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Abstract

Receptor-mediated signal transduction requires the assembly of multimeric 
complexes of signalling proteins. A number of conserved protein domains, such as 
the SH2, SH3 and PH domains, are involved in mediating specific protein-protein 
interactions in such complexes. The identification of binding partners for these 
domains has added considerably to our understanding of signalling pathways and the 
aim of this work was to identify such binding proteins for the c-Src family of 
cytoplasmic protein tyrosine kinases, in haematopoietic cells.

Affinity chromatography experiments were performed using domains from the c-Src 
family members as fusion proteins with glutathione S-transferase, to search for SH2 
and SH3 binding proteins in the human monoblastic leukaemic cell line, U937. 
Protein microsequencing identified one of the SH3 binding proteins as WASP, the 
protein defective in Wiskott-Aldrich syndrome (WAS) and isolated X-linked 
thrombocytopenia. WAS is an X-linked recessive condition characterised by severe 
eczema, recurrent infections, thrombocytopenia, impaired humoral and cellular 
immunity and increased susceptibility to lymphoid malignancies.

WASP bound preferentially in vitro to SH3 domains from c-Src family kinases and its 
expression was restricted to cells of haematopoietic lineages. WASP and various 
protein kinases were expressed in insect cells using the baculovirus expression 
system, and co-expression experiments demonstrated a specific interaction between 
WASP and Fyn in insect cells. A WASP-Fyn complex was also observed in U937 
cells. Additional biochemical studies on the WASP-Fyn interaction revealed that 
WASP is tyrosine phosphorylated when co-expressed with Fyn in insect cells and 
under these conditions WASP could stimulate the tyrosine kinase activity of Fyn. In 
vivo phosphorylation of WASP was also observed in a human T-cell line, and data 
from U937 cells engineered to overexpress WASP, suggest that WASP may stimulate 
tyrosine kinase activity in the cell. Finally, analysis of the subcellular localisation of 
WASP in U937 cells using immunocytochemistry with confocal microscopy, showed 
co-localisation of WASP with Fyn and a-tubulin.

Haematopoietic cells from individuals with WAS exhibit defects in cell morphology 
and signal transduction. Members of the c-Src family of protein tyrosine kinases, 
including Fyn are involved in a range of signalling pathways, including those 
regulating cytoskeletal structure. These data suggest that binding of Fyn to WASP 
may be a critical event in such signalling pathways in haematopoietic cells.
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INTRODUCTION



Chapter 1: Introduction

1.1 GENERAL INTRODUCTION

1.1.1 Signal Transduction
The activity of all cells is controlled by external signals that elicit intracellular 
responses. Extracellular signals, such as hormones and growth factors, are received at 
the surface of the cell by receptors, which are then converted into intracellular signals 
that ultimately alter gene expression in the nucleus or result in cytoskeletal changes. 
The transmission of the signal from plasma membrane to its target, occurs via a 
cascade of interacting signal proteins in the cell and is known as signal transduction. 
These complex interacting pathways co-ordinate the multifunctional cellular 
programs that control cell growth, differentiation, migration, activation, metabolism 
and survival (Brugge, 1993; Mayer and Baltimore, 1993). Moreover, many tumour- 
promoting genes have been shown to encode proteins that are involved in cell growth 
signalling pathways (Cantley et a l, 1991).

One the most crucial post-translational modifications, necessary in regulating signal 
transduction pathways, is protein phosphorylation. Phosphorylation has been 
implicated in the regulation of binding and protein-protein interaction, the regulation 
of activity, and intracellular localisation, for enzymes, transcription factors and 
structural proteins. The first reports that enzyme activity could be regulated by 
phosphorylation appeared in 1955 (Fischer and Krebs, 1955; Sutherland and Wosilait, 
1955), while in 1959 an enzyme that could catalyse phosphorylation was reported 
(Krebs et al., 1959). This was phosphorylase kinase, which was found to 
phosphorylate phosphorylase on serine and threonine residues (Krebs et al., 1959). It 
was more recently demonstrated, that the oncogenic v-Src protein kinase, 
phosphorylated proteins on tyrosine residues (Hunter and Sefton, 1980). This 
discovery resulted in the subsequent identification of almost 100 protein tyrosine 
kinases (PTKs), found in multicellular eukaryotic organisms as well as in 
invertebrates and plants, with probably many more left to be discovered. It is now 
thought that tyrosine phosphorylation may be the primary indicator of signal 
transduction in multicellular organisms. Furthermore, the importance of PTKs is 
strengthened by the observation that mutated PTKs, like v-Src, result in aberrant cell 
behaviour such as malignant transformation, therefore providing a close relationship 
between PTKs and tumourigenesis. The phosphorylation of proteins on tyrosine 
residues has been found to regulate enzyme activity and facilitate the assembly of



protein complexes in signalling pathways. Therefore, uncontrolled signalling through 
these kinases can lead to diseases such as cancer and disorders of the immune 
systems, making them an interesting and important area for study in addition to being 
potential targets for drug design (Brugge, 1993; Levitzki and Gazit, 1995).

1.1.2 Protein tyrosine kinases
Many of the earliest known PTKs were discovered by direct protein purification (e.g. 
epidermal growth factor receptor) or as a result of being transduced by oncogenic 
retroviruses (e.g. c-Src). There has been a recent surge however, in the number of 
known protein kinases, largely due to the application of gene cloning and sequencing 
techniques, where conserved regions of DNA sequence were used as probes to screen 
cDNA or genomic libraries, or to design primers for PCR amplification of related 
mRNAs (Kawakami et a i, 1986; Kruh et al., 1986; Semba et al., 1986; Quintrell et 
al., 1987).

PTKs can be categorised as belonging either to the receptor or the non-receptor class 
of PTKs, by virtue of whether they possess or lack the extracellular ligand-binding 
and transmembrane domains of receptors. Receptor PTKs, such as the platelet- 
derived growth factor and insulin receptors, serve to transmit signals in response to 
the binding of ligands. They are activated by ligand binding to the extracellular 
domain which induces receptor dimérisation and transactivation within the 
intracellular domain of PTK activity towards intracellular substrates, and finally 
results in induction of cell growth or differentiation (Fry et al., 1993; Panayotou and 
Waterfield, 1993). Non-receptor PTKs can also function in receptor-mediated 
transmembrane signalling, either by transducing and amplifying signals received by 
receptor PTKs or by acting as subunits of receptors that lack intrinsic PTK activity, 
such as the T-cell receptor (Weiss, 1993; Cambier and Jensen, 1994; Howe and 
Weiss, 1995). These two classes of protein tyrosine kinases have been further divided 
into families based on sequence and structure similarities (van der Geer et al., 1994; 
Hanks and Hunter, 1995). Families of receptor PTKs are catalogued in van der Geer 
et al., (1994) and this chapter will discuss on the non-receptor class. Table 1.1 shows 
the families of known vertebrate non-receptor PTKs and Figure 1.1 illustrates their 
structures. The c-Src protein tyrosine kinase and its related family enzymes have 
proven to represent the oldest and largest known family of non-receptor PTKs and it 
is this family that I have chosen to study.



c-Src Tec Syk Auk
c-Src Tec Syk Auk
c-Yes Itk (Tsk, Emt) Zap70 Pyk1
Fyn Btk (Atk, Bpk, Emb)
Yrk Bmx Jak
Lck Jak1
Lyn c-AbI Jak2
c-Fgr c-AbI Jak3
Hck Arg Tyk2
BIk

c-Fes Fak
Csk c-Fes (c-Fps) Fak
Csk Fer Pyk2
Ctk (Hyl, Lsk, Matk, Ntk)

Table 1.1. Vertebrate non-receptor PTK families.
Alternative names are given in brackets (Taken from Neet and Hunter, 1996).
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PTK catalytic domain SH2 domain SH3 domain

Figure 1.1. Structures of non-receptor PTKs. The domain structure of each non-receptor PTK family is 
shown. SH2, SH3 and kinase domains are shown in coloured boxes indicated above. Other domains are 
indicated in writing. ‘Y’ indicates a conserved catalytic domain tyrosine (equivaent to c-Src Tyr 416); 
Tyrosine-527 is indicated for c-Src; ‘M ’ indicates a myristoylation site; and nls is a nuclear localisation signal.



1.2 THE C-SRC FAMILY

At the beginning of this century, Peyton Rous reported that a virus, Rous sarcoma 
virus (RSV), caused fibrosarcomas in chickens (reviewed in Brickell, 1992). In time 
it was shown that this property was due to the presence within the RSV genome of a 
viral oncogene v-src. This gene was found to be derived from a normal cellular gene 
(c-src) transduced by the virus, which was subsequently shown to encode a protein 
tyrosine kinase (Hunter and Sefton, 1980). c-Src, the product of the first molecularly 
defined proto-oncogene and first protein tyrosine kinase discovered, has provided a 
paradigm for the understanding of PTKs and since its discovery other homologous 
proteins have been identified, encoded by a family of nine known genes. These 
genes, c-src, c-fgr, c-yes, fyn, lck, lyn, hck, blk and yrk, are listed in Table 1.2 and are 
reviewed by a number of people (Bolen et al., 1991; Brickell, 1992; Bolen, 1993; 
Mustelin and Burn, 1993; Erpel and Courtneidge, 1995; Superti Furga and 
Courtneidge, 1995; Brickell, 1996). c-Yes and c-Fgr were also discovered as 
transforming proteins, c-Yes in the avian Y73 sarcoma virus as a product of 
transduced viral oncogene (Yoshida et al., 1980), and c-Fgr as the product of the 
oncogene of Gardneer-Rasheed feline sarcoma virus (Rasheed et al., 1982; Naharro et 
al., 1983; Naharro et al., 1984). Lck was originally isolated from a murine T-cell 
lymphoma line and its cDNA clone isolated using a conserved peptide from v-Src 
(Casnellie et al., 1984; Perlmutter et al., 1988; Sefton, 1991). In comparison, the 
genes hck (Quintrell et al., 1987), fyn (Kawakami et al., 1986), lyn (Yamanashi et al., 
1987) and blk (Dymechi et a l, 1990) were all isolated as a result of screening cDNA 
libraries with probes derived from other known c-Src family viral oncogenes. Yrk 
was recently discovered as a chicken gene with no mammalian homologue identified 
as yet (Sudol et al., 1993).

These past few years have witnessed significant breakthroughs, not only in the 
knowledge of the structure and expression of these family members, but in the 
understanding of how their activity is regulated, the molecules with which they 
associate, and their roles in biochemical signal transduction pathways and their 
involvement in a range of biological situations. Mutations can lead to deregulation of 
their kinase activity resulting in transformation, which underscores the importance of 
tyrosine phosphorylation in the regulation of essential cellular functions and possibly 
provides a greater understanding of oncogenesis (Rodrigues and Park, 1994).



Gene Molecular mass of protein (kDa)

c-src 60 (3 forms)
c-yes 62
fyn 59 (T and B forms)
yrk 60
lck 56
lyn 53, 56
c-fgr 55
hck 59
blk 55

Table 1.2. The c-Src family.
Different protein iso forms are due to alternative mRNA splicing.

platelet monocyte granulocyte T-cell B-cell natural killer cell

c-src + + +
c-yes + + +
fyn + + + + +
yrk +
lck + +
lyn + + + + +
c-fgr + + + +
hck + + +
blk + + +

Table 1.3. Expression of c-src gene family in haematopoietic lineages
Cross indicates the expression of protein encoded by c-src family gene has been found in cell type (Bolen, 1991; 
Brickell, 1996; Mustelin, 1993 ).



1.2.1 Patterns of gene expression
Knowledge of the tissue and intracellular distribution of these proteins has been 
useful in speculating about their probable functions. Although each member of the c- 
Src family has its own distinct pattern of expression, the proteins do fall into two 
classes: those found in a broad range of tissue types, namely c-Src, Fyn, c-Yes and 
Yrk, and those whose expression is restricted to cells of specific haematopoietic 
lineages, namely Blk, c-Fgr, Hck, Lck and Lyn. Table 1.3 lists the expression of the 
c-Src family members in selected cells of haematopoietic origin.

c-Src is expressed in platelets (Golden and Brugge, 1989), osteoclasts (Horne et al., 
1992) and in the embryonic and adult nervous system (Ross et a l, 1988). Two splice 
variants of Fyn exist: Fyn (T) which is found in T-cells and Fyn (B), found primarily 
in brain, though expression has been observed in lymphocytes, monocytes, platelets, 
fibroblasts, endothelial cells and neurons. The c-Yes kinase is expressed in many 
tissues including liver, lung, brain, placenta, platelets, skin, kidney and spermatid 
acrosomes, while Yrk expression has been observed in haematopoietic and neural 
tissue (Sudol et al., 1993). Since many members are most strongly expressed in cells 
with a more mature phenotype (e.g. c-Fgr in differentiated monocytes and Lyn in 
mature B-cells), it has been suggested that the roles of the c-Src family kinases, 
although diverse, lie primarily in regulating the function of terminally differentiated 
cells, such as phagocytosis or exocytosis, rather than in regulating cell division 
(Brickell, 1992).

1.2.2. Structural features of the c-Src family kinases
c-Src encodes a 60 kDa protein kinase and c-Src family members share the basic 
architecture illustrated in Figure 1.2 for c-Src. The proteins are remarkably 
homologous, sharing 60-75% amino acid identity over all but the first 60-90 residues. 
The conserved regions can be divided into five sequence blocks. From the N- 
terminus these are: the extreme amino-terminal myristoylation signal, the Src 
Homology 3 (SH3) and SH2 domains, the kinase (SHI) domain and the C-terminal 
non-catalytic tail. These proteins also contain two conserved tyrosine (Tyr) residues, 
one within the kinase domain and the other in the carboxy-terminus, which are both 
targets for phosphorylation. The above structural similarities allow for common 
methods of regulation for the c-Src family of PTKs. The SHI, SH2 and SH3 domains 
are not found exclusively in this family and function in a broad range of signalling 
and structural proteins (Figures 1.1 and 1.3).
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Figure 1.2. Structural features of c-Sre.
The postions and functions o f  the conserved regions in c-Src family PTKs, are shown for c-Src. The amino-terminal region is diverged amongst members 
(UNIQUE), although a conserved glycine residue is present at position 2 and is a site for myristoylation and hence membrane localisation. SH3 and SH2 
domains function in negative regulation o f  the PTK and mediate protein-protein interactions (see text). The SHI or kinase domain contains a conserved 
tyrosine residue which is a site for autophosphorylation. The carboxyl-terminal tail (TAIL) contains a tyrosine phosphorylation site for Csk and is involved 
in intramolecular binding necessary for negative regulation o f kinase activity. More details in text.



c-Src

PLCy

PI3K p85a 

PTP1C 

Grb2 

She

Nek

a-spectrin

Figure 1.3. Structures of selected proteins with SH2 and/or SH3 domains.
PLCy, phospholipase Cy; PI3K p85a, regulatory subunit o f PI 3-kinase; PTPIC , phosphotyrosine 
phosphatase 1C; Grb2, She and Nek are adaptor proteins and a-spectrin is a cytoskeletal protein. 
SH2 domain, green box; SH3 domain, blue box. Other protein domains such as PH, PTB and 
catalytic domains are not shown.



Biochemical, mutational and structural studies on regions in c-Src, in particular, the 
prototype for this family, have lead to a good understanding of the functions of these 
domains. Their structures, their interactions with other molecules in the cell and their 
role in regulating PTK activity and hence their transforming potential, are discussed 
below (reviewed in Brown and Cooper, 1996).

1.2.2.1 The unique amino-terminal region
Although the amino-terminal regions of the c-Src kinases are highly diverged, they do 
all contain a conserved glycine residue at position 2. In c-Src, v-Src and other 
members, this glycine has been demonstrated to be the site for myristoylation and 
hence anchorage of the protein to the plasma membrane where these kinases are 
predominately located (Resh, 1990). In order for effective signal transmission by Fyn 
and Lck kinases, these proteins need to be located at the membrane in cells (Spencer 
et al., 1995). After translation, the initiator methionine is removed and a 14 carbon 
saturated fatty acid, myristic acid, is attached co-translationally to the amino group of 
glycine via an amide bond in a reaction catalysed by N-myristyl transferase (NMT) 
(Gordon et al., 1991). Mutation of the glycine residue, which acts as an acceptor and 
is essential for recognition by this enzyme, results in v-Src variants that are no longer 
myristoylated and do not associate with cellular membranes or transform cells, 
although kinase activity still remains (Kamps et al., 1985). Furthermore, mutagenesis 
of the N-terminal region of v-Src, has clearly established that amino acids 1-7, with a 
serine or threonine at position 5 (Resh, 1990), are required for this myristoylation and 
hence attachment of these proteins to the inner surface of the plasma membrane 
(Pellman et al., 1985). However, further studies showed that myristate and indeed 
these 7 amino acids, although crucial for membrane attachment, are not sufficient and 
some myristoylated c-Src molecules are found in the cytosol. It is now apparent that 
additional information is required for the interaction of v-Src with the plasma 
membrane and while the first 7 residues can direct myristoylation, amino acids 2-14 
are required for membrane binding (Pellman et al., 1985; Resh, 1994). There is also 
some evidence demonstrating that a "receptor" protein is necessary for mediating c- 
Src membrane binding and that binding is not merely a consequence of hydrophobic 
reactions (discussed in Resh, 1990).

Palmitoylation may also be another means to enhance membrane association of 
myristoylated proteins (Resh, 1994). c-Src members, except c-Src itself and Blk, 
show homology to a Met-Gly-Cys motif at their first three residues, which is a 
common motif for post-translational palmitoylation (Koegl et al., 1994b). Koegl et 
al., (1994b) showed that in addition to being myristoylated, Fyn, c-Yes and Lck are 
palmitoylated. Using site-directed mutagenesis, they showed that the N-terminal
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cysteine is the acceptor for palmitate (Koegl et aL, 1994b). Instead, c-Src and Blk 
have basic residues in this region which may contribute to membrane association by 
interacting with negatively charged membrane phospholipids. Myristoylated v-Src 
has been found to associate with two phosphoproteins, p50 and hsp 90 (heat shock 
protein 90) which act as chaperones and facilitate the folding and transport of v-Src to 
cell membranes (Resh, 1990).

The amino-terminal regions of many c-Src PTKs can be phosphorylated on 
serine/threonine residues. c-Src can be phosphorylated on several serine and 
threonine residues in this region during mitosis by cyclins, and this facilitates 
activation of the kinase by allowing dephosphorylation of the C-terminal tyrosine 
residue (reviewed in Taylor and Shalloway, 1993). Serine 17 and serine 12 in c-Src, 
are also sites for phosphorylation by cyclic AMP-dependent protein kinase and 
protein kinase C, respectively (Taylor and Shalloway, 1993).

Finally, it is still not clear whether there is a conserved folded structure for this highly 
diverged region. However, the variability in the N-terminal domain of c-Src kinases 
can allow important specific protein-protein interactions necessary for subcellular 
localisation or substrate recognition. In support of this notion, studies on Lck, Fyn 
and c-Fgr have shown that their unique regions bind to specific molecules necessary 
for their function. This amino-region mediates binding of Lck to CD4 and CDS 
surface membrane glycoproteins (Turner et al., 1990), of Fyn to the T-cell receptor 
(Timson Gauen et al., 1992) (see Sections 1.2.4.2) and of c-Fgr to the FcyRII receptor 

(Hamada et al., 1993). In view of these important interactions, the amino-terminal 
domain may well be important in other c-Src family members for specific interactions 
necessary for their localisation, regulation, or function.

1.2.2.2 The SH3 domain
The SH3 domain of c-Src is considered to extend from residue 86 to 136, and 
represents a conserved protein domain, present in many signalling and cytoskeletal 
proteins. These include PLC-y, the p85 subunits of PI 3-kinase and subunits of the 

neutrophil cytochrome oxidase, adaptor proteins such as c-Crk, Nek and Grb2, and 
cytoskeletal proteins like a-spectrin and myosin-1 (Figure 1.3). SH3 domains have 

also been found in the yeast proteins Cdc25 and Ste6, which are involved in growth 
regulation, suggesting an evolutionary conserved function .

SH3 ligands have been discovered using various techniques discussed in Chapter 3. 
SH3 domains recognise specific proline-rich motifs, an observation that was first 
discovered in 3BP1, a protein which bound via a proline-rich sequence to the SH3
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domain from Abl PTK (Cicchetti et a l, 1992). Identification of other specific SH3- 
binding motifs have come from many studies, including mutagenesis of SH3-binding 
proteins (Ren et al., 1993); screening phage-display random peptide libraries 
(Cheadle et a l, 1994; Sparks et al., 1994; Sparks et al, 1996) and structural studies 
(Feng et a l, 1994; Musacchio et al., 1994a; Yu et a l, 1994).

The crystal structure of the SH3 domain of spectrin and the solution structures of SH3 
domains from c-Src, PLC-y and the PI 3-kinase subunit p85, have been described 

(Musacchio et a l, 1992; Yu et a l, 1992; Booker et al., 1993; Kohda et a l,  1993; 
Koyama et a l, 1993). The overall structures are very similar, with both termini in 
close proximity, indicating that SH3 domains are independent structures that can be 
inserted at different locations within a protein. The domain is made up of a p-barrel 
structure involving 5-8 p-strands with three variable loops (Figure 1.4). These are the 

RT and N-Src loops on the ligand-binding face of the domain and the distal loop on 
the opposite face. The proline-rich peptide binding surface of the SH3 domain is 
formed by conserved hydrophobic residues. Structural and mutagenic analysis of 
peptide-SH3 complexes show that peptides associated with SH3 domains adopt a left- 
handed polyproline type II helix, with three residues per turn. The core ligand 
appears to be Arg-X-X-Pro-X-X-Pro, where the arginine could form a salt bridge with 
an acidic residue in the RT loop of some SH3 domains (Feng et a l, 1994). Clearly, 
specific interactions outside the proline-rich core are important in SH3-binding (Feng 
et a l, 1995). Interestingly, SH3 peptides can bind in either orientation (Feng et a l,  
1994; Lim et a l, 1994) with the Arg residue located N- (Class I) or C-terminal (Class 
II) to the prolines, expanding the range of potential binding partners for SH3 domains. 
A more detailed discussion of specific SH3-binding motifs is provided in Chapter 8.

Many identified SH3-binding proteins, however, possess no apparent common 
functional feature and such heterogeneity makes it difficult to predict the putative 
ligand for each known SH3 domain. The SH3 domain has been implicated in 
intracellular localisation, substrate recognition, protein regulation including the 
regulation of PTK activity for c-Src members, and cytoskeletal organisation. These 
functional roles, together with established SH3-binding partners for c-Src PTKs, are 
discussed throughout this Chapter.

1.2.2.3 The SH2 domain
The SH2 domain of c-Src extends from residues 137 to 241 (Pawson, 1988). SH2 
domains have been identified in a diverse array of intracellular proteins, often in 
conjunction with an SH3 domain (reviewed in Pawson, 1995) SH2 domains are 
present in other kinases like Abl and Syk, signalling molecules such as PLC-y, Ras
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SH3 Kinase

SH2

Tail

Figure 1.4. Three-dimensional structure of c-Src domains.
The ribbon diagram shows the structure and organisation of the SH3 
(yellow), SH2 (green) and kinase (blue) domains o f c-Src in its inactive 
conformation, solved by X-ray crystallography (Xu et ai,  1997). The 
phosphorylated tail (purple) is bound to the SH2 domain and the linker 
connecting the SH2 and kinase domains is shown in red and forms a 
polyproline II helix in complex with the SH3 domain (see text).
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GTPase activating protein (RasGAP), and adaptor proteins including c-Crk, Nek, 
Grb2 and the p85 subunit of PI3-kinase (Figures 1.1 and 1.3). The SH2 domain was 
found to behave as a discrete protein module, able to fold independently and retain its 
function when expressed as a recombinant domain alone.

Mutational and biochemical analysis performed on the v-Crk and Abl SH2 domains 
demonstrated that the SH2 domain was of primary importance in mediating binding 
to phosphotyrosine-containing proteins (Matsuda et al., 1990; Matsuda et al., 1991; 
Mayer et al., 1991). In fact, novel SH2 containing proteins were identified by 
screening a cDNA expression library with a phosphotyrosine-containing fragment of 
the EGF receptor (Skolnik et al., 1991). High affinity binding of an SH2 domain to a 
phosphotyrosine-containing protein, however, was shown to require the surrounding 
amino acid sequence as well (Cantley et al., 1991). Thus, particular SH2 domains 
show specificity for particular phosphotyrosine-containing proteins and have 
consensus binding sites. Indeed, a number of different techniques have been 
employed to identify optimal binding sequences for particular SH2 domains, 
including screening synthetic, phosphotyrosine-containing peptide display libraries 
with different recombinant SH2 domains (Songyang et al., 1993). This scheme 
demonstrated the importance of residues +1 and +3 from the phosphotyrosine, for 
binding. c-Src has the optimal binding sequence pYEEI in vitro, although in vivo 
other motifs are found, while the p85a SH2 domain prefers a methionine at position 

+3. The binding specificities of SH2 domains from individual members of the Src 
family, Blk, Lyn and Fyn (T) have also been examined (Malek and Desiderio, 1993). 
Using GST fusions, substrate competition, SH2 domain mutagenesis and the use of 
chimeras, it was demonstrated that each SH2 domain preferentially bound a distinct 
set of ligands, although binding was still dependent on the recognition of 
phosphotyrosine. Other residues, such as amino acids N-terminal to the 
phosphotyrosine have found to be important for binding to the c-Src SH2 domain. 
For example, Bibbins et al., (1993) showed that a Glu at position -3 or -4 to pY raises 
the binding affinity for SH2 domains.

A detailed insight into the SH2 domain-phosphotyrosine complex was provided by 
the elucidation of tertiary structures of the SH2 domains from c-Src, Lck, Abl, p85a, 
PLCy and others, using NMR and X-ray crystallography techniques (Booker et al., 
1992; Overduin et a l, 1992; Waksman et a l, 1992; Eck et a l, 1993; Waksman et a l, 
1993; Pascal et a l ,  1994). The overall globular structure consists of a central 
antiparallel p -sheet flanked by two a-helices packing on to each face of the sheet 

(Figure 1.4). The crystal structures with complexed peptides have revealed conserved 
residues and pockets for binding to phosphotyrosine-containing peptides (Eck et a l.
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1993; Waksman et a l, 1993). The phosphotyrosine binding pocket is formed by 
highly conserved, mainly basic residues that form hydrogen-bonds with the phosphate 
oxygen and amino-aromatic interactions with the electron density of the tyrosine ring. 
Amino acid substitutions in the Abl and v-Crk SH2 domains have identified a 
conserved FLVRES sequence in this pocket, where the invariant arginine residue is 
critical for phosphotyrosine binding (Mayer et al., 1992). Another pocket lined by 
hydrophobic residues encompasses the isoleucine at position +3, which confers 
specificity for the interaction (Marengere et al., 1994). Binding sites for +1 and +2 
residues involve polar amino acids on the surface of the SH2 domain. Non-conserved 
amino acids amino- and further carboxy-terminal to the pTyr residue may also be 
important for recognition and specificity.

The observation that SH2 domains bind with different affinities is seen in the 
regulation of c-Src, where the presence of a high affinity SH2 domain- 
phosphotyrosine-containing protein interaction can displace the SH2 domain-pTyr527 
interaction (see Section 1.2.3.3.). Finally, there have been reports suggesting that 
SH2 domains can bind to specific sequences through high-affinity phosphotyrosine- 
independent interactions. The SH2 domain of the Abl tyrosine kinase was found to 
bind to a phosphoserine residue on BCR sequences necessary for transformation by 
the BCR-Abl oncogene (Pendergast et al., 1991). This phenomenon would obviously 
increase the potential for SH2 domain-interactions in the cell enormously.

The role of the SH2 domain, therefore, is primarily to recognise phosphotyrosine 
residues within a particular protein sequence. The great functional importance of this 
for many signal transduction processes has been unravelled within the last six years 
and rapid progress is continuing. Tyrosine phosphorylation acts as a switch to induce 
the binding of SH2 domains which results in the formation of signalling complexes 
with specific receptors, signalling and cytoskeletal proteins, some of which are 
discussed below. Indeed, a single domain can participate in multiple complexes 
thereby having pleiotropic effects and hence varied roles. This phenomenon also 
provides a novel role for protein phosphorylation in the regulation of intracellular 
events in normal signalling and cellular transformation. Biological significance of the 
SH2 domain is provided by mutational analysis on oncogenically activated v-src, 
where deletions in the SH2 domain result in poorly transforming variants (Kanner et 
al., 1991). SH2 domains of the c-Src kinases can also bind intramolecularly to their 
phosphorylated carboxy-terminal tyrosine residue, and hence negatively regulate their 
intrinsic kinase activity (Matsuda et al., 1990) (Section 1.2.3). Some important 
functional consequences of SH2 domains and SH2-mediated biochemical interactions 
involving the c-Src family members, are discussed in this chapter.
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1.2.2.4 The catalytic domain
The catalytic domain comprises approximately 260 amino acids and is responsible for 
catalysing the phosphorylation of tyrosine residues. The substrate and ATP 
complexed with Mg^+ or Mn^+ are first bound and orientated, and then phosphate 
transfer can occur. Consequently, all catalytic domains found in tyrosine and 
serine/threonine kinases share regions of homology. Hanks and colleagues have 
extensively studied the catalytic domains of protein kinases and divided them into 
twelve conserved subdomains, important for their function (Hanks et al., 1988). A 
Gly-X-Gly-X-X-Gly consensus, found in subdomain I, has been suggested to form 
the ATP binding site for v-Src. Conserved aspartate residues in subdomain VI and 
VII are thought to interact with the phosphate groups of ATP through Mg^+ salt 
bridges, while mutagenesis shows that a consensus triplet in subdomain VIII of Ala- 
Pro-Glu is important in catalysis. It is subdomain VI and VIII that distinguish 
tyrosine kinases from serine/threonine kinases, where Asp-Leu-Arg-Ala-Ala-Asn in 
subdomain VI and Pro-Ile/Val-Lys/Arg-Trp-Thr/Met-Ala-Pro-Glu in subdomain VIII 
are the consensus sequences for tyrosine kinases. These regions that indicate 
substrate specificity, have been targeted for the design of degenerate oligonucleotide 
probes for use in screening cDNA libraries to identify new kinases (Hanks, 1987). 
Using degenerate peptide library screening, Songyang et a l, (1995) have investigated 
the target specificity of kinases, a very useful tool in predicting potential substrates 
(Songyang et al., 1995). They found a preference for acidic residues at +1 and +2 
positions carboxy-terminal to the tyrosine for c-Src kinases, and isoleucine or valine 
preceding the tyrosine for cytoplasmic kinases, including c-Src, v-Src, Lck and Abl. 
The crystal structure of the human insulin receptor PTK reveals that the catalytic 
domain consists of two lobes connected by a single strand, which is also found in 
serine/threonine kinases (reviewed in Pawson, 1994). The smaller amino-terminal 
lobe is responsible for Mg^+-ATP binding, while the larger lobe binds substrate and 
initiates phosphotransfer. More recently the crystal structures of the kinase domains 
from c-Src and Hck were determined, revealing the same two-lobed structure (Sicheri 
et a l, 1997; Xu et al., 1997) (Figure 1.4). There is also a conserved catalytic loop 
and an activation loop with at least one tyrosine residue (Hubbard et a l, 1994).

This tyrosine and its surrounding sequences are found in all protein kinases and are 
thought to have a role in their regulation. The c-Src family all have a conserved 
tyrosine residue within their catalytic domain (Tyr-416 in c-Src), which is involved in 
regulating PTK activity. Autophosphorylation of this residue appears to be important 
for full PTK activity. The dephosphorylation of Tyr-527 in c-Src and the consequent 
increase in c-Src kinase activity (see Section I.2.3.3.), is accompanied by 
phosphorylation of Tyr-416 (Courtneidge, 1985; Coussens et a l, 1985; Cartwright et
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al., 1986). In addition, many c-Src mutants with an enhanced kinase activity are 
phosphorylated in vivo at Tyr-416, and not at Tyr-527 (Cartwright et al., 1987; 
Kmiecik and Shalloway, 1987; Piwnica-Worms et al., 1987). Mutation of this 
residue has a strong negative effect on kinase activity and cell transformation 
although its effect in vitro is not so dramatic (Cartwright et al., 1987; Kmiecik and 
Shalloway, 1987; Piwnica-Worms et al., 1987). Mutation of the equivalent tyrosine 
in Lck also results in a decrease in tyrosine kinase activity (Buss et al., 1986). 
Experiments have demonstrated that phosphorylation of Tyr-527 does not act by 
preventing autophosphorylation of Tyr-416, and its ability to repress kinase activity 
of c-Src involves a mechanism that does not involve Tyr-416 (Koegl et al., 1995). It 
is now apparent that two events are required to activate the full transforming potential 
of c-Src, and, probably, of other family members: dephosphorylation of Tyr-527 and 
phosphorylation of Tyr-416 (see Section 1.2.3).

The mechanism through which Tyr-416 phosphorylation increases the PTK activity 
of c-Src kinases, is unclear. However, Hubbard et a l, (1994) have used the structure 
of the insulin receptor tyrosine kinase domain to propose the following model for 
insulin activation that may apply to c-Src kinase. In the inactive receptor, a non- 
phosphorylated tyrosine residue sits in the active site and blocks binding of ATP and 
substrate, which would also prevent its own phosphorylation. Upon ligand binding, 
the kinase domains of two receptors are orientated in a way that allows 
phosphorylation of this tyrosine in trans. Upon phosphorylation, the activation loop 
tyrosine is probably displaced from the active site, resulting in a conformational 
change which would allow ATP and substrate binding and therefore increase kinase 
activity. A similar mechanism may exist for the activation of c-Src kinases through 
Tyr 416 phosphorylation.

1.2.2.5 The carboxy-terminal tail
C-terminal to the catalytic domain is a stretch of approximately 20 amino acids, 
called the C-terminal tail. These 19 residues of c-Src (515-533) are replaced with 12 
novel amino acids in v-Src during retroviral capture (Takeya and Hanafusa, 1983) and 
this results in the ability of v-Src to transform fibroblasts (Jove and Hanafusa, 1987) 
and an elevated basal level of kinase activity compared to c-Src (Coussens et al.,
1985). This suggested that the carboxy-terminus of Src was important for the 
regulation of its activity and studies on chimeric c-srdv-src genes and mutated v-src 
genes indicated that it was the absence of the carboxy-terminus of c-Src rather than 
the presence of the carboxy-terminus of v-Src, that was important for transformation 
(Iba et al., 1984; Yaciuk and Shalloway, 1986). It is now known that a critical 
tyrosine residue at position 527 in c-Src (absent from v-Src) is a major
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phosphorylation site (Cooper et al., 1986), important for kinase repression. There are 
several lines of evidence to support this notion. First, c-Src isolated from cells lysed 
in buffers containing phosphatase inhibitors was more heavily phosphorylated on 
Tyr527 than c-Src isolated from cells lysed in the absence of phosphatase inhibitors 
and has higher kinase activity (Courtneidge, 1985). Second, dephosphorylation of c- 
Src in vitro resulted in an increase in protein tyrosine kinase activity (Cooper et al.,
1986). Third, substitution of Tyr-527 with phenylalanine or deletion of the carboxyl 
tail of c-Src, produced highly transforming variants of c-Src with high basal kinase 
activity (Cartwright et al., 1987; Kmiecik and Shalloway, 1987; Piwnica-Worms et 
al., 1987; Reynolds et al., 1987). Finally, the product of the transforming middle T 
gene of polyoma virus stimulates protein kinase activity when complexed with c-Src 
by preventing its phosphorylation on Tyr-527 (Cartwright et al., 1986). There is also 
evidence of a similar role for the regulatory carboxy-terminal Tyr residue in other 
family members. The protein products of the viral oncogenes v-Fgr and v-Yes have 
also deleted the carboxy-terminal tyrosine residue (Naharro et al., 1984; Sukegawa et 
al., 1987). In addition, mutations that remove or replace this tyrosine residue in Lck, 
Fyn and Hck, yield proteins with increased tyrosine kinase activity and transforming 
activity (Amrein and Sefton, 1988; Kawakami et al., 1988; Perlmutter et al., 1988).

The enzyme responsible for phosphorylation of Tyr-527 is named Csk for c-Src 
kinase (Nada et al., 1991). Its role in repressing the kinase activity of c-Src, together 
with mechanisms for activation of c-Src protein tyrosine kinases, is discussed in detail 
in Section 1.2.3.

1.2.3 Regulation of c-Src kinase activity
The structural similarities between the c-Src family kinases allow for common 
methods of regulation. The significance of two conserved tyrosine residues in c-Src 
family members has already been discussed. This section will cover how these 
residues are phosphorylated and dephosphorylated, how they are involved in 
repressing the PTK active together with other domains of the kinase, and finally what 
factors are responsible for the activation of these enzymes.

1.2.3.1 Csk
As discussed above, maintenance of c-Src family PTKs in an inactive state requires 
C-terminal phosphorylation. One known candidate for this phosphorylation is the 
carboxy-terminal Src kinase (Csk). The 50 kDa protein is ubiquitously expressed and 
was originally purified from rat brain as a kinase that regulated the tyrosine 
phosphorylation of c-Src in vitro (Nada et a l, 1991). Subsequently, Csk was shown
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to phosphorylate Lck, c-Fgr, Fyn and Lyn in vitro and down regulate their activities 
(Okada et al., 1991; Bergman et al., 1992; Ruzzene et al., 1994). In vivo evidence 
now convincingly demonstrates that Csk is a c-Src family regulatory kinase. 
Overexpression of Csk counteracts transformation by v-src and v-crk oncogenes 
(Sabe et al., 1992), and inhibits TCR signalling in T-cells, presumably by 
phosphorylating the regulatory tyrosines in Lck and Fyn and inhibiting kinase activity 
(Chow et al., 1993). Several groups have expressed c-Src in yeast to allow study of 
its regulation in a neutral background, and have found that Csk can down-regulate c- 
Src and Fyn activity in co-expression assays (Murphy et al., 1993; Okada et al., 1993; 
Superti Furga et al., 1993). Moreover, in cells from mice carrying a disrupted Csk 
gene, the PTK activities of c-Src, Fyn and c-Yes are elevated and the level of 
phosphorylation at Tyr-527 or its equivalent, is significantly reduced. Csk-deficient 
cell lines also appear partially transformed due to the presence of activated c-Src 
family members with increased tyrosine phosphorylation at Tyr-527 and decreased 
phosphorylation at Tyr-416, as demonstrated by peptide mapping of c-Src (Imamoto 
and Soriano, 1993; Nada et al., 1993). In fact, mice homozygous for a Csk mutation, 
show an embryonic lethal phenotype and die at neurulation (Imamoto and Soriano, 
1993). However, other Csk-related proteins may also regulate some c-Src members, 
as there is still a low level of C-terminal phosphorylation in mutant mice.

1.2.3.2 Repression
In addition to the C-terminal tail, the SH2 and SH3 domains have roles in regulating 
c-Src kinase activity. Initially, the observation that SH2 domains bind to 
phosphotyrosine containing peptides led Matsuda et al., (1990) to propose the 
intramolecular binding of c-Src SH2 domain to phosphorylated Tyr-527. It is now 
clear that phosphorylation of Tyr-527 by Csk inhibits c-Src kinase activity by creating 
an intramolecular binding site for the c-Src SH2 domain. This interaction would 
result in such a conformation of the enzyme that its activity is inhibited, by either 
preventing access of substrates to the catalytic domain and/or by preventing the SH2 
domain interacting with other proteins (Cooper and Howell, 1993; Taylor and 
Shalloway, 1993; Superti Furga, 1995). v-Src and c-Src mutants that lack the C- 
terminal tyrosine would be unable to adopt this inactive conformation and so would 
be constitutively active. Dephosphorylation of Tyr-527 would result in unfolding and 
consequential activation of the PTK towards substrate.

There is much experimental support for this model (reviewed by Cooper and Howell, 
1993). The carboxy-terminal tyrosine has been shown to be protected from 
phosphatase action, and phosphorylated peptides modelled on the c-Src or Lck 
carboxy-tyrosines bind only to activated forms of these kinase (Roussel et a l, 1991;
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Amrein et al., 1993; Liu et al., 1993a; Sieh et al., 1993). Mutations that activate and 
augment the transforming potential of c-Src and Lck have been mapped to the kinase 
domain, the SH2 and SH3 domains and the C-terminal tail, suggesting that the normal 
repressed state is maintained by cooperative intramolecular interactions involving all 
these regions of the protein (Reynolds et al., 1992; Seidel Dugan et al., 1992; 
Veillette et al., 1992; Superti Furga et al., 1993). This indicated that the SH3 domain 
is also involved in negatively regulating c-Src PTK activity, and that it is necessary 
for the C-terminal tail to interact with the SH2 domain in a stable manner (Okada et 
al., 1993; Superti Furga et al., 1993). Work in yeast also confirmed the requirement 
for both the SH2 and SH3 domain for effective regulation (Murphy et al., 1993; 
Okada et a l, 1993).

The long awaited structural data on c-Src kinases, have satisfyingly provided 
conformation for the above model of kinase repression, although with a few 
additional surprises (reviewed in Pawson, 1997). The crystal structures of down- 
regulated PTKs, c-Src and Hck were elucidated and demonstrate the intramolecular 
reactions involved in repression (Sicheri et al., 1997; Xu et al., 1997). In both 
structures the SH2 domain is bound to the C-terminal tail as in the above model. 
Moreover, the structures reveal how the SH3 domain is a key module in contributing 
to the stability of the repressed state. Unexpectedly, the linker connecting the SH2 
domain to the catalytic domain, forms a polyproline type II helix and can bind to the 
SH3 domain. In Hck, the SH3 domain contacts the small lobe of the kinase domain 
thereby inhibiting its activity through conformational constraints on the catalytic 
domain, discussed by (Pawson, 1997). In the c-Src structure, these intramolecular 
interactions involving SH2 and SH3 domain, were shown to disrupt kinase folding, 
resulting in an inactive conformation, and prevent the SH2 and SH3 binding surfaces 
from interacting with other proteins (Figure 1.4). It seems that a key function of the 
SH2 domain-pTyr interaction may be to position the SH3 domain so that it can bind 
to the SH2-kinase linker, and consequently contact the small lobe of the kinase 
domain.

1.2.3.3 Activation
Activation of c-Src can therefore be achieved either by dephosphorylation of the C- 
terminal tyrosine by a phosphatase, which would result in an open conformation, or 
by disruption of the intramolecular SH2/SH3 binding by competitive higher affinity 
interactions. The transmembrane glycoprotein CD45 possesses protein tyrosine 
phosphatase activity and has been shown to activate Lck and Fyn in T lymphocytes. 
Moreover, in CD45 negative cells, Tyr-505 of Lck was hyperphosphorylated, and Fyn 
phosphorylation and kinase activity were also altered (Mustelin and Burn, 1993).
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Other PTPases that activate c-Src kinases are also presumed to exist in other cell 
types.

High affinity SH2 domain-interactions can also displace the C-terminal tail of c-Src 
and stabilise its active conformation Intermolecular binding of c-Src SH2 domain to 
the phosphorylated tyrosines of the PDGF receptor, disrupts the intramolecular 
binding of the SH2 domain to its pTyr-527, and the activities of c-Src, c-Yes and Fyn 
all increase following association with ligand-stimulated PDGF receptor (Kypta et al., 
1990; Twamley et al., 1992; Twamley Stein et al., 1993). Phosphorylated peptides 
that bind more tightly to the c-Src SH2 domain than does its C-terminal 
phosphotyrosine (Songyang et al., 1993), also increase its kinase activity (Liu et al., 
1993a). Deletion or mutation of the SH2 domain can also convert c-Src to a 
transforming protein (Seidel Dugan et al., 1992).

Recent data have shown that competition for the kinase's SH3 domain interaction is 
also an important mechanism for activation (Moarefi et al., 1997), since binding of 
the HIV-1 Nef protein to the SH3 domain of Hck causes a dramatic increase in kinase 
activity (Moarefi et al., 1997; Sicheri et al., 1997). The binding of Nef to the SH3 
domain disrupts the SH3 domain-linker interaction, which destabilises the inactive 
conformation of the kinase. Nef stimulates the activity of Tyr-527 phosphorylated 
Hck and also further increases the activity of dephosphorylated Hck. These results 
are consistent with the finding that it is the SH3 domain that contacts the kinase 
domain and not the SH2 domain of c-Src kinase (Sicheri et al., 1997; Xu et al., 1997). 
Binding of Nef to the SH3 domain of Hck also promotes autophosphorylation of the 
catalytic domain tyrosine residue in trans, which is thought to lift some constraint on 
the kinase domain and increase activity (Moarefi etal., 1997).

Thus, activation of c-Src kinases is a complex phenomenon, occurring through 
dephosphorylation of the C-terminal tyrosine residue, phosphorylation of the kinase 
tyrosine residue and intermolecular binding to SH2 and SH3 ligands, A summary of 
the regulation of c-Src kinase is illustrated in Figure 1.5.

1.2.4 Biological roles of c-Src Kinases
Several approaches have been used to study the biological roles of the c-Src PTKs. 
The examination of their cellular distribution has already been discussed and suggests 
roles in regulating behaviour of terminally differentiated cells. The targeted 
disruption of c-Src genes in transgenic mice has provided much clearer information 
concerning the function and importance of these proteins. Further information has
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been provided using biochemical approaches and identifying binding proteins, hence 
locating particular family members in specific signalling pathways. This section will 
concentrate on the significant advances in understanding the function of c-Src, Fyn 
and c-Fgr, while briefly mentioning the possible functions of the other members.

1.2.4.1 c-Src
Mice homozygous for c-src disruption develop normally but die soon after birth, 
indicating that c-Src is not vital for cell growth or maybe compensated for by another 
related kinase (Soriano et aL, 1991). Surprisingly no abnormalities were detected in 
the platelets or neurons, where c-Src is highly expressed and thought to function. The 
mice did, however, have severe osteopetrosis in which a decreased rate of bone 
resorption leads to skeletal abnormalities. Further work showed that c-Src is 
expressed in osteoclasts and osteoclasts from transgenic mice failed to form ruffled 
borders and resorb bone, suggesting a role for c-Src in the regulation of the 
cytoskeleton (Boyce et al., 1992). Mutation in the gene encoding CSF-1, op, also 
causes osteopetrosis. CSF-1 acts through a receptor that binds to and activates c-Src 
(Courtneidge et al., 1993) (Section 1.5.1) possibly explaining the requirement for c- 
Src in these cells.

c-Src, Fyn and c-Yes PTKs are activated during the transition from the Go to the G1 
phase of the cell cycle in response to various growth factors (Kypta et al., 1990; 
Courtneidge et al., 1993). Furthermore, microinjection studies in fibroblasts using 
dominant negative forms of these kinases and antibodies specific for c-Src, Fyn and 
Yes, demonstrated their importance in evoking a mitogenic response to growth 
factors (Twamley Stein et al., 1993; Roche et al., 1995b). c-Src's role in cell-cycle 
control is still unclear, although some observations have been made. Protein kinases 
and phosphatases seem to be involved in regulating c-Src PTK activity in the cell 
cycle. Mitotic activation of c-Src involves amino-terminal serine and threonine 
phosphorylations by Cdc2 kinase, thought to decrease the Tyr-527 phosphorylation 
and increase c-Src kinase activity at mitosis (Taylor and Shalloway, 1993). Indeed, as 
fibroblasts undergo mitosis c-Src is partially dephosphorylated at Tyr-527, resulting 
in a 2-4 fold stimulation of its tyrosine kinase activity (Bagrodia et a l, 1991).

As well as activation of c-Src kinases at the end of G2 phase, c-Src, Fyn and Yes also 
play a role in the late G2 phase and entry into mitosis for fibroblasts, where they are 
activated (Roche et al., 1995a). These studies also demonstrate the requirement of the 
SH2 domain from c-Src kinases, for entry into mitosis, suggesting that interactions 
between c-Src family kinases with signalling tyrosine phosphorylated proteins and 
possibly cytoskeletal proteins, are necessary for fibroblast cell division.
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With the increase in c-Src PTK activity during mitosis, an increase in the tyrosine 
phosphorylation of a 6 8  kDa protein is observed (Fumagalli et al., 1994; Taylor and 
Shalloway, 1994). This protein, named Sam6 8 , bound to c-Src from mitotic extracts 
and also bound in vitro to the SH2 and SH3 domains of c-Src (Fumagalli et a l,  1994; 
Taylor and Shalloway, 1994; Taylor et a l, 1995). Further work on this protein 
revealed a high sequence homology to p62, a RasGAP-associated protein, although is 
distinguishable (Wong et at., 1992a; Taylor et al., 1995). Sam6 8 , for Src-activated in 
mitosis, has homology the heterogenous nuclear ribonucleoproteins (hnRNP) and has 
been shown to bind RNA in vitro (Taylor and Shalloway, 1994). Possible functions 
for the c-Src substrate, Sam6 8 , include the regulation of the splicing, transport and 
stability of RNA (Courtneidge and Fumagalli, 1994).

c-Src has also been linked to the integrin-mediated FAK pathway, where it can 
phosphorylate and activate the focal adhesion kinase (FAK), necessary for the 
attachment of cells to extracellular matrix (Cobb et al., 1994). Finally, c-Src has been 
found to localise at endosomes and microtubule structures in fibroblasts, possible 
suggesting a role in protein trafficking and mitotic centriolar organisation (David- 
Pfeuty and Nouvian-Dooghe, 1990; Kaplan et al., 1992) (Chapter 7).

1.2.4.2 Fyn
A well-studied and now well-established role of Fyn, is that of its involvement in T- 
cell signalling through the T-cell receptor complex leading to proliferation and 
lymphokine secretion (reviewed in Cooke et al., 1991; Weiss, 1993; Howe and 
Weiss, 1995) (Section 1.5.2.1). Fyn was first implicated in TCR function when it was 
detected in immunoprecipitates with the TCR using in vitro kinase assays (Samelson 
et al., 1990) and was later found to co-localise with the T-cell receptor in vivo 
(Gassmann et al., 1992). Functional evidence for this interaction came from various 
studies, including T-cell antigen receptor cross-linking. This results in activation of 
Fyn and the induction of tyrosine phosphorylation of cellular protein in human T-cell 
(Tsygankov et al., 1992). Further studies have mapped the association of Fyn to the 
Xs chain of the TCR complex. The interaction occurs between a distinct region on the 
Ç chain, the immunoreceptor tyrosine-based activation motif (ITAM), and ten amino- 

terminal residues of Fyn (Timson Gauen et al., 1992). Phosphorylation of a tyrosine 
residue in ITAMs by Fyn or Lck, causes an SH2-binding site for the kinase Zap70, 
which then becomes activated and can phosphorylate downstream targets (discussed 
in Section 1.5.2.1).

Support for the idea that Fyn is an important component of the TCR signal 
transduction apparatus also comes from studies using transgenic mice.
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Overexpression of Fyn in thymocytes from transgenic mice results in heightened 
responses to TCR stimulation (Cooke et al., 1991), while analysis of Fyn-deficient 
mice shows that Fyn is required for normal thymocyte TCR-mediated signalling but 
not for peripheral T-cell function (Appleby et al., 1992; Stein et al., 1992). In 
addition, Fyn is needed for some normal neurological functions such as spatial 
learning and long-term potentiation, and for hippocampal development, which is 
involved in the long-term storage of memories (Appleby et al., 1992; Stein et al.,
1992). Another strain oifyn{-) mice revealed an impaired ability to initiate a suckling 
reflex and a reduction in the amounts of myelin in the brain, implicating the brain 
isoform of Fyn, Fyn (B), in myelination (Yagi et al., 1993; Umemori et al., 1994).

Anti-immunoglobulin stimulation of B-lymphocytes results in activation of the kinase 
activity of several c-Src kinases, including Fyn, which was shown to be present in 
surface immunoglobulin immunoprecipitates (Burkhardt et al., 1991). Fyn can 
phosphorylate tyrosines in ITAMs on the Ig-a/Ig-|3 chains of the BCR complex, 

which results in the recruitment of further kinases and the subsequent activation of 
signalling cascades (Cambier and Jensen, 1994) (see Section 1.5.2.2).

As previously described, Fyn is implicated in growth factor-induced mitogenesis 
(Kypta et al., 1990; Twamley et al., 1992; Twamley Stein et al., 1993) and is 
suggested to have a role in fibroblast cell division (Roche et al., 1995a). Fyn can also 
associate with the IgE Fc receptor II (FceRII), implicating the c-Src family member in 

lymphocyte activation (Sugie et al., 1991). Chapter 7 discusses recent intracellular 
localisation data on Fyn, which suggest a role for Fyn in microtubule organisation 
during T-cell division.

1.2.4.3 c-Fgr
The c-fgr proto-oncogene encodes a cytoplasmic tyrosine kinase (Naharro et al., 
1984) which is expressed in monocytes, macrophages (Ley et al., 1989), granulocytes 
(Willman et al., 1987), natural killer cells (Inoue et al., 1990) and Epstein-Barr virus- 
infected B-cells (Cheah et al., 1986), in Burkitt's lymphoma (Knutson, 1990; Patel et 
al., 1990) and in normal mantle-zone B lymphocytes (Link and Zutter, 1995). In 
normal monocytic cells and in primary myeloid leukaemia cells, levels of c-fgr 
mRNA are higher in cells with more mature phenotypes (Willman et a i, 1987; 
Willman et al., 1991). The human U937 promonocytic cell line will differentiate into 
monocytes in response to PMA (phorbol myristate acetate) and other modulating 
agents. This differentiation is accompanied by the accumulation of c-fgr mRNA (Ley 
et al., 1989; Patel et al., 1991; Faulkner et al., 1992) which could suggest a role for c- 
Fgr in differentiation. However, in light of recent studies it now seems more likely
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that it has a role to play in regulating the behaviour of terminally differentiated 
monocytes and granulocytes. This idea has been supported by examining the effects 
of different modulating agents on the levels of c-fgr mRNA in U937 cells (Faulkner 
et al., 1992). Levels of c-fgr mRNA induced by the various differentiation agents did 
not correlate with changes in cell proliferation. c-Fgr has also shown to be associated 
with the plasma membrane in peripheral blood neutrophils and may be involved in 
regulating exocytosis, during which c-Fgr is translocated from an insoluble 
intracellular location to a compartment that contains plasma membrane, in response to 
an extracellular signal. Recently, c-Fgr was found to associate physically and 
functionally with the immunoglobulin G Fc receptor II in neutrophils (Hamada et at.,
1993), suggesting a role in FcyRII-mediated signal transduction pathways.

Mice have been generated with disruptions in the c-fgr gene alone and with hck, to 
assess the roles of these kinases in myeloid cell development and function (Lowell et 
al., 1994). The c-fgr (-) mice are normal for haematopoiesis although the double 
mutants with both genes inactivated, show increased susceptibility to infection by 
L.monocytogenes, suggesting that cooporation of both c-fgr  and h c k  genes is 
necessary to establish defence against intracellular pathogens. However, the precise 
function of c-Fgr in myeloid cells, its target substrates and its signalling pathways, 
remain elusive and have yet to be identified.

1.2.4.4 Other members
Biochemical studies have implicated Lck in T lymphocyte activation and maturation 
(for reviews see Brickell, 1992; Mustelin and Burn, 1993). Lck is complexed through 
its unique amino-terminus with the surface glycoproteins CD4 and CD8 , which are 
important for activation of the T-cell through the TCR complex. Information from 
mice deficient in Lck support this model (Molina et al., 1992b). T-lymphocytes from 
lck (-) mice were unable to mature beyond a specific stage in the thymus, and CD4+ 
and CD8 + thymocytes were reduced. A similar defect was seen in transgenic mice 
expressing high levels of a dominant negative mutant of Lck with no PTK activity 
(Levin et al., 1993). These mutant-Lck cell lines also have diminished responses to 
TCR stimulation. There is some evidence that the Lck PTK is also involved in T-cell 
signalling through the high affinity IL-2 receptor (discussed in Howe and Weiss, 1995 
and Section 1.5.3).

Lyn has been implicated in B-cell development and mast cell function, associating 
with surface immunoglobulin on B-cells and with the high affinity IgE receptor FceRI 

respectively (Burkhardt et al., 1991; Yamanashi et a l,  1991; Campbell and Sefton, 
1992; Eiseman and Bolen, 1992). Lyn-deficient mice display a spectrum of immune
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system defects, including reduced number of circulating B-cells, diminished antigen 
response and a deficiency in FceRI signalling (van Heyningen, 1994; Hibbs et al.,

1995).

Macrophages from Hck-deficient mice have impaired phagocytosis (Lowell et al.,
1996) and Hck has been shown to associate with various cytokine receptors (Ihle, 
1995; Taniguchi, 1995). The B-cell specific PTK, Blk, is activated by anti
immunoglobulin stimulation of B-cells, and also co-immunoprecipitates with sig, 
indicating a prominent role for Blk in BCR signalling (Burkhardt et al., 1991). 
Finally, c-Yes has been demonstrated as having a role in PDGF-induced mitogenesis 
(Kypta et al., 1990) and in mast cell activation through the IgE receptor, FceRI 

(Eiseman and Bolen, 1992). c-yes(-) mice have mild phenotypes, although c-src(-)/c- 
yes(-) double mutants do not survive birth, suggesting that c-Src members can 
compensate for each other (Stein et al., 1994).

1.3 OTHER NON-RECEPTOR PROTEIN TYROSINE KINASES

A detailed account on the structure and biological functions of c-Src family members 
has been presented. However, there are at least 33 known vertebrate genes that 
encode non-receptor protein tyrosine kinases and in this section I will give a brief 
overview of some of their relevant structural, biochemical and biological properties.

1.3.1 Non-receptor PTK families
The non-receptor PTKs are currently divided into various families, c-Src, Csk, Tec, c- 
Abl, c-Fes, Syk, Jak, Fak and Auk, with a few additional kinases not belonging to any 
known family (reviewed in Bolen, 1993; Neet and Hunter, 1996). Table 1.1 lists the 
different families of non-receptor PTKs with their known members. c-Abl and c-Fes 
were first discovered as transforming retroviruses, encoding protein tyrosine kinases 
that acted as oncogenes because of mutational events freeing the encoded protein 
from their normal cell regulatory mechanisms. Additional members of their families 
were discovered as a consequence of sequence similarities. The other kinases such as 
Csk, Syk, Fak were discovered as proteins before their cDNAs were cloned, while the 
Tec kinases were identified by screening cDNA libraries under low stringency 
conditions with v-Fes probes (reviewed in Bolen, 1993).

2 7



1.3.2 Structure
In Figure 1.1 a line-up of the non-receptor PTKs is shown, illustrating their 
recognised domains (Neet and Hunter, 1996). Csk, Btk and c-Abl families closely 
resemble c-Src in their basic architecture, with unique N-terminal sequences followed 
by SH3, SH2 and SHI domains. Only some members of the c-Abl family however 
have myristoylation sites. All the non-receptor PTKs have an SHI or catalytic 
domain which is their major area of similarity. The Janus kinase (Jak) has two SHI 
domains, although the kinase activity seems to be due to the carboxyl domain. All 
families, except the Csk group, have an autophosphorylation site in the catalytic 
domain equivalent to Tyr-416 in c-Src, but no carboxy-terminal Tyr as Tyr-527 in c- 
Src. With the exception of Jak and Fak, all non-receptor PTKs posses one or more 
SH2 domain and an SH3 domain, although c-Fes and Syk members lack an SH3 
domain and Ack has no SH2 domain. The carboxy-terminus of c-Abl is known to 
also contain a nuclear localisation signal, an actin-binding domain and a DNA 
binding region. Btk and its family members all have a pleckstrin homology (PH) 
domain which is discussed in section 1.4.2. In addition, the C-terminus of Fak 
localises to focal adhesions and it N-terminus has an integrin binding site, while Auk 
posses a Cdc42 binding site next to its SH3 domain. Finally, Fak and Ack sequences 
show proline-rich regions at their carboxy-terminus.

1.3.3 Biological roles
The functions of the c-Src and Csk families have already been discussed above, while 
here is a brief overview of some of the important established roles for the other non
receptor PTKs.

c-Abl is found both in the cytoplasm and the nucleus of cells and has been shown to 
be involved in actin cytoskeletal signalling and in cell-cycle regulated transcriptional 
activation (Wang, 1993). Its binding partners include the retinoblastoma (Rb) tumour 
suppressor protein, the adaptor protein Crk, and 3BP1, a GTPase activating protein. 
The widely expressed members of the Jak family link cytokine receptor signalling to 
the activation of the Stat family of transcription factors and can also lead to MAP 
kinase activation through phosphorylation of She and through to Grb2/Sos. The Tec 
family of PTKs are mainly expressed in haematopoietic cells. Tec is important in 
interleukin signalling and Itk plays a part in thymocyte development and signalling. 
Btk is found in B-cells and is responsible for B-cell development. Interestingly, 
mutations in Btk result in the human disease, X-linked agammaglobulinaemia, 
characterised by the failure of pre-B cells to mature to B-cells (Vetrie et aL, 1993).
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Although several interactions of Btk have been reported, some through its PH domain 
(Salim et aL, 1996) and some to c-Src family members (Cheng et a l, 1994), its exact 
role in signalling is unclear.

Fak is located at focal adhesions and has a role in integrin-mediated signalling 
(Section 1.6.1.1). Auk binds GTP-bound Cdc42Hs and inhibits its GTPase activity, 
whereas c-Fes functions in cytokine signalling. Finally, Syk and ZapTO play 
significant roles in lymphocyte development and activation (Bolen, 1993). ZapTO is 
associated with the TCR (Hatada et aL, 1995) and Syk with the TCR, BCR, cytokine 
and Fc receptors, both via their SH2 domain to specific ITAMs on the antigen 
receptors (reviewed in DeFranco, 1995).

1.4 OTHER PROTEIN MODULES INVOLVED IN SIGNAL 
TRANSDUCTION

1.4.1 The PH domain
The pleckstrin homology (PH) domain is a recently identified protein module of 
approximately 150 amino acids. It was originally detected as a duplication sequence 
in pleckstrin, the major protein kinase C substrate in platelets (Haslam et aL, 1993; 
Mayer et aL, 1993). Database searches have identified more than 90 PH domains in 
a variety of signalling and cytoskeletal proteins (Mayer et aL, 1993; Musacchio et aL, 
1993; Lemmon et aL, 1996). They have been found in protein kinases such as the p- 
adrenergic receptor kinase (pARK) and Btk, in phospholipase C isoforms, in guanine 

nucleotide exchange factors, in the GTPase dynamin as well as in the GTPase- 
activating protein RasGAP (Gibson et aL, 1994). A PH domain has also been 
identified in the cytoskeletal protein spectrin and in the insulin receptor substrate IRS- 
1. The PH domain has also been found in proteins from yeast and C.elagans, 
indicating a long evolutionary history and was initially thought to mediate protein- 
protein interactions like SH2 and SH3 domains.

The structure of several PH domains have been successfully solved using NMR 
spectroscopy and X-ray crystallisation (Downing et aL, 1994; Ferguson et al., 1994; 
Macias et aL, 1994; Timm et aL, 1994; Yoon et aL, 1994; Fushman et aL, 1995). The 
PH domain structures from spectrin, dynamin, pleckstrin and PLCô are all very 

similar (Ferguson et aL, 1995a; Ferguson et aL, 1995b) which supports its identity as 
a functional domain. The PH fold is a seven-stranded p-sandwich made up of two
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orthogonal antiparallel p-sheets, with a C-terminal a-helix at one end. The domain is 

also electrostatically polarised (Musacchio et aL, 1993).

PH domains may bind Py-subunits of G-protein, shown most notably from pARK 

(Touhara et aL, 1994). However, the positively charged surface of the domain was 
proposed to bind lipids and hence anchor PH domains to membrane lipids (Ferguson 
et aL, 1994). Many PH-containing proteins associate with membranes and although 
this interaction was initially thought to be via non-specific electrostatic interactions, 
there is now evidence that PH domains can bind phosphoinositides. A number of PH 
domains were demonstrated to specifically associate with lipid vesicles doped with 
phosphatidylinositol 4,5-bisphosphate (PIP2 ), suggesting a role for PH domains in 
localising proteins to phospholipid membranes (Harlan et aL, 1994). Work on PLCô 

has demonstrated binding of the whole protein and the isolated PH domain to PIP2  

and IP3 (Rebecchi et aL, 1992; Cifuentes et aL, 1994; Lemmon et aL, 1995), while 
immunofluorescence studies has revealed the necessity of the PH domain in PLCy for 

its interaction with the plasma membrane (Paterson et aL, 1995). Furthermore, the 
binding site for inositol phosphates in the PH domain has also been identified 
(Hyvonen et aL, 1995). Using a biosensor assay, the PH domains from dynamin and 
Btk were demonstrated to interact with liposomes containing specific 
phosphoinositides (Salim et aL, 1996). NMR spectroscopy was used to determine 
residues in the PH domain involved in determining binding specificity (Salim et aL,
1996).

Functional significance of this domain is seen with the Btk PH domain. Mutations in 
Btk result in the immune deficiency disorder, XLA, and these have been shown to lie 
in the amino portion of the PH domain (Gibson et aL, 1994). Thus, the emerging 
picture for the PH domains is that they may have different but important functions in 
different proteins, one such task being to target and anchor protein to cellular 
membranes through its lipid binding properties.

1.4.2 The PTB domain
Recently a novel phosphotyrosine-binding module, the PTB domain, was identified 
(for review see van der Greer and Pawson, 1995). It was originally discovered in the 
amino-terminus of She, which is an adaptor protein implicated in Ras signalling and 
binds to Grb2 and Sos through tyrosine kinase receptors or through G-protein coupled 
receptors. A region of She that showed no sequence homology to SH2 domains was 
found to bind to a tyrosine phosphorylated protein of 145 kDa (Kavanaugh and
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Williams, 1994). Several other groups also discovered this novel phosphotyrosine- 
binding module in She and in the insulin receptor substrate-1 (IRS-1) (Margolis et aL, 
1992; Gustafson et aL, 1995). The PTB domain is also present in a Shc-related 
protein Sck (Kavanaugh and Williams, 1994) and in the Drosophila She homologue, 
suggesting that this domain has been conserved in evolution and may be present in 
more signalling proteins. The PTB, like SH2 and SH3 domains, has been shown to 
mediate crucial protein-protein interactions, and in She binds to molecules such as the 
epidermal growth factor and neuronal growth factor receptors, and the polyoma 
middle T antigen (reviewed in (van der Greer and Pawson, 1995). These proteins, 
together with pl45 and the insulin receptor, all contain the motif Asn-Pro-X-pTyr, 
shown to be necessary for PTB binding (Gustafson et aL, 1995; Kavanaugh et aL,
1995). Interestingly, it is the amino acids that are amino-terminal to the 
phosphotyrosine that are important for PTB-binding, unlike the SH2 domain where it 
is the residues on the carboxyl-side.

Three dimensional structures have been presented for two PTB domains. Nuclear 
magnetic resonance has been used to solve the structure of the phosphotyrosine- 
binding domain of She complexed to a phosphotyrosine peptide form the NGF 
receptor, containing the NPXpY sequence (Zhou et aL, 1995). The crystal structure 
of the IRS-1 PTB domain alone and bound to the insulin receptor was recently solved 
(Eck et aL, 1996). Both structures are similar and although did not resemble SH2 
domains, they were both revealed to be remarkable similar to the PH domain fold (see 
above). The surface used by the IRS-1 PTB domain to bind phosphopeptide however, 
is different to that used by PH domains to bind phosphoinositides (Eck et aL, 1996). 
The structures also reveal an alternative way of recognising tyrosine-phosphorylated 
protein to that of SH2 domains. The phosphopeptide binds differently to the PTB 
domains than to SH2 domains, and both domains interact through very different 
residues surrounding the phosphotyrosine residue. These differences in specificity of 
binding between the SH2 and PTB domains for phosphotyrosine-containing protein 
would obviously allow further selectivity and diversity in signalling pathways. 
Interestingly, there is also diversity in the mechanism of phosphotyrosine recognition 
between the two PTB domains (discussed in Zhou et aL, 1995; Eck et aL, 1996).

1.4.3 The WW domain
The WW domain is a newly discovered protein module that binds proline-rich peptide 
motifs in vitro. It consists of approximately 38 amino acids and possesses a high 
content of hydrophobic, aromatic and proline residues and two highly conserved 
tryptophans (hence WW domain) which are often flanked by histidine rich or
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cysteine-rich regions (Bork and Sudol, 1994). The WW domain was first identified in 
the protein dystrophin and through database searches it was found to be is present in a 
variety of cytoskeletal and signalling proteins, such as the Yes-associated protein 
(YAP65), several ubiquitin-protein ligases, the transcriptional activator FE65, the 
GTPase activating protein IQGAPl, utrophin, mouse Nedd4j yeast RSP5 and formin 
binding proteins (Bork and Sudol, 1994; Chan et aL, 1996). These diverse proteins 
have no obvious common function, as is often the case with SH2 and SH3-containing 
proteins, although they all seem to be involved in cell signalling and regulation, 
suggesting that the WW domain may too be a protein binding site.

Recent work to identify WW domain ligands has resulted in the identification of 
proline-rich motifs as targets contained in several novel and known protein with 
consensus motifs. Initially, the WW domain of YAP65 was used to screen cDNA 
expression libraries in a search for putative ligands (Chen and Sudol, 1995). Several 
novel binding proteins were cloned and using binding and mutagenesis studies, the 
region shown to bind the WW domain in these proteins was identified as a proline- 
rich motif with the preliminary consensus sequence XPPXY. These amino acids, the 
PY motif, were shown to specifically bind to the WW domain of YAP and not to SH3 
domains in vitro, indicating that this is a different interaction to that of the SH3 
domain-polyproline helix. Subsequent work has identified these PY motifs in other 
proteins such as the epithelial sodium channel subunits, where it was found to be 
crucial for its regulation (Schild et aL, 1996). Putative PY motifs were also identified 
in viral Gag proteins, interleukin receptors and protein kinases (Einbond and Sudol,
1996). Screening expression libraries with the proline-rich region from formin, WW- 
containing proteins were identified that bind to slightly different consensus sequences 
than those described by Chen and Sudol, (1995), and were found to compete with 
SH3 binding (Chan et aL, 1996).

Last year, the structure of the WW domain from YAP65 was solved in complex with 
a proline-rich peptide containing the PY motif (Macias et aL, 1996). The structure of 
the domain differs from that of the SH3 domain and consists of a three stranded 
antiparallel P-sheet. Moreover, the domain uses conserved aromatic residue surfaces 

for binding proline rich peptides and mutagenesis studies has demonstrated the 
importance of this PPXY motif for binding to the WW domain of YAP65. Thus, this 
new domain seems to mediate protein-protein interactions through proline residues in 
a similar but distinct way from SH3 domains. It is still not clear whether the tyrosine 
residue in the consensus motif is phosphorylated or whether it is important for 
binding. Identification of more WW domain-containing proteins and their ligands 
will help reveal the functional consequences of this interaction.
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1.5 SIGNALLING TO THE NUCLEUS VIA C-SRC KINASES

In the past, research on the c-Src family kinases has concentrated on understanding 
their substrates, regulation and transforming properties. However, recently there has 
been much work to identify the roles these kinases play in specific signal transduction 
pathways. They have been implicated in growth factor responses, antigen responses 
and stimuli through cytokines, in a variety of cell lines (Figure 1.6) The fact that 
mutated forms of c-Src family tyrosine kinases are able to transform cells, strongly 
suggests that they play critical roles in cell growth. The remainder of this chapter will 
describe some of these pathways, including important downstream targets of c-Src 
kinases resulting in a mitogenic response (this Section) or regulation of the 
cytoskeleton (Section 1.6).

1.5.1 Signalling through receptor tyrosine kinase receptors
Growth factor binding to PTK receptors stimulates several intracellular signal 
transduction pathways and results in cell proliferation (reviewed in Fry et aL, 1993). 
Key signalling enzymes are recruited to the plasma membrane through the formation 
of stable complexes with these activated receptors (Cantley et aL, 1991; Panayotou 
and Waterfield, 1993). These interactions are mediated by SH2 domains present in 
the signalling proteins, binding to specific phosphotyrosine sequences on the 
receptors. The SH2-binding sites on the cytoplasmic domains of PTK receptors are 
created by receptor autophosphorylation following ligand-induced receptor 
dimérisation (Ullrich and Schlessinger, 1990; Panayotou and Waterfield, 1993). 
Signalling proteins that have been identified in growth factor receptor complexes 
include phosphatidylinositol 3-kinase (PI 3-kinase), phospholipase C-y (PLC-y), 

GTPase-activating protein (RasGAP), the serine/threonine kinase, Raf, the adaptor 
proteins She and Grb2 and c-Src family PTKs (Anderson et aL, 1990a; Kypta et aL, 
1990; Mori et aL, 1993). Considerable progress has been made in understanding the 
involvement of the c-Src kinases in signalling through various PTK receptors.

It was observed some years ago, that the kinase activity of c-Src is increased 
transiently following platelet-derived growth factor (PDGF) stimulation of quiescent 
fibroblasts and that this is accompanied by tyrosine phosphorylation on several sites 
of c-Src (Gould and Hunter, 1988). Several years later, it was reported that c-Src, 
Fyn and c-Yes were found to transiently associate with the PDGF receptor (Kypta et 
aL, 1990). In addition, PDGF stimulation of fibroblasts, and subsequent binding of 
the kinases to receptor, was found to stimulate the PTK activity of these cytoplasmic
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Figure 1.6. Signalling th rough  c-Src PTKs.
Signals that can activate members o f the c-Src family are shown with black arrows and red 
arrows show the possible downstream targets resulting from the activation o f c-Src kinases.
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kinases. The association is mediated by the SH2 domains of the c-Src kinases 
binding to phosphorylated tyrosines at positions 579 and 581 on the receptor (Mori et 
al., 1993) (Figure 1.7). Microinjection studies where c-Src, Fyn and c-Yes PTK 
activity was inhibited in fibroblasts, showed that they were required for a mitogenic 
response to PDGF (Twamley Stein et al., 1993; Roche et al., 1995b). Furthermore, it 
was demonstrated that although the SH2 domain of c-Src binds to receptor, its SH3 
domain was also necessary for PDGF-induced DNA synthesis (Broome and Hunter, 
1996; Erpel et al., 1996).

Colony stimulating factor-1 (CSF-1) stimulates the growth of macrophages and its 
receptor, CSF-1 R, is a transmembrane glycoprotein with intrinsic kinase activity 
related to the PDGF receptor. CSF-1 stimulation of fibroblasts engineered to express 
high levels of human CSF-1 receptors, results in the activation of three c-Src kinases, 
c-Src, Fyn and c-Yes (Courtneidge et al., 1993). Concomitant with their activation, 
the kinases associate with the ligand-activated receptor through their SH2 domains. 
Using a mutant CSF-1 receptor, where the receptor autophosphorylation tyrosine at 
809 was changed to a phenylalanine residue, its association with the c-Src kinases is 
reduced, and there is no activation of their PTK activities (Courtneidge et al., 1993). 
Furthermore, cells expressing this mutant receptor are unable to transmit mitogenic 
signals in response to CSF-1 (Roussel et al., 1990), thereby implicating c-Src kinases 
as signal transducers in response to CSF-1. Most of the association is shown to be 
with Tyr-561 in the juxtamembrane region of the receptor (Alonso et al., 1995). 
Microinjection studies using an antibody against Fyn, c-Src and c-Yes, also 
demonstrates that c-Src kinases were necessary for CSF-1 induced S phase entry of 
fibroblasts (Roche et al., 1995b).

Levitzki's group have reported an epidermal growth factor (EGF)-dependent 
activation of c-Src family kinases in cells expressing high levels of EGF receptors 
(Osherov and Levitzki, 1994). Furthermore, the mitogenic response to EGF is 
enhanced in cells that overexpress c-Src and is reduced in cells that express inactive 
c-Src (Luttrell et al., 1988; Wilson et al., 1989). Microinjection of kinase-inactive c- 
Src or Fyn, or a neutralising antibody against Src, Fyn and c-Yes, dramatically 
inhibits the mitogenic response to EGF, as well as to PDGF and CSF-1, 
demonstrating a requirement for c-Src kinases in EGF signalling (Roche et a l,  
1995b). Although a direct association of c-Src with the EGF receptor has not been 
observed in vivo, c-Src has been shown to bind to the phosphorylated EGF receptor 
via its SH2 domain in vitro and therefore may contribute to malignant 
transformational events in human breast cancer, where overexpression of EGFR is 
observed (Luttrell etal., 1994).
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One may speculate as to why PTK receptors recruit additional tyrosine kinases to the 
membrane. Firstly, binding would position cytoplasmic kinases at the plasma 
membrane where some of its substrates are found. Second, SH2-mediated binding 
may be necessary to activate the c-Src PTKs by competing with their intramolecular 
regulatory interactions, and thirdly, signalling through a complex cascade of kinases 
would provide an additional level of specificity and allow coupling to diverse 
signalling pathways (reviewed in Panayotou and Waterfield, 1993). PDGF- 
stimulated DNA synthesis is known to activate the Ras pathway which leads to 
transcriptional activation of the API transcription factor (fos and jun genes). Recent 
data, has shown that c-Src kinases can participate in a Ras-independent pathway that 
culminates in activation of the transcription factor c-Myc and is required for PDGF- 
induced growth (Armelin et al., 1984; Barone and Courtneidge, 1995). This could 
also explain necessity of c-Src kinases in PDGF signalling (reviewed in Eisenman 
and Cooper, 1995).

1.5.2 Lymphocyte antigen-signalling
The roles of specific members of the c-Src family in T- and B-cell signalling has been 
mentioned above. Below is an outline of the known signalling events involving 
tyrosine kinases, through the activation of these receptors which ultimately result in 
cell proliferation. Both receptors do not possess any intrinsic protein tyrosine kinase 
activity and hence recruit cytoplasmic PTKs to induce phosphorylation and 
intracellular responses.

SH2 domains function significantly, in the assembly of receptor complexes in 
lymphocyte signalling. The B- and T-cell receptors all contain one or more copies of 
a conserved motif called the immunoreceptor tyrosine-based activation motif (ITAM) 
which is essential for signal transduction by these receptors (Reth, 1989). The two 
conserved tyrosine residues in this motif become phosphorylated upon receptor 
stimulation by cytoplasmic PTKs and recruit SH2 containing-proteins, which leads to 
their activation and transmission of the signal (Gambler and Jensen, 1994; DeFranco, 
1995). The signalling function is abolished by mutations that change either one of the 
two conserved tyrosines of the ITAM to phenylalanine, indicating a prominent role 
for the tyrosines in signalling function (Sefton and Taddie, 1994). Phosphorylated 
ITAMs therefore provide binding sites for SH2-containing intracellular tyrosine 
kinases, such as Fyn and Zap70 in T-cells, Blk, Lyn, Fyn, Syk and the adaptor protein 
She, in B-cells.
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1.5.2.1 T-cell receptor signalling
T-cell activation via the antigen-specific T-cell receptor (TCR) initiates a series of 
metabolic changes including proliferation, lymphokine secretion, phosphatidylinositol 
breakdown and Ca^+ accumulation (Klausner and Samelson, 1991; Cambier and 
Jensen, 1994; DeFranco, 1995). One of the earliest biochemical alterations observed 
after TCR engagement is an increase in protein tyrosine kinase activity (June et al., 
1990).

The TCR is a complex oligomer composed of the products from seven genes (Figure 
1.8). The a  and p chains form a heterodimer responsible for recognition of an 

antigenic peptide bound to a major histocompatibility complex (MHC) molecule. 
The CD3 and ^ chains are responsible for signal transduction. CD4 and CDS are 

transmembrane glycoprotein accessory molecules, necessary for the activation of T- 
lymphocytes. Genetic and biochemical data have provided evidence that the two c- 
Src family kinases Lck and Fyn (Sections 1.2.4.2 and 1.2.4.4) and the cytoplasmic 
kinase Zap70, are necessary for T-cell signalling. A possible model for TCR- 
mediated PTK activation is illustrated in Figure 1.8 (Weiss, 1993; DeFranco, 1995). 
The well established interaction between Lck and CD4 and CD8 a  occurs via the 
amino region of Lck and the cytoplasmic tail of CD4 or CD8 a  (Turner et al., 1990). 
This interaction is essential for effective activation of T-cells. Furthermore, there is 
evidence to suggest that the tyrosine phosphatase CD45 is responsible for 
dephosphorylating Lck on its carboxy-terminal tyrosine and hence activate its kinase 
activity, while Csk acts to down-regulate its activity (reviewed in Brickell, 1996). 
The model for T-cell activation (Figure 1.8) shows that a complex can been 
established where the antigen receptor and CD4 or CD8 a  bind to the same MHC 

molecule upon presentation of bound antigen. This activates Lck, presumably by 
CD45, which can then phosphorylate ITAMs on the Ç chain of the TCR. This would 

allow binding of Zap70 and Fyn to the receptor via their SH2 domains and the 
subsequent tyrosine phosphorylation and activation of Zap70, probably by Fyn or 
Lck.

1.5.2.2 B-cell receptor signalling
Treatment of B-cells with anti-Ig antibodies mimics the effect of antigen stimulation, 
and results in protein tyrosine phosphorylation (Campbell and Sefton, 1990). Current 
evidence has implicated several cytoplasmic tyrosine kinases in the signalling events 
that occur at the B-cell receptor (BCR). The kinase Syk and the c-Src family 
members, Fyn, Lyn, Blk and Lck, have all been identified as associating with the 
BCR complex and become activated following stimulation (Burkhardt et al., 1991; 
Yamanashi et al., 1991; Campbell and Sefton, 1992) The structure of the
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Figure 1.8. Model o f TCR signalling by PTKs
In unstimulated T-cells Fyn binds to unphosphorylated ITAMs (light blue) via its amino-terminus and 
Lck binds to CD4 through sequences in its amino-terminus. Upon presentation o f antigen through a 
MHC molecule, Lck is activated by CD45 and phosphorylates ITAMs in the TCR. Zap70 and Fyn can 
then bind phosphorylated ITAMs (yellow) through their SH2 domains, which results in activation o f Fyn 
and the subsequent phosphorylation and activation of Zap70. This triggers downstream intracellular 
effectors. Based on model discussed in Brickell, 1996.
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immunoglobulin receptor complex is illustrated in Figure 1.9, showing the antigen- 
binding variable heavy and light chains and the two invariant Iga and IgP chains for 

signal transduction. The ITAMs, previously described, represent the sites of 
interaction with signalling elements.

A model of the signalling events that occur following BCR stimulation is presented in 
Figure 1.9 (Cambier and Jensen, 1994; DeFranco, 1995; DeFranco et al., 1995). In 
resting B-cells the c-Src family members are bound to the receptor via an interaction 
involving unphosphorylated ITAMs and a 10 amino acid region in the unique N- 
terminal domain of the kinases. Upon activation, Syk becomes autophosphorylated 
on tyrosine residues, and can therefore bind c-Src kinases through their SH2 domains, 
and recruit them to the receptor complex. This leads to the phosphorylation of ITAM 
tyrosine residues by activated Blk, Fyn, Lyn or Blk, which allows further recruitment 
of c-Src kinases, and in particular Syk, through their SH2 domains. The resulting 
activation of these kinases can then lead to the phosphorylation of cytoplasmic 
signalling molecules such as She, PLCy and PI 3-kinase. Following B-cell antigen 

receptor ligation, such responses such as a rise in intracellular calcium levels and 
MAP kinase activation through Ras, are observed (reviewed in DeFranco, 1995).

1.5.3 Cytokine signalling
Cytokines are soluble mediators of cell-to-cell communication that include 
interleukins, interferons and colony-stimulating factors. Most cytokine receptors do 
not possess intrinsic protein tyrosine kinase activity, although receptor stimulation 
leads to rapid tyrosine phosphorylation of intracellular proteins. It is now apparent 
that non-receptor PTKs are recruited to these receptors in order to relay downstream 
signals (reviewed in Ihle, 1995; Taniguchi, 1995).

Involvement of the c-Src family in cytokine signalling was initially shown for Lck in 
IL-2 signalling (Hatakeyama et al., 1991). Upon IL-2 stimulation, Lck, Lyn and Fyn 
are activated through their interaction with the IL-2 receptor (Torigoe et al., 1992; 
Kobayashi et a l, 1993). Activation is followed by the induction of the c-fos and c- 
jun genes of transcriptional activators through Ras, which also suggests a role for c- 
Src family in the induction of these proto-oncogenes (Shibuya et al., 1992; Minami et 
al., 1993; Shibuya et al., 1994). Phosphorylation of the IL-2Rp chain by Lck may 

also create sites for the recruitment of phosphatidylinositol-3 kinase (Truitt et al.,
1994) and the adaptor protein She, which has also been shown to be upstream of Ras 
(Section 1.5.5.2) (reviewed in Minami and Tanguchi, 1995). Lck has also been
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Figure 1.9 Model of BCR signalling by PTKs
In resting B-cells, Blk, Fyn and Lyn (B/F/L) bind to the unphosphorylated ITAMs (light blue) on 
the Ig-a/lg-P chains o f the B-cell receptor (BCR) complex, via their amino-term ini. Stimulation of 
the BCR by antigen (Ag) results in the autophosphorylation o f Syk. PTKs are then recruited to the 
complex by binding to phosphorylated tyrosines on Syk through their SH2 domains. This results in 
stimulation o f PTK activity and tyrosine phosphorylation o f ITAMs (1). These phosphorylated 
ITAMS (yellow) can then recruit Blk, Fyn, Lyn, Syk and She through SH2 binding (2). 
Downstream targets can then become phosphorylated and She can activate the Grb2-Sos pathway.
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implicated in mitogenic signalling by IL-2, through proto-oncogene products such as 
c-Myc or Bcl-2 (reviewed in Taniguchi and Minami, 1993).

Although the activation of c-Src kinases by interleukin-2 is well documented, c-Src 
kinases are not activated by many cytokines and some IL-2 responses do not require 
c-Src kinases. However, it should also be mentioned, that as well as the involvement 
of Syk kinases, the Janus (Jak) family of kinases is required for most receptor 
functions in cytokine signalling (reviewed in Ihle, 1995; Taniguchi, 1995). In the 
activation of the Jak/Stat pathway in response to interferons and cytokines, 
stimulation of receptors leads to tyrosine phosphorylation and generates specific 
binding sites for SH2 domains, which leads to the formation of complexes of proteins 
such as the adaptor protein She (Schlessinger, 1993), p85 and phospholipase C-yl, 

resulting in Ras activation or activation of the SH2-containing Stat transcription 
factors (Ihle, 1995). Stat phosphorylation, translocation and DNA-binding are all 
dependent on SH2-interactions.

1,5.4 Signalling through G-protein coupled receptors
c-Src family kinases are also activated by G-protein coupled receptors that can result 
in cytoskeletal rearrangements, although do not seem to be required for the mitogenic 
effects of LPA or bombesin (Roche et al., 1995b). Probably the best studied example 
of the signalling of c-Src kinases through G-protein coupled receptors is the 
aggregation and activation of platelets by thrombin. Thrombin-induced platelet 
activation has been found to increase c-Src kinase activity in a G-protein dependent 
fashion and cause redistribution of the kinase to the insoluble cytoskeletal fraction of 
cells, where it associates with cytoskeletal substrates (Cichowski et al., 1992; Horvath 
et al., 1992; Wong et al., 1992b; Clark and Brugge, 1993; Liebenhoff et al., 1993). 
These findings suggest a function for c-Src in downstream events of platelet 
activation resulting in adhesion and cytoskeletal rearrangements regulating platelet 
shape. The involvement of c-Src family kinase activation in G-protein-regulated 
signalling pathways was further confirmed by Chen et al., (1994). In addition to 
demonstrating that c-Src kinases are activated through thrombin signalling, they also 
showed that c-Src and Fyn are activated in fibroblasts expressing a 2 -adrenergic and 

muscarinic mi receptors and may therefore represent a link to downstream activation 
of Ras and the mitogen-activated protein kinase cascade (Chen et al., 1994) (see 
below). G-protein mediated activation of Ras by thrombin and LPA is also abolished 
by kinase inhibitors, supporting the notion that tyrosine kinases are involved in this 
pathway (Van Corven et al., 1993) and c-Src has been found to link G-protein
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coupled receptors with MAP kinase activation in LPA-treated PC12 cells (Dikic et 
a l, 1996).

Support that c-Src kinases can contribute to cytoskeletal changes observed through 
these stimuli, comes from the finding that many cytoskeletal proteins such as FAX, 
which are phosphorylated in response to LPA, have also been described as substrates 
for c-Src in transformed cells (Section 1.6.1.1), and that c-Src family kinases can 
activate PI3-kinase (see Section 1.5.5.1), which has been shown to mediate PDGF- 
stimulated actin reorganisation in fibroblasts (Wennstrom et a l, 1994). Finally, LPA 
has been shown to transiently activate c-Src kinases in neuroblastoma cells in a G- 
protein dependent fashion (Jalink et a l, 1993).

1.5.5 Downstream of receptors: Primary cytoplasmic targets of non
receptor PTKs
Although not many downstream targets of c-Src kinases are known, various important 
intracellular signalling proteins have been identified to associate with and act as 
substrates for receptor and c-Src PTKs.

1.5.5.1 Phosphatidylinositol 3-kinase
PI 3-kinase is a heterodimer composed of a catalytic 110 kDa subunit (Hiles et a l,
1992) and a non-catalytic p85 subunit (Otsu et a l, 1991), and phosphorylates inositol 
lipids on the D-3 hydroxyl position (reviewed in Kapeller and Cantley, 1994). The 3- 
phosphoinositol pathway has been implicated in growth factor-dependent 
mitogenesis, membrane ruffling, vesicular trafficking and glucose uptake. PI 3- 
kinase associates with many activated PTK receptors through its SH2 domain in p85 
and results in the stimulation of its lipid kinase activity (Panayotou and Waterfield,
1993). PI 3-kinase is also a substrate for members of the c-Src family.

PI 3-kinase was first described in cells that were transformed with middle T antigen, 
by virtue of its activity presence in immune complexes containing the polyoma 
middle T antigen and c-Src (Whitman et a l, 1985; Whitman et a l, 1987). Moreover, 
the transforming ability of the mTAg/c-Src complex depends on its association with 
PI 3-kinase (Whitman et a l,  1985). The presence of this lipid kinase activity 
correlated with the appearance of an 85 kDa tyrosine phosphorylated protein in 
immune complex reactions with mTAg/c-Src (Courtneidge and Heber, 1987; Kaplan 
et a l,  1987). Furthermore, it was demonstrated that phosphorylation of mTAg by c- 
Src in vivo is not only important for the transforming ability of mT but also critical
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for the binding to PI 3-kinase (Talmage et al., 1989). PI kinase activity is also 
detectable in c-Src family-PDGF receptor complexes (Kypta et al., 1990)

PI 3-kinase binds to v-Src and to all transforming variants of c-Src (Fukui and 
Hanafusa, 1989), and PI3-kinase activity has been found to associate with v-Yes. The 
p85 subunit of PI 3-kinase associates with Lyn in B-cells after antigen receptor 
ligation (Yamanashi et al., 1992), and Lck binds the lipid kinase in stimulated T 
lymphocytes (Vogel and Fujita, 1993). The function of the SH2 and SH3 domains in 
the c-Src kinases in this association has been investigated. v-Src-associated PI 3- 
kinase activity is reduced if the SH2 domain of v-Src is deleted, and tyrosine 
phosphorylation of PI 3-kinase is required for association with v-Src (Fukui and 
Hanafusa, 1991; Vogel and Fujita, 1993). This, and other work suggest that the SH2 
domain of v-Src contributes to binding (Haefner et al., 1995) .

Evidence, however, has been provided showing that the SH3 domain of individual c- 
Src PTKs is critical for its association with PI 3-kinase. This idea was first suggested 
by Wages et al., (1992) where a single point mutation in the SH3 domain of v-Src 
resulted in a decrease of associated PI 3-kinase activity (Wages et al., 1992). It was 
later found that when expressed as GST fusion proteins, it was the SH3 domain from 
v-Src and not the SH2 domain, that bound PI 3-kinase from fibroblasts (Liu et al., 
1993b). Moreover, deletions within the SH3 domain of Lck abolishes binding to PI 
3-kinase from T-cell lysates, and the SH3 domain alone can mediate this binding in 
vitro (Vogel and Fujita, 1993). Pleiman et al., (1994) demonstrated that during 
antigen receptor signalling PI3-kinase activity is substantially stimulated by the 
binding of Lyn and Fyn. This binding was shown to be directly mediated by the SH3 
domains of Lyn and Fyn and proline-rich sequences present in the p85 subunit of PI 
3-kinase (Pleiman et al., 1994b). Association between activated c-Src kinases and PI 
3-kinase presumably leads to activation of the lipid kinase, by either recruitment to 
the plasma membrane or disruption of possible regulatory intramolecular interactions 
in p85.

1.5.5.2 She
The She protein is phosphorylated in v-Src transformed cells and in growth factor 
stimulated cells (Pelicci et al., 1992). Its gene encodes three widely expressed 
transforming proteins of 46, 52 and 66 kDa, which are tyrosine phosphorylated in 
response to a number of growth factors and have been implicated as mediators from 
protein tyrosine kinases to Ras (Pelicci et al., 1992; Rozakis-Adcock et a l, 1992). 
She is composed of a C-terminal SH2 domain, an adjacent glycine proline rich region 
which shows similarity to collagen, and a phosphotyrosine binding (PTB) domain at
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its amino terminus (Pelicci et al., 1992; Kavanaugh and Williams, 1994). She 
proteins possess no catalytic activity and are thought to act as adaptor molecules that 
mediate protein-protein interactions necessary for recruitment of signalling complexes 
(Pelicci et at., 1992).. The SH2 domain of She binds tyrosine-phosphorylated targets 
such as activated growth factor receptors (Lowenstein et al., 1992; Rozakis-Adcock et 
al., 1992), and its collagen domain contains a phosphorylation site at Tyr-317, which 
mediates binding to the SH2 domain of the adaptor protein Grb2. The PTB can bind 
a tyrosine phosphoprotein, pl45, in growth factor stimulated cells and activated 
receptors (Kavanaugh and Williams, 1994). It has been proposed that She links 
growth factors and c-Src kinases to the activation of Ras through the formation of a 
complex with Grb2 and Sos (Pelicci et al., 1992; Rozakis-Adcock et al., 1992) 
(Section 1.5.5.3).,

It is not clear how She becomes tyrosine phosphorylated in v-Src transformed cells, 
or indeed how this results in Ras activation. Complexes between She and c-Src 
kinases are generally not seen, although an interaction between She and Lyn was 
detected in neutrophils stimulated through G-protein coupled receptor, mediated 
through the SH2 domain of She and presumably resulting in Ras activation (Ptasznik 
et al., 1995). She can also bind to the Src SH3 domain in vitro, through its proline- 
rich regions. Alternatively, She may compete with c-Src kinases in phosphorylation 
by activated growth factor receptors, and hence, in Ras activation.

1.5.5.3 The Grb2-Sos complex
The Grb2-Sos signalling complex has not been shown to interact directly with c-Src 
kinases, although is activated by many PTK receptors and functions significantly in 
signalling through tyrosine kinases. Grb2 is composed of a single SH2 domain 
flanked by two SH3 domains, and the absence of any catalytic activity suggests that 
Grb2 functions as an adaptor molecule (Lowenstein et al., 1992). Studies on the 
homologous C-elegans gene, Sem5 (Clark et al., 1992) and the Drosophila Grb2 
homologue gene Drk, have implicated Grb2 in Ras activation. Further work from in 
vitro studies resulted in a model for Grb2 function whereby Grb2 binds to activated 
PTK receptors (directly or indirectly through IRS-1, She) via its SH2 domain, and 
then recruits Sos, a guanine exchange factor (Li et al., 1993), through its SH3 
domains which then activates Ras (Egan and Weinberg, 1993; McCormick, 1993). 
The Ras activator, Sos, is the mammalian homologue of Drosophila Son of sevenless, 
which converts inactive RasGDP to active RasGTP by nucleotide exchange. Ras then 
stimulates the MAP kinase pathway (see below), ultimately leading to the 
phosphorylation of transcription factors (Figure 1.10).
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Figure 1.10. Signalling downstream of tyrosine kinase receptors
Upon growth factor stimulation of cells, various signalling proteins (discussed in text) become 
activated. The signal transduction pathway shown above results in activation o f Ras and the MAP 
kinase cascade. This leads ultimately to the activation o f various transcription factors (TF) and changes 
in gene activity. Two-headed arrows indicate protein-protein interactions. c-Src PTKs can bind 
phosphorylated PTK receptors and have been shown to regulate PI 3-kinase activity. c-Src kinases may 
also lie upstream o f the Ras pathway in T and B cells. See text for more details.
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1.5.5.4 Ras GAP
Activated Ras is returned to its inactive state by an intrinsic GTPase activity which is 
stimulated by a GTPase activating protein (RasGAP). RasGAP has two SH2 
domains, an SH3 domain and a PH domain (reviewed in Boguski and McCormick, 
1993). RasGAP has been shown to be tyrosine phosphorylated in transformed cells 
(Ellis et al., 1990) and in response to growth factor stimulation. RasGAP is now 
known to form complexes with and become phosphorylated by activated PDGF, EGF 
and CSF-1 receptors (Molloy et at., 1989; Kaplan et al., 1990; Kazlauskas et al., 
1990; Reedijk et al., 1990). These interactions occur between specific 
phosphotyrosines on the receptor (Tyr-771 in the PDGF receptor) and the SH2 
domains of RasGAP. Work in Drosophila, however, has suggested that GAP is not 
the only effector of Ras (Kazlauskas et al., 1990). RasGAP can also associate with 
tyrosine phosphoproteins (Kazlauskas et al., 1990) and the N-terminal domain of 
RasGAP has been reported to regulate cytoskeletal structure and cell adhesion 
(McGlade etal., 1993).

1.5.5.5 Ras activation of Raf
Ras has had considerable mention in this chapter in conjunction with various 
signalling proteins, and clearly plays a pivotal role in signal transduction (Egan and 
Weinberg, 1993). Its evolutionary conservation suggests its importance, and its 
homologues have been extensively studied in yeast and Drosophila. Ras is a plasma 
membrane-associated guanine nucleotide-binding proteins that cycles between GTP- 
and GDP-bound forms and is regulated by various exchange proteins (Bourne et al., 
1991). Ras was first identified as an oncogene of transforming RNA tumour virus 
(Barbacid, 1987). Ras has also attracted a great deal of attention because of its role in 
malignancy of human tumours, where around 30% of human tumours have ras gene 
mutations (Barbacid, 1987) with the incidence of activated Ras in some cancers being 
as high as 90% (Almoguera et al, 1988).

A main downstream effector of Ras is the serine/threonine kinase Raf. Raf is 
activated by many growth factors, including PDGF, EGF and insulin and plays a 
central role in cell growth (Morrison et al., 1988). Raf is the cellular homologue of v- 
Raf, where its unregulated kinase activity is associated with transformation and 
mitogenesis (Heidecker et al., 1990). The activity of Raf was found to be controlled 
by its amino-terminal domain (Stanton et a l, 1989; Heidecker et al., 1990). It was 
discovered several years ago, that the serine kinase activity of Raf was stimulated by 
Ras and v-Src (Morrison et al., 1988; Williams et al., 1992). Later, intense research, 
including genetic evidence, identified Raf as an essential downstream effector of Ras. 
Further evidence directly linking Ras and Raf came from using recombinant
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expression systems. Raf was identified as a binding protein for Ras in a yeast two 
hybrid screen (Van Aelst et al., 1993; Vojtek et at., 1993), and a yeast expression 
system was used to demonstrate binding between the two proteins (Zhang et al.,
1993). A direct Raf-Ras interaction was also demonstrated in vitro using recombinant 
fusion proteins (Van Aelst et al., 1993; Vojtek et al., 1993; Zhang et al., 1993). 
Immobilised Ras bound Raf from brain cell extracts (Moodie et al., 1993), and the 
interaction of Raf and Ras in vivo upon mammalian cellular stimulation was later 
reported (Hallberg et al., 1994). The amino-terminal region of Raf was discovered to 
bind Ras in its active-GTP bound form (Wame et al., 1993) and although the exact 
mechanism of activation of Ras by Raf is unclear, it has been shown that Ras can 
activate the kinase activity of Raf by recruiting it to the plasma membrane (Leevers et 
al., 1994). Activation of Raf leads to the subsequent phosphorylation and activation 
of the MAP kinase cascade.

1.5.5.6 The MAP kinase cascade
Ras activation leads to a kinase cascade which results in the rapid stimulation of 
mitogen-activated protein kinases (MAPKs) or extracellular signal-regulated kinases 
(ERKs) (Leevers and Marshall, 1992) (Figure 1.10). The MAPKs are dually 
phosphorylated on threonine and tyrosine residues by MAPK kinases (MEKs of 
MKKs) (Ray and Sturgill, 1988; Anderson et al., 1990b; Wu et al., 1993; Zheng and 
Guan, 1993). There is now overwhelming evidence to suggest that Raf 
phosphorylates MEK on serine/threonine residues and causes its activation (Howe et 
al., 1992; Kyriakis et al., 1992; Schaap et a l, 1993; Zheng and Guan, 1994), allowing 
it to phosphorylate and activate MAPK (Crews et al., 1992b). Recent data has indeed 
shown the existence of a physical complex, containing Ras-GTP, Raf and MEK-1 
(Moodie et al., 1993; Jelinek et al., 1994) and the Raf-MEK-ERK pathway has been 
reconstituted in vitro (MacDonald et al., 1993).

Although this pathway is complex, conservation of many of its components has been 
observed in yeast (Herskowitz, 1995), nematodes, Xenopus (Matsuda et al., 1993), 
Drosophila and mammals (reviewed in Neiman, 1993; Nishida and Gotoh, 1993). 
This linear signalling cascade in which Ras-activated Raf phosphorylates and 
activates MEK, which in turn phosphorylates and activates MAPK, constitutes the 
MAPK pathway and is downstream of the many receptors mentioned above 
(reviewed in Crews et al., 1992a; Blenis, 1993; Johnson and Vaillancourt, 1994). 
Activated MAPK ultimately carries the signal to the nucleus where it leads to the 
phosphorylation of proto-oncogene products such as, c-Fos, c-Jun and c-Myc, and 
hence transcription and mitogenesis (Hill and Treisman, 1995). Figure 1.10 
summarises the MAP kinase cascade activated through tyrosine kinase signalling.
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1.6 SIGNALLING TO THE CYTOSKELETON VIA C-SRC 
KINASES

Cells transformed with v-Src result in a number of phenotypic changes such as 
reduced adherence and altered cell morphology due to disrupted cytoskeletal 
structures and changes in the extracellular matrix (Burridge et al., 1988). The finding 
that integrins and cytoskeletal components are phosphorylated on tyrosines in v-Src 
transformed cells has sparked particular interest and has implicated c-Src kinases as 
having a role in integrin and actin signalling pathways (Okamura and Resh, 1994). 
Evidence suggests that it is the SH2 and SH3 domains of c-Src PTKs that are 
involved in locating and regulating proteins within the cytoskeleton.

1.6.1 Integrin signalling
Integrins are a family of cell-surface receptors that mediate attachment to the 
extracellular matrix and cell-cell contacts. These adhesive interactions play critical 
roles in directing migration, proliferation and differentiation of cells in processes such 
as embryonic development, tumour cell growth, leukocyte activation and 
programmed cell death (Clark and Brugge, 1995). Ligands for integrins include 
components of the extracellular matrix such as collagen fibronectin or receptors on 
other cells. Activation of intracellular integrin-mediated responses occurs following 
ligand binding and receptor clustering. Receptor clustering initially leads to the 
formation of focal adhesions where integrins link to intracellular cytoskeletal 
complexes and bundles of actin filaments (Burridge et al., 1988). Actin-binding 
proteins include vinculin, tensin, paxillin, talin and a-actinin which bind to integrin 

domains and are important in structural roles of the cell shape and mobility as well as 
allowing the association of signalling proteins (reviewed in Clark and Brugge, 1995).

Tyrosine phosphorylation was demonstrated as being important in the signalling 
response from integrin receptors and tyrosine kinase inhibitors lead to the inhibition 
of the formation of focal adhesions. Many substrates for c-Src have been identified at 
focal adhesions, including, cortactin, FAK, paxillin, tensin, talin, vinculin and 
plSO^^S. Serine-threonine kinase families such as protein kinase C (PKC) and 
mitogen activated protein (MAP) kinases are also activated upon integrin stimulation, 
leading to increases in intracellular calcium concentrations and changes in gene 
expression. This discussion will focus on the tyrosine phosphorylation of cytoskeletal 
components and how c-Src kinase are implicated in integrin signalling events.
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1.6.1.1 FAK
Sites of cell-extracellular matrix contact, called focal adhesions, contain a 125 kDa 
cytoplasmic protein tyrosine kinase called FAK (focal adhesion kinase) (Schaller and 
Parsons, 1995). FAK is tyrosine phosphorylated and its tyrosine kinase activity is 
enhanced upon integrin engagement (Schaller et al., 1992) playing a crucial role in 
integrin-mediated signal transduction. Through various interactions, FAK is capable 
of integrating many signals triggered by integrin stimulation. Its carboxy-terminal 
domain serves to localise it to focal adhesions by interacting with the cytoskeletal 
protein paxillin, while the tyrosine phosphorylation sites present on FAK couple it to 
SH2-domain containing proteins.

c-Src and Fyn have been shown to bind to autophosphorylation sites on FAK via their 
SH2 domains (Cobb et at., 1994; Okamura and Resh, 1994; Xing et al., 1994), and 
the SH3 domain of activated c-Src can bind proline sequences in paxillin (Weng et 
al., 1993), resulting in the localisation of c-Src kinases to focal adhesions. It appears, 
therefore, that the binding of c-Src via its SH2 and SH3 domains to focal adhesion 
components may activate the PTK activity of c-Src which is normally repressed by its 
SH2 and SH3 intramolecular interactions. Binding of c-Src and Fyn to FAK results 
in phosphorylation of FAK by the c-Src kinases and activation of FAK kinase activity 
(Weng et al., 1993). This phosphorylation creates sites for other signalling proteins 
such as Grb2 which would then bind Sos and result in activation of the Ras pathway 
(Calalb et al., 1995). The enhanced activity of FAK and c-Src/Fyn kinases may also 
result in the increase in phosphorylation of paxillin observed in integrin-stimulated 
cells, by one of the kinases (Burridge et al., 1992). Figure 1.11 summarises these 
interactions of FAK. The roles of c-Src and Fyn in the phosphorylation of the 
cytoskeletal proteins FAK, paxillin and tensin, have been examined in mutant src-, 
fyn- and csk- mice (Thomas et al., 1995) and is discussed in the next section. FAK 
also seems to be involved in signalling through G-protein coupled receptors like 
bombesin and thrombin (Zachary et al., 1992). Furthermore, it was discovered that in 
the brains of Fyn mutant mice there was a reduction in FAK tyrosine phosphorylation 
and a reduction in kinase activity of the FAK immunocomplex (Grant et al., 1995). 
This strongly implicates Fyn as a regulator of FAK in a unique signalling pathway in 
the brain.

Tensin, an SH2-containing cytoskeletal protein, is another substrate for tyrosine 
kinases (for review see Clark and Brugge, 1995). Tensin induces actin bundling and 
links actin filaments to focal contact points at the membrane and becomes tyrosine 
phosphorylated in v-Src transformed cells (Davis et a l, 1991). The c-Src kinases 
therefore, seem to play an important role in allowing complex formation with

5 0



RASt
SOS

PAXILLIN
kinase

SH3 SRC:H2 GRB2

kinase domain |

FAK
integrin binding PAXILLIN

Figure 1.11. Interactions of FAK in integrin signalling
Focal adhesion kinase (FAK) possesses an amino-terminal integrin binding domain, a kinase 
domain and a carboxyl-terminal focal adhesion binding site. Following integrin stimulation, c-Src 
or Fyn can bind to autophosphorylated tyrosine residues on FAK through their SH2 domains, which 
would result in their activation and the phosphorylation o f  other tyrosine residues on FAK, thereby 
creating binding sites for Grb2-Sos complexes. The SH3 domain of Src can also bind proline-rich 
sequences in the cytoskeletal protein paxillin. These interactions would result in the localisation of 
c-Src kinases and Grb2-Sos complexes to focal adhesions and the activation o f various signalling 
pathways (Clark and Brugge, 1995).
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cytoskeletal components at focal adhesions and subsequent activation of signalling 
molecules like PI 3-kinase, PLC-y and Ras, following integrin clustering.

1.6.2 Cortactin
As previously mentioned, activated Src associates with the cytoskeletal matrix, 
resulting in tyrosine phosphorylation of specific cytoskeletal substrates (Okamura and 
Resh, 1994). One such Src-binding partner is p80/85 cortactin, which was 
demonstrated to co-localise with v-Src in transformed fibroblasts and to bind to the 
SH2 domain of Src in vitro (Okamura and Resh, 1995). Cortactin is an F-actin 
binding protein that has an SH3 domain and a proline rich region (Wu et al., 1991; 
Wu and Parsons, 1993). It is normally phosphorylated on serine and threonine but 
becomes tyrosine phosphorylated upon growth factor stimulation or upon 
transformation by activated Src. Cortactin has also been shown to transiently 
associate with Src in response to thrombin activation in platelets and in response to 
FGF-1 in fibroblasts.

To investigate the specific roles of c-Src and Fyn in organising the cytoskeleton, 
Thomas et al. used Csk, c-Src and Fyn-deleted mouse fibroblasts. (Thomas et al.,
1995). The biochemical analysis of proteins known to have roles in regulating the 
cytoskeletal architecture, revealed increased tyrosine phosphorylation of cortactin, 
FAK, tensin and paxillin in csk- embryonic fibroblasts where there is presumably 
increased c-Src activity. Analysis of double-mutant cells demonstrated that only c- 
Src was necessary for the phosphorylation of cortactin and tensin, while FAK and 
paxillin required both c-Src and Fyn. The co-localisation of cortactin and F-actin in 
podosome structures was also shown to correlate with the c-Src dependent 
phosphorylation of cortactin (Thomas et al., 1995). In csk-src- cells, however, 
hyperphosphorylation of cortactin was decreased and cortactin returned to its normal 
distribution. Based on these observations, it was suggested that c-Src plays a 
biological role in the regulation of cytoskeletal organisation and cell adhesion through 
the phosphorylation of cortactin. Curiously, upon phorbol ester stimulation of mouse 
kératinocytes, Fyn is activated and shown to be responsible for tyrosine 
phosphorylation of cortactin (Calautti et a l, 1995).
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1.7 THE RHO FAMILY OF GTPASES

The Rho family is one of the most studied groups belonging to the superfamily of 
small GTP-binding proteins (for reviews see Nobes and Hall, 1994; Machesky and 
Hall, 1996; Ridley, 1996; Symons, 1996). Three members of this group, Rho, Rac 
and Cdc42, are primarily involved in regulating the organisation of the actin 
cytoskeleton. Intense research has revealed new insights into the cellular signalling 
via these proteins resulting in the regulation of motility and shape, and in the control 
of the actin cytoskeleton. These proteins function like Ras in that they are molecular 
switches changing from an active GTP-bound state to an inactive GDP-bound state, 
and are controlled by various guanine-nucleotide exchange factors (GEFs) (Boguski 
and McCormick, 1993) (Figure 1.12a). Microinjection studies in fibroblasts using 
recombinant proteins have revealed some of the roles of these proteins in regulating 
the actin cytoskeleton. Rho regulates the formation of stress fibres, Rac induces 
membrane ruffling and lamellipodia and Cdc42 is required for filopodia formation 
(Nobes and Hall, 1995). Rho is also required for the formation of focal adhesions, 
which are the sites at which stress fibres are linked via integrins to the extracellular 
matrix. Rac and Cdc42, however, are needed for the formation of smaller focal 
complexes which also contain cytoskeletal and signalling components (Nobes and 
Hall, 1995) (summarised in Figure 1.12b).

A number of proteins involved in regulating the activity of members of the Rho 
family of small GTPases display SH3 domains. For example the GTPase activating 
proteins (GAPs) contain an SH3 domain and are involved in activating and hence 
negatively regulating, the small GTPases. A region in the first described SH3 binding 
protein, 3BP1, possesses similarity to the breakpoint cluster region gene, Bcr. This 
region, present in a number of proteins, has been demonstrated to stimulate the 
GTPase activity of specific Ras-like G proteins, implicated in cytoskeletal 
organisation (reviewed in Fry, 1992). SH3 domains are also implicated in GTP- 
binding proteins involving bud formation in yeast and the neutrophil oxidative burst. 
Two subunits of cytochrome oxidase, p47-phox and p67-phox both contain SH3 
domains and a small Rac GTP-binding protein has now been identified in this 
complex (Abo etal., 1991; Mizuno etal., 1992).

1.7.1 Rho and focal adhesions
It is now clear that Rho is necessary for the assembly of integrin adhesion complexes 
and contributes to integrin-dependent signal transduction pathways. Moreover, the
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Figure 1.12. Signalling through small GTPases.
(a) Cycling of Ras between inactive and active states. GAP = GTPase activating protein, GEF = GTPase 
exchange factor. Cycing is also true for Cdc42, Rac and Rho. (b) Downstream cytoskeletal effects of 
Cdc42, Rac and Rho activation. Tyrosine kinases are known to be upstream of Rho signalling through LPA 
stimulation and a sequential activation o f Rac and then Rho by Cdc42 has been suggested (Nobes and Hall, 
1995).
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interaction of integrins with the extracellular matrix alone is not sufficient to induce 
focal adhesion formation and small GTPases are needed for complex formation 
(Hotchin and Hall, 1995). Indeed, when scrape-loaded into fibroblasts, Rho 
stimulates the tyrosine phosphorylation of a number of focal adhesion proteins, 
including FAK, pl30 and paxillin (Flinn and Ridley, 1996). Furthermore, Rho- 
induced assembly of focal adhesions and stress fibres can be blocked by a kinase 
inhibitor (Ridley and Hall, 1994). However, no tyrosine kinase has been identified as 
directly associating with Rho, although it has been suggested that FAK, c-Src and 
Fyn, which are implicated in focal adhesion complex formation, may be direct targets 
of Rho. In addition, the enzyme C3 transferase has been used to inhibit Rho activity, 
and this leads to the inhibition of FAK and paxillin phosphorylation (Rankin et al.,
1994). This further suggests that Rho is necessary for signalling events leading to 
downstream tyrosine phosphorylation at focal adhesions. It also has been suggested 
that actin polymerisation and focal adhesion formation by Rho occur by two separate 
pathways (Nobes and Hall, 1995; Flinn and Ridley, 1996)

Activation of Rac and Cdc42 leads to the assembly of vinculin-containing focal 
complexes at the edges of lamellipodium and tips of filopodia, respectively. 
Interestingly, there is evidence of 'cross-talk' between the three GTPases in 
fibroblasts, where activation of Cdc42 leads to activation of Rac and subsequently of 
Rho (Nobes and Hall, 1995) (Figure 1.12).

1.7.2 Growth Control
The Rho GTPases have also been implicated in growth control (Olson et a l, 1995), 
transcription (Hill et al., 1995), endocytosis and secretion (Ridley, 1996). 
Interactions with signalling molecules such as PI 3-kinases (Parker, 1995) and 
phospholipases have been identified in the task to uncover signal transduction 
pathways through small GTPases. The small GTPases Rac and Cdc42 have recently 
been identified as upstream regulators of a MAPK-related signalling pathway, the 
JNK/SAPK (c-Jun amino-terminal kinase or stress activated protein kinase) pathway, 
analogous to the Ras-controlled kinase cascade (Coso et al., 1995; Minden et al.,
1995). They have been demonstrated to bind a novel serine/threonine kinase, p21- 
activated kinase (PAK) (Manser et al., 1994), which lies upstream of this kinase 
cascade and leads to the subsequent activation of INK (Zhang et al., 1995). This 
finding uncovers a role for Rac and Cdc42 for signalling to the nucleus and regulating 
transcription in response to growth factors (Vojtek and Cooper, 1995), although in a 
distinct pathway to that resulting in actin cytoskeletal organisation (Lamarche et al.,
1996). Moreover, a serine/threonine kinase, PKN, was recently identified as a target
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for Rho, linking it to a serine-threonine pathway resulting in either growth control or 
cytoskeletal regulation (Amano etal., 1996; Watanabe etal., 1996).

1.8 AIMS

The initial aim of this work was to study the role of the c-fgr proto-oncogene in the 
myeloid lineage where it is highly expressed. The approach used was to identify 
cellular proteins from U937 cells (human myeloid leukaemia), that bind to specific 
domains of the c-Fgr protein. These may be putative substrates, regulators of enzyme 
activity and proteins controlling intracellular localisation of c-Fgr.

Chapter 3 describes the use of a prokaryotic expression system to synthesise isolated 
SH2 and SH3 domains and the unique amino-terminal region of the c-Fgr PTK. 
These were expressed as glutathione S-transferase fusion proteins and were used to 
identify specific proteins that might bind to them from extracts of U937 cells. 
Amongst other proteins, a haematopoietic cell-specific protein doublet of 65/68 kDa 
was identified as binding to the immobilised SH3 domains of c-Fgr, Fyn and Src.

Chapter 4 describes the purification and microsequencing of p65/68 and its identity 
as the Wiskott Aldrich Syndrome Protein, a protein recently shown to be mutated in 
the severe X-linked disorder, Wiskott Aldrich Syndrome (WAS).

Chapter 5 describes the generation of a polyclonal rabbit antiserum against WASP 
and its use to characterise the expression patterns of WASP and the interaction 
between WASP and SH3-containing proteins. Expression studies in insect cells using 
the baculovirus system, showed that WASP binds specifically in vivo to Fyn and a 
similar interaction was then demonstrated in U937 cells. A detailed discussion is 
presented concerning the possible physiological implications of the WASP-Fyn 
interaction.

Chapter 6 describes experiments designed to test whether WASP is phosphorylated 
by Fyn and whether the PTK activity of Fyn is altered by binding to WASP. The 
possible consequence of WASP-overexpression in transfected U937 cells was 
examined.
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Chapter 7 describes the use of the anti-WASP antiserum to examine the intracellular 
distribution of WASP in U937 cells by means of immunofluorescence and confocal 
microscopy. Possible co-localisation with Fyn and tubulin was investigated.

Work described in Chapters 3-5 has been published in Banin et aL, 1996.

5 7



CHAPTER 2

EXPERIMENTAL PROCEDURES
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Chapter 2; Experimental Procedures

2.1 NUCLEIC ACID MANIPULATIONS

2.1.1 Preparation of DNA fragments for subcloning 
2.I.I.I. Preparation and annealing of oligonucleotide primers
Oligonucleotide primers were designed using the known DNA sequence of the 
template and restriction enzyme sites created at the ends of primers to facilitate 
subsequent subcloning of fragments. Oligonucleotides were synthesised using an 
ABI 380B Synthesiser (LICR) and quality controlled using 270A Capillary 
Electrophoresis. The ammonia solution was evaporated off in a speedvac and the 
primer re-suspended in 400 pi ddH20. This solution was centrifuged to precipitate 

the insoluble fraction. The quantity of DNA was measured using a UV 
spectrophotometer (Beckman) at 260 nm where an OD reading of 1 is equal to 40 
pg/ml single stranded DNA. The OD at 280 nm was also measured and the ratio 

OD260nm/OD280nm calculated to estimate the nucleic acid sample purity, a value 
between 1.5 and 2 being acceptable. Alternatively, oligonucleotides were purchased 
from Genosys. Annealing temperatures (Tm) for each primer were calculated using 
the equation: Tm(°C)=2(A+T) + 4(G+C).

2.1.1.2 DNA amplification by the polymerase chain reaction (PGR)
The polymerase chain reaction (PGR) was used to amplify required regions of DNA 
from various templates and to clone cDNAs from libraries (Section 2.1.5).

PGR was performed in a 50 pi volume containing 8 pi 1.25 mM dNTPs, 1 pg of each 

primer and either 1 U of Taq polymerase (Gibco) in 1 X Taq buffer (20 mM Tris-HGl 
pH 8.4, 50 mM KGl, 5 mM MgGl2 ) or 1 U Vent polymerase (NEB) in 1 X reaction 
buffer (10 mM KGl, 10 mM (NH4 )2 S0 4 , 20 mM Tris-HGl pH 8.8, 0.1% Triton X- 
100, supplemented with 2-6 mM MgS0 4 ) and covered with two drops of mineral oil 
(Sigma). Template DNA was either 10 ng plasmid DNA, 2 pi first-strand cDNA or 2 
pi cDNA library phage supernatant, and amplification was performed on a Perkin 

Elmer Getus thermocycler. Samples were denatured at 94°G for 30 s, annealed at a 
temperature appropriate for the length and sequence of the oligonucleotide primers 
(45-55°G - see above equation) for 30 s and extended at 72°G for 60 s, for 30 cycles. 
The mineral oil was removed by careful pipetting and the PGR products were 
resolved by TAE/agarose gel electrophoresis. The required DNA band was excised 
and purified from the agarose using a Qiaex kit (QIAGEN). In the case of weak
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amplification, 2 pi were removed from the reaction tube and used as a template in an 

additional round of amplification.

2.1.1.3 DNA digestion with restriction endonucleases
Restriction enzymes were obtained from Boehringer Mannheim Ltd. and digests were 
performed in the appropriate accompanying digestion buffer, as directed. Different 
restriction enzymes require different salt concentrations for optimal activity and this 
was taken into account when performing double digests. 0.5-5 pg DNA were 
digested with 10 U/pl restriction enzyme in a volume of 20 pi, and reactions were 

incubated at 37°C for 1-2 h.

2.1.1.4 "Blunt-ending" digested fragments
To fill in digested 5' overhangs for subsequent blunt-end ligations, the digestion 
reaction was first heated at 65°C for 10 min to heat inactivate the restriction enzyme.
1.5 pi of 5 \JI\Ji\E.coli DNA polymerase I Klenow fragment (New England Biolabs) 
were added to 20 pi reaction (1 U/pg DNA) together with 1 pi of 1.25 mM dNTPs, in 
a final volume of 25 pi and incubated at room temperature for 15 min. The enzyme 
was heat-inactivated at 75®C for 10 min, removed by a phenol/chloroform extraction 
and then the DNA precipitated with ethanol (Sections 2.1.3.1 and 2.1.3.2).

2.1.1.5 Phosphatase treatment of restriction fragments
To prevent self-ligation of digested vector in a ligation reaction without inserts, the 
vector was first dephosphorylated. The restriction enzyme was heat inactivated at 
65°C for 10 min, the salt concentration adjusted to 1 mM MgCl2  and 20 U/pl of calf 

intestinal alkaline phosphatase (Boehringer Mannheim Ltd.), were added. The 
mixture was incubated at 37°C for 45 min. The reaction was terminated by heat- 
inactivation at 65°C for 20 min and the DNA was phenol/chloroform extracted once, 
chloroform extracted once and then ethanol precipitated.

2.1.1.6 Electrophoresis of DNA fragments
DNA molecules migrate according to their size when electrophoresed on an agarose 
gel. 1% (w/v) gels were generally used, although 1.5% (w/v) gels were employed for 
analysis of DNA fragments less than 500 bp in size, and 0.8% (w/v) gels were used 
for DNA fragments larger than 4 kb. The appropriate weight of agarose or low 
melting-point agarose (if using SPIN columns for later purification) was added to 
TAB buffer (40 mM Tris-Acetate, 1 mM EDTA) and heated to allow the agarose to 
dissolve. The solution was cooled to approximately 60°C, ethidium bromide added to 
a final concentration of 1 mg/ml and the mixture added to a gel mould and allowed to
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set. Samples were mixed with 6 X loading buffer (0.25% (w/v) bromophenol blue, 
0.25% (w/v) xylene cyanol FF, 30% (v/v) glycerol in water), loaded onto the gel and 
fragments separated by electrophoresis in TAE at 100 V. Standard molecular weight 
markers (Gibco, 1 kb DNA ladder) were electrophoresed alongside the samples. Gels 
were viewed and photographed under a long-wave UV lamp.

2.1.1.7 Purification of DNA fragments
The band corresponding to the DNA fragment of interest was localised using a long
wave UV lamp and excised with a scalpel. The DNA was then purified from the gel 
slice either by centrifugation using SPIN X HPLC columns with a nitrocellulose 
acetate membrane (Costar) followed by ethanol precipitation, or by using the QIAEX 
DNA Gel Extraction kit (QIAGEN), which uses silicagel particles to bind DNA in the 
presence of high salt, according to the manufacturer's directions.

2.1.2 DNA ligation and transformation
2.1.2.1 Ligation of DNA fragments
To drive ligation reactions and minimise self-ligation of plasmids without inserts, 
ligation reactions contained a molar excess of insert DNA (insertivector = 5:1). DNA 
was quantitated approximately by running a small aliquot of the purified sample on an 
agarose gel against known standards. Most ligations were performed in 10 pil final 
volume with 2 p-1 of 5 X ligation buffer (250 mM Tris-HCl pH 7.6, 50 mM MgCl2 , 5 
mM ATP, 5 mM dithiothrietol and 25% (w/v) polyethylene glycol-8000) and 2 U of 
T4 DNA ligase (Gibco BRL). The reaction was incubated either at 16°C overnight or 
at room temperature for 1-4 h. A control ligation containing plasmid DNA with 
ligase but no insert DNA was always carried out in parallel to assess background self
ligation of plasmids. Blunt end ligations were performed at room temperature.

2.1.2.2 Preparation of competent E.coli
A 2 ml Luria-Bertani (LB) Broth culture (Gibco BRL 25 g/litre) or Terrific Broth 
(TB) (Gibco BRL, 47 g/litre) was inoculated with a single XL-1 Blue E.coli colony 
and grown at 37°C overnight with shaking. This was then used to inoculate 50 ml of 
nutrient broth supplemented with 15 p-g/ml tetracycline at a dilution of 1/50-1/100. 
After growth at 37°C to OD600=0*5, cells were cooled on ice, pelleted by 
centrifugation at 4°C for 10 min at 2000 g and resuspended in 1/3 culture volume in a 
filter sterilised buffer containing 100 mM KCl, 50 mM CaCl2 , 10% (v/v) redistilled 
glycerol and 10 mM potassium acetate The mixture was incubated on ice for 10 min 
after which the cells were centrifuged at 1000 g at 4°C for 15 min and then 
resuspended in 1/12.5 of the original culture volume. Cells were stored on ice until
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used or 200 |il aliquots of the cell suspension were 'flash-frozen' in a dry-ice/ethanol 

bath for 5 min and then stored at -70°C.

For 'difficult' ligations, highly competent cells were prepared by a procedure modified 
from Hanahan (Hanahan, 1983). 20 ml autoclaved TYM broth (2% (w/v)
bactotryptone, 0.5% (w/v) yeast extract, 0.1 M NaCl, 10 mM MgSO^) were 
inoculated with a single E.coli colony and grown shaking at 37°C in a 250 ml flask, 
until the OD^oo was between 0.2 and 0.8. The culture was transferred to a 2 litre 
flask containing 100 ml TYM broth and agitated at 37°C, until OD^oo reached 0.5- 
0.9. A further 500 ml TYM broth was added and the incubation continued until the 
ODôoo reached 0.6. The culture was cooled rapidly by swirling the flask in an ice 
bath and the bacteria were then pelleted (5000 rpm, 15 min) and resuspended in 100 
ml ice-cold TfBI (30 mM KO Ac, 50 mM MnCl2 , 100 mM KCIq, 10 mM CaCl2 , 15% 
(v/v) glycerol) by gentle shaking/pipetting. The bacteria were re-pelleted (5000 rpm, 
8 min) and resuspended in 20 ml TfBII (10 mM NaMOPs pH 7.0, 75 mM CaCl2 , 10 
mM KCl, 15% (v/v) glycerol). Finally, 0.6 ml aliquots were 'snap-frozen' in pre
chilled screw-cap microcentrifuge tubes in liquid nitrogen and stored -70°C.

2.1.2.3 Transformation of .E.co//
Plasmid DNA (50 ng) or ligation mix was added to 100 pi of carefully thawed 
competent cells, mixed very gently and incubated on ice for 30 min to allow the DNA 
to be absorbed on to the cells. The cells were induced to take up the DNA by heat- 
shock at 37°C for 2 min and then pipetted on to dry, warm agar plates, gently spread 
with a flamed glass pipette and incubated overnight at 37°C. LB plates containing 
100 pg/ml ampicillin were used for antibiotic selection of the plasmid. 15 pg/ml 

tetracycline was included for XL-1 Blue E.coli growth. For blue/white colour screen 
with JM109 High Efficiency Competent Cells (Promega), LB amp plates were 
prepared with 0.5 mM IPTG and 80 mg/ml X-Gal. Positive colonies were white. To 
analyse the bacterial colonies for recombinants, 5 ml cultures were grown up and their 
plasmid DNA isolated by DNA 'Mini-preps' (Section 2.1.3.3) and analysed by 
restriction enzyme digestion (Section 2.1.1.3).

For the cloning of PCR products from libraries (Chapter 4), the pGEM-T Vector 
system was used (Promega), following the manufacture's modified protocols for 
ligation and transformation into competent High Efficiency JM109 competent cells. 
Recombinants were selected using a blue/white screen as instructed (Promega).

2.1.2.4 Freezing bacterial cell stocks (glycerol stocks)
After identification of recombinant clones, a colony was streaked on to a LB-amp
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plate and left at 37°C overnight. A single colony was then grown overnight in 5 ml 
L-Broth. 750 pil of this cell culture were then mixed with 250 p-1 of 50% sterile 

glycerol at -20°C, 'flash-freezed' in a dry ice/ethanol bath and stored at -70°C.

2.1.3 Preparation of DNA
2.1.3.1 Ethanol precipitation of nucleic acids
Nucleic acids were precipitated by the addition of 0.1 volumes of 3 M potassium 
acetate pH 5.2 and 2 volumes of ethanol that had been stored at -20°C. Small 
volumes were made up to 100 pi before addition of salt and ethanol. The samples 

were mixed thoroughly and then incubated on dry ice for 15 min or on ice for 20 min, 
followed by centrifugation at 14 000 g for 20 min at 4°C. The nucleic acid pellets 
were washed with 70% (v/v) ethanol, dried under vacuum and resuspended in 
distilled water to the required concentration.

2.1.3.2 Phenol/chloroform extraction
TB saturated phenol was made according to Sambrook et a l, (1989) and mixed 1:1 
with chloroformiisoamylalcohol (24:1). The volume of the DNA was adjusted to 200 
pi and an equal volume of phenol and/or chloroform:isoamylalcohol added. The 

phases were mixed well by vortexing for several minutes and separated by 
centrifugation for 5 min. The upper aqueous phase was transferred to a fresh tube, 
leaving behind the protein impurities at the interphase. A phenol extraction was 
always followed by a chloroform extraction to remove any residual phenol and the 
DNA precipitated with ethanol as described above.

2.1.3.3 Small scale purification of plasmid DNA (Miniprep)
The following modified alkaline-lysis/PEG precipitation procedure (ABI) was used to 
produce plasmid DNA at sufficient purity for DNA sequencing using the Taq 
DyeDeoxy™terminator cycle sequencing kit. It was also followed until the PEG 
precipitation stage for producing DNA for rapid identification purposes.

5 ml TB with an appropriate amount of antibiotic, was inoculated with a bacterial 
colony or 10 \i\ glycerol stock, and grown overnight with shaking at 37°C. The 

culture was pelleted by centrifugation for 10 min at 3000 g at 4®C. The supernatant 
was removed and the pellet resuspended in 200 pi GTE buffer (50 mM glucose, 25 
mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0). 300 pi of freshly prepared 0.2 N 

NaOH/1% (w/v) SDS were added, mixed and incubated on ice for 5 min. The 
solution was neutralised by addition of 3 M potassium acetate, pH 4.8, mixing and
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incubating on ice for 5 min. Cellular debris was removed by centrifuging for 10 min 
in a microcentrifuge and the supernatant was transferred to a clean tube containing 
RNase A to a final concentration of 20 pg/ml. After RNase treatment at 37®C for 1 h, 
the supernatant was extracted twice with 400 pi of chloroform, by mixing by hand for 

30 sec and centrifuging for 1 min to separate the phases. To precipitate the DNA 
from the aqueous phase, an equal volume of 100% isopropanol was added and 
immediately microcentrifuged for 10 min at room temperature. The DNA pellet was 
washed with 70% ethanol, dried under vacuum for 3 min and resuspended in water. 
For sequencing grade purity, the plasmid DNA in 32 pi ddH20, was precipitated with 
8 pi 4 M NaCl and 40 pi autoclaved 13% PEGgooo- After thoroughly mixing, the 

sample was incubated on ice for 20 min and the plasmid DNA pelleted by 
centrifugation for 15 min at 4°C in a fixed-angle rotor. The supernatant was 
removed, the pellet washed with 70% ethanol, dried under vacuum and resuspended 
in 20 pi ddH20 and stored at -20°C.

For a quicker method to generate high quality plasmid DNA for routine 
manipulations, the Wizard^’̂  Miniprep DNA purification system from Promega was 
used, by following the manufacturer's instructions.

2.1.3.4 Large scale purification of plasmid DNA (Maxiprep)
This purification procedure by caesium chloride gradient centrifugation was used to 
produce large amounts of high purity plasmid DNA. 500 ml TB media supplemented 
with ampicillin, were inoculated with 10 ml bacterial glycerol stock or a bacterial 
colony and grown overnight at 37°C. Bacterial cells were pelleted by centrifugation 
at 5000 rpm for 20 min at 4°C, drained well and resuspended in 20 ml of GTE (50 
mM glucose, 10 mM EDTA, 25 mM Tris-HCl pH 8.0). 40 ml of a fresh solution 
containing 0.2 M NaOH and 1% (w/v) SDS were added and the tube was inverted 
several times and incubated on ice for 5 min. The DNA was purified from proteins 
by precipitation using 20 ml of 5 M KAc pH 4.8 on ice for 10 min and then 
centrifugation at 8000 rpm for 10 min at 4 °C. The supernatant was transferred to a 
clean GSA tube and nucleic acids precipitated by the addition of 0.6 volumes of 
isopropanol and centrifugation at 8000 g for 20 min. The DNA pellet was then 
washed with 20 ml ethanol, left to air dry and resuspended in 4 ml 50 mM Tris-HCl 
pH 8.0/10 mM EDTA. The pH of the solution was checked and adjusted to pH 7.5- 
8.0 with 2 M Tris-base if required. The dissolved pellet was made up to 4.5 ml with 
TE and added to a tube containing exactly 5g of CsCl. When the CsCl had dissolved, 
0.5 ml of 10 mg/ml ethidium bromide was added and the solution subjected to 
centrifugation at 10 000 rpm for 10 min to remove any cellular debris. The 
supernatant was then transferred to Beckman polyallomer quick seal ultracentrifuge
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tubes. The tubes were topped up with the TE/CsCl solution (ideal weight 9.3-9.9 to 
ensure the correct density gradient is achieved) and centrifuged overnight at 200,000 
g at room temperature. Closed circular plasmid DNA was isolated by drawing out the 
lower of the two florescent bands visible on UV illumination (the upper band 
contained chromosomal DNA). To remove the plasmid DNA, 2 ml of water- 
saturated butanol was added, vortexed and the top layer removed. This was repeated 
until all the ethidium bromide had been removed (5-6 times). The volume was made 
up to 3 ml with ddH20, 7 ml cold 100% ethanol were added and the mixture was left 
on dry ice for 15 min. The precipitated DNA was spun down at 10,000 rpm for 20 
minutes at 4°C. The supernatant was removed, the pellet washed in cold 70% ethanol 
(to remove precipitated salt), left to air dry and then redissolved in 1 ml of TE buffer.

Alternatively, large amounts of purified plasmid DNA were prepared using the 
Wizard™ Maxiprep DNA purification system from Promega and following the 
protocol supplied.

2.1.3.5 DNA quantification
To determine the concentration of plasmid DNA in ddH20, an OD260nm was taken at 
a 1/1000 dilution. An OD260nm reading of 1 was taken as being equal to a double 
stranded DNA concentration of 50 pg/ml. Quantity and quality of DNA samples 

were also checked by gel electrophoresis (Section 2.1.1.6).

2.1.4 Automated DNA sequencing
2.1.4.1 Principle
All DNA sequences of constructs containing PCR products or clones derived from 
cDNA library screens were checked by sequencing using the Taq  DyeDeoxy 
™Terminator Cycle Sequencing kit for use with the Automated Fluorescent Laser 
ABI Model 373A DNA sequencer™ (Applied Biosystems). This kit relies on four 
dye-labelled dideoxy nucleotides; G, A, T and C DyeDeoxy terminators. When these 
terminators replace standard dideoxy nucleotides in enzymatic sequencing, a dye 
label is incorporated into the DNA along with the terminating base. All four 
termination reactions can be performed in one tube.

2.1.4.2 Cycle Sequencing
The following reagents were mixed in a 0.6 ml microcentrifuge tube: 9.5 pi of 

reaction premix ( contains DyeDeoxy™ dNTPs and AmpliTaq DNA polymerase), 1 
of double-stranded template DNA (prepared using the alkaline lysis/PEG 

precipitation protocol section 2.1.3.3) and 3.2 pmol (approximately 20 ng) of primer.
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The final reaction volume was made up to 20 [xl with ddH20 and overlaid with a drop 
of mineral oil. The PCR cycle sequencing reaction was performed using a Perkin- 
Elmer Cetus DNA Thermal Cycler under the following conditions: dénaturation cycle 
at 96®C for 30 sec, annealing at 50°C for 15 seconds and polymerisation at 60°C for 4 
minutes. After 25 cycles the mineral oil was removed, 80 1̂ of ddH20 added, and the 
terminators extracted twice with 100 [x\ of phenol : H2 O : chloroform (68:18:14) reagent 
(ABI). The extension products in the aqueous upper layer were precipitated by 
adding 15 pil of 2 M sodium acetate, pH 4.5 and 300 \A of 100% ethanol. This was 
incubated on ice for 30 min, centrifuged in a microcentrifuge at top speed for 15 
minutes and the pellet washed with 70% ethanol and dried under vacuum for 3 min.

2.1.4.3 Preparing and loading samples
500 \d of sequencing gel loading buffer were made up using a 5:1 ratio of de-ionised 
formamide:50 mM EDTA, pH 8.0. Blue dextran was added to give the buffer colour 
and to make loading easier. 3 \d of gel loading buffer was added to each sample, 
vortexed and then heated at 90°C for 2 minutes and loaded on to the sequencing gel. 
Reagents from the Sequagel Sequencing System (National Diagnostics) were used to 
make the sequencing gel: 5 ml Buffer, 33 ml Diluent, 12 ml Concentrate, 400 pil fresh 
10% (w/v) ammonium persulphate and 20 pi TEMED. The gel was allowed to set for 
2 h, samples loaded into wells made by using a sharks-tooth comb and 1 X Tris 
Borate EDTA (TBE) buffer, pH 8.3 (from 10 X TBE stock solution supplied by 
BioWhittaker) added as electrode buffer. The samples were electrophoresed 
overnight on the Automated Fluorescent Laser DNA Sequencer^^ according to the 
system's manual settings. Using the AUTOASSEMBLER software (Applied 
Biosystems) sequence data could be edited, re-tracked and analysed before printing 
out or being entered into databases.

2,1.5 cDNA cloning techniques
2.1.5.1 Library plating
A U937 poly A+ RNA-selected cDNA library was made by Dr S. Volinia (LICR) 
using the Stratagene Lambda Zap II system, and was used to obtain cDNA clones for 
the p65/68 SH3 binding protein (Chapter 4). The library was plated out at various 
dilutions to determine its titre using the same procedure as described below but with 
various dilutions plated on small NZY plates. The appropriate phage concentration to 
yield 50,000 pfu/plate was made up in SM buffer (per litre: 5.8 g NaCl, 2.0 g 
MgSO4.H20, 50 ml IM Tris-HCl pH 7.5, 5 ml 2% (w/v) gelatin) and then 1-10 pi 
virus were added to 600 pi of host cells. To prepare the host cells, a single colony

6 6



from an XL-1 Blue tet. plate, was picked and cultured overnight in 50 ml LB broth 
supplemented with 0.2% maltose and 10 mM MgSO^, at 30°C to prevent overgrowth. 
The cells were centrifuged for 10 min at 2000 rpm, and the pellet gently resuspended 
in 15 ml of 10 mM MgS0 4  (OD600=0.5). The phage and bacteria were incubated for 
15 min at 37°C with gently shaking to allow the phage to attach to the cells. 8 ml of 
top agar (Gibco BRL, 2.1 g pre-prepared NZY powder/litre with 0.7% (w/v) agar) at 
48°C were added to the tube, mixed and plated on large 150-mm NZY plates (NZY 
broth, 15 g agar/litre) and incubated at 37°C overnight. 10 plates were used to screen 
5x10^ pfu.

2.1.5.2 5' end radiolabelling of cDNA probes
Degenerate oligonucleotides were designed from peptide sequence data and 
radiolabelled using T4 polynucleotide kinase, which catalyses the transfer of the y- 
phosphate of ATP to the 5' hydroxyl-terminus of the DNA strand. In a 20 |il reaction 
volume with 2 pil 10 X reaction buffer (700 mM Tris-HCl pH 7.6, 100 mM MgCl2 , 1 
M KCl, 10 mM 2-mercaptoethanol), 10 U of T4 polynucleotide kinase were added to 
50-100 ng of purified oligonucleotide and 50-100 \xCi [y^^P]ATP. The reaction was 
incubated at 37°C for 45 min and terminated by heat-inactivation of the enzyme at 
65°C for 10 min. The labelled oligonucleotide was then purified (Section 2.1.5.4) 
and used for hybridisation studies.

2.1.5.3 Random priming of cDNA probes
Feinberg and Vogelstein, (1983) introduced the use of random sequence 
hexanucleotides to prime DNA synthesis on denatured template DNA at numerous 
sites along its length. The ability of the Klenow fragment of DNA polymerase I to 
prime DNA synthesis in the 3'-5' direction without 5'-3' exonuclease activity ensures 
that labelled nucleotides incorporated by the polymerase are not subsequently 
removed as monophosphates. Thus, this approach generates a stable probe of high 
specific activity. A multiprime DNA labelling kit (Amersham, RPN 1601) was used 
to label DNA fragments, often generated by PCR, by this method.

The DNA sample was first denatured by heating to 100°C for 2 min in a boiling water 
bath and then chilled on ice. The following reaction was then set up on ice in an 
Eppendorf tube: 200 ng DNA, 10 |il soln 1 (dATP, dOTP and dTTP in Tris-HCl pH 
7.8, MgCl% and P-mercaptoethanol), 5 pil primer (hexanucleotides), 5 \x\ dCTP (a-^^P 
0.5 mCi), 2 units DNA polymerase I Klenow fragment and water to 50 pi. The 

contents were gently mixed by pipetting and then incubated at 37°C for 30 min. 
Unincorporated [a-^^P]dCTP was removed by passing through NucTrap^^ push 
columns (Stratagene) as described below.
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2.1.5.4 Purification of labelled probes
NucTrap™ push columns (Stratagene Cloning Systems) were used to separate 
unincorporated nucleotides from radiolabelled DNA probes. The column was first 
pre-wet with 70 pi of 1 X STE (100 mM NaCl, 20 mM Tris-HCl pH 7.5, 10 mM 

EDTA). A syringe was attached to the column, inserted into the push column device 
(Stratagene) and the plunger pushed down until drops came out of the end of the 
column. The radiolabelled sample was then loaded in a volume of 70 pi, on to the top 

of the column and the column pushed down through the shielded device. The eluent 
was collected in an Eppendorf tube at the base of the device. The column was then 
washed 3-5 times with 70 pi volumes of STE and collected separately. The 

unincorporated small molecules remained in the push column resin. Fractions 
containing the majority of the labelled probe were pooled and used immediately for 
hybridisation.

2.1.5.5 Screening library filters by DNA hybridisation
The library plates were cooled for 2 h at 4°C and overlaid with nitrocellulose filters 
(Millipore) for 2 min. The filters were pricked with a needle through the membrane 
into the agar for orientation, and duplicate lifts taken for each plate (4 min). After 
transfer, the filters were denatured by submerging in 1.5 M NaCl/0.5 M NaOH, for 2 
min; neutralised for 5 min in 1.5 M NaCl/0.5 M Tris-HCl pH 8.0 and rinsed for 30 
sec by submerging in 0.2 M Tris-HCl pH 7.5/2 X SSC. The dried filters were then 
baked in a vacuum oven at 80°C for 2 h. The filters were pre-wet in prehybridisation 
buffer (6 X SSC, 20 mM NaH2 P0 4 , 0.4% (w/v) SDS, 5 X Denhardt's solution and 
500 pg/ml denatured, sonicated salmon sperm DNA added just before use), stacked in 

a heat-sealed bag, the remaining solution added and the bag sealed. Prehybridisation, 
to prevent non-specific binding of labelled probe, was carried out overnight at 45°C, 
in a shaking water bath. On addition of purified labelled probe the filters were 
hybridised overnight at the appropriate temperature (45-65°C). Washes were carried 
out in 6 X SSC/0.1% (w/v) SDS for 5 min, starting at room temperature and gradually 
increasing the temperature until the background diminished. In some cases, for high 
stringency washes, lower concentrations of salt (2 X SSC) were also used. Filters 
were then wrapped in Saran wrap and analysed by autoradiography at -70°C or 
developed on a Phosphoimager (Molecular Dynamics). Plates were aligned on the 
developed films and putative positives were picked, the agar plugs dissolved and 
diluted in SM buffer (1/1000) and the phage re-plated and re-screened as before for 
secondary and then tertiary screens.
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Once single positive plaques had been isolated, in vivo excision of the pBluescript 
phagemid from the Lambda Zap II vector was carried out using the 
ExAssist/SOLR™ system (as described by Stratagene) for subsequent Southern blot 
analysis and sequencing.

2.1.5.6 Southern blotting
PCR products or restriction digest analysis of positive rescued clones, were separated 
by agarose gel electrophoresis as described in section 2.1.1.6. The DNA fragments 
were denatured by incubating the gel in 1.5 M NaCl/0.5 M NaOH for 30 min and then 
neutralised in 1.5 M NaCl/0.5 M Tris-HCl, pH 8.0 for a further 30 min with gentle 
agitation. The wells were then filled with agarose and the gel washed in 2 X SSC. 
The DNA was transferred from the gel to a nitrocellulose filter by capillary blotting in 
10 X SSC. The filter paper was placed on top of the gel with 4 pieces of 3 MM 
Whatmann paper and a stack of paper towels. A weight was placed on the top and 
transfer was allowed for overnight. Complete transfer was checked under a hand-held 
UV lamp and the filter was pre-hybridised and hybridised with a radiolabelled probe 
as described in Section 2.1.5.5.

2.2 CELL CULTURE METHODOLOGY

2.2.1 Mammalian cells
2.2.1.1 Cell lines
The table below lists the cell lines cultured and used for biochemical or 
immunofluorescence analysis.

Name Cell description
U937 Human monoblastic leukaemia
Jurkat Human T-cell leukaemia
Daudi Human B-cell
FC7 Human B-cell
SupTl Human T-cell
Raji Human B-cell lymphoma
HFBl Human B-cell plasmacytoma
HPBALL Human T-cell leukaemia
H9 Human T-cell leukaemia
HL60 Human promyeloid
CHRP Human megakaryocytic, leukaemia
PM WAS patient EBV-transformed B-cell
WÜ937 Transfected U937, overexpressing WASP
fU937 Transfected U937, overexpressing c-Fgr

(patient at ICH) 
(described in Chapter 6) 
(Faulkner, 1995)

Table 2.1. Description o f cell lines cultured
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2.2.1.2 Tissue culture media and general cell culture techniques
Most cell lines were maintained routinely in stationary suspension culture in RPMI- 
1640 medium supplemented with 5-10% (w/v) foetal bovine serum, L-glutamine, 25 
mM HEPES and 100 mg/ml penicillin/streptomycin (Gibco), at 37°C in a humidified 
atmosphere containing 10% €0%. Modifications on the above conditions include 
20% heat-inactivated horse serum for the CHRF-288-11 megakaryocytic cell line and 
the addition of selection antibiotics for transfected U937 cell lines, described in 
section 2.2.I.5. The WASP patient cell line was grown in RPMI-1640 supplemented 
with Ciprofloxacin (Ciproxin, Bayer). All cells were grown in 50 ml media in 80 cm^ 
T-flasks and subcultured at a 1/5 split at a cell density of 5-9x10^ cells/ml. 
Fibroblastic and epithelial cells mentioned in this thesis were obtained from various 
sources, used for the experiment and were not cultured.

2.2.1.3 Differentiation and receptor stimulation of cell lines
To induce differentiation of U937 cells along their lineage, exponentially growing 
cells were sub-cultured at a density of 5x10^ cells/ml and treated with PMA (Sigma - 
phorbol 12-myristate 13-acetate) at a final concentration of 10 ng/ml for 24 h. 
Vitamin 0 3  was also used to induce differentiation of U937 cells at a final 
concentration of 10'^ M for 48 h.

The B-cell receptor was stimulated on Daudi and FC7 cells by cross-linking with 
antibody. Cells were pelleted and washed in serum-free warm, RPMI medium and 
then re-pelleted at 1000 rpm and resuspended in 100 pi of serum-free medium. 10 pi 

of goat F(ab')2  fragment to human IgM (1 mg/ml, Cappel) was added, mixed and the 
cells incubated in a 37°C waterbath for 2-5 min.

The T-cell receptor was stimulated on Jurkat cells, using a monoclonal anti-human 
CD3 antibody (Sigma). Cells were washed in serum-free medium as before, and then 
resuspended in 50 pi. The anti-CD3 antibody was added at a final concentration of 
10 pg/ml and cells incubated in a 37°C waterbath for 3-5 min. After receptor 

stimulation, cells were placed on ice, lysed and proteins analysed by procedures 
described in section 2.3.

To activate U937 cells via FcyR receptors, a phagocytosis assay was performed using 

antibody-coated sheep red blood cells (Ab-SRBC). Sheep red blood cells were 
incubated for 1 h at 37°C with a non-agglutinating dilution (1/200) of rabbit anti
sheep red blood cell immunoglobulins (Organon Technika Ltd, Cambridge, UK). 
These are called Ab-SRBC. Excess antibody was removed by washing in HBSS and 
the Ab-SRBC stored at 4°C. 2x10^ Ab-SRBC were used for 10^ U937 cells in the
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phagocytosis assay. U937 cells were washed twice in PBS and incubated with the 
Ab-SRBC for 1 h at 37°C. The cells were then centrifuged and the supernatant 
replaced with red blood cell lysis buffer (0.17 M Tris-HCl, 0.16 M ammonium 
chloride pH 7.2) to remove the non-ingested coated cells. After pelleting, the 
activated cells were then lysed on ice, spun and the supernatants used for biochemical 

analyses.

2.2.1.4 In vivo labelling with methionine or orthophosphate
To label cells with 35§ methionine, U937 cells were (1-5x10'^ cells) spun down at 
1000 rpm for 10 min and the pellet resuspended in 10 ml methionine-free RPMI 
medium supplemented with Di-sodium cystine, glucose, L-glutamine, i-inositol and 
L-leucine (100 X from Gibco). The cells were incubated in a 50 ml falcon tube at 
37°C for 1 h, after which they were re-pelleted as before. The pellet was resuspended 
in 5 ml methionine-free RPMI medium with the supplements and in addition, 10% 
dialysed foetal bovine serum. 30 pi of methionine (300 pCi) were added and the 

cells incubated at 37°C, 10% CO2  in a small flask, overnight. Cells were harvested 
the next day.

To label cells with ^^P, Jurkat cells were spun down, washed twice and resuspended 
at 2x10^ cells/ml in phosphate-free DMEM supplemented with the above amino acids 
and with 1% dialysed foetal calf serum. Cells were then labelled with 1 mCi/ml ^^P- 
orthophosphate (Amersham) for 4 h at 37°C. After this time, radiolabelled cells were 
incubated in the presence and absence of PMA (10 ng/ml) for 20 min and washed 
once with cold PBS.

Labelled cells were lysed, immunoprecipitates performed using the supernatants and 
the radiolabelled proteins separated by SDS-PAGE analysis (Sections 2.3.1-2.3.6) and 
visualised by autoradiography.

2.2.1.5 DNA transfection
A protocol for the transfection of U937 cells was taken from Faulkner (1995). 
Quality plasmid DNA constructs for transfection were prepared using the Maxiprep 
procedure from Promega, and then re-precipitated under sterile conditions at a 
concentration of 2.5 p-g/pl. U937 cells were used for electroporation of the plasmid 

DNA. Cells were counted, washed once in PBS and then re-pelleted at 1000 rpm for 
10 min at 4°C. The pellet was resuspended in PBS such that there were 2.5x10^ cells 
in 250 pi per electroporation. Cells were kept on ice at all times. 50 pg of sterile 
DNA in a 20 pi volume, were added to 250 pi cells in an electroporation cuvette
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(Biorad, 0.4 cm) and placed on ice for 5 min before pulsing in a Genepulser (Biorad), 
set at 220 V, 960 p-F. The time constant was noted for each pulse. A sample was 

pulsed with no DNA as a control. Cuvettes were then placed on ice for 10 min and 
then 1 ml of medium added and the cells transferred to 4 ml of media in a 6  well 
tissue culture dish and incubated at 37°C, 10% CO2 . The next day, the cells were 
spun down and resuspended in fresh media with the appropriate antibiotic selection 
added. Geneticin (G418) (Boeringer Mannheim) was used at 2 mg/ml for pCDNA3 
clones. The cells were incubated further and the selection medium changed after 2 
days. After 7 days of selection, dead cells were separated from the live ones by 
layering onto Histopaque 1077 (Sigma) in a 20 ml universal and centrifuged at 1500 
rpm for 20 min at room temperature. Healthy cells at the interface between the 
medium and the histopaque were drawn off, pipetted into a fresh universal tube, 
washed in Hank's Balanced Salt Solution (HBSS) and resuspended in medium 
containing antibiotic. 5 days later, this procedure was repeated and the live cells 
resuspended in fresh selection media and left to grow. When cells were clearly 
growing, aliquots were taken and frozen as stocks (section 2 .2 .1 .6 ) while still 
maintaining the transfected cells in culture for subsequent biochemical analysis.

2.2.1.6 Freezing cells
On acquiring a new cell line or on the production of a novel transfected cell line, 
multiple stock back-up samples were always made. 1-5x10^ cells/ml were pelleted at 
900 rpm for 5 min. The medium was aspirated in the tissue culture hood and the cells 
carefully resuspended in fetal bovine serum with 10% dimethylsulphoxide (DMSG). 
1 ml of cells was transferred to labelled cryotubes (Nunc, Denmark) and placed in a 
slow-cooling container (Nalgene) at -70®C overnight. The next day, the tubes were 
'snap-frozen' in liquid nitrogen and stored in the liquid nitrogen vessels.

2.2.2 Insect cells
2.2.2.1 Tissue culture media and general cell culture techniques
Spodoptera frugiperda (Sf9) cells were maintained as described by Summers and 
Smith, (1987). All culture medium was incubated at 27°C prior to use and the cells 
routinely incubated at 27°C. The culture medium used throughout was IPL4-1 
(Gibco) supplemented with 10% (v/v) PCS , 2% (v/v) yeastolate, 1 % (v/v) lipid 
concentrate, 1 % (v/v) Fungizone and 0.1% (v/v) Gentamycin (all available from 
Gibco). Sf9 cells have a doubling time of 18-24 hours in supplemented IPL4-1 and 
must therefore be subcultured at least twice a week. Confluent cells were routinely 
subcultured in a 175cm^ flask by tapping the side of the flask gently with minimal 
foaming to dislodge cells and 2  ml of culture transferred to another flask containing
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18 ml of fresh IPL4-1 media. The flask was rocked to evenly distribute the cells and 
incubated at 27®C.

22 ,12 , Transfection of Sf9 cells
Plasmids containing a foreign gene were transferred to a modified version of the 
baculoviral Autographa californica multiple nuclear polyhedrosis virus (AcMNPV) 
genome using Lipofectin (Gibco). The modified AcMNPV (Baculogold, 
Pharmingen) contains a lethal deletion, so the baculovirus does not survive in tissue 
culture. Only co-transfection of the viral DNA with a complementing plasmid 
construct reconstitutes viable virus particles inside insect cells. Consequently, 99% of 
the virus particles derived from plasmid-rescued viruses using Baculogold are 
recombinant viral particles expressing the foreign gene cloned. For transfection 
3x10^ Sf9 cells were seeded into a 25 cm^ flask and allowed to attach for 1 h, after 
which the medium was carefully aspirated off and the cells washed twice in IPL4-1 
media without PCS. 1.5 ml of IPL4-1 media without PCS were added to the flask and 
left at room temperature. 1 pig of Baculogold DNA, 2 pig of recombinant transfer 
plasmid (containing the protein cDNA sequence), 8  pil of Lipofectin and sterile 
ddH20 to a final volume of 24 pil were mixed in a sterile tube. After 15 min, the 

DNA solution was added to the cells dropwise, the flask swirled and incubated at 
27°C overnight. The transfection media was then replaced with 5 ml of fresh IPL4-1 
containing PCS and left at 27°C for 4 days. After this time, the virus created by the 
transfection was harvested and amplified (as described in Section 2.2.2.4) to a 
passage number suitable for testing protein production.

2.2.2.3 Plaque assay
This procedure was performed to ensure the production of a single recombinant virus 
clone. 3x10^ viable Sf9 cells were seeded on to 5 cm gridded dishes in fresh 
complete IPL4-1 medium. The cells were allowed to attach for 30 min while serial 
dilutions of virus inoculum in 5 ml were prepared (lO  ̂ to 10"^). Once the cells had 
adhered to the surface of the dish, the medium was aspirated off and 2  ml of the 
diluted inoculum were gently added to each plate. Infection was allowed to occur for 
1 h at 27®C and in addition, a negative control of uninfected cells was set up. 
Meanwhile, a final 1% agarose overlay was prepared from a 2% stock, heated and 
mixed with pre-warmed 2 X Grace's medium with a double concentration of additives 
(to 100 ml 2 X Graces: 20 ml PCS, 2 ml fungizone, 200 pil gentamicin) in a 38®C 

waterbath. After the 1 h incubation period, the virus was aspirated off from the cells 
and 4 ml of the overlay were carefully added to the edge of the dish so as not to 
disturb the cells. The dishes were left undisturbed for 1 h to allow the agarose to 
solidify, after which they were placed into a sandwich box containing damp tissues,
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the box sealed and incubated for 7 days at 27®C. Recombinant plaques were 
identified visually and examined under a light microscope. Plaques were picked with 
a pasteur pipette, reamplified and analysed for protein production.

2.2.2.4 Infection of Sf9 cells
Cells were counted and seeded into flasks at the appropriate density ( 4.5x10^ cells in 
5 ml vol. for 25 cm^ flask; 2x10^ cells in 10 ml vol. for 75 cm^ flask; 4.5x10^ cells in 
20 ml vol. for 175 cm^ flask or 1.4x10^ cells in 60 ml vol. for 450 cm^ three-layered 
flask) and allowed to attach for 30 min at 27°C. For virus amplification, cells were 
allowed to attach in a 25 cm^ flask and were incubated with 0.5 ml of the original 
plaque purified virus for 4 days. The virus was harvested by centrifugation at 3000 g 
and then 1 ml was used to infect cells in a 75 cm^ flask. After harvesting 4 days post
infection, 1 ml of this virus stock was used to infect cells in a 150 cm^ flask. Virus 
from this amplification was then used to build up a passage-4 virus stock which could 
then be titred for optimum protein production. To optimise protein production a 
number of infections were set up using varying dilutions of the virus stock in 25 cm^ 
flasks, i.e. from 50 p,l to 500 pi. The infected cells were harvested 2.5 days post 

infection by gently hitting the flask against a surface, to dislodge the cells. The media 
was then spun at 1000 rpm for 4 min, the supernatant decanted and the cells washed 
once in PBS and then again subjected to centrifugation. These cells were then lysed 
as described in section 2 ..3.1 and virus titred by infecting cells at different dilutions of 
virus and protein production examined by means described in Section 2.3.

2.3 ANALYSIS OF CELLULAR PROTEINS

2.3.1 Ceil Lysis
2.3.1.1 Preparation of whole cell lysates
Cells were washed twice with PBS and resuspended in an equal volume of TE (10 
mM Tris pH 7.4, 1 mM EDTA) and 2 X sample buffer (in 10 ml: 2.5 ml IM Tris-HCl 
pH 6.7, 2 ml glycerol, 400 mg SDS, 300 mg DTT, 1 mg bromophenol blue). The 
sample was heated to 100°C for 5 min and analysed by SDS-PAGE. 10^ cells were 
boiled in a 1 0 0  pi final volume.

2.3.1.2 Triton X-100 lysis of cells
Cells were washed twice in ice-cold phosphate-buffered saline (PBS) and 
resuspended in 10 times the pellet size volume, of ice-cold lysis solution (10 mM Tris 
HCl pH 7.5, 150 mM NaCl, 50 mM NaF, 5 mM EDTA, 1% (v/v) Triton X-100, 0.1
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mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM 
Benzamidine and 100 kallikrein inhibitor units/ml of aprotinin). The lysate was 
incubated on ice for 30 min, after which it was centrifuged for 20 min at 4°C at 14 
000 rpm to pellet the cell debris. The supernatant was then removed to a clean tube 
and used for biochemical analyses.

2.3.2 Tissue preparation
1 g of rat tissue was added to 10 X its volume of lysis buffer (see Section 2.3.1.2) and 
homogenised in an electric blender for 30 sec. To analyse total protein, the whole 
tissue preparation was quantified as described in section 2.3.3 and 100 pig loaded on 

to an SDS-PAGE gel. For Triton X-100 soluble proteins, the solution was subjected 
to centrifugation at 3 000 rpm, the supernatant respun at 20 000 rpm to pellet cell 
debris and then this supernatant used for protein analysis.

2.3.3 Estimating protein concentration
To estimate protein concentration in solution, the Pierce Coomassie Protein Reagent 
was employed. This is based on the absorbance shift from 465 to 595 nm which 
occurs when Coomassie brilliant blue G-250 binds to proteins in an acidic solution. 
0.5 ml of reagent was mixed with protein (1-10 pil) in 0.5 ml of ddH20 and the 

absorbance monitored at OD5 9 5  and compared with a blank (no protein). The protein 
concentration was then determined by comparison with a bovine serum albumin 
standard curve.

2.3.4 Immunoprécipitation of proteins
Lysates were prepared as described in Section 2.3.1.2 and incubated with an 
appropriate antibody on a rotating wheel for 2 h at 4°C. 1-3 pig of affinity purified 
polyclonal antibody or 50 pil of hybridoma medium were used. For mouse 

monoclonal antibodies, a second antibody (rabbit anti-mouse Ig) was added to aid the 
binding to Protein A/G and the incubation continued for a further 1 h. The immune 
complexes were then collected by the addition of either Protein A- or Protein G- 
Sepharose beads to the lysate, and binding allowed to take place for 1 h at 4°C on a 
rotating wheel. In some experiments cell lysates were incubated with primary 
antibody that had been covalently cross-linked to Protein A-Sepharose beads (Section 
2.6.3). The immunoprecipitates were collected by low speed centrifugation (2000 
rpm) and washed 4 X in cold lysis buffer. The samples were boiled in 2 X sample 
buffer and loaded on to a SDS-PAGE gel.
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2.3.5 Immune complex kinase assays
Protein tyrosine kinases were detected by immune complex kinase assay. After 
immunoprécipitation and extensive washing in lysis buffer, the beads were washed 
once in kinase buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MnCl2 , 12 mM 
MgCl2 , 100 [xM NaV0 4 , 10% (v/v) glycerol and 1 mM DTT) and then resuspended 
in 30 (xl kinase buffer containing 10 fxCi [y-^^P] ATP. Samples were incubated at 
room temperature for 15 min, and then the reaction terminated by boiling in 10 |xl 5 X 

sample buffer. Phosphorylated proteins were then analysed by autoradiography of 
SDS-PAGE gels (Section 2.3.6.3).

2.3.6 SDS-PAGE analysis of proteins
Proteins were fractionated by size using the discontinuous electrophoresis system as 
described by Laemmeli, (1970). SDS-PAGE uses an upper stacking gel and a lower 
resolving gel. The stacking gel is at a lower percentage of acrylamide (pH 6.7) than 
the resolving gel (pH 8 .8 ). This ensures that the proteins run through the stacking gel 
as tight bands and are only separated when they begin to migrate through the higher 
pH of the resolving gel. The percentage of acrylamide used depends on the size of 
the protein of interest. 12.5% - 7.5% resolving gels were used depending on the size 
of the proteins of interest; lower percentage gels for high molecular weight proteins 
and high percentage resolving gels for low molecular weight proteins. The resolving 
gel was mixed from a stock solution of 30% acrylamide (acrylamideibis 30:0.8), and 
Tris-HCl (pH 8 .8 ) and SDS were added to final concentrations of 375 mM and 0.1% 
(w/v) respectively. Polymerisation was initiated with the addition 0.05% (w/v) 
ammonium persulphate and 0.005% (v/v) TEMED. The gel was then quickly poured 
between the plates to approximately 3/4 of the height of the plates and overlayed with 
water-saturated butanol. When the gel was set, the butanol was poured off and the 
surface of the gel washed well with water. The stacking gel (4.5% (w/v) 
polyacrylamide) was prepared in the same way but with Tris-HCl pH 6.7, layered 
over the resolving gel and the comb inserted. Following polymerisation, the comb 
was removed, the wells flushed out and the samples boiled in sample buffer (Section 
2.3.1.1), loaded with protein markers (Biorad, molecular weight standards). 
Electrophoresis was then performed in running buffer (200 mM glycine, 25 mM Tris- 
HCl pH 8 .8 , 0.1% (w/v) SDS), typically at 40 V overnight.

2.3.6.1 Coomassie Blue stain
Following electrophoresis, some gels were stained for the presence of proteins by 
soaking in Coomassie Blue stain for 20 min (0.1% (w/v) Coomassie Blue G250, 10%
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(v/v) propanol and 1 0 % (v/v) acetic acid), followed by destaining in 2 0 % (v/v) 
ethanol (v/v) and 7% (v/v) acetic acid with agitation. The gel was then dried under 
vacuum for 40 min at 80®C for 2 h.

2.3.6.2 Silver stain
A more sensitive method for the staining of proteins was used if only nanogram 
quantities were present. After electrophoresis, the SDS-PAGE gels (0.75 mm) were 
silver stained in the following way. The gel was incubated for 5 min in a solution of 
50% (v/v) methanol, 12% (w/v) TCA and 2% (w/v) CuCl2 , 5 min in solution A (10% 
(v/v) ethanol, 5% (v/v) acetic acid , 5 min in 0.01% (w/v) KMn0 4  ̂ 1 min solution A, 

5 min 10% (v/v) ethanol, 5 min ddH2 0 , 5 min 0.1% (w/v) AgNOg, 20 sec in 
developer (2% (w/v) K2 CO3 , 0.01% (v/v) formaldehyde), a further 2-3 min in fresh 
developer until bands are seen and then 2 min in Solution A. After this point the gel 
was left in water and finally dried as above.

2.3.6.3 Detection of radiolabelled proteins in gels
To detect radiolabelled proteins from in vitro kinase assays (Section 2.3.5) or cell 
metabolic labelling experiments (Section 2.2.1.4), gels were first placed in Coomassie 
blue stain and then destained as described above to reveal the protein bands. The gel 
was then dried under vacuum on 3 MM Whatmann paper under cling-film, for 1 h at 
80°C. Gels were either exposed to X-ray film (Fuji medical X-ray film) at -70°C for 
various time courses or analysed using a Phosphoimager (Molecular Dynamics).

2.3.7 Immunoblotting procedures
Proteins separated by SDS-PAGE can be selectively identified by specific antisera 
using the process known as immunoblotting or western blotting.

2.3.7.1 Transfer of proteins
Following electrophoresis with rainbow prestained markers (Amersham) the gel was 
immersed in transfer buffer (1 litre: 14.4 g glycine, 3 g Tris Base, 1 g SDS, 200 ml 
methanol) for approximately 5 min. The gel was then placed on top of a piece of 
nitrocellulose paper (or methanol-soaked PVDF) pre-soaked in transfer buffer, and 
sandwiched between several layers of pre-soaked Whatmann 3 MM on the transfer 
apparatus (semi-dry blotter. Biorad). Bubbles were removed and with the 
nitrocellulose between the anode and the gel, the proteins were transferred from the 
gel on to the nitrocellulose by applying a current of 250 mA for 90 min.
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2.3.7.2 Enhanced Chemiluminescence (ECL)
This method, developed by Amersham, was subsequently used for all antibody 
detection because of the speed of the reaction and the exclusion of radioactivity. ECL 
is a light emitting, non-radioactive method for detection of immobilised specific 
antigens conjugated with horseradish peroxidase labelled antibodies. The system 
utilises a chemiluminescent reaction which takes place when the cyclic 
diacylhydazide luminol is oxidised in the presence of the catalyst hydrogen peroxide 
(H2 O2 ). Following oxidation, the luminol is in an excited state which decays to the 
ground state via a light emitting pathway.

After transfer, the nitrocellulose filter was incubated in blocking buffer (1 X PBS, 4% 
(w/v) Marvel, 0.05% (w/v) Tween-20) for 1 h at room temperature to block non
specific binding. The filter was then incubated with the primary antibody in a 
minimal volume of blocking buffer at the appropriate dilution (1/500 - 1/2000). 
Excess antibody was removed by washing the filter in blocking buffer 3 times for 10 
min at room temperature. A species-specific horseradish peroxidase-conjugated 
second antibody (Amersham) was then applied in a minimal volume of blocking 
buffer for 1 h at room temperature at a dilution of 1:1000. The filter was then washed 
in blocking buffer twice for 10 min at room temperature and then once in PBS 
containing 0.1% (v/v) Tween-20. Immunoreactive proteins were detected by 
enhanced chemiluminescence. Equal volumes of ECL (Amersham) detection 
solutions 1 and 2 were mixed and added to the filter. The reaction was allowed to 
proceed for 1 min, the filter blotted dry, wrapped in saran wrap and exposed on X-ray 
film for 5 sec-5 min at room temperature.

2.3.7.3 Stripping and re-probing
Immunoblots could be stripped and reprobed, if the blots had been stored wet in Saran 
wrap at 4®C after immunodetection, using the following protocol. The membrane 
was immersed in stripping solution (100 mM 2-mercaptoethanol, 2% (w/v) SDS, 62.5 
mM Tris-HCl pH 6.7) and incubated at 50°C for 30 min with occasional agitation. 
The membrane was then washed 2 X 10 min in PBS containing 0.1% (v/v) Tween-20 
in a large volume of buffer. The membrane was then blocked and immunoblotted as 
described above.

2.3.8 PI3 kinase assay
PI 3-kinase assays were carried out essentially as described by Whitman et al., (1987) 
in 50 ill containing 50 mM HEPES pH 7.4, 100 mM NaCl, 1 mM DTT, 0.5 mM 
EDTA, 5 mM MgCh 100 nM ATP (plus 0.5 nCi of [v-32p]ATP/assay), 200 ng/ml

7 8



sonicated PI micelles plus immobilised protein sample. Incubation was for 20 min at 
37°C. The reaction was terminated by the addition of 100 pil of IM HCl and 200 1̂ of 
chloroform/methanol (1:1). The mixture was vortexed, 80 \x\ of 1 MHCl/chloroform 

were added to the lower organic phase to extract the phospholipids, centrifuged and 
the lower phase dried under vacuum for 5-10 min. The dried lipids were resuspended 
in 30 p-1 chloroform/methanol and spotted on thin layer Silica Gel-60 plates (pre

treated with 1% (w/v) oxalic acid, 1 mM EDTA in water/methanol (6:4) and 
developed in chloroform, methanol, 4 M ammonia (9:7:4). After developing, the 
plates were dried and exposed to film at room temperature or -70°C.

2.4 PREPARATION AND PURIFICATION OF RECOMBINANT 
PROTEINS

2.4.1 Expression and purification of glutathione S-transferase fusion 
proteins from E.coli
To rapidly produce large amounts of pure functional proteins rapidly, the procedure 
essentially as described by Smith and Johnson, (1988) was utilised. Glutathione S- 
transferase (GST) fusion proteins are expressed in a pGEX vector, which contains a 
thrombin cleavage site C-terminal to the GST protein. The fusion protein can be 
readily purified using glutathione-Sepharose chromatography and cleaved with 
thrombin.

A single colony of E.coli XL-1 Blue transformed with pGEX-2T plasmid construct 
was grown overnight shaking at 37°C in 100 ml LB supplemented with (100 p-g/ml) 
Ampicillin and was then used to inoculate 1 litre of LB media containing (100 p-g/ml) 
Ampicillin. This was grown for 3 - 4 h with great aeration at 37°C until OD^oo = 0.5- 
0.6. The expression of the recombinant protein was induced by the addition of IPTG 
to a final concentration of 0.2-0.4 mM and further growth for 2-4 h at 30°C. The 
bacterial cells were then pelleted by centrifugation for 20 min at 3000 g, washed 
twice in PBS and lysed in 30 ml of PBST buffer (1 % (v/v) Triton X-100, 2 mM 
EDTA, 5 mM benzamidine, 2 mM DTT, 0.2 mM PMSF, 500 piM sodium 

orthovanadate, and 100 kallikrein inhibitor units of aprotinin) on ice. The cells were 
subjected to mild sonication (3 X 20 sec) and then left on ice for a further 30 min. 
Cell debris was removed by centrifugation of the lysate at 15 000 g for 20 min at 4°C. 
The supernatant was incubated with 1 ml of glutathione-Sepharose beads (Pharmacia) 
prewashed in PBST buffer for 2 h with rotation at 4°C to allow affinity binding of the 
recombinant protein (1 ml of beads binds more than 10-20 mg of fusion protein). The
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beads were then washed 4 X with PBST, twice with 50 mM Tris-HCl pH 8.0 and 
transferred to a small 10 ml column (Biorad). The protein was eluted off the beads by 
competition with 10 mM glutathione in 50 ml Tris-HCl pH 8.0 and 150 mM NaCl 
and collected in 3 x 2 ml fractions which were assayed for protein content using 
Pierce Coomassie Protein Reagent as described in Section 2.3.3. The fractions 
containing protein were combined and dialysed in 50 mM Tris-HCl pH 7.4, 150 mM 
NaCl and 2 mM DTT to remove free glutathione, and then dialysed in same solution 
with 50% (v/v) glycerol before storing at -20°C. These proteins were then used as 
GST-fusion proteins for biochemical analyses. To cleave the glutathione S-transferase 
form the protein, the fusion protein was digested on the beads as above but first 
washed twice in 50 mM Tris pH 7.5,150 mM NaCl and 2.5 mM CaCl2 . 250 units of 

thrombin were added to the beads in 1.5 ml of the above buffer and incubated at room 
temperature with gentle agitation for 2 h. The reaction was terminated by the addition 
of 0.2 mM APMSF, then the beads spun, the supernatant removed, and the presence 
of cleaved protein tested by Pierce Coomassie Protein Reagent. Cleaved protein was 
then dialysed as already described above.

Aliquots of cell lysates (50 p,l or 1 ml of cell culture were pelleted and resuspended in 
50 p,l TE), and of eluted and cleaved protein (1-10 ^1) were taken at every stage in the 
above purification procedure, boiled in 2 X sample buffer and analysed by SDS- 
PAGE. A small scale expression and purification was carried out initially using a 5 
ml culture and 50 p-l glutathione-Sepharose suspension.

2.4.2 Purification of c-Src family kinases from Sf9 cells
c-Fgr and Fyn were purified from Sf9 cells by affinity purification on a 
phosphotyrosine column. This purification was based on the high affinity interaction 
of the SH2 domain to phosphotyrosine (Koegl et al., 1994a).

10 mg of phosphotyrosine (Sigma) was chemically coupled to 1 ml of Actigel matrix 
as described for peptide coupling in section 2.6.2.2. Eight triple-layered flasks of Sf9 
cells were infected with the recombinant baculovirus (0.5-1 ml) and left for 2 days. 
Cells were then harvested by centrifugation at 1000 rpm for 10 min, washed in PBS, 
re-centrifuged and the pellet disrupted on ice using a Dounce homogeniser in 20 ml of 
20 mM HEPES, pH 7.2 with protease inhibitors (to 50 ml: 250 \i\ aprotinin, 500 yd 
PMSF, 50 pi leupeptin and 100 pi pepstatin). The cells were passed through the 

homogeniser 20 times, left on ice for 10 min and then this process repeated. The 
lysate was cleared of particulate material by centrifugation at 14,000 rpm for 2 0  min 
at 4°C. 1 ml of the phosphotyrosine beads was then added to the supernatant and
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incubated for 1 h on a rotating wheel at 4°C. The beads were then washed 
extensively with the above buffer through a small plastic column and then 1 0  ml 
HEPES pH 7.2/0.1 M NaCl were added to wash off non-specific binding proteins. 
Finally, to elute the phosphotyrosine binding protein, 2 ml HEPES pH 7.2/2M NaCl 
were added to the column and the eluates collected and measured for protein 
concentration using the Coomassie Protein Reagent. The protein fractions were 
pooled together and dialysed in 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT and 
then against the above buffer with 50% (v/v) glycerol. 20 pi were run on a SDS- 

PAGE gel to analyse the quantity and purity of the kinase, and the protein was stored 
at -20°C.

2.4.3 Purification of WASP from Sf9 cells
Small amounts of WASP were purified from insect cells infected with 200 pi of 

recombinant WASP baculovirus per 150 cm^ flask. Cells were harvested, washed in 
PBS and lysed in ice cold 1% (v/v) Triton X-100 lysis solution. The cells were 
centrifuged at 14 000 rpm for 20 min and the supernatant used for purification. SH3 
domains from a variety of proteins, expressed and purified as glutathione S- 
transferase fusion proteins (described in Section 2.4.1), were used to purify WASP. 
The fusion proteins were coupled to glutathione-Sepharose (3 pg/20 pi beads), 

incubated with the lysates for 2 h and then washed extensively in lysis buffer. To 
elute the protein from the beads, various salt concentrations were tried (1-2 M NaCl). 
Eluted and bound protein were analysed by SDS-PAGE.

2.5 AFFINITY PURIFICATION OF BINDING PROTEINS

2.5.1 Fusion protein affinity chromatography
Affinity matrices for the isolation of SH3 domain binding proteins were prepared by 
immobilising the GST-SH3/SH2 domain fusion proteins (3-5 pg) on glutathione- 
Sepharose beads (20 pi beads) (Pharmacia) as described by Smith and Johnson, 

(1988). A similar resin was prepared using GST alone to control for the specificity of 
interaction. Affinity resins were incubated with 1% (v/v) Triton X-100 extracts of 
cell lysates for 2 h at 4°C. After extensive washing in the lysis buffer, bound proteins 
were released by boiling the beads in SDS sample buffer, resolved by SDS-PAGE. 
Domain-binding proteins were visualised by silver or Coomassie staining or western 
blotting.
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2.5.2 Purification and sequencing of SH3 binding proteins
Glutathione-Sepharose beads preloaded with approximately 50 pg of the GST- c-Fgr 

SH3 fusion protein were incubated with lysate from 2x10^ U937 cells, for 2 h at 4°C. 
After extensive washing in lysis buffer, bound proteins were fractionated by SDS- 
PAGE. Proteins were visualised by Coomassie staining and the two bands in the 
65/68 kDa doublet were excised separately and digested with lysylendylpeptidase C 
in the gel slice. Peptides were separated by reverse phase high pressure liquid 
chromatography (Hewlett Packard 1090M) and sequenced using a modified Applied 
Biosystems 477A Sequencer (Totty et al., 1992).

2.6 PRODUCTION OF ANTIBODIES

2.6.1 WASP monoclonal antibodies
2.6.1.1 Immunisation and generation of hybridomas
A large scale purification of WASP was performed from U937 cell lysates as 
described in Section 2.5.2 above. The band was excised from the gel, ground in 
Freund's adjuvant as a non-specific stimulator of the immune response, and delivered 
to three mice via intraperitoneal and subcutaneous injections. Three monthly boosts 
were administered from separate protein preparations and test bleeds were taken from 
the tail. The removal of the mouse spleen and subsequent hybridoma generation was 
carried out by the UCL Immunology Department monoclonal antibody facility.

2.6.1.2 Hybridoma screening assay
The p65/68 proteins, purified on a large scale using GST- c-Fgr SH3, were separated 
by SDS-PAGE, and the proteins excised from the gel. The bands were contained in 
dialysis tubing (14, 000 cut off) and the proteins electroeluted from the gel at 100 mA 
for 4 h in a DNA gel tank. The gel pieces were removed and the proteins dialysed 
against TE/20% (v/v) methanol. 50 pi of a suitable dilution of the protein (1/5) was 

added to a 96 well plate (Dynatech labs. Imm 2) and incubated overnight at 4°C 
covered in Saran wrap. The next day the solution is removed and 100 pi of 1% BSA 

in 1 X PBS is added to block any unoccupied surface, and incubated at room 
temperature for 30 min. The wells were then washed twice in buffer A (1 X PBS, 
0.1% (w/v) BSA, 0.01% (v/v) Tween-20) and 50 pi of hybridoma medium or sera in 

an appropriate dilution (1 / 1 0 0 ) added and incubated on a shaker for 1 h at room 
temperature. Mouse pre-immune sera or fresh medium was used as a blank control. 
The wells were then washed 4 X in buffer A and 50 pi of anti-mouse IgG linked to
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horseradish peroxidase added (1/1000) and incubated for a further hour. After 
another 4 washes with buffer A, 100 p,l of buffer B (for 100 ml: 25 ml 0.2 M 
Na2 HP0 4 , 25 ml 0.1 M Citric acid, 50 ml H2 O, 60 |il hydrogen peroxide and 40 mg 
OPD (0-Phenylenediamine) was added for 5-20 min, until positives turn from yellow 
to brown. 100 pi 1 M sulphuric acid was added to stop the reaction and the results 

quantitated using an automated plate reader (Dynatech).

2.6.2 WASP polyclonal antibodies
2.6.2.1 Generation of anti-WASP antisera
Polyclonal antibodies were raised against a carboxy-terminal peptide corresponding 
to amino-acids 487-501 of WASP (Derry et al., 1994). The peptide (Nt- 
CEDQAGDEDEDDEWDD-Ct) was synthesised by Severn Biotech. Ltd. and coupled 
to activated keyhole limpet hemocyanin for the immunisation of two rabbits 
(performed by Eurogentec). The animals were boosted every month and the serum 
tested by immunoprécipitation and western blotting (Sections 2.3.4 and 2.3.7). Four 
bleeds were taken and the third affinity purified on a carboxy-terminal peptide- 
Actigel affinity matrix as described below.

2.6.2 2 Affinity purification
The peptide used for immunisation was first coupled to an Actigel ALD-Superflow 
resin from Sterogene, whose monoaldehyde coupling chemistry couples to primary 
amines, for affinity purification of the rabbit sera. 6  mg of the synthetic peptide was 
weighed out and dissolved in 500 pi of coupling buffer (100 mM phosphate buffer. 

pH 7.8 prepared as in Sambrook et al). 2 X 1 ml bed volume of Actigel beads (6 % 
agarose) in two separate 2 ml Eppendorf tubes, were washed several times with 
coupling buffer and then 250 pi of the solubilised peptide added to each tube in a 

final volume of 1.8 ml. Coupling of the peptide to the gel was initiated by adding 200 
pi (1/10 of final volume) of ALD Coupling solution (1 M NaCNBHg supplied by 

Sterogene) resulting in a 0.1 M final concentration of the reducing agent. The tubes 
were incubated on a wheel for 6  h at 4°C and for 2 h at room temperature. The beads 
were then washed twice in 100 mM Tris, pH 8.0/500 mM NaCl and once in 100 mM 
Tris, pH 8.0. Beads were finally incubated with 100 mM Tris, pH 8.0 for 2-4 h to 
block uncoupled sites and stored in 20 mM Tris, pH 8.0 with 0.02% (w/v) sodium 
azide at 4°C. The coupled resin was then ready for affinity purification of the WASP 
anti-peptide antibodies and a 2 ml column was prepared and washed with PBS. 8  ml 
sera were centrifuged at 15 000 rpm, added to the beads and incubated in the closed 
column (Biorad) on a rotating wheel at 4®C for 2 h. The sera were collected and the 
column washed extensively with PBS. Bound antibodies were eluted with O.IM
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glycine pH 3.0 and collected as 1 ml fractions in tubes containing 100 fxl of 1 M Tris- 

HCl pH 8.0 (total 10 tubes) under gravity. Protein concentration was measured using 
10 pi from each fraction, as described in section 2.3.3. Peak protein fractions were 
combined, dialysed twice against PBS and once against 50% glycerol/PBS and stored 
at -20°C.

2.6.3 Crosslinking antibodies
A method adapted from Harlow And Lane (1988) was used to cross-link purified 
polyclonal antibodies covalently to either Protein A- or Protein G-Sepharose. 
Crosslinking eliminates the need for separate incubations of antibody and Sepharose 
beads and, in addition, immunoglobulins remain on the beads after boiling and hence, 
are not visualised in subsequent immunoblotting analysis where they may mask 
immunoreactive proteins of a similar size.

Protein A- or G-Sepharose beads in an Eppendorf tube, were washed in 1 X PBS. 
Affinity purified antibodies (0.5 ml beads/ 200 pg of IgG) were added and incubated 

for 2 h on a wheel at room temperature. The beads were then washed three times in 
PBS and then twice in 0.2 M Borate pH 9.0 (warmed to 30-35°C in preparation to 
dissolve). Beads were then resuspended in 1 ml 0.2 M sodium borate pH 9.0 and 
antibodies cross-linked by the addition of 5.2 mg/ml of dimethylpimelimidate (20 
mM final) and incubation for 30 min on a rotating wheel at room temperature. Beads 
were then washed once in 0.2 M ethanolamine pH 8.0 and the incubation continued 
with 0.2 M ethanolamine pH 8.0 for 2 h at room temperature. Finally, the Sepharose- 
bound antibodies were washed twice in 0.1 M glycine pH 3.0, 3 X in PBS and stored 
in PBS/0.02% (w/v) sodium azide at 4°C.

2.7 SUBCELLULAR LOCALISATION BY 
IMMUNOFLUORESCENCE

2.7.1 Primary antibodies
Affinity purified rabbit WASP antisera (SK3) was used at a 1/10 dilution, while the 
SK3 polyclonal serum and pre-immune serum were used at a 1/100 dilution. The 
mouse monoclonal anti-a-tubulin antibodies were purchased from Sigma and were 

diluted 1/200 for immunocytochemistry. The anti-Fyn antibody was a rat monoclonal 
obtained from Dr Yasuda, Japan and was used at a 1/100 dilution for staining.
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2.7.2 Secondary antibodies
The primary antibodies were visualised with the commercially available secondary 
anti-antibodies, conjugated to fluorophores. The following second layer antibodies 
were used: a donkey anti-rabbit FITC (Pierce); donkey anti-mouse Lissamine 
Rhodamine (LRSC) (Jackson-Immuno Research); goat anti-rat Texas Red (TXRD) 
(Southern Biotechnology Associates, Inc.); and two goat anti-mouse FITC antibodies 
(Pierce and Sigma). All secondary antibodies were used at a 1/100 dilution. A DNA- 
specific. Bis Benzimide stain (Hoechst No.33342, Sigma) was also used at 50 pg/ml 

in order to visualise the cell chromosomes and hence locate mitotic cells.

2.7.3 Immunostaining
U937 cells were washed in PBS by centrifugation (1000 rpm, 5 min) and then 
resuspended to a final concentration of approximately 10^ cells/ml. 18 xlS mm No. 1 
coverslips (BDH) were coated with poly-L-lysine solution (Sigma), by placing in a 
0.01% poly-L-lysine solution for 5 min and then dried in a 60°C oven for 1 h. Cells 
were immobilised by settling on to the pre-coated poly L-lysine coverslips for 30 min 
and then washed in PBS. Other suspension cells were prepared in the same way. 
MCF-7 adherent epithelial cells were grown for 24 h on sterile coverslips and washed 
in PBS. All cells were fixed in 100% methanol at -20°C for 20 min. After washing 
in PBS, 100 pi of the primary antibody or a mixture of two, diluted in PBS 

supplemented with 5% (v/v) horse serum (staining medium), were pipetted on to the 
cells. Cells were incubated for one hour in a perspex box and then washed five times 
with staining medium. 1 0 0  pi of the second stage, fluorescently labelled antibody or 

a mixture, diluted in the staining medium, were then pipetted on to the cells and 
incubated for 1 h. Cells were finally washed five times in the staining medium and 
then mounted upside down on to a glass slide in glycerol containing 2.5% DABCO, 
an anti-fading agent (Johnson and Davidson, 1982). The coverslips were sealed with 
nail varnish to prevent movement.

2.7.4 Microscopy and image preparation
Confocal laser scanning microscopy was carried out with an MRC 500 confocal 
visualisation system (Bio-Rad, Hemel Hempstead, U.K.) mounted over an infinity 
corrected Axioplan microscope fitted with a xlO eyepiece and a x63 NA 1.4 oil 
immersion objective (Zeiss, Jena, Germany) aligned and used as described previously 
(Entwistle and Noble, 1994). Filter sets B & E (Entwistle and Noble, 1992) were 
used for the detection of the emissions from fluorescein and rhodamine derivatives
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respectively and any contribution from one fluorophore into the data intended to 
describe the emission from the other was eliminated by a process of cross-talk 
correction (Groves et al., 1993). Image files, a matrix of 768 x 512 pixels describing 
the average of 96-128 frames scanned at 1 Hz were generated by collecting at least 12 
bits of data per pixel and saving the 8  most significant bits. Images were generated 
by making montages of single image files using Photoshop (Adobe inc., California, 
USA) and printing them on a Phaser IISDX dye sublimation printer (Tektronix, 
Oregon, USA). Wide-field fluorescence microscopy was carried out using the 
Axioplan microscope fitted with fluorescence filter sets supplied by the manufacturer.
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THE SEARCH FOR C-SRC FAMILY 
BINDING PARTNERS
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Chapter 3: The Search for c-Src Family Binding 
Partners

3.1 INTRODUCTION

3.1.1 SH2 and SH3 domain binding proteins
Signal transduction through cell surface receptors involves the assembly of 
multimeric complexes of cytoplasmic signalling proteins. Amongst the structural 
elements that mediate the protein-protein interactions holding these multimeric 
complexes together, are the conserved SH2 and SH3 domains. Identification of 
specific binding partners for particular SH2 and SH3 domains, has been invaluable in 
deciphering various signalling cascades. A number of different techniques have been 
used to identify binding partners, all based on the finding that the SH2 and SH3 
domains can be expressed readily in E.coli and other cells, yielding isolated protein 
domains that fold correctly and retain their function. The first known SH3 domain 
binding proteins, termed 3BP1 and 3BP2, were identified by screening a cDNA 
expression library with the labelled SH3 domain of Abl tyrosine kinase (Cicchetti et 
al., 1992). Other successful approaches included, incubating western blots of cell 
extracts with labelled domains (Mayer et al., 1991), use of the yeast two-hybrid 
system (Richard et al., 1995) and affinity purification from cell extracts using 
immobilised domains, followed by microsequencing. The last technique was 
successfully employed by Gout etal., (1993) to identify dynamin as a binding partner 
for a subset of SH3 domains, and by Weng et a l, (1994) to identify She, p62 and 
hnRNPK as c-Src, Fyn and Lyn SH3 domain binding proteins. I therefore adopted 
this approach to identify haematopoietic cell proteins that bind to the c-Fgr SH2 and 
SH3 domains.

3.1.2 Proteins that bind to amino-terminal regions of c-Src PTKs
As discussed in Chapter 1, Lck binds via its unique amino-terminus to the 
cytoplasmic tails of the T-lymphocyte surface membrane glycoproteins CD4 and 
CD8 a , which is important for T-cell activation. The unique amino-terminal regions 
of Lck and Fyn also bind to different regions of the T-cell receptor complex 
(reviewed in Brickell, 1992). Mutational analysis was used to elucidate the specific 
association between Fyn and the T-cell receptor (Timson Gauen et al., 1992). I 
therefore attempted to express the unique amino-terminal regions of c-Fgr and other
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c-Src family kinases in E.coli, m order to use them to identify specific binding 
proteins from haematopoietic cells.

3.1.3 The U937 cell line
The U937 cell line was chosen as a model system to study proteins that bind to the 
SH2 and SH3 domains of c-Fgr and the unique amino-terminal regions of c-Fgr and 
other c-Src family kinases. The U937 cell line was originally established from cells 
of a patient with histiocytic leukaemia (Sundstrom and Nilsson, 1976). These cells 
are immature monocytes and can be induced to differentiate into monocytes and 
macrophages by agents such as tumour necrosis factor-a (TNFa), phorbol 12- 

myristate 13-acetate (PMA), 1, 25-dihydroxycholecalciferol (1, 25-DHCC), retinoic 
acid and granulocyte-macrophage colony stimulating factor (GM-CSF). Upon 
differentiation, these cells stop growing in suspension and become adherent. There is 
also an increase in surface markers such as Fc receptors and adhesion molecules 
(Zuckerman et al., 1988). Differentiation of U937 cells leads to accumulation of c-fgr 
mRNA and its protein product c-Fgr (Ley et al., 1989; Faulkner et a l, 1992), and c- 
Fgr is thought to function to regulate properties of the mature monocyte/macrophage, 
such as cell adhesion, migration and phagocytosis (Brickell, 1996)

3.1.4 Aims
This chapter begins by describing the subcloning of the sequences encoding SH2 and 
SH3 domains of c-Fgr, and amino-terminal regions of c-Fgr and other c-Src family 
kinases, into an expression vector which directs high levels of expression of the 
domains in E.coli as fusion proteins with glutathione S-transferase (Smith and 
Johnson, 1988). Fusion proteins were purified by a single-step method using 
glutathione-Sepharose and used to generate affinity matrices to purify specific 
binding molecules from U937 cell extracts.

3.2 RESULTS

3.2.1 Expression and purification of the amino-terminal domains 
from c-Src kinases and c-Fgr SH2 and SH3 domains as GST fusion 
proteins
3.2.1.1 Construction of pGEX-2T clones
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DNA sequences encoding the SH2 or SH3 domains of c-Fgr, or the amino-terminal 
regions of c-Fgr, c-Src, Lck, Lyn and Fyn were amplified by the polymerase chain 
reaction (PCR), from plasmids containing full length cDNA, from first-strand cDNA 
generated by reverse transcription of U937 cell polyadenylated RNA, or from cDNA 
libraries. Oligonucleotide primers of 30 or 33 bases were designed to correspond to 
the ends of the regions to be amplified, by reference to the known cDNA sequences of 
the relevant PTKs, and were synthesised with Bam HI or Eco RI sites at the ends to 
facilitate cloning into the pGEX expression vector {Bam HI at the start of the coding 
region and Eco RI at the end). Primers were also designed so as to introduce a stop 
codon at the end of each coding region, just upstream of the Eco RI site. Figure 3.1 
illustrates the regions amplified while Figure 3.2 shows the sequences of the primers. 
Table 3.1 gives more detail about each amplification procedure.

When cDNA clones were used as templates, sufficient amounts of PCR amplified 
fragments were obtained. However, re-amplification of the PCR products was 
necessary for reactions using cDNA libraries or first-strand cDNA as templates. 
After one or two rounds of amplification, DNA fragments were purified on agarose 
gels, digested with Bam HI and Eco RI and sub-cloned into Bam W E co  Rl-digested 
pGEX-2T expression vector (Pharmacia LKB Biotechnology Inc.). Figure 3.3 shows 
a map of the plasmid, responsible for directing expression of proteins as glutathione 
S-transferase fusions. Competent E.coli XL-1 Blue cells were transformed with these 
ligation mixtures and colonies were selected and grown for plasmid preparation. 
Restriction enzyme digestions verified the presence of the cloned inserts.

Before subsequent expression of GST fusion proteins, the DNA constructs were 
sequenced in order to ensure that the correct domain was present and that no 
mutations had been introduced during PCR. DNA was prepared and sequenced using 
the ABI Taq DyeDeoxy Terminator Cycle Sequencing system with pGEX-2T 
primers. All sequences matched those in the database.

3.2.1.2 Expression of GST fusion proteins
After sub-cloning all regions into the GST expression vector, a small scale expression 
trial was performed. 1 ml cultures were grown and expression from the tac promoter, 
induced by addition of IPTG. Figure 3.4 shows a crude SDS-PAGE analysis of the 
whole cell lysates from induced cultures from several clones of each domain. Arrows 
indicate the predicted size of the fusion proteins (Table 3.2). The c-Fgr SH2 domain 
was expressed at high levels and appeared stable to degradation (all lanes in panel a). 
The amino-terminal domains, however, were not very stable and degradation seemed 
apparent, although there was expression in some lanes. All clones for the c-Fgr
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DOMAIN AND SEQUENCE
(NCBI ACCESSION NUMBER) N SH3 SH2 KINASE

human c-Fgr SH3
(M19722)

human c-Fgr SH2

human c-Fgr Nt

chicken c-Src Nt

(J00844)

mouse Lck Nt

(M12056)

human Lyn Nt
(M16038)

human Fyn Nt

(M14333)

80 137
 ► <----

1 83
 ► <----

1 87
 ► <----

1 69
 ► <----

1_ ^  ^ 8

139 238
 ► <----

Figure 3.1. Positions of PCR primers designed for amplification of regions encoding c-Src family protein domains.
A rrow s represent sense (>) and anti-sense (<) oligonucleotides used to am plify regions o f  cDNA encoding am ino-term inal (Nt), SH3 or SH2 
domains. The num bers indicate the am ino acid residues at each end o f  the domains encoded by the am plified cDNA sequence.



c-Fgr SH2 domain primers
sense: CAT GGATCC ATG CAA GCT GAA GAG TGG TAC

Bam HI
anti-sense: ATC GAA TTC TCA GAT GAG CAG GTT GCA CAG

Eco RI stop

c-Fgr N-terminus primers
sense: CAT GGATCC ATG GGC TGT GTG TCC TGC AAG

Bam HI
anti-sense: ATC GAA TTC TCA AAT GAA CAG GGT CAC CGC

Eco RI stop

c-Src N-terminus primers
sense: CAT GGATCC ATG GGG AGC AGC AAG AGC AAG

Bam HI
anti-sense: ATC GAA TTC TCA CAC GAA AGT GGT GAG GCC

Eco RI stop

Lck N-terminus primers
sense: CAT GGATCC ATG GGC TGT GTC TGC AGC TCA

Bam HI
anti-sense: ATC GAA TTC TCA GAT AAC CAG GTT GTC TTG CAG

Eco RI stop

Lyn N-terminus primers
sense: CAT GGA TCC ATG GGA TGT ATA AAA TCA AAA GGG

Bam HI
anti-sense: ATC GAA TTC TCA TAC CAC AAT GTC TCC TTG TTC

Eco RI stop

Fyn N-terminus primers
sense: CAT GGA TCC ATG GGC TGT GTG CAA TGT AAG

Bam HI
anti-sense: ATC GAA TTC TCA CAC AAA GAG TGT CAC TCC

Eco RI stop

Figure 3.2. Sequences of PCR primers for amplification of regions encoding c-Src family protein 
domains.
Sequences are show n 5'-3', w ith restriction enzym e sites for subcloning and the position o f  the 
introduced stop codon (TGA),
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Domain Size (aa) Coding 
region size 

(bp)

Template 
used in PCR

Annealing 
temp. (®C) 

used in PCR
* c-Fgr SH3 58 174 human c-fgr 

cDNA clone
55

c-Fgr SH2 1 0 0 300 human c-fgr 
cDNA clone

56

c-Fgr Nt 83 249 human c-fgr 
cDNA clone

46

c-Src Nt 87 261 U937 1st 
strand cDNA

56

Lck Nt 67 2 0 1 mouse embryo 
cDNA library

50

Lyn Nt 69 207 U937 1 st 
strand cDNA

50

Fyn Nt 8 8 264 U937 1st 
strand cDNA

50

Table 3.1. Amplification o f regions encoding c-Src family protein domains.
* The c-Fgr SH3 construct was previously constructed by Ivan Gout (LICR).

Domain Size of domain 
(kDa)

Size of GST fusion 
protein (kDa)

c-Fgr SH3 7 33
c-Fgr SH2 1 1 37
c-Fgr Nt 9.1 35
c-Src Nt 9.6 36
Lck Nt 7.4 33
Lyn Nt 7.6 34
Fyn Nt 9.7 36

Table 3.2 Predicted sizes o f GST fusion proteins
The predicted sizes for each dom ain alone and as a fusion protein with glutathione S-transferase at the 
N-terminus, are given in kDa. The size o f the GST protein alone is 26 kDa.
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pGEX-2T (27-4801-01)

CTG GTT CCG CGT. GGA TCC, CCG GGA ATT CAT CGT GAC TGA CTG ACG
stop codonsBamH t

Ball

Ptac
BspM I

pSj10<\0am7Slop7

PstI

pGEX
-4900 bp

Marl

AlwNIEcoR V

BssH

Apa I
BstE II Mlul

Figure 3.3. Map of the glutathione S-transferase fusion vector, pGEX-2T.
The m ain features and the reading frame are shown. (M ap provided by the 
m anufacturers, Promega).
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GST- c-F gr SH2

1 2 3 4  5 6 7 8

GST- c-Fgr Nt 

1 2 3 4 5 6 7 8

GST- c-Src Nt 

1 2 3 4 5 6

LA

4 5 -----

31 -----

45

31

(c)

Figure 3.4 (a-c). Expression of c-Src family domains as GST fusion proteins in bacteria.
Several different clones (numbered) from E.coli transformed with the pGEX-2T plasmid encoding GST fusion proteins with (a) c-Fgr SH2, (b) c-Fgr Nt and 
(c) c-Src Nt, were grown overnight. Expression was induced by the addition of IPTG for 4 h. Total bacterial cell lysates were prepared in sample buffer, 
proteins separated by SDS-PAGE with 12.5% polyacrylamide and visualised by Coomassie blue staining. Arrows indicate expected region o f  expression o f 
induced protein from predicted fusion protein sizes shown in Table 3.2. Molecular weight markers are indicated and GST alone migrates at 26 kDa.



GST-Lck Nt

1 2 3 4  5 6 7

'sO
Os

GST-Lyn Nt 

1 2 3 4 5 6 7 8

GST-Fyn Nt

( d )

1 2 3 4 5

45

31

~ -gar gggf-

\ m ii
• a r f l P

- # #  " m  '

(f)

Figure 3.4 (d-f). Expression of c-Src family domains as GST fusion proteins in bacteria.
Several different clones (numbered) from E.coli transformed with the pGEX-2T plasmid encoding GST fusion proteins with (d) Lck Nt, (e) Lyn Nt and (f) Fyn Nt 
domains, were grown overnight. Expression was induced by the addition of IPTG for 4 h. Total cell lysates were prepared in sample buffer, proteins separated by 
SDS-PAGE with 12.5% polyacrylamide and visualised by Coomassie blue staining. Arrows indicate expected region o f  expression o f induced protein from 
predicted fusion protein sizes shown in Table 3.2. Molecular weight markers are indicated and GST alone migrates at 26 kDa.



amino-terminal region showed expression although at a smaller size than predicted, 
possibly as a result of degradation (panel b). There was no expression of the c-Src 
amino-terminal domains in any of the clones (panel c), and only clone 5 of the GST- 
Lck amino-terminus fusion protein showed expression, while other clones expressed 
GST alone (panel d). Expression of GST-Lyn amino-terminus was seen in clones 2, 6  

and 7, while GST alone was expressed in clones 3, 4 and 5 (panel e). Lastly, several 
clones for Fyn (1, 2, 3 and 5 in panel f), showed expression, although again at a 
smaller size than predicted. The numbered clones from each transformation that 
showed promising expression were subjected to small scale affinity purification using 
glutathione-Sepharose.

3.2.1.3 Affinity purification of GST fusion proteins
Small scale affinity purification was carried for c-Pgr SH2, SH3 and N-terminal 
domain fusion proteins and for fusion proteins containing the amino-terminal 
domains from Lck, Lyn and Fyn. 20 pi glutathione-Sepharose was used to purify 

fusion proteins from a 5 ml overnight culture as described in section 2.4.1 and the 
proteins were analysed by SDS-PAGE (Figure 3.5). The c-Fgr amino-terminal 
domain was expressed, although some degradation was obvious from the smaller size 
of the protein and the additional lower molecular weight bands. Successfully purified 
Lyn amino-terminal protein was seen at the correct size of 33 kDa. Fyn amino- 
terminal domains were expressed, although again, degradation was seen. The 26 kDa 
GST protein alone was expressed from the Lck construct. High expression and 
efficient purification were apparent for the 33 kDa GST- c-Fgr SH3 protein and the 
37 kDa GST- c-Fgr SH2 fusion protein. Since the amino-terminal regions of c-Src 
and Lck could not be expressed and the other amino-terminal fusions seemed to 
degrade during their purification, only the three regions from the c-Fgr PTK were 
used in further studies.

3.2.1.4 Large scale affinity purification of c-Fgr domains as GST fusion proteins
The fusion proteins containing the SH2, SH3 and amino-terminal domains from c-Fgr 
were grown for large scale purification. 1 litre cultures were grown and the fusion 
proteins purified using 1 ml of glutathione-Sepharose as described in Chapter 2. The 
fusion proteins were eluted from the beads and all fractions taken throughout the 
purification procedure were analysed by SDS-PAGE to check expression, solubility, 
purification and elution efficiency (Figures 3.6, 3.7 and 3.8). The GST- c-Fgr SH3 
and SH2 fusion proteins were expressed at high levels with very little, if any 
degradation, as Figures 3.6 and 3.7 illustrate. Both proteins were soluble in Tris-HCl 
pH 7.5 and 1% Triton X-100 buffer as shown by their presence in the supernatant 
fraction after cell lysis and centrifugation (Figures 3.6 and 3.7, lane 3). The GST-SH3
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Figure 3.5. Small scale affinity purification of c-Src family protein 
domains as GST fusion proteins.
5 ml cultures o f E.coli bearing the recombinant expression vectors indicated, 
were induced with IPTG (0.5 mM) for 3 h and the GST fusion proteins 
purified on glutathione-Sepharose. Beads were boiled in 2 X sample buffer 
and purified proteins analysed by SDS-PAGE. Proteins were visualised by 
Coomassie blue. The numbers represent different recombinant clones.
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Figure 3.6. Large scale affinity purification of GST- c-Fgr SH3 fusion protein.
A 1 litre culture grown from a recombinant colony was induced with IPTG, to express 
the c-Fgr SH3 domain as a GST fusion protein for 4 h. The fusion protein was 
purified on glutathione-Sepharose and eluted in three fractions by competition with 
glutathione. Aliquots were taken at every stage during the procedure, boiled in sample 
buffer and proteins analysed by SDS-PAGE on a 12.5% gel and visualised by 
Coomassie staining. Lane 1 : uninduced bacterial cell lysate. Lane 2: induced bacterial 
cell lysate. Lane 3: Triton X-100 soluble proteins (50 jul). Lane 4: aliquot o f Triton X- 
100 insoluble proteins. Lanes 5, 6 and 7: 1 |il from three consecutive elutions of fusion 
protein off the beads. Lane 8: 20 pi o f glutathione-Sepharose beads after elution 
steps, boiled in sample buffer. The arrow indicates the position of the fusion protein 
and molecular weight standards are shown in kDa.
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Figure 3.7. Large scale affinity purification of GST- c-Fgr SH2 fusion protein.
A 1 litre culture grown from a recombinant colony was induced with IPTG for 4 h , to 
express the c-Fgr SH2 domain as a GST fusion protein. The fusion protein was 
purified on glutathione-Sepharose and elution attempted in three fractions by 
competition with glutathione. Aliquots were taken at stages during the procedure, 
boiled in sample buffer and proteins analysed by SDS-PAGE on a 12.5% gel and 
visualised by Coomassie staining. Lane 1: uninduced bacterial cell lysate. Lane 2: 
induced bacterial cell lysate. Lane 3: Triton X-100 soluble proteins (50 pi). Lane 4: 
Triton X-100 insoluble protein aliquot. Lane 5: soluble proteins left in supernatant 
after incubation with glutathione-Sepharose (50 pi). Lanes 6, 7 and 8: 1 pi from three 
consecutive elutions o f fusion protein off the beads. Lane 9: 20 pi o f glutathione- 
Sepharose beads after elution steps, boiled in sample buffer. The arrow indicates the 
position o f the fusion protein and molecular weight standards are shown in kDa.
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Figure 3.8. Large scale affinity purification of c-Fgr N-terminus as a GST fusion 
protein.
1 litre o f bacteria induced to express the c-fgr amino terminus as a GST fusion protein 
for 4 h, was pelleted, lysed and incubated with glutathione-Sepharose. Purified fusion 
protein was eluted in three fractions by competition with glutathione. Aliquots were 
taken at every stage during the procedure, boiled in sample buffer and proteins analysed 
by SDS-PAGE on a 12.5% gel and visualised by Coomassie blue staining. Lane 1: 
uninduced bacterial cell lysate. Lane 2: induced bacterial cell lysate. Lane 3: Triton X- 
100 soluble proteins (50 pi). Lane 4; aliquot of Triton X-100 insoluble proteins. Lanes 
5, 6 and 7: 1 pi from three consecutive elutions o f fusion protein off the beads. Lane 8: 
20 pi o f glutathione-Sepharose beads after elution steps, boiled in sample buffer. The 
arrow indicates initial expression o f intact protein in Lane 2 before subsequent 
degredation (vertical line). Molecular weight standards are shown in kDa.
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fusion protein was successfully eluted from the beads by competition with glutathione 
(Figure 3.6, lanes 5-7), dialysed and stored at -20°C. Unexpectedly, the GST-SH2 
fusion protein bound to the beads very tightly (Figure 3.7, lane 9) and elution was not 
very successful (lanes 6 -8 ). Consequently, the GST- c-Fgr SH2 fusion protein was 
stored on beads at 4°C with 0.02% azide, until used as an affinity matrix. The GST- 
c-Fgr amino-terminus fusion protein, although expressed, was seen to degrade during 
the purification procedure, even in the presence of a cocktail of protease inhibitors. 
Figure 3.8 shows expression of the intact domain in an induced cell lysate (lane 2). 
However, after cell lysis with Triton X-100 the protein began to degrade as is seen in 
lanes 3-8. Elution of the degraded amino-terminal fusion protein from the beads by 
competition with glutathione, was still successful (lanes 5-7), and the protein was 
subsequently dialysed and stored at -20°C. Concentrations of all three eluted proteins 
were estimated as described in section 2.3.3 and from the Coomassie gel, and were 
found to be approximately 2-5 mg/ml.

3.2.2 c-Fgr expression in U937 cells
Before using the purified domains in affinity binding experiments, the presence of c- 
Fgr protein in differentiated U937 cells was confirmed by (a) immunoprécipitation 
and immunoblotting with the anti-c-Fgr antibody and by (b) an in vitro protein kinase 
assay. The latter approach takes advantage of the fact that, on addition of 
radiolabelled ATP, c-Src family members become autophosphorylated on tyrosine 
residues (Chapter 1) and can therefore be visualised by autoradiography. Both panels 
in Figure 3.9 show that c-Fgr is present at higher levels in differentiated cells than in 
undifferentiated cells. Although no protein was recognised by the anti-c-Fgr antibody 
in the undifferentiated cells (panel a), a signal corresponding to the 
autophosphorylated protein was still seen in the immune complex kinase assay (panel 
b). This indicates that low levels of c-Fgr protein are present in undifferentiated 
U937 cells, with the sensitivity of the immunoblotting antibody being lower than the 
immune complex kinase assay.

3.2.3 Affinity purification of U937 cellular proteins that bind to c- 
Fgr SH2, SH3 or amino-terminal domains
The GST- c-Fgr domain fusion proteins were used in affinity binding assays to 
identify binding molecules in extracts from the human monoblastic leukaemic cell 
line, U937. Undifferentiated U937 cells and cells treated with PMA for 24 h to 
induce differentiation were used. A diagrammatic summary of the affinity 
purification strategy used is shown in Figure 3.10. Extracts from undifferentiated or
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Figure 3.9. Expression of e-Fgr in undifferentiated and 
differentiated U937 cells.
U937 cells were either left untreated (-) or treated with PMA (10 
ng/ml) for 24 h (+). (a) Soluble proteins from Triton X-100 lysates, 
were separated by SDS-PAGE and the presence of c-Fgr protein 
detected by immunoprecipitaitng with anti-c-Fgr antibodies 
covalently-linked to Protein G-Sepharose and immunoblotting with 
anti-c-Fgr antibodies (Serotec, 1/1000). (b) c-Fgr was
immunoprecipitated from Triton X-100 lysates using cross-linked anti- 
c-Fgr antibodies and immune complexes were then radiolabelled in the 
presence of [y-^^P] ATP, resolved by SDS- PAGE and subjected to 
autoradiography. The position o f c-Fgr is indicated.
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Figure 3.10. Schematic representation of the strategy used for affinity purification of c-Fgr binding proteins.
The GST fusion protein is immobilized on a Sepharose matrix coated with glutathione. The glutathione S-transferase binds with high affinity 
to the glutathione molecules. This strategy is used for purification of fusion proteins which can then be eluted off the beads or cleaved with 
thrombin as indicated. In addition, these matrices can then be used to ‘fish’ out binding proteins from human cell lysates, as shown above.



PMA-treated cells, were incubated with fusion protein coupled to glutathione- 
Sepharose. Glutathione S-transferase (GST) alone, coupled to beads and incubated 
with cell lysates, was used as a control. After 2 h, beads were washed extensively in 
lysis buffer and bound proteins were eluted by boiling in sample buffer, separated by 
SDS-PAGE and visualised by silver staining.

Figure 3.11 shows the result obtained with GST- c-Fgr SH3, where at least three 
abundant proteins were seen to bind specifically. These had molecular weights of 
approximately 44, 65 and 6 8  kDa. They failed to bind to GST alone or to the c-Fgr 
SH2 domain and amino-terminal fusion proteins (data not shown). There were no 
obvious differences in the binding patterns between undifferentiated and 
differentiated cells. The amino-terminal and SH2 domains did not bind any U937 cell 
proteins (data not shown). This may have been due to the poor quality of the amino- 
terminal fusion protein and to the high background obtained with excessive amounts 
of coupled domain for the SH2 fusion protein.

From these preliminary findings, an investigation of the potential SH3 domain- 
associated proteins was undertaken. I decided to concentrate on the doublet at 65/68 
kDa since the 44 kDa protein sometimes appeared to bind to GST alone.

3.2.4 The p65/68 c-Fgr SH3 domain binding proteins
3.2.4.1 Cell line specificity
To investigate whether the p65/68 doublet was present in other cell types, a selection 
of different cell lines was examined. This approach was taken in order to provide 
some immediate clues as to the identity of these proteins by its cellular distribution. 
Lysates were prepared from each cell line (listed in Figure 3.12 legend) and incubated 
with GST- c-Fgr SH3 or GST alone on glutathione-Sepharose. Bound proteins were 
analysed by SDS-PAGE and silver staining, and binding profiles compared to that 
from U937 cells. Figure 3.12, panels a, b and c reveal that the p65/68 doublet clearly 
seen in U937 cells, is also present in the promonocytic HL60, T-cell Jurkat and EBV- 
infected B cell lines but not in the HeLa, Caco2 and other epithelial cell lines tested. 
This indicated that p65/68 may be specific for cells of haematopoietic lineages.

3.2.4.2 SH3 domain specificity
The specificity of p65/68 binding for the SH3 domain from c-Fgr was next examined. 
The megakaryocytic cell line, CHRF, was also found to contain high amounts of 
p65/68 and was used to compare profiles of SH3 binding proteins from a panel of 
different molecules. 1% Triton X-100 extracts of CHRF cells were incubated with the
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Figure 3.11. Proteins associated with the c-Fgr SH3 domain from U937 
cells.
Cell lysates were prepared from U937 cells ( 10^), either untreated or treated 
with PMA for 24 h, and incubated with glutathione-Sepharose beads coupled 
to either GST alone or GST fused to c-Fgr SH3 (2-5 fig). Beads were washed 
extensively and bound proteins were eluted by boiling in sample buffer. 
Released proteins were resolved by SDS-PAGE on a 12.5% gel and visualised 
by silver staining. The positions o f the p65/68 doublet and the SH3 binding 
protein o f  approximately 44 kDa are indicated by arrows. The GST and c- 
Fgr-SH3 GST fusion protein are shown by the line. Molecular weight markers 
are indicated.
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Figure 3.12 (a-c). The presence of p65/68 in GST- c-Fgr SH3 precipitates from different 
human cell lines.
GST alone (1) or GST- c-Fgr SH3 (2) bound to glutathione-Sepharose, was incubated with 
lysates from a selection o f cell lines (10’ cells /precipitate). Beads were washed extensively 
and bound proteins eluted by boiling in sample buffer. Released proteins were resolved by 
SDS-PAGE on a 12.5% gel and visualised by silver staining. Cell lines; (a) U937 
(m onoblastic), HL60 (promonocytic), HeLa (epithelial), Jurkat (T-cell), EBV-infected B-cell 
line, (b) U937, HeLa, Caco2 (epithelial), (c) U937, HUVEC (human umbilical vein 
endothelial cells) and a selection of human breast carcinoma epithelial cell lines. The arrows 
indicate the position of the p65/68 SH3-binding doublet.

107



selection of affinity matrices, prepared by immobilisation of the GST fusion proteins 
(~3 pig) on glutathione-Sepharose beads. The GST fusion proteins, obtained from Dr. 

I. Gout (Gout et al., 1993), comprised of GST fused to SH3 domains from the 
following molecules: the p85a subunit of PI 3-kinase, PLC-y, RasGAP, c-Src, the 

p47 subunit of NADPH oxidase (amino-terminal SH3 domain, p47N), the p67 subunit 
of NADPH oxidase (amino-terminal SH3 domain, p67N; carboxyl-terminal SH3 
domain, p67C), c-Crk, c-Fgr, spectrin, Grb2 (amino-terminal SH3 domain, N-Grb2; 
carboxyl-terminal SH3 domain, C-Grb2; full-length, Grb2), Fyn and Csk. After 
extensive washing, bound proteins were eluted, analysed by SDS-PAGE and 
visualised by staining with Coomassie blue.

As seen in Figure 3.13, each GST-SH3 domain bound to a specific selection of 
proteins, few of which bound to GST alone. The doublet at 65/68 kDa (indicated) 
was seen to bind specifically and strongly to the affinity matrices of GST-SH3 
domain fusions from the c-Src family of tyrosine kinase members, c-Src, Fyn and c- 
Fgr. Binding of this doublet to SH3 domains from PI 3-kinase p85a subunit, PLC-y 

and Grb2 was also just discernible in the Coomassie blue stained gel. The p44 SH3- 
binding protein is also just discernible in the tracks containing p65/68. Other 
prominent SH3-binding proteins include a protein of approximately 100 kDa, which 
binds to p85a, RasGAP, p67-C and N-Grb2 and may be dynamin (Gout et a l, 1993). 

Figure 3.14 shows a similar affinity binding experiment with only GST-SH3 domains 
from members of the c-Src family, c-Fgr, c-Src and Fyn, in U937 cells. The silver 
stained gel shows that p65/68 and p44 bind equally well to all three proteins.

3.3 DISCUSSION

3.3.1 Expressing domains of c-Src family PTKs
1 began this study by using the GST system to express domains from the c-Src family 
of cytoplasmic tyrosine kinases, as recombinant fusion proteins in E.coli. This 
prokaryotic expression system has been used successfully by numerous laboratories 
to express different SH2 and SH3 domains. Fusion proteins have been used for in 
vitro binding studies, antibody production, structural investigations and other 
biochemical analyses. Using this system, the SH2 and SH3 domains of c-Fgr were 
expressed in order to obtain sufficient quantities of protein for in vitro binding 
studies. Both fusion proteins were soluble and expressed at high levels, and the one- 
step purification procedure led to their easy purification.
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Figure 3.13. Binding of proteins from CHRF cells to a panel of GST-SH3 fusion proteins.
Lysates from the megakaryocytic cell line CHRF, were incubated with glutathione-Sepharose beads coupled to 3-5 
pg of GST alone or GST fused to SH3 domains from various proteins (see text). Bound proteins were eluted, 
analysed by SDS-PAGE and visualised by staining with Coomassie blue. The position o f the p65/68 doublet, p44 and 
GST fusion proteins are indicated. A 100 kDa binding protein is also shown (p i00).
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Figure 3.14. p65/68 binds to the SH3 domains from c-Src family PTKs 
in Ü937 cells
1% Triton X-100 lysates from U937 cells were incubated with GST alone or 
GST fused to the SH3 domains from c-Fgr, c-Src or Fyn, bound to 
glutathione-Sepharose beads. After washing, the beads were boiled in 
sample buffer, bound proteins separated by SDS-PAGE and visualised by 
silver staining. The positions o f the p65/68 doublet, p44 and molecular 
weight markers in kDa, are indicated.
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Some proteins, however, are not expressed at high levels as soluble fusion proteins in 
bacteria due to incorrect folding, structural instability or toxicity to the cell. The 
unique amino-terminal regions of the c-Src family PTKs were unstable, with 
degradation being evident throughout the purification procedure. A likely 
explanation is that these amino-terminal regions are not defined, self-folding 
structural domains like SH2, SH3 and kinase domains. Alternatively, the region 
designed for expression may not have been the sufficient length necessary for correct 
folding. Incorrect folding can result in the exposure of particular protein residues, 
which are then more easily accessible to proteolytic digestion.

3.3.2 c-Fgr SH3 domain binds several specific proteins
An affinity-binding study was performed using the purified domains from c-Fgr as 
fusion proteins with glutathione S-transferase. Several U937 cell proteins bound to 
the SH3 domain and, in particular, a highly specific doublet at predicted molecular 
weights of 65, 000 and 6 8 , 000 was apparent. These protein bands were abundant and 
clearly visible by Coomassie staining (Figure 3.12). During the course of this work, 
another group reported the identification of a similar doublet binding to the SH3 
domains from c-Fgr and Fyn, although no more information was given about these 
proteins (Rivero Lezcano and Robbins, 1994). A 44 kDa protein also bound to the 
GST- c-Fgr SH3 construct but because its specificity was not reproducible, it was not 
pursued at this time.

3.3.3 A specific c-Src family binding protein?
To confirm that this in vitro interaction was specific and not the result of a non
specific SH3 domain-proline sequence binding, a panel of GST-SH3 domains was 
tested. The doublet bound specifically to several SH3 domains and showed a strong 
preferential binding to members of the c-Src family tyrosine kinase. p65/68 also 
appeared to be haematopoietic cell specific. c-Src family kinases have important 
roles in signal transduction in haematopoietic cells and so I proceeded to purify, 
identify and characterise the p65/68 SH3-binding doublet.

I l l



CHAPTER 4

IDENTIFICATION AND CLONING OF WASP AS 
AN SH3-BINDING PARTNER

112



Chapter 4: Identification and Cloning of WASP as 
an SH3-Binding Partner

4.1 INTRODUCTION

4.1.1 Aims
The previous chapter described the finding that a protein doublet of 65/68 kDa bound 
in vitro to a selection of GST-SH3 fusion proteins from haematopoietic cell lysates. 
This chapter describes the purification of these SH3 binding proteins in sufficient 
amounts to allow microsequencing and the use of the peptide data generated to design 
degenerate oligonucleotide probes for screening U937 cell libraries, in the attempt to 
isolate cDNA clones corresponding to these proteins.

4.2 RESULTS

4.2.1 Large scale affinity purification of p65/68
To identify the p65/68 SH3 binding proteins, large scale affinity purification was 
performed from Triton X-100 cell extracts of U937 cells, which contain high levels of 
p65/68 (Figure 4.1). Affinity purification was performed using the GST- c-Fgr SH3 
domain bound to Sepharose beads. Microgram quantities of the doublet were 
resolved by SDS-PAGE, stained with Coomassie blue, briefly destained and p65 and 
p6 8  were excised separately from the gel. Figure 4.1 shows one of ten identical gel 
lanes loaded in parallel. Proteolytic digestion of p65 and p6 8  was performed in the 
gel slices by Alistair Sterling at LICR, using the enzyme, lysylendylpeptidase C. A 
trypsin digest was also performed on some additional p65 material. Generated 
peptides were separated by reverse phase high pressure liquid chromatography 
(Hewlett Packard 1090M) and their amino acid sequences determined by Oanh 
Truong at LICR, using a modified Applied Biosystems 477A Sequencer (Totty et al., 
1992).

4.2.2 Peptide data and analysis
Figure 4.2 shows the sequences of the peptides generated from p65 and p6 8 . Both 
proteins gave almost the same peptide data, suggesting that they were isoforms of 
each other. These peptide sequences were then used to screen computer protein
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Figure 4.1. Affinity purification of p65/68 from U937 ceils using GST- c-Fgr SH3.
U937 cell lysates, prepared from approximately 10’ cells, were incubated with 
glutathione-Sepharose beads coupled to 5pg GST alone or to SOpg o f  GST- c-Fgr SH3. 
Bound proteins were eluted, analysed by SDS-PAGE and visualised by staining with 
Coomassie blue. The positions o f the p65/68 kDa doublet and an SH3 binding protein of 
44 kDa are all indicated by arrows, and the GST- c-Fgr SH3 fusion protein and GST 
alone positions are shown. Molecular weight marker positions are indicated in kDa.
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p68 Lys.C digest
F37 ADIGAPSGFK
F77 TPGAPESSALQPPPQSSEGLVGALMHVMQ
F76 HVSHVGWDPQN
F80 GRSGPLPPVPLGIAPPPPT

p65 Lys.C digest
F30 LPEMLK GST
F43 RIEAIPQID(K) GST
F6 Q AFLASPEYVNLPINGN(K) GST
F61 FHILNNTEG c-Fgr-SH3
F35 TVTNDRSAPILDK PRP
F46 LARNESRSGSNR(R)E PRP
F48 TEQAGXNALLSDISK PRP
F6 8  GAGAGGPLP PRP
F37 ADIGAPSGFK
F43 EHXGAVXFVK
F69 LIYDFIEDOGFLEAVROEMR
F71 RNQRQSGDRRQLPP(P)GT(S)A
F76 TPGAPESSALQPPPQ
F76 HVSHVG
F77 PFELGLEFPNLPYYID

p65 Trypsin digest
F26 GTALGGGSIR keratin
F67 ALDLFSIIAEVK keratin
¥21 SAPILDKP0Q PRP
¥29 PSASSOAPPPPfPl PRP
F34 SNRPPLP(P)TPSR PRP
F36 PGPP(P/S)LPPSSXGNXET PRP
F45 TEOAGRrMe^NALLSDISK PRP
F60 FYFHPISDLP(PP)E

Figure 4.2. Peptide sequences from p65 and p68 digests with results from data-base searches.
A m ino acid sequences are shown o f peptides obtained from  lysylendylpeptidase C (Lys C) digests o f 
p65 and p68, and from  a trypsin digest o f p65. U nderlined sequences show regions o f designed 
oligonucleotide prim ers (Figure 4.5). The right hand panel lists proteins from  Sw iss P rot/EM B L  
database, that contain the sam e or sim ilar peptide sequence. G ST =G lutath ione S -transferase; 
PRP=proline-rich protein from Xenopus laevis (Figure 4.3); - = no match found in databases.
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sequence databases (FASTA-Swiss Prot/EMBL) to search for sequence similarity 
with known protein sequences. Figure 4.2 lists the p65 and p6 8  peptides, together 
with the initial results from the computer data base search.

Several peptides were immediately eliminated as contaminants. Two peptides in the 
trypsin digest of p65 were almost identical to human keratin. These probably arose 
from contamination during the procedure, possibly from skin. Several peptides were 
identical to glutathione S-transferase and the SH3 domain from c-Fgr. This can be 
explained by incomplete separation of additional bands at the same molecular weight 
as p65/p68, possibly corresponding to dimers of GST or GST- c-Fgr SH3. 
Interestingly, as indicated in Figure 4.2 and shown in more detail in Figure 4.3, 
several peptides showed considerable homology to a known proline-rich protein from 
Xenopus laevis, which is related to the yeast protein, verprolin. Verprolin is a 
proline-rich protein involved in cytoskeletal organisation and cellular growth in 
Saccharomyces cerevisiae. It shows 36% amino acid sequence identity with the 
Xenopus laevis protein, as shown in Figure 4.4.

The remaining peptides did not match any known proteins in the Swiss Prot/EMBL 
data bases, although the high content of proline residues in some peptides seemed to 
explain the SH3 binding properties of p65/68. In view of the fact that these peptides 
appeared to derive from an unknown SH3 binding protein, I decided to embark on a 
library screening project to clone the corresponding cDNA. Using a codon usage 
table, degenerate oligonucleotides were designed and synthesised at LICR and 
Genosys. Figure 4.5 lists the oligonucleotides used and their estimated annealing 
temperatures.

4.2.3 cDNA cloning of p65/68
A U937 lambda ZapII cDNA library was plated out and screened using the 
degenerate mixture of oligonucleotides end-labelled with No reproducible
positive clones were obtained, probably due to the large degeneracy factors of the 
primers coupled with their short size, which would reduce the specificity and 
efficiency of screening. Next, attempts were made to isolate partial p65 cDNA clones 
using a PCR-based approach. Several combinations of oligonucleotide primers were 
used (4082, 4111, 4112 and MW58, shown in Figure 4.5) together with numerous 
variations in PGR conditions, such as temperature and salt concentration. However, 
this technique failed to yield any partial cDNA clones, as judged by Southern blotting 
and hybridisation of putative clones.
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1 MPIPPPPPPP PGPPPPPTFA QANTEPPKLR RDEQKGRNAL LGDICKGAKL
M i l l  I I I  I I  M i l l  I I I  IPGPPPLPPSS XGNXET TEQAGRNAL LSDISK

51  KKTTGVNDRS APVLEAPKGG GGGGGGGGPG FGPSAGMALQ PKGGLFAGGV
I M M  I I  I I I  I I  MlTVTNDRS APILDKPK GAGAGGP

10 1  PKLRAVGTKD SPEGRSPAQA PVGRSAAPPR PPVSGGRPHD DSDSGSNRSS
I M i l lLARN ESRSGSNRE

15 1  PPEVGRAHRP SLPDLSRPPS STSSGMKHSS SAPPPPPPGR RQAGAPPAPS

2 0 1  QNAKPYNREK PLPPTPGHRA PAAPPVKPPP SPINSRSPSA HSQPPPPPPY
M M M  M l  I I  M i l lSNRP PLPPTPSR PSA SSQAPPPPPP

2 5 1  RQPPTSLNGP PSPINEPAPE LPQRHNSLHR KTAGPVRGLA PPPPQSVHLS

3 0 1  PGGNRPPPPA RDPPGRGAAP PPPPPIVRNG GRDAPPPPPP PYRMHCIPES

3 5 1  TPNRPSLLHL HLGPPQDHPH RLLRSGMEC

Figure 4.3. Sequence alignment o f some of the p65 peptides with the proline-rich protein o f  
Xenopus laevis (African clawed frog).
The proline-rich protein was taken from the EM BL D ata Library, A ccession num ber: S31719. The 
p65 peptides (in bold) are listed in Figure 4.2.
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2 A6APAPPPPPPPPALGGSAPKPAK...SVMQGRDALLGDIRKGMKLKK.A 47
: . : l : | | . l l l l | . : : . . .. . . . .. h i  • . | h l l l l l l  I I  M M  •

5 PPPPPPPGPPPPPTFAQANTEPPKLRRDEQKGRNALLGDICKGAKLKKTT 54  

48 ETNDRSAPIVGGGWSSASGSSGTVSSKGPSMSAPPIPGMGAPQLGDILA 97
: M I I  I I  | :  : : : ' • : : : : | :  M I I * - — I M M  • •

5 5 GVNDRSAPVLEAPKGGGGGGGGG.............GPGFG. . PSAGMALQPKGGLFA 9 7

98 GGIPKLKHINNNASTKPSPSASAPPIPGAVPSVAAPPIPNAPLSPAPAVP 147
I h l l h  : . . . M  I I I

98  GGVPKLRAVGTKDSPEGRSPAQAP........................................................................ 121

148 SIPSSSAPPIPDIPSSAAPPIPIVPSSPAPPLPLSGASAPKVPQNRPHMP 197
: . . I I I I I I • l h  I h  I

1 2 2  ................................ VGRSAAPPRPPVSGGRPHDDSDSGS................... NRSSPP 152

198 SVRPAHRSHQRKSSNISLPSVSAPPLPSASLPTHVSNPPQAPPPPPTPTI 247
M M l h  I I I . : I I I  . . . I M h : | . : | l h

153  EVGRAHRP....................SLPDLSRPPSSTSSGMKHSSSAPPPPPPG  189

248 GLDSKNIKPTDNAVSPPSSEVPAGGLPFLAEINARRSERGAVEGVSSTKI 297
: .  . .  I • • M I I h  • Î h  • •

190  ..................RRQAGAPPAPSQ................................... NAKPYNREKPLP................ 2 1 3

298 QTENHKSPSQRPLPSSAPPIPTSHAPPLPPTAPPPPSLPNVTSAPKKATS 347
• I • • h  • I • • • h  • • • Î • I I  • h  • I • • • M i l l   : ' I

2 1 4  PTPGHRAPAAPPVKPPPSPI.NSRSPSAHSQPPPPPPYRQPPTSLNGPPS 2 6 2  

348 APRPPPPPLPAAMSSASTNSVKATPVPPTLAPPLPNTTSVPPNKASSMPA 397
; . M M M M  . M . I . I I . M i l l  h  l h  h

2 6 3  PINEPAPELPQ..RHNSLHRKTAGPV.RGLAPPPPQ..SVHLSPGGNRPP 30 7  

398 PPPPPPPPPGAFSTSSALSASSIPLAPLPPPPPPSVATSVPSAPPPPPTL 447
l | : . . | h . | |  M M M  I . : . . . I I I I I I .

3 0 8  PPARDPPGRGA...........................................APPPPPPIVRNGGRDAPPPPPPP 3 4 1

448 TTNKPSASSKQSKISSSSSSSAVTPGGPLPFLAEIQKKRDDRFWGG 494
. .  : M . . .  : I I . :  : | : : |

3 4 2  YRMHCIPESTPNRPS............................... LLHLHLGPPQDHPHRLLRSG 3 7 6

Figure 4.4. Alignment o f protein sequences from proline-rich protein {Xenopus laevis) and 
verprolin {Saccharomyces cerevisiae). Sequences from the proline-rich protein (Accession no: 
S31719) and verprolin (Accession no: S39626) were obtained from the EMBL database and the 
BESTFIT program used for their alignment. The verprolin sequence is shown in bold. Aligned 
sequences show 54% amino acid similarity and 37% identity.
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Oli^o. name DNA sequence Tm D

MW58 TAG GAG TTG ATA GAA GAG GAA GG 58°C 192
(sense) T T T G G T G

T

YDFIEDQG

4082 AGG GAA GAA GGG GAA GGA AAG GG 60°C 192
(sense) G G T G A G  T

G

TEQAGRNA

4111 TT GGG TTT GTG TAA TAT GGG 50®C 648
(anti-sense) T G A G G G  T

A G A A

PILDKPK

4112 GG AGG GGG TGG TGG TGG TGG TTG 78°C 324
(anti-sense) A G G G G G

A A A A

QAPPPPPP

Figure 4.5. Degenerate oligonucleotide primers designed to clone p65/68.
Oligonucleotides were designed using the peptide sequences generated from p65 and p68 digests 
(italics) listed in Figure 4.2. Estimated annealing temperatures (Tm) and degeneracy factors (D) were 
calculated. All sequences are 5' > 3' and were synthesised by Genosys or LICR.
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4.2.4 Identification of p65/68 as WASP
During the course of these attempts to isolate p65/68 cDNA clones, Derry et al, 
(1994) reported the isolation of a novel gene which was mutated in patients with the 
Wiskott-Aldrich syndrome (WAS). The amino acid sequence of the predicted protein 
product of this gene, termed WASP, contained the majority of the p65/68 peptides. 
Figure 4.6 shows that all the peptides generated from p6 8  were identical to sequences 
found in WASP, while six peptides from p65 matched WASP sequences.

Immediately following this discovery, oligonucleotide primers were designed using 
the published WASP sequence (Figure 4.7a and b) and used to generate a cDNA 
clone by means of RT-PCR from RNA isolated from CHRF cells (Dr. S. Volinia, 
LICR). Primers 4163 and 4162 were used to amplify the C-terminal portion, and the 
PGR products were resolved on a 1% agarose gel, revealing a doublet at 350 bp 
(Figure 4.8a). Southern blotting of these fragments, followed by high stringency 
hybridisation using radiolabelled MW85 oligonucleotide as a probe (see Figure 4.7b), 
confirmed the presence of WASP cDNA (Figure 4.8b). The bands were re-amplified, 
purified using Qiagen beads, and subcloned into the pGEM-T vector (Promega) 
(Figure 4.9). Recombinants were selected using the lac Z blue/white screen, picked 
and sequenced using T7 and Sp6  primers. The sequences of two of the clones (T4 
and B5) were entered into the FASTA programme and were found to be identical to 
each other and to the 3' sequence of WASP, although smaller than the size predicated 
from the location of the primers. The WASP cDNA and predicted protein sequence 
published by Derry et a l,  (1996) is shown in Figure 4.10, and the position of clone 
T4 is shown in Figure 4.11.

In order to obtain longer WASP cDNA clones, the 220 bp insert of T4 was excised 
from the vector, radiolabelled using a random labelling procedure, and used as a 
probe to screen a U937 cDNA library. cDNA clones obtained were analysed by 
restriction digest mapping and found to contain an insert only 50 bp longer than in 
T4. Finally, a partial clone (M5.5) covering the 5' half of the WASP cDNA and a full 
length cDNA clone for WASP (FL3/4), were obtained from Jonathan Derry 
(Immunex, Stanford). These are also described in Figure 4.11.
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(a) p 6 8

F37 ADIGAPSGFK
F77 TPGAPESSALQPPPQSSEGLVGALMHVMQ
F76 HVSHVGWDPQN
F80 GRSGPLPPVPLGIAPPPPT

F37 ADIGAPSGFK
F43 EHXGAVXFVK
F69 LIYDFIEDQGFLEAVRQEMR
F71 RNQRQSGDRRQLPP(P)GT(S)A
F76 TPGAPESSALQPPPQ
F76 HVSHVG
F 35  TVTNDRSAPILDK
F4 6 LARNESRSGSNR( R ) E
F 48  TEQAGXNALLSDISK
F 68  GAGAGGPLP
F 77 PFELGLEFPNLPYYID

(b)
1 MSGGPMGGRP GGRGAPAVQQ NIPSTLLQDH ENQRLFEMLG RKCLTLATAV

51 VQLYLALPPG AEHWTKEHCG AVCFVKDNPQ KSYFIRLYGL QAGRLLWEQE
EHXG AVXFVK

101 LYSQLVYSTP TPFFHTFAGD DCQAGLNFAD EDEAQAFRAL VQEKIQKRNQ
RNQ

151 RQSGDRRQLP PPPTPANEER RGGLPPLPLH PGGDQGGPPV GPLSLGLATV 
RQSGDRRQLP PPGTSA

2 0 1  DIQNPDITSS RYRGLPAPGP SPADKKRSGK KKISKADIGA PSGFKHVSHV
ADIGA PSGFKHVSHV

2 5 1  GWDPQNGFDV NNLDPDLRSL FSRAGISEAQ LTDAETSKLI YDFIEDQGGL
GWDPQN LI YDFIEDQGFL

301  EAVRQEMRRQ EPLPPPPPPS RGGNQLPRPP IVGGNKGRSG PLPPVPLGIA
EAVRQEMR GRSG PLPPVPLGIA

351  PPPPTPRGPP PPGRGGPPPP PPPATGRSGP LPPPPPGAGG PPM PPPPPPP
PPPPT

4 0 1  PPPPSSGNGP APPPLPPALV PAGGPGPGGG RGALLDQIRQ GIQLNKTPGA
TPGA

45 1  PESSALQPPP QSSEGLVGAL MHVMQKRSRA IHSSDEGEDQ AGDEDEDDEW 
PESSALQPPP QSSEGLVGAL MHVMQ

501  DD

Fig.4.6. (a) A m ino ac id  sequences o f  p ep tides (single le tte r  code) o b ta in ed  from  
lysylendylpeptidase C digest o f p65 and p68. Sequences in bold are found in WASP. The identities 
of the amino acids in brackets are uncertain and 'X' denotes unknown amino acids, (b) A lignm ent of 
p65 and p68 peptides (in bold) with the am ino acid sequence of WASP. (Derry et a i, 1994).
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(a)

OligQ name DNA sequence (5* > 31

4161
(sense)

MSGGPMG

CAT GGATCC ATG AGT GGG GGG CCA ATG GGA 6 8
BamRl

4162
(anti-sense)

EDDEWDD

ATC GAA TTC TCA GTC ATC CCA TTC ATC ATC TTC 6 8
EcoRl stop

4163
(sense)

MRRQEPL

CAT GGATCC ATG AGG CGC CAG GAG CCA CTT C 72
BamYR

MW85 GAC CAG GCT GGC GAT GAA GAT GAA GAT GAT GAA TGG
(sense) 82

DQAGDEDEDDEW

(b)

4161
1 7

4163
307 313

MW85
488 499

N [ 3 c

495 501

4162

Figure 4.7. (a) O ligonucleotide prim ers designed to clone WASP.
The DNA sequences of oligonucleotides designed from the sequence of WASP (Accession no. 
U12707) were used to obtain WASP cDNAs by PCR and cDNA library hybridisation. The 
corresponding amino sequences are shown in italics. Tm=annealing temperature, (b) Position  of 
W ASP prim ers. Numbers indicate amino acids of WASP corresponding to the cDNA sequences in 
the primers.
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(a) (b)

M 1
M 1

350bp

■

Figure 4.8, Obtaining a WASP cDNA fragment by PCR and Southern blotting.
(a) A WASP 3’ cDNA fragment was amplified by PCR using Taq polymerase, 3pg of 
WASP primers, 4163 and 4162 (Figure 4.7), and lp.1 first-strand cDNA from CHRP cells. 
DNA fragments were separated on a 1% agarose gel (lane 1) with a 1 kb DNA ladder 
marker (M) and photographed under a UV lamp, (b) The above DNA fragments were 
transferred onto nitrocellulose by capillary blotting and probed with oligonucleotide MW 85, 
end labelled with [y^T] ATP. High stringency washes were performed in 0.2 X SSC, 0.1% 
SDS at 65°C for 5 min, and the resulting radioactive signal analysed on a Phosphoimager. 
Arrows are at the same size in both panels as judged by DNA markers (M).
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Xmn I 1994
Nae\
2695Sea I 1875

T7if1 ori 1 start
>Apal 
AatW 
Sph\ 
A/col 
Sac II

Amp
lacZ

Sp a I 
A/of I 
Pst\ 
Sa/1 
Nde I 
Sad 
BstX 
A/s/1

103
112
126

ÎS P 6

Figure 4.9. pGEM-T vector circle map.
T4 and SP6 RNA polym erase promoters and transcription initiation sites are 
indicated, together w ith the lac Z operon sequences. (M ap provided by the 
m anufacturer, Promega).
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Figure 4.10. (a) DNA sequence of WASP and translated amino acid sequence (from Derry et al., 1994).
The W ASP sequence is numbered from 1 to 1806 base pairs and 1 to 502 amino acids (Accession no. U 12707). 
The open reading fram e starts from base 35 and ends with a stop codon at 1544. (b) Restriction map of 
WASP cDNA. Unique restriction enzyme sites are shown.

(a)

1 AGCCTCGCCAGAGAAGACAAGGGCAGAAAGCACCATGAGTGGGGGCCCAATGGGAGGAAG 60
M S G G P M G G R  9

61  GCCCGGGGGCCGAGGAGCACCAGCGGTTCAGCAGAACATACCCTCCACCCTCCTCCAGGA 120
10 P G G R G A P A V Q Q N I P S T L L Q D  29

12 1  CCACGAGAACCAGCGACTCTTTGAGATGCTTGGACGAAAATGCTTGACGCTGGCCACTGC 180
30 H E N Q R L F E M L G R K C L T L A T A  49

18 1  AGTTGTTCAGCTGTACCTGGCGCTGCCCCCTGGAGCTGAGCACTGGACCAAGGAGCATTG 2 4 0
50  V V Q L Y L A L P P G A E H W T K E H C  69

2 4 1  TGGGGCTGTGTGCTTCGTGAAGGATAACCCCCAGAAGTCCTACTTCATCCGCCTTTACGG 3 0 0
70  G A V C F V K D N P Q K S Y F I R L Y G  89

3 0 1  CCTTCAGGCTGGTCGGCTGCTCTGGGAACAGGAGCTGTACTCACAGCTTGTCTACTCCAC 3 6 0
90 L Q A G R L L W E Q E L Y S Q L V Y S T  109

3 6 1  CCCCACCCCCTTCTTCCACACCTTCGCTGGAGATGACTGCCAAGCGGGGCTGAACTTTGC 4 2 0
110  P T P F F H T F A G D D C Q A G L N F A  129

4 2 1  AGACGAGGACGAGGCCCAGGCCTTCCGGGCCCTCGTGCAGGAGAAGATACAAAAAAGGAA 4 8 0
130  D E D E A Q A F R A L V Q E K I Q K R N  149

4 8 1  TCAGAGGCAAAGTGGAGACAGACGCCAGCTACCCCCACCACCAACACCAGCCAATGAAGA 5 4 0
1 5 0  Q R Q S G D R R Q L P P P P T P A N E E  169

5 4 1  GAGAAGAGGAGGGCTCCCACCCCTGCCCCTGCATCCAGGTGGAGACCAAGGAGGCCCTCC 6 0 0
170  R R G G L P P L P L H P G G D Q G G P P  189

6 0 1  AGTGGGTCCGCTCTCCCTGGGGCTGGCGACAGTGGACATCCAGAACCCTGACATCACGAG 6 6 0
190  V G P L S L G L A T V D I Q N P D I T S  20 9

6 6 1  TTCACGATACCGTGGGCTCCCAGCACCTGGACCTAGCCCAGCTGATAAGAAACGCTCAGG 72 0
21 0  S R Y R G L P A P G P S P A D K K R S G  22 9

7 2 1  GAAGAAGAAGATCAGCAAAGCTGATATTGGTGCACCCAGTGGATTCAAGCATGTCAGCCA 78 0
2 3 0  K K K I S K A D I G A P S G F K H V S H  2 4 9

7 8 1  CGTGGGGTGGGACCCCCAGAATGGATTTGACGTGAACAACCTCGACCCAGATCTGCGGAG 84 0
2 5 0  V G W D P Q N G F D V N N L D P D L R S  2 6 9

8 4 1  TCTGTTCTCCAGGGCAGGAATCAGCGAGGCCCAGCTCACCGACGCCGAGACCTCTAAACT 9 0 0
2 7 0  L F S R A G I S E A Q L T D A E T S K L  2 8 9

9 0 1  TATCTACGACTTCATTGAGGACCAGGGTGGGCTGGAGGCTGTGCGGCAGGAGATGAGGCG 9 6 0
2 9 0  l Y D F I E D Q G G L E A V R Q E M R R  3 0 9

9 6 1  CCAGGAGCCACTTCCGCCGCCCCCACCGCCATCTCGAGGAGGGAACCAGCTCCCCCGGCC 1 0 2 0
3 1 0  Q E P L P P P P P P S R G G N Q L P R P  3 2 9

1 0 2 1  CCCTATTGTGGGGGGTAACAAGGGTCGTTCTGGTCCACTGCCCCCTGTACCTTTGGGGAT 1 0 8 0
3 3 0  P I V G G N K G R S G P L P P V P L G I  3 4 9
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1 0 8 1  TGCCCCACCCCCACCAACACCCCGGGGACCCCCACCCCCAGGCCGAGGGGGCCCTCCACC 1 1 4 0
3 5 0  A P P P P T P R G P P P P G R G G P P P  3 6 9

1 1 4 1  ACCACCCCCTCCAGCTACTGGACGTTCTGGACCACTGCCCCCTCCACCCCCTGGAGCTGG 1 2 0 0
3 7 0  P P P P A T G R S G P L P P P P P G A G  3 8 9

1 2 0 1  TGGGCCACCCATGCCACCACCACCGCCACCACCGCCACCGCCGCCCAGCTCCGGGAATGG 1 2 6 0
3 9 0  G P P M P P P P P P P P P P P S S G N G  4 0 9

1 2 6 1  ACCAGCCCCTCCCCCACTCCCTCCTGCTCTGGTGCCTGCCGGGGGCCCTGGCCCTGGTGG 1 3 2 0
4 1 0  P A P P P L P P A L V P A G G P G P G G  4 2 9

1 3 2 1  GGGTCGGGGAGCGCTTTTGGATCAAATCCGGCAGGGAATTCAGCTGAACAAGACCCCTGG 1 3 8 0
4 3 0  G R G A L L D Q I R Q G I Q L N K T P G  4 4 9

1 3 8 1  GGCCCCAGAGAGCTCAGCGCTGCAGCCACCACCTCAGAGCTCAGAGGGACTGGTGGGGGC 1 4 4 0
4 5 0  A P E S S A L Q P P P Q S S E G L V G A  4 6 9

1 4 4 1  CCTGATGCACGTGATGCAGAAGAGAAGCAGAGCCATCCACTCCTCCGACGAAGGGGAGGA 1 5 0 0
4 7 0  L M H V M Q K R S R A I H S S D E G E D  4 8 9

1 5 0 1  CCAGGCTGGCGATGAAGATGAAGATGATGAATGGGATGACTGAGTGGCTGAGTTACTTGC 1 5 6 0
4 9 0  Q A G D E D E D D E W D D *  5 0 9

1 5 6 1  TGCCCTGTGCTCCTCCCCGCAGGACATGGCTCCCCCTCCACCTGCTCTGTGCCCACCCTC 1 6 2 0

1 6 2 1  CACTCTCCTCTTCCAGGGCCCCCAACCCCCCATTTCTTCCCCACCAACCCCTCCAATGCT 1 6 8 0

1 6 8 1  GTTATCCCTGCCTGGTCCTCACACTCACCCAACAATCCCAAGGCCCTTTTTATACAAAAA 1 7 4 0

1 7 4 1  TTCTCAGTTCTCTTCACTCAAGGATTTTTAAAGAAAAATAAAAGAATTGTCTTTCTGTCT 1 8 0 0

1 8 0 1  CTCTAT 1 8 0 6

(b)

376 Xcm I 
350 AccI 

302 Eco57l 
171 MscI 455 Bsg 1

171 Eael 438 StuI
13 Bbsl 297 BceFI

I I I II

957 Nar I 
957 KasI 

829 BstYI 
829 Bgl II 

769 NspC I 
769 Nsp7524l 
769 NspI

753 Dra III 993 Xho I
750 ApaL I 993 PaeR7 I

693 Bfal 957 Ehe I
670 DsaI 957 BbeI

JL J_L

1484 Mme I 1768 Mse I 
1356 EcoRI 1767 Dm I

1339 Alwl 1600 BspM I

_LL

WASP 1806 base pairs Unique Sites
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WASP clone Vector WASP
nucleotides

Digestion Comments

FL3/4 engineered by 
J. Derry

24-1823 multiple cloning 
sites

full cDNA clone 
(J.Derry)

M5.5 pBluescript 7-736 EcoBl-EcoKl 5' cDNA clone 
(J.Derry)

T4 pGEM-T 1325-1543 BamHI-EcoRI 3' cDNA PCR 
product using 
oligos 4163 and 
4162

502
FULL LENGTH 

(FL3/4)

234
N-TERMINAL

(M5.5)

429 502
C-TERMINAL

(T4)

Figure 4.11. WASP cDNA clones.
The table show s the nam es o f the cD N A  clones (J.D erry=constructed by Dr. J. Derry), the vector into 
w hich it w as subcloned; the corresponding W A SP cD N A  nucleotides (as show n in F igure 10); the 
restric tion  enzym e sites around the insert and additional com m ents. B elow , is a d iag ram m atic  
representation o f proteins encoded by the W ASP cD N A  clones, show ing their positions and lengths (am ino 
acids).
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4.3 DISCUSSION

4.3.1 p65/68 peptide data analysis
The p65/68 SH3-binding proteins were purified, digested and microsequenced. At 
first glance, the HPLC traces given by the two proteins upon digestion appeared to be 
almost identical. However, on closer inspection a number of extra peptides were 
obtained with p65. Possible explanations for this are discussed below. p65 contained 
a peptide with an unusually methylated arginine residue (Figure 4.3, F45). The 
biological significance of this rare modification is not clear, but modified arginine 
residues have been reported in the GAP-binding protein, p62 (Wong et al., 1992a).

While attempting to clone this doublet, it was discovered that all of the p6 8  peptides 
and half of the p65 peptides, exactly matched the sequence of a novel protein termed 
WASP (Derry et al., 1994). This was the product of the WAS gene which had been 
isolated by a positional cloning strategy and found to be mutated in patients with 
Wiskott Aldrich Syndrome patients and isolated X-linked thrombocytopenia 
(discussed in Chapter 5).

The remaining Lys C-generated peptides from p65 showed no significant homology 
to WASP. These p65 peptides, however, together with some sequences generated 
from its trypsin digest showed considerable homology to a proline-rich protein from 
the African clawed frog, which in turn shared 37% amino acid identity and 54% 
amino acid similarity with a yeast protein, verprolin. Verprolin is a proline-rich 
protein encoded by the VRPl gene isolated from Saccharomyces cerevisiae. 
Donnelly et a l,  (1993) suggested that this protein, with a 24% proline content, 
contained proline-rich motifs resembling those shown to bind SH3 domains in vitro. 
With this information, it seemed that the p65 preparation contained an SH3 binding 
protein that was a novel, human homologue of verprolin. Mutations in yeast 
verprolin implicated its importance in the cytoskeleton, a property commonly 
displayed by SH3-binding proteins, since verprolin-mutant yeast cells were seen to 
display aberrant actin and chitin distribution (Donnelly et a l, 1993).

p65 therefore, appears to be a mixture of WASP and a verprolin-like protein, while 
p6 8  corresponds only to WASP. The p65 and p6 8  forms of WASP may have 
different post-translational modifications or may represent WASP isoforms generated, 
for example, by alternative splicing.
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4.3.2 The cloning of WASP
In order to obtain WASP cDNA clones, a PCR-based approach was used. 
Specifically designed primers and first-strand cDNA made from megakaryocytic 
RNA, were used to amplify a region of the WASP cDNA which was then subcloned 
into an appropriate vector, sequenced and used in library screening. Only short C- 
terminal cDNA clones were obtained from cDNA library screening, probably due to 
the proline-richness of the WASP C-terminus and the GC richness of the 
corresponding mRNA. Such GC-rich regions can form loop structures which prevent 
the reverse transcriptase from copying any further into the sequence during cDNA 
synthesis. This would result in the generation of short cDNAs during library 
construction with oligo-dT primers. This may also explain the difficulty of cloning 
larger fragments by PCR, namely that the DNA polymerase can not read through 
these secondary loop structures. Eventually, a full length WASP cDNA clone was 
obtained from Jonathan Derry.

4.3.3 Identification of WASP as an SH3 binding protein
The Wiskott-Aldrich Syndrome protein contains proline-rich motifs (PXXP) which 
could be responsible for binding to SH3 domains. In a collaborative study with 
Christine Kinnon's group, the SH3 domain from the B-cell tyrosine kinase, Btk, was 
also shown to bind to WASP (Cory et al., 1996). These findings were the first clues 
we had to the biochemical function of the protein involved in the severe and complex 
Wiskott Aldrich Syndrome, and its possible involvement in haematopoietic cell 
signalling pathways. In the following chapters (5-8) I have analysed some of the 
details of the interaction between WASP and SH3 domains.

129



CHAPTER 5

BIOCHEMICAL CHARACTERISATION OF 
WASP AND ITS INTERACTION WITH C-SRC

FAMILY KINASES

130



Chapter 5: Biochemical Characterisation of WASP 
and Its Interaction with c-Src Family Kinases

5.1 INTRODUCTION

5.1.1 Wiskott-Aldrich Syndrome
Wiskott-Aldrich syndrome (WAS) is a rare X-linked recessive disorder, first noticed 
by Wiskott in 1937 and rediscovered 20 years later by Bob Aldrich. Affected boys 
present with a plethora of clinical abnormalities, including chronic eczema, severe 
thrombocytopenia, impaired humoral and cellular immunity and increased 
susceptibility to lymphoid malignancies (Spitler etal.^ 1975; Conley, 1992). Clinical 
features of this disorder begin early in life with recurrent infections, haemorrhages 
and skin diseases. Unless the condition is treated the prognosis of WAS is poor and 
premature death is caused by sepsis, haemorrhage or lymphoreticular malignancies. 
A study of WAS patients in 1994 (Sullivan et al., 1994) reported that the average age 
of living patients had risen from 8  months in patients born before 1935, to 6.5 years in 
patients born after 1964, to 11 years in their 1994 study, with a range of 1-35 years. 
The average age of those deceased was 8  years of age. The primary cause of 
mortality was infection as a direct result of the immunodeficiency. The best 
management option is bone marrow transplantation which is particularly successful in 
patients with an HLA-matched sibling (Parkman et al., 1978; Rimm and Rappeport, 
1990). When this is not feasible, splenectomy with continuous prophylactic antibiotic 
treatment to decrease the risk of bacterial infection, can be effective (Lum et al., 
1980).

The eczema presented in these patients may vary from severe to mild but can be a 
serious medical problem, often intensely itchy and prone to infection due to excessive 
scratching. Thrombocytopenia is the most consistent finding, and WAS platelets are 
few in number and small in size, with their average diameter being reduced by about 
20%. Curiously, these abnormalities in cell size can be largely corrected by surgical 
removal of the spleen (Lum et al., 1980). The most common reason for presentation 
of patients with WAS is rectal bleeding in the new-born period, as a consequence of 
thrombocytopenia (Ochs et al., 1980). The decrease in number of platelets is thought 
to be due to the accelerated destruction of the platelets (Remold et al., 1991).

In the classical form of the disease, the immune abnormalities are variably expressed 
among affected boys The most characteristic are failure of B-cells to respond to, and
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produce antibodies against, polysaccharide antigens such as the capsular material of 
pneumoccoci, a poor response to certain protein antigens (Ochs et al., 1980) and a 
progressive decline in T-cell function, revealed by delayed hypersensitivity, allograft 
rejection and an impaired mitogen response (Oppenheim et al., 1970; Spitler et al., 
1975). T-cells also decrease in number with age and their abnormal proliferative 
response coupled with poor production of cytotoxic T-cells, results in a cell mediated 
immunity that progressively deteriorates (Spitler et al., 1975; Ochs et al., 1980). 
Levels of IgG are normal, but low serum IgM and elevated IgA and IgE are seen in 
WAS patients. Transmembrane signalling defects have also been identified in B-cells 
from WAS patients (Simon et al., 1992). Upon stimulation through ligation of 
surface immunoglobulin, cells failed to proliferate, and a decrease in tyrosine 
phosphorylation of intracellular proteins and in inositol phosphate release, is seen. 
Anti-Ig treatment of these lymphoblastoid cell lines also resulted in defective 
mobilisation of calcium (Simon et al., 1992). The intrinsic B- and T-cell defects in 
WAS are also implied indirectly by the detection of non-random X chromosome 
inactivation patterns in lymphocytes of female WAS carriers (Gealy et al., 1980; 
Prchal et al., 1980; Gieei et al., 1989b; Notarangelo et al., 1991).

In 1981, Parkman et al. (Parkman et al., 1981) reported that a specific glycoprotein 
expressed on lymphocytes was abnormal in size or absent in boys with WAS. Further 
studies showed that this molecule, CD43 (sialophorin or leukosialin), is a highly O- 
glycosylated integral membrane protein. However, CD43 was excluded as the 
primary defect in this X-linked syndrome, because it was shown to be encoded by an 
autosomal gene (chromosome 16) (Shelley et al., 1989). Instead, CD43 abnormalities 
can be attributed to aberrant 0 -glycosylation, also seen with other cell surface 
proteins (Greer et al., 1989a; Higgins et al., 1991; Piller et a l, 1991).

In addition, cytoskeleton-related cellular defects have been identified in WAS 
patients. Scanning electron microscopy was used to demonstrate that WAS T cells 
exhibit severe morphological abnormalities, including decreased size and 
cytoarchitectural defects such as a decrease in the density of the microvillus surface 
projections (Molina et al., 1992a). Some WAS cells have qualitatively abnormal 
surface projections that are bulbous or lamellar, while others have elongated or 
otherwise irregular shapes. Finally, studies of granulocytes from WAS patients 
showed that their neutrophils responded poorly to chemoattractants and that WAS 
sera generated less chemotactic activity than normal sera (Ochs et al., 1980).

In summary, the clinical and immunological phenotype of WAS described above is 
variable. Patients have also been described with attenuated or variant forms of WAS
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who display moderate to severe thrombocytopenia associated with mildly increased 
or normal susceptibility to infection (Vestermark and Vestermark, 1964). It was 
initially unclear, particularly in patients who lacked signs of immunodeficiency, 
whether these cases resulted from mutations in the same gene. Early linkage studies 
however, located the WAS gene to a region on X p ll chromosome (Peacocke and 
Siminovitch, 1987; Greer et al., 1990; Greer et al., 1992) and placed the locus for X- 
linked thrombocytopenia in this same chromosomal region (Donner et al., 1988). 
Recent data now support the notion that these disorders, although classified as 
separate, are allelic and may arise from mutations in the same gene.

5.1.2 Wiskott-Aldrich Syndrome Protein
5.1.2.1 Isolation of a novel gene
Until recently, the exact molecular defect responsible for this syndrome was 
unknown. However, in 1994, Derry et al. isolated the WAS gene by a positional 
cloning strategy. Together with the analysis of mutations from unrelated WAS 
patients, the identity of the gene was confirmed at chromosome position X p ll .23. 
The gene product was named WASP for Wiskott-Aldrich Syndrome Protein, and 
mutations in the WASP gene were found to be responsible for classical WAS and 
attenuated forms of WAS, including isolated X-linked thrombocytopenia (Remold et 
al., 1996). Boys with classical, attenuated WAS or isolated X-linked 
thrombocytopenia were screened by single strand conformation polymorphism 
analysis to identify WAS gene mutations, and a diverse array of mutations in the 
WASP gene were found (Kolluri et al., 1995). To further confirm the identity of the 
disease gene, and to explore the link between genotype and phenotype, other groups 
have continued to characterise mutations in WAS and X-LT patients (Derry et al., 
1995a; Kwan et al., 1995a; Kwan et al., 1995b). Information from over 156 patients 
are now available in a WASP database (Schwarz, 1997). WAS may be caused 
through missense and nonsense mutations, deletions, insertions and splice defects 
throughout the gene. Some of these result in loss of WASP production, whilst others 
result in the synthesis of truncated or mutated WASP. Despite the heterogeneity of 
these identified mutations, it does seem that the first two exons may be 'hotspots' for 
mutations (Derry et al., 1995a). It now seems that there is no clear correlation 
between the type of mutation and the severity of the disease, suggesting that genetic 
variation at other loci may be important in defining the effects of WASP mutations 
(Remold et al., 1996).

The mouse homologue of the Wiskott-Aldrich syndrome protein has also been 
isolated and sequenced (Derry et al., 1995b). The predicted amino acid sequence is
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8 6 % identical to the human WASP sequence, and chromosomal mapping studies 
revealed the locus to be close to the scurfy (sf) gene. The mouse mutation scurfy 
mutant has been proposed as a model for human WAS due to its phenotypic 
similarities (Lyon et al., 1990), and WASP may indeed be involved in scurfy, a T 
cell-mediated lymphoreticular disease of mice (Derry et at., 1995b).

5.1.2.2 Structure of WASP
The WASP gene comprises 12 exons, as shown in Figure 5.1 (Derry et al., 1995a). 
The cloned WASP cDNA is 1823 bp long and encodes a 502 amino acid protein. A 
number of proteins domains have been identified in WASP and these are illustrated in 
Figure 5.2. Initially, the most striking feature in this sequence was the long proline- 
rich region (PRR) towards the C-terminus, which contains a number of SH3 binding 
motifs (PXXP), including some stretches as long as 11 residues. This region could be 
responsible for binding to SH3 domains. WASP also contains a putative nuclear 
localisation signal (residues 222-235) (Derry etal., 1994). Recently, another domain, 
termed the GTPase binding domain (GBD) was found in WASP at amino acids 238- 
257 (Symons et al., 1996). Database searches with regions of WASP also revealed 
two distinct regions at the N and C-termini that are conserved in several proline-rich 
proteins known to be involved in actin organisation, and these were termed the WHl 
and WH2 domains, for WASP homology 1 and 2 (Symons et al., 1996). It has been 
proposed that these domains may have important roles in protein-protein interactions 
with structural components of the cytoskeleton, and this is supported by the finding 
that many naturally occurring WAS mutations are found in the W Hl region. The 
W Hl domain is seen in human VASP, and the WH2 domain is found in the yeast 
protein verprolin, and in the Xenopus laevis proline-rich protein. A PH (pleckstrin 
homology) domain has now been identified at the N-terminus of WASP, and an 
acidic region, with homology to the actin binding protein, cofilin has been identified 
at the far C-terminus (Miki et al., 1996). A detailed account of these domains, their 
binding partners and putative functions, is given in Section 5.3.

5.1.3 Aims
The aims of the work described in this chapter were to generate antisera against 
WASP for biochemical studies, to express WASP in insect cells using the baculovirus 
system, and to use these reagents to examine the binding of WASP to c-Src family 
kinases.
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Figure 5.1. Genomic structure of the human WASP gene.
The genom ic structure o f the W ASP gene is shown with the horizontal lines indicating the intervening sequences and the blocks positioned 
along the line representing the exons (not to scale). The cDNA nucleotide numbers at the 3 ’ end o f each exon are shown (top line). Taken 
from Derry et a l,  (1995) and Kwan et a l,  (1995).
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5.2 RESULTS

5.2.1 Generation and characterisation of antibodies against WASP
5.2.1.1 Immunising mice for WASP monoclonal antibody production
Before the identification of p65/68 as WASP, I attempted to make mouse monoclonal 
antibodies against the doublet isolated from SDS-PAGE gels. Microgram quantities 
of p65 and p6 8  were purified from U937 cell lysates using the GST- c-Fgr 
SH3/glutathione-Sepharose matrix and separated by SDS-PAGE (see Section 2.5.2). 
The bands were excised from the gel, ground into small pieces by passing them 
through a syringe and mixed with Freund's adjuvant. Three mice were immunised 
with this mixture by intraperitoneal and subcutaneous injections. Two additional 
boosts were administered from separate purifications of the proteins.

5.2.1.2 Testing monoclonal antibodies
The first bleeds from the mice were taken after the second immunisation and tested 
for anti-WASP antibodies by Western blotting of GST- c-Fgr SH3 precipitates from 
U937 cells. Figure 5.3 shows that serum from mouse 2, but not mice 1 and 3, 
recognise the p65/68 doublet present in the SH3 precipitates. After a third 
immunisation, the spleen was removed from mouse 2  and cells fused with myeloma 
cells to produce hybridomas (performed by UCL Monoclonal Service). Culture 
supernatants were removed from wells containing hybridomas and tested for the 
presence of antibodies against p65/68 using an ELISA assay (Section 2.6.1.2). 480 
supernatants were tested and 21 were positive. Unfortunately, western blotting 
showed that all positive supernatants reacted not only with p65/68 but with a protein 
of similar molecular weight that bound to GST alone, as well as to GST- c-Fgr SH3 
(data not shown).

5.2.1.3 Immunising rabbits with a WASP C-terminal peptide for polyclonal 
antibody production
Immunisation with peptides corresponding to the N- or C-terminal amino acid 
sequences of proteins frequently generates good antisera for immunoblotting and 
immunoprécipitation (Harlow and Lane, 1988). Therefore, a peptide corresponding 
to the C-terminal region of the WASP amino acid sequence, Nt- 
EDQAGDEDEDDEWDD-Ct, with an N-terminal cysteine to enable coupling to a 
carrier protein, was synthesised for us by Severn Biotech Ltd.. The 15 amino acid 
peptide was coupled to activated keyhole limpet hemocyanin by Eurogentec and was 
used to immunise two rabbits, SK3 and SK4. The animals were boosted every month
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Figure 5.3. Testing p65/68 mouse antisera by immunoblotting
The specificty o f the first bleed anti-sera from three mice immunised with p65/68 protein, was examined. p65/68 was precipated from 
U937 cell lysates by incubation with beads carrying GST- c-Fgr SH3 (lane 2) or GST alone, as a control (lane 1). Proteins were separated by SDS- 
PAGE and immunoblotted with serum from mouse 1, 2 or 3, or with pre-immune mouse serum, at a 1/1000 dilution. Immunoreactive bands were 
detected with horseradish peroxidae linked anti-mouse antibodies (1/1000) and detected using ECL. The arrow indicates the p65/68 doublet.



and four bleeds were taken. The immunoreactivity of the sera was tested and 
compared with the pre-immune bleed.

5.2.1.4 Polyclonal antibodies recognise p68 in immunoblotting
The second and third bleeds from SK3 and SK4 were tested for their ability to 
recognise WASP in western blots and to immunoprecipitate WASP from cell lysates. 
As shown in Figure 5.4 SK3 recognised a single band corresponding to p6 8 , on 
western blots of proteins binding to GST- c-Fgr SH3 but not to GST alone (Figure 
5.4a) and on blots of total U937 cell lysates (Figure 5.4e). SK4 antibodies also 
recognised p6 8  on immunoblots but not as strongly as the SK3 (Figure 5.4b). In 
addition, SK4 antibodies appeared to recognise a protein that was slightly larger than 
WASP and that bound to beads carrying GST alone (Figure 5b). Neither SK3 nor 
SK4 antisera immunoprecipitated WASP from cell lysates (Figure 5.4c, d and e).

As shown in Figure 5.5, SK3 antiserum also recognised p6 8  in western blots of whole 
U937 cell lysates and showed little cross-reactivity with other cellular proteins. In 
addition, there was no gross change in the levels of WASP upon PMA-induced 
differentiation of U937 cells. Further conformation of the specificity of the SK3 
antibody came from its recognition of baculovirus-expressed recombinant WASP (see 
Section 5.2.6.5). In all contexts, SK3 recognised p6 8  and not p65. The reason for 
this is unclear.

5.2.1.5 Affinity purification of WASP antisera
The immunoreactive serum from rabbit SK3 was affinity-purified on a C-terminal 
peptide-Actigel affinity matrix. 6  mg of the synthetic C-terminal peptide used to 
immunise the rabbits, was chemically coupled to the Actigel resin (Stratogene) as 
described in Section 2.6.2.2 and then incubated with 8  ml of third bleed SK3 
antiserum. Eluted specific antibodies were dialysed against 50% glycerol and their 
concentration estimated by Coomassie Protein Reagent. They were then stored at 
-20°C. The concentration of the affinity purified SK3 antiserum was approximately 
0.1 mg/ml. These antibodies recognised p6 8  on Western blots but failed to 
immunoprecipitate WASP from cell lysates (Figure 5.4e). They were used primarily 
for immunostaining of single cells, as described in Chapter 7.

5.2.1.6 JDl immunoprecipitates WASP from cells
Some SK3 antiserum was exchanged for some JDl anti-WASP antiserum from Dr. J. 
Derry, Stanford. JDl was raised against was raised against a GST -WASP fusion 
protein containing amino acids 48-321 of WASP (Symons et a l, 1996). Figure 5.6 
demonstrates the polyclonal antibody's ability both to immunoprecipitate WASP from
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Figure 5.4(a-e). Characterisation of two polyclonal antisera raised against a C-terminal peptide from WASP.
The second bleeds from two rabbits, SK3 and SK4, were tested in western blotting and immunoprecipiation experiments for their ability to recognise WASP. 
Third bleed SK3 anitserum (SK3’) and affinity-purified SK3 third bleed antiserum (AP) were also tested. WASP was precipitated from U937 cells using GST- c- 
Fgr SH3 or GST alone, as a control, blotted and incubated with either SK3 (a) or SK4 (b) at a 1/500 dilution. To test the antisera’s ability to immunoprecipitate 
WASP, 3pi o f  SK3, SK4, SK3’, AP or pre-immune sera (PI) from each rabbit, were incubated with U937 cell lysates, collected on Protein A-Sepharose and 
analysed by SDS-PAGE and western blotting with either SK3 (c), SK4 (d) or SK3’ (e) antibodies. All immnuoreactive bands were detected by ECL. Arrows 
indicate the expected position o f  WASP.
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Figure 5.5. SK3 anti-WASP polyclonal antiserum recognises p68 in U937 
cell lysates and GST- c-Fgr SH3 precipitates.
U937 cells were either treated with PMA (10 ng/ml) for 24 h (+) or left 
untreated (-). Lysates were prepared from both and aliquots o f total Triton X- 
100 soluble protein seperated by SDS-PAGE (lysate). In parallel, beads 
carrying GST alone or GST- c-Fgr SH3 domain were incubated with both cell 
lysates, boiled in sample buffer and analysed by SDS-PAGE. Proteins were 
transferred to nitrocellulose membrane, immunoblotted with SK3 antiserum at a 
1/1000 dilution and detected using ECL.
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WASP

Figure 5.6. Immunoprécipitation of WASP from U937 cells.
JDl polyclonal WASP antibodies (5fii) were incubated with a Triton X-lOO 
lysate prepared from approximately 10’ U937 cells. The immunocomplex was 
collected on Protein A-Sepharose beads, subjected to SDS-PAGE and 
immunoblotted with the anti-WASP JDl antiserum ( I / I 000 dilution). The 
position of WASP is indicated, present in the cell lysate (lane I) and the 
immunoprecipitate (lane 2). The smaller arrow indicates the position in lane 2 of 
the heavy chain of the rabbit anti-WASP polyclonal antibody, which is detected 
by the secondary antibody used for immunoblotting and which migrates slightly 
faster than WASP.
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U937 lysates and to recognise p6 8  in Western blotting. However, it can be seen, that 
p6 8  lies very close to the heavy chain of the precipitating immunoglobulin, which is 
also detected with the labelled anti-rabbit second antibody in the blotting procedure. 
To overcome this problem, some of the JDl antiserum was covalently cross-linked to 
Protein A-Sepharose for future experiments (Section 2.6.3).

5.2.2 Differential binding of WASP to a panel of SH3 domains in 
vitro
Affinity-purified SK3 antibodies were used in immunoblotting experiments to re
examine the binding of WASP to the panel of GST-SH3 fusion proteins. The panel 
of SH3 domains were incubated with U937 cell lysate, and binding proteins separated 
by SDS-PAGE. Silver staining (Figure 5.7a) and immunoblotting analysis (Figure 
5.7b) clearly confirmed the original observation that WASP binds preferentially to 
SH3 domains from c-Src, Fyn and c-Fgr, and to a lesser extent to SH3 domains from 
PLC-y, Grb2 and the p85a subunit of PI 3-kinase. Full-length GST-p85a fusion 

protein also bound WASP in vitro. In the case of Grb2, WASP bound to the amino- 
terminal SH3 domain rather than to the carboxyl-terminal SH3 domain, and binding 
was retained in full-length Grb2 protein. In this assay, WASP did not bind detectably 
to SH3 domains from RasGAP, NADPH oxidase subunits, c-Crk, spectrin, Csk, 
profilin or full length Nek.

5.2.3 Cell line specificity of WASP expression by immunoblotting
Approximately 100 p-g of Triton X-100-soluble proteins from a range of cultured cell 

lines were resolved by SDS-PAGE, transferred to PVDF membranes and incubated 
with SK3 antibodies. WASP was expressed in all haematopoietic cell lines tested, 
including the monocytic cell lines U937 and HL60 (not shown); the B-cell lines Raji 
and HFBl; the T-cell lines Jurkat, H9, HPBALL; and the megakaryocytic cell line 
CHRF. WASP was not expressed in any of the epithelial, myoblast or fibroblast cell 
lines tested in Fig. 5.8. Taken together, these results suggest that WASP expression is 
restricted to cells of haematopoietic lineages. Intriguingly, WASP was not detected 
in the chronic myeloid leukaemia cell line K562.

5.2.4 Distribution of WASP in rat tissues by immunoblotting
To examine the tissue distribution of WASP, various tissues were isolated from rats. 
100 p,g of total protein from each tissue sample were resolved by SDS-PAGE, 

transferred to PVDF membrane and incubated with SK3 antibodies. As shown in
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Figure 5.7. Binding of WASP from U937 cells to a panel of GST-SH3 fusion proteins.
U937 cell lysate was incubated with glutathione-Sepharose beads coupled to GST alone or GST 
fused to SH3 domains from the p85a subunit of PI 3-kinase, Ras GAP, PLC-y, c-Src, the p47 
subunit of NADPH oxidase (amino-terminal SH3 domain, p47-N), the p67 subunit of NADPH 
oxidase (amino-terminal SH3 domain, p67-N; carboxy-terminal SH3 domain, p67-C), c-Crk, c-Fgr, 
spectrin, Grb2 (amino-terminal SH3 domain, N-Grb2; carboxy-terminal SH3 domain, C-Grb2; full 
length Grb 2), Fyn and Csk. Full length SH3-containing proteins fused to GST were also used from 
Nek, Crk, p85a and profilin. Bound proteins were eluted, subjected to SDS-PAGE and visualised 
by silver staining (a) or by immunoblotting using SK3 antibodies directed against WASP (b). The 
positions of p65 and p68 are indicated. In panel (a) the full length Crk fusion protein migrates at the 
same size as the p65/68 doublet and is seen as a single band.
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Figure 5.8. C ellu lar d istribution  of W ASP.
Total cell lysates o f a range of cell lines were subjected to SDS-PAGE and immunoblotted 
using the anti-WASP antibody SK3. U pper panel: Swiss 3T3, NIH 3T3, C osl, Hep2, 
RD157, R ati, U937, CHRF-288-1 1 (human megakaryocytic leukaemia), K562 (human 
chronic myeloid leukaemia), breast lum (primary human breast luminal luminal epithelial 
cells), breast myo (primary human breast myoepithelial cells), Cal51. MDA-MB453, 
MDA-MB175, MCF7, T47D, BT20, ZR75-I and PMC42 are human breast carcinoma cell 
lines. Low er panel: U937(monoblastic cells), Raji (human B-lymphoma), H FBl (human 
plasmacytoma), Jurkat (human T-cell leukaemia), H9 (human T-cell leukaemia), HFBALL 
(human T-cell leukaemia).
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Figure 5.9 WASP was detectable in an immunoblot of blood cells. Rat WASP was 
slightly larger than human WASP. It is surprising that WASP was not detectable in 
haematopoietic cells in the tissues tested and in particular, in spleen. Levels may 
simply be below the limit of detection. A strong immunoreactive band was also 
detected in rat brain of about 60 kDa molecular weight. This finding suggested that 
there might be a brain-specific isoform of WASP.

5.2.5 Interactions of WASP in vivo
I next addressed the question of whether WASP was bound to any of its potential 
partners in vivo by attempting to co-immunoprecipitate them from U937 cell lysates. 
WASP immunoprecipitates were run on SDS-PAGE gels and immunoblotted with 
antibodies against c-Src, c-Fgr, PLCy, p85a, Grb2 and Nek. None of these proteins 

were found in WASP immunoprecipitates (data not shown). Conversely, WASP was 
never detected in immunoprecipitates of these proteins (data not shown). I focused on 
the interaction of WASP and c-Fgr in U937 cells, and tested whether the 
physiological state of the cells affected the formation of WASP-c-Fgr complexes. 
However, such complexes were undetectable by co-immunoprecipitation in 
undifferentiated U937 cells, in U937 cells induced to differentiate by addition of 
PMA, in differentiated cells stimulated via the FcyR receptor (Section 2.2.1.3) which 
is physically associated with c-Fgr (Hamada et al., 1993), and in stably transfected 
U937 cell lines that over-express c-Fgr (Faulkner, 1995) (data not shown). Neither 
were WASP-c-Fgr complexes detectable in CHRF cells (data not shown). Several 
explanations of this lack of in vivo data are discussed at the end of this chapter.

5.2.5.1 PI 3-kinase activity is associated with WASP
As the full length p85a subunit of PI 3-kinase was shown to bind WASP in vitro 

(Section 5.2.2), I decided to see if WASP immunoprecipitates from U937 cells 
contained lipid kinase activity. Anti-WASP (JDl) and anti-p85a immunoprecipitates 

were collected on Protein A-Sepharose and assayed for PI 3-kinase activity (Section 
2.3.8). As can be seen in Figure 5.10 some PI 3-kinase activity was present in WASP 
immunoprecipitates, as well as in the control p85a immunoprecipitates. This 
suggests that although the PI 3-kinase p85a subunit was not detectable in WASP 

immunoprecipitates by immunoblotting (data not shown), significant lipid kinase 
activity was associated with WASP in vivo.
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Figure 5.9. Distribution of WASP in rat tissues.
100 )Lig of total protein prepared from different rat tissues were subjected to SDS-PAGE analysis and then 
immunoblotted with SK3 anti-WASP antibodies. The longer arrow indicates a protein in blood cells slighter 
larger than human WASP and the position o f a band at 60 kDa in rat brain is shown. The position at which the 
human WASP from U937 cells migrates is also shown (68 kDa).
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Figure 5.10. WASP immunoprecipitates from U937 cells contain lipid 
kinase activity.
JD l polyclonal anti-WASP antibodies (3pl) and anti-p85a antibodies (100 
|Lil o f monoclonal antiserum from Dr. Gout) were incubated with lysates 
from U937 cells grown with (+) or without (-) PMA. These 
immunocomplexes were then used in a PI 3-kinase assay with 
phosphaditylinositol (PI) as the substrate and [y^^P] ATP. The radiolabelled 
phospholipids were separated by TLC and visualised using a 
Phosphoimager.
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5.2.6 Expression of WASP and c-Fgr in insect cells
The baculovirus system was used to over-express WASP and its potential binding 
partners and to re-examine their interactions in vivo in insect cells. Baculoviruses 
encoding c-Src, Fyn and Btk were already available, and I constructed baculoviruses 
encoding c-Fgr and WASP.

5.2.6.1 Construction of the c-Fgr baculovirus transfer vector
To clone the c-fgr coding region into the baculovirus transfer vector p36C [Page, 
1989] a two step ligation procedure was devised (Figure 5.11). This was necessary as 
the p36C vector possess only Bam  HI and Kpn I cloning sites, while the 2.4 Kb full 
length c-fgr clone (pFU2) has an internal Bam HI site. The human c-fgr clone, in 
pBluescript, was digested with Bam H I and Kpn I and the two fragments purified 
from an agarose gel. The 900 bp Bam YH-Kpn I fragment was ligated into p36C cut 
with the same enzymes. The resulting recombinant vector was then digested with 
Bam HI, and the 1.5 Kb Bam HI fragment of c-fgr inserted. The orientation of this 
last fragment was checked by restriction digests using Eco RI sites present in the 
clone and vector. The final c-fgr baculovirus transfer vector, pBacF, was prepared 
under sterile conditions for subsequent transfection.

5.2.6.2 Testing expression of c-Fgr in Sf9 cells
Wild type baculovirus Autographa californica multiple nuclear polyhedrosis virus 
(AcMNPV) was co-transfected into Sf9 cells with the recombinant baculovirus 
transfer vector pBacF. Under these conditions, homologous recombination between 
the transfer vector and the wild-type virus results in generation of virus in which the 
polyhedrin coding region has been replaced by the sequences encoding c-Fgr. Four 
days later, cells were harvested and extracellular virions amplified several times to 
make virus stocks which were tested for protein production. c-Fgr expression was not 
easily detected on Coomassie-stained gels of whole cell lysates (data not shown). 
Levels of c-Fgr protein expression were therefore monitored by analysing Triton X- 
100 cell lysates by SDS-PAGE and immunoblotting (Figure 5.12). Viruses from the 
third and fourth amplification were used to infect Sf9 cells for 3 days and a virus 
encoding Btk was used as a negative control. Incubation of blots of infected cell 
lysates with affinity-purified, sheep polyclonal antibodies against c-Fgr (Serotec), 
confirmed the expression of c-Fgr at around 58 kDa (Figure 5.12, lanes 2 and 3). 
Although expression of c-Fgr was high, several low molecular weight bands were 
seen with viral infection from the fourth amplification (lane 3). These bands may 
represent degradation of the protein resulting from use of too much virus, or from 
allowing infection to proceed for too long. Viral stocks from the second and third
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Figure 5.12. Expression of c-Fgr in insect cells.
4x10^ Sf9 cells were infected with 1 ml o f baculovirus, encoding 
(1) Btk as a control, (2) c-Fgr from three rounds of 
amplifications, or (3) c-Fgr from a fourth amplification. Cells 
were harvested after 3 days, lysed and subjected to SDS-PAGE. 
Total cellular proteins were then immunoblotted with a 
polyclonal c-Fgr antibody (Serotec) at a 1/1000 dilution. 
Molecular weight markers are shown and c-Fgr expression is 
indicated at 58 kDa.
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amplification were therefore used for plaque purification of recombinant c-Fgr virus. 
This was amplified, and infection conditions were optimised for maximal protein 
expression with minimal degradation.

5.2.6.3 Purification of c-Fgr from insect cells
Small amounts of c-Fgr were purified from Sf9 cells by affinity purification using a 
phosphotyrosine column. This purification procedure was adopted from Koegl et a l, 
(1994a) and was based on the high affinity interaction between the SH2 domain of c- 
Src kinase and phosphotyrosine. Phosphotyrosine was coupled to the Actigel matrix 
as previously described, and insect cells infected with the c-Fgr baculovirus. Cells 
were harvested, homogenised using a Dounce homogeniser in the absence of 
detergents or lysed in the presence of 1% Triton X-100, and centrifuged. The 
clarified supernatants were incubated with the phosphotyrosine beads and eluted with 
2 M NaCl. Aliquots of eluted protein were analysed by SDS-PAGE and the c-Fgr 
protein identified by Coomassie blue staining (Figure 5.13). Panel (a) shows the 
result from a small scale purification. Although many bands were seen in the total 
cell lysate, a Coomassie stained protein at the size of c-Fgr was detected after 
purification. The protein was also found to be readily extractable from cells in the 
absence of detergents (panel b). For increased purity, further isolation procedures 
such as ion-exchange columns and gel filtration techniques would have to be 
employed. The yield was also quite low for this procedure (0.2 mg/ml after dialysis), 
and better success has been achieved with proteins that possess two SH2 domains, 
such as p85a, and therefore have a higher affinity for the phosphotyrosine matrix 

(Koegl et al., 1994a). Figure 5.13 panel (c) illustrates this clearly, where an identical 
small scale phosphotyrosine purification of cells infected with the p85a virus (Ritu 

Dhand, LICR) was performed as a positive control. The semi-purified c-Fgr protein 
was used several in vitro binding experiments (data not shown), although examination 
of the WASP-c-Fgr interaction was carried out in vivo.

5.2.6.4 Construction of the WASP baculovirus transfer vector
The baculovirus transfer vector pAcSG2 (PharMingen) was used to clone the full 
length human WASP cDNA, since it has a large selection of restriction sites. 10 p.g 

of WASP cDNA clone, FL3/4 (Figure 4.11), were digested with Kpn I and Not I. The 
resulting 1.8 bp WASP fragment was purified and subcloned into pAcSG2 digested 
with the same enzymes. Figure 5.14 illustrates plasmid maps and a summary of the 
cloning strategy. DNA was prepared from transformed colonies and the presence of 
insert confirmed by restriction digest analysis. A recombinant clone, named pBacW 
was used to prepare sterile DNA for transfection into Sf9 cells using the BaculoGold 
system (PharMingen) as described in Section 2.2.2.I.
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Figure 5.13. Affinity purification of c-Fgr from insect cells using a 
phosphotyrosine matrix.
Anti-phophotyrosine coupled to Acti-gel was used to purify c-Fgr from insect cells 
infected with the c-Fgr baculovirus (500 pi o f third round amplified virus per 175 
cm- flask). Panel (a) represents a small scale purification using 4x10’ cells. Lane 1 
shows total cell lysate, harvested after 2.5 days and lysed in sample buffer. Lane 2 
shows purified c-Fgr after incubation on phophotyrosine beads and boiling in sample 
buffer. Panel (b) represents an aliquot o f c-Fgr eluted in 2 M NaCl from a large- 
scale purification, where cells from ten triple-flasks, were lysed in the absence of 
detergent. All proteins were separated by SDS-PAGE and stained with Coomassie 
Blue. Arrows show position of purified c-Fgr protein at its correct size. Panel (c) 
illustrates a silver stain of purified p85a (arrow) from insect cells as a positive 
control, using the same procedure as for c-Fgr.
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Figure 5.14. Cloning strategy used to construct WASP baculovirus vector.
Human WASP cDNA insert was excised from construct (from Dr. J.Derry) and subcloned into pAcSG2. 
The final construct was named pBacW. Map of pAcSG2 was provided by PharMingen and map o f FL3/4 
was provided by Dr. J. Derry .

154



5.2.6.5 Testing expression of WASP in Sf9 cells
Recombinant virus encoding WASP was harvested from the transfected cells and 
amplified several times. Virus collected from the third passage was used to infect Sf9 
cells and to test protein expression. Sf9 cells were infected with different amounts of 
virus stock and harvested two days post-infection. A negative control flask of cells 
was set up with no virus added. Pelleted cells were washed in PBS, lysed in 1% 
Triton X-100 lysis buffer and the clarified supernatants incubated with GST or GST- 
c-Fgr SH3 coupled to glutathione-Sepharose, or with anti-W ASP 
immunoprecipitating antibodies (JDl). Precipitated proteins were eluted from the 
glutathione- or Protein A-Sepharose beads by boiling in sample buffer, and were 
separated by SDS-PAGE. Samples were halved and loaded on to two gels. One was 
stained with Coomassie blue and the other transferred to nitrocellulose and 
immunoblotted with SK3 anti-WASP antibodies. The stained gel in Figure 5.15a, 
shows that although there was no obvious band corresponding to WASP in infected 
whole cell lysates, a band of the correct size for WASP was detectable specifically in 
GST- c-Fgr SH3 and anti-WASP precipitates from infected cells. The identity of this 
band was confirmed by western blotting (Figure 5.15b). There were no dramatic 
differences in levels of WASP expression with different amounts of virus, and so it 
was concluded that 50 pi of the virus stock were sufficient for good protein 

expression, when used to infect 2x10^ Sf9 cells in a 75 cm^ flask.

Further verification that the baculovirus-expressed recombinant protein was WASP, 
came from the observation that the electrophoretic mobility of the recombinant 
protein corresponded to that of endogenous WASP protein detected in U937 cells by 
immunoprécipitation and immunoblotting (Figure 5.16).

5.2.6.6 Purification of WASP from insect cells
Small amounts of WASP could be purified from infected Sf9 cells using GST-SH3 
affinity matrices. However, bound WASP proved difficult to elute. SH3 domains 
from c-Fgr, PLCy and the N-terminal domain of Grb2 were used since they appeared 

to have different binding affinities for WASP in vitro (see Figure 5.7 for example). 
After binding, elution of WASP was attempted with 1 M NaCl. Samples of eluent 
and glutathione beads were analysed by SDS-PAGE and Coomassie blue staining 
(Figure 5.17). No WASP was eluted from GST-SH3 domains from c-Fgr or PLCy, 

but very small amounts were eluted from the Grb2 N-terminal SH3 domain. This 
may simply reflect the fact that more of this SH3 domain was used in this experiment 
(Figure 5.17).
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Figure 5.15. Expression of W ASP in insect cells.
2x10^ Sf9 cells were either left uninfected (control) or infected with different amounts o f WASP 
baculovirus-pbacW (50pl, 150pl or 250pl). Cells were harvested after 2 days, lysed in 1% Triton X-100 
(lys) and the supernatants used in precipitations with GST or GST- c-Fgr SH3 (SH3), or incubated with 
anti-WASP (JD l) immunoprecipitating antiserum (IP). Proteins were eluted from the glutathione 
Sepharose or Protein A beads by boiling in sample buffer and then separated by SDS-PAGE. 
Precipitated proteins were visualised with Coomassie blue (a) or immunoblotted with anti-WASP SK3 
antiserum followed by ECL detection (b). Arrow indicates the position o f WASP.
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Figure 5.16. Analysis of recombinant WASP from Sf9 cells.
Recombinant WASP, expressed in insect cells by infection with generated baculovirus, was 
immunoprecipitated using JD l anti-WASP antiserum (IP-Sf9). In parallel, endogenous 
WASP was immunoprecipitated from U937 cells (IP-U937). Together with total U937 cell 
lysate (lys), precipitated proteins were subjected to SDS-PAGE and immunoblotted with 
SK3 anti-W ASP antibodies.
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Figure 5.17. Small scale purification of WASP from Sf9 cells using different 
GST-SH3 domain fusion proteins.
2x 75 cm^ flasks of Sf9 cells infected with the WASP baculovirus (50 pi) were lysed 
and incubated with glutathione-Sepharose beads coupled to 5 pg o f GST alone or 
GST fused to SH3 domains from c-Fgr, PLC-y and the amino-terminal SH3 domain 
from Grb2. Elution o f bound proteins from the beads was attempted with I M NaCl. 
Samples of the eluent (1) and the beads after elution (2) were analysed by SDS-PAGE 
and Coomassie blue staining.
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5.2.7 Co-expression studies in insect cells
Having generated baculoviruses expressing WASP and c-Fgr, I determined whether 
these two proteins could be co-immunoprecipitated from Sf9 cells co-infected with 
the two viruses. Binding of WASP to Fyn, c-Src and Btk in Sf9 cells was also 
examined, using Fyn and c-Src viruses constructed by Sarah Courtneidge and a Btk 
virus constructed in collaboration with Steve Hinshelwood. This tested whether the 
ability of WASP to bind to isolated SH3 domains in vitro reflected an ability to bind 
to full-length SH3-containing proteins in vivo.

Sf9 cells were infected with WASP virus alone or in combination with the c-Src, Fyn, 
c-Fgr or Btk viruses. Flasks were also infected with each of the PTK viruses alone, as 
controls. Three days after infection, cells were lysed and immunoprécipitations 
performed using JDl anti-WASP antiserum. To determine whether the c-Src, Fyn, c- 
Fgr or Btk kinases were present in the immunoprecipitates, I first performed immune 
complex kinase assays and looked for autophosphorylated c-Src, Fyn, c-Fgr or Btk by 
SDS-PAGE. As shown in Fig. 5.18, anti-WASP immunoprecipitates from cells co
infected with WASP and Fyn viruses contained protein kinase activity. The major 
co-precipitated phosphoprotein co-migrated with Fyn that had been 
immunoprecipitated with two different anti-Fyn antisera, from the co-infected cells or 
from cell infected with Fyn alone virus alone (Fig. 5.18a and b). Anti-WASP 
immunoprecipitates from cells co-infected with WASP virus and c-Fgr virus 
contained very much lower amounts of kinase activity (Figure 5.18b) In this case, the 
major co-immunoprecipitated phosphoprotein co-migrated with c-Fgr that had been 
immunoprecipitated with anti-c-Fgr antiserum (Serogene) from the cells co-infected 
with WASP and c-Fgr viruses (Figure 5.18b). No kinase activity was detectable in 
anti-WASP immunoprecipitates from cells co-infected with WASP and c-Src viruses, 
WASP and Btk viruses (Figure 5.18a), or from cells infected with WASP alone (not 
shown).

5.2.8 WASP associates with full length Fyn tyrosine kinase
To confirm that the co-immunoprecipitating kinase activity was indeed due to the 
presence of Fyn, immunoblotting analysis was performed using an antiserum against 
Fyn. Figure 5.19a clearly demonstrates that Fyn co-immunoprecipitated with WASP 
from co-infected cells, while c-Src and Btk proteins were not detectable in anti- 
WASP immunoprecipitates using specific antisera against c-Src and Btk (Figure 
5.19b and c). No suitable c-Fgr antibody was available. Taken together, these results
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F igure 5.18. In vivo association between W A SP and SH3-containing proteins.
(a) 2x10'' Sf9 cells were infected with 200 pi o f  a baculovirus encoding Fyn, c-Fgr, c-Src or Btk, either alone or in combination with WASP (50 pi). Three days 
after infections, cells were lysed and incubated with immunoprecipitating antibodies directed against W ASP (W=JD1), Fyn (F=rabbit polyclonal, Santa cruz; 
F ’=rabbit polyclonal, 47.10, gift from Dr.S.Courtneidge), c-Fgr (Fg=rabbit polyclonal, Santa Cruz; Fg’= cross-linked sheep polyclonal, Serogene), c-Src 
(S=mouse monoclonal, Santa Cruz) or Btk (B=rabbit polyclonal, gift from Dr. C. Kinnon). Immunoprecipitates were analysed by immune complex kinase assay 
followed by SDS-PAGE, and phosphorylated proteins were visualised by autoradiography. The major phosphoproteins are indicated by the arrows, (b) The 
experiment was repeated for Fyn and c-Fgr, using immunoprecipitating antibodies Fg’ and F’.
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Figure 5.19. Fyn tyrosine kinase associates with W ASP in Sf9 cells.
Sf9 cells were co-infected with the WASP baculovirus and the Fyn (a), c-Src (b) and Btk (c) baculoviruses. Immunoprecipitates were 
prepared from cell lysates using anti-WASP (JD l), anti-Fyn (cross-linked rabbit polyclonal, 47.10), anti-c-Src (mouse monoclonal, Santa 
Cruz) or anti-Btk (rabbit polyclonal) antisera. Precipitated proteins were subjected to SDS-PAGE and immunoblotted using (a) anti-Fyn 
antiserum (est-1, from S.Courtneidge, at 1/2000), (b) anti-c-Src antiserum (1/500) and (c) anti-Btk antiserum (1/1000) . The positions of 
the kinases are indicated.



indicate that there is a highly specific interaction between WASP and the Fyn PTK in 
Sf9 cells, in vivo.

5.2.9 WASP and Fyn are physically associated in U937 cells
In previous experiments, I had failed to find WASP-c-Fgr complexes in U937 cells 
(Section 5.2.5). In light of the results of the baculovirus expression studies, I decided 
to determine whether endogenous WASP-Fyn complexes could be detected in vivo in 
the physiological relevant system, U937 cells. Figure 5.20 shows that Fyn is present 
in, and can be immunoprecipitated from, U937 cells. However, it was impossible to 
see whether Fyn was present in WASP immunoprecipitates (not shown), due to the 
similarity in the size of Fyn and the heavy chain of anti-WASP antibodies, recognised 
by the secondary anti-rabbit immunoglobulin antibody in the blotting procedure. To 
overcome this problem, a mouse monoclonal antibody against Fyn was used to look 
for Fyn in anti-WASP immunoprecipitates from U937 cell lysates. This illustrated 
that anti-WASP immunoprecipitates contained Fyn (Figure 5.21), demonstrating that 
WASP and Fyn are normally associated in U937 cells in vivo.

The WASP-Fyn interaction could not be demonstrated in reciprocal experiments in 
which anti-Fyn immunoprecipitates from U937 cells (Figure 5.22) or from insect cells 
(see Section 6.2.1), were analysed for the presence of WASP. However, this may 
reflect a difference in affinities of the antibody in the Fyn and WASP antisera.

5.3 DISCUSSION

5.3.1 Antisera against WASP
Soon after discovering the p65/68 SH3-binding doublet, I attempted to generate 
monoclonal antibodies against p65/68. Immunisation of mice with approximately 5 
Kg of crudely purified protein, produced a specific immune response in one of the 

three mice. Antibodies from the first and second bleeds clearly recognised the p65/68 
doublet in immunoblotting experiments. Unfortunately, testing of hybridoma 
supernatants obtained after fusion, only revealed the presence of antibodies against a 
non-specific GST-binding protein. These may have arisen from the presence of a low 
abundance but strongly immunogenic contaminating protein, present in the gel at the 
same position as p65/68.
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Figure 5.20. Endogenous Fyn can be immunoprecipitated from 
U937 cells.
Anti-Fyn antibodies (rabbit polyclonal, Santa Cruz) were incubated 
with U937 cell lysate (+) or with lysis buffer only (-). Proteins were 
separated by SDS-PAGE, immunoblotted with the same anti-Fyn 
antiserum (1/500) and detected by ECL. The position o f Fyn protein 
in lane (+) is shown.
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Figure 5.21. Co-immunoprecipitation of WASP and Fyn from U937 cells.
(a) Total cell lysates from U937 cells (lysate)and U937 cell lysate immunoprecipitated with a 
mouse anti-Fyn monoclonal antibody (Santa Cruz) (Fyn IP) or with JD l rabbit anti-WASP 
antiserum (WASP IP) were subjected to SDS-PAGE and immunoblotted using the monoclonal 
anti-Fyn antibody. The large arrow indicates that Fyn is present in U937 cells, in anti-Fyn 
immunoprecipitates and in anti-WASP immunoprecipitates. The small arrow shows the heavy 
chain of the mouse anti-Fyn antibody which migrates slightly faster than Fyn, and is recognised by 
the secondary antibody used in immunoblotting. This antibody does not cross react with the rabbit 
anti-WASP antibodies, as indicated by a control where lysis buffer was immunoprecipitated with 
the anti-WASP antiserum (WASP IP no lysate), (b) In order to compare the size of Fyn, detected 
in panel (a), with the Fyn expressed in infected insect cells, mouse anti-Fyn antiserum was used to 
immunoprecipitate Fyn from Fyn-infected Sf9 cell lysates. Protein was electrophoresed in parallel 
with panel (a), immunoprecipitated with mouse anti-Fyn monoclonal antibody, and 
immunoblotted with the same antibody.
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Figure 5.22. Fyn is detectable in WASP precipitates from 
U937s, but WASP is not detectable in Fyn precipitates.
Total cell lysates from U937 cells (lysate) and U937 cell 
lysate immunoprecipitated with JD l rabbit anti-WASP 
antiserum (WASP IP) or with mouse anti-Fyn monoclonal 
antiserum (Fyn IP), were subjected to SDS-PAGE and 
immunoblotted with rabbit anti-WASP antiserum (SK3). The 
large arrow indicates the position o f WASP and the small 
arrow represents the heavy chain of the immunoprecipitating 
antibodies which is recognised by the secondary anti-rabbit 
antibody used in immunoblotting for ECL detection.
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Immunisation of rabbits with a C-terminal peptide resulted in generation of a 
polyclonal antiserum, immunoreactive against WASP. Affinity purification of this 
antiserum was easily performed using the peptide as an affinity matrix. The non
purified serum recognised WASP from cell lysates with little cross-contamination, 
but the affinity purified serum later proved invaluable for immunostaining of cells 
(Chapter 7). The SK3 anti-WASP antibodies only recognised the top band of the 
p65/68 doublet, although both bands generated very similar peptide data. This could 
suggest that p65 and p6 8  differ at their carboxy-termini, perhaps by phosphorylation 
or as a result of alternative splicing, or that differences elsewhere in the protein result 
in different conformations at the carboxyl termini. After an exchange of antisera with 
Dr. J. Derry, I obtained a polyclonal antiserum that was able to immunoprecipitate 
WASP from cell lysates. These antisera allowed me to examine the biochemical 
function of WASP.

5.3.2 WASP binds a specific set of SH3 domains in vitro
SK3 antibodies were used in immunoblotting experiments to re-examine the binding 
of WASP to the panel of GST-SH3 fusion proteins. The fact that WASP bound 
preferentially to SH3 domains from c-Src family members, PLCy, p85a, and Grb2 

suggested that these were specific interactions and not just non-specific binding 
between the many proline residues in WASP and all SH3 domains. These data also 
suggest that WASP may have a broad range of specificities for SH3 domains, at least 
in vitro and so may perform multiple functions in vivo. Moreover, the observation 
that WASP interacts with SH3 domains from a number of signalling molecules, 
suggests that WASP may have an important role in haematopoietic cell signalling.

In vitro binding of WASP to SH3 domains was also later reported by several other 
groups. Finan et al. showed WASP binds selectively in vitro to SH3 domains from c- 
Src, p85a, PLCy and c-Fgr (Finan et at., 1996b). They also saw weak binding of 

WASP to the N-terminal SH3 domain of p47phox, which was not detectable in my 
study. This may represent differences in the amount of fusion protein used or in 
binding conditions. Cory et al., (1996) demonstrated that WASP binds in vitro to the 
SH3 domains of the Tec family members Btk, Itk and Tec, as well as to the Grb2 N- 
terminal and PLCy SH3 domains. In a recent study, both N- and C-terminal SH3 

domains of Grb2 as GST fusion proteins, were seen to bind WASP (Miki et al., 
1997). In addition to studying the binding of WASP to Nek SH3 domains in detail, 
Rivero Lezcano et ah, also reported binding of WASP to the SH3 domains of Fyn and 
c-Fgr (Rivero Lezcano et al., 1995). Interestingly, they saw no binding to PLCy,
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although they used a different technique, in which ^^S-labelled WASP was obtained 
by in vitro translation.

Peptide competition assays and mutational analysis, performed by Cory et al, (1996) 
and Finan et a l, (1996b) confirmed that WASP binds to SH3 domains via its proline- 
rich regions. WASP contains at least 10 proline-rich motifs capable of forming the 
type II left-handed polyproline helices known to constitute SH3 binding sites (Yu et 
al., 1994). Some degree of target specificity was determined for the Btk SH3 domain 
by means of competition experiments with peptides corresponding to four proline 
motifs in WASP. However, polyproline also showed weak inhibitory activity (Cory 
et al., 1996). This may indicate a lack of SH3 specificity and suggests that high 
avidity interactions, rather than high affinity interactions, maintain the association of 
SH3-containing proteins with WASP. Alternatively, residues outside of the core 
SH3-binding motif may be needed to contribute to the binding affinity. Finan et a l, 
(1996b) showed that three peptides based on potential WASP SH3 domain binding 
motifs, inhibited binding of WASP to c-Src, c-Fgr and PLCy. These peptide 
sequences were found to have homologies with other Class I and Class II SH3 
domain-binding motifs. All three peptides had arginine residues at one both ends of 
the PXXP sequence (discussed further in Chapter 8 ).

To date there have been no clinical mutations in an SH3 domain-binding motif in 
WASP, in Wiskott-Aldrich Syndrome patients. One patient, however, is known to 
have an insertion-deletion pair in exon 10, resulting in a 4 amino acid substitution in a 
proline-rich region of WASP (amino acids 312-460), which contains SH3 domain 
binding motifs. An EBV-transformed cell line from this patient produces normal 
amounts of normal sized WASP protein, suggesting that this mutation does not just 
alter protein stability but is important for WASP function (Stewart et al., 1996). 
Other WASP mutations in the proline-rich region are mostly premature stop or 
frameshift mutations. The fact that no mutations have been found in SH3-binding 
motifs could suggest that SH3 binding can be mediated by more than one of these 
motifs, so that mutation of any one of them alone would not be functionally 
significant.

5.3.3 Cell line and tissue distribution of WASP
In the original study of WASP (Derry et al., 1994), northern blot analysis was used to 
demonstrate that WASP mRNA is expressed specifically in the thymus and spleen, 
and in lymphocytes and megakaryocytes. Here, I have characterised the distribution 
of WASP in different cell lines and rat tissues by western blot analysis, using the anti
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peptide antiserum. Among the 25 cell lines tested, WASP was found to be expressed 
only in cells of haematopoietic origin. Other studies have since confirmed this 
observation, showing that WASP is found in T-cells and B-cells, including immature 
cells of those lineages, and in monocytic and megakaryocytic cell lines as well as in 
primary blood cells including lymphocytes, monocytes and platelets (Cory et al., 
1996; Finan et al., 1996b; Stewart et al., 1996). Immunohistochemical staining with 
monoclonal antibodies has also revealed the presence of WASP in haematopoietic 
cells (Stewart et al., 1996). Interestingly, WASP expression was not detected in the 
chronic myelogenous leukaemia line K562 (this study and Stewart et al., 1996). The 
reason for this is unclear, since K562 is not derived from a WAS patient. WASP was 
not detected in any of the fibroblast, epithelial or muscle cell lines tested. 
Immunoblotting of rat tissues illustrated expression of WASP in blood cells, as 
expected.

Undifferentiated and differentiated U937 cells contained approximately equal levels 
of WASP, as judged by western blotting (Figure 5.5). Consistent with this data, is the 
report that WASP expression levels in megakaryocytes do not change in response to 
12-0-tetradecanoylphorbol 13-acetate (TPA) treatment (Miki e ta l, 1997).

This distribution of WASP correlates well with the cell types in which abnormalities 
are seen in WAS. The presence of WASP in CHRF and HEL cells, which have some 
characteristics of megakaryocyte precursors, is also consistent with WASP's putative 
role in platelet function, supported by the finding that isolated X-linked 
thrombocytopenia is caused by mutations in the Wiskott-Aldrich syndrome gene. 
The WASP gene is expressed in women from only one of the two X chromosomes, 
but heterozygous women who carry a WASP mutation exhibit preferential survival of 
bone marrow stem cells expressing the normal gene. Thus, all their blood cells have 
only wild type WASP, suggesting a role for WASP in stem cell differentiation. 
Nonetheless, the stem cells in males with the same mutation do survive, although 
their progeny lymphocytes are defective (Wengler et al., 1995). With regard to 
WASP expression in WAS patients, various Epstein-Barr transformed cell lines have 
been studied for mRNA and protein expression (Derry et al., 1995a; Kolluri et al.,
1995). This varies and can depend on the kind of mutation present. Patients can 
display full-length WASP, truncated WASP, low levels of WASP or absent WASP. 
Mutations resulting in frameshifts and premature termination signals, often result in 
the absence of protein and a severe phenotype, while patients with amino acid 
substitutions and transcripts of apparent normal size may result in a mild phenotype. 
However, this is not always the case and there is a poor direct correlation between 
genotype and phenotype (Kolluri et al., 1995).
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5.3.4 WASP binds specifically to Fyn in vivo
I initially was unable to co-immunoprecipitate endogenous WASP from cell extracts, 
with any of its potential binding partners. A variety of cell lines, subjected to 
different stimuli were used, together with various antibodies. Situations like this, in 
which in vitro associations have not been observed in vivo, have been reported before. 
For example, the in vitro association of dynamin with PI 3-kinase (Gout et al., 1993), 
of 3BP1 or 3BP2 with Abl (Cicchetti et al., 1992), PI 3-kinase with Fyn (Kapeller er 
al., 1994) and of Rac with p67P^°^ (Diekmann et al., 1994), have not been found in 
vivo. My initial inability to detect WASP-SH3 domain interactions in vivo, could 
indicate that not all of these are physiologically relevant, or might reflect 
inadequacies in the antisera used. Alternatively, the presence of long proline-rich 
regions in WASP might enable it to bind simultaneously to a large number of SH3- 
containing proteins and so to provide a scaffold in a signal transduction pathway. It 
may be that such complexes are only stable within the architecture of the intact cell 
and are not maintained when trying to co-immunoprecipitate the proteins, due to the 
low affinity of individual SH3 domain-mediated interactions. Other factors such as 
the requirement of a specific stimulus to allow the two proteins to become available 
for binding, or the possibility that only a small percentage of the protein actually 
binds and that this may be too small to detect in immunoblotting assays, or even that 
the nature of the binding may be very weak and destroyed in the detergents used, 
must also be considered. Other methods were therefore employed to demonstrate 
binding of WASP to signalling proteins. The fact that lipid kinase activity was seen 
to associate with WASP in U937 cells may provide preliminary evidence for its 
association with PI 3-kinase. However, I pursued the question of whether WASP 
bound to c-Fgr, c-Src, Fyn, and Btk, using a baculovirus expression system.

The baculovirus system allows accurate post-translational modifications such as 
proteolytic cleavage (Smith and Johnson, 1988), phosphorylation and glycosylation 
(Rappeport et al., 1983) of the exogenous protein, resulting in its common use to 
examine protein-protein interactions, including activation and phosphorylation of 
signalling proteins.

WASP, c-Fgr, c-Src, Fyn, and Btk, were successfully expressed in insect cells, as 
shown using specific antisera, and were used in co-expression studies. Using 
immunoblotting and in vitro kinase assays, it was discovered that WASP associated 
specifically with Fyn in insect cells, hence providing evidence of an 'in vivo' 
association between these two proteins. Although the isolated SH3 domains from c- 
Src and Btk bound to WASP in vitro, no binding was seen between full length

169



WASP and c-Src, or Btk, in insect cells. Some binding was detected with c-Fgr. This 
suggested that there is considerable specificity in the WASP-Fyn SH3 interaction. 
Relatively few specific SH3-protein interactions have been analysed structurally or 
functionally and it is clear from the strong selectivity of WASP for particular SH3 
domains that there are structural features in the WASP-Fyn interaction beyond the 
simple presence of polyproline sequences.

Having established that binding between Fyn and WASP can occur in vivo in insect 
cells, I decided to return to the U937 cell system to try to demonstrate association of 
the endogenous proteins. Fyn was detected in anti-WASP immunoprecipitates from 
U937 cell lysates, demonstrating that WASP and Fyn are normally associated in 
myeloid cells.

5.3.5 Fyn, WASP and signal transduction
This was the first demonstration of an association between WASP and a tyrosine 
kinase in vivo, although WASP was subsequently reported to bind to the adaptor 
proteins Nek (Rivero Lezcano et al., 1995) and Grb2 (Miki et a l,  1997) and to the 
small GTPase Cdc42 (Aspenstrom et al., 1996; Kolluri et al., 1996; Symons et al.,
1996), discussed in the next section. These data may suggest a role for WASP in 
signalling pathways that involve Fyn in haematopoietic cells.

As mentioned, cross-linking of the B-cell receptor on lymphocytes from WAS 
patients fails to induce tyrosine of cellular proteins including PLCy (Simon et al., 
1992) and there is good evidence that Fyn associates with and becomes activated 
upon stimulation of the B-cell receptor (Campbell and Sefton, 1992; Malek and 
Desiderio, 1993), and that it can bind to and phosphorylate PLCy (Pleiman et a l,  
1993; Pleiman etal., 1994a).

In addition, T-cells from WAS patients fail to proliferate in an oxidative mitogenesis 
assay and Fyn has an important established role in signal transduction mediated by 
the T-cell receptor. Stimulation of the TCR results in its rapid phosphorylation and 
phosphorylation of several proteins by activated c-Src family tyrosine kinases, 
including Fyn (Cooke et al., 1991; Tsygankov et al., 1992). While the first ten 
residues of Fyn bind to the unphosphorylated ITAM motif of CD3e in the TCR 
complex, and of the Iga chain in the BCR complex, the SH2 domain of Fyn is 

required to bind phosphorylated ITAMs during activation (for review see Cambier 
and Jensen, 1994; Howe and Weiss, 1995). Fyn has been shown to bind via its SH3 
domain and to phosphorylate the haematopoietic cell-specific product of the human
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proto-oncogene, pl20^^^, upon TCR triggering (Fukazawa et a i, 1995). Analysis of 
transgenic mice in which the fyn gene has been "knocked out", suggest that Fyn may 
function in TCR-mediated signalling in immature T-cells in the thymus (Appleby et 
a l, 1992).

Although it is interesting to speculate that WASP-Fyn binding may be relevant in 
these circumstances, preliminary experiments have failed to reveal WASP-Fyn 
complexes in a selection of B- and T-cell lines, both when unstimulated and when 
stimulated by cross-linking of the BCR and TCR complexes with anti-sig and anti- 
CD3 antibodies, respectively (data not shown).

The tyrosine kinase Fyn is also thought to mediate signalling in cells of the myeloid 
lineage, where it is associated with the urokinase plasminogen activator-receptor 
complex (uPA-R; CD87) which plays a role in migration and cellular adhesion of 
monocytes (Bohuslav et a l,  1995). It is therefore possible that the interaction 
between WASP and Fyn is important for signalling downstream of this receptor 
complex.

5.3.6 Fyn, WASP and the cytoskeleton
It has been reported that chemotactic responses of neutrophils from WAS patients are 
abnormal (Ochs et a l, 1980), together with the ability of B- and T-cells to respond to 
antigen stimuli (Ochs et a l,  1980; Molina et a l,  1992a; Molina et a l ,  1993). 
Leukocyte migration involves extensive changes in cytoskeletal architecture and Fyn 
has also been implicated in the regulation of the cytoskeleton in various systems. 
This resonates with the hypothesis that WASP may have a role in cytoskeletal 
organisation, based on the homology of its proline-rich region and the WHl and WH2 
domains with other proteins involved in cytoskeletal organisation. Other SH3- 
binding proteins have also been linked to the cytoskeleton, such as dynamin, which 
associates with microtubules (Shpetner and Vallee, 1989).

Both c-Src and Fyn phosphorylate proteins that regulate cytoskeletal architecture in 
cell-matrix and cell-cell interactions (Thomas et a l, 1995). These include paxillin, 
focal adhesion kinase (FAK), cortactin and tensin. It was also reported that the SH2 
domain of Fyn binds tyrosine-phosphorylated FAK at focal adhesions (Cobb et a l, 
1994). Recent data show that Fyn is not localised to the plasma membrane in Jurkat 
cells or T lymphoblasts, even during receptor capping, but instead is closely 
associated with the centrosome and with microbundles radiating from the centrosome, 
and during mitosis co-localises with the mitotic spindle (Ley et a l, 1994). It is
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tempting to speculate that WASP may have a role in the function of cytoskeletal 
organisation and of cytoskeletally-associated Fyn during mitosis (Chapter 7).

5.3.7. Functional significance of WASP binding partners
In recent reports it has been shown that WASP can also bind to several other proteins, 
providing more clues as to the biological role of WASP. It was reported that WASP 
interacts with the SH3 domains of Nek, an adaptor protein that contains one SH2 
domain and three SH3 domain (Rivero Lezcano et a l, 1995). The function of Nek 
has not been defined, although it has been shown to couple cell-surface receptor 
tyrosine kinases, such as the activated EOF and PDGF receptors, and the insulin 
receptor substrate-1, to signal transduction components through its SH2 domain. The 
proteins which bind to its SH3 domain are less well characterised, although the Ras 
exchange factor Sos and the protein kinases Cbl and Abl, have been shown to bind 
(Rivero Lezcano et a l, 1995 and references therein). As well as demonstrating the 
WASP-Nck interaction in transfected COS-7 cells, Rivero Lezcano et al, (1995) were 
able to detect the presence of WASP in anti-Nck immunoprecipitates from HL60 
cells. Although I did not detect binding of WASP to full length Nek in vitro, this 
finding provides yet more evidence of the notion that WASP is involved in signal 
transduction in haematopoietic cells.

Btk also binds through its SH3 domain to the proline sequences of WASP (Cory et 
ah, 1996). Mutations in the Btk (Bruton's tyrosine kinase) gene are responsible for X- 
linked agammaglobulinaemia (XLA), characterised by a lack of peripheral B 
lymphocytes (Vetrie et a l, 1993). Btk has a role in signalling in the pathway for B 
cell maturation (Genevier et al., 1994), and shows increased autophosphorylation in 
response to cross-linking of the BCR (Hinshelwood et a l, 1995). Btk can associate 
with the SH3 domains of c-Src family kinases including Fyn , suggesting that it is 
likely to be involved in signal transduction via the formation of multimeric protein 
complexes (Cheng et a l, 1994). In spite of the fact that no in vivo data was presented 
by Cory et a l,  (1996) and that I was unable to demonstrate WASP-Btk binding in 
insect cells, this Btk-WASP interaction may still be biologically important. Factors 
such as stoichiometry, and the number of complexes recognised by each antibody 
might affect the ability to detect Btk-WASP complexes. This may again, implicate 
WASP in lymphoid signalling and provide a link between two immunodeficiency 
syndromes, WAS and XLA. lA addition, the T-cell specific homologue of Btk, Itk 
has been reported to bind WASP (cited by Featherstone, 1997). Itk , a member of the 
Tec family of protein tyrosine kinases (Rawlings and Witte, 1995), has a role in T- 
cell development and early events in TCR-mediated signalling pathways (Liao and
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Littman, 1995; Gibson et al., 1996). It is also involved in the IL-2 pathway, 
necessary for T-cell proliferation and differentiation (Rawlings and Witte, 1995), 
again suggesting a role for WASP in these events.

Very recently, the interaction of WASP with Grb2 via its SH3 domains, was reported 
(Miki et al., 1997). I showed that WASP binds in vitro to Grb2 but was unable to 
find WASP-Grb2 complexes in U937 cells in vivo. However, Miki et a l, (1997) 
found WASP-Grb2 complexes in vivo in megakaryocytes, and showed that they were 
implicated in the TPA-induced differentiation of these cells, through a complex with 
tyrosine-phosphorylated She. WASP was also shown to be necessary for the 
assembly of actin filaments for microvesicle formation during the tyrosine 
phosphorylation-dependent differentiation of megakaryocytes (Miki et a l, 1997). 
These data again suggest a role for WASP in linking tyrosine kinase signalling to the 
cytoskeleton and may also explain the reduction in number and size of platelets in 
WAS patients.

Another very significant interaction of WASP, is that with Cdc42. This interaction 
does not involve SH3 domains (Aspenstrom etal., 1996; Kolluri et al., 1996; Symons 
et a l, 1996). Cdc42 is a member of the Rho family of small GTPases (Nobes and 
Hall, 1994) and has been shown to be an important element in controlling the 
assembly and organisation of the actin cytoskeleton (Nobes and Hall, 1995). 
Microinjection of recombinant Cdc42 into fibroblasts induces the formation of 
filopodia (Kozma et al., 1995). Cdc42 was originally detected in S.cerevisiae, where 
it plays a role in regulating polarisation of the actin cytoskeleton during yeast cell 
budding (Adams et a l, 1990; Zheng et al., 1995). Although the function of Cdc42 is 
unclear, upstream regulation probably involves G protein-coupled receptors, and 
downstream signals have been shown to result in transcriptional responses in the 
nucleus via the p21-activated kinase (PAK) family of serine/threonine kinases 
(Manser et al., 1994) and the JNK/SAPK kinase cascade (Vojtek and Cooper, 1995).

The observation that WASP binds Cdc42 came from several different approaches. 
Aspenstrom et al., (1996), discovered that WASP binds to Cdc42, using a yeast two- 
hybrid protein-protein interaction screen while searching for Rho family effector 
proteins. Symons et a l, (1996) used a gel-overlay technique with neutrophil cytosol 
extracts, and found that WASP binds to activated GTP-bound Cdc42. This 
interaction is mediated by a 14 residue sequence close to the centre of the WASP 
protein (Symons et a l, 1996). The association of WASP with GTP-dependent Cdc42 
was not demonstrated in vivo, possibly due to the rapid hydrolysis of GTP to GDP in 
the cell. Symons et a l, (1996) also showed that Cdc42 signalling to the cytoskeleton
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appeared to involve WASP. Evidence for this came from transfection and 
microinjection of WASP into epithelial cells, which resulted in the co-localisation of 
WASP with polymerised actin clusters. Actin cluster formation and the localisation 
of WASP to these structures was abolished when a C-terminal deleted WASP was 
used instead, suggesting that the interaction of WASP with the cytoskeleton may 
occur via its WH2 domain (Symons et al., 1996). Furthermore, microinjecting 
WASP into endothelial cells, with either a dominant negative or constitutively active 
form of Cdc42, inhibited cluster formation of WASP and lamellipodia formation, 
respectively. Consequently, a role for WASP as a target for Cdc42 was proposed.

The finding that WASP-actin cluster formation is mediated by mammalian Cdc42, 
suggests that interruption of this pathway in WAS mutants may account for the 
structural and cytoskeletal defect seen in the haematopoietic cells from Wiskott- 
Aldrich patients. In fact, the putative role of WASP in Cdc42 signalling pathways 
correlates well with many cellular defects seen in WAS. Actin bundling is necessary 
for T-cell activation by anti-CD3 antibodies (Parsey and Lewis, 1993) and Cdc42 also 
regulates the polarisation of T-cells to antigen presenting cells (Stowers et al., 1995). 
As previously mentioned, there is a lack of microvilli on T-cells (Molina et al., 
1992a) and platelets from patients have a distorted morphology . WAS T-cells fail to 
respond to anti-CD3 antibodies (Molina et al., 1993), which may involve defective 
cytoskeletal rearrangements, and chemotactic responses involving actin 
polymerisation are also impaired in neutrophils from WAS patients (Ochs et al., 
1980). Taken together, the effects of WASP on the cytoskeleton and the finding that 
WASP may be a down-stream effector of Cdc42, provide an explanation for the 
cytoskeletal abnormalities observed in WAS.

5.3.8 A brain isoform of WASP
In previous work. Dr. I. Gout at LICR identified an SH3-binding protein of 70 kDa in 
bovine brain (unpublished data). Large amounts of p70 were purified from bovine 
brain using GST- c-Src SH3 domain and microsequenced (Pam Das/LICR). Data 
base searches using the peptide sequences generated revealed that some of the 
peptides were homologous to WASP. Altogether, 5 out of 7 peptides exhibited 35% 
to 90% amino acid identity to WASP. This implied the existence of a novel brain- 
specific isoform of WASP, and I attempted to clone its cDNA by PGR and by 
screening bovine brain libraries. The protein recognised by anti-WASP antiserum in 
western blots of rat brain, may also represent this brain isoform of WASP.
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Miki et al., subsequently reported the identification and characterisation of a bovine 
brain cDNA clone, encoding a protein termed N-WASP (Miki et al., 1996). The 
predicted amino acid sequence shows about 50% homology to WASP (Figure 5.23) 
and the gene has been mapped to a different locus to that of WASP. As Figure 5.23 
illustrates, like WASP, N-WASP contains an amino-terminal PH domain, a GTPase- 
binding domain, a proline-rich region, a WH2/verprolin-homologous domain and a 
carboxyl-terminal cofilin-homologous domain. However, it also contains an IQ 
motif, which binds calmodulin and is regulated by Ca^+, and Northern and western 
blot analysis revealed strong expression of N-WASP in the brain, and some in the 
lung and heart, demonstrating a different pattern to that of WASP (Miki et al., 1996). 
This suggests that the role of N-WASP in brain cells may not be identical to that of 
WASP in haematopoietic cells.

The involvement of WASP in regulating cytoskeletal organisation, discussed above, 
is supported by studies of N-WASP (Miki et al., 1996). N-WASP was suggested to 
transmit signals from the activated EGF receptor through Grb2-binding, and to cause 
a polarised rearrangement of cortical actin filaments dependent on 
phosphatidylinositol 4,5-bisphosphate (PIP2). Evidence for this came from a number 
of experiments. First, the C-terminal region of N-WASP, conserved with WASP, was 
revealed to depolymerise actin filaments in vitro. Second, over-expression of N- 
WASP in COS 7 cells demonstrated that N-WASP was located in the nucleus and 
membranous areas, and induced the accumulation of actin filaments and their co
localisation with N-WASP, in cortical areas. On treatment of N-WASP transfected 
cells with EGF, the induction of microspikes was observed and tyrosine 
phosphorylated EGF receptor was found in complex with N-WASP. Third, N-WASP 
constructs, with mutations in the PH domain and the C-terminal actin binding sites 
were only located in the nucleus of cells and showed none of the above changes in 
cytoskeletal organisation. Furthermore, the formation of microspikes is known to be 
regulated by Cdc42 (Nobes and Hall, 1995) which has been demonstrated to bind to 
WASP, and may therefore be important in signalling through both WASP and N- 
WASP. Finally, with reference to the WASP-Fyn interaction, it is tempting to 
speculate that as there is also a brain-specific form of Fyn, N-WASP could also be 
involved in Fyn signalling in the brain.

5.3.9 Conclusions
Until very recently, there was no molecular explanation for the life-threatening 
Wiskott-Aldrich syndrome. However, following the discovery of the gene implicated 
in this disease two years ago, much work has been carried out on the protein product
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N-WASP 1 MSSGOOOPPPPRRVTWVGSLLLTPOENESLFTFLGKKCVTMSSAWOLYAA..DR
WASP 1 MSGGPMGGRPGGRGAPAVOONIPSTLLODHENORLFEMLGRKCLTLATAWOLYLALPPG

PH domain
54 NCMWSKKCSGVACLVKDNPORSYFLRIFDIKDGKLLWEOELYNNFVYNSPRGYFHTFAGD 
61 AEHWTKEHCGAVCFVKDNPOKSYFIRLYGLQAGRLLWEOELYSOLVYSTPTPFFHTFAGD

IQ-motif
114 TCOVALNFANEEEAKKFRKAVTDLLGRR.ORKSEKRRD......................
121 DCQAGLNFADEDEAQAFRALVQEKIQKRNQRQSGDRRQLPPPPTPANEERRGGLPPLPLH

151 .......PPNGP. NLPMATVDIKNPEITTNRFYGPQINNISHTKEKKKGKAKKKRLTKAD
181 PGGDQGGPPVGPLSLGLATVDIQNPDITSSRYRGLPAPGPSPADKKRSGK...KKISKAD

GBD domain
203 IGTPSNFOHIGHVGWPPNTGFDLNNLDPELKNLFDMCGISEAOLKDRETSKVIYDFIEKT 
238 IGAPSGFKHVSHVGWDPQNGFDVNNLDPDLRSLFSRAGISEAOLTDAETSKLIYDFIEDO

263 GGVEAVKNELRRQAPPPPPPSRGGPPPPPPPPHSSGPPPPPARGRGAPPPPPSRAPTAAP 
298 GGLEAVRQEMRRQEPLPPPP.......PPSRGGNQLPRPPIVGGNKGRSGPLPPVPLGIA

323 PPPPPSRPGVGAPPPPPNRMYPPPLPALPSSAPSGPPPPPPPLSVSGSVAPPPPPPPPPP 
351 PPPPTPR.... GPPPPGRGGPPP.PPPPATGRSGPLPPPPP....GAGGPPMPPPPPPP

verprolin homology 
383 PGPPPPPGLPSDGDHQVPTPAGSKAALLDOIREGAOLKKVEONSRPVSCSGRDALLDOIR 
401 P PPPSSG.... N . .GPAPPPLPPALV............. PAGGPGPGGGRGALLDOIR

cofilin homolgy
443 OGIOLKSVTDAPESTP. . PAPAPTSGIVGALMEVMOKRSKAIHSSDEDEDEDDDEDFEnP 
440 OGIOLNKTPGAPESSALQPPPQSSEGLVGALMHVMOKRSRAIHSSDEGEDQAGDED..ED

501 DEWED 
498 DEWDD

Figure 5.23. Alignment of amino acid sequences of N-WASP (bovine) and WASP (human).
Identical residues are show n in bold. Various identified dom ains are underlined. Taken from  M iki et 
a l,  1996.
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of the gene and its function. The specific role of WASP within the cell is still at 
present unknown, but the data presented and discussed in this thesis so far show that 
WASP can interact in vivo with the SH3 domain of the c-Src family kinase Fyn. 
Together with its possible interactions with Nek and Cdc42, this suggests that WASP 
may be important in the regulation of intracellular signalling. Recent data on WASP 
raise the possibility that WASP couples tyrosine kinase signal transduction pathways 
to the Cdc42-regulated cytoskeleton. They also suggest that the disruption of these 
pathways accounts for the cytoskeletal and signalling defects in WAS blood cells. 
Figure 5.24 summarises the possible interactions of WASP, which could ultimately 
lead to cell proliferation, rearrangements of the cytoskeleton and other aspects of 
immune cell activation.

With all these potential interactions, it is likely that WASP acts in two or more 
signalling pathways and may provide the link between SH3 domain signalling 
molecules such as tyrosine kinases or phospholipases, small GTP binding proteins, 
adaptor proteins and the cytoskeleton in haematopoietic cells. Chapter 8  outlines a 
model suggesting how these interactions involving WASP may converge in the cell. 
It may be that due to its multiple partners, WASP can act as a scaffold to bring 
together interacting proteins in the cell. The next vital question that has to be 
addressed is, what are the biochemical consequences of these interactions? The 
following chapters focus on this question in relation to the WASP-Fyn interaction.
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Figure 5.24. WASP domains and their interactions
Several domains have now been identified in WASP (Figure 5.2). A Pleckstrin homology (PH) domain has been identified and can bind phospholipids 
and hence may be involved in membrane attachment. The GTPase binding domain (GBD) can bind activated GTP-bound Ccd42, while the stretches of 
prolines (PROLINE-RICH) can mediate interactions with SH3-containing proteins such as the tyrosine kinases, Fyn , Btk and Itk (Tec family), and the 
adaptor proteins Nek and Grb2. At the carboxy-terminus o f the protein there is a region which shares homology to various actin-binding proteins, such as 
verprolin, and this region is also involved in actin polymerisation.



CHAPTER 6

ANALYSIS OF THE PHOSPHORYLATION OF
WASP
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Chapter 6: Analysis of the Phosphorylation of WASP

6.1 INTRODUCTION

6.1.1 Aims
The finding that WASP and Fyn are associated in vivo raises two obvious questions. 
First, is WASP a substrate for tyrosine phosphorylation by Fyn? Second, does 
binding to WASP affect the tyrosine kinase activity of Fyn? To answer these two 
questions I first used the baculovirus expression system to examine the 
phosphorylation status of WASP expressed in insect cells in the presence or absence 
of Fyn, and to examine the tyrosine kinase activity of Fyn expressed in insect cells in 
the presence or absence of WASP. I then began to examine the phosphorylation 
status of WASP in human haematopoietic cells and in U937 cells engineered to over
express WASP.

6.2 RESULTS

6.2.1 Tyrosine phosphorylation of WASP in Sf9 cells
WASP and Fyn were either co-expressed or expressed alone in insect cells using 
recombinant baculoviruses, as described in Chapter 5. Cell lysates from infected cells 
were subjected to SDS-PAGE and immunoblotted with a monoclonal antibody 
against phosphotyrosine. As can be seen in Figure 6.1a, a strong tyrosine 
phosphorylated band of approximately the correct size of WASP was seen in anti- 
WASP immunoprecipitates from insect cells expressing both WASP and Fyn, but not 
in anti-WASP immunoprecipitates from cells expressing WASP alone. The presence 
of WASP in both anti-WASP immunoprecipitates was confirmed by stripping and re- 
probing the blot with SK3 anti-WASP antibodies (Figure 6.1b). This suggests that 
WASP is phosphorylated on tyrosine residue(s) when bound to Fyn. However, on 
superimposition of the two autoradiographs, the phosphorylated band in panel (a) 
seemed slightly larger than WASP detected in panel (b). This could be explained by 
hypothesising that only a proportion of WASP becomes associated with Fyn and 
phosphorylated, and that this causes an increase in size and a shift in electrophoretic 
mobility on SDS-PAGE analysis, and that this phosphorylated form of WASP is 
poorly recognised by SK3 anti-WASP antiserum. This could also explain why 
WASP was never detectable in anti-Fyn immunoprecipitates using SK3 anti-WASP
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Figure 6.1 (a-c). Analysis o f the tyrosine phosphorylation of W ASP when coexpressed with Fyn in Sf9 cells.
Sf9 cells were infected with baculoviruses encoding WASP (50 pi/flask ), Fyn (200 pl/flask) alone, or both WASP and Fyn. In panel (a) lysed cells were used for 
immunoprécipitations with anti-Fyn (rabbit polyclonal from S.Courtneidge) and anti-WASP (JD l) antisera. Precipitated proteins were separated by SDS-PAGE 
and immunoblotted with a mouse monoclonal anti-phosphotyrosine (pY) antibody (4010, Upstate Biotec. Incorp.) at a 1/2000 dilution. Autophosphorylated Fyn 
is indicated and a protein migrating at approximately the same size as WASP is shown. In panel (b) the same blot was stripped and re-probed with anti-WASP 
antiserum (SK3). Panel (c) shows anti-WASP and anti-pY (5 pi) immunoprecipitates from WASP-infected or WASP/Fyn co-infected cells, and immunoblotted 
with anti-W ASP antiserum (SK3). The positions o f  WASP and phosphoproteins recognised by WASP antiserum are shown.



antiserum, while Fyn was detectable in JDl anti-WASP immunoprecipitates (Figure 
6.1b and Chapter 5). In support of this idea, anti-phosphotyrosine antibodies did 
recognise a band co-migrating with "phosphorylated WASP" in anti-Fyn 
immunoprecipitates from insect cells co-expressing WASP and Fyn together, but not 
Fyn alone (Figure 6.1a).

To eliminate the possibility that this band may be an additional unknown tyrosine 
phosphorylated protein that becomes associated with WASP upon binding to Fyn, Sf9 
cells were infected with either WASP virus alone or with WASP and Fyn viruses 
together, and lysates were immunoprecipitated with either anti-WASP or anti- 
phosphotyrosine antibodies. Immunoprecipitates were collected on Protein A- 
Sepharose beads, washed, separated by SDS-PAGE and immunoblotted with anti- 
WASP antibodies. Figure 6.1c shows that WASP was present in anti-WASP 
immunoprecipitates as before. Moreover, an anti-WASP immunoreactive doublet, 
slightly larger than WASP, was detected in the anti-phosphotyrosine 
immunoprecipitate from cells co-expressing WASP and Fyn. This higher molecular 
weight doublet may again reflect various degrees of WASP phosphorylation, resulting 
in variation in size. SK3 anti-WASP antibodies however, recognised phosphorylated 
forms of WASP in anti-phosphotyrosine immunoprecipitates and not in WASP 
immunoprecipitates. This may be due to the low efficiency of JD l anti-WASP 
antiserum to immunoprecipitate phosphorylated WASP. Taken together, these 
experiments suggest that WASP can be phosphorylated on tyrosine when co
expressed with Fyn in insect cells.

6.2.2 WASP binding stimulates Fyn kinase activity in Sf9 ceils
To test whether binding to WASP had any effect on Fyn kinase activity, Sf9 cells 
were infected with Fyn virus alone, or with WASP and Fyn viruses together, and anti- 
Fyn immunoprecipitates were collected from both cell extracts on Protein A- 
Sepharose beads. After stringent washing in lysis buffer, half the beads were 
incubated with a kinase assay mixture containing radiolabelled ATP, and 
phosphorylated proteins were analysed by SDS-PAGE and autoradiography. The 
remaining beads were analysed directly by SDS-PAGE and immunoblotted with anti- 
Fyn antibodies to determine the amount of Fyn protein present. Figure 6,2 shows that 
there is a small increase in the kinase activity of Fyn, as judged by 
autophosphorylation, when co-expressed with WASP, compared to its activity in the 
absence of WASP (panel a), while the amounts of Fyn present were approximately 
equal (panel b). Quantitation of three independent experiments using a 
Phosphoimager, showed that the kinase activity of Fyn was 1.7-fold higher in the
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Figure 6.2. Stimulation of Fyn PTK activity on association with WASP.
Insect cells infected with either Fyn virus alone or Fyn and WASP baculoviruses 
together, were lysed, and Fyn immunoprecipitated using rabbit polyclonal anti-Fyn 
antiserum. Proteins were either separated by SDS-PAGE and immunoblotted with a 
monoclonal anti-Fyn antiserum (b), or incubated with radiolabelled [y^^P]ATP, 
separated by SDS-PAGE and visualised by autoradiography (in vitro kinase assay), 
panel (a). Panel (c) shows data from three experiments like that shown in panel (a). 
Phosphorylation was quantified on a Phosphoimager and values above represent mean 
+/- standard deviation.
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presence of WASP than in its absence (panel c). Interestingly, no band corresponding 
to WASP was seen in the in vitro kinase assay. It may be that WASP was already 
phosphorylated at the time of addition of [y^^P] ATP.

6.2.3 Phosphorylation of WASP in vivo
Further evidence for the phosphorylation of WASP was provided by the in vivo 
labelling of human cells with inorganic phosphate. Jurkat cells were radiolabelled 
with 32p_orthophosphate for 4 hours. Half were then treated with PMA, and WASP 
was immunoprecipitated using JD l anti-WASP. Proteins were resolved on a 7.5% 
SDS-PAGE gel and phosphoproteins visualised by autoradiography. A 
phosphorylated protein of approximately 65 kDa was present only in the JDl 
immunoprecipitate (Figure 6.3). This protein, probably WASP, was also present in 
PMA-treated cells (Figure 6.3). Having established that WASP may be 
phosphorylated in vivo, I decided to try to perform phosphopeptide mapping and 
phosphoamino acid analysis, in order to determine which residues were 
phosphorylated. Elution of the band from the SDS-PAGE gel was carried out as 
described by (Boyle et al., 1991). Cerenkov counting, however, revealed that there 
was too little phosphorylated protein to proceed.

Attempts were made to perform anti-phosphotyrosine immunoblotting analysis on 
lysates and anti-WASP immunoprecipitates from a variety of haematopoietic cell 
lines, stimulated with various agents. Several phosphorylated proteins were present 
in stimulated B-cells (Figure 6.4), although no band was apparent in anti-WASP 
immunoprecipitates at the predicted size, in any of the conditions tested (data not 
shown). Anti-phosphotyrosine immunoprecipitates from stimulated and unstimulated 
U937 cells did not contain detectable WASP (data not shown).

6.2.4 Generation of stable WASP transfectants
To transfect WASP into U937 cells, the pcDNA3 mammalian expression vector 
(Invitrogen) was used (Figure 6.5). This allows integrated, constitutive expression of 
cloned genes under the control of the human cytomegalovirus (CMV) intermediate 
early gene promoter. A neomycin resistant gene, expressed from the SV40 early 
promoter, allows selection of stable transformants in the presence of G418.

6.2.4.1 Construction of transfection vector
Full length WASP was digested from the FL3/4 clone with Not I and the blunt-end 
cutter Eco RV, and subcloned into pcDNA3 which was first digested with Xho  I,
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Figure 6.3. In vivo labelling of Jurkat cells with T -
orthophosphate.
Jurkat cell were harvested and labelled with 1 mCi/ml ^̂ P-
orthophosphate for 4 h at 37°C. H alf o f the radiolabelled cells were 
incubated in the presence o f PMA for 20 min. Both treated and 
untreated cells were lysed and used in immunoprécipitations with 
two anti-WASP antisera. SK3 is a non-immunoprecipitating 
antiserum, used as a negative control, and JD l can
immunoprecipiate WASP from Jurkat cells. Radiolabelled proteins 
were analysed by SDS-PAGE and autoradiography. The arrow
indicates phosphorylated WASP.
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Figure 6.4. Tyrosine phosphorylation of B-ceii proteins upon 
BCR activation.
To stimulate Daudi cells, the human B cells were harvested, 
resuspended in serum-free medium and mixed with an anti-IgM 
antibody at a final concentration of 0.1 |ig/)J.I for 5 min. Cells were 
then lysed and aliquots o f stimulated (+) and unstimulated (-) cells 
were analysed by SDS-PAGE. Proteins were immunoblotted with a 
mouse monoclonal anti-phosphotyrosine antiserum.
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Figure 6.5. Structure of the pcDNA3 plasmid
P CMV = human cytomegalovirus immediate early gene promoter. 
Map supplied by Invitrogen.
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filled in and blunt-ended with the Klenow fragment of DNA polymerase, and then cut 
with Not I. The ligated constructs were transformed into highly competent J?. co/i and 
colonies tested by re-digestion of isolated plasmid DNA. DNA was prepared using 
the Wizard Maxi-prep kit and resuspended in sterile water at a final concentration of 
50 |Ag/20 \i\ for subsequent transfection of human cells.

6.2.4.2 Transfection into U937 ceils and maintenance of stable lines
U937 cells were transfected by electroporation with the plasmid containing the full 
coding sequence of the human WASP gene (Section 2.2.1.5). Transfected cells were 
selected from a mixed population of transfected and untransfected cells by growing 
the cells in selective media containing G418 (Geneticin).

6.2.4.3 Analysis of stable transfectants
Approximately equal numbers (10^) of control U937 cells and WASP transfectants 
(wU937), were harvested and analysed for hyper-expression of WASP by western 
blotting with anti-WASP antiserum. The WASP transfectants over-expressed WASP 
(Figure 6 .6 ). Frozen stocks of these cells were prepared and used for subsequent 
characterisation.

6.2.5 Over-expression of WASP results in an increase of tyrosine 
kinase activity in the cell
I decided to examine any possible differences in total tyrosine phosphorylation in 
wU937 cells. Equal amounts of cell lysates from U937 cells, PMA-differentiated 
U937 cells and wU937 cells, were loaded on to an SDS-PAGE gel, and the separated 
proteins were immunoblotted with an anti-phosphotyrosine antibody. Figure 6.7 
shows that there is an increase in the amounts of phosphorylated proteins after PMA 
treatment. This is in accordance with previous work showing that tyrosine kinase 
activity increases during myeloid differentiation (Barnekow and Gessler, 1986; Kraft 
and Berkow, 1987; Frank and Sartorelli, 1988). It is striking that there was a strong 
triplet at around 55 kDa in the anti-phosphotyrosine blot from wU937 cells over
expressing WASP (Figure 6.7). These bands were too small to be WASP, but could 
represent autophosphorylated c-Src family tyrosine kinases, or other phosphorylated 
proteins. In summary, over-expression of WASP results in an increase in the tyrosine 
kinase activity of the cell, possibly implicating WASP further in the control of signal 
transduction in haematopoietic cells.
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Figure 6.6. Overexpression of W ASP in transfected U937 
cells.
Cell lysates from U937 cells and U937 cells stably transfected 
with pcDNA3 encoding WASP (wU937), were compared by 
SDS-PAGE and immunoblotting analysis, using SK3 anti- 
WASP antibodies.
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Figure 6.7. Anti-phosphotyrosine immunoblot from U937 
cell lysates under different conditions.
Cell lysates from U937 cells, U937 cells treated with PMA for 
24 h and transfected U937s that were shown to over express 
WASP (wU937), were analysed by SDS-PAGE. Phosphorylated 
cellular proteins were visualised by immunoblotting with anti- 
phosphotyrosine antibodies.
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6.3 DISCUSSION

The results presented in this chapter start to unveil the function of WASP. Studies in 
insect cells indicate that WASP can be phosphorylated on tyrosine residues when 
over-expressed with Fyn. In support of this, one of the seven tyrosine residues in 
WASP (residue 291) is contained in a motif that closely resembles those identified on 
cytoplasmic PTK substrates (Songyang et al., 1995; Schmitz et al., 1996). An 
isoleucine residue is present at position -1 , an aspartic acid residue at position + 1  and 
an isoleucine at position +3 carboxy-terminal to the tyrosine (I Y DPI). Most 
cytoplasmic PTKs had a strong preference for these amino acids surrounding the 
tyrosine residue when determining their catalytic specificity (Songyang et al., 1995; 
Schmitz et al., 1996). Phosphorylated WASP was also detected in T-cells labelled in 
vivo , although the nature of this phosphorylation is not clear. There have been no 
reports in the literature so far, of WASP becoming phosphorylated.

The preliminary finding, that WASP alters the tyrosine kinase activity of Fyn upon 
binding is also of interest. In Chapter 1, the inter- and intramolecular interactions that 
regulate the PTK activity of c-Src family kinases were described. This finding 
implicates WASP in the regulation of Fyn PTK activity, possibly by binding to the 
Fyn SH3 domain and so displacing a negative regulatory intramolecular interaction 
involving the Fyn SH3 domain. This would result in an increase in Fyn PTK activity 
and the subsequent phosphorylation of WASP. SH3 domain displacement was shown 
to be a crucial mechanism for activation of the c-Src family member, Hck (Moarefi, et 
al., 1997). It was demonstrated that addition of HIV-1 Nef protein, a high affinity 
ligand for the Hck SH3 domain, caused an increase in Hck catalytic activity. 
Suggestions have been made, that high affinity ligands for c-Src family kinases may 
be a general mechanism for their regulation (Pawson, 1997). The transfection studies 
also support this theory, with the over-expression of WASP increasing tyrosine kinase 
activity and the phosphorylation of several proteins in the cell.

6.3.1 Conclusions
Taken together, therefore, the results presented in this chapter illustrate that WASP 
can be phosphorylated and may regulate tyrosine kinase activity in the cell. In the 
published studies, a number of epithelial and fibroblastic cell lines have been 
transfected successfully with WASP constructs. These include monkey kidney COS- 
7 cells (Rivero Lezcano et al, 1995; Kolluri et a l,  1996; Symons et a l, 1996), and 
normal rat kidney (NRK) epithelial cells (Symons et a l, 1996). However, these cells
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do not express endogenous WASP and therefore results obtained from these 
transfectants may not be physiologically relevant. The U937 cell WASP transfectant 
described in this chapter may represent a useful resource for future studies of WASP.
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CHAPTER 7

SUBCELLULAR LOCALISATION OF WASP BY 
IMMUNOCYTOCHEMISTRY
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Chapter 7: Subcellular Localisation of WASP by 
Immunocytochemistry

7.1 INTRODUCTION

The data presented in Chapters 5 and 6  deal with the identification of binding partners 
for the protein WASP and suggest preliminary explanations for the significance of 
these interactions. Localisation data for exogenous WASP in transfected fibroblasts 
have supported a role for WASP in the regulation of the cytoskeleton (Symons et al., 
1996). In a final study on WASP, I decided to investigate the distribution of WASP 
in haematopoietic cells and in particular, its possible co-localisation with Fyn and 
cytoskeletal proteins in intact cells. To address these aspects, I employed 
immunostaining and immunofluorescence techniques with the aid of the confocal 
microscope.

7.1.1 Immunofluorescence
Immunofluorescence microscopy is a powerful technique for studying aspects of 
cellular organisation. It allows rapid visualisation of organelles such as the nucleus 
and membrane compartments and in particular, is an invaluable tool for examining 
the intracellular localisation of molecules. It has also been used extensively to study 
membrane traffic within the cell and enables the distribution of up to three antigens to 
be visualised simultaneously in the same cell. Probably the most valuable aspect of 
immunofluorescence microscopy is that it enables the pattern of labelling for a 
particular antigen or antigens to be assessed at the whole cell level (Griffiths et al., 
1993).

Immunofluorescence can be used to examine endogenous proteins recognised by 
specific antibodies, or transfected wild type and mutant proteins, often recognised by 
an antibody against a synthetic tag at one end of the protein. Direct 
immunofluorescence involves the use of a primary antibody that is chemically bonded 
to a fluorophore. A more common approach is indirect immunofluorescence, in 
which a fluorophore-conjugated anti-antibody is used to amplify the fluorescent 
signal (Harlow and Lane, 1988). The fluorochromes traditionally used in triple 
immunofluorescence are a UV-excited/blue-emitting coumarin derivative, AMCA; a 
blue-excited/green-emitting fluorescein derivative, FITC; and either a green- and
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yellow-excited/orange-red emitting rhodamine derivative, LRSC, or an orange- 
excited/red-emitting sulphorhodamine derivative, Texas red.

7.1.2 Confocal microscopy
A common problem encountered with images obtained by conventional microscopy, 
is that they present information from a specimen that is simultaneously in focus and 
out of focus . This results in a blurred image in which the out-of-focus information is 
superimposed on the focused image and hence obscures the final appearance. This is 
more of a problem with thick samples, for example when staining tissue samples, and 
physical sectioning is often employed. When this is inappropriate or when higher 
resolution of an image is required, the out-of-focus blur is removed by the use of 
confocal microscopy. This technique is based on the principle of using optical 
sectioning, which is achieved by the combination of two related effects. Firstly, the 
illumination is brought to a sharp focus on a single point on the object so that the light 
above and below the point of focus is defocused and such regions are less illuminated. 
Second, the light emitted from the focus point is collected and sharply re-focused on 
an aperture, the confocal pinhole, placed before the detector. This means that light 
which comes from regions of the object above and below the point of focus, is 
focused behind and in front of the aperture, respectively, and is therefore defocused in 
the plane of the aperture. Consequently, such emissions fall upon the wall around the 
pinhole rather than passing through it into the detector. Taken together, these factors 
mean that not only are points above and below the point of focus less brightly 
illuminated, but that light from these points is also detected less efficiently. This 
results in imaging that is completely restricted to the region immediately surrounding 
the focus point. A two dimensional image can be built up by scanning the point 
through the lateral plane, and a three dimensional data set obtained by moving the 
microscope stage axially between the collection of serial images (Entwistle, 1994).

A very high sensitivity is achieved because of the removal of noise due to the 
rejection of the out-of-focus blur and because the average sum of the emission from 
many frames is observed. The optical sectioning property of confocal microscopy 
makes it an excellent tool to examine the distribution of a molecule of interest 
through a mixed population of cells, or to examine the relative distribution of several 
molecules of interest within a specimen. Indeed, the high sensitivity achieved, 
together with the excellent resolution, where the lateral resolution is equivalent to 
wide-field and axial resolution can be sub-micron (Barer and Entwistle, 1991), 
obtained with confocal laser scanning, exceeds that of conventional fluorescence 
microscopes and was therefore utilised in this study.
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7.1.3 The Cytoskeleton
Immunofluorescence microscopy has been used extensively to study the cytoskeleton. 
Mitotic spindle arrangement in cell division, actin rearrangements in the cell 
cytostructure with different stimuli, centrioles and cytoskeletal-associated proteins, 
have all been areas of intense investigation.

The cytoskeleton is made up of a complex network of protein filaments, namely actin 
filaments, microtubules and intermediate filaments, that all extend throughout the 
cytoplasm of the cell. The cytoskeleton functions primarily as an integrated network 
to control and co-ordinate movement of the cell and of organelles within the 
cytoplasm. Each type of filament is composed from different protein modules that 
can be built into a variety of structures according to their associated proteins (Alberts 
et al., 1989). Actin based structures include myofibrils in muscle cells, the actin 
cortex beneath the plasma membrane of animal cells, and stress fibres and focal 
adhesions in cells such as fibroblasts.

Microtubules are involved in the morphology of most cells and are the structural basis 
of the mitotic spindle. The mitotic spindle is the structure responsible for 
equidistribution of the genetic material into each daughter cell, during cell division. 
Microtubules constitute the main component of the centriole, cilary and flagella 
structure and contribute to cell movement, maintenance of cell shape and intracellular 
transport (Moudjou et al., 1991). They are highly dynamic structures, capable of 
rapid assembly and disassembly in the cell, especially during mitosis. Microtubules 
are formed from the polymerisation of a  and p-tubulin subunits, followed by GTP 

hydrolysis, arranged in a specific orientation in the polymer to give it polarity. The 
fast-growing end is defined as the plus end and the other as the minus end.

The microtubule network in animal cells is anchored at one end and nucleates from a 
microtubule-organising centre, namely the centrosome. The centrosome is located to 
the side of the nucleus and contains a pair of centrioles arranged at right angles to 
each other. Centrosome regulation of microtubules includes control of microtubule 
initiation, number, polarity and direction, during interphase and during mitosis 
(Mitchison and Kirschner, 1984; Kalt and Schliwa, 1993). The identification of 
centrosomal proteins has revealed their importance in mediating the dynamic 
properties of microtubule and are referred to as microtubule-associated proteins 
(MAPS). Many such proteins have been identified and although may serve to 
stabilise the microtubule against disassembly and mediate interactions to other cell 
components, not of all of their functions have been determined (Kalt and Schliwa,
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1993). Some proteins are located exclusively at the centrosome throughout the whole 
cycle, while others are present at the mitotic spindle only during mitosis, where they 
play important roles . Identified MAPS of the former class include y-tubulin and a 
group of calcium-modulated proteins. y-Tubulin is located around the centrioles as 

part of the pericentriolar material and is the only centrosomal component known to be 
present in all species, including Drosophila, Xenopus, Dictyostelium, mouse and 
humans (Kalt and Schliwa, 1993). It has been shown to play an important part in the 
initiation of microtubule nucléation (Oakley et al., 1990; Joshi et al., 1992). The 
Ca^+ modulated regulatory proteins include a 62/64 kDa doublet (Moudjou et al.,
1991), a 165 kDa protein, centrin and caltractin. Based on their similarities in 
structure and cellular location they are thought to have a similar function in mitosis 
(Baron et al., 1991; Moudjou et al., 1991). Immunofluorescence has been a crucial 
tool in this analysis of microtubules, centrioles, MAPS and their function in cell and 
nuclear division, often with the use of anti-tubulin antibodies or antibodies generated 
against specific identified microtubule-associated proteins linked to fluorophores.

7.1.4 The intracellular localisation of Fyn and other c-Src family 
PTKs
The function of non-receptor tyrosine kinases depends upon their specific 
localisation, which is directed by intrinsic localisation signals. The c-Src family of 
cytoplasmic kinases are often associated with the inner face of cytoplasmic 
membranes. Upon activation they are anchored to the plasma membrane through 
myristoylation signals (Resh, 1990). c-Src has been shown to be enriched in 
perinuclear membranes and endosomes (Kaplan et al., 1992; Redmond et al., 1992) 
and associated with secretory vesicles and centrosomes. It has also been reported to 
be concentrated at the membrane of nerve growth cones on terminal differentiating 
neurons, where it can phosphorylate a- and p-tubulin (Maness and Matten, 1990) and 

is thought to regulate cytoskeletal changes associated with neural extension (Sorge et 
al., 1984; Fults et al., 1985; Maness et al., 1988). Activated v-Src redistributes to 
podosomes, which are focal adhesion-like structures at membrane-substratum sites, 
and there, associates with the cytoskeletal protein cortactin, demonstrated by co
localisation studies using immunofluorescence and confocal microscopy on chicken 
embryo fibroblasts (Okamura and Resh, 1995). The c-Src family member, c-Fgr has 
been shown to be present in crude membrane fractions, and using 
immunofluorescence on HL60 cells, to be present at the cell periphery and cytoplasm, 
with little nuclear staining (Notario et al., 1989). Nuclear localisation, however, was 
reported for a truncated c-Fgr protein without the myristoylation signal and it is 
thought that a subpopulation of c-Fgr may exist in the nucleus (W. Duran, personal
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commu.). Lck is known to be necessary for effective T-cell receptor signalling and, 
consistent with this finding, has been shown to be located at the plasma membrane 
and at antibody-induced CD4 caps and sites of tyrosine phosphorylation (Guttinger et 
al., 1992; Gassmann et al., 1993; Gassmann et al., 1994; Ley et al., 1994). Ley et al. 
(1994) also found Lck to be associated with peri-centrosomal vesicles as well as at the 
plasma membrane in Jurkat T-cells, while Lck has also been shown to be localised in 
endosomal vesicles after TCR stimulation (Marie-Cardine et al., 1992; Fischer et al.,
1994). Immunofluorescence studies on Hck, another c-Src family member, localised 
the kinase to secretory granules in neutrophils (Mohn et al., 1995).

Immunofluorescence data have supported the belief that Fyn is associated with the 
TCR complex, by illustrating a co-distribution of Fyn with antibody-induced TCR or 
CD3 caps, in intact human T lymphocytes (Gassmann et al., 1992; Mustelin et al.,
1992). However, recent data have suggested that the majority of Fyn is not localised 
to the plasma membrane in T-cells. Instead, it was demonstrated by 
immunofluorescence and confocal microscopy that Fyn is closely associated with the 
centrosome and microtubule bundles radiating from the centrosome, and during 
mitosis co-localises with the mitotic spindle (Ley et al., 1994). There was also no 
change in the intracellular localisation of Fyn after CD3 antibody stimulation of 
Jurkat T cells. These data were somewhat surprising in light of all the co
precipitation reports of Fyn with the TCR complex (Gassmann et al., 1992; Timson 
Gauen et al., 1992) although several possible explanations are discussed by Ley et al., 
(1994). Immunofluorescence data have also revealed that the brain isoform of Fyn is 
expressed by both neurons and glia in isolated growth cone particles in early 
embryonic brain, implicating a role for Fyn in neuronal development (Bixby and 
Jhabvala, 1993). Finally, immunohistochemistry analysis on pro B-cells from normal 
and Fyn (-) mice, localised Fyn to the midspace of dividing cells, implicating Fyn as 
having a role in the progression of cytokinesis, the division of cytoplasm after 
mitosis, particularly in the formation of the deep cleavage furrow (Yasunaga et al., 
1996). These studies also localised Fyn in the cytoplasm and some Fyn staining was 
also seen at the pericentrosomal regions of pro B-cells at interphase. During mitosis 
Fyn was detected at the centrosomes, the midspace region between the dividing cells, 
and at the mitotic pole and spindle.

7.1.5 Aims
The aim of the work described in this chapter, was to investigate the intracellular 
localisation of WASP by immunofluorescence and confocal microscopy. Using the 
affinity-purified polyclonal anti-WASP (SK3) antiserum, I wanted to examine the
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distribution of the haematopoietic cell-specific protein primarily in the human 
monoblastic cell line U937, some other haematopoietic cell lines and primary blood 
cells. In addition, double-immunostaining experiments were performed on these cells 
to analyse the possible co-localisation of WASP with Fyn and tubulin, in view of the 
discovery of the WASP-Fyn interaction, its putative role in cytoskeletal organisation 
and the above Fyn data. These results would provide supporting data on the function 
of WASP in cell signalling and its role in the cytoskeleton.

7.2 RESULTS

7.2.1 Subcellular localisation of WASP
U937 cells were attached to poly-L-lysine coverslips, fixed and permeabilised in 
methanol, and indirectly immunolabelled with the affinity-purified rabbit polyclonal 
anti-WASP SK3 antibody (see section 2.7), followed by a fluorescein-conjugated 
secondary antibody. Immunofluorescent staining was examined with the use of the 
confocal microscope and images were recorded (section 2.7.4). Figures 7.1 and 7.2A 
illustrate that there is WASP staining in the monocytic U937 cells, which appears to 
be primarily cytoplasmic and perinuclear. WASP staining was seen at the midspace 
of dividing cells (Figure 7.IB), and a significant number of cells also showed brightly 
stained perinuclear' spots' (Figure 7.1C).

7.2.1.1 Control staining
To test the specificity of the SK3 anti-WASP antibodies and hence validate the above 
result, a series of control experiments were carried out. Figure 7.2 shows confocal 
images using the same anti-WASP antiserum on (B) U937 cells stained with 
antiserum that had been pre-incubated with the peptide against which it was 
generated; (C) an epithelial cell line previously shown (Figure 5.8) by western 
blotting not to contain detectable amounts of WASP (MCF7); and (D) an established 
EBV-transformed B cell line from a WAS patient (PM), also shown not to contain 
WASP by immunoblotting (Cory et al., 1996). As can be seen, there was no 
significant green staining in any of these samples. It was concluded therefore, that the 
WASP antiserum was specific in immunostaining. The earlier observation that SK3 
antiserum recognised only a single band when used to immunoblot U937 cell lysates 
(Figure 5.5), provided additional support for its specificity.
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Figure 7.1. Localisation of WASP in Ü937 cells.
U937 ceils were adhered to poly-L lysine coated coverslips, fixed in 100% methanol and stained with 
alfinity-purified polyclonal SK3 anti-WASP antibodies (1/10 dilution) in PBS/5% horse serum. 
WASP staining was visualised using a fluoroscein-conjugated secondary antibody (green in A and B, 
white in C), followed by confocal microscopy. Binuclear U937 cells are shown in B by arrows. Bar is 
10 pm.

2(X)



Figure 7.2. WASP staining controls
A. WASP staining on normal U937 cells (green) using alfinity-purified SK3 antiserum 
(1/10). Negative controls; B. U937 cells stained with affinity-purilied SK3 antiserum pre- 
incubated with peptide; C. MCF7 epithehal adherent cells were grown on coverslips and 
stained with affinity-purified SK3 anti serum; D. EBV-transformed B-cell line from WAS 
patient (PM) adhered to covershps and stained with affinity purified anti-SK3 antibodies. 
All cells were subjected to immunofluoresence using FITC conjugated anti-rabbit secondary 
antibodies followed by confocal microscopy analyis. Bar is 10 pm.
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7.2.1.2 Localisation of WASP in wU937 ceils
Immunofluorescence was then used to examine the consequence of over-expressing 
WASP on its cellular distribution. U937 cells, stably transfected with a WASP 
expression plasmid (wU937, see Section 6.2.4) were used, where overexpression of 
WASP was previously confirmed by western blotting. WASP staining in wU937 
cells was comparable to that seen with U937 cells, and no significant increase in the 
signal was apparent (Figure 7.3). This may be due to the limited affinity of the anti- 
WASP antibody in this procedure or indeed, insufficient amounts of antibody added.

7.2.1.3 Localisation of WASP in PMA-treated U937 cells
U937 cells were induced to differentiate with PMA and the WASP staining pattern 
investigated and compared to untreated cells. Figure 7.4 shows U937 cells, either 
untreated or treated with PMA for 24 h, and then stained for WASP. In the 
differentiated cells, the WASP distribution has changed from being predominantly 
cytoplasmic, to being both cytoplasmic and nuclear. These initial observations 
suggest that upon differentiation of U937 cells, a proportion of WASP may be 
recruited to the nucleus where it may perform its function.

7.2.1.4 Localisation of WASP in other cells
The presence and localisation of WASP in other cells was investigated in order to 
determine whether this staining pattern was unique to U937 cells. The T-cell line, 
Jurkat, and monocytes isolated from human tonsils, were used. Immunofluorescence 
analysis with anti-WASP antiserum, illustrates that WASP is present in these cells 
and is, again, mainly located in the cytoplasm (Figure 7.5).

7.2.2 Co-localisation of WASP with a-tubulin
In the experiments described above, WASP was sometimes seen to localise in 
perinuclear '"spots". To examine whether these structures were perhaps centrosomes, 
an anti-a-tubulin antibody was used for immunofluorescence. In this section, 

interphase U937 cells and mitotic cells were double-stained with the anti-WASP 
antibody and an a-tubulin antibody. Mitotic cells were identified by their condensed 

chromosomes recognised by Hoechst stain, which under UV light, stains the 
chromosomes blue. In these cells, counterstaining with an anti-a tubulin antibody 

(red) revealed that the central structure that labelled with anti-WASP antibody, co
localised with the centrosome (Figure 7.6). In mitotic U937 cells, WASP staining 
also co-distributed with the mitotic spindle and poles identified with the anti-a 
tubulin antibody (Figure 7.6). Figure 7.7 shows a-tubulin expression (red) in 

dividing control cells, MCF7 and PM, which do not express WASP (green). In non-
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Figure 7.3. WASP localisation in wU937 ceils.
I'ransfected U937 cells that were shown by western 
blotting to overexpress WASP (wU937), were subjected 
to immunofluorescence using affinity-purified SK3 
antibodies. Fhe confocal microscopy image in A shows 
WASP staining in white. B. Higher magnification with 
WASP staining shown in green. Bar is 10 pm.
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Figure 7.4. Localisation of WASP in U937 cells -/+ PMA.
Untreated U937 cells were adhered to poly-L lysine coverslips 
(A) and PMA-treated (10 ng/ml) U937 cells were grown 
overnight on sterile coverslips (B). All cells were fixed in 
100% methanol, stained with affinity-purified anti-WASP 
antiserum and analysed using immunofluorescence and 
confocal microscopy. Bar is 10 pm for both panels.
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Figure 7.5. Localisation of WASP in haematopoietic cells
Monocytes, isolated from human tonsils and Jurkat cells (T- 
cell line) were adhered to poly-L-lysine coverslips. Cells were 
labelled with affinity-purified SK3 antiserum as a primary 
antibody and subjected to immunofluorescence and confocal 
microscopy analysis. Bar is 10 pm.
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Figure 7.6 WASP co-localisation with a-tubulin in dividing U937 cells.
U937 cells were subjected to immunofluorescence using anti-WASP SK3 anti serum 
with a FlTC-conjugated second layer (green), and anti-a-tubulin antibodies with a 
LRSC-conjugated secondary antibody (red). Hoechst stain was used to identify the 
above mitotic cells during microscopy. Panel shows dividing cell as analysed by 
confocal microscopy, where co-localisation of WASP and a-tubulin results in yellow 
staining.
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Figure 7.7. Control cells double-stained for WASP and a-tubulin
A mitotic MCF7 epithelial cell (A) and WAS patient B cell (B) were 
identified by Heoechts stain under UV hght. Both cell types express a - 
tubulin (red), but not WASP (green). Bar is 10 pm.
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divding U937 cells, only a proportion of the WASP staining was seen to co-distribute 
with a-tubulin (Figure 7.8), although yellow perinuclear "spots" (indicating co

localisation) were observed, possibly representing microtubule-organising centres 
(Figure 7.8A). The striking co-localisation of WASP with a-tubulin was observed 
several times and in several different experiments, including double
immunofluorescence staining of interphase and mitotic wU937 cells (Figure 7.9).

7.2.3 Co-localisation of WASP with Fyn and a-tubulin
As described in the introduction to this chapter, Fyn co-localises with centrosomes 
and the mitotic apparatus in T-cells (Ley et al., 1994). In view of this finding and the 
observations in this thesis, namely that WASP binds Fyn and that WASP co-localises 
with a-tubulin in U937 monocytic cells, I investigated whether WASP and Fyn are 

co-localised in the cell. A monoclonal anti-Fyn antiserum was obtained from 
Masahiro Yasuda (Yasunaga et al., 1996).

Fyn was found in the perinuclear cytoplasm of U937 cells, at the midspace area in 
binuclear cells and at structures resembling microtubule-organising centres (Figure 
7.10). Counterstaining with anti-WASP antibodies revealed a strong co-localisation 
of Fyn and WASP in U937 cells (Figure 7.11). U937 cells stably transfected with 
WASP gave the same result (data not shown). In order not to misinterpret "bleed- 
through" between the different dyes and filters as co-localisation data, one signal was 
bleached out, and the presence of the other re-observed (data not shown).

Taken together, these confocal data demonstrate that WASP co-localises with a- 

tubulin and with Fyn, at least in dividing monocytic cells.

7.3 DISCUSSION

7.3.1 The subcellular localisation of WASP
In the literature, few data have been presented on the intracellular localisation of 
WASP. Subcellular fractionation experiments have showed that WASP is mainly 
present in the cytosol, although significant amounts were also present in membrane 
and nuclear fractions [Rivero Lezcano, 1995 #964]. This is supported by data on the 
staining of splenic cells, where WASP was seen in the cytoplasm (Stewart et al., 
1996). Fractionation experiments on peripheral blood mononuclear cells showed

208



Figure 7.8. WASP and a-tubulin localisation in non-dividing U937 cells
In both A and B, U937 cells were stained with anti-WASP and anti-a-tubulin antibodies. 
Immunofluorescent staining shows WASP in green and a-tubnlin in red. Coiocahsation of the 
two staining patterns is shown as yellow. Panel B shows a higher magnification of U937 
cells. Bar is 10 pm.
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Figure 7.9. Co-localisation of WASP and a-tubulin in wU937 cells.
U937 cells that over-express WASP were analysed for WASP (green) 
and a-tubulin (red) localisation by immunofluorescence as previously 
described. Co-locahsation is shown in yellow and a mitotic cell is 
indicated. Bar is 10 pm.

210





Figure 7.10 Localisation of Fyn in U937 cells
A rat monoclonal anti-Fyn antiserum was used to label U937 cells. As a second layer, Texas 
Red-conjugated anti-rat immunoglobulin was used Fyn staining is shown in white in A and 
red in B. The arrows indicate Fyn staining in binuclear cells. Bar is 10 pim.
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Figure 7.11. Co-localisation of Fyn with WASP in U937 cells.
U937 cells were subjected to immunofluorescence analysis using aflinity-purified SK3 anti- 
W ASP/M r e  labelled antibodies (green) and anti Fyn/TR-labelled (red) (panel A, B, C). In 
panel D, non purified SK3 antiserum was used instead. Co-localisation is shown in yellow. Bar 
is 10 pm.
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WASP's presence in cytosolic proteins (Stewart et al., 1996). Transfection studies by 
Symons et al., (1996) revealed that over-expression of tagged-WASP in epithelial and 
Jurkat cell lines, resulted in localisation in the cytoplasm and co-localisation with F- 
actin in peri-nuclear clusters. In contrast, N-WASP was found in the nucleus and 
membranous areas of N-WASP transfected COS-7 cells, although it was also seen to 
co-localise with actin in surface protrusions (Miki et al., 1996). Finally, an 
immunofluorescence study on megakaryocytes has demonstrated an accumulation of 
WASP at perinuclear areas and at microvesicles, and a co-localisation with actin, 
during TP A-induced cell differentiation (Miki et a l, 1997).

The results presented here illustrate that using a specific affinity-purified polyclonal 
antiserum against WASP in immunofluorescence studies, endogenous WASP 
expression was localised predominantly in the cytoplasm of haematopoietic cells. 
This is consistent with the reported data from other laboratories, described above. In 
this study, WASP did not appear to be associated with the plasma membrane despite 
it containing a PH domain, which is often associated with lipids and hence, thought to 
provide an anchor at the membrane of cells. It may be, however, that WASP is only 
recruited to the surface of the cell under specific conditions to perform its required 
function. The observation that WASP clusters in bright "spots" around the nucleus, is 
the first of its kind and the possible implications of this finding are discussed below. 
Although a thorough investigation was not carried out on the possible change in 
localisation upon stimulation of these cells, a difference was observed following 
PMA-treatment. It is tempting to speculate that WASP is normally found in the 
cytosol of the cell, and is transported into the nucleus upon differentiation. The lack 
of WASP staining in a WAS patient cell line does not necessarily indicate the 
complete absence of WASP protein, but rather may imply the presence of a truncated 
form, which is no longer recognised by the C-terminal peptide antibody.

7.3.2 WASP co-localises with a-tubulin and with Fyn
Using double-labelling techniques with different fluorophores in indirect 
immunofluorescence, I was able to demonstrate co-localisation between WASP and 
a-tubulin and, secondly, between WASP and Fyn in U937 cells. It is significant that 
WASP was found to associate with a-tubulin and with the centrosomes at mitosis, 

which are the structures reported to associate with Fyn (Ley et a l, 1994). Although 
counterstaining with anti-a-tubulin was not performed, the Fyn staining pattern 

observed in this study (Figure 7.10) was comparable to that reported for Fyn in pro-B 
cells and T-cells (Ley et a l, 1994; Yasunaga et a l, 1996). In support of the idea that 
Fyn is associated with microtubular structures, Fyn and Lyn have been demonstrated
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to associate with and phosphorylate tubulin in differentiated monocytic HL60 cells 
(Katagiri et al., 1993), and the in vitro binding of a-tubulin to the Fyn SH2 domain 

has been reported (Marie Cardine et al., 1995).

Some c-Src family members bind to cytoskeletal proteins such as cortactin, integrins 
and other focal adhesion proteins (Okamura and Resh, 1995; Thomas et al., 1995). In 
addition, although studies on c-Src have shown it to be located mainly at the plasma 
membrane and perinuclear membranes, one study showed that it is associated with 
endosomes in mammalian fibroblasts (Kaplan et al., 1992). Immunofluorescence 
revealed granular cytoplasmic staining that co-localised with microtubule structures, 
including the microtubule-organising centre, and showed that during mitosis, c-Src- 
containing endosomes were concentrated at the spindle poles (Kaplan et al., 1992). 
Consistent with these immunofluorescence data is the finding that c-Src, Fyn and c- 
Yes have been shown to be activated during mitosis and are required for the transition 
from G2 phase into mitosis (Roche et al., 1995a), while Ley et al., (1994) suggested 
a role for Fyn in regulating cytoskeletal changes during cell division. These results 
suggest a role for c-Src and Fyn in mitotic centriolar organisation, which may involve 
WASP.

Although WASP has previously been shown to be associated with actin (Symons et 
al., 1996), its involvement and possible role in the cytoskeleton may well extend to 
the microtubule network of the cell. Many proteins, some cytoplasmic and 
cytoskeletal, have been found to be associated with tubulin at the centrosome. These 
include mitogen-activated protein kinase (MAP kinase) (Gotoh et al., 1991), kinesin 
and dynein families (Kalt and Schliwa, 1993). Proteins in these classes have a 
function in spindle-pole organisation, which may prove to be a role for WASP. 
Coincidentally a 62/64 kDa doublet was discovered to be associated with human 
centrosomes from a lymphoblastic cell line. This protein, also found in cytoplasm, 
was shown to be calcium regulated and involved in the nucléation of microtubules 
(Moudjou et al., 1991). In addition, the SH3-binding protein, dynamin, is known to 
bind microtubules (Shpetner and Vallee, 1989). It would be interesting to determine 
whether WASP binds to microtubules in an in vitro nucléation assay, and to 
determine whether treatment of cells with the microtubule depolymeriser, 
Nocodazole, results in any redistribution of WASP within the cell.

The finding that WASP and Fyn co-localised in the cell was very encouraging in light 
of the biochemical demonstration of a direct interaction between these two proteins, 
described in Chapter 5. Marie Cardine et al., (1995) showed that following T-cell 
activation, a-tubulin becomes tyrosine phosphorylated and associates with the SH2
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domain of Fyn. Interestingly, this would still leave the SH3 domain of Fyn free to 
bind WASP . It may be that Fyn binds via its SH3 domain to WASP, and is then 
recruited to the microtubule network, where it can bind to a-tubulin and carry out its 

function of phosphorylation. Phosphorylation of microtubule-associated proteins and 
centrosomal proteins may well be an important factor in the control of microtubule 
function and stability. Although the role of tyrosine phosphorylation in the function 
of cytoskeletal proteins is not fully understood, studies on v-Src transformed cells 
have shown that increases in tyrosine phosphorylation correlate with cytoskeletal 
arrangements and changes in the subcellular localisation of some of the substrates 
(Thomas et al., 1995). Alternatively, in stimulated T-cells Fyn may bind to WASP 
and be recruited to the plasma membrane through the WASP PH domain, to perform 
its established role in T-cell signalling. These hypotheses would be consistent with 
the signalling and cytoskeletal defects seen in Wiskott-Aldrich Syndrome patients.

Finally, WASP was found at the cleavage furrow between dividing U937 cells 
(Figure 7.IB), which co-localised with Fyn (Figure 7.11). As mentioned in the 
introduction to this chapter, Fyn has previously been localised to the deep cleavage 
furrow of B-cells during cytokinesis, the process of cytoplasmic division at the end of 
mitosis (Yasunaga et al., 1996). Tubulin is also found at this junction, again linking 
these three proteins: WASP, Fyn and tubulin. An additional interesting piece in this 
story is provided by a report on the integral membrane protein, CD43 (leukosialin or 
sialophorin). This protein was shown to be concentrated at the cleavage furrow 
during cytokinesis of leukocytes, through the interaction of its cytoplasmic domain 
with the actin-based cytoskeleton (Yonemura et al., 1993). CD43 abnormalities are 
found in cells from Wiskott-Aldrich syndrome patients. One may speculate that 
WASP, Fyn and CD43 are involved in the cytokinesis process and hence responsible 
for the proliferation of lymphocytes. Any defects in these proteins may result in 
cytoskeletal defects and the abnormal functioning of lymphocytes seen in WAS. 
While interesting, these conclusions are still speculative.

7.3.3 Conclusions
In summary, two very important results were obtained in this immunocytochemical 
study. Firstly, immunofluorescence data has provided additional support for the idea 
WASP and Fyn interact with each other in vivo. The observation that these two 
proteins may be located together in the cell, now strengthens the notion that their 
interaction with each other is biologically significant. Secondly, this is the first 
report that WASP can co-localise with microtubule organising centres in mitotic cells. 
Although these observations seem very encouraging, we can still only speculate about
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the physiological implications of these co-localisation studies. Immunofluorescence, 
even with the aid of the confocal microscope, can still provide ambiguous, non- 
reproducible and artefactual results and so care must be taken not to over-interpret 
data without sufficient biochemical support. An in vitro association of WASP with 
tubulin may provide such support. Nevertheless, in conclusion to this chapter, I 
propose a possible role for WASP in binding and translocating Fyn to the mitotic 
apparatus during cell division. This, together with other models for the role of WASP 
in intracellular signalling, cell division and the cytoskeleton, are discussed in the final 
chapter of this thesis.
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CHAPTER 8

GENERAL DISCUSSION
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Chapter 8: General Discussion

The mechanisms by which extracellular signals induce receptor-regulated signal 
transduction events have been an area of intense investigation. Remarkable progress 
has been made in examining the mechanisms of intracellular signalling, which 
hopefully will result in a clearer understanding of normal cell growth, differentiation 
and metabolism. Alterations in these controlled pathways underlie cancer, diabetes 
and disorders of the immune and cardiovascular systems. Recently, considerable 
efforts have been made in the area of tyrosine phosphorylation - the enzymes, their 
substrates and the signalling pathways that they participate in, have all been areas of 
interest. Members of the c-Src family of protein tyrosine kinases are involved in a 
number of signalling cascades resulting in cell division and cytoskeletal 
rearrangements. Characterisation of such pathways and examination of the 
biochemical interactions involved, are essential in understanding the function of such 
kinases inside the cell. With the discovery of conserved modules within certain 
proteins, came a greater understanding of the control and specificity of protein-protein 
interactions. These domains, including the SH2, SH3 and PH domains (discussed in 
Chapter 1) are some of the key regulators in signalling pathways and are potential 
targets for drug design.

The initial aim of the work described in this thesis was to search for proteins that 
bound to the haematopoietic cell-specific protein, c-Fgr . An in vitro system was 
used to identify domain-specific binding proteins from cell lysates made from the 
human monoblastic cell line, U937. This approach, together with sequencing and 
cloning techniques, resulted in the discovery that the Wiskott-Aldrich syndrome 
protein (WASP) is an SH3 domain-binding partner, with specificity in vivo for 
another c-Src family member, Fyn (published in Banin et a l, 1996).

8.1 THE WISKOTT ALDRICH SYNDROME PROTEIN

The WASP gene was recently identified as the gene mutated in the severe disorder, 
Wiskott-Aldrich syndrome (WAS). The complex disorder has already been described 
in this thesis and consists of the characteristic triad of thrombocytopenia, eczema and 
immunodeficiency. Mutations from numerous WAS patients were found to be 
contained in this one gene. In light of the complexity of the WAS phenotype, it was a
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mystery as to how a defect in one protein could cause such a diverse array of cellular 
defects. Analysis of the location of these mutations was initially thought to provide 
some information as to the essential functional regions of the encoded protein. 
However, it now seems that although the amino-terminal region is common site for 
mutations, there is no real correlation between the mutation and the severity of the 
disease. The mouse WASP gene has also been isolated and sequenced (Derry et al., 
1995b). The sequence is 8 6 % identical to the human WASP sequence, especially in 
the amino-terminal region (93% identity), which supports the view that their 
functions are conserved. In this, and several other studies, a biochemical approach 
was taken to examine the function of WASP. Several functional domains have now 
been identified within the sequence of WASP (Figure 5.2).

8.1.1 PH domain
At the amino terminus of WASP is a PH domain in WASP, originally called the WHl 
domain (Symons et al., 1996). The PH domain was first identified in pleckstrin and 
has since been found in a variety of signalling and cytoskeletal proteins (Haslam et 
al., 1993). As the sequence homology of PH domains is very low, its presence in 
WASP was not initially obvious. The basic PH fold contains two anti-parallel p 
sheets followed by a C-terminal amphipathic a-helix (Gibson et ah, 1994). The loops 
connecting the p-strands are highly variable in length and sequence. Although the 
precise function of the PH domain is still ambiguous, phosphoinositides have been 
reported to associate with the positively charged loop face of the domain (Harlan et 
ah, 1994; Salim et ah, 1996). Indeed, cytoplasmic tyrosine kinases with amino- 
terminal PH domains, such as Btk, lack the myristoylated amino terminus that 
anchors many other cytoplasmic tyrosine kinases to the membrane. Insulin receptor 
substrate, IRS-1, also contains a PH domain, which may play a role in positioning the 
kinase and its substrates at the plasma membrane. Therefore, it is possible that the 
presence of such a module in WASP may be necessary for its anchorage to the 
membrane where it can associate with its binding partners. Support of this comes 
from studies showing that the isolated PH domain of WASP binds to the phospholipid 
PIP2  (Kirchhausen, personal communication). My immunofluorescence data, and 
that of others, however, do not show membrane localisation. Most point-mutations 
reported in WAS patients occur in the PH domain. Introducing mutations to this 
domain in recombinant WASP and re-examining its biochemical interactions, would 
help in the examination of this hypothesis.

The homology of WASP with VASP in the N-terminal region is also of interest. The 
vasodilator-stimulated phosphoprotein (VASP) is known to bind the monomeric
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actin-binding protein, profilin (Theriot et al., 1994; Haffner et al., 1995; Reinhard et 
al., 1995) (discussed in Section 8.1.3).

8.1.2 GBD
The GTPase binding domain (GBD) stretches from amino acids 238-257, and was 
reported by Aspenstrom et a l, (1996) and Symons et al, (1996). This domain, also 
present in PAK and related proteins, was reported to bind to the activated form of 
Cdc42. A partial GST-WASP fusion protein lacking this binding site did not bind 
Cdc42, whereas a GST fusion protein containing the GBD interacted specifically with 
GTP-bound Cdc42, in the same way as native WASP (Symons et a l,  1996). To 
understand this interaction and to identify key residues necessary for binding. X-ray 
crystallographic studies of this complex would be useful.

Just upstream of this domain is a putative nuclear localisation signal at residues 222- 
235 (Derry et a l, 1994). Initially, it was proposed that WASP may function in the 
nucleus or may indeed be a transcription factor as many transcription factors possess 
proline-rich domains (Gerber et al., 1994). There is as yet no evidence for this, 
although in my immunofluorescence studies a small percentage of WASP was found 
to localise in the nucleus of U937 cells (Figure 7.1).

8.1.3 Proline-rich region
WASP contains a large number of proline residues towards its C-terminus and this 
region has now been named the proline-rich region. Proline residues are often found 
as repetitive proline-rich sequences or multiple tandem repeats. Proline-rich regions 
in proteins are widely observed and can be divided into different categories depending 
on the number and the arrangement of residues (Williamson, 1994). As a result of a 
steric constraint poised by the amino acid side chain, such stretches of prolines adopt 
a preferred conformation in solution, called a polyproline type II helix. This helix, 
where proline is found at every third residue, is found predominately in collagen and 
other structural proteins. It is now established that these helices, with the sequence 
core PXXP, where X is any amino acid, can bind to SH3 domains (Li et a l, 1993; 
Ren et a l, 1993; Weng et a l, 1993). Moreover, it has been shown in this thesis, and 
elsewhere, that WASP can associate with SH3 domain-containing proteins such as 
Fyn, Nek, Grb2, Btk and Itk, (Rivero Lezcano et al., 1995; Cory et a l, 1996; Miki et 
a l,  1997) through its proline-rich region. Fyn, Nek and Grb2 binding have been 
observed in vivo as well as in vitro (Chapter 5, this thesis; Rivero Lezcano, et a l,  
1995; Miki et a l, 1997), strengthening the notion that these are biologically important
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interactions. WASP does contain PXXP binding motifs, and its role as an SH3- 
binding ligand provides some possible explanations for the observed cellular defects 
seen in the Wiskott-Aldrich syndrome.

Several minimal consensus motifs have been identified for SH3 binding (Gout et al., 
1993; Ren et al., 1993) although the degree of conservation is quite low. Specificity 
is apparently conferred by interactions between the non-proline residues surrounding 
the invariant residues, such as arginine and leucine, and the variable loops flanking 
the hydrophobic binding surface of the domain. The core ligand, also found in 
WASP, appears to be a seven residue peptide containing the motif XPpXP, where X 
tends to be an aliphatic residue, P are the prolines crucial for SH3 contact, and p is a 
scaffolding proline residue (Feng et al., 1994). Studies using degenerate peptide 
libraries and phage display libraries, however, have indicated that each SH3 domain 
does show some sequence specificity for binding (Chen et al., 1993; Yu et al., 1994). 
Two classes of ligands have been identified: Class I, with the consensus sequence 
RXLPPZP (Z=L for Src SH3; Z=R for PI3K SH3; X=any amino acid), and Class II, 
with the sequence XPPLPXR. Recent structural studies have shown that polyproline 
type II helices can bind to SH3 domains in either a forward or reverse orientation 
(Feng et al., 1994; Lim et al., 1994). Peptide orientation is determined by the 
position of the conserved arginine in both classes of ligand (Feng et al., 1994). 
Baltimore and co-workers have defined proline-rich Abl SH3-binding motifs within 
such proteins as 3BP1, 3BP2, formin and the rat M4 muscarinic acetylcholine 
receptor (Ren et al., 1993). There is clearly a preference for arginine and leucine 
residues in the motifs for many SH3 domains (Yu et al., 1994).

Many of these potential motifs (Alexandropoulos et al., 1995) are found in the 
proline-rich region of WASP, suggesting that they may be ligands for certain SH3- 
containing proteins. In this work, Fyn was shown to bind WASP in vivo. This 
interaction was demonstrated with exogenous proteins in insect cells and with 
endogenous human cellular proteins, and although the exact sequence or sequences 
responsible for the SH3 binding are not clear, it is probably mediated by these 
potential motifs in the proline-rich region found in WASP. With the high percentage 
of prolines in this region of WASP, it is also possible that there are several redundant 
binding sites. Core sequences, such as PPTPKPRPPRPLP, have been identified 
within PI3-kinase, as ligands for the SH3 domains of c-Lck and Fyn (Prasad et al.,
1993). The SH3 domain of Fyn has also been demonstrated to bind to a Src-like core 
motif of RPLPXXP, identified by phage epitope library screening (Cheadle et al.,
1994). This exact sequence is not found in WASP, although proline stretches of 
PXXP, with surrounding arginine residues, are seen.
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The structure of the SH3 domain of Fyn has been determined by X-ray 
crystallography (Noble et al., 1993) and has also been examined in complex with 
short peptides containing the PXXP motifs from SH3-binding proteins 3BP-1 and 
3BP-2 (Musacchio et al., 1994a). The binding of a polyproline type II helix to an 
SH3 domain, although well characterised, appears to be of low specificity and 
affinity. However, this conclusion is based on studies with isolated peptide ligands 
and domains, and additional contacts between the two proteins might contribute to the 
affinity and specificity of such interactions. In my study, many different isolated SH3 
domains were able to bind to WASP in vitro. However, when studying whole 
proteins in a cellular system, only Fyn was found to bind, suggesting that other 
regions of the SH3-containing protein are needed for a correct binding conformation. 
In a more quantitative study, differential binding affinities were observed for the 
binding of HIV-1 Nef protein to SH3 domains from Hck, Fyn, using full length Nef 
protein (Lee et al., 1995). The human immunodeficiency virus type 1 (HIV-1) Nef 
protein binds specifically to the SH3 domain of Hck through a PXXP motif, and the 
specificity of the interaction was shown to lie in the variable loop (RT loop) of the 
domain (Lee et al., 1995; Lee et al., 1996). In order to examine the basis for the 
specificity in the WASP-Fyn binding, structural and mutational studies on this scale 
would have to be performed.

In attempts to define the exact region of WASP responsible for SH3 binding, several 
groups have employed the technique of peptide competition assays (Cory et al., 1996; 
Finan et al., 1996b). Finan et a l,  (1996b) have identified specific regions in WASP 
thought to be responsible for binding to c-Src, c-Fgr, PLC-yl and p85a SH3 domains. 

Peptides MRRQBPLPPPPPPSRG (307-322), TGRSGPLPPPPPGA (375-388), and 
KGRSGPLPPVPLGI (336-349) all inhibited the association of c-Src, c-Fgr and PLC- 
yl with WASP in vitro, although none of the seven peptides tested inhibited binding 
to p85a in vitro. These experiments were performed with isolated peptides and so 

high concentrations were needed for inhibition. Although the peptides above do not 
fit into Class I or II, they all possess arginine residues N-terminal to the PXXP motif, 
common in Class I ligands. Peptide 307-322 also has an arginine at the carboxyl- 
terminus, typical of Class II ligands and therefore may bind in a reverse orientation. 
In another study (Cory et al., 1996), GST-Btk SH3 domain was incubated with five 
different polyproline peptides from WASP and binding to WASP from B-cell lysates 
was examined. Two peptides, RRGGLPPLHPGGDQ (170-185) and 
RRQBPLPPPPPPSRGG (308-323), showed some inhibitory activity and both contain 
arginine residues N-terminal to the proline-rich motif. Although these residues may 
confer some specificity for the Btk-WASP interaction, it is by no means a conserved 
consensus. Such competition assays have not been attempted with Fyn, Grb2 or Nek.
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Nek has three SH3 domains which may all bind WASP simultaneously (Rivero 
Lezcano et a i, 1995). In this regard, the proline-rich region in WASP may be more 
complex than just a mediator of a one-to-one binding, and may allow association of a 
number of different proteins, all necessary for a specific signalling complex.

Proline-rich stretches have been found in a variety of proteins associated with the 
cytoskeleton or focal adhesions. Such proteins include human CAP protein (Matviw 
et al., 1992), yeast verprolin (Donnelly et at., 1993), the actin binding protein AbpI 
(Drubin et a l, 1990) and ezrin (Gould et at., 1989). The human vasodilator- 
stimulated phosphoprotein (VASP), as well as sharing homology with the carboxy- 
terminal of WASP, also contains a stretch of prolines. VASP has been shown to have 
a role in regulating the actin cytoskeleton (Haffner et al., 1995) and interacts with the 
actin-binding protein, profilin (Reinhard et al., 1995). The protein has proline-rich 
motifs of 0 1 y(Pro)5  ̂ and three of the four copies are in a tandem repeat which have 
been shown to be important in VASP-profilin binding. Such a motif is also present in 
WASP, suggesting that WASP may also bind profilin, although my examination of 
WASP binding to GST-profilin in vitro, failed to support this theory (Figure 5.7).

8.1.4 Carboxyl-terminus
The C-terminal 59 amino acids of WASP have been demonstrated to be involved in 
the formation of WASP clusters and actin polymerisation (Symons et al., 1996). This 
region also has sequence homology with cofilin (Miki et al., 1996), which is an actin- 
binding protein with pH-dependent actin polymerising and depolymerising activity 
(Nishida et al., 1984; Yonezawa et al., 1985). This, however, does not necessarily 
imply a direct interaction between the C-terminus of WASP and actin, since 
truncation may lead to incorrect folding of WASP and hence disruption of its function 
(Symons et al., 1996). From residue 423 in WASP, there is also homology to the 
cytoskeletal yeast protein verprolin (WH2 domain).

8.1.5 N-WASP
The brain-specific homologue of WASP, N-WASP, shows about 50% homology to 
WASP (Miki, et a l,  1996 and discussed in chapter 5) with the N-terminal PH 
domain, the GTPase binding domain and the verprolin and cofilin homology regions 
all being highly conserved, suggesting their importance for the functioning of WASP 
and N-WASP. It is possible that if WASP does participate in interactions necessary 
for cell maintenance, then another homologous and a more ubiquitous form of WASP 
may also exist in other cell types.
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8.1.6 Three dimensional structure of WASP
A model of the secondary and tertiary structure of WASP may well provide 
information on the binding of WASP to its putative partners. Is it possible for WASP 
to bind more than one protein at a time? Is WASP a scaffold to bring together certain 
proteins? What are the crucial residues in the sequence of WASP that make contact 
with its binding partners? Understanding the three dimensional structure of WASP 
will also aid in the question of why some mutations result in a severe phenotype and 
others do not. It is not known what state WASP exists in the cell and knowledge of 
whether WASP exists as a monomer, dimer or oligomer and how this would effect its 
function and regulation, would be very valuable. Large scale expression and 
purification of WASP is needed for structural investigations such as NMR and X-ray 
crystallography. Expression studies presented in Chapters 5 and 6  have demonstrated 
that full length WASP can be produced in insect and mammalian cells, and portions 
of the proteins can be expressed in bacteria (data not shown).

8.2 WASP ■ A KEY SIGNAL TRANSDUCING ELEMENT?

How can one gene cause the complex disorder of Wiskott-Aldrich Syndrome? How 
is it possible that a defect in one protein is responsible for the breakdown in a variety 
of cellular processes? Only recently have studies allowed us to start to understand the 
enigma posed by the phenotype of WAS. The identification of binding-partners 
coupled with immunofluorescence data and information from yeast and mouse 
models, is giving an insight into the characteristics of this protein. The findings so 
far, demonstrate that WASP is a multi-faceted molecule that can interact with many 
different proteins and hence connects several pathways. It seems that WASP may 
have multiple functions, interacting with both the cell's cytoskeleton and its growth 
control pathways. Factors supporting the notion that WASP acts as a junction point 
in the cell, include the presence of plasma membrane and cytoskeleton anchoring 
motifs, served by the PH domain and verprolin-like domains, respectively, and the 
lack of any identified enzyme activity directly associated with WASP itself.

With the information presented here, I have attempted to construct a model conveying 
how all these interactions may converge (Figure 8.1). Signals interpreted by WASP 
may enter the cell by a variety of receptor types. The T-cell receptor signal which 
allow cells to proliferate in response to antigen activation, can convey signals to Fyn 
and Itk, whereas B-cell signalling would result in activation of Btk. Nek and Grb2
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bind to activated tyrosine kinase receptors and Cdc42 is stimulated through G-protein 
coupled receptors such as the bradykinin receptor.

WASP may be capable of binding several different SH3-containing proteins 
simultaneously, which would allow WASP to co-ordinate the interactions of several 
pathways. Notably, SH3 domains participate not only in facilitating protein-protein 
interactions but also in regulating the activity of associated proteins. For example, 
dynamin GTPase activity was found to be stimulated by specific SH3 domains (Gout 
et al., 1993). It was also shown that SH3 domains from Lyn and Fyn bind PI3-kinase 
via its p85 regulatory subunit and can stimulate its lipid kinase activity (Pleiman et 
al., 1994b). This too may be true of Fyn binding to WASP. Although no activity has 
been discovered for WASP, binding to Fyn may stimulate Fyn kinase activity (see 
Chapter 6). Lipid kinase activity has also been detected in WASP 
immunoprecipitates (Section 5.2.5.1) suggesting a place for WASP in PI3-kinase 
signalling, although no complex between WASP and PI 3-kinase has been identified. 
The WASP-Cdc42 interaction is discussed in the next section.

The order of the different interactions outlined in Figure 8.1 is unclear. It seems, 
however, that WASP does lie in the pathways downstream of receptors and upstream 
of either transcriptional or cytoskeletal events. WASP interactions could result in 
signalling and cytoskeletal outputs necessary for cell proliferation, polarisation or 
motility, discussed in more detail below. Stimulation of the receptors upon ligand 
binding can induce conformational or biochemical changes inside the cell and may 
alter WASP's properties. Preliminary data from this study suggest that WASP can be 
phosphorylated and may increase tyrosine phosphorylation inside the cell.

8.3 WASP AND CYTOSKELETAL ORGANISATION

The emerging picture so far seems to implicate WASP as an important player in the 
cytoskeletal network. The most striking evidence for this came from the finding that 
WASP binds to the small GTPase, Cdc42 and is implicated in actin polymerisation 
(Symons et al., 1996). Cdc42 activation is triggered by bradykinin, which leads to 
the formation of filopodia protrusions at the cell periphery that aid in movement from 
external stimuli (Kozma et al., 1995; Nobes and Hall, 1995). One potential 
consequence of this interaction is the involvement of WASP in the formation of 
filopodia by binding to actin via its carboxy-terminus. More recent data, however, 
indicate that WASP is not required for the formation of filopodia in fibroblasts
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(Lamarche et al., 1996). By using a mutational approach, the downstream targets of 
Rac and Cdc42 were examined and it was revealed that WASP and other GBD 
proteins did not mediate the downstream effects induced by Cdc42 leading to 
filopodia formation (Lamarche et al., 1996). This however, does not rule out the 
participation of WASP in other downstream pathways from Cdc42. Cdc42, together 
with its family members, plays a number of key roles in cellular behaviour which 
have now been shown to occur through distinct pathways (Lamarche et al., 1996). 
Rho GTPases have been shown to play a role in the induction of G1 cell cycle 
progression (Yamamoto et al., 1993; Olson et al., 1995), where as Cdc42 and Rac 
have been reported to regulate the c-Jun N-terminal or stress-activated MAP kinase 
(JNK/SAPK) via such proteins as p65^^^, and the p38/HOG MAP kinase cascades 
thereby also affecting gene transcription (Bagrodia et al., 1995; Coso et al., 1995; 
Minden et al., 1995; Olson et al., 1995; Zhang et al., 1995). It may be, therefore, that 
the function of WASP lies in the regulation of the MAP kinase pathway through 
Cdc42. Cdc42 activation can also lead to the subsequent activation of Rac and Rho 
which all regulate cell motility, cell adhesion with the formation of stress fibres, focal 
adhesions, lamellipodia and membrane ruffles.

Another form of cytoskeletal reorganisation by Cdc42 which could potentially 
involve WASP, is during the polarisation of T-cells to antigen-presenting B-cells 
necessary for an immune response (Ridley et al., 1995; Stowers et al., 1995). This 
would explain why males with WAS respond poorly to T-cell dependent antigens. 
The link between WASP and actin can also rationalise why mutations in WASP are 
known to disrupt actin microvilli on T-cells and result in deformed platelets. 
Cytoskeletal rearrangements are also responsible for movement of leukocytes in 
inflammation and in the process of phagocytosis of macrophages. WASP is strongly 
expressed in these cells and was shown to bind c-Src family members such as Fyn 
and c-Fgr, expressed in lymphocytes and monocytes respectively. These interactions 
may be important for the transmission of signals at the surface of the cell to the 
cytoskeleton to control motility and shape. Furthermore, the finding in this thesis that 
WASP binds Fyn, also ties in with the cytoskeleton story. There has been a number 
of reports implicating Fyn as having a role in organising the cytoskeleton (Thomas et 
al., 1995) and binding to focal adhesion-associated protein tyrosine kinases, such as 
FAK (Cobb e ta l,  1994).

There are indeed several lines of evidence suggesting that SH3 domains and their 
ligands, have a role to play in mediating interactions with the cytoskeleton and 
regulating cytoskeletal proteins. Firstly, a number of cytoskeletal proteins or 
cytoskeletal-associated proteins, have been shown themselves to possess SH3
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domains (Drubin et al., 1990). These proteins include the yeast actin binding protein 
A bpl, myosin 1, cortactin, and a-spectrin (Drubin et al., 1990; Wu and Parsons, 

1993). In fact, many SH3-proteins in yeast have a role in cell polarisation during 
budding and mating (discussed in Musacchio et al., 1994b). Indeed, the SH3-binding 
protein dynamin has been shown to associate with micro tubules (Shpetner and Vallee, 
1989). SH3 domains are important for subcellular localisation to the cytoskeleton, 
and the SH3 domains of PLC-y and Grb2 have been shown to direct these proteins to 

actin stress fibres and membrane ruffles respectively (Bar-Sagi et a l, 1993).

More evidence for implicating WASP in actin rearrangements came from work on the 
yeast homologue of the WASP gene Las 17 (Kirchhausen, personal communication). 
Inactivation of this yeast gene results in defects in membrane growth and cell 
budding, both of which could be explained by faulty actin polymerisation. At the 
stage of budding in the organisms reproduction process, the actin cytoskeleton 
reorganises to form vesicles beneath the cell surface. In yeast WASP mutants, this 
organisation of actin filaments is severely disrupted, also explaining the observed 
impairment in the migration of DNA and cytokinesis processes.

Whether WASP binds actin directly or through an actin-binding protein like profilin 
in a similar way to VASP, is still unclear. However, to say that WASP has a key 
involvement in the polymerisation of actin and cytoskeletal organisation of the cell, is 
now strengthened by a number of findings: the presence of regions of homology in 
WASP to cytoskeletal-regulating proteins such as verprolin and cofilin; the presence 
of long stretches of proline residues commonly seen in cytoskeletal molecules; the 
SH3 binding properties of WASP; its Cdc42 binding property and WASP 
overexpression and co-localisation studies in cells. Furthermore, the brain 
homologue of WASP was clearly demonstrated to regulate the cortical cytoskeleton 
in a lipid-dependent manner and its C-terminus depolymerises actin filaments in vitro 
(Miki et a l, 1996). Upon EGF stimulation with of fibroblasts transfected with N- 
WASP, microspikes were seen, suggesting N-WASP's involvement in Cdc42 
pathways.

In addition to its reported actin-binding properties, WASP was demonstrated to co- 
localise with the microtubule component of the cytoskeletal network (Chapter 7). 
Immunofluorescence and confocal data revealed co-localisation between WASP and 
a-tubulin in mitotic U937 cells. It is possible that WASP recruits Fyn to the 

microtubule network, namely the centrosomes and mitotic spindle, where it is needed 
for cell division. WASP may indeed be responsible for the transmission of signalling
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pathways involving such molecules as Fyn, Nck, Grb2 and Btk, which would result in 
cell division and cellular growth.

Cytoskeletal changes are vital in a cell's response to its the environment. WASP may 
be a candidate molecule to link the cytoskeleton with signal transduction pathways. 
Indeed, WASP may act as a bridge or scaffold linking proteins to the cytoskeleton. 
Although the link between growth factor signalling, cell division and the actin 
cytoskeleton is not clear, it is known that actin organisation is important for cell 
attachment and hence proliferation. Conceivably, WASP may transmit signals to the 
cytoskeleton through several different pathways. WASP can bind Cdc42 and play a 
role in small GTPase-regulated pathways resulting in actin polymerisation, 
cytoskeletal rearrangements or transcriptional activation. In addition, WASP may 
also serve as a link between SH3-containing signalling molecules and the actin 
cytoskeleton or indeed the microtubule network during cell division. With these 
possible functions of WASP in normal cells, the disruption of the protein in the 
Wiskott-Aldrich syndrome may justify observed features such as immunodeficiency, 
abnormal platelet and T-cell morphology and thrombocytopenia.

8.4 THE FUTURE FOR WASP

Since the cloning of the gene responsible for the Wiskott-Aldrich syndrome, two and 
a half years ago, there has been a surge of attention on its protein product, WASP. 
Various models have been proposed for its role in the cell, although WASP's 
interactions still appear disjointed and the complete picture seems distant. How all 
the associations of WASP converge inside the cell is still a mystery waiting to be 
unravelled.

Many questions are still begging to be answered in the WASP story. Which of the 
putative functions suggested for WASP are correct? Which of its interactions are 
necessary for its function? How vital is this protein for normal cell function? Do 
other homologues exist in non-haematopoietic cells? With the discovery of new 
binding partners for WASP and investigations using the now existing mouse and 
yeast models of WAS, a greater understanding and answers to these questions will 
soon emerge. Piecing together all the available data on WASP, we now have the 
exciting possibility that WASP couples Cdc42 and Fyn tyrosine kinase-mediated 
signal transduction pathways to the cytoskeleton. Disruption of these pathways in 
WAS patients would explain the cytoskeletal and signalling defects. Mutational
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analysis of the WASP-Fyn interaction and further studies on the WASP-Cdc42 
complex, may reveal their functional consequences. Additional lines of study, such 
as biochemical analysis of the phosphorylation state of WASP under different cellular 
conditions and mapping the phosphorylated residue(s), would be useful. Certainly, the 
possible functional consequences of WASP phosphorylation observed in baculovirus- 
infected insect cells and Jurkat cells (Chapter 6), must be explored in more detail. 
These may include possible changes in the cytoskeleton, changes in the subcellular 
localisation of WASP and alterations in its binding specificity. WASP-negative cell 
lines, either from WASP 'knockout' mice or from WAS patients, could be used to 
compare such characteristics as cell morphology, growth, differentiation, migration 
and adhesion, with those of normal blood cells. Additional transfection studies using 
wild-type and mutant forms of WASP would allow a more controlled handle on 
manipulations such as immunofluorescence and cytoskeletal studies. T- and B-cell 
signalling are defective in WAS patient cells which suggests that the WASP-Fyn 
interaction documented here, may be important in such pathways. WASP's possible 
role as a signalling element would therefore be a fruitful area for continued research.

Data in this thesis detail the identification and the biochemical and 
immunohistochemical characterisation of a new Fyn SH3-binding protein. Although 
no specific role has been defined, the emerging picture now places WASP as a key 
integrator between such molecules as tyrosine kinases, signalling proteins, small 
GTP-regulated proteins and the cytoskeleton.

Future, long-term aims may include new treatments for the Wiskott-Aldrich 
syndrome, such as gene therapy to replace the defective gene. Moreover, structural 
studies of WASP complexed with its physiologically relevant partners and a 
structural/functional dissection of the regions of WASP that mediate these protein- 
protein interactions, may allow the design of potential inhibitors leading to anti
inflammatory and immunosuppressive drugs. Clearly, WASP is emerging as a key 
regulator in haematopoietic cells, as is N-WASP in neuronal cells (Miki et al., 1996). 
Further research on the previously unknown protein WASP, will not only serve in the 
path to treatment for such complex immunodeficiency syndromes as WAS, but will 
lead to a greater comprehension of the immune system and basic blood cell biology.
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