria; Rodentia; Sciurognathi; Muridae; Murinae; Mus. 
XX 
RN   [1] 
RP   1-1642 
RA   Lommel S.; 
RT   ; 
RL   Submitted (26-JUN-2001) to the EMBL/GenBank/DDBJ databases. 
RL   Lommel S., Institute for Genetics, University of Cologne, Weyertal 121, 
RL   Koeln, 50931, GERMANY. 
XX 
RN   [2] 
RA   Lommel S., Benesch S., Rottner K., Franz T., Wehland J., Kuehn R.; 
RT   "Actin pedestal formation by enteropathogenic Escherichia coli and 
RT   intracellular motility of Shigella flexneri are abolished in 
RT   N-WASP-defective cells"; 
RL   EMBO Reports 2:850-857(2001). 
XX 
FH   Key             Location/Qualifiers 
FH 
FT   source          1..1642 
FT                   /db_xref="taxon:10090" 
FT                   /organism="Mus musculus" 
FT                   /strain="C57Bl/6" 
FT                   /tissue_type="brain" 
FT   CDS             71..1576 
FT                   /evidence=EXPERIMENTAL 
FT                   /gene="N-WASP" 
FT                   /product="N-WASP protein" 
FT                   /function="activator of the Arp2/3 complex" 
FT                   /protein_id="CAC69994.1" 
FT                   /translation="MSSGQQPPRRVTNVGSLLLTPQENESLFSFLGKKCVTMSSAVVQL 
FT                   YAADRNCMWAKKCSGVACLVKDNPQRSYFLRIFDIKDGKLLWEQELYNNFVYNSPRGYF 
FT                   HTFAGDTCQVALNFANEEEAKKFRKAVTDLLGRRQRKSEKRRDAPNGPNLPMATVDIKN 
FT                   PEITTNRFYGSQVNNISHTKEKKKGKAKKKRLTKADIGTPSNFQHIGHVGWDPNTGFDL 
FT                   NNLDPELKNLFDMCGISEAQLKDRETSKVIYDFIEKTGGVEAVKNELRRQAPPPPPPSR 
FT                   GGPPPPPPPPHSSGPPPPPARGRGAPPPPPSRAPTAAPPPPPPSRPGVVVPPPPPNRMY 
FT                   PPPPPALPSSAPSGPPPPPPPSMAGSTAPPPPPPPPPPPGPPPPPGLPSDGDHQVPAPS 
FT                   GNKAALLDQIREGAQLKKVEQNSRPVSCSGRDALLDQIRQGIQLKSVSDGQESTPPTPA 
FT                   PTSGIVGALMEVMQKRSKAIHSSDEDEDDDDEEDFEDDDEWED" 
XX 
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SQ   Sequence 1642 BP; 474 A; 439 C; 356 G; 373 T; 0 other; 
     gagtgggacc cgagtgctcg cccgccgcca gaagtgacga ccctggacgc tccaccccac        60 
     cggcgacacc atgagctcgg gccagcagcc cccgcggagg gtcaccaacg tgggctccct       120 
     gctgctcacc ccgcaagaga acgagtctct cttctccttc ctcggcaaga aatgtgtgac       180 
     tatgtcttca gcagtggtgc agttgtatgc agcagatcgg aactgtatgt gggcaaagaa       240 
     gtgcagtggt gtcgcttgtc tggttaagga caatcctcag agatcttatt ttttaagaat       300 
     atttgacatt aaggatggga aattactgtg ggaacaagag ctatacaata actttgtata       360 
     taatagtcct agaggatatt ttcatacctt tgctggagat acttgtcaag tagctcttaa       420 
     ttttgccaat gaagaagaag caaaaaagtt ccgaaaagca gttacagacc tgttgggccg       480 
     acgacaaagg aaatctgaaa aaagacgaga tgctccaaat ggtcccaatc tacccatggc       540 
     tacagttgac ataaaaaatc cagaaatcac aacaaataga ttttatggtt cacaagtcaa       600 
     caacatctcc cacaccaaag aaaagaagaa aggaaaagct aaaaagaaga gattaaccaa       660 
     ggcagatatt ggaacaccaa gtaatttcca gcacattggg catgttggat gggatccaaa       720 
     tacaggtttt gatctaaata atttggatcc agaattaaag aatctttttg atatgtgtgg       780 
     gatctctgag gcccagctta aagacagaga aacatcaaaa gttatttatg actttattga       840 
     aaaaacagga ggtgtagaag ctgttaaaaa cgaactccga agacaagcac caccaccacc       900 
     tccaccctcg agaggaggac ctccccctcc tcctccccct cctcatagct caggtcctcc       960 
     tccccctcct gcccgaggaa ggggggctcc tcctccccca ccttcaagag ctcctactgc      1020 
     tgcacctcca cctccacctc cttctaggcc tggtgttgtt gttcctccgc cccctccaaa      1080 
     caggatgtac cctcctccac caccagcgct gccctcttca gcaccttcag gccctccacc      1140 
     acctccacct ccatctatgg cagggtccac agcaccacca cctcctcctc cacctccgcc      1200 
     cccaccaggg ccaccacctc cccctggcct gccttctgat ggtgaccatc aagttccagc      1260 
     tccttcagga aacaaagcag ctcttttgga tcaaattaga gagggtgctc agctgaaaaa      1320 
     agtggaacag aatagccggc ccgtgtcctg ctcaggaagg gatgcgcttt tagaccagat      1380 
     acgacagggc attcaattga aatctgtgtc tgatggccaa gagtccacac caccaacacc      1440 
     cgcacccact tcaggaattg tgggtgcgct gatggaagtg atgcagaaaa ggagcaaagc      1500 
     cattcattcc tcagatgaag atgaagacga tgatgatgaa gaagattttg aggatgatga      1560 
     tgagtgggaa gactgatcta tatattatat atatatattt ttaaggtgaa atactaaaca      1620 
     ctacttcctg tctattgatc tg                                               1642 
// 
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Alignment of murine (mur), rat, bovine (bov), human (hum) N-WASP and human WASP proteins. 
            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

         *        20         *        40         *

MSSGQQ--------PPRRVTNVGSLLLTPQENESLFSFLGKKCVTMSSAV

MSSGQQ--------PPRRVTNVGSLLLTPQENESLFSFLGKKCVTMSSAV

MSSGQQQPP-----PPRRVTNVGSLLLTPQENESLFTFLGKKCVTMSSAV

MSSVQQQPP-----PPRRVTNVGSLLLTPQENESLFTFLGKKCVTMSSAV

MSGGPMGGRPGGRGAPAVQQNIPSTLLQDHENQRLFEMLGRKCLTLATAV

                                                  

      

      

 :  42

 :  42

 :  45

 :  45

 :  50

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

        60         *        80         *       100

VQLYAADRN--CMWAKKCSGVACLVKDNPQRSYFLRIFDIKDGKLLWEQE

VQLYAADRN--CMWSKKCSGVACLVKDNPQRSYFLRIFDIKDGKLLWEQE

VQLYAADRN--CMWSKKCSGVACLVKDNPQRSYFLRIFDIKDGKLLWEQE

VQLYAADRN--CMWSKKCSGVACLVKDNPQRSHFLRIFDIKDGKLLWEQE

VQLYLALPPGAEHWTKEHCGAVCFVKDNPQKSYFIRLYGLQAGRLLWEQE

                                                  

      

      

 :  90

 :  90

 :  93

 :  93

 : 100

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

         *       120         *       140         *

LYNNFVYNSPRGYFHTFAGDTCQVALNFANEEEAKKFRKAVTDLLGRR-Q

LYNNFVYNSPRGYFHTFAGDTCQVALNFANEEEAKKFRKAVTDLLGRR-Q

LYNNFVYNSPRGYFHTFAGDTCQVALNFANEEEAKKFRKAVTDLLGRR-Q

LYNNFVYNSPRGYFHTFAGDTCQVALNFANEEEAKKFRKAVTDLLGRR-Q

LYSQLVYSTPTPFFHTFAGDDCQAGLNFADEDEAQAFRALVQEKIQKRNQ

                                                  

      

      

 : 139

 : 139

 : 142

 : 142

 : 150

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

       160         *       180         *       200

RKS--------------EKRR------------D---APNGP-NLPMATV

RKS--------------EKRR------------D---APNGP-NLPMATV

RKS--------------EKRR------------D---PPNGP-NLPMATV

RKS--------------EKRR------------D---PPNGP-NLPMATV

RQSGDRRQLPPPPTPANEERRGGLPPLPLHPGGDQGGPPVGPLSLGLATV

                                                  

      

      

 : 159

 : 159

 : 162

 : 162

 : 200

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

         *       220         *       240         *

DIKNPEITTNRFYGSQVNNISHTKEKKKGKAKKKRLTKADIGTPSNFQHI

DIKNPEITTNRFYSSQVNNISHTKEKKKGKAKKKRLTKADIGTPSNFQHI

DIKNPEITTNRFYGPQINNISHTKEKKKGKAKKKRLTKADIGTPSNFQHI

DIKNPEITTNRFYGPQVNNISHTKEKKKGKAKKKRLTKGDIGTPSNFQHI

DIQNPDITSSRYRGLPAPGPSPADKKRSG---KKKISKADIGAPSGFKHV

                                                  

      

      

 : 209

 : 209

 : 212

 : 212

 : 247

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

       260         *       280         *       300

GHVGWDPNTGFDLNNLDPELKNLFDMCGISEAQLKDRETSKVIYDFIEKT

GHVGWDPNTGFDLNNLDPELKNLFDMCGISEAQLKDRETSKVIYDFIEKT

GHVGWDPNTGFDLNNLDPELKNLFDMCGISEAQLKDRETSKVIYDFIEKT

GHVGWDPNTGSDLNNLDPELKNLFDMCGILEAQLKERETLKVIYDFIEKT

SHVGWDPQNGFDVNNLDPDLRSLFSRAGISEAQLTDAETSKLIYDFIEDQ

                                                  

      

      

 : 259

 : 259

 : 262

 : 262

 : 297
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murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

         *       320         *       340         *

GGVEAVKNELRRQ--APPPPPPSRGGPPPPPPPPHSSGPPPPPARGRGAP

GGVEAVKNELRRQ--APPPPPPSRGGPPPPPPPPHSSGPPPPPARGRGAP

GGVEAVKNELRRQ--APPPPPPSRGGPPPPPPPPHSSGPPPPPARGRGAP

GGVEAVKNELRRQ--APPPPPPSRGGPPPPPPPPHSSGPPPPPARGRGAP

GGLEAVRQEMRRQEPLPPPPPPSRGGNQLPRPPIVGGN------KGRSGP

                                                  

      

      

 : 307

 : 307

 : 310

 : 310

 : 341

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

       360         *       380         *       400

PPPPSRAPTAAPPPPPPSRPGVVVPPPPPNRMYPPPPPALPSSAPSGPPP

PPPPSRAPTAAPPPPPPSRPGVVVPPPPPNRMYPPPPPALPSSAPSGPPP

PPPPSRAPTAAPPPPPPSRPGVGAPPPPPNRMYPPPLPALPSSAPSGPPP

PPPPSRAPTAAPPPPPPSRPSVEVPPPPPNRMYPPPPPALPSSAPSGPPP

-LPP--VPLGIAPPPPTPRG-----PPPPGRGGPPPPPP-PATGRSGPLP

                                                  

      

      

 : 357

 : 357

 : 360

 : 360

 : 382

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

         *       420         *       440         *

PPP-PSMAGSTAPPPPPPPPPPP----GPPPPPGLPSDGDHQVPAPSGNK

PPP-LSMAGSTAPPPPPPPPPPP----GPPPPPGLPSDGDHQVPASSGNK

PPPPLSVSGSVAPPPPPPPPPPP----GPPPPPGLPSDGDHQVPTPAGSK

PPPSVLGVGPVAPPPPPPPPPPP----GPPPPPGLPSDGDHQVPTTAGNK

PPP-PGAGGPPMPPPPPPPPPPPSSGNGPAPPP-LPP---ALVPAG-G--

                                                  

      

      

 : 402

 : 402

 : 406

 : 406

 : 424

      

            

            

murN-WASP : 

ratN-WASP : 

bovN-WASP : 

humN-WASP : 

humWASP   : 

            

                                                  

       460         *       480         *       500

AALLDQIREGAQLKKVEQNSRPVSCSGRDALLDQIRQGIQLKSVSDGQES

AALLDQIREGAQLKKVEQNSRPVSCSGRDALLDQIRQGIQLKSVSDGQES

AALLDQIREGAQLKKVEQNSRPVSCSGRDALLDQIRQGIQLKSVTDAPES

AALLDQIREGAQLKKVEQNSRPVSCSGRDALLDQIRQGIQLKSVADGQES

------LAPGG---------------GRGALLDQIRQGIQLNKTPGAPES

                                                  

      

      

 : 452

 : 452

 : 456

 : 456

 : 453
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