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Abstract

The aim of this Ph D was to investigate cell cycle-dependent roles of the src- 

family members, p561ck and p59fyn, in the T cell line, Jurkat. The SH3 and 

SH2 domains were analysed with respect to substrate binding and specificity, in 

cells blocked in S phase and mitosis. Cellular substrates were isolated by 

affinity precipitation using p561ck and p59fyn domains expressed as GST fusion 

proteins.

Although quantitative differences in substrate binding were seen between 

the SH2 and SH3 domains, no cell cycle-dependent protein interactions were 

detected. To identify these constitutively interacting proteins, Coomassie Blue 

stained proteins were excised from the acrylamide gel and subjected to peptide 

sequencing. This revealed the following interacting proteins for the fynSH3 

domain; vimentin, hnRNPK, p54nrb, Sam68 and BF-l/HFKl. FynSH2-binding 

proteins included HSP70, nucleolin, KU-70kDa subunit and KU-84kDa subunit. 

These interactions, excluding hnRNPK and Sam68, are novel. Sequence from a 

40kDa peptide associating with the fynSH2 domain did not correspond to any 

known protein.

Sam68 was shown to associate with the SH3 and SH3SH2 domains of p561ck 

and p59fyn and with the SH2 domain of p59fyn. An immunologically related 

57kDa protein associated with the SH3 and SH2 domains of p59fyn in 

asynchronous and mitotic cells but with the SH2 domain of p561ck in 

asynchronous cells only. A 57/58kDa doublet was found in association with the 

SH2 and SH3 domains of p59fyn in mitotic cells with the mitotic band exhibiting 

a retarded mobility. The association of Sam68 and the 57kD protein with 

fynSH3 was inhibited by poly-proline. Sam68 association was constitutive and 

independent of anti-CD3 stimulation or position in the cell cycle. Evidence is 

also reported, suggesting the presence of a family of Sams in a range of cell 

types.
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1.1 The Src Family

In 1911, Peyton Rous first described a chicken sarcoma caused by an avian 

retrovirus with the ability to cause the rapid eruption of tumours in infected 

animals (Rous, 1911). The oncogenic properties of the Rous sarcoma virus 

(RSV) led to the discovery of the viral gene, f-src, which encodes a 60kDa 

plasma membrane-associated protein capable of inducing neoplastic 

transformation (Parsons and Weber, 1989). Oncogenes frequently encode 

protein kinases and in 1978 v-Src was discovered to have protein kinase activity. 

RSV was later shown to contain a viral copy of a normal cellular gene termed c- 

src (Levinson et al., 1978), (Collett and Erikson, 1978), (Collett et al., 1978) 

which is not required in the replication cycle of RSV. One significant difference 

between the viral and cellular copies of this protein is that the last 19 carboxy- 

terminal amino acids of c-Src are replaced by 12 different amino acids in v-Src. 

This domain is part of the C-terminal kinase regulatory region and its loss leads 

to a constitutively active kinase which mediates neoplastic transformation by 

the virus. The carboxy-terminal encoding sequence of v-src is located 900bp 

downstream from the termination codon of the c-src gene suggesting that the c- 

src sequence was captured by a virus through recombination at either side of 

the c-src gene, resulting in the acquisition of a mutated form of a proto

oncogene (Swanstrom et al., 1983). Genetic screening has revealed 9 closely 

related tyrosine kinases, in mammals and hirds, which are all normal cellular 

components: p60c-Src (Martinez et al., 1987), (Takeya and Hanafusa, 1983), 

p59Fyn (B and T isoforms) (Semha et al., 1994), p56Lck (Marth et al., 1985), c- 

Yes (Klages et al., 1993), (Sukegawa et al., 1987), Elk (Drebin et al., 1995), 

(Islam et al., 1995), Yrk (Sudol et al., 1993), p53/561yn (Yamanashi et al., 1987), 

Hck (Quintrell et al., 1987) (Ziegler et al., 1987), and c-Fgr (Yi and Willman,
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1989). The expression of each member varies but most are restricted to cells of 

haematopoietic origin with Src, Fyn and Yes showing a much more ubiquitous 

expression pattern. At least one or more of these proteins is present in every 

higher-animal cell type studied to date.

1J2 Cloning of Lck and Fyn

Cloned in 1985 (Marth et al., 1985), Lck is a lymphocyte-specific protein tyrosine 

kinase. Fyn was cloned one year later (Semha et at., 1994) originally under the 

name of Syn (Src/Yes related novel gene) and exhibits a much more widespread 

tissue distribution with an alternatively spliced form being expressed in T cells 

(Cooke and Perlmutter, 1989) (fig. 1.1). Both Lck and Fyn have extensive 

regions of similarity with the other members of the Src family. Prominent 

among these are the protein tyrosine kinase consensus sequence G-X-G-X-X-G 

(Hunter and Cooper, 1985) (residues 252-257 in Lck and 278-283 in Fyn), and a 

lysine residue in the kinase domain (K273 in Lck and K299 in Fyn). These 

lysine residues are critically important in ATP-binding.
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a) A rp  Binding Aulophosphorylation 
Doipain site

K273 Y394 Y 505

NT SH3 SH2

CÜ4/CD8
Binding

b)
ATP Binding Autophosphorv'lation 

Dotjiain Site

K296 Y417 Y528

NT SH3 SH2

Figure 1.1 Structures o f Lck and Fyn
Lck a) and Fyn b) are composed of four subdomains: a 
unique amino terminus (NT), Src-homology (SH) 2 and 3 
domains and a catalytically active tyrosine kinase domain 
(catalytic). This domain contains ATP-binding and 
autophosphorylation sites which are both essential for kinase 
activity. The carboxy-terminal tail contains the regulatory 
tyrosine (Y505/528). The CD4/CD8 binding region of Lck 
is also indicated as is the alternatively-spliced exon 7a of 
Fyn

1.3 STRUCTURE OF SRC

The crystallisation of a large fragment of c-Src containing the SH3 and SH2 

domains, the kinase domain and carboxy-terminal tail, provided further insight 

into the overall architecture of the ‘closed’, inactive molecule which is 

monophosphorylated on Y527 (the regulatory C-terminal tyrosine) (Xu et aL, 

1997). The unique amino terminal was not incorporated as it is thought not to 

participate in the conformation of the inactive kinase (Xu et al., 1997). In its 

inactive state the kinase forms a compact structure with the SH2 and SH3 

domains lying beside the large and small lobes of the tyrosine kinase domain 

respectively (fig. 1.2). Surprisingly, these lie on the opposite side of the 

catalytic site, thus the active site is still exposed. The C-terminal tail projects 

from the catalytic domain to form an intramolecular interaction with the SH2 

domain. Dephosphorylation of Y527 or apposition of a higher-affinity cellular



ligand for either SH3 or SH2 could result in a switch to the ‘open’ and active 

conformation. The flexibility of the SH2/SH3 interaction and the long linker 

between the SH2 and kinase domains would result in a rather ‘floppy’ active 

kinase, allowing SH2 and SH3 domains access to cellular substrates, thereby 

directing activated c-Src to its appropriate substrates and subcellular location. 

SH3 and SH2 domains thus play a dual role in Src family members: they are 

involved in inhibition of kinase activity but once freed from this role they are 

important in substrate targeting. All members of the Src family are non

receptor protein tyrosine kinases which lack extracellular or transmembrane 

domains. They comprise six distinct functional domains namely, Src-homology 

(SH) 4, a unique amino-terminus, SH3, SH2, SHI and a carboxy terminal tail.

a) b)
SHMCinase

Activation

Lobe ■  Loop

Tail

Figure 1.2 Structure of c-Src
Structure of a) monophosphorylated, inactive c-Src 
and b) the open and active c-Src (based on crystal- 
structure data in (Xu et al,  1997)). 
Déphosphorylation of Y527 activates the kinase, 
whereas phosphorylation of Y527 has the opposite 
effect by allowing Y527-SH2 interaction. Y416 
represents the autophosphorylation site within the 
activation loop.



1.3i SH4 Domain

As Src protein tyrosine kinases (PTKs) lack transmembrane domains, 

membrane localisation is achieved through N- terminal fatty acylation. The 

SH4 domain is a 15 amino acid sequence which contains the signals for 

attachment of lipid moieties. Both myristylation and palmitylation sites are 

found in all members excepting Src and Blk which are not palmitylated (Resh, 

1994). All Src family members tested have been found to associate with 

membranes. Deletion and mutation studies have shown that membrane 

anchoring requires the first 15 amino acids of the protein which contain the 

myristylation and palmitylation sites, and also have a high content of basic 

residues. c-Src has the highest proportion of basic residues and some of these 

may contribute to membrane binding, perhaps by forming electrostatic 

interactions with negatively charged phospholipids in the inner leaflet of the 

plasma membrane. This may allow for effective membrane binding in the 

absence of palmitylation (Resh, 1994).

M yristy la tion

In c-Src, myristylation requires the first seven amino-acids (Kaplan et aL, 1988). 

Irreversible, co-translational attachment of myristic acid to a glycine residue at 

position 2 (gly-2) occurs on every member of the family (Resh, 1994) and was 

thought to be a prerequisite for palmitylation as gly-2-mutated proteins are not 

palmitylated (Koegl et al., 1994). However, 2-hydroxymyristate, which is 

metabolically activated to form a potent inhibitor of protein myristylation, 

blocks myristylation of Lck but palmitylation still occurs, implying that 

myristylation is not a prerequisite to palmitylation but that the presence of the 

correct myristylation site is (Paige et at., 1993).
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Although myristylation is not required for the mitogenic effects of Src, it is 

required for cellular transformation by v-Src and activated variants of c-Src. 

Mutation-analysis of Src revealed that substitution of the gly-2 with either 

alanine or glutamic acid prevented myristylation. Strikingly, non-myristylated 

mutant Src proteins did not induce morphological transformation of infected 

cells, even though wild-type levels of phosphorylation of cellular proteins on 

tyrosine were observed (Kamps et nZ., 1985). The inability of non-myristylated, 

activated Src proteins to induce morphological transformation was not due to 

changes in kinase activity (Buss et al., 1986), neither was it due to an inability to 

stimulate cell proliferation (Calothy et al., 1987). Tyrosine phosphorylation of a 

120kDa protein correlated with morphological transformation by Src mutants, 

activated by the substitution of Y527 with F527 (Reynolds et al., 1989).

However, phosphorylation of this 120kDa protein was not seen in cells 

expressing an activated hut non-myristylated (gly-2 to alanine) Src variant.

This suggested that the myristyl moiety was essential for the transforming 

activity of the protein (Kamps et al., 1985) and consistent with this was the 

association of pl20 with membranes. In contrast to the cellular targets 

involved in morphological transformation and anchorage independence, the 

targets involved in mitogenic activity are accessible to non-myristylated Src 

proteins. It would therefore appear that the tyrosine-phosphorylation of 

certain proteins, which are probably found in cellular membranes, is essential 

for transformation by RSV (Calothy et al., 1987) (Kamps et al., 1986).

P alm ity la tion

Palmitylation is a reversible, post-translational modification which occurs on 

cysteine residues within the first 10 amino acids of all Src family tyrosine
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kinases with the exception of Src and Blk. Fyn is palmitylated on a cysteine 

residue at position 3 (cys-3) which is necessary for plasma-membrane 

localisation (mutation of this residue abrogates plasma membrane localisation). 

However, the presence of a cysteine at position 6 (cys-6) also appears to be 

necessary, with the addition of a palmitate analogue being prevented by 

substitution of cys-3 or cys-6 with serine. Interestingly, c-Src contains serine at 

positions 3 and 6 and is not palmitylated. However, substitution of the first 

serine but not ser-6, with cysteine resulted in palmitylation (Alland et al.y 1994). 

Palmitylation of Lck occurs on cysteines 3 and 5 with palmitylation of either one 

of these being sufficient for membrane targetting (Yurchak and Sefton, 1995). 

Palmitylation not only contributes to membrane binding, but may also have a 

regulatory function by altering the affinity of the protein for specific 

subcellular targets. Src and Blk are not palmitylated and phosphorylate a co

expressed Iga, but the addition of a palmitylation site to Blk abrogates this 

phosphorylation. Conversely, removal of the palmitylation site from Fyn 

allows it to recognise and phosphorylate the Iga (Resh, 1994).

These and other studies have shown that rapid membrane anchoring of Src 

family members is exclusively conferred by the combination of N-myristylation 

plus palmitylation (van't Hof and Resh, 1997), and correct fatty acylation of Src- 

members is important in ensuring proper membrane localisation, enzymatic 

activity, and phosphorylation of appropriate cellular proteins.
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1.3Ü Unique Amino Terminus

The amino acid sequences of all members of the Src family are highly similar, 

although significant differences exist within the unique amino terminus, which 

is of variable size:

ca. 40-50 amino acids in Lck, Lyn, Hck and Blk 

ca. 70 residues in Src, Yes, Fyn, Yrk and Fgr 

This domain has been proposed to be important for mediating interactions with 

receptors or proteins that are specific for each family member. For example, 

sequences within the unique N-terminal domain of Lck mediate its interaction 

with the T cell surface molecules, CD4 and CDS (Rudd et aL, 1989) (Veillette et 

aL, 1988). Serine and threonine phosphorylation sites have also been identified 

in the unique domains of Src and Lck (Morgan et aL, 1989) (Shenoy et aL, 1992) 

(Chackalaparampil and Shalloway, 1988) (Winkler et aL, 1993). The precise 

function of these modifications is as yet unknown, but they may modulate 

protein-protein interactions.

l .S iii SH3 domain

SH3 domains mediate protein interactions and are present in many signalling 

molecules and cytoskeletal proteins. They are approximately 60 amino acids 

long and many have been found to bind proline-rich sequences (Pawson and 

Gish, 1992) (Morton and Campbell, 1994) (Ren et aL, 1993) (Yu et aL, 1994) 

which exhibit a poly-proline type II (PPII) helical conformation with a PXXP 

core consensus. However, surrounding amino acids confer additional affinity 

and specificity for individual SH3 domains (Cohen et aL, 1995). SH3 ligands can 

bind in either an NHg-COOH (Class 1) or COOH-NHg (Class 2) orientation (Yu 

et aL, 1994) (Feng et aL, 1994). The SH3 binding pocket has two hydrophobic
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grooves which contact the PXXP consensus. A second region contacts the 

residues N-terminal (Class I) or C-terminal (Class II) to the proline core. SH3- 

containing proteins are often membrane-associated suggesting a role for SH3 

domains in subcellular localisation (Gout et aL, 1993) (Rodaway et aL, 1989) 

(Bar-Sagi et aL, 1993). SH3 domains are also involved in the regulation of 

kinase activity and have been shown to be important in kinase inhibition. 

Crystal structure analysis of Src showed an interaction between both the SH3 

and the small lobe of the kinase domain and the 14 residue poly-linker which 

joins the SH2 to the kinase domain (Xu et aL, 1997). This linker contains only 

one proline residue which binds in the position usually occupied by the first 

proline in the PPII binding sequence. Glycine occupies the other site in the SH3 

domain which normally requires proline, but as it does not intercalate into the 

binding cleft, the course of the linker deviates from that of proline-rich 

peptides. This SH3/linker interaction is conformationally important in kinase 

inactivation. Although SH3 domains within the Src family are homologous, 

their role in kinase regulation and substrate recognition vary from member to 

member (Abrams and Zhao, 1995). Thus, chimeric proteins containing 

substituted SH3 domains from other members of the family exhibit different 

levels of activity when compared to the activity of the original protein.

1.3iv SH2 domain

As with SH3 domains, conserved SH2 domains are found in many different 

cytosolic proteins involved in cell signalling. The SH2 domain is approximately 

100 amino acids long and provides phosphorylation-dependent and sequence 

specific contacts for assembly of receptor signalling complexes. The conserved, 

folded structure of an SH2 domain contains a central p-sheet, flanked on either
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face by two a-helices. The SH2 domain provides strong and specific binding to 

phosphotyrosine in cellular substrates, with the surrounding amino acids 

conferring specificity to the kinase. This was shown by Songyang et al, who 

constructed a synthetic phosphopeptide library to explore: the optimal sequence 

for binding to various SH2 domains (Songyang et aL, 1993). The preferred 

sequence for Src, Fyn, Lck and Fgr had E, E and I at the +1, +2 and +3 positions 

respectively, C-terminal to the pY. This differs from all other SH2 domains 

examined, which include Abl, the p85 sub-unit of FI3-kinase and phospholipase 

Cyl (FLCyl).

Crystallisation revealed the topology of the LckSH2 domain and its method 

of interaction with tyrosine-phosphorylated ligand. Using an 11 amino acid 

sequence from the hamster polyoma middle T antigen, EFQpYEEIFIYL, a high 

affinity binding peptide, the presence of a phosphotyrosine binding pocket was 

shown. A second binding pocket was detected showing that peptides were 

anchored by insertion of the pY and pY+3 side chains into their binding pockets 

and by a network of hydrogen bonds to the peptide main chain (Eck et aL,

1993). With weakly interacting peptides no insertion of the +3 residue into the 

second pocket was detected (Waksman et aL, 1992) and the peptide remained 

displaced from the surface of the domain. This is also the case with the 

regulatory C-terminal tail sequence which has no side chain occupying the +3 

binding pocket (Koegl et aL, 1995). This allows displacement of pY527 by 

cellular ligands exhibiting a higher affinity for the SH2 binding domain.

1.3v SHI - The Catalytically Active Kinase Domain

Most of the C-terminal half of the Src family kinases forms the tyrosine kinase 

domain which comprises a smaller, N-terminal lobe connected to a larger C-
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terminal lobe by a flexible ‘hinge’ (see flg. 1.2). Interactions of the SH2/SH3 

domains with the linker, the C-terminal tail and the kinase domain are thought 

to force a conformational change in the kinase domain by pushing together the 

C- and N-lobes, thereby reducing access to the catalytic cleft and forcing helix C 

to swing outwards. This, presumably, would be reversed upon pY527 

dephosphorylation or displacement hy a pY-containing ligand with a higher 

affinity for the SH2 domain. Helix C is displaced in the inactive kinase and 

phosphorylation of Y416 is thought to restore it to its active position such that 

the conserved glutamic acid at position 310 is pushed into the catalytic site 

where it is thought to be an important hgand for a and P phosphates of ATP.

1.4 REGULATION OF KINASE ACTIVITY

As active Src family members emit positive growth signals it is essential that 

their regulation is tightly controlled. Loss of regulation can result in the 

realisation of their oncogenic potential, leading to cellular transformation. Lck 

and Fyn are regulated by Csk and CD45 which ensure correct control of kinase 

activity.

1.41 Inactivation by Csk

Src family tyrosine kinases are maintained in an inactive state by the 

phosphorylation of the conserved carboxy-terminal tyrosine. This tyrosine 

residue is present in the tail, which is an approximately 20 amino acid stretch, 

C-terminal to the kinase domain (Hunter, 1987). Phosphorylation of this 

residue is performed by a protein tyrosine kinase known as Csk (carboxy- 

terminal Src kinase). Csk has been shown to suppress Fyn- and Lck-mediated 

activation of the c-fos and IL-2 promoters but to have no suppressive effect on

24



Lck or Fyn mutants containing a phenylalanine substitution at Y505/528 

(Takeuchi et al., 1993).

A second member of this family known as Ctk/Ntk is also able to 

pbospborylate Lck (Klages et al., 1994) (Cbow et al., 1994a) (Cbow et al.,

1994b). Phosphorylation occurs on Y505 and Y528 of Lck and Fyn respectively 

(527 in Src) enabling this pbospbotyrosine to form an intramolecular 

interaction with the SH2 domain. This results in auto-inbibition, locking the 

kinase in an inactive state (see fig. 1.2). The interaction between the 

pbospborylated tail and the SH2 domain has been shown to be of low affinity 

(Xu et al., 1997), allowing for displacement by higher-affinity pbospbotyrosine- 

containing ligands and consequent activation. The carboxy-terminal tail is 

absent in v-Src and oncogenic activation of Src family members can be achieved 

by mutation of the C-terminal tyrosine (March et al., 1988) (Davidson et al.,

1994). In keeping with this, deletion or mutation of the SH2 domain results in 

constitutive activation of the kinase (Hunter, 1987). As mentioned previously, 

SH3 domains also play a role in the regulation of kinase activity (Abrams and 

Zhao, 1995) (Seidel Dugan et al., 1992) and experiments on expressed Src in 

yeasts confirmed the requirement for SH2 and SH3 domains in efficient 

regulation of kinase activity (Superti Furga et al., 1993) (Okada et al., 1993).

1.4Ü Activation by CD45

CD45 is the major transmembrane protein tyrosine phosphatase present on the 

surface of T cells, and plays a crucial role in TCR signalling. Loss of 

pbospboinositide hydrolysis, diminished increases in intracellular Câ  ̂with 

delayed and asynchronous Ca^ transients, and lack of lympbokine production 

and/or cell proliferation are some of the phenotypes observed in the absence of
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CD45 (Koretzky et al.y 1991) (Koretzky et al.y  1990) (Volarevic et al.y 1992) 

(Weaver et al.y 1991). CD45 can dephosphorylate several protein and 

phosphorylated peptide substrates in v itro  (Mustelin and Altman, 1990) 

(Mustelin et al.y 1992) (Tonks et al.y 1990) (Cho et al.y 1993) but only Lck and 

Fyn bave been identified as substrates in vivo  (Ostergaard et al.y  1989) 

(McFarland et al.y  1993) (Hurley et al.y 1993). In CD45 null murine T cell lines, 

Lck and Fyn were shown to be hyperphosphorylated on Y505 and Y528 

respectively. 2.5- and 6-fold increases in phosphorylation were detected for 

Y505 and Y528 respectively, suggesting that CD45 has a greater influence on 

Lck activity. Tyrosine phosphorylation of the regulatory C-terminal tyrosine of 

Src was unaffected by the absence of CD45 (Gervais and Veillette, 1997). How 

this substrate specificity is achieved is unknown but it may be affected by 

substrate accessibility. For example, there is evidence showing that Lck 

associates directly with the cytoplasmic domain of CD45 in vitrOy and this occurs 

via the Lck amino terminus and SH2 domain (although in a phosphotyrosine- 

independent manner) (Ng et al.y 1996). In addition Lck and proteins of 

approximately 30kDa can be co-precipitated with CD45 (Schraven et al.y 1991) 

and triggering of T cells via CD45 results in activation of Lck (Gervais and 

Veillette, 1997). CD45 is thought to be responsible for activating the tyrosine 

kinase by dephosphorylation of the regulatory C-terminal tyrosine which 

causes a reversion of the inhibition imposed by Csk. Following 

dephosphorylation, the tail and the SH2 domain become un tethered leading to 

a change to the active conformation of the kinase domain.

However, other evidence implies a more complicated role for CD45 in the 

regulation of Lck and Fyn. A study of three different T cell lines found that in 

the absence of CD45, Lck and Fyn were hyperphosphorylated and.
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surprisingly, hyperactive (Bums et al., 1994). Further study in one of these cell 

lines suggested both positive and negative roles for CD45 in the kinase- 

regulation of Lck via dephosphorylation of Y505 (the C-terminal tyrosine) and 

Y394 (present in the autophosphorylation site), respectively.

So the net effect of CD45 on kinase activity may thus depend upon cell type, 

activation state or the complement of other tyrosine phosphatases and kinases 

expressed.

1 .4 iii A u top h osp h ory la tion

Autophosphorylation sites exist within Src family members, these are Y394 and 

Y417 in Lck and Fyn respectively which are located within the ‘activation loop’ 

(fig. 1.2). The sequence lEDNEYTAR is conserved at this site in all members of 

the family except for Fgr and Elk. Phosphorylation of this tyrosine, following 

‘opening’ of the kinase after Y505/528 dephosphorylation, leads to enhanced 

kinase activity (Brown and Cooper, 1996).

1.5 I N  VIVO FUNCTIONS OF SRC KINASES

A multitude of studies carried out on members of the Src family, has shown that 

these PTKs interact with a plethora of receptors, use distinct and overlapping 

cellular proteins as substrates, and are involved in a vast array of biological 

processes (see Tables 1.1 and 1.2, pp32 and 33). The majority of these studies 

involved analysis of immortalised cell lines or isolated primary cell cultures. 

However, analysis of these kinases in whole organisms is important in relating 

these molecular and cellular activities to both normal and disease-associated 

physiological events involving Src PTKs. The advent of gene targetting and 

stem cell technology has aided such studies and targetted disruptions of all
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known Src family genes have been generated in the mouse. Phenotypes 

resulting from targetted disruption range from no overt phenotype to very 

distinct abnormalities in specific cell types, tissues, or physiological responses 

(for reviews see (Lowell and Soriano, 1996) (Brown and Cooper, 1996)). These 

studies have provided valuable insight into the in vivo rolçs of Src PTKs. This 

section focuses on the phenotypes resulting from targetted disruption of src, lck 

and fyn.

1.51 Src Knockout Mice

Targetted disruption of the src gene in mice resulted in osteopetrosis, a bone 

remodelling defect (Soriano et al., 1991). This was an unexpected phenotype of 

src-/- mice given its role in cell proliferation, and no previously reported 

evidence for a role of Src in bone physiology. However, siibsequent studies 

revealed that osteoclasts, cells involved in bone remodelling, express high 

levels of Src (Home et al., 1992). Osteopetrosis is a condition which results 

when the balance between bone resorption and -deposition is perturbed, either 

through excess deposition or decreased resorption. Osteoclasts in src-i- mice 

display severe defects in bone resorption in vivo and in vitro (Boyce et al., 1992) 

(Lowe et al., 1993). Bone resorption by osteoclasts involves the formation of a 

ruffled border, which secretes proteases, hydrogen ions, and other bone 

hydrolysing agents at the site of osteoclast adhesion to bone. Formation of the 

ruffled border is defective in src-/- osteoclasts (Boyce et al., 1992). The 

molecular basis for this phenotype is not understood, however, the osteoclast 

resorption defect could involve alterations in receptor pathways. Attachment of 

osteoclasts to bone is thought to be mediated by an interaction between the 

extracellular matrix molecule, osteopontin and the cĉ Pa integrin receptor. Src
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coprecipitates with â pg and is activated after osteopontin treatment (Rolnick et 

al., 1992) (Hruska et al., 1995) (Chellaiah et al., 1996). Thus loss of Src could 

affect osteopontin or other matrix signalling responses necessary for the final 

maturation of osteoclasts following adhesion to bone. Another pathway which 

may be altered in osteopetrosis is the colony stimulating factor-1 (CSF-1) 

signalling pathway. CSF-1 treatment of osteoclasts induces cell spreading, an 

induction of tyrosine phosphorylation and activation of Src (Insogna et al.,

1997). Src-/- osteoclasts do not spread in response to CSF-1 thus defects in CSF- 

1 signalling could contribute to the osteoclast defect in src-/- mice. Although 

some of these proteins may be direct substrates of Src, transgenic studies 

suggest that the role of Src in osteoclasts is kinase-independent. Expression of 

wild-type, autophosphorylation-deficient or a kinase-inactive Src transgene in 

src-/- mice rescues the osteopetrotic defect (Thomas and Brugge, 1997) 

suggesting that direct phosphorylation of substrates by Src is unlikely to be 

required for osteoclast function. Src may be important in localising proteins or 

stabilising signalling complexes necessary for formation of the ruffled border 

and bone resorption. Indeed Src appears to associate with microtubules and 

this association is not dependent upon tyrosine phosphorylation (Insogna et al., 

1997). The microtubule network is important in transporting proteins to the 

ruffled border thus it is possible that loss of Src could affect microtubule-based 

protein trafficking in osteoclasts.

1.5ii Lck Knockout Mice

The kinase activity of Lck is increased after TCR ligation (Danielian et al., 1992) 

and T cell responsiveness is enhanced by a mutated and hyperactive form of 

Lck (Abraham et al., 1991). T cell lines deficient in Lck exhibit a dramatic
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reduction in TCR-mediated signal transduction which can be reversed by the re

expression of Lck (Kamitz et aL, 1992) (Straus and Weiss, 1992). This shows a 

critically important role for Lck in signal transduction pathways activated by 

TCR engagement. The role of Lck is thus extremely important in mounting an 

appropriate immunological response to antigen. Lck is also the major Src 

family member required for thymopoiesis. Absence of Lck results in a severe 

deficit of CD4*CD8* thymocytes and compromised development of and yô T 

cells (Molina et aL, 1992).

1.5iîi Fyn Knockout Mice

Despite being widely expressed, Fyn knockout mice show no overt phenotype 

suggesting a degree of redundancy between the Src family members. In T cells 

from Fyn-deficient mice no alteration to the pattern of tyrosine phosphorylated 

proteins is seen but overall phosphorylation is reduced. However, in response 

to TCR cross-linking fyn-/- T cells fail to generate a normal calcium signal and 

exhibit a reduction in IL-2 synthesis. However, T cell proliferation is unaffected 

suggesting the involvement of other T cell growth factors whose expression is 

driven via calcium-independent pathways. Although T cell activation responses 

are largely functional in the absence of Fyn, the response of Fyn-deficient 

thymocytes to anti-CD3 cross-linking is substantially compromised (Stein et aL,

1992). Loss of fyn in mice also causes defects in neural functions although the 

molecular basis for the neurological impairments is less well understood. Loss 

of fyn is also associated with abnormalities in the hippocampus, defects in long

term potentiation, reduced myelination, and an increased fear response (Grant 

et aL, 1992) (Umemori et aL, 1994) (Cain et aL, 1995).
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1.5iv Disruption o f Multiple Src Genes

Given the large number of receptors with which Src PTKs associate, it is 

surprising that disruption of these genes has relatively little phenotypical 

effects in mice. Alternatively spliced forms of Src exist within neural tissues 

suggesting a specialised role for these isoforms. However, targetted disruption 

of src yielded no altered neurological phenotypes in mice. Given the role of 

these PTKs in cell proliferation it is also surprising that mutations in these 

genes are tolerated during embryogenesis. However, it is clear that multiple 

Src PTKs are involved in each receptor pathway, thus the lack of phenotype 

resulting from mutation of a single Src gene, is likely due to functional 

redundancy within the Src family. Analysis of mice containing disruptions to 

two Src family genes has shown that in order to reveal the requirement for Src 

members in particular systems, it may be necessary to mutate more than one 

Src gene. Consistent with this is the more severe form of osteopetrosis seen in 

mice null for src and h c k y  (Lowell et a l . y  1996) and the more severe T cell effect 

seen in mice null for l c k  and fyn (Van Oers et a l . y  1996). Double knockout of 

both l c k  and fyn results in a complete compromise of T cell development with 

no ap or y5 T cells. Expression of a gain-of-function mutant fyn transgene 

completely restores production of immature CD4/CD8 double positive 

thymocytes and yô T cells and improves the representation of CD4 or CD8 

single positive thymocytes (van Oers et a l . y  1996) (Groves et a l . y  1996). These 

findings reveal the potential for redundant functions mediated by Src family 

PTKs while emphasizing crucial roles for Lck and Fyn in T cell development.

A more severe effect is seen in mice deficient in Src and Fyn which die 

perinatally (Stein et a l . y  1994). Although the basis for the lethality is unclear, a 

more detailed analysis of these mice may reveal requirements for these PTKs in
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additional receptor pathways in vivo and provide insight into the molecular 

basis of the phenotype.

1.5v Effectors of Lck and Fyn

The effects of Lck and Fyn are mediated through association with many sub

groups of cellular proteins. Tables 1.1 and 1.2 show an abbreviated list of 

proteins which have been reported to associate with Lck and Fyn. These sub

groups of proteins include tyrosine and serine/threonine kinases, phosphatases 

and many cell surface receptors. (A more complete list can be found in 

Appendix I). This list includes both effectors and upstream regulators of Lck 

and Fyn.

Tyrosine Kinase Syk, ZAP70, Itk, FAK, Pyk2, Csk,
Serine/Threonine Kinase PI3 Kinase, Raf, Erkl/2,
Tyrosine Phosphatases SHPTP-1, CD45, HCP
Receptors TCR(0, CD4, CDS, IL-2R, IL-7R, 

NKR-PI, FcyRIIIA, CD3, CD28, 
CD44, CD2, CD56, CD5,

Table 1.1 Proteins found in association with Lck
Lck associates with many known proteins (column 2) from 
various subgroups. These include tyrosine-kinases and - 
phosphatases, serine/threonine kinases, and various cell 
surface receptors. For a more complete list of Lck- 
associating proteins and references see Appendix I.
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Tyrosine Kinase Pyk2, RAFTK, FAK, Itk, Csk, 
ZAP70,

Serine/Threonine Kinase PI3 Kinase, Raf
Tyrosine Phosphatase CD45
Receptors TCR(0, CD3, IL-2R, IL-3R, IL- 

7R, NMDAR, BCR(Iga), Fc îR, 
CD28, CSF-IR, CD5

Architecture o/p Tubulin, AFAP-110/120
Cell Adhesion NCAM-140, F3, Axonin-1, 

Contactin,

Table 1.2 Proteins found in association with Fyn
Fyn associates with many known proteins (column 2) from 
various subgroups. These include tyrosine-kinases and - 
phosphatases, serine/threonine kinases, and various cell 
surface receptors, proteins involved in subcellulai* 
architecture and cell adhesion molecules. For a more 
complete list of Fyn-associating proteins and references see 
Appendix I.

1.6 T LYMPHOCYTE BIOLOGY

An appropriate immune response to infection requires a complex interplay 

between various types of cells present within the immune system. These 

include macrophages, monocytes, neutrophils, eosinophils, basophils, platelets, 

natural killer cells, and B and T lymphocytes. T lymphocytes can be 

subdivided into two main categories: cytotoxic- and helper-T lymphocytes (Tcyto 

and Th, respectively). Tcyto act by directly destroying cells infected with viruses 

or intracellular microorganisms. They release perforin which acts to form 

channels in the plasma membrane of the infected cell. They also release serine 

proteases and can induce apoptosis by the activation of receptors on the surface 

of the infected cell. This group of T cells is distinguishable by the presence of 

CD8 on the cell surface, facilitating an interaction with major histocompatibility 

(MHC) molecules of Class I. Th are CD4* and associate with MHO class II
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molecules on the surface of antigen presenting cells (APCs). They do not 

directly destroy infected cells but act, as their name suggests, by helping 

stimulate a response in other cells of the immune system. Two sub groups of 

Th exist: T»! activate macrophages, and Ty2 stimulate B cells to proliferate and 

secrete antibodies. By secreting IL-2 or IL-4, Ty can also stimulate T cells, 

including antigen-activated, IL-2-Receptor-expressing Tcyto*

In the following sections the evidence that Src-family tyrosine kinases 

interact with components of the T cell activation pathway is reviewed, and the 

importance of these PTKs in the immune response is discussed.

1.6i Enzyme-Linked Cell-Surface Receptors

Cell surface receptors are often transmembrane proteins with extracellular 

ligand-binding domains. Their functions are to detect extracellular signals and 

transduce these signals across the plasma membrane into the cell interior, 

where appropriate signal transduction pathways are initiated. There are five 

known classes of enzyme-linked cell-surface receptors:

Receptor Type

1 receptor tyrosine kinases

2 tyrosine-kinase-associated receptors

3 receptor tyrosine phosphatases

4 receptor serine/threonine kinases

5 receptor guanylyl cyclases

Table 1.3 Types of enzyme-linked 
cell surface receptors
There aie five known classes of cell surface 
receptors associated with intracellular 
enzyme activity
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1) and 2) are the major classes involved in initiating intracellular tyrosine 

phosphorylation events in response to appropriate ligand-binding. Receptor 

tyrosine kinases e.g., EGF (epidermal growth factor), PDGF (platelet derived 

growth factor) and insulin receptors contain a catalytically active kinase domain 

within the intracellular portion of the molecule and require no associating 

kinase. However, this domain is lacking in class 2) and these receptors require 

association with intracellular tyrosine kinases to transduce their signals. 

Members of the Src and Janus Kinase families are frequently found in 

association with this group of receptors, which includes antigen-receptors on T 

and B lymphocytes, cytokine receptors, growth hormone and prolactin 

receptors (Argetsinger et aL, 1993) (Mustelin and Burn, 1993) (Schreurs et al.,

1992). Different members of the Src family associate with different receptors 

and pbospborylate distinct but overlapping sets of target proteins. They 

interact not only with tyrosine-kinase-associating receptors but also with 

receptors that contain intrinsic tyrosine kinase activity. For example, in T cells 

Fyn associates with the CD3 subunit of the TCR (Timson Gauen et aL, 1992) 

(Gassmann et aL, 1992) which contains no intrinsic kinase activity, and in 

fibroblasts with the activated PDGF receptor which does (Twamley Stein et aL,

1993) (Twamley et aL, 1992) (Kypta et aL, 1990). It is therefore not surprising 

that receptor tyrosine kinases and Src family-associated receptors activate some 

of the same signalling pathways.

1.6ii Antigen Presentation to T Lymphocytes

The normal immune response requires the participation of an activated, 

proliferating T cell population. The processing and presenting of antigen to the 

T cells is carried out by APCs and this presentation is required to initiate the
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appropriate T cell response. Peripheral blood T lymphocytes require two 

signals to leave their natural quiescent state and enter the cell cycle. The first 

activation signal is provided by stimulation of the T cell receptor by antigen. 

This, in combination with accessory signals derived from the antigen presenting 

cell, e.g., CD4/CD8 stimulation by MHC, induces the production of IL-2 and 

functional expression of the high affinity IL-2 receptor. The second signal, 

required for cells to enter S phase, is generated upon binding of IL-2 to the high 

affinity IL-2R which results in autocrine growth (for reviews see (Finkel et aL,

1991) (Clevers et aL, 1988) (Crabtree, 1989)).

The T cell receptor for antigen is a multi-subunit complex in which the a  

and p chains determine the antigenic specificity of the receptor, and the CDS 

complex is the signalling component (Alarcon et aL, 1991). The TCR binds 

antigen-MHC complexes displayed on the surface of the ARC (fig. 1.3). The 

presence of antigen-MHC at the cell surface is relayed from the plasma 

membrane, through the cytoplasm to the nucleus where transcriptional events 

are initiated which allow for an appropriate immunological response. Src 

family members have been demonstrated to associate with the TCR following 

stimulation. The complexing of Lck and Fyn with the TCR is achieved by their 

association with the co-receptors CD4/CD8 and CDS respectively (fig. I S). 

Endogenous and exogenous antigens are presented by type I or type II MHC 

molecules respectively. Type I MHC associates with CD8 and type II with CD4, 

thus indirectly localising Lck with the TCR. These interactions bring Lck and 

Fyn into close proximity to the TCR/CDS complex. Antigenic peptides 

presented in the context of MHC molecules are very efficient activators of T 

cells when compared to ligands which bind directly to the TCR. This is due to

36



the activation of co-receptors. Effector function of the activated T cell is largely 

directed at the APC, which is facilitated by the co-receptor system of activation.

MHC

T Lymphocyte

%
%Ammo

Terminus Kmase
Domain

4nüeen

Figure 1.3 Antigen presentation to T lymphocytes
Lck associates with the cytoplasmic domain of CD4 and CD8 
in Helper and Cytotoxic T cells respectively. Fyn associates 
with the CD3 complex. Antigen presentation results in the 
physical approximation of Lck to the TCR (a, p and )̂. This is 
achieved by the physical association between CD4/CD8 and the 
MHC molecule on the APC.

l.Giii Structure of the TCR

The TCR/CD3 complex comprises the polymorphic a and p subunits in non- 

covalent association with the invariant  ̂chains and the y, ô and e chains of CD3 

(Weiss, 1993) (fig. 1.4). The a and p chains are responsible for antigen binding 

and their polymorphism allows for recognition of a vast number of different 

antigens. These chains are held together by a disulfide bridge and jointly 

express a large extracellular domain. T cell receptor signalling across the 

plasma membrane is mediated by the cytoplasmic domains of the CD3 and the  ̂

sub-units (Weiss and Littman, 1994). These chains contain common domains
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which are crucial for TCR coupling to intracellular tyrosine kinases and hence 

for all subsequent TCR signalling responses. These regions are known as 

ITAMS (Immunoglobulin receptor family Tyrosine based Activation Motifs) and 

contain the sequence D/EXXYXXLCXlyYXXL/I (where X denotes any amino acid) 

(Reth, 1992) (Cambier, 1995).

TCR Heterodimer. 
Polym orphic A ntigen- 
M HC Binding Site

CD3

e 5

s s

Invariant
Chains

V s  V S  
I I  I I •ss-

ITAM

Figure 1.4 Structure of the T cell receptor
The T cell receptor comprises the polymoiphic a and (3 chains 
and the invariant  ̂chains found in association with the y-b 
and e-5 chain-pairs of the CD3 complex. ITAMs found on 
the cytoplasmic chains of y, 8, and e are essential for TCR 
coupling to intr acellular tyrosine kinases. The ITAM is 
present as a single copy on each of the CD3 chains and in 
triphcate on the  ̂chains (taken from Qian and Weiss 1995 
(Qian and Weiss, 1997)).

1.6iv Tyrosine K inases and TCR Activation

The TCR/CD3 complex contains no intrinsic enzymatic activity and relies on 

cytoplasmic non-receptor protein tyrosine kinases to mediate the effects of
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antigen binding and transduce the signal appropriately. Protein tyrosine kinase 

activation is the first detectable response elicited by TCR activation. The 

proposed sequence of events in the PTK cascade is activation of Src family 

kinases, which phosphorylate the ITAMs, followed by the recruitment of ZAP70 

to the phosphorylated ITAMs, and its subsequent phosphorylation and 

activation by Lck and Fyn (Iwashima et aL, 1994). Lck and Fyn are important in 

transducing the activation signal via intracellular protein phosphorylation and 

become part of the TCR/CD3 complex upon antigen stimulation.

1.6v Role of Syk PTKs in T Cell Activation

Following T cell receptor engagement, the ITAMs become tyrosine 

phosphorylated preferentially by Lck, but also by Fyn in some cell lines. This 

creates binding sites for the Syk family kinases, Syk and ZAP70 (fig. 1.5) 

(Neumeister et aL, 1995). Binding of ZAP70 requires its tandem SH2 domains 

and a doubly phosphorylated motif within the ITAM. The binding of ZAP70 

alone does not increase its enzymatic activity (Bu et aL, 1995) (Neumeister et aL, 

1995), but it appears that the preceeding phosphorylation of tyrosines in its 

regulatory loop, by Lck and Fyn, is responsible for its increased activity (Chan 

et aL, 1995). This tyrosine-phosphorylated form of ZAP70 can itself interact 

with the SH2 domains of Lck and Vav (Duplay et aL, 1994) (Huby et aL, 1995), 

suggesting that an adaptor role for ZAP70 in T cell activation may be important 

as well as its function as a tyrosine kinase.
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Figure 1.5 ZAP70 binding to ITAMs
Following TCR activation LcWyn phosphorylates the ITAMs 
present in the Ç and y, Ô, e chains of the TCR and CD3 
respectively. After binding, ZAP70 is phosphorylated and 
activated by Lck. ZAP70 can then act as a docking protein for 
Lck and Vav.

1.7 FROM MEMBRANE TO NUCLEUS

Activation of PTKs, and the resulting intracellular protein phosphorylation 

cascade, is rapidly succeeded by changes in intracellular calcium concentration 

and induction of cytokine gene transcription. This occurs via two major signal 

transduction pathways. The first involves the activation of PLCyl and the 

second involves the ras/raf pathway.

1.7i Activation of PLCyl

The TCR is indirectly coupled to mobilisation of intracellular calcium and 

various calcium influx pathways. Activation of the TCR induces the formation 

of a complex between PLCyl and a membraneous 36kDa protein, p36LNK 

(Sieh et aL, 1994). This interaction may be important in targetting PLCyl to the 

inositol phospholipid substrates present in the plasma membrane. In TCR- 

activated cells, PLCyl is tyrosine phosphorylated, which is an important step in 

its activation (Weiss and Littman, 1994). Activated PLCyl hydrolyses inositol
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phospholipids in the plasma membrane leading to the production of inositol 

polyphosphates which stimulate the release of calcium from intracellular 

stores via the inositol 1,4,5-trisphosphate (IPS) receptor. The calcium signalling 

pathway synergises with ras activation, involves the calcium phosphatase 

calcineurin, and is important in inducing the translocation of cytosolic NFAT 

(nuclear factor of activated T cells) to the nucleus (Clipstone and Crabtree, 

1992). Diacylglycerol, a by-product of IPS generation, activates protein kinase 

C (PKC), which has an essential role in NFkB induction, explaining its role in 

lL-2 gene expression (Williams et al.y 1995) (see fig. 1.6, p46).

1.7Ü Activation of Ras

The TCR is also able to regulate the GTPase activity of ras via a PTK-dependent 

mechanism (Downward, 1996) (see fig. 1.6, p46). TCR stimulation induces the 

association of several tyrosine phosphorylated proteins with the Grb2-S0S 

complex which is involved in ras regulation (Cantrell, 1996a). These 

phosphorylated proteins include She, SLP76, Cbl and a 36kDa protein. Thus, 

these Grb2-associating proteins may be important in regulating ras, perhaps by 

activating SOS. Vav has recently been shown to be important in TCR 

signalling, with defective signalling found in vav-!- mice and basal activation of 

NFAT and IL-2 driven transcriptional activity in T cells over-expressing Vav.

The mechanism by which Vav regulates TCR signalling is not fully understood 

but it is known that Vav is tyrosine-phosphorylated and activated after 

stimulation and this is thought to be mediated by Lck and Fyn (Gupta et a l . y

1994). Vav contains several structural domains important in signalling: a 

plekstrin homology (PH) domain, one SH2 and two SH3 domains and a guanine 

nucleotide exchange factor domain, and has been shown to activate ras in vitro
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(Gulbins et al., 1994). It would thus appear that activation of Ras is mediated by 

SOS and Vav which are guanine nucleotide exchange proteins capable of 

catalysing the exchange of GDP for GTP on ras. This signalling complex thus 

provides a link between PTKs and Ras effector pathways.

1.7iii S ignalling Pathways and Transcriptional A ctivation

Activation of T cells leads to transcriptional activation of several cytokine genes. 

Interleukin 2 (IL-2) is a T cell growth factor which is required for proliferation 

following primary stimulation of T cells. Knowledge of cytokine production in 

activated T cells, has heen gained mainly through study of the regulation of the 

IL-2 gene. IL-2 expression is dependent on the co-ordinate action of multiple 

transcription factors including AP-1, NFkB, Oct-1 and NFAT. Expression of IL-2 

requires several signalling pathways which integrate at the level of these 

transcription factors (Crabtree, 1989). Activated ras can induce AP-1 and also 

synergise with a calcium/calcineurin signalling pathway to activate NFAT and 

the IL-2 gene (Rayter et aL, 1992) (Woodrow et aL, 1993) (Genot et aL, 1996). 

NFAT proteins are cytosolic in unstimulated T cells and translocate to the 

nucleus to form a functional transcriptional factor complex with AP-1 after TCR 

activation (Rao, 1994). Formation of this active complex is dependent on the 

ras/MAP kinase pathway, a ras/rac pathway and the synergistic Ca^Vcalcineurin 

signal. IL-2 expression is also dependent on PKC activity which induces the 

transcription factor, NFkB (Williams et aL, 1995).

Ras couples the TCR to the mitogen activated protein kinase (MARK) 

pathway (for reviews see (Cantrell, 1996b) (Marais and Marshall, 1996)). Erks 

1 and 2 are MAP kinases known to be involved in signal transduction in 

activated T cells. The hierarchical structure of this pathway is such that the
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MAP kinases are activated by MAPK kinases (MKK). The activity of MKKs is 

itself controlled by phosphorylation, hence a MAP kinase kinase kinase 

(MKKK) has a crucial role in the regulation of Erks 1 and 2. Raf-1 is a MKKK 

involved in transducing signals from the activated TCR complex. Raf-1 can 

interact directly with activated GTP-bound ras, and it is thought that ras acts to 

localise Raf to the membrane where it in turn becomes activated. In T cells, 

constitutively active Raf-1 can mimic the effects of activated ras and synergise 

with calcium signals to induce IL-2 synthesis (Owaki et aL, 1993). Constitutively 

active Raf-1 can also mimic the TCR and stimulate Erk2, and a dominant 

negative Raf-1 prevents TCR stimulation of Erk-2 (Izquierdo et aL, 1994b) 

(Izquierdo et aL, 1994a). These results suggest that Raf-1 acts as an effector for 

ras in T cells. Mek-1 has been shown to be a MAP kinase kinase in T cells 

important for the activation of MAP kinase (Gupta et aL, 1994). One role for 

the MAP kinase Erk2 is the phosphorylation and activation of Elkl. Elkl can 

complex with the transcriptional activator, serum response factor (SRF), and 

thus play a key role in regulation of fos gene expression (Hunter and Karin,

1992) (Marais et aL, 1993) (Hill et aL, 1993). Fos proteins are components of the 

AP-1 complex, which is important for NFAT activity and cytokine gene 

induction. The transcriptional activity of the NFAT binding site in the IL-2 gene 

is mediated by a complex consisting of a member of the NFAT group of DNA- 

binding proteins and AP-1 family proteins. Thus, expression of a constitutively 

active MKK-1 could induce Erk-2 activity but could not substitute for activated 

ras and synergise with the calcium-calcineurin signal, important in activating 

NFAT (Cantrell, 1996b). The GTPase, rac-1 is also necessary for IL-2 

expression. Ras induction of AP-1 requires rac-1 activity and expression of a 

dominant negative rac-1 mutant prevents ras activation of NFAT (Cantrell,
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1996b). Although rac-1 and MKK-l/Erk-2 function are necessary for ras 

induction of NFAT, they are not sufficient. Synergism with the 

calcium/calcineurin signal is essential. It would therefore appear that there are 

several effectors of ras in activated T cells that contribute to NFAT regulation. 

As multiple isoforms of NFAT exist (NFATc, NFATp, NFAT3 and NFAT4) 

(Northrop et al.y 1994) (Hoey et aL, 1995), and NFAT binding sites are found in 

the enhancers of a number of cytokine genes, including those for IL-2, IL-4 and 

tumour necrosis factor alpha (Rao, 1994), it is clear that the various ras effector 

pathways are critically important in cytokine gene induction.

1.71 V Activation of Phosphatidylinositol-3 Kinase

Phosphatidylinositol-3 kinase (PI3-K) is also known to be activated following 

TCR activation, but the exact role for this lipid kinase in T ceU signalling is as 

yet unknown. PI3-K is a heterodimeric protein composed of a non-catalytic 

85kDa subunit, and a catalytic llOkDa subunit which phosphorylates inositol 

lipids (Escobedo et aL, 1991) (Hiles et at., 1992). PI3-K is phosphorylated and 

activated following engagement of various receptors including the PDGF-R,

CD 16 in NK cells (Cerboni et at., 1998), the IL-4-R in B cells (Ueno et aL, 1998), 

the TCR, the IL-2-R, CD3/CD4 and CD5 in T cells (Thompson et aL, 1992) 

(Remillard et aL, 1991) (Vogel and Fujita, 1993) (Gringhuis et aL, 1998). TCR 

activation, cross-linking of CD3 and CD4, and IL-2-R engagement all result in 

an increase in PI3-K activity associated with Lck and Fyn (Vogel and Fujita,

1993) (Kamitz et aL, 1994). PI3-K binds the SH3 domains of Src PTKS and this 

is mediated via proline rich regions in the 85kDa regulatory subunit (Vogel and 

Fujita, 1993) (Pleiman et aL, 1994). The addition of the SH3 domains of Lyn and 

Fyn to PI3-K resulted in a 5-7 fold increase in its activity, independent of
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phosphorylation status (Pleiman et al., 1994). The exact role of the 

phosphoinositides generated by activated PI3-K, in signal transduction 

following T cell activation, is unknown but PI3-K is known to play a key role in 

several cellular processes, including mitogenesis (Casagrande et aL, 1998) 

(Tresini et aL, 1998), apoptosis (Khwaja et aL, 1997), actin reorganisation 

(Rodriguez Viciana et aL, 1997), vesicular trafficking and CD28-receptor 

endocytosis (Cefai et aL, 1998).
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1.8 SRC FAMILY KINASES AND THE CELL CYCLE

The preceding discussion concerned the roles of Lck and Fyn in mediating the 

early responses to TCR activation. Whilst these events lead to expression of the 

high affinity IL-2 receptor and IL-2 production, further signalling pathways 

involving the cell cycle-dependent kinases, are required for a full proliferative 

response.

l.S i Phosphorylation and the Cell Cycle

Phosphorylation events are crucially important in the progression from GO 

through S phase and from G2 into mitosis. Cyclin dependent kinases (CDKs), 

form complexes with cyclins and play major roles in regulating the eukaryotic 

cell cycle. Cyclins contain destruction boxes and are regulated by proteolysis at 

cell cycle checkpoints, whereas the activity of the CDKs is post-translationally 

regulated by phosphorylation of key serine, threonine and tyrosine residues.

For example, threonine phosphorylation is required for activation of Cdc2, 

whereas tyrosine phosphorylation acts to ‘switch off activity (Nurse, 1975).

Cdc2 is tyrosine phosphorylated and maintained in an inactive state by weel, 

which arrests cells in G2 until the critical size is obtained for cell division 

(Nurse, 1975). Cdc25 is a tyrosine phosphatase responsible for counteracting 

the affects of w eel on Cdc2 (Kumagai and Dunphy, 1991) (Strausfeld et aL, 

1991). W eel is itself subject to control by kinases and is inactivated during late 

G2 by the dual-specificity kinase, niml (Coleman et aL, 1993). Thus, tightly 

controlled phosphorylation and dephosphorylation events are essential for 

ensuring correct cell growth, chromosome replication and segregation, and 

cytokinesis. Tyrosine kinases clearly have an important role to play in 

regulating key proteins involved in the cell division machinery and it is not
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surprising that Src family kinases have recently become a focus of attention in 

the context of cell cycle control.

1.8Ü The Src Family and the Cell Cycle

The vast majority of studies on Src family tyrosine kinases has focused on signal 

transduction following receptor stimulation, and it is only in recent years that 

the roles of these kinases at other points in the cell cycle have been studied. A 

growing body of evidence supports the idea of roles for these tyrosine kinases, 

not only in GO-Gl transition following receptor stimulation, but also during S 

phase and mitosis.

l .S iii  Src family Involvement in GO/Gl Transition

The requirement for Src family members after receptor engagement and the 

progression from quiescence through Gl is well documented in T cells and 

fibroblasts. Using dominant negative forms of, and microinjection of antibody 

towards Src, Fyn and Yes, it was shown that Src family members are required 

for EGF-, CSF-1- and PDGF-induced DNA synthesis in fibroblasts (Roche et al.y 

1995b). It is also well documented that Lck and Fyn are important in promoting 

GO-Gl transition following antigen stimulation of T cells. The requirement for 

Lck and Fyn in S phase may not only be attributed to their prior stimulation of 

GO to Gl transition, but could also be due to a more direct involvement at later 

stages of Gl and/or in committing the cell to DNA synthesis.

l,8 iv  Src family Involvement During Gl

The involvement of Lck in lL-2 signalling, following TCR activation by antigen, 

has been thoroughly investigated. For example, CD4* T cells when activated
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via the TCR by antigen, are induced to produce IL-2 and its high affinity 

receptor (see section 1.7iii). Following secretion, IL-2 works in an autocrine 

fashion to promote proliferation of the antigen-activated cell. IL-2 signalling is 

thought to be mediated via three distinct signalling pathways involving bcl-2, c- 

myc, and Lck (Miyazaki et aL, 1995). Lck associates with the IL-2 receptor (3 

chain and is activated following receptor engagement (Miyazaki et aL, 1995). 

Although Lck is not essential for IL-2 signalling (Evans et aL, 1993), it is 

thought to co-operate with these other two pathways to promote cell 

proliferation. This demonstrates a role for Lck in T cell signalling at a stage 

later than GO-Gl transition. Using a temperature-sensitive v-Src mutant, it was 

shown that in v-Src-induced proliferation, v-Src activity was required for 

quiescent fibroblasts to leave GO, pass a relatively stable Gl “pause point”, and 

to pass a later Gl point committing cells to S phase (Wyke aL, 1995).

1.8v Src Family Involvement During S phase

Evidence also supports roles for Src family members during DNA synthesis 

(Taieb et aL, 1993) (Churcher and Moss, 1993). Using primary T lymphoblasts 

synchronised in G1 by IL-2 deprivation, it was shown that Lck was 

phosphorylated and catalytically active as cells progressed into DNA synthesis. 

Okadaic acid inhibited this IL-2 mediated DNA synthesis which was concurrent 

with a hyperphosphorylation and inactivation of Lck. Okadaic acid is a potent 

and specific inhibitor of protein phosphatases type 1 and 2A (PP1/2A), which 

have been shown to dephosphorylate Lck, suggesting a role for PP1/PP2A in 

the G 1/S regulation of Lck.

Lck has also heen shown to associate with MAP kinase in stimulated B cells 

and IL-2-dependent T cells. Inhibition of DNA synthesis by aphidicolin
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abrogated this association, and cell cycle analysis with IL-2-dependent T cells 

showed that in cells in Gl, MAP kinase was not associated with Lck, whereas 

the association was observed when cells were in S phase. Thus Lck and MAP 

kinase are only associated during S phase suggesting that this association may 

be directly involved in the control of IL-2 mediated DNA synthesis in both B and 

T lymphocytes (Taieb et al., 1995).

1.8vi Src Family Involvement During M itosis

Various lines of evidence have suggested the involvement of Src family 

members during mitosis. Inactivation of Src family PTKs, by injection of a 

Src/Fyn/Yes pan-antibody or the SH2 domain of Fyn, into G2 phase fibroblasts, 

blocked cell division by 70-75% when compared to control injected cells. This 

block in cell division was prior to nuclear membrane breakdown and chromatin 

condensation, i.e., prior to prophase (Roche et al., 1995a) suggesting a role for 

these PTKs in entry to mitosis. In support of these findings, Src, Fyn and Yes 

activity is increased in fibroblasts blocked at mitosis (Shenoy et al., 1992) and 

inactivation of a temperature-sensitive mutant of v-Src during G2 was also 

found to inhibit mitosis (Durkin et al., 1991). Src, Lck and Fyn have also been 

found to associate with an RNA-binding protein known as Sam68, an interactiori 

first documented as being mitosis-specific. Sam68 is thought to be 

phosphorylated by Src in fibroblasts, and was found to be the major tyrosine 

phosphorylated protein associated with Src at mitosis. The role of Sam68 is as 

yet unknown but it is suggested to be involved in RNA processing.
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l.S v ii Mitotic Regulation By and Of Cdc2

The mitotic activation of Src involves amino-terminal serine and threonine 

phosphorylation, concomitant with a net dephosphorylation of the C-terminal 

regulatory tyrosine (Y527) (Shenoy et al., 1992). This serine phosphorylation is 

probably mediated by the cydin-dependent protein kinase' Cdc2, which has also 

been shown to associate with Lck, Fyn and Lyn in an SH3-dependent manner, 

and phosphorylate Lck causing a mobility shift on denaturing gel 

electrophoresis, visualised as an apparent increase in molecular weight to 

59kDa (Pathan et al., 1996b). Interestingly, evidence would suggest that Src 

phosphorylates Cdc2 (Cheng et al., 1992). 2D tryptic phosphopeptide analysis 

of Cdc2, phosphorylated by Src in vitro, yielded a single phosphopeptide which 

co-migrated with a phosphopeptide derived from in vivo phosphorylated Cdc2. 

Phospho-amino acid analysis showed this band to be phosphotyrosine. These 

results show that c-Src is capable of phosphorylating Cdc2 in vitro at a site 

used by a tyrosine kinase in vivo. As Src is activated at mitosis, this strongly 

suggests a role for Src in the regulation of Cdc2 (Draetta et al., 1988).

l .S v iii Lck at M itosis

Another interesting study has shown that Raf-1 is also activated at mitosis in T 

cells, and that this was dependent on the presence of functional Lck (mitotic 

Raf activation was not observed in J.Cam.l cells which lack functional Lck) 

(Pathan et al., 1996a). During mitosis Raf was shown to interact with the 59kDa 

mitotic form of Lck only. One could therefore postulate that serine 

phosphorylation by Cdc2 results in a mitotic 59kDa form of Lck (Pathan et al., 

1996b), which may be important in mitotic activation of Raf-1.
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A growing body of evidence points to subtle alterations in the 

phosphorylation and activation states of Src family members as cells progress 

through the cell cycle. Such alterations appear to correlate with cell cycle- 

dependent changes in interactions with cellular proteins, strongly suggesting 

roles for Lck and Fyn in GO-Gl transition, Gl, S phase and mitosis. The aim of 

work presented in this thesis was to further investigate the roles of Lck and Fyn 

at S phase and mitosis in human T cells.
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M aterials & Methods
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2.1 Cell Culture

Jurkat (J6), human T cell leukaemia lymphoblasts, were obtained from D. 

Cantrell (ICRF, Lincoln’s Inn Fields, London) and fibroblasts (SC9) were 

obtained from S. Thomas (Fred Hutchinson Cancer Research Center, Seattle). 

Jurkat and SC9 cells were routinely cultured in RPMI-1640 medium and DMEM 

(Gibco and Sigma), respectively. Growth media were supplemented with 10% 

(v/v) foetal calf serum, penicillin (42U/ml), streptomycin (42pg/ml) and 

glutamine (1.7mM) (all from Gibco). Cells were maintained in a humidified 

atmosphere at 37°C in 5% COg. Jurkat cells were cultured at a density of 10®- 

lOVml and SC9 cells were maintained at a sub-confluent density.

2.2 Stim ulation of Cells

Cells were washed and resuspended at 5 x lOVml in RPMI followed by a lOmin 

incubation at 37°C. Cells were stimulated by the addition of either Pervanadate 

(O.lp-M Na^VO ,̂ O.ljiM HgOg) or Ipg/ml anti-CD3 antibody (Santa Cruz) for 5mins 

at 37°C.

2.3 Synchronisation at G 1/S and G2/M

Jurkat cells and SC9 cells were synchronised at G 1/S phase by the addition of 

hydroxyurea and thymidine (Sigma), respectively. G2/M synchronisation was 

achieved by the addition of nocodazole (Sigma). The concentration of these 

agents are detailed in fig. 3.5 and fig. 3.6. These compounds were added to the 

growth medium and cells were cultured as above for a further 24h before being 

analysed by flow cytometry to determine degree of synchronisation.
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2.4 Flow Cytometry

Asynchronous and blocked cells were fixed in 70% ethanol and stored at -20®C 

until flow cytometric analysis was performed. Cells were then resuspended in 

Flow Cytometry Stain Solution (500pg/ml RNAse (Sigma), 20pg/ml propidium 

iodide in PBS) at a concentration of IxlOVml and kept in the dark for at least 

30min. Analysis was carried out using a Coulter EPICS Elite flow cytometer 

with an excitation wavelength of 488nm using doublet discrimination.

2.5 Construction of Plasmids Encoding GST Fusion Proteins

2.5i Polym erase Chain Reaction

Sequences corresponding to the following domains of Lck and Fyn were 

amplified from full length cDNA using the polymerase chain reaction. 

Domain Amino Acids Primers

LckSH3SH2

FynSH3

FynSH2

58-228

84-160

149-253

5’GGAATTCCGCTGCAAGACAAGC 

3' TGAATTCGGCTTCTGGGTCTGGCA 

5' CCGGATCCCTACGCACGAGAG 

3' CGGGCCCTCTTTGCGGCCAAG 

5' TGGTACTTTGGAAAACTTGGC 

3' AGAAGTTTGTGGGGTACA

Reactions were performed in a DNA Thermal Cycler (Perkin Elmer) using Taq 

DNA Polymerase according to the manufacturer’s instructions. pGEX2TK 

vectors containing inserts corresponding to LckSH3, LckSH2 and FynSH3SH2 

domains were kind gifts from Dr. Hamid Band (Panchamoorthy et aL, 1994).
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2.5Ü Ligation into pCR Vector

Successful amplification of DNA fragments was confirmed on 1.5% agarose gels 

in TAE electrophoresis buffer, followed by visualisation with etbidium bromide 

under long wave U.V. PCR fragments where then ligated into the pCR™ vector 

(Invitrogen) which contains multiple restriction enzyme recognition sites both 

upstream and downstream of the insertion site. The insertion site in this vector 

lies within the p-galactosidase encoding sequence which allows for “blue-white” 

selection of transformed colonies, with white colonies containing the insert. 

Competent bacteria (OneShot™, Invitrogen) were then transformed with the 

resulting ligation products. Bacteria were plated onto LB-agar (Gibco BRL), 

containing ampicillin and X-Gal, and incubated overnight at 37°C. White 

colonies were picked and cultured overnight at 37°C. pCRII plasmids were 

isolated using the Wizard™ minipreps DNA purification system (Promega) and 

digested with EcoRI, which has recognition sites at either side of the insertion 

site. Restriction enzymes were obtained from New England Biolabs and were 

used according to the manufacturers' instructions, in appropriate buffers. 

Digestions were analysed for the presence of the insert on agarose gels.

pGEX2T vector (Pharmacia) was digested with EcoRI and treated with 5U 

shrimp alkaline phosphatase (Boehringer Mannheim) for Ih at 37°C, to 

prevent self-ligation, ready to receive the EcoRI digested inserts. Digested 

vector and inserts were resolved on 1.5% agarose gels in TAE electrophoresis 

buffer, the required fragment was excised from the gel with a clean scalpel 

blade and recovered from the gel slice using Geneclean II (Bio 101, La Jolla, 

Ca.). Exposure times to U.V. were kept to a minimum to avoid damaging the 

DNA.

56



2.5iii Ligation into pGEX2T

Ligation of PCR products into pGEX2T was performed using the Rapid Ligation 

Kit (Boehringer Mannheim). Competent E.coli (XLl-Blue) were then 

transformed with the resulting ligation product, plated onto LB-agar containing 

ampicillin and incubated overnight at 37°C. Colonies were picked and 

expanded in culture prior to induction with IPTG (Gihco BRL) for l-3h at 37°C. 

Induced bacteria were lysed in SDS-Sample buffer (50mM Tris.HCl pH6.8, 

lOOmM DTT, 2% (w/v) SDS, 0.1% (w/v) Bromophenol blue, 10% (v/v) glycerol) 

and GST fusion protein production was analysed by SDS-PAGE followed by 

Coomassie Blue staining (0.1% (w/v) Coomassie brilliant blue R250, 50% 

methanol, 10% acetic acid). From the colonies induced to produce fusion 

proteins, plasmids were purified and the inserts sequenced.

2.6 Plasmid DNA preparations

Small scale plasmid preparations were performed by the alkaline lysis method 

as described (Sambrook et aL, 1989) or using the Wizard̂ "̂  minipreps DNA 

purification system (Promega). Large scale preparations were obtained using 

the Wizard^^ Midipreps DNA purification system (Promega). Nucleic acid 

concentrations were quantified by taking O.D.ggo readings in a Pharmacia 

Ultrospec II spectrophotometer (1 O.D.ggo unit is equivalent to 50p,g/ml DNA)

2.7 Sequencing of Nucleic Acids

Plasmids containing inserts were sequenced using the Sequenase® Version 2 

sequencing kit (Amersham). DNA was labelled using pS]-adATP 

(lOOOCi/mmol), Dupont NEN) and the reaction primed with the 5’pGEX 

sequencing primer (Pharmacia Biotech). Samples were resolved on a 6%
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polyacrylamide gel containing 8.3M urea (Sequagel®, National Diagnostics) and 

run at 40W. After fixing for lOmin in 15% methanol, 5% acetic acid, gels were 

dried for Ih at 80°C. Sequencing ladders were visualised using a Fuji 

Phosphorimager and analysed using Fuji MacBas® software.

2.8 Preparation and Transformation of Competent E.coli

Fresh competent bacteria were prepared using the CaCl2 method. Bacteria 

(E.coli strain XLI Blue) were cultured in 100ml TB to an ODgoo of approximately 

0.3. Bacteria were then centrifuged at 6000g for 5min at 4°C and resuspended 

in 20ml of ice-cold lOOmM CaClg . Cells were pelleted again and resuspended in 

4ml of ice-cold, lOOmM CaClg. Bacteria were then left on ice for several hours 

before the addition of DNA. Aliquots were mixed with DNA and left on ice 

before heat shocking at 42°C for 90 seconds. Cells were then placed on ice for 

Imin before the addition of 800|il of SOC medium (Sambrook et aL, 1989). Cells 

were agitated at 200rpm in a 37°C shaking incubator for 45min. Bacteria were 

then plated onto agar containing an appropriate antibiotic for selection of 

transformed bacteria, and incubated at 37°C overnight.

2.9 Production and Isolation of GST Fusion Proteins

Recombinant proteins were expressed using either the pGEX2T or pGEX2TK 

expression vector system (Pharmacia) following a similar procedure to that 

previously described (Smith and Johnson, 1988). Cultures of bacteria, 

containing the appropriate plasmid were set up in Terrific Broth (Gibco BRL) 

supplemented with ampicillin (50pg/ml) and cultured at 37°C overnight. These 

were used to inoculate fresh cultures and were diluted (1 in 10) in Terrific 

broth/ampicillin and cultured at 37°C. Fusion protein production was induced
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by the addition of IPTG (ImM) after one hour and bacteria were cultured for a 

further three hours to allow for optimal expression of the fusion protein. 

Bacteria were collected by centrifugation at 7,700g for lOmin and resuspended 

in ice cold PBS (1/50 culture volume) supplemented with ImM PMSF and 

Ipg/ml of leupeptin, pepstatin A and chymostatin (SPI). The bacterial cell 

walls were disrupted by sonication in the presence of 1% Triton X-100. 

Sonication was performed on ice using 3 x Imin bursts at strengths of a) 6 

microns for GST-expressing bacteria and b) 4 microns for GST-fusion protein- 

expressing bacteria. The lability of the link between the GST domain and the 

adjacent domain was such that a lower sonication strength was required to 

minimise production of a fragmented fusion protein. The purity of samples was 

analysed by SDS-PAGE followed by Coomassie Blue staining, and proteins 

were quantified using the BioRad protein assay colour reagent.

2.10 Protein  Q uantification

Concentrations of fusion proteins in PBS and cellular proteins in lysis buffer, 

were determined using the BioRad Protein Assay Dye Reagent Concentrate and 

the BioRad D  ̂Protein Assay kit, respectively, according to manufacturer's 

instructions. All samples were analysed against BSA standards. The presence 

of glutathione-agarose in the fusion protein samples did not interfere with the 

assay.

2.11 SDS-PAGE

Discontinuous sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed according to the method of Laemmli (Laemmli, 

1970). The gel running apparatus was by Hoefer Scientific Instruments, Model
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SE 400 (for large gels) and BioRad (for minigels). The acrylamiderbisacrylamide 

ratio was 30:0.8% (w/v) (Protogel, National Diagnostics) and the Protogel 

concentrations were either 10% or 7% in the separating gels and 4% in the 

stacking gels. Samples were electrophoresed at approximately 50V overnight 

or 170V during the day. SDS-PAGE was performed in the presence of the 

reducing agent DTT and molecular weight standards were run alongside 

samples to enable molecular weight determination.

2.12 Western Blotting

Western blotting was performed in an Electroblot Transfer Apparatus 

(Transblot^^ Cell, BioRad Ltd.) according to the manufacturer's instructions. 

Blotting onto PolyScreen PVDF Transfer Membrane (NEN Research Products) 

was performed for 6h at 0.65A. The membrane was removed and 'blocked' in 

10% (w/v) dried skimmed milk or 0.2% Tween 20 (Sigma) in PBS, for 30-60min.

2.13 Im m unoblotting

Blocked membranes were placed in fresh PBS-Tween containing antibody 

raised against the protein of interest, and gently rocked at 4°C. Membranes 

were then washed in fresh PBS-Tween, three times for 15min at 4°C, and then 

incubated with a second antibody raised against the IgG species of the primary 

antibody. Antibodies used were:
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Primary Antibodies:

Antigen

Sam68(l)

Antibody

affinity purified rabbit polyclonal antibody raised against a 

peptide corresponding to amino acids 331-443 mapping at 

the carboxy terminus of Sam68. Concentration: O.lmg/ml 

(Santa Cruz Biotechnology, Inc).

Sam68(2) mouse IgG raised against a peptide corresponding to amino 

acids 91-272 of Sam68, Concentration: 0.25mg/ml 

(Transduction Laboratories).

pY20 mouse monoclonal IgG raised against phosphotyrosine. 

Concentration: Img/ml (Transduction Laboratories).

GST affinity purified mouse monoclonal raised against a GST 

fusion protein. Concentration: O.lmg/ml (Santa Cruz 

Biotechnology)

CD3 hamster monoclonal IgG raised against CD3e. 

Concentration: O.lmg/ml (Santa Cruz Biotechnology).

Tubulin rabbit polyclonal raised against microtubules was a kind 

gift from A. Koffer, UCL.
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p54nrb mouse monoclonal IgM (ascites fluid) raised against

purified recombinant p54nrb was a kind gift from Adrian 

Krainer, Cold Spring Harbor Laboratories (Basu et aL, 

1997). Used at a dilution of 1:1000

All primary antibodies were used at a dilution of 1:10,000 except where 

indicated.

Secondary Antibodies:

anti-mouse goat anti-mouse-HRP conjugate. Concentration: 0.4mg/ml

(Santa Cruz Biotechnology) 

anti-mouse-FITC conjugate (Sigma).

anti-rabbit anti-rabbit-HRP conjugate. Concentration: 0.4mg/ml

(Santa Cruz Biotechnology)

2.14 Affinity Precipitation of SH2 and SH3 Binding Proteins

Asynchronous, nocodazole-, hydroxyurea- and anti-CD3-treated cells were 

collected by centrifugation and resuspended in ice-cold lysis buffer (30mM 

HEPES pH7.5, lOOmM NaCl, 1% Triton X-100 (v/v), 2mM EDTA, 0.1% BSA 

(w/v), ImM NagVO^^ 2mM PNPP, lOmM NaF) at a concentration of lOVml for 

30min and rotated at 4°C. Detergent-insoluble proteins were collected by 

centrifugation. The supernatants were precleared with 100|ig GST/5xlO^ cell 

equivalents for Ih at 4°C and then incubated with GST fusion protein bound to 

glutathione-agarose. Lysates were rotated for Ih at 4°C, followed by washing 

of the affinity precipitates five times, in ice cold PBS containing SPI. Affinity
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precipitated complexes were eluted from the glutathione-agarose by boiling in 

SDS-sample buffer and resolved by 1% SDS-PAGE.

2.14i Proline Inhibition of SH3 Binding

Prior to the addition of GST fusion protein, poly-L-proline (Sigma, MW IK-lOK) 

was added to various concentrations and mixed well. Concentrations used are 

described in the relevant figure legends.

2.14Ü Protein Isolation for Peptide Sequencing

Affinity precipitation of cellular proteins was carried out as above except 3 x 10“ 

Jurkat cells were used per precipitation. Cells were lysed at 2xlOVml and 

precleared with 270pg GST/10® cell equivalents. Precleared lysates were then 

incubated with 100|xg/10® cell equivalents of GST-FynSH2 or GST-FynSH3. 

Affinity precipitates were washed ten times in ice-cold PBS. After elution and 

boiling in SDS sample buffer, samples were stored at -70°C until sequenced. A 

sample of the affinity precipitated proteins (2 x 10® cell equivalents) was 

resolved by gel electrophoresis on a 1% poly-acrylamide gel prior to protein 

sequencing.

2.15 Sequencing o f Peptides Derived from Affinity Precipitations.

Peptide sequencing was performed by Nick Totty and Alistair Sterling (Ludwig 

Institute, UCL, London). Proteins were resolved by 7% SDS-PAGE, stained 

with Coomassie Blue and digested in excised gel pieces with endoproteinase lys- 

C (Wako). Peptides were recovered by sonication and applied directly to a 

Reliasil C 18 column (150 x 1mm) fitted with an upstream Aquapore Ax-300 

trap column (2 x 0.5mm) on a Michrom Ultra Fast Protein Analyser HPLC
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system. The columns were developed with a linear acetonitrile gradient in 0.1% 

trifluoroacetic acid at a flow rate of 50|il/minute. Fractions were collected and 

sequenced using a high sensitivity Applied Biosystems Precise system 

employing capillary HPLC (250 x 0.8mm CIS column). Initial yields were in the 

range 0.5 to 5pmole.

2.16 Protein Identifllcation

Peptide sequences obtained were used to search the National Center for 

Biotechnology Information databases (http://www.ncbi.nlm.nih.gov) using the 

Blastp protocol. The databases searched were: non-redundant Genbank Cds 

translations, PDB, SwissProt and PIR. The default ‘expect* parameter value of 

10 was used for most peptides. Peptides which did not identify any known 

proteins were then re-entered using the ‘expect’ parameter value of ‘100’. This 

was necessary for some of the shorter peptides and some of those which 

contained mismatching amino acids.

2.17 Metabolic Labelling of Jurkat Cells

1.4 X 10® asynchronous and mitotically arrested cells were washed and 

resuspended in methionine/cysteine (M/C)-freé growth medium (containing 

0.5|xg/ml nocodazole for mitotically arrested cells). Cells were incubated for 

30min at 37°C in 10% CO2. Cells were metabolically labelled by the addition of 

250}iCi PRO-MIX™ (70% L-[®®S]methionine and 30% L-[®®S]cysteine, Amersham) 

per 2 X 10̂  cells, and incubated for a further 30min at 37°C, 10% CO2. Cells 

were then lysed on ice for 20min and the detergent-insoluble fraction collected 

by centrifugation. Supernatants were precleared by the addition of 50jig GST/ 

2x10^ cell-equivalents, and incubated with 50p,g of fusion protein for Ih at 4°C.
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Affinity precipitates were washed in ice-cold PBS, and resolved by SDS-PAGE. 

Labelled proteins were visualised by autoradiography or by using a Fuji 

Phosphorimager and Fuji MacBas® software.

2.18 In vitro  Kinase Assays

In-vitro kinase assays were performed on affinity precipitates, according to the 

method described by Churcher and Moss (Churcher and Moss, 1993). Affinity 

precipitated complexes from 5x10  ̂cells, were washed twice in PBS, twice in 

O.IM Tris-HCl pH7.4 containing 0.5M LiCl and once in Kinase Buffer (50mM 

PIPES, pH7.0, lOmM NaCl, lOmM MgCl ,̂ 2mM MnClg, ImM NagVOJ.

Complexes were resuspended in 20|il Kinase Buffer and lOjiCi [^^Pj-yATP 

(5000Ci/mmol, Amersham) was added for 5min at 30°C. Reactions were 

stopped by the addition of an equal volume of 2x SDS sample buffer. After 

boiling, phosphorylated proteins were resolved by 7% SDS-PAGE. The gel was 

dried down and bands were visualised using a Fuji Phosphorimager and 

analysed using Fuji MacBas® software.

2.19 Imm unofluorescence in Jurkat Cells

Immunofluorescence was carried out following the procedure of Ley et al.,

1994. Cells were washed twice in RPMI and fixed, at a concentration of 2 x 

lOVml, in 3.7% paraformaldehyde for 30min at 37°C. After resuspension in PBS 

containing lOmM sodium vanadate (PBS-V) cells were centrifuged onto 

coverslips precoated with poly-L-lysine (Sigma). After two washes in PBS-V 

cells were permeabilised by the addition of 0.1% Triton X-100 for 4min at room 

temperature then washed a further two times in PBS-V. Non-specific binding 

sites were blocked by the addition of 0.5% porcine gelatin (Sigma) in PBS-V for
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lOmin at room temperature. GST-fusion proteins were eluted from the 

glutathione-agarose in elution buffer (lOOmM Tris.HCl pHS.O, lOOmM 

glutathione (Sigma), lOOmM NaCl, ImM DTT) and diluted in 0.5% gelatin to a 

concentration of 2mg/ml and added to the blocked cells for 30min at 4°C. Cells 

were then washed twice with PBS-V. Anti-GST antibody (Santa Cruz) diluted in 

0.5% gelatin, was added to the cells at a concentration of 0.2mg/ml for 30min at 

4°C, followed by two washes in PBS-V. Localisation of the anti-GST antibody 

was detected by the addition of an FITC-conjugated goat anti-mouse IgG 

(Sigma). DNA was stained with Hoechst (No.33258, Sigma).
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Methods for Detecting Cellular 
Substrates of Lck and Fyn
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The aim of the work in this chapter was to provide an insight into the roles 

of Lck and Fyn at G1/8 and G2/M: the two main stages of the cell cycle. Affinity 

precipitations were used to isolate cellular substrates of these PTKs. This 

technique works on a similar principle to immunoprécipitation: the 

precipitating protein is mixed with cell lysate and allowed to associate with its 

binding proteins. These binding proteins are then indirectly isolated from the 

soluble fraction by the addition of a solid phase, which binds the precipitating 

protein. For these studies the pGEX2T expression vector was used to produce 

precipitating proteins containing domains from Lck and Fyn coupled to 

glutathione-S-transferase (GST). There are several advantages to using 

affinity- versus immuno-precipitation. Affinity precipitation using GST fusion 

proteins allows relatively large quantities of cellular binding proteins to be 

isolated. The method of precipitation is simple, quick and relatively 

inexpensive. Fusion proteins, containing fragments of the corresponding 

cellular protein can be produced, allowing a detailed analysis of the 

contribution to binding of distinct domains. This is not possible with 

immunoprécipitation, which can only be used to isolate associating-proteins of 

the full-length cellular protein of interest. As the aim of this work was to 

identify possible cell cycle-dependent interactions of the Fyn and Lck tyrosine 

kinases, the first requirement was to, i) establish conditions for the production 

of GST fusion proteins capable of forming stable interactions with cellular 

proteins, and ii) define cell culture conditions that could reliably and 

reproducibly generate viable populations of cells arrested at G 1/S and G2/M.
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3.1 GST Fusion Proteins

Glutathione-S-Transferase (GST)-fusion proteins have become the tool of 

choice for many researchers for the analysis of protein interactions in cell 

lysates. The principle of this technique is extremely simple. GST is an hepatic 

enzyme which catalyses the transfer of glutathione. This property is exploited 

in the pGEX2T expression system (Pharmacia) which provides an efficient 

means for the production and isolation of recombinant proteins. The pGEX2T 

family of vectors contain an insertion site following the coding sequence for 

GST. This allows insertion of the coding sequence for the protein under 

examination which, when transformed into bacteria, will be expressed as a 

recombinant protein fused to GST. Rapid isolation is facilitated by the use of 

glutathione coupled to agarose beads.

3.1i Production and Isolation of GST Fusion Proteins

DNA sequences encoding the SH3 and SH2 domains of Fyn and the SH3SH2 

domain of Lck, were ligated into the pGEX2T expression vector. All inserts 

were checked by DNA sequencing for possible errors prior to use. pGEX2TK 

vectors containing the coding sequences for LckSH3, LckSH2 and FynSH3SH2 

were kind gifts from Dr. Hamid Band (Panchamoorthy et aL, 1994). The XLI- 

Blue strain of E.coli was transformed with these vectors and induced with IPTG 

to produce the resulting recombinant proteins (fig. 3.1).
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a) Structure of the Src Family

NT SH3 SH2 Catalytic

b) Structure of GST Fusion Proteins

GST SH3 SH2

ii) GST-SH3

iii) GST-SH2

GST

Figure 3.1 Structure of Src family members and GST- 
fusion proteins
a) Src family members are composed of a unique N-terminus 
(NT), Src-homology domains 3 and 2 (SH3, SH2) and a tyrosine 
kinase domain (Catalytic) b) Fusion proteins were constructed 
from Glutathione-S-Transferase coupled to either i) SH3SH2, ii) 
SH3 or iii) SH2 domains from both Lck and Fyn.

Levels of expression were maximal between 3 and 4h, at which time 

bacteria were harvested and the fusion proteins isolated hy affinity 

chromatography on glutathione-agarose. Isolated fusion proteins were 

analysed by SDS-PAGE followed hy Coomassie Blue staining (fig. 3.2). This 

system proved to he very simple and efficient, with yields of protein up to 6mg/l 

of bacterial culture, with subsequent isolation of fusion proteins with a high 

degree of purity.
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M GST Lck- Lck- Lck-
SH2 SH3 SH3SH2

45 —

31 —

Fyn- 
SH 3SH 2

Figure 3.2 Coomassie Blue stained fusion  
proteins
The SH3, SH2 and SH3SH2 domains of Lck and Fyn 
were expressed as GST fusion proteins. Approximately 
10-25mg fusion protein was resolved by 12% SDS- 
PAGE. Purity of samples was analysed following 
Coomassie Blue staining. Molecular weight markers are 
indicated (M)

3.Iii Storage and Stability of GST Fusion Proteins

Proteins were initially stored at 4°C but proteolysis resulted in degradation of 

the fusion proteins into the two component parts within 7 days (fig. 3.3). It was 

therefore decided to store the fusion proteins at -20°C in the presence of 33% 

glycerol. Under these conditions, fusion proteins retained their integrity for at 

least 5 months.
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kDa

# # #
i

M Fyn- Fyn- Fyn- 
. SH2

Fyn-
SFB SH3SH2^| SFI2

Fyn- Fyn- 
SFB SFB Sm

Stored at 40C Stored at -2QOC 
in 33% Glycerol

Figure 3.3 Stability o f fusion proteins under  
different storage conditions.
Fusion proteins from fig. 3.2 were kept at 4°C for 7 days and 
re-examined by SDS-PAGE followed by Coomassie Blue 
staining. The three right hand tracks show proteins stored at 
-20°C (in 33% glycerol). Molecular weight markers are 
indicated (M).

S .liii Effects of Storage Temperature on Binding Potential

To ensure that the binding potential of the fusion proteins was unaffected by 

storage at -20°C, affinity precipitations using Jurkat whole cell lysates, were 

performed using fusion proteins stored at both 4°C and -20°C (fig. 3.4). At these 

two storage temperatures the GST-FynSH2 fusion protein bound the same 

profile of cellular components demonstrating that storage at -20°C did not 

affect the protein binding potential.
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M GST +4 0 C -2 0 0 c
I___________________ I
Storage Temperature

Figure 3.4 Effects o f  storage  
temperature on binding potential
Affinity precipitates were performed 
from Jurkat lysates using the FynSH2 
fusion protein which had been subjected 
to storage at 4°C and -20°C. Complexed 
proteins were resolved by 1% SDS- 
PAGE and visualised by Coomassie Blue 
staining. Molecular weight marker (M) 
are indicated

Having established suitable conditions for the production and storage of 

large quantities of viable fusion proteins, the next task was to establish 

synchronicity of growth state in populations of Jurkat cells.

3.2 Synchronisation of Jurkat Cells at Gl/S

One of the key cell cycle checkpoints of interest is the Gl/S boundary. This is 

the point at which the cell initiates rephcation of its genetic material, and is 

associated with induction and activation of many genes. To obtain a population
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of Jurkat cells enriched at the Gl/S phase of the cell cycle, cells were first 

cultured in the presence of thymidine. Thymidine is widely used for arresting 

cells at the Gl/S boundary. Being a non-hydrolyzable form of thymine, it 

prevents further elongation of nascent DNA molecules when incorporated into 

DNA. However, this agent proved to be cytotoxic in Jurkat cells so it was 

therefore decided to try hydroxyurea as an alternative. Hydroxyurea is a 

clinically applied antineoplastic drug which inhibits DNA synthesis in 

proliferating cells. Ribonucleotide reductase is responsible for providing the 

deoxyribonucleotide precursors for DNA synthesis. In most species this enzyme 

consists of a large and a small subunit, both of which are required for activity.

In mammalian cells, the small subunit is the site of action of several anti

tumour agents, including hydroxyurea, which by inhibiting this enzyme prevent 

DNA synthesis (Lassmann and Liermann, 1989) (Rittberg and Wright, 1989). A 

range of concentrations of hydroxyurea were added to the culture medium to 

establish the minimum concentration required for cell cycle arrest. The 

average doubling time of Jurkat cells is 24h, so hydroxyurea was added to the 

cells for this time and the cells were then analysed by flow cytometry after 

being replenished with fresh growth medium. The presence of 20)iM 

hydroxyurea resulted in a population of cells with a distribution of 63% Gl 

phase, 28% S phase and 9% M phase. These data are summarised in fig. 3.5a with 

the primary flow cytometric analysis shown in fig. 3.5b. After removal of the 

hydroxyurea the cells began to progress through S phase and then into M 

phase, confirming the viability of the culture under these conditions. Similar 

results were obtained in the presence of 200pM hydroxyurea, but at 

concentrations below 20)xM the effects of hydroxyurea on Gl/S phase 

synchronisation were less pronounced (results not shown). Based on these
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results, 20piM hydroxyurea was used to generate Gl/S-blocked cells in all 

further experiments.

i) Ü) iii)

2 4 6 8
Time (h)

0 2 4  6 8  10 0 2  4 6 8
G1
S
M

Figure 3.5a Effect of hydroxyurea on Jurkat cell cycle  
progression
Jurkat cells were cultured in the presence of 20pM ii) or 200pM 
hydroxyurea iii), or left untreated i) for 24h. Cells were washed into 
fresh growth medium and cultured up to a further 8h and samples were 
analysed by flow cytometry as indicated. The figure shows the relative 
proportion of cells in interphase (Gl), S phase (S) and mitosis (M).

3.3 Synchronisation of Jurkat Cells at G2/M

Many anti-cancer drugs including colchicine, taxol and nocodazole work by 

preventing G2/M transition. The drugs affect the assembly of the mitotic 

spindle thus preventing proper chromosome separation and thereby blocking 

the cells at either the G2/M boundary or in mitosis. Nocodazole is a synthetic 

anti-tubular derivative of benzimidazole carbamate which prevents the 

polymerisation of tubulin and leads to its depolymerisation. Addition of 

nocodazole results in blockage of spindle microtubule assembly, but permits 

other mitotic events to proceed such as chromosome condensation and cell 

rounding. Chromosome segregation is a required event for cell cycle 

progression so preventing this blocks the cells either at the G 2/M boundary or.
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Figure 3.5b Flow cytometric 
analysis of hydroxyurea- 
treated Jurkat cells
Jurkat cells were cultured in the 
presence (a-e) or absence (f, g) 
of 20|iM hydroxyurea for 24h. 
Cells were washed into fresh 
growth medium and analysed at 
Oh (a, f), 2h (b), 4h (c), 6h (d) 
and 8h (e, g), by flow 
cytometry. C,D,E and F 
represent GO/Gl, S, G2/M and 
total cell populations, 
respectively, x-axis: 
fluorescence intensity; y-axis: 
cell count.
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if they have just passed this point, in mitosis. The effects of the drug are 

reversible and upon release from nocodazole, mitosis and cytokinesis are 

completed (Hamilton and Snyder, 1982) (Samson et al., 1979). These properties 

were exploited to enrich a population of Jurkat cells at G2/M.

Cells were cultured in the presence of a range of concentrations of 

nocodazole for 24h, washed into fresh growth medium and analysed by flow 

cytometry. The presence of 0.5pg/ml nocodazole resulted in a population of 

19% Gl, 14% S phase and 67% mitotic cells (fig. 3.6a). The effects of the drug 

were indeed reversible and removal allowed progression of cells through the

i)
70
60
50-

U  40 -  

o 30-
20;
10  1 1 1 1 1 1  1 1 1 1 1 1  1 1 1 1 1

0 2 4 6 8  10 0 2 4 6 8  10 0 2  4 6  8 10
Time (h)

Figure 3.6a Effect o f  nocodazole on Jurkat cell cycle  
progression
Jurkat cells were cultured in the presence of 0.5tig/ml ii) or 1.0|4g/ml iii) 
nocodazole, or left untreated i) for 24h. Cells were washed into fresh 
growth medium and cultured for a further 8h and samples were analysed 
by flow cytometry as indicated. The figure shows the relative proportion 
of cells in interphase (Gl), S phase (S) and mitosis (M).

cell cycle; thus, over the following 8h period the proportion of mitotic cells

dropped with a concurrent rise in the number of Gl phase cells. This was then

followed by a modest rise in the proportion of S phase cells between 6 and 8h.

Similar results were obtained with l(ig/ml nocodazole but concentrations lower

than 0.5pg/ml were less effective at blocking the cells at G2/M (results not

shown). Based on these results, 0.5pg/ml nocodazole was used to generate
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G2/M -blocked cells in all further experiments. Figure 3.6b shows the flow 

cytometry profiles for cells treated with 0.5|xg/ml nocodazole.
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Figure 3.6b Flow cytometric 
analysis of nocodazole- 
treated Jurkat cells.
Jurkat cells were cultured in 
the presence (a-e) or absence 
(f, g) of 0.5|ig/ml nocodazole 
for 24h. Cells were washed 
into fresh growth medium and 
analysed at Oh (a, f)), 2h (b), 4h 
(c), 6h (d) and 8h (e, g), by 
flow cytometry. A, C, D and E 
represent total, GO/Gl, S, and 
G2/M cell populations, 
respectively, x-axis: 
fluorescence intensity; y-axis: 
cell count.
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3.4 M etabolic Labelling

The first priority in establishing cell cycle-dependent roles for Lck and Fyn, was 

to examine the profile of proteins interacting with the SH2 and SH3 domains of 

these enzymes, during interphase, G1/8 and mitosis. Two methods were used to 

achieve this. In the first instance, asynchronous- and growth-arrested-cells 

were metabolically labelled with a radiolabelled mixture of methionine and 

cysteine. Cell lysates were then subjected to affinity precipitation using the 

SH2- and SH3-fusion proteins. Affinity precipitated proteins were resolved by 

SDS-PAGE and visualised using autoradiography or phosphorimaging. The 

second method used was affinity precipitation of cellular proteins from 

asynchronous- and growth-arrested-cells. Complexed proteins were then 

separated by SDS-PAGE and visualised after Coomassie Blue staining. The 

second method is described in Chapter 4. One consequence of metabolically 

labelling cells before affinity precipitating cellular proteins is that only 

proteins synthesised de novo will be detected. This method thus gives a more 

dynamic picture of protein interactions as only proteins synthesised at these 

positions in the cell cycle will be detected.

Figure 3.7 shows the profile of radiolabelled proteins from asynchronous a) 

and mitotically arrested b) Jurkat cells, associated with the SH2 and SH3 

domains of Lck and Fyn. Each domain associated with distinct, but overlapping, 

subsets of cellular proteins. In asynchronous cells, the most striking association 

was between the SH3 domain of Fyn and a 60/62kDa doublet. An apparently 

identical doubled a/so associated with the SH3 domain of Lck, but only in 

mitotically arrested cells. It should also be noted that the 62kDa protein 

formed an interaction with the SH2 domain of Lck and this too was restricted to 

mitotically blocked cells. All of the other major protein interactions appeared
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unrelated to the cell cycle. This suggests that, on the whole, the synthesis and 

association of Lck- and Fyn-binding proteins is not regulated in a cell cycle- 

dependent manner.

a) b)

3.5

200—

AP: G ST L2 L3 F2 F3 AP: L2 L3 F2 F3

Figure 3.7 M etabolically labelled proteins associating  
with the SH2 and SH3 domains of Lck and Fyn.
Jurkat cells were metabolically labelled with radiolabelled 
methionine/cysteine. Affinity precipitates were performed in 
asynchronous a) or mitotically arrested b) cells using the SH2 and 
SH3 domains of Lck (L2 and L3 respectively) and Fyn (F2 and F3 
respectively). Precipitates were resolved by 10%SDS-PAGE and 
proteins visualised by autoradiography.

Lck and Fyn Associate with Components of Microtubules

One interesting feature revealed by metabolically labelling cells, was the 

association of a protein doublet of approximately 60kDa with the SH3 domain 

of Fyn, in both asynchronous and mitotically arrested cells. As tubulin is 

known to run as a doublet with an equivalent molecular weight, a rabbit 

polyclonal antiserum, raised against a crude population of microtubules, was 

used to examine the association of tubulin with the SH2 and SH3 domains of 

Lck and Fyn. Brain extract is enriched with microtubules and was therefore 

used in some experiments as a positive control.



Figure 3.8 shows that only the SH3 domain of Lck associates with a 60kDa 

protein, and that this interaction may be modestly enhanced in nocadazole- 

blocked cells. Figure 3.9 demonstrates an association between the SH2 domain, 

and to a lesser extent the SH3 domain of Fyn, with a 50kDa protein. 

Surprisingly, FynSH3 also associated strongly with a 65kDa protein that was 

detected at very low levels in total brain extract and Jurkat whole cell lysate. 

As none of these proteins migrated with the expected molecular weight of 

either a- or p-tubulin, which are 56 and 55kDa respectively, it is difficult to 

judge what these proteins might be. However, as the BOkDa protein was the 

most abundant of the two in brain extract, this is most likely to be tubulin. The
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Figure 3.8 The SH3 domain of Lck 
associates with a component of  
microtubules.
Lysate from asynchronous (A), hydroxyurea- 
(Gl/S) and nocodazole-treated (G2/M) Jurkat 
cells was subjected to affinity precipitation 
using the SH2 and SH3 domain of Lck. 
Precipitates were resolved by SDS-PAGE 
and immunoblotted using antisera raised 
against microtubules.

fact that this antiserum was raised against microtubules, and not purified 

isoforms of tubulin probably explains the presence of proteins such as the 

50kDa and 65kDa proteins, which are assumed to be either isoforms of tubulin 

or microtubule-associated proteins. If these assumptions are correct then Lck 

and Fyn may associate with microtubules via tubulin and microtubule- 

associated proteins, respectively. Irrespective of these arguments, the
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interactions were clearly cell cycle-independent and it was decided not to 

pursue this line of investigation further.

6 5 -  " ÉÈÊÊk Ê Ê Ê ^

JCL BE A G1/SG2/M A Gl/S G2/M A Gl/S G2/M 
  GST  — FynSH2--------FynSHS —

Figure 3.9 The SH2 and SH3 domains of Fyn 
associate with components of microtubules
Lysate from asynchronous (A), hydroxyurea- (Gl/S) and 
nocodazole-treated (G2/M) Jurkat cells was subjected to 
affinity precipitation using the SH2 and SH3 domains of 
Fyn. Precipitates were resolved by SDS-PAGE and 
immunoblotted using antisera raised against microtubules. 
Proteins were visualised by ECL. Molecular weights in kOa 
are indicated on the left. Jurkat whole cell lysate (JCL) and 
brain extract (BE) were used as positive controls.

3.6 Tyrosine Phosphorylation and the Cell Cycle

As Lck and Fyn are known to form interactions with tyrosine phosphorylated 

proteins during T cell activation, the next approach was to study tyrosine 

phosphorylated proteins capable of associating with Lck and Fyn in interphase 

cells, and in cells arrested at Gl/S and G2/M. Cells were blocked with 

hydroxyurea, nocodazole or left unsynchronised, and lysates were subjected to 

affinity precipitation using the SH2- and SF13 -GST fusion proteins. Affinity 

precipitates were resolved by SDS-PAGE and immunoblotted for 

phosphotyrosine. However, it was not possible to detect any intrinsically 

tyrosine phosphorylated proteins interacting with Lck and Fyn at these stages 

of the cell cycle. As an alternative approach SC9 fibroblasts were used, which 

have a higher level of baseline tyrosine phosphorylation. In these cells (a kind 

gift from Dr S. Thomas), although there were differences in the pattern of 

tyrosine phosphorylated proteins associated with the GST-FynSH2 and GST-
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FynSHS fusion proteins, there was no evidence of gross domain-dependent 

qualitative differences in asynchronous, Gl/S or G2/M populations of cells (fig. 

3.10). The only small difference observed was in the population of tyrosine- 

phosphorylated proteins associated with the FynSH2 construct, which revealed 

an apparent marked reduction in a llSkDa protein in mitotic cells.

A Gl/S G2/M A G1/SG2/M A Gl/S G2/M

GST FynSH: FynSH3-

Figure 3.10 T yrosine phosphorylated  
proteins affinity precipitated from SC9 
cells
Asynchronous (A), thymidine- (Gl/S) and 
nocodazole blocked (G2/M) SC9 cells were 
detergent-lysed and incubated with GST fusion 
proteins. Affinity precipitates were resolved on 
7% SDS-PAGE and immunoblotted with anti- 
phosphotyrosine antisera. Proteins were visualised 
by ECL.

3.7 In vitro Kinase Activity Associated with Lck and Fyn

In view of the absence of detectable protein tyrosine phosphorylation in 

unstimulated Jurkat cells, and the modest cell cycle-dependent changes in 

protein tyrosine phosphorylation in SC9 cells, an alternative strategy was
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adopted, focusing instead on the possibility that Lck or Fyn might associate with 

kinases whose activities are modulated cell cycle-dependently.

Domain-specific cell cycle-dependent associating kinase activity was 

analysed in Jurkat cells. Cells were cultured in the presence of the 

appropriate blocking agent and lysates were subjected to affinity precipitation. 

In vitro kinase assays were performed on the affinity-precipitated complexes 

which were then resolved by SDS-PAGE. Incorporation of radiolahel was 

analysed using a phosphorimager and Mac-Bas software.

Both the LckSH2 and LckSH3SH2 domains associated with a variety of 

proteins phosphorylated by kinases in the precipitated complexes (fig. 3.11a).

A numerically greater range of proteins became phosphorylated in the SH3SH2 

affinity precipitate. Although cell cycle-dependent, qualitative changes in 

associating proteins were not observed, it was clear that there was increased 

kinase activity associated with both domains in mitotic populations of cells. 

Kinase assays were initially resolved on 7% polyacrylamide gels and proteins 

with molecular weights of less than 70kDa allowed to electrophorese off the 

end of the gel. However, when 10% acrylamide gels were used to resolve the 

phosphorylated proteins, phosphoprotein was observed in the control (GST) 

precipitates, demonstrating the presence of a non-specific kinase in the system. 

Strenuous attempts were made to pre-dear this kinase by prior incubation with 

glutathione-agarose beads but were unsuccessful. Even bulk pre-clearing 

through a 20ml column of glutathione-agarose only partially removed the 

kinase activity. The presence of this contaminating kinase makes it impossible 

to interpret the results with confidence, hut it should he noted that no increase 

in mitotic kinase activity was seen in association with GST alone.
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i) ii)

A G1/SG2/M A G1/SG2/M 
 GST  — LckSH2 —

A G1/SG2/M 
LckSH3SH2

Figure 3.11a Kinase activity associated with the SH2 and 
SH3SH2 domains of Lck.
Cellulai* proteins were affinity precipitated using the SH2 i) and SH3SH2 
ii) domains of Lck, from asynchronous (A), hydroxyurea- (G l/S) and 
nocodazole-treated (G2/M) Jurkat lysates. Piecipitates were subjected to 
in vitro kinase assay and resolved by 7% i) or 10% ii) SDS-PAGE. 
Phosphorylated proteins were visualised using the FujiBas 
Phosphorimager. Molecular weights aie indicated on the left

This suggests that the increased activity associated with the SH2 and SH3SH2 

domains of Lck may indeed be physiologically meaningful. Alternatively, the 

increase in mitotic phosphoproteins could be a consequence of greater 

quantities of binding proteins associated with the SH2 and SH3SH2 domains. 

However, results in the next chapter suggest that the majority of interactions
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with the individual domains of Lck and Fyn are unaffected by position in the 

cell cycle, suggesting that the increased tyrosine kinase activity in complexes 

isolated from mitotically blocked cells may be genuine.

For comparison, similar experiments were carried out on SC9 cells, but this 

time using the SH3 and SH2 domains of Fyn (fig. 3.11b). Control affinity 

precipitates (with GST) using this cell line did not complex with any kinase

A G l/S G2/M A G l/S G2/M 

— FynSH2— — FynSH3—

Figure 3.11b Kinase activity 
associated with the SH2 and SH3 
domains of Fyn in SC9 cells.
Cellular proteins were affinity 
precipitated using the SH2 and SH3 
domains of Fyn, from asynchronous (A), 
thymidine- (Gl/S) and nocodazole- 
treated (02/M) SC9 lysates and tieated as 
in Figure 3.11a.

activity (not shown), demonstrating that the contaminating kinase activity 

present in the experiments described in fig. 3.11a was a cellular component of 

Jurkat cells, and not a contaminating bacterial kinase carried over during the 

fusion protein isolation procedure, or a ubiquitous agarose-binding kinase. 

Proteins affinity precipitated using the FynSH2 and FynSH3 domains were 

qualitatively different. Despite the poor quality of the gel, it was possible to
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discern phosphorylated proteins of molecular weights 46kDa, 49kDa and 

51kDa in hoth the SH2 and SH3 lanes. Increased phosphorylation of these 

three proteins was apparent in FynSH2 precipitates synchronised at Gl/S. This 

increased phosphorylation was not detected in FynSH3 precipitates but a 

reduction in phosphorylation of the 51kDa protein was observed in precipitates 

from Gl/S and G2/M synchronised cells. FynSH2 precipitated a 66kDa protein 

that became strongly phosphorylated in Gl/S and G2/M cell complexes, when 

compared to precipitates from asynchronous cells. The phosphorylation status 

of the 65kDa and 66kDa proteins associating with the FynSH3 domain was 

independent of position in the cell cycle. The 90kDa and llOkDa proteins 

associated with FynSH3 had a slightly increased radiolabelled phosphate 

content when precipitated from Gl/S synchronised cells. Lck-associated kinase 

activity was not analysed in SC9 cells as Lck is expressed in cells of 

haematopoietic origin and not in fibroblasts. These results show that in 

principal, this is a viable approach when searching for cell cycle-dependent 

interactions between GST fusion proteins and cellular kinases, but the failure 

to rid Jukat extracts of background kinase activity meant that it could not be 

used in the context of work in this thesis.

3.8 Subcellular Localisation

Enzyme specificity is not only determined by amino acid sequence and post- 

translational modifications, such as phosphorylation, hut also indirectly by the 

subcellular localisations of both the enzyme and potential substrates. Changes 

in localisation or accessibility may thus regulate the interaction between 

enzyme and substrate. Alterations to subcellular architecture during mitosis 

expose nuclear proteins to cytoplasmic proteins. It is in this context that
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Sam68, a mitotic substrate for Src, is suggested to interact with Src. It is 

therefore conceivable that cell cycle-dependent functions of Src family 

members are affected by changes in subcellular localisation. To examine the 

subcellular localisation during the cell cycle, and the contribution made by 

each of the SH2 and SH3 domains, indirect immunofluorescence was performed 

in Jurkat cells incubated with SH3, SH2 and SH3SH2 GST fusion proteins.

Cells were spun onto poly-L-lysine coated coverslips, fixed and permeabilised 

and incubated with the appropriate GST fusion protein. Anti-GST and FITC- 

labelled secondary antibody were used to detect and visualise fusion protein 

localisation. Nuclear visualisation was achieved using the DNA stain 

HOECHST. FITC localisation is shown in green and HOECHST in blue.

3,8i Fusion Protein Localisation

Asynchronous and mitotic populations of Jurkat showed a diffuse and non

nuclear subcellular distribution of the LckSH2 fusion protein (fig. 3.12a) and an 

enriched plasma membrane localisation of the LckSH3SH2- (fig. 3.12a), 

FynSH2- and FynSH3SH2-GST fusion proteins (fig. 3.12b). No nuclear staining 

was detected with any of these fusion proteins. Incubation with GST or 

Lck/FynSH3 gave no staining pattern with very low levels of background 

fluorescence. HOECHST staining showed well-defined nuclear boundaries in 

asynchronous cells. Mitotic cells undergo chromatin condensation and 

alignment on the mitotic spindle. Nocodazole depolymerises tubulin and could 

account for the irregular arrangement of DNA in mitotic Jurkat cells. 

Hydroxyurea-treated Jurkat cells were also subjected to immunofluorescence 

following incubation with the GST fusion proteins. The localisation patterns 

obtained were as above (results not shown).
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a) c)

b)

&

d)

Figure 3.12a Subcellular localisation of 
the SH2 and SH3SH2 domains of Lck
Asynchronous (a, c) and nocodazole-treated 
(b, d) Jurkat cells were prepared for 
immunofluorescence according to the 
procedure of Ley et ai,  1994. Cells were 
incubated with GST fusion proteins 
containing the SH2 (a, b) and SH3SH2 (c, d) 
domains of Lck. Cells were incubated with 
GST anti-sera followed by FITC-conjugated 
secondary antibody, and examined by 
fluorescence microscopy.



a) c)

b) d)

Figure 3.12b Subcellular localisation of 
the SH2 and SH3SH2 domains of Fyn
Asynchronous (a, c) and nocodazole-treated 
(b, d) Jurkat cells were prepared for 
immunofluorescence according to the 
procedure of Ley et ai,  1994. Cells were 
incubated with GST fusion proteins 
containing the SH2 (a, b) and SH3SH2 (c, d) 
domains of Fyn. Cells were incubated with 
GST anti-sera, followed by FITC-conjugated 
secondary antibody.



DISCUSSION

Efficient methods were established for the production and isolation of GST- 

fusion proteins, alongside cell culture conditions required for the 

synchronisation of viable populations of Jurkat cells at Gl/S and G2/M. This 

was essential for the subsequent experiments, designed to provide insight into 

the cellular substrates for Lck and Fyn at different stages of the cell cycle. 

Results revealed that, on the whole, the profile of proteins selected by Lck and 

Fyn was independent of position in the cell cycle. However, a few cell cycle- 

dependent interactions were detected by metabolic labelling in Jurkat cells and 

by anti-phosphotyrosine blotting in 809 fibroblasts. In vitro kinase assays also 

suggested that the gross kinase activity associated with the SH2 and SH3SH2 

domains of Lck was up-regulated at mitosis. The subcellular localisations of 

individual domains from Lck and Fyn was unaltered by passage through the 

cell cycle, although it was observed that localisation of the SH2 domain of Lck 

was affected by the presence of the SH3 domain. Localisation patterns for the 

SH2 and SH3SH2 domains of Fyn have not been previously reported and these 

are discussed in greater detail below.

Protein components of microtubules were identified as cellular binding 

targets for both Lck and Fyn domains. This finding is consistent with results 

which showed Fyn co-precipitating tyrosine phosphorylated a-tuhulin, an 

interaction mediated by the FynSH2 domain (Marie-Cardine et al., 1995). Lck 

was also shown to co-precipitate a-tuhulin but this was in a non-tyrosine- 

phosphorylated form, suggesting that the interaction between Lck and tubulin 

was not mediated by the SH2 domain (Anafl et al., 1996). However, as the SH2
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domains of Grb2, PLCyl, and the p85 subunit of PI3-kinase, are capable of 

associating with p-tubulin, in a phosphotyrosine- and phosphotyrosine-binding- 

pocket-independent manner (Itoh et al., 1996), a similar mechanism may 

account for the binding of non-tyrosine phosphorylated a-tubulin to Lck.

Results presented here suggest that although the isoform is unknown, 

tubulin association with Lck in Jurkat cells is SH3-dependent and SH2- 

independent. Fyn has also been found in association with tubulin, but only 

with a-tubulin tyrosine phosphorylated following TCR activation of T 

lymphocytes (Marie-Cardine et al., 1995). No interaction was detected in 

unstimulated T lymphocytes. However, constitutive tyrosine phosphorylation 

of a-tubulin in T cells derived from leukaemic patients led to a constitutive 

interaction between a-tubulin and the FynSH2 domain. Consistent with this is 

the constitutive interaction seen between LckSH3 and tubulin in Jurkat cells 

(fig. 3.8).

Interactions between Src family members and tubulin may facilitate 

tyrosine phosphorylation of tubulin by these PTKs. Src and Fyn have both 

been shown to phosphorylate tubulin in vitro (Matten et al., 1990) (Marie- 

Cardine et al., 1995). Src is localised in the membranes of growth cones where 

it is thought to phosphorylate both a- and p-tubulin, as this tyrosiiie 

phosphorylation is specifically inhibited by antibodies directed against Src. Src 

has also been shown to directly phosphorylate tubulin in immune complex 

kinase assays with purified brain tubulin (Matten et al., 1990) (Akiyama et al., 

1986). Phosphorylation of tubulin by these PTKs may modulate microtubule 

dynamics as in vitro phosphorylation of unassembled tubulin subunits has 

been shown to inhibit their ability to polymerise into microtubules (Maness and 

Matten, 1990). The tyrosine phosphorylation and recruitment of a-tubulin to
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the SH2 domain of Fyn following T lymphocyte activation, suggests that this 

may be a physiologically relevant event in the signalling cascade that occurs in 

activated T lymphocytes. As tyrosine phosphorylated tubulin is thought to be 

incapable of polymerising with microtubules it is tempting to speculate that T 

cell activation results in Fyn-mediated tyrosine phosphorylation of tubulin and 

reorganisation of microtubules. Unlike the situation in resting normal human 

T lymphocytes, tyrosine phosphorylated a-tubulin associates with the FynSH2 

domain in the absence of external stimulation, in T lymphocytes isolated from 

leukaemic patients. The FynSH2-tubulin association is similar in Jurkat cells, 

which is also a transformed cell line, and this could indicate that constitutive 

tyrosine phosphorylation of a-tubulin may be a consequence of the malignant 

cell phenotype. Thus, if under normal conditions, tyrosine phosphorylation of 

a-tubulin and its association with Fyn is one of the steps in the cascade of 

intracellular events that leads to T lymphocyte proliferation, de-regulated 

tyrosine phosphorylation of a-tubulin and its association with Fyn could be 

related to the processes leading to malignant T cell growth. The picture may be 

slightly different with regard to the interaction between tubulin and Lck. Lck 

was incapable of phosphorylating a-tubulin in vitro (Marie-Cardine et oZ.,

1995). This suggests that a-tubulin is not a substrate for Lck but the interaction 

may be important in directing this PTK to the appropriate subcellular location.

The 50kDa and 60kDa proteins detected in Jurkat cells and brain extract 

(fig. 3.8) are assumed to be isoforms of tubulin. However, as the antibody was 

raised against a population of microtubules and not purified tubulin, it is 

possible that these proteins are not tubulin but microtubule-associated 

proteins.

94



Using immunofluorescence and confocal microscopy, the subcellular 

locations of Lck and Fyn were described by Ley et al., 1994. Crosslinking of the 

CDS co-receptor of Jurkat cells, resulted in a 10 fold increase in 

phosphotyrosine at the plasma membrane. This occurred 15 minutes after 

crosslinking with a return to baseline levels by 30 minutes. Double staining 

with anti-Lck antisera demonstrated a co-localisation of Lck with this 

phosphotyrosine. Lck and phosphotyrosine were also detected in a juxta- 

nuclear structure, shown by anti-y-tubulin staining to he the centrosome. Here 

Lck co-localised with a-tubulin. Lck and phosphotyrosine formed a shell-like 

structure surrounding the centrosome, the phosphotyrosine content of which 

was unaffected by CDS crosslinking. In mitotic cells, Lck and phosphotyrosine 

were detected at the plasma membrane with weak staining of phosphotyrosine 

at the mitotic poles and Lck was not detected in any intracellular structures.

The pattern of staining with anti-Fyn antisera was markedly different. Fyn was 

concentrated in the centrosome hut was found inside the ‘shelf detected by Lck 

and phosphotyrosine staining, demonstrating distinct localisations for Lck and 

Fyn within the centrosome. In mitotic cells Fyn co-localised with a-tubulin in 

the mitotic spindle and poles. This result is very interesting as it suggests a 

possible role for Fyn during mitosis! Fyn has been shown to phosphorylate and 

associate with a-tubulin and its localisation to the mitotic spindle suggests that 

it may be involved in regulating the dynamics of the mitotic spindle. This would 

put Fyn in an important position with respect to regulation of cell division. De

regulation of Fyn activity could result in de-regulation of spindle dynamics and 

therefore deregulation of the cell cycle. Indeed, these results and the 

constitutive association of the SH2 domain of Fyn with a-tuhulin in leukaemic T 

cells (Marie-Cardine et aL, 1995), suggest that the oncogenicity of transforming
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mutants of Src-family members may be attributable, in part, to de-regulated 

control of mitosis.

Plasma membrane localisation of Fyn was not detected by Ley et aL This is 

surprising, as Fyn is known to associate with the CDS receptor (see 1.6). CDS 

crosslinking, which acts to ‘cap’ the CDS molecules, thus concentrating Fyn, still 

resulted in no detectable Fyn at the plasma membrane. However, in a small 

percentage of transfected Jurkat cells expressing a ten fold increase in Fyn 

levels, Fyn was detected at the plasma membrane. This may indicate that 

levels of Fyn associated with CDS are normally to low to be detected by 

immunofluorescence.

With these results in mind, it was decided to examine the contribution made 

by the individual SH2 and SHS domains, to the subcellular localisation of Lck 

and Fyn. Jurkat cells were prepared for immunofluorescence using the 

protocol of Ley et al. Preparation in this way would facilitate direct comparisons 

with the results of the above authors. GST fusion proteins were incubated with 

fixed cells, and indirect visualisation of the fusion proteins was achieved with 

anti-GST antibody. Consistent with the study of Ley et aL, the SH3SH2 double 

domain fusion protein of Lck localised to the plasma membrane. However, the 

SH2 domain gave a diffuse cytoplasmic staining.

Surprisingly, the Lck SH3 domain alone gave no staining pattern (results not 

shown). This evidence suggests that the binding properties of individual 

signalling domains are modified when in the context of other domains. This is 

further evidence supporting the idea of intramolecular cross-talk between 

individual domains (Panchamoorthy et aL, 1994). Many signalling molecules 

contain both SH3 and SH2 domains. Given the high degree of homology
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between these domains, proteins that contain them might therefore be 

expected to bind overlapping subsets of cellular proteins, and exhibit lack of 

specificity. Interdomain-modulation between SH3 and/or SH2 domains could 

thus confer additional specificity, which could be achieved by the combination, 

quantity and position of SH3 and SH2 domains within the full length protein.

In contrast to the results of Ley et al., FynSH2 and FynSH3SH2 were found 

in association with the plasma membrane and did not localise to any 

intracellular structures. This distribution of Fyn is similar to that found in Fyn- 

overexpressing Jurkat cells (Ley et aL, 1994). As previously suggested, the 

level of endogenous Fyn associated with the plasma membrane may be too low 

to be detected by immunofluorescence. However, overexpression of Fyn, or in 

this case incubation with saturating quantities of fusion protein, probably drives 

up Fyn levels associated with the plasma membrane to the detectable range. 

That the SH2 and SH3SH2 domains of Fyn did not localise to intracellular 

structures suggests that this localisation is determined by a region of Fyn which 

lies outwith these domains, or that the resolution of the optical setup was too 

low to detect such a localisation. However, it should be noted that although no 

staining was seen with the GST protein alone (results not shown), it is possible 

that juxtaposition of GST to the Lck and Fyn domains affects their subcellular 

localisation.

N-terminal lipid modifications are known to be the dominant factors in 

localising Src family members to the plasma membrane. These experiments 

therefore only really show an interaction/cross talk between SH3 and SH2 

domains.
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Identification of Fyn 
Associating Proteins
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The aim of the work in this chapter was to detect and identify the major, 

stable protein interactions between the SH3/SH2 domains of Fyn, and 

detergent-soluble cellular components at defined points of the cell cycle. 

Peptide sequencing was used to identify these binding proteins, the intention 

being to identify i) novel proteins associating with the individual domains of 

Fyn, and/or ii) known proteins which had not been previously reported as 

ligands for Fyn.

4.1 Cellular Proteins Associating w ith Fyn

To identify cellular proteins associating with the SH3 and SH2 domains of Fyn, 

Jurkat lysates were subjected to affinity precipitation using GST fusion proteins 

as described in Chapter 3. Cells were cultured in the presence or absence of 

hydroxyurea and nocodazole, detergent lysed, precleared with CST, and 

incubated with fusion protein. Complexes were resolved by 7% SDS-PACE and 

proteins were visualised by Coomassie Blue staining. In comparison to 

immunoblotting, Coomassie Blue staining is a relatively insensitive method of 

protein detection. This limitation restricts the analysis to only relatively 

abundant proteins.

The Fyn-SH3 and -SH2 domains affinity precipitated distinct subsets of 

cellular proteins (fig. 4.1). The individual domains each associated with an 

array of proteins with the different staining intensities indicating either 

different levels of abundance or affinities. However, protein associations were 

independent of hydroxyurea or nocodazole treatment. The most abundant 

proteins associated with the FynSH3 domain had approximate molecular 

weights of 66, 68 and lOOkDa. Of the proteins associating with the SH2 

domain, those with approximate molecular weights of 70, 78 and llOkDa were
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the most abundant. Although it was disappointing that none of these 

interactions were cell cycle specific, these proteins were further characterised 

by peptide sequencing. Similar experiments were performed using the SH3 

and SH2 domains of Lck (not shown). However, protein interactions with these 

domains were minimal and independent of position in the cell cycle. These 

interactions were therefore not investigated further, 

a) b)

kDa

115-

79-

49-

kDa

- ^  - mm '

115-

79-

49-

A G l/S  G 2/M  A G 1 /S G 2 /M  

  GST------------FvnSH2------
A G l/S  G 2/M  A G l/S  G 2/M  

  GST ----    FvnSH S------

Figure 4.1 C ellular proteins associating with the SH2 and 
SH3 dom ains o f Fyn.
Detergent soluble lysates from 2x10^ hydroxyurea- (Gl/S), nocodazole- 
(G2/M) or untreated Jurkat cells were incubated with fusion proteins 
containing the SH2 a) and SH3 b) domains of Fyn, or GST alone. 
Affinity precipitates were resolved by 7% SDS-PAGE and proteins 
visualised by Coomassie Blue staining.

4.2 Protein Sequencing

To facilitate peptide sequencing the procedure described in 4.1 was scaled up to 

ensure adequate protein levels. After resolution by SDS-PAGE, protein bands 

were excised from the gel and subjected to peptide sequencing following
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lysopeptidase digestion. This was performed by Nick Totty and Alistair Sterling 

(Ludwig Institute, UCL, London). Peptide sequences thus obtained were used to 

search the National Center for Biotechnology Information databases using the 

Blastp protocol. Nine known proteins were detected by this method. One 

peptide of 14 residues did not correspond to any known protein in these 

databases. Table 4.1 gives the fusion protein used in the affinity precipitation, 

the molecular weight of the protein sequenced, the peptides obtained and the 

protein identified in the databases along with its Genbank accession number.

In each case the molecular weight of the protein from which the peptide 

sequence was derived correlated with the expected molecular weight of the 

protein identified in the databases.

4.21 Sequenced Proteins Associating w ith FynSH3

FynSH3 affinity precipitated vimentin, p54nrb, hnRNPK (heterogeneous 

nuclear Ribonucleo£rotein K), Sam68 and BF-l/HFKl. Figure 4.2 shows 

alignment of these proteins with the peptide sequences listed in Table 4.1.

4.2Ü Sequenced Proteins Associating w ith FynSH2

FynSH2 affinity precipitated HSP70, Nucleolin, Ku-70 and Ku-86. Figure 4.3 

shows alignment of these proteins with the peptide sequences listed in Table 

4.1.
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Peptide MW
o f

Peptide

Protein A ccessio n
Num ber

(G enbank)

F yn SH 3

KSRLGDLYEEMREL 57 Vimentin M14144
i) KRSRNTDEMVELRILLQSK 
Ü) KGRAQPYTP

59 hnRNPK S74678

i) KILGPQGNTK
ii) KFNFVGK 
in) KERVLIPAE
iv) KPSFTHAMQLLTAEIEK
v) KYLPELMAEK

66
Sam 68
(not DKH)

M88108

i) KLEMEMEAARHETHVMLMR 
Ü) KVELDNVPLR 
in) KGIVEFSGI 
iv) KALIEMEn

56 p54nrb U89867

KGAGAGGEDQ 57 B F -l/H F K l X74142

F ynSH 2

KSINPDEAVAYGAAV 68 H SP 70 L26336
i) KGYAFIEFASFEDAK 
Ü) KREIEGRAIRLELQ

116 N ucleolin M60858

KRSQIYGSRQIILEK 66 K u-70 J04611
KDQVTAQEIFQ 90 K u-86 J04977
KFFGVVDESSEEDE 40 unknown

Table 4.1 Sequenced proteins associating with FynSH2 and FynSH3
Column 1 lists the peptides sequenced from the FynSH2 and FynSH3 associating 
proteins. The approximate molecular weights (Column 2) along with the identified 
proteins (Column 3) and their Genbank accession numbers (Column 4) are also 
listed. Blastp was used to search all non-redundant Genbank Cds translations + 
PDB + SwissProt + PIR databases @ http://www.ncbi.nlm.nih.gov.
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vimentin
M S T R S V S S S S Y R R M F G G P G T A S R P S S S R S Y V T T S T R T Y S L G D A L R P S T S R S L Y A S S P G G V Y A T R S S A V R L

R S S V P G V R L L Q D SV D F SL A D A IN T E F K N T R T N E K V E L Q E L N D R F A N Y ID K V R F L E Q Q N K IL L A E L E Q L K G

Q G K SR LG D LY EEEM R ELR R Q V D Q LTN D K A R V EV ER D N LA ED IM R LR EK LQ EEM LQ R EEA EN TLQ SFR Q D V  
SRLGDLYEE-MREL

D N A SL A R L D L E R K V E SL Q E E IA FL K K L H E E E IQ E L Q A Q IQ E Q H V Q ID V D V SK P D L T A A L R D V R Q Q Y E SV A

A K N LQ EA EE W Y K SK FADLSEAANRNNDA LRQ AK Q ESTEYRRQ VQ SLTCEVDALK G TNESLERQ M REM EEN

F A V E A A N Y Q D T IG R L Q D E IQ N M K E E M A R H L R E Y Q D L L N V K M A L D IE IA T Y R K L L E G E E SR ISL P L P N F SS

L N L R E T N L D SL P L V D T H SK R T F L IK T V E T R D G Q V IN E T SQ H H D D L E

hnRNPK
M E T E Q P E E T F P N T E T N G E F G K R P A E D M E E E Q A F K R SR N T D E M V E L R IL L Q SK N A G A V IG K G G K N IK A L R T

KRSRNTDEMVELRILLQSK
D Y N A S V S V P D S S G P E R IL S IS A D IE T I G E IL K K IIP T L E E G L Q L P S P T A T S Q L P L E S D A V E C L N Y Q H Y K G

S D F D C E L R L L I H Q S L A G G IIG V K G A K IK E L R E N T Q T T IK L F Q E C C P H S T D R W L IG G K P D R W E C IK IIL

D L ISE SP IK G R A Q PY D PN F Y D E T Y D Y G G FT M M F D D R R G R P V G FP M R G R G G FD R M P PG R G G R P M P PSR R D Y

D D M S P R R G P P P P P P G R G G R G G SR A R N L P L P PP PP PR G G D L M A Y D R R G R P G D R Y D G M V G F SA D E T W D SA ID

T W S P S E W Q M A Y E P Q G G S G Y D Y S Y A G G R G S Y G D L G G P IIT T Q V T IP K D L A G S IIG K G G Q R IK Q IR H E S G A S

IK ID E P L E G S E D R IIT IT G T Q D Q IQ N A Q Y L L Q N S V K Q Y S G K F F

Sam68
M Q R R D D P A A R M SR SSG R SG SM D PSG A H P SV R Q T P SR Q P P L PH R SR G G G G G SR G G A R A SPA T Q PP PL L P PS

A T G P D A T V G G P A P T PL L P PSA T A SV K M E P E N K Y L P E L M A E K D SL D PSF T H A M Q L L T A E IE K IQ K G D SK K D
KYLPELMAEK PSPTHAMQLLTAEIEK

D E E N  YLD LF SH K NM K LK ER VLIPVK Q  Y PK FN F V G K IL G PQ G N T IK R L Q E E T G  A K IS  VLGKGSM RDKAKEE  KERVLIPae KFNFVGKILGPQGNTk
E L R K G G D PK Y A H L N M D LH V FIE V FG PPC E A Y A LM A H A M EEV K K FLV PD M M D D IC Q EQ FLE LSY LN G V PEP

SR G R G V PV R G R G A A PPPPPV PR G R G V G PPR G A L V R G T PV R G A IT R G A T V T R G V PPPPT V R G A PA PR A R T A

G IQ R IPL PPPPA PE T Y E E Y G Y D D T Y A E Q SY E G Y E G Y Y SQ SQ G D SE Y Y D Y G H G E V Q D SY E A Y G Q D D W N G T R

P SL K A PPA R PV K G A Y R E H PY G R Y Z
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p54nrb

M Q SNK TFNLEK Q N H T PR K H H Q H H H Q Q Q H H Q Q Q Q Q Q PPPPPIPA N G Q Q A SSQ N EG L TID LK N FR K PG EK TF

T Q R SR L FV G N L PP D IT E E E M R K L F E K Y G K A G E V FIH K D K G F G FIR L E T R T L A E IA K V E L D N M PL R G K Q L R
KVELDNvPLR

V R F A C H SA SL T V R N L P Q Y V S N E L L E E A F S V F G Q V E R A W IV D D R G R P SG K G IV E F SG K P A A R K A L D R C S EKGIVEFSGi
G SFL L T T FPR PV TV E PM D Q L D D E E G L PE K L V IK N Q Q FH K E R E Q PPR FA Q PG SFE Y E Y A M R W K A L IE M E K QKALIEHEii
QQDQVDRNIKEAREKLEM EM EAARHEHQVM LM RQDLM RRQEELRRM EELHNQEVQKRKQLELRQEEERRR

KLEMEMEAARHEthVMLMR
REEEM RRQQEEM M RRQQEGFKGTFPDAREQEIRM GQM AM GGAM GINNRGAM PPAPVPAGTPAPPGPATM M

PD G TL G L T PP T T E R F G Q A A T M E G IG A IG G T PP A FN R A A PG A E FA P N K R R R Y

BF-l/HFKl
M L D M G D R K E V K M IPK SSFSIN SL V P E G L Q N D N H H A SH G H H N SH H PQ H H H H H H H H H H H PP P PA P Q PP PP R A

a q q q q p p p p p l a p q a g g a a q s n d e k g p q l l l l p p t d h h r p p s g a k a g g c c r p g e l g p v g p d e k e k g a g a g
KGAGAG

g e e k k g a g e g g k d g e g g k e g e k k n g k y e k p p f s y n a l i m m a i r q s p e k r l t l n g i y e f i m k n f p y y r e n kGEdq
q g w q n s i r h n l s l n k c f v k v p r h y d d p g k g n y w m l d p s s d d v f i g g t t g k l r r r s t t s p a k l a f k r g a a l

t s t g l t f m d r a g s l y w p m s p f l s l h h p r a s s t l s y n g t t s a y p s h p m p y s s v l t q n s l g n n h s f s t a n g l

S V D R L V N G E IP Y A T H H L T A A A L A A S V P C G L S V P C S G T Y S L N P C S V N L L A G Q T S Y F F P H V P H P S M T S Q S S T

S M S A R A A S S S T S P P A P R P L P C E S L R P S L P S F T T G L S G G L S D Y F T H Q N Q G S S S N P L IH

Figure 4.2 Alignm ent of peptide sequences associated with FynSH3, 
with identified amino acid sequences
Peptide sequences are shown aligned with the full amino acid sequences of the 
proteins identified as being in association with FynSH3. Bold letters denote the 
peptide sequence. Upper case letters in the peptide sequence denote identical amino 
acids. shows where a gap has been placed in the peptide sequence to allow for 
alignment of the succeeding residues.
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HSP70
M SA R G P A IG ID L G T T Y SC V G V F Q H G K V E IIA N D Q G N R T T P SY V A F T D T E R L IG D A A K N Q V A M N P T N T IF D

A K R L IG R K FE D A T V Q SD M K H W PFR W SE G G K PK V Q V E Y K G E T K T FFPE E ISSM V L T K M K E IA E A Y L G G K V

H S A V IT V P A Y F N D S Q R Q A T K D A G T IT G L N V L R I IN E P T  A A A IA Y G LD K K G C A G G E K N V L IFD L G G G T FD V

S IL T IE D G IF E V K ST A G D T H L G G E D F D N R M V SH L A E E F K R K H K K D IG P N K R A V R R L R T A C E R A K R T L SSS

T Q A S IE ID S L Y E G V D F Y T S IT R A R F E E L N A D L F R G T L E P V E K A L R D A K L D K G Q IQ E IV L V G G S T R IP K IQ

K L L Q D F F N G K E L N K S IN P D E A V A Y G A A V Q A A IL IG D K S E W Q D L L L L D V T P L S L G IE T A G G V M T P L IK R NKSINPDEAVAYGAAV
T T IP T K Q T Q T F T T Y S D N Q S S V L V Q V Y E G E R A M T K D N N L L G K F D L T G IP P A P R G V P Q IE V T F D ID A N G IL N

V T A A D K ST G K E N K IT IT N D K G R L SK D D ID R M V Q E A E R Y K SE D E A N R D R V A A K N A L E SY T Y N IK Q T V E D E K

L R G K ISE Q D K N K IL D K C Q E V IN W L D R N Q M A EK D E Y E H K Q K E L E R V C N PIISK L Y Q G G PG G G SG G G G SG A S

G G P T IE E V D

Nucleolin

M V K L A K A G K N Q G D P K K M A P P P K E V E E D S E D E E M S E D E E D D S S G E E W IP Q K K G K K A A A T S A K K V W SP T K

K V A V A TPA K K A A V T PG K K A A A T PA K K TV T PA K A V T T PG K K G A T PG K A L V A T PG K K G A A IPA K G A K N G K N A

K K E D S D E E E D D D S E E D E E D D E D E D E D E D E IE P A A M K A A A A A P A S E D E D D E D D E D D E D D D D D E E D D S E E E A

M E T T PA K G K K A A K W PV K A K N V A E D E D E E E D D E D E D D D D D E D D E D D D D E D D E E E E E E E E E E PV K E A PG K R

K K E M A K Q K A A P E A K K Q K V E G T E P T T A F N L F V G N L N F N K SA P E L K T G ISD V F A K N D L A W D V R IG M T R K F G

Y V D F E S A E D L E K A L E L T G L K V F G N E IK L E K P K G K D S K K E R D A R T L L A K N L P Y K V T Q D E L K E V F E D A A E IR

L V SK D G K S K G IA Y IE F K T E A D A E K T F E E K Q G T E ID G R S IS L Y Y T G E K G Q N Q D Y R G G K N S T W S G E S K T L V L

S N L S Y S A T E E T L Q E V F E K A T F IK V P Q N Q N G K S K G Y A F IE F A S F E D A K E A L N S C N K R E IE G R A IR L E L Q G P
KGYAFIEFASFEDAK KREIEGRAIRLELQ

R G S P N A R S Q P S K T L F V K G L S E D T T E E T L K E S F D G S V R A R IV T D R E T G S S K G F G F V D F N S E E D A K E A M E D G

EIDGNKVTLDW AKPKGEGGFGGRGGGRGGFGGRGGGRGGRGGFGGRGRGGFGGRGGFRGGRGGGGDHKPQ

G K K TK FE
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Ku-70
M S G W E S Y Y K T E G D E E A E E E Q E E N L E A SG D Y K Y SG R D SL IF L V D A S K A M F E S Q S E D E L T P F D M S IQ C IQ SV

Y ISK IISSD R D L L A W F Y G T E K D K N S V N F K N IY V L Q E L D N P G A K R IL E L D Q F K G Q Q G Q K R F Q D M M G H G SD

Y SLSE V L W V C A N L FSD V Q FK M SH K R IM L FT N E D N PH G N D SA K A SR A R T K A G D L R D T G IFL D L M H L K K PG G

F D IS L F Y R D IIS IA E D E D L R V H F E E S S K L E D L L R K V R A K E T R K R A L S R L K L K L N K D IV IS V G IY N L V Q K A

L K P P P IK L Y R E T N E P V K T K T R T F N T S T G G L L L P S D T K R S Q IY G S R Q IIL E K E E T E E L K R F D D P G L M L M G FKRSQIYGSRQI-LEK
K P L V L L K K H H Y L R P S L F V Y P E E S L V IG S S T L F S A L L IK C L E K E V A A L C R Y T P R R N IP P Y F V A L V P Q E E E L

D D Q K IQ V T P P G F Q L V F L P F A D D K R K M P F T E K IM A T P E Q V G K M K A IV E K L R F T Y R SD SF E N P V L Q Q H F R N L

EA L A L D L M E PE Q A V D L T L PK V E A M N K R L G SL V D E FK E L V Y PPD Y N PE G K V T K R K H D N E G SG SK R PK V E Y S

E E E L K T H ISK G T L G K FT V PM L K E A C R A Y G L K SG L K K Q E L L E A L T K H FQ D

Ku-86

M V R SG N K A A W L C M D V G F T M S N S IP G IE S P F E Q A K K V IT M F V Q R Q V F A E N K D E IA L V L F G T D G T D N P L S G

G D Q Y Q N IT V H R H L M L P D F D L L E D IE S K IQ P G S Q Q A D F L D A L IV S M D V IQ H E T IG K K F E K R H IE IF T D L S S

R F S K S Q L D IIIH S L K K C D IS L Q F F L P F S L G K E D G S G D R G D G P F R L G G H G P S F P L K G IT E Q Q K E G L E IV K M

V M IS L E G E D G L D E IY S F S E S L R K L C V F K K IE R H S IH W P C R L T IG S N L S IR IA A Y K S IL Q E R V K K T W T W D

A K T L K K E D IQ K E T V Y C L N D D D E T E V L K E D IIQ G F R Y G SD IV P F S K V D E E Q M K Y K S E G K C F S V L G F C K S S Q

V Q R R F FM G N Q V L K V FA A R D D E A A A V A L SSL IH A L D D L D M V A IV R Y A Y D K R A N P Q V G V A F PH IK H N Y E C L V

Y V Q L P F M E D L R Q Y M F S S L K N S K K Y A P T E A Q L N A V D A L ID S M S L A K K D E K T D T L E D L F P T T K IP N P R F Q R L

F Q C L L H R A L H P R E P L P P IQ Q H IW N M L N P P A E V T T K S Q IP L S K IK T L F P L IE A K K K D Q V T A Q E IF Q D N H E DKDQVTAQEIFQ
G P T A K K L K T E Q G G A H F S V S S L A E G S V T S V G SV N P A E N F R V L V K Q K K A S F E E A S N Q L IN H IE Q F L D T N E T P

Y F M K S ID C IR A F R E E A IK F S E E Q R F N N F L K A L Q E K V E IK Q L N H F W E IW Q D G IT L IT K E E A S G S S V T A E E

A K K FL A PK D K PSG D T A A V FE E G G D V D D L L D M I

Figure 4.3 Alignment of peptide sequences associated with FynSH2, 
with identified amino acid sequences
Peptide sequences are shown aligned with the full amino acid sequences of the 
proteins identified as being in association with FynSH2. Bold letters denote the 
peptide sequence. Upper case letters in the peptide sequence denote identical amino 
acids. shows where a gap has been placed in the peptide sequence to allow for 
alignment of the succeeding residues.
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Immunoblotting confirmed the binding of Sam68 to the SH3 domain of Fyn 

and revealed association between Sam68 and the SH2 and SH3 domains of Fyn 

and Lck, respectively (fig. 4.4). Immunoblotting with p54nrb antisera 

confirmed the association of p54nrb with the SH3 domain of Fyn and revealed a 

similar association between the SH2 domain of Lck and p54nrb (fig. 4.5).

GST L ck S H 2 L ckS H 3 GST F y n S H 2 F y n S H 3

Figure 4.4 Im m unoblotting of affin ity  
precipitates with Sam68 antisera.
5x10^ Jurkat cells were lysed and subjected to 
affinity precipitation using the SH2 and SH3 
domains of Lck and Fyn. Affinity precipitates 
were resolved by SDS-PAGE and immunoblotted 
for the presence of Sam68. Proteins were 
visualised by ECL.

GST Lck Lck 
SH2 SH3

GST Fyn Fyn 
SH2 SFB

Figure 4.5 Im m unoblotting of affinity  
precipitates with p54nrb antisera
Affinity precipitations were performed as 
described in fig. 4.4. Resolved proteins were 
immunoblotted with 54nrb antisera and bound 
antibody visualised by ECL.



DISCUSSION

Despite the apparent lack of cell cycle-dependent interactions involving the 

SH3 and SH2 domains of Fyn and Lck, the results reported in this chapter are 

of considerable interest. It is clear that the individual domains of these kinases 

associate with distinct subsets of cellular proteins. The Fyn domains 

precipitated a considerably greater number of cellular proteins suggesting a 

more diverse role for Fyn in proliferating T cells. Roles for these PTKs in T cell 

activation are well documented, but these results suggest additional roles for 

Fyn and Lck in growing cells, with most of their detectable interactions being 

constitutive. Although the associations with cellular proteins were constitutive, 

it is possible that these Fyn/Lck binding proteins are post-translationally 

modified at the different stages of the cell cycle. Protein phosphorylation state, 

activity or sub cellular localisation may be modified in a cell cycle-dependent 

manner. One potentially novel protein was found in association with the 

FynSH2 domain and various novel interactions were detected between the Fyn 

domains and known proteins. However, the most exciting feature of this work 

was the detection of several nucleic acid-hinding proteins interacting with the 

SH3 and SH2 domains. This discussion will focus on these SH3/SH2 binding 

proteins, their properties, the possible nature of their interactions with Fyn and 

the implications for Src family biology.

4^ Vimentin Interacts w ith the FynSH3 Domain

Intermediate filaments are durable protein fibres found in the cytoplasm of 

most animal cells. An extensive network of intermediate filaments surrounds 

the nucleus and extends out to the cell periphery, where they interact with the
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plasma membrane. Vimentin is a 54kDa protein found in intermediate 

filaments of the cytoskeleton. Vimentin is the most widely distributed of the 

cytoplasmic intermediate filament proteins, being present in many cells of 

mesodermal origin, including fibroblasts, white blood cells and endothelial 

cells. In addition, many cells express it transiently during development.

No interaction between vimentin and Fyn has been previously reported. 

However, one study suggests that the Src-family member. Yes, associates with 

vimentin (Ciesielski Treska et al., 1995). Using anti-sera to Yes, this group 

showed a perinuclear staining pattern with lines of staining radiating from the 

nucleus. Depolymerisation of microtubules by colchicine, which is associated 

with a collapse of vimentin intermediate filaments, gave a condensed staining 

pattern of Yes around the nucleus. This suggested that Yes was localised along 

the collapsed vimentin filaments and in keeping with this, double 

immunofluorescence with an anti-vimentin antibody showed co-localisation of 

Yes with vimentin. Treatment of these cells with dibutyryl-cAMP or the 

phorbol ester TPA (12-0-tetradecanoylphorbol-13-acetate), which enhance the 

phosphorylation of vimentin, resulted in an increase in the amount of Yes co- 

localising with vimentin. These results suggest that PKC-mediated 

phosphorylation of vimentin is important in determining the localisation of Yes 

to vimentin (Ciesielski Treska et at., 1995).

TPA-induced phosphorylation of vimentin may be due to the activation of 

PKCÔ. Activation of PKCÔ, a member of the PKC family which is non- 

responsive to Câ "̂ , is induced by TPA. PKC5 was found in association with 

vimentin intermediate filaments and the addition of a PKC-specific inhibitor, 

chelerythrine, decreased the phosphorylation state of vimentin (Owen et al., 

1996). Other reports have shown association with, and phosphorylation of, the
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activated autophosphorylated form of PKCô by Src and Fyn. Tyrosine 

phosphorylation of PKCÔ by Src/Fyn, has also been shown to further enhance its 

activity (Gschwendt et al., 1994) (Li et al., 1994).

vimentin

Vim

=Phosphate

Figure 4.6 Proposed mechanism of 
interaction between Fyn and vimentin.
Fyn colocalises with vimentin by interacting 
with PKCô. Tyrosine phosphorylation of 
autophosphorylated PKCô, by Fyn, 
enhances its serine kinase activity towards 
vimentin. The inset shows the stable, active 
complex of Fyn, PKCô and vimentin.

Absence of proline rich regions within vimentin suggests either an indirect or

novel mechanism of interaction between FynSH3 and vimentin. Here I propose

a physical and functional interaction for Fyn with vimentin, where Fyn localises

to vimentin intermediate filaments via binding to PKCô (fig. 4.6). Tyrosine

phosphorylation of PKCô by Fyn, results in enhancement of PKCô kinase

activity. Activated PKCô then phosphorylates vimentin on serine residues,

resulting in changes in subcellular architecture.

4.4 hnRNPK Interacts with the FynSH3 Domain

Heterogeneous nuclear ribonucleoprotein particle (hnRNP) proteins are pre- 

mRNA-binding proteins thought to facilitate the various stages of mRNA 

biogenesis such as splicing and transport to the cytoplasm (Dreyfuss et al..
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1993). hnRNPK is one of at least 20 hnRNP proteins, and is the major cellular 

poly(rC)-binding protein (Matunis et al., 1992). hnRNPK also binds DNA, an 

interaction mediated by three repeats of a motif termed the KH (K homology) 

domain. hnRNPK has been shown to be a transcription factor (Michelotti et al.y

1996) and is thought to be involved in myc gene regulation (Michelotti et al., 

1995). Two previous reports have described interactions between the SH3 

domains of Fyn and Src and hnRNPK in fibroblasts (Weng et at., 1994) (Taylor 

and Shalloway, 1994). Although the functional significance of the interactions 

between these PTKs and hnRNPK is unknown, these results suggest that Src 

family members may be influential in mRNA biogenesis or transcriptional 

regulation.

4.5 Sam68 Interacts with the FynSHS Domain

Sam68 (S^rc-associated at mitosis p68) contains a KH domain and RGG boxes, 

five proline-rich motifs and a tyrosine-rich C-terminus (Wong et al., 1992). KH 

and RGG boxes are landmarks of RNA binding proteins (Gibson et al., 1993) 

and Sam68 has indeed been shown to bind nucleic acids (Wong et al., 1992) 

(Wang et al., 1995a). The role of Sam68 is unknown but the presence of the 

proline-rich motifs and the C-terminal tyrosine rich region allows binding to 

SH3 and SH2 domains respectively. These features mediate binding to several 

signalling proteins such as Grb2, PLCyl, Cbl and Jak3 (Richard et al., 1995) 

(Fusaki et al., 1997) suggesting that Sam68 may act as an adaptor protein 

linking Src family kinases to downstream protein and nucleic acid effectors.

An alternatively spliced form of Sam68 has also been cloned and shown to 

contain a deletion within the KH domain. The deleted region corresponds to 

amino acids 170-208 of Sam68. This isoform, known as Sam68AKH, has reduced
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nucleic acid binding abilities and has been shown to inhibit serum-induced DNA 

synthesis (Barlat et al., 1997).

Peptides i) and ii) sequenced from Sam68 correspond to amino acids 169-185. 

This is part of the region contained within the KH domain, but which is absent 

in the alternatively spliced isoform, showing that FynSHS associates with the 

full length form of Sam68. Given the interest in Sam68 and its possible 

involvement in cell cycle-dependent events mediated by mitotically active c-Src, 

the interaction between Sam68 and Fyn was investigated in greater detail in 

Chapter 5.

4.6 p54nrb Interacts with the FynSHS Domain

RNP HTH Pro

RNP2 X RNPl RNP2 : : VRNPl

75 228 290 311 404 432 471

Figure 4.7 Structure of p54nrb
p54nrb contains a ribonucleoprotein (RNP) domain which 
comprises two RNP type 1 and two RNP type 2 domains 
at amino acids 75-228. The regions corresponding to 
amino acids 290-311 and 404-432 comprise the hehx-tum- 
hehx (HTH) and proline-rich (Pro) domains, respectively.

p54nrb (nuclear ] ^ A  binding protein) is a 54kDa nuclear protein with two 

nucleic acid binding regions: an RNP (ribonucleoprotein) and an HTH (helix- 

turn-helix) domain. Mouse and Drosophila homologues of p54nrb have been 

cloned and are known as NonO (non-POU-domain-containing, octamer-binding) 

and nonÂ '*® respectively. A ubiquitous form of p54nrb is present in all adult 

tissues, whereas lymphocytes and retina express unique forms of p54nrb 

mRNA. p54nrb is highly similar to the splicing factor PSF (£olypyrimidine
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tract-binding protein-associated s lic in g  factor) (Patton et al., 1993) and can 

bind to double-stranded DNA via its HTH domain. It also has RNA and single

stranded DNA binding capabilities which are mediated via the RNP domain. 

Binding of RNA and double-stranded DNA can occur simultaneously indicating 

that the RNP and HTH domains function independently (Yang et al., 1993)

(Dong et al., 1993). p54nrb also enhances the binding of some transcription 

factors to their recognition sites by increasing the association rate of the 

protein-DNA complex while the dissociation rate remains the same. p54nrb 

also induces the binding of the Ku complex to DNA ends (Yang et al., 1997).

A proline-rich region is located between residues 404 and 432 with 41% of 

these amino acids being proline (Table 4.2, p ll8). This may provide binding 

sites for SH3 domain-containing proteins and it is probable that the SH3 domain 

of Fyn binds p54nrb at this region. Immunoblotting of affinity precipitates with 

p54nrb-anti-sera confirmed the association of p54nrb with the SH3 domain of 

Fyn (fig. 4.6). Immunoblotting also detected Lck in association with p54nrb (fig. 

4.6). However, in contrast to Fyn, the association here was mediated by the SH2 

domain. This suggests that substrate-specificity of Src family members is 

determined not only by differences between homologous domains, but also by 

different domains.

4.7 BF-1 Interacts w ith the FynSHS Domain

Brain factor-1 (BF-1) is a member of the fork head family of eukaryotic 

transcription factors. These proteins are characterised by a 110 amino acid 

DNA-binding domain which is highly conserved in many organisms including C. 

elegans, Drosophila and human. Many of these genes appear to play an 

important role in early mammalian development. BF-1 is a member of this

113



family which shows specific embryonic brain expression and is essential for 

development of the cerebral hemispheres, retina and the telencephalon 

(Murphy et al., 1994) (Xuan et al., 1995) (Hatini et al., 1994). That this protein 

has previously been reported as an embryonic brain protein makes the 

interaction with the SH3 domain of Fyn, in Jurkat cells very surprising. 

Transcription factors are generally expressed at very low levels and so it was 

surprising that the method used to isolate Fyn-binding proteins revealed such a 

protein. It is possible that BF-1 had comigrated with a protein of identical 

molecular weight and that this protein, and not BF-1, was detected by 

Coomassie blue staining. It should also be noted that only one peptide of 10 

amino acids in length was obtained from this sample, and only the first 8 of 

these amino acids were identical to the sequence extracted from the database. 

Further amino acid sequences would need to be obtained from this FynSH2 

binding protein in order to validate its identity.

4.8 Nucleolin Interacts with the FynSH2 domain

Nucleolin is an abundant llOkDa nucleic-acid-binding protein involved in the 

synthesis, packaging and maturation of pre-rRNA in eukaryotic cells. It is 

localised to the nucleolus and contains four RNA binding domains, each about 

80 amino acid residues long, which include the 11-residue core 

ribonucleoprotein consensus motif. A glycine-rich carhoxy-terminal domain 

and sites for phosphorylation, glycosylation and dibasic cleavage are also 

present. It has been shown to be a physiological substrate for casein kinase II 

(CKII) and is implicated in chromatin decondensation via its association with 

histone HI (Srivastava et al., 1989) (Bourbon et al., 1988) (Schneider and 

Issinger, 1988) (Erard et al., 1988). The association between nucleolin and the
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SH2 domain of Fyn was surprising. Fyn has not been shown to localise to the 

nucleolus in interphase cells, although it has been shown to localise to the 

mitotic spindle. Furthermore, immunofluorescence studies using the SH2 

domain of Fyn (fig. 3.12b), did not reveal any nuclear localisation. The 

interaction between Fyn and nucleolin is difficult to interpret in terms of what 

the physiological significance might be, and further studies would need to be 

performed to eliminate the possibility of an artefactual interaction.

4.9 Ku Interacts with the FynSH2 Domain

The variable region genes of immunoglobulin and TCR molecules are 

assembled from germline gene segments during development of B and T 

lymphocytes by rearrangement of non-contiguous genomic segments that 

encode the variable (V), diversity (D) and joining (J) elements of Ig and TCR 

genes. This process is known as V(D)J recombination (Lewis, 1994) (Bogue and 

Roth, 1996). Cells deficient in either of the Ku subunits exhibit deficiencies in 

double-strand-break repair and V(D)J recombination along with a severe 

combined immunodeficiency resulting from premature arrest of B and T 

lymphocyte differentiation, which cannot proceed in the absence of functional 

antigen receptor proteins (Zhu et al., 1996).

Ku has been cloned by several groups under the following names: Thyroid- 

Lupus Autoantigen, ATP-dependent DNA Helicase II, CTC Box Binding Factor, 

and Nuclear Factor IV. Ku is a nuclear 70kDa and 86kDa heterodimer which 

accounts for the DNA end binding activity in eukaryotic cell extracts, binds 

DNA ends in a sequence-independent fashion and is a double-stranded DNA 

repair protein. The Ku heterodimer is the DNA binding element of DNA- 

dependent protein kinase (DNA-PK). Dimérisation of Ku-70/Ku-86 is a
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prerequisite for DNA binding with individual domains being unable to bind 

DNA. DNA-PK is a serine/threonine kinase which comprises a catalytic subunit 

(DNA-PK„) in conjunction with the Ku heterodimer (Gottlieb and Jackson,

1993), and whose kinase activity is activated when Ku binds to DNA (Morozov et 

al., 1994). Once activated, DNA-PK is capable of phosphorylating a number of 

proteins in vitro including p53, Ku and several transcription factors including c- 

jun, c-fos, c-myc, Octl, and Oct2 (Lees Miller et at., 1990). The C-terminal 

20kDa and 40kDa regions of Ku-70 are required for binding to Ku-86 and DNA 

ends, respectively. The C-terminal 32kDa and 45kDa regions of Ku-86 are 

required for binding to Ku-70 and DNA ends, respectively (Wu and Lieber,

1996) (Lees Miller, 1996).

Localisation of Fyn to DNA-PK via association with the Ku heterodimer, may 

facilitate phosphorylation of Fyn by DNA-PK or vice versa. That DNA-PK 

interacts with proto-oncoproteins with tyrosine kinase activity is supported by 

reports showing a physical and functional interaction between c-Abl and DNA- 

PK (Jin et al., 1997) (Kharbanda et al., 1997). c-Abl associates with the Ku 

heterodimer and is phosphorylated by DNA-PK following treatment with 

ionising radiation. c-Abl can also phosphorylate DNA-PK, in vitro, which 

inhibits the DNA binding ability of DNA-PK. Fyn may therefore function in an 

analogous manner, to indirectly regulate transcriptional activation or DNA 

repair by modulating the kinase activity of DNA-PK. Conversely, the kinase 

activity of Fyn may be modulated by DNA-PK.

4.10 Mode of Interaction with the SH2 and SH3 Domains of Fyn

The method used in this study to isolate Fyn-associating proteins does not allow 

for the distinction between direct and indirect interactions with cellular
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proteins. It is therefore possible that association with any of these proteins is 

achieved via an intermediate protein (or proteins) and that affinity precipitates 

contain complexes of proteins interacting with the SH2 and SH3 domains of 

Fyn. However, the presence of proline-rich motifs in Sam68, hnRNPK and BF- 

1 suggests that at least some of these proteins form direct interactions. Even if 

some of the interactions are indirect, they may nevertheless have functional 

significance, perhaps indicating that Fyn is a component of multi-subunit 

protein complexes involved in nucleic acid metabolism.

4.101 Putative Binding Sites for FynSHS

As previously mentioned (l.Siii), the classical interaction with SH3 domains is 

via proline-rich motifs present in the associating protein. Amino acid sequences 

from the sequenced proteins were searched for prohne-rich regions. Table 4.2 

shows the number of proline-rich motifs present within each protein sequence 

and the amino acids which constitute this region. Sam68, hnRNPK and BF-1 

contain 5, 2 and 3 proline-rich motifs respectively, these being putative sites of 

interaction between these proteins and the FynSH3 domain.

The third, fourth and fifth proline-rich motifs of Sam68 have been shown to 

be responsible for the FynSH3/Sam68 association in HeLa cells co-transfected 

with cDNAs for Fyn and Sam68 (Isakov et al., 1995). Evidence also suggests 

that the interaction with hnRNPK is mediated via a proline-rich region (Weng et 

al., 1994). Thus, the SH3 domains of both Src and Fyn were shown to interact 

with hnRNPK. These interactions were inhibited by poly-proline and required 

amino acids 284-320 which contain the proline-rich regions of hnRNPK.
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No. of 
Proline- 
rich Motifs

Position
of

Motif (aa)
vimentin 0 -

Sam68 5

63-69
81-89

295-301
334-337
358-363

hnRNPK 2 289-294
310-317

BF-1 3 58-68
76-80

433-438

Table 4.2 Putative binding sites for 
FynSHS
The number (Column 2) and position (Column 3) of 
the putative binding sites are hsted for the identified 
FynSHS associating proteins (aa = amino acid).

4.11 Fyn and Nucleic Acid Processing

With the exception of vimentin and HSP70, all sequenced proteins have nucleic- 

acid binding abilities and are involved in processing of either RNA or DNA. 

hnRNPK and nucleolin are involved in the biogenesis of mRNA and rRNA 

respectively. The former can also function as a transcription factor as can BF-1. 

The Ku heterodimer is involved in DNA recombination (VDJ recombination) 

and repair, and its DNA binding abilities are modulated by the transcription- 

factor-binding-enhancer p54nrb.

The role of Fyn in initiating protein phosphorylation events following TCR 

activation has been well documented but roles for Src-family members in 

nucleic acid regulation have been only hinted at. Only a few reports have 

demonstrated physical interactions between Fyn/Src and the RNA/DNA binding 

proteins: hnRNPK (Weng et al., 1994) (Taylor and Shalloway, 1994) and Sam68 

(see 4.5).
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One study, documenting an interaction between Src and hnRNPK, suggests 

that hnRNPK acts as a docking site for the formation of a multienzyme complex 

which contains Src, and facilitates kinase cross-talk (Van Seuningen et al.,

1995). K-Protein Kinase (KPK) is an IL-1 responsive serine/threonine kinase 

which binds and phosphorylates hnRNPK. hnRNPK and KPK co- 

immunoprecipitate from cell extracts with either Src or vav. In the context of 

hnRNPK, Src can reactivate KPK in vitro. In Jurkat cells, which lack c-Src,

Fyn may thus act as the functional homologue of Src with respect to 

hnRNPK/KPK.

Other evidence that downstream effectors of TCR activation are involved in 

nucleic acid processing comes from studies on p95vav. Vav is a haematopoietic 

cell-specific, signal-transducing protein that becomes tyrosine phosphorylated 

and activated after TCR activation (Hobert et al., 1994). It contains various 

structural domains and is thought to be important in cell signalling (see 1.7ii). 

Using a GST-vav fusion protein containing the SH2 and amino-SH3 domains, a 

65kDa protein was isolated from Jurkat lysates. Peptide sequencing revealed 

this protein to be hnRNPK, which exhibited RNA binding properties (Hobert et 

al., 1994). hnRNPK bound to the individual N-terminal SH3 domain but not to 

the C-terminal SH3 domain. Mutation of Pro to Leu within the SH3 domain 

abolished binding (Hobert et al., 1994), confirming the importance of this 

proline residue in proline-rich motif binding to SH3 domains (Clark et al., 

1992b). The concept that components of hnRNP particles may participate in 

signal transduction processes, in addition to performing their “housekeeping” 

functions, is supported by the fact that hnRNPK can operate as a 

transcriptional regulator of the c-myc gene (Michelotti et al., 1995).
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Ku-70 has recently also been found in association with vav (Romero et al.,

1996). Using the SH2 and SH3 domains to screen a lymphoid cell cDNA library 

by the yeast two-hybrid system, Ku-70 was found to associate with the C- 

terminal SH3 domain (Romero et al., 1996). Truncation analysis showed that 

the interaction occurred between the C-terminal 150 amino acids of Ku-70 with 

the 25 C-terminal residues of the carhoxy SH3 domain of vav. In contrast to 

hnRNPK binding, the amino SH3 domain of vav did not bind to Ku-70. 

Theoretically, therefore, vav could simultaneously bind both hnRNPK and Ku- 

70. Interestingly, mutation of Pro to Leu within the C-terminal SH3 domain of 

vav, did not modify Ku-70 binding, suggesting a novel form of protein-protein 

interaction between Ku-70 and vav.

The functional significance of vav and Fyn association with nucleic acid- 

binding proteins remains to be elucidated but growing evidence suggests that 

vav and Fyn may link cell surface receptor-triggered events directly to the 

nucleus. The finding that Fyn interacts constitutively with an array of 

RNA/DNA binding proteins opens up a whole new field of Src family biology, 

where these tyrosine kinases are not only involved in initiating intracellular 

signalling pathways following receptor activation, but are also important in 

directly regulating nucleic acid processing proteins.
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Analysis of Sam68 Association 
with Lck and Fyn
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5.1 Physical Association between Fyn, Lck and Sam68.

In the light of results obtained in the previous chapter, and reports showing 

cell cycle-dependent interactions between Sam68 and c-Src in fibroblasts, 

(Fumagalli et al., 1994) (Taylor and Shalloway, 1994) (Taylor et at., 1995) it was 

decided to further characterise the interaction between Sam68 and the SH3 and 

SH2 domains of Lck and Fyn in T cells. Asynchronous and mitotically blocked 

Jurkat cells were lysed, and the detergent-soluble fractions were subjected to 

affinity precipitation using fusion proteins with domains from Lck and Fyn 

linked to GST. The resulting complexes were resolved by SDS-PAGE and 

immunoblotted for Sam68 (fig. 5.1).

a) Sam68
■p58
■p57

A N  A N A N  A N
I_______________I I_______________11_______________I I_______________I

AP:GST FynSH2 FynSHS FynSH3SH2

b) Sam68

p57

A N A N  A N A N
I_____________ I I_____________ I I_____________ I I_____________ I

AP: GST LckSH2 LckSHS LckSH3SH2

Figure 5.1 Physical association between Fyn/Lck  
and Sam68
a) Fyn associating proteins or b) Lck associating proteins were 
affinity precipitated, using lOOpg GST fusion protein, from 
4.75mg of asynchronous (A) or nocodazole (N) treated Jurkat 
cell lysate, precleared with lOOpg of GST. Complexes were 
subjected to 10% SDS-PAGE, western blotted and probed for 
the presence of Sam68. Bound anti-Sam68 antibody was 
detected by ECL.



The individual SH2 and SH3 domains and the combined SH3SH2 domain of 

Fyn all affinity-precipitated Sam68 from the detergent-soluble fraction of 

Jurkat lysate. The FynSH3 and FynSH3SH2 fusion proteins both exhibited a 

much greater affinity for Sam68 than did the FynSH2 domain. This suggests 

that the binding of Sam68 to Fyn is primarily SH3-dependent, although the fact 

that binding was greater with the SH3SH2 fusion than the SH3 alone, indicates 

some co-operativity of binding between the two domains (fig. 5.1a). In contrast, 

binding of Sam68 to the Lck fusions appeared to be entirely SH3-dependent. 

Thus, there was no apparent interaction between the Lck SH2 domain and 

Sam68, and no difference in Sam68 binding when comparing the SH3 and 

SH3SH2 domains (fig. 5.1b). The physical association of Sam68 with the various 

sub-domains of Fyn and Lck was unaltered by prior treatment of the cells with 

nocodazole, indicating that at least for these protein interactions, position in the 

cell cycle was not an influential factor. Unexpectedly, several of the GST- 

fusions also bound a 57kD protein (p57) which cross-reacted strongly with the 

Sam68 antibody. In contrast to the weak association between Sam68 and the 

FynSH2 domain, p57 bound to this domain with avidity, as did the Fyn SH3 and 

SH3SH2 fusions. Of particular interest was the observation that a peptide with 

a slightly reduced mobility, namely p58, also bound to the three Fyn constructs, 

but only in mitotically arrested cells. In identical experiments using the Lck 

domains, the only protein interaction observed was a weak association between 

the SH2 domain and p57 in asynchronous cells. From the results shown in 

figure 5.1, it is clear that interactions between Sam68 and Fyn or Lck are 

predominantly mediated by SH3 domains. This notion was further examined by 

testing whether these interactions were of a typical SH3-polyproline nature.
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5.2 Poly-proline Inhibition of SH3, SH3SH2 Binding.

Affinity precipitations using the Fyn and Lck SH3 and SH3SH2 domains, were 

performed as before but polyproline was added to the pre-cleared lysates prior 

to the addition of the fusion proteins (fig. 5.2). Polyproline inhibited binding of 

Sam68 to the SH3 and SH3SH2 domains of both Lck and Fyn. Partial inhibition 

of binding to the FynSH3 domain occurred in the presence of ImM polyproline, 

but this concentration completely abolished binding to the FynSH3SH2 fusion

a)

Pro(fxM ) , 0  10 100 1000,

AP FynSHS

68
10 100 1000

FvnSH3SH2

b) I * # # - I 68

P r o (p iM )^ 0  10 100 1000

AP

10 100 1000^

LckSHS LckSHSSH2

Figure 5.2 Poly-proline inhibition of Sam68 binding to 
SH3 and SH3SH2 dom ains of Lck & Fyn.
Affinity precipitates (AP) were performed in the presence of poly
proline (Pro) using the SH3 or SH3SH2 domains of (a) Fyn and (b) 
Lck. Precipitates were resolved by 10% SDS-PAGE and 
immunoblotted with anti-Sam68. Bound antibody was detected by 
ECL.

protein (fig. 5.2a). The affinity of Sam68 for the SH3SH2 domain is therefore 

much less than that for the SH3 domain alone, and can be inhibited at ten-fold 

lower concentrations of polyproline. The reverse was true for Lck; binding to 

the LckSH3 domain was partially inhibited at lOOpM polyproline and 

completely abolished at ImM whereas LckSH3SH2 binding to Sam68 was only 

partly inhibited at ImM polyproline (fig. 5.2b). It would therefore appear that
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the presence of the SH2 domain decreases the affinity of FynSHS for Sam68 

whereas it increases the affinity of the LckSHS domain.

5^ Sam68-Fyn/Lck Interactions in Activated Cells.

Fusaki et al.y 1997 reported an increase in tyrosine phosphorylation of a 68kD 

protein immunoprecipitated with an anti-Sam68 antibody in pervanadate- 

stimulated T cells. They also showed recruitment of Sam68 to the SH2 domain 

of Lck following treatment with pervanadate whereas LckSHS bound equal 

quantities of Sam68 in both resting and activated cells. To study the effects of 

pervanadate stimulation on protein tyrosine phosphorylation and the 

association of Sam68 with Lck, cells received either sodium pervanadate or anti- 

CD3 antibody for 6min prior to preparation of lysates (fig. 5.3 and 5.4).

The profile of phosphotyrosine-containing proteins associated with the 

FynSHS domain was virtually unaffected by stimulation of Jurkat cells with 

either agonist. Anti-CDS antibody treatment elicited little qualitative change in 

the panel of proteins associated with the individual FynSH2 and SHS domains, 

but markedly enhanced the association of phosphotyrosine-containing proteins 

with the SH3SH2 domain. The profile of tyrosine-phosphorylated proteins 

associated with the FynSH3SH2 domain is much more than can be explained by 

simply adding the contributions of the individual domains, suggesting co

op era tivity between these domains in the recruitment of target proteins.

In contrast to the result obtained with anti-CD3 antibody, pervanadate 

treatment elicited a substantial increase in the phosphotyrosine content of 

proteins interacting with the FynSH2 domain (fig. 5.3). In keeping with this 

result, pervanadate provided a much more potent stimulus than anti-CD3, as 

judged by the profile of phosphotyrosine proteins bound to the FynSH3SH2
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domain. Again, the profile of tyrosine phosphorylated proteins associated with 

the FynSH3SH2 domain was greater than the sum of the individual SH2 and 

SH3 domains. Pervanadate is sometimes used as an alternative to CD3 cross- 

linking (O'Shea et al.y 1992) (Fusaki et al., 1997). However, the results in figure

5.3 show that there are significant quantitative and qualitative differences in the 

relative potencies of these two agonists. To assess whether or not the 

association of Sam68 with the SH2 or SH3 domains of Lck could be modulated 

by changes in tyrosine phosphorylation, Jurkat cells were stimulated with 

pervanadate and protein complexes collected with the LckSH2, SH3 and 

SH3SH2 fusion proteins (fig. 5.4). However, even under these conditions there 

was no evidence for enhancement of Sam68 interaction with any of the Lck or 

Fyn (data not shown) fusion proteins in pervanadate-stimulated cells. Neither 

was any alteration in binding of Sam68 to the Fyn/Lck domains detected 

following anti-CD3 treatment (not shown). This is in contrast to the 

observations of Fusaki et al. (Fusaki et al., 1997), who showed recruitment of 

Sam68 to the LckSH2 domain after pervanadate treatment.
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GST FynSH2 FynSHS FynSH3SH2

Figure 5.3 Stimulation of protein tyrosine 
phosphorylation in Jurkat cells
Cells were stimulated (stim) with pervanadate (PV), aCDS 
monoclonal antibody or left unstimulated (-). Cells were 
lysed, cleared of detergent-insoluble material, and supernatants 
precleared by the addition of lOOpg GST per 5x10^ cell 
equivalents for Ih. Cellular proteins were affinity precipitated 
(AP) by the addition of GST fusion proteins (100pg/5.2mg 
lysate) to precleared supernatants. The affinity precipitates 
were resolved by 7% SDS-PAGE, transferred to PVDF and 
immunoblotted for phosphotyrosine using pY20 (Transduction 
Labs). Proteins were visualised using ECL.

—  68

PV
AP

-I- + -I-

GST LckSH2 LckSH3 LckSH3SH2

Figure 5.4 Sam68 binding after pervanadate  
stimulation.
Jurkat cells were stimulated ( - I - )  with pervanadate (PV) 
or left unstimulated (-) and affinity precipitated (AP) as 
before, with the SH2, SHS and SHSSH2 domains of 
Lck. Affinity precipitates were resolved by 7% SDS- 
PAGE and immunoblotted for Sam68. Bound antibody 
was detected by ECL.
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5.4 p57 is Immunologically Related to Sam68.

Having failed to find evidence for any cell cycle-dependence in the interactions 

of the Fyn and Lck SH2 and SH3 domains with Sam68, the p57 protein 

identified in figure 5.1 was subjected to further characterisation. The anti- 

Sam68 antibody used in that experiment was raised to a peptide sequence 

(amino acids 91-272) encompassing the KH domain. To examine the possibility 

that p57 might he related to Sam68, a second antibody raised against the C- 

terminal tyrosine-rich domain (amino acids 331-443) was tested for cross

reactivity against p57 (fig. 5.5). The western blots clearly show that the two 

antibodies, raised against distinct epitopes, recognise both Sam68 and p57 (Fig. 

5.5b). The most plausible explanation for this result is that p57 is 

immunologically related to Sam68, and suggests that p57 is either an 

alternatively spliced Sam68 variant, or the product of a distinct Sam68-like 

gene. The interaction between Fyn and p57 was also inhihitable by polyproline 

(Fig. 5.5c). With FynSH3 and SH3SH2 fusion proteins, lOpM polyproline 

partially inhibited p57 binding and lOOpM poly-proline completely abolished 

the interaction. These concentrations are at least ten-fold lower than those 

required to inhibit Sam68 binding to Lck or Fyn, indicating a lower affinity 

interaction between p57 and FynSH3 and SH3SH2 domains.
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KH Domain
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nch domain
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I
Santa Cruz 
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b) Sam68

p57

FynSH3 FynSH3

c) —  p57
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FynSH3 FynSH3SH2

Figure 5.5 p57 is im m unologically  related to Sam68.
The schematic representation of Sam68 (a) shows the RGG box, 
proline-rich motifs (pro) at amino acids 63, 81, 295,334 and 358, the 
KH domain (hnRNPK homology domain) and a tyrosine-rich C- 
terminal domain. The epitopes recognised by the antibodies obtained 
from Transduction Labs and Santa Cruz are also shown. Affinity 
precipitates were prepared from asynchronous Jurkat cells using the 
GST-FynSH3 fusion protein and western blots were probed using the 
Transduction Labs and Santa Cruz anti-Sam68 antibodies (b). To 
examine whether the interaction of p57 with the Fyn SH3 and 
SH3SH2 domains was polyproline-dependent, protein complexes 
were formed and analysed as described in the legend to figure 5.2. 
Increasing concentrations of polyproline (Pro) inhibited binding of 
p57 to the Fyn SH3 and SH3SH2 fusions proteins (c).
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5.5 Expression of Sam68 and p57

Finally, the expression of Sam68 and immunologically related polypeptides was 

investigated in other human cell types (Fig. 5.6). Whole cell lysates from 

HUVEC (human umbilical vascular endothelial cells), HL60 (pre-myelocytic 

leukaemic), A431 (human squamous carcinoma epithelial) and HEK293 (human 

embryonic kidney) were immunoblotted for Sam68 (fig. 5.6a). All cell types 

tested were positive for p57 and a 69kD protein (p69). Sam68 was readily 

detected in A431 and HEK cells and at low levels in HL60 cells, but was not 

observed in HUVEC. A 67kD protein (p67) was also observed in A431 cells but 

only with the Santa Cruz antibody.

a) b)

— p69
— Sam68

— p57

—  p69
—  Sam68

—  p57

Hu H6 A4 Hk WCL DIF

Figure 5.6 Distribution and localisation of  
Sam68-related proteins
a) Whole cell lysates from human vascular endothelial 
cells (Hu), HL60 myelomonocytic leukaemia cells 
(H6), A431 squamous epithelial carcinoma cells (A4) 
and human embryonic kidney (Hk) fibroblasts, and b) 
whole cell lysate (WCL) and detergent-insoluble 
fractions (DIF) from Jurkat cells, were resolved by 
SDS-PAGE and immunoblotted for Sam68 and 
immunologically related proteins. The positions of 
Sam68, p69 and p57 are indicated.

To gain insight into the respective subcellular compartments occupied by 

Sam68 and the related polypeptides, whole cell lysates and a Triton XI00- 

insoluble fraction from Jurkat cells were immunoblotted for Sam68 (Fig. 5.6b). 

Sam68, p69 and p57 were present in the whole cell lysate at similar levels.
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However, the relative amounts of Sam68 and p69 were greatly decreased in the 

detergent-insoluble fraction when compared to p57, indicating a possible 

association of at least part of the pool of p57 with the cytoskeleton or nucleus.
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DISCUSSION

The results of this study show that Sam68 interacts with Lck and Fyn, both 

in asynchronous and mitotically blocked Jurkat cells. Unlike the cell hnes 

used in the majority of previous studies, these cells do not express 

constitutively active Src-family members. In experiments using Jurkat cell 

extracts, Sam68 bound to the SH2 domain of Fyn but not to the SH2 domain of 

Lck. Surprisingly, even in lysates derived from cells treated with pervanadate, 

Sam68 failed to bind to the Lck SH2 domain. These findings are in contrast to 

similar studies in Jurkat cells, where it was shown that Sam68 bound to the 

Lck SH2 domain after pervanadate treatment (Fusaki et al. y 1997). However, 

the observation that Sam68 interacts with the SH3 and SH3SH2 domains of 

both Lck and Fyn (fig. 5.1) is in agreement with these authors. Significantly, 

binding of Sam68 to a combined FynSH3SH2 domain was more effective than 

binding to either domain alone. This could imply a co-operative effect leading 

to greater affinity for Sam68, or it could mean that two or more Sam68 

molecules bind to a single SH3SH2 peptide. In this context, a model has been 

suggested in which the SH3 domain functions to recruit Sam68, whereupon it 

becomes tyrosine phosphorylated allowing association to the SH2 domain, as 

well as offering potential binding sites for other SH2-containing proteins 

(Taylor a/., 1995).

The initial excitement that accompanied the discovery of the Sam68-Src 

interaction derived from the implication of a novel function for Src at mitosis. 

The nature of this role remains elusive, as does the function of Sam68 itself. In 

this study, it was not possible to detect any cell cycle-dependent modulation of 

Sam68 binding to either Lck or Fyn. Indeed, there are no reports in the



literature of cell cycle-dependent interactions between Sam68 and Src-family 

members in T cells. However, novel immunoreactive polypeptides of 57 and 

58kDa were observed in western blots of which the latter formed mitosis- 

specific interactions with the SH2 and SH3 domains of Fyn. The identity of 

these proteins is not clear, but the fact that these and other polypeptides were 

recognised by two antisera raised against non-overlapping, non-contiguous 

epitopes, is strongly suggestive of a family of Sam68 related proteins. If this is 

the case, the mitotic interaction between Sam68 and Src in fibroblasts, may be 

the functional analogue of the p58-Fyn interaction in T cells.

5.6 SamGS is a Mitotic Substrate for Src

Initial reports (Fumagalli et aL, 1994) (Taylor and Shalloway, 1994) (Taylor et 

aL, 1995) of a novel function for Src at mitosis showed that although Sam68 is 

expressed at equal levels in asynchronous and mitotic cells, it associates with 

Src in mitotic cells only. The SrcSH3 domain was shown to be capable of 

interacting with Sam68 from asynchronous and mitotic cells but the SH2 

domain associated with mitotic Sam68 only. The FynSH3 domain also associated 

with a 68kDa protein, from both asynchronous and mitotic, metabolically 

labelled fibroblasts expressing a constitutively active c-Src. This 68kDa protein 

was precipitated by anti-phosphotyrosine anti-sera from mitotic cells only.

These 68kDa, FynSH3 associating proteins were shown by V8 protease 

digestion followed by one-dimensional peptide analysis, to be the same protein, 

showing a constitutive association between FynSH3 and p68, with the mitotic 

p68 being tyrosine phosphorylated (Fumagalli et aL, 1994). Peptide sequencing 

of this FynSH3-associated p68 revealed it to be the product of the hump62 gene, 

now known as Sam68.
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5.7 Tyrosine Phosphorylation of Sam68

Sam68 from both asynchronous (Taylor et al., 1995) and mitotic (Fumagalli et 

aL, 1994) cells has been shown to contain phosphotyrosine, but it is thought 

that the phosphotyrosine content of Sam68 increases at mitosis. Increased 

phosphotyrosine content of Sam68 in mitotic cells, was confirmed by Sam68 

immunoprécipitation and phosphotyrosine immunoblotting. However, in this 

study (Fumagalli et aL, 1994) it was not clear that equal amounts of Sam68 had 

been precipitated from the asynchronous and mitotic populations of cells. The 

same set of data also suggested that Sam68 is present in mitotic cells but not in 

asynchronous cells, which conflicts with data demonstrating equal quantities of 

Sam68 in asynchronous and mitotic cells (Taylor and Shalloway, 1994) (Taylor 

et aL, 1995). This discrepancy may be attributable to differences in the 

protocols used to immunoprecipitate Sam68 from the asynchronous and mitotic 

populations of cells, resulting in non-comparable amounts of Sam68 present in 

the immunoprecipitates. As yet, no convincing evidence has been presented 

which shows a direct comparison between phosphotyrosine content of Sam68 

from asynchronous and mitotic cells. The increased phosphotyrosine content of 

Sam68 at mitosis is attributed to phosphorylation by Src. This was suggested by 

in vitro kinase assays which showed the mitotic phosphorylation of a 68kDa 

protein in anti-Src immunoprecipitates. However, no experiments were 

performed to show that this protein was indeed Sam68. The evidence 

underlying the claim that Sam68 is phosphorylated by Src at mitosis, is 

therefore circumstantial, and it is of concern that this assumption has become 

accepted dogma.

Returning to the question of the identity of the tyrosine phosphorylated 

68kDa protein, in these studies (Fumagalli et aL, 1994) (Taylor and Shalloway,
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1994), it is assumed by the authors to be Sam68 but inconsistencies exist which 

suggest that this may not be the case. Comparable amounts of tyrosine 

phosphorylated p68 were shown to associate with Src and the SrcSHS domain 

(Taylor and Shalloway, 1994), with levels of association approximately three 

times greater in mitotic (c.f. asynchronous) cells. This would suggest a similar 

level of association of Sam68 with Src and the SrcSHS domain. However, 

reblotting with anti-Sam68 antibody revealed this not to be the case: 

comparable levels of association were seen with Sam68/SH3, in asynchronous 

and mitotic cells, and Sam68/Src in mitotic cells. In contrast, association of Src 

with Sam68 from asynchronous cells was barely detectable, suggesting that the 

CO-migrating, tyrosine phosphorylated p68 was not Sam68. A similar 

inconsistency exists in another related study (Taylor et aL, 1995). The SrcSH2 

domain associates with p68 from both asynchronous and mitotic fibroblasts 

expressing partially activated c-Src (containing two mutations: W148R/Y416F), 

with the mitotic p68 having a greater phosphotyrosine content. However, anti 

Sam68 immunoblotting revealed that Sam68 only associates with SrcSH2 in 

mitotic cells, demonstrating that the tyrosine phosphorylated 68kDa protein 

interacting with SrcSH2 in asynchronous cells is clearly not Sam68. Thus, the 

identity of the tyrosine phosphorylated 68kDa protein which is widely assumed 

to be Sam68, is as yet still unknown. Because of these uncertainties, any 

conclusions based on the assumption that the 68kDa phosphoprotein is Sam68, 

are unfounded. To show that Src phosphorylates Sam68, Sam68 should be 

immunoprecipitated from kinase assays performed on Src immunoprecipitates, 

and analysed for the presence of phosphotyrosine. As yet, such experiments 

have not been described.
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5.8 Is Sam68/Src Association at Mitosis Physiological?

Work in this chapter demonstrates a constitutive interaction between Sam68 

and both Lck and Fyn, consistent with studies carried out on HeLa and T cell 

hyhridoma cells, which showed an interaction between Fyn and SamGS in 

asynchronous cells (Richard et al.y 1995). These data are in contrast to earher 

studies in fibroblasts which showed that SamGS is a mitotic substrate for Src. 

However, it should be noted that these studies were conducted on NIH3T3 cells 

expressing either partially- or fully-activated c-Src. No mitotic, tyrosine 

phosphorylated pGS was detected in whole cell lysates of either asynchronous 

or mitotically arrested wild type NIH3T3 cells. Only when cells were treated 

with the phosphatase inhibitors, sodium vanadate or phenylarsine oxide (PAO) 

prior to lysis, was tyrosine-phosphorylated pGS detected. Even then, vanadate- 

treated cells only exhibited a faint, phosphotyrosine containing GSkDa band, 

although the tyrosine phosphorylated pGS band, after PAO treatment, was 

slightly more intense. The presence of tyrosine phosphorylated pGS was 

greatly enhanced in WCLs from NIH3T3 cells overexpressing c-Src, but again, 

only when cells were treated with sodium vanadate or PAO. It would seem that 

tyrosine phosphorylated pGS does not normally exist in either asynchronous or 

mitotic, wild type or c-Src-over-expressing NIH3T3 fibroblasts, and that in these 

cells, tyrosine phosphorylation of pGS only occurs as a result of phosphatase 

inhibition (Taylor and Shalloway, 1994). Cells over-expressing wild type c-Src 

do not contain tyrosine phosphorylated pGS, nor is pGS phosphorylated in 

kinase assays performed on Src-immunoprecipitates from either asynchronous 

or mitotically arrested cells.
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Thus, from the above reports (Fumagalli et al.y 1994) (Taylor and 

Shalloway, 1994) (Taylor et al.y 1995), the following widely held beliefs are not 

proven:-

1) Src tyrosine-phosphorylates Sam68 at mitosis

2) the phosphotyrosine content of Sam68 is greater at mitosis

3) Sam68 is a physiological substrate for wild-type c-Src at mitosis

Comparing the work in this thesis with previous studies, and if Sam68 is 

shown to be a substrate for Src solely in mitotic NIH3T3 cells expressing wild 

type Src, the supposed cell cycle-dependent nature of association between 

Sam68 and Src-family members would appear to be either cell-type dependent 

or artefactual.

5.9 Regulation of SH3/Sam68 Binding

If the 68kDa tyrosine phosphorylated protein associated with Src at mitosis is 

indeed Sam68, this raises a puzzling question concerning the SH3/Sam68 

association as revealed by competitive binding studies (Taylor and Shalloway,

1994). The SH3SH2 and SH2 domains of Src competed for binding to Sam68 in 

Src immunoprecipitates, with the former completely abolishing binding of 

Sam68 to Src, but the SH3 domain was incapable of competing for binding to 

Sam68, even though it associated with Sam68 at mitosis. Two explanations 

could account for this apparent discrepancy:

• Binding of Sam68 to the SH3 domain may be negatively regulated by the 

SH2 domain in the full length Src molecule.

• The SH3 domain may increase the affinity of the SH2 domain for Sam68, 

in the full length Src molecule. Thus, inter-domain competition would
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ensure that binding of Sam68 to Src would be mediated mainly by the SH2 

domain.

It is clear from the above mentioned study (Taylor and Shalloway, 1994) 

that two pools of Sam68 exist, which exhibit differential specificity for the SH2 

and SH3 domains. The SH3 domain binds to Sam68 in asynchronous and 

perhaps mitotic cells, with full length Src and the SH2 domain showing 

specificity for Sam68 from mitotic cells only. Phosphorylation state may 

distinguish between the two different pools. Indeed, the phosphorylation state 

of Sam68 has been shown to be very important with regard to Src-association, 

with the SrcSH2 domain binding tyrosine phosphorylated Sam68 only (Richard 

et al.y 1995). It would appear that, at least in NIH3T3 cells, the SH3 domain is 

incapable of interacting with Sam68 when in the context of full length Src. The 

SH2 domain must therefore be responsible for the interaction of full length Src 

with Sam68. If Sam68 were present solely in the cytoplasm, and became 

tyrosine phosphorylated at mitosis, the SrcSH2 domain, and therefore full- 

length Src, could interact with Sam68 only at mitosis. Another explanation 

could be the presence of distinct pools of Sam68 in the cytoplasm and the 

nucleus, with the nuclear form being tyrosine phosphorylated either 

constitutively or at mitosis. Nuclear envelope breakdown would thus facilitate 

a mitotic interaction between Sam68 and SrcSH2 or Src.

These studies suggest that the SH2 domain is the primary site of interaction 

between Sam68 and Src, with the SH3 domain being incapable of binding when 

in the context of full length Src or Fyn. This model for Sam68/Src interaction is 

not consistent with the results of Richard et al, who showed the SH3 domain of
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Fyn to be the most important domain of interaction (Richard et aL, 1995), a 

finding supported by results in this thesis (see figures 5.1 and 5.4). This could 

indicate that different Src family members use different domains to recruit 

Sam68, or that different domains are used to recruit Sam68 in different cell 

types, or that the 68kDa protein described by Taylor and Shalloway, 1994 and 

Fumagalli et al, 1994 is not Sam68.

5.10 Cell-Line-Dependent Localisation of SamGS

As just described, Src and the SrcSH2 domain bind to Sam68 from the 

detergent-soluble fraction of mitotic, but not asynchronous, NIH3T3 cells 

(expressing partially or fully activated c-Src) (Taylor and Shalloway, 1994) 

(Taylor et aL, 1995). However, in the same studies the SH3 domain was found 

to be capable of associating with Sam68, to an equal extent, from asynchronous 

and mitotic cells. Other reports have described a nuclear localisation for Sam68 

(Lawe et aL, 1997) (Ishidate et aL, 1997) and that nuclear membrane breakdown 

at mitosis, may be necessary to allow association of Src with Sam68 (Fumagalli 

et aL, 1994). However, the association of Sam68 from the detergent-soluble 

fraction of asynchronous cells with the SH3 domains of Src and Fyn, suggests 

that Sam68 is also found outside the nucleus. It is intriguing that the SrcSH3 

domain is capable of associating with Sam68 in asynchronous cells, whereas the 

SrcSH2 and full length Src molecules are not.

Experiments in this thesis, using post-nuclear supernatants, showed that in 

Jurkat cells Sam68 is predominantly cytosolic. Infection of HeLa cells with the 

poliovirus resulted in the relocalisation of Sam68 from the nucleus to the 

cytoplasm, where it was found in association with poliovirus RNA polymerase 

(McBride et aL, 1996). Collectively these data suggest that Sam68 has a more
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versatile role, being able to shuttle back and forth between the nucleus and 

the cytoplasm. The detergent-solubility of Sam68 would appear to be 

dependent on cell type. Sam68 is Triton-Xl00-soluble in Namalwa B cells but - 

insoluble in neutrophil-differentiated-HL60 cells (Finan et al., 1996). The 

reason for this differential extraction is unclear but it may be indicative of 

functional specialisation for Sam68 in different cell lines.

One explanation for these apparent discrepancies is that in Jurkat cells, 

Sam68 is mainly cytosolic, and in contrast to Sam68 in fibroblasts (NIH3T3), can 

therefore form stable, constitutive interactions with Lck and Fyn. A 

predominantly nuclear localisation of Sam68 in the fibroblast cell lines used in 

the initial reports (Fumagalli et aL, 1994) (Taylor and Shalloway, 1994) would 

explain its inaccessibility to Src and Src-domain fusion proteins. However, at 

mitosis, nuclear envelope breakdown would render Sam68 accessible to Src. 

These differences in subcellular distributions between different cell lines 

strongly suggest different roles for, or modes of regulation of Sam68 in different 

cell types.

5.11 Expression of SamGS and p57

The anti-Sam68 antibody purchased from Santa Cruz was shown to cross-react 

with a 57kDa protein affinity precipitated from asynchronous and mitotically 

arrested Jurkat cells (fig. 5.1) This antibody was raised against a peptide 

corresponding to amino acids 331-443 which encompasses proline-rich motifs 4 

and 5 and the C-terminal tyrosine-rich region of Sam68. To ensure that the 

detection of this protein was not due to non-specific cross -re activity of the anti

sera, a second anti-Sam68 antibody was obtained from Transduction Labs and
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used in immunoblotting. This had been raised against a peptide corresponding 

to amino acids 145-272 which encompasses the hnRNPK homology domain (KH 

domain) and does not overlap the peptide which had been used to raise the first 

antibody. This antibody also recognised the 57kDa protein in association with 

FynSHS and also FynSH2 and FynSH3SH2 (data not shown). These data 

strongly suggest a close immunological relationship between Sam68 and p57.

The existence of a 57kDa homologue of Sam68 is further supported by 

evidence from other studies (Finan et al.y 1996). The authors used Triton- 

soluble lysates from the B cell line, Namalwa, and incuhated them with GST- 

fusion proteins containing the SHS domains from a range of proteins. In 

addition to finding that Sam68 associated with the SHS domains of c-Src, n-Src, 

p85 subunit of PIS Kinase, PLCy, p47 and p67phox they also detected a faster- 

migrating band in association with the SHS domains of c-Src and p85. As the 

positions of molecular weight markers were not indicated in the relevant figure 

in this paper, it is not possible to accurately assess the molecular weight of this 

protein. However, based on the relative position of this protein on the gel, it is 

likely that it is indeed p57. To test if p57 was a T cell-specific homologue of 

Sam68, whole cell lysates from a range of cell lines were immunoblotted using 

both antibodies to Sam68. All cell lines tested were positive for both Sam68 

and p57 with their relative levels of expression dependent on cell type (fig. 

5.6a). These results show that p57 is not exclusive to T cells but would appear 

to be widely expressed in different human cell types.

5.12 Evidence for a Family of Sams

Recently a novel isoform of Sam68 was described, namely Sam68AKH, that 

lacks S8 amino-acids of the KH domain and which has reduced rihonucleic-acid
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binding properties (Barlat et aL, 1997). It is unlikely that p57 or p58 is 

Sam68AKH because of the discrepancy in molecular weight between these 

peptides, thus Sam68AKH is predicted to have a molecular weight of 

approximately 63kDa. Examination of various human cell types revealed p57 

to be as widely expressed as Sam68, as well as revealing an additional 

immunoreactive polypeptide at 69kDa.

In another study whole cell lysates from myelomonocytic, fibroblast and B 

and T cell lines, were immunoblotted using an antibody raised against amino 

acids 424-443, revealing the presence of Sam68 and various proteins with lower 

molecular weights (Finan et aL, 1996). As these authors did not attempt to 

further characterise these proteins it is impossible to say whether or not they 

were immunologically related, or simply non-specific interactions. But, based 

on the identification of immunologically related proteins in this work (see 

figures 5.1, 5.5 and 5.6), it seems likely that at least some of these proteins are 

indeed related to Sam68. These results suggest the presence of at least three 

naturally occurring isoforms or relatives of Sam68 present in a wide range of 

human cell types.. Here the names Sam57 and Sam69 are suggested for p57 

and p69 respectively. Clearly, the formal characterisation of these proteins 

would be a priority for future studies, and might produce insight into the 

function(s) of Sam68.

5.13 D ifferential Localisation of Sam Family Members

Sam57, Sam68 and Sam69 appear to be expressed at broadly similar levels, as 

judged by immunoblotting of whole cell Jurkat lysate, but the detergent- 

insoluble fraction of lysed cells was depleted of Sam69, suggesting that this
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form is entirely cytosolic. A relatively small amount of Sam68 was found in the 

detergent-insoluble fraction indicating that although Sam68 is mainly cytosolic, 

some is also located in the nucleus or insoluble cytoskeletal matrix. The level 

of Sam57 found in the detergent-insoluble fraction was approximately half that 

found in whole cell lysate, suggesting an equal distribution throughout the 

cytosol and the nucleus/cytoskeleton. It would therefore appear that different 

members of the putative Sam family are ubiquitously expressed at relatively 

similar levels whereas subcellular localisation may vary from one family 

member to another.

5.14 Nucleic Acid Binding Properties of SamGS

Sam68 belongs to a distinct subgroup of KH-containing proteins, which includes 

the C. elegans tumour suppressor gene product Gld-1, the mouse quaking 

gene product and the mammalian splicing factors Zfml/SFl. These proteins 

contain a highly conserved KH domain and a homologous region of about 60 

amino acids, upstream of the KH domain. These two regions are required for 

specific RNA binding (Lin et aL, 1997), thus small deletions and point mutations 

within the KH domain are sufficient to abolish RNA binding. Residues 206-218 

may determine RNA binding specificity for this subgroup. Deletion of this 

region, which is highly conserved in this subgroup but either not conserved or 

absent in KH domains from other proteins, disrupts RNA binding.

5.141 Post Transcriptional Control of Gene Expression by SamGS

Sam68 is able to bind RNA with specificity and high affinity, raising the 

possibility that it plays a role in post-transcriptional regulation of RNA 

processing and gene expression in a way that could be affected by Src.
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Numerous biochemical and genetic studies provide examples of post- 

transcriptional control of gene expression which Sam68 may be involved in 

regulating:

• Alternative splicing Genetic studies in Drosophila have revealed the 

central importance of alternative splicing in sex- and tissue-specific gene 

expression and indicate that regulation of splicing plays a fundamental role 

in controlling growth and developmental specific gene expression in 

eukaryotes (Manley and Tacke, 1996) (Chabot, 1996).

• mRNA stability The stability of some mRNAs encoding growth 

regulatory proteins such as Myc and Fos is regulated hy specific RNA 

binding proteins to 3’-untranslated AU-rich elements (Chen and Shyu,

1995).

• Poly adénylation mRNA translation can be regulated by cytoplasmic 

polyadenylation. For example, c-mos translation is specifically activated by 

polyadenylation in the context of meiotic maturation (Sheets et aL, 1995).

• mRNA localisation “Zipcode” sequences in 3’-untranslated regions of 

some mRNAs control their subcellular localisation, e.g., p-actin mRNA is 

directed to the cell periphery follovdng growth factor treatment (Latham et 

a l ,  1994) (Hill et a l ,  1994).

• Receptor-activated translation Translation of some mRNAs is 

regulated hy signal transduction pathways (from cell surface receptors) that 

lead to phosphorylation of components of the translational machinery 

(Brown and Schreiber, 1996).

Sam68/RNA binding studies show that it specifically binds to RNA species 

containing AU-rich stretches. The UAAA motif, present in the highest affinity
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Sam68-binding RNA species from a degenerate pool (Lin et aL, 1997), may be 

involved in directly binding to Sam68, or important in the structural 

conformation of the RNA. Mutation of a single A to C in this motif, prevented 

binding of Sam68 (Lin et aL, 1997). The finding that Sam68 selects RNA ligands 

with recognisable sequence traits and that high affinity binding can be 

modulated at the single base level, strongly suggests a capacity for specific RNA 

binding in vivo. The UAAA motif matches the last four bases of the 

mammalian polyadenylation signal AAUAAA. Sam68 may interact with AU- 

rich elements in the 3'-untranslated regions of mRNAs for proto-oncoproteins 

and cytokines whose expression is regulated by controlling RNA stability. In 

this way Sam68 may contribute to the regulation of polyadenylation or RNA 

stability. The observation that tyrosine phosphorylation of Sam68 occurs 

following TCR activation (Fusaki et aL, 1997) suggests an involvement in 

receptor-activated mRNA translation.

The ability of Sam68 to specifically interact with RNA, growth regulatory 

proteins such as members of the Src family, and numerous cytosolic signalling 

molecules, including Grb2, Cbl, Jak3, PI3-Kinase, Phox, and PLCy, puts it in a 

good position for regulating post-transcriptional control of gene expression.

The high degree of sequence conservation between Sam68 and its relatives, 

Gld-1, Quaking and Zfm/SFl, points to conservation of biochemical function. As 

Gld-1 and Quaking play essential roles in regulation of growth and 

development in worms and mice, it is likely that Sam68 similarly plays a key 

role in mammalian growth and/or developmental control. The interaction with 

Src-family members supports the idea of a role in growth regulation and 

further evidence for the role of Sam68 in cell cycle control was provided by the 

discovery of Sam68AKH (Barlat et aL, 1997). This alternatively spliced form
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contains a truncated KH domain and its expression inhibits serum-stimulated 

progression into S phase of the cell cycle. Sam68AKH exhibits diminished 

poly(U) binding suggesting that Sam68-RNA interaction is required for G 1/S 

transition. In contrast, tyrosine phosphorylation of Sam68 associated with c-Src 

during mitosis might indicate that Sam68-RNA binding is inhibited during this 

period of the cell cycle. Tyrosine phosphorylation of Sam68 reduces its ability 

to bind to RNA (Barlat et aL, 1997). It would therefore appear that RNA 

binding is integral to the growth regulatory functions of Sam68.

The physiological targets for Sam68 remain to be elucidated but it seems 

increasingly likely that it plays an adaptor role in growth regulation. It is 

thought to be involved in the response to primary stimulation of T cells (Fusaki 

et aL, 1997), G l to S phase transition (Barlat et aL, 1997), and may be the major 

substrate for c-Src during mitosis. Tyrosine phosphorylation of Sam68 results 

in a decreased ability to bind nucleic acids suggesting a more general role for 

the Src family as negative regulators of Sam68. The presence of proline rich 

motifs, a tyrosine-rich C-terminus, an RGG box and a KH domain, within 

Sam68, creates the possibility of binding many different proteins 

simultaneously. Indeed, one function of Sam68 may be to act by localising its 

binding proteins to RNA. These associated proteins may have RNA processing 

activities which are modulated by Src family members. Thus an adaptor role 

for Sam68 could facilitate post-transcriptional gene regulation.

The evidence presented here and in previous reports strongly suggests a 

constitutive interaction between Sam68 and members of the Src family in T 

cells, with alterations to its tyrosine phosphorylation status being the important 

regulatory factor. An important step in further elucidating the role of Sam68 

will be the identification of its biologically relevant RNA targets.
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Proteins Found Interacting/Complexing with p59FYN

P r o te in N o te s C ell T yp e R e f .

Tyk-2 Haematopoietic (Uddin etal, 1997)

c-cbl Haematopoietic (Uddin et al., 1997)

Jak-2 Haematopoietic (Uddin et al, 1997)

pl30C as Crk-associated substrate B cells (Manie et al., 1997)

IL-3R (3-subunit 32D cl3 (Burton et al, 1997)

SKAPP55 55kDa T Cells (Burton et al, 1997)

NM D A  Receptor Fyn Phosphorylates (Burton et al., 1997)

Pyk2 FAK family member T Cells (Qian et al., 1997)

NCAM  140 neural cell adhesion Axons (Beggs et al., 1997)

STP-AH From Herpesvirus 

Saimiri

(Lee et al., 1997)

c-KTT Megakaryocytes (Price et al, 1997)

Sam68 T Cells (Fusaki et al., 1997)

RAFTK FAK family member T lymphocytes (Ganju et al., 1997)

p l20 /130 T Cells, M yeloid (da Silva etal., 1997)

F3 Cell Adhesion; 

IgSuperfamily

T Cells (Cervello et al, 1996)

H S l Y phosphorylated upon 

TCR stimulation

T cells (Takemoto et al., 1996)

FAK Integrin mediated signal 

transduction

neurones, CHO, NK (Cary et ai, 1996)

M id T  Ag Hamster & Murine 

Polyomavirus

(Goutebroze et ai, 
1997) 

(Dunant et ai, 1997)

Cbl proto-oncogene T cells (Panchamoorthy et ai, 
1996) 

(Tsygankov et ai, 
1996)

m DABl neuronal development neurones (Howell et ai, 1997)

Ld Proteins (formins) embryonic polarity Chick/Murine (Uetz et ai, 1996)

PI3Klnase signal transduction B cells (Renzoni et ai, 1996)
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CD43 membrane protein T lymphocytes (Pedraza Alva et aL, 
1996)

Cdc2 cell cycle regulation T cells (Cheng et ai, 1992)

Thy-1 Rat Mesangial Cells (Narisawa Saito et al., 
1996)

Axonin-1 Cell adhesion Molecule DRG neurones (Kunz et al., 1996)

Itk/Tsk Btk analogue; Y Kinase T ce ll(J 6 ) (Bunnell et al., 1996)

Ig -a in BCR B cells (Cassard et al., 1996)

W ASp Wiskott-Aldrich

Syndrome

Haematopoietic (Banin et al, 1996)

F c-m uR NK (Rabinowich et al., 
1996)

IP3-R T Lymphocytes & 

Thymocytes

(Jayaraman et al., 1996)

TCRC subunit o f TCR T cells (Boussiotis et al., 1996)

CD45 Y-phosphatase (Mustelin et al., 1992) 

(Bum s et al, 1994)

Csk c-src family kinase (Takeuchi etal., 1993)

PDGF-R NIH3T3 (Twamley et al, 1992)

m V -1 N ef FynSH3 (Lee et al, 1996)

ITAM found in TCR^ and 

CD3 sub units

T Cells (Timson Gauen et al, 
1996)

(Osman et al, 1995)

Irs-1 links receptors for 

insulin, growth 

hormones &Interferons 

to signalling pathways

Mouse Embryo 

Expression Library

(Sun et al, 1996)

She adaptor molecule Cardiac Myocytes, T 

cells

(Sadoshima and Izumo, 

1996)

(Li et al, 1996)

Fas,

FasL

NGF receptor family 

Fas Ligand

Activated T cells (Atkinson et al, 1996)

Sek Eph family, RTK kératinocytes (EUis et al, 1996)

ZAP70 Y kinase. T cells (Fusaki et al, 1996)

Byp Receptor-like Y kinase brain, kidney (Kuramochi et al, 
1996)
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R af-l (Morrison, 1995)

Efs Embryonal fyn- 

associated substrates

Placenta, Embryo, 

Brain

(Ishino et al., 1995)

Tubulin ( a  & P) subcellular architecture T Cell (Jurkat) (Marie Cardine et al., 
1995)

Grb2 IL-11 stimulation Mouse 3T3L1 (Wang et al., 1995b)

Contactin/Fl 1 Neuronal CAM Neurones (Zisch et al., 1995)

CD19 Surface glycoproteins; 

bind surface proteins

B cells (Chalupny et al., 1995)

CD28 Fyn Phosphorylates in 

co-xpn system

T cells (Raab et al, 1995)

Cortactin keratinocyte

differentiation

kératinocytes (Calautti et al, 1995)

CD20 non-glycosylated 

surface P

B cells (Deans et al, 1995)

AChR neurotransmitter

receptor

Torpedo electric organ (Swope et al, 1995)

UPA-R Urokinase plasminogen 

activator receptor.

Monocytes (Bohuslav et al, 1995)

FcyRII IgG Fc-binding receptor B cells (Sarmay et al, 1995)

Ras GAPAp62 myeloid, HeLa, 

platelets

(Pleiman et al, 1993)

CD3 association with 

cytoplasmic tails o f  

epsilon, gamma, zeta 

and eta

T cells (Yamamoto et al, 
1991)

hnRNPK (Weng étal, 1994)

AFAP-110

AFAP-120

Actin filament 

associated proteins

Brain (Flynn et al, 1995)

LM P-2A Latent membrane 

Protein 2A

Epstein-Barr Virus (Busson et al, 1995)

Ig a fyn binds ARH-1 motif 

(Ag Receptor 

homology m otif-1)

B Cells (Clark et al, 1992a) 

(Campbell and Sefton, 

1992)
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B Cell Receptor Composed o f  

immunoglobulin & 

associated MB 1 & B29

B Cells (Lin and Justement, 

1992)

C S F -IR Macrophage Colony 

Stimulating Factor 

Receptor

Macrophages (Courtneidge et aL, 

1993)

CD48 Cell Surface GPI- 

anchored

Thymocytes (Garnett et aL, 1993)

CD2 Associates loosely with 

TCR-CD3-CD4/8-CD5

Thymocytes (Carmo et aL, 1993)

IL-2 Receptor Association after 

activation

T cells (M ills et aL, 1993)

DAF/CD55 decay-accelerating factor 

(protects from 

complememt-mediated 

lysis)

T Cells (Shenoy Scaria et aL, 

1992)

CD5 immunoprecipitates fyn 

along with TCR^chain

T cells

EL-7 Receptor fyn binds to 

cytoplasmic domain

myeloma cells (Venkitaraman and 

Cowling, 1992)

Fc epsilon RII T cells (Maekawa et aL, 1992)

p21rasGAP after thrombin 

stimulation

platelets (Cichowski et al., 1992)

CD36 membrane glycoprotein 

IV

platelets (Huang et aL, 1991)
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Proteins Found Interactin^/Complexing with p561ck

P r o te in N o te s C ell T yp e R e f .

p72syk associates with lckSH2 

domain

T cells (Couture et aL, 1994), 

(Thome et al, 1995), 

(Couture et al, 1996)

annexin VI calcium binding 

protein

(Dubois et al, 1994)

SHPTP-1 pY phosphatase T cells (Lorenz et al, 1994)

IL-2 Receptor p561ck associates with 

P chain

T cells (Minami et al, 1993) 

(Hatakeyama et al, 1991)

PI3 Kinase via LckSH3 domain T cells (Vogel and Fujita, 1993)

CD4 cell surface

glycoprotein,

coreceptor

T cells (Shaw et al, 1989) 

(Superti Furga and 

Courtneidge, 1995)

CDS with n-terminus of 

p561ck

T cells (Rudd et al, 1989), (Yi and 

Cheong, 1996), 

(Superti Furga and 

Courtneidge, 1995)

CD45 transmembrane 

tyrosine phosphatase

T cells (D'oro et al, 1996), 

(Mustelin and Altman, 

1990),

(Gervais and Veillette, 

1997), (Ng et al, 1996)

ZAP70 tyrosine kianse T cells (Marie-Cardine et al, 1996), 

(Straus et al, 1996)

Cdc2 phosphorylates p561ck T cells (Pathan et al, 1996b)

Raf-l T cells (Pathan et al, 1996a), 

(Thompson et al., 1991)

SAM 68 T cells (Fusaki et al, 1997)

Itk Tec family Y-kinase T cells (Heyeck et al, 1997)

TCR  ̂chain T cells (Lewis et al, 1997), 

(Labadia et al, 1996)

CD3 T cells (Lewis et al, 1997)

Tip from Herpesvirus 

saimiri

(Guo et al, 1997)
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M APK T cells (Tsuji Takayama et al., 
1997), (August and Dupont, 

1996)

FAK focal adhesion kinase T cells (Berg and Ostergaard, 1997)

Pyk2 FAK family member, 

with LckSH2

T cells (Berg and Ostergaard, 1997)

NKR-PI Receptor with n-terminal Natural Killer (Campbell and Giorda, 

1997)

Nef from HIV-1 (Baur et aL, 1997), (Collette 

et al, 1997)

CD28 p561ck phosphorylates 

this receptor

T cells (King et al., 1997)

H SP90 important in p561ck 

folding

Reticulocytes (Hartson et al., 1996)

HCP hamatopoietic cell 

phosphatase; 

dephosphorylates Lck

T cells (Raab and Rudd, 1996)

Csk dephosphorylates c- 

terminal tyrosine

T cells (Bougeret et al., 1996), 

(Bergman et al., 1992)

CD44 T cells (Taher et al., 1996)

CD2 cell surface 

glycoprotein,

T cells 

NK cells

(Bell et al., 1996)

IL-7 Receptor T cells (Page et al, 1995)

CD 20 B-Cell surface protein B cells (Deans et al., 1995)

LckBPl proline-rich, assciates 

with LckSH3

T cells (Takemoto et al., 1995)

CD 56 ICAM3 T cell (Juan et al., 1994)

CD5 T-cell specific, binds 

B-cell CD72, co- 

receptor

T cell (Raab et al., 1994)

Thy-1 GPI-anchored protein Thymocytes (Gamett et al., 1993)

CD48 Thymocytes (Gamett et al., 1993)

CD16/Fc'yRIIIA Receptor for IgG Fc 

domain

NK cells (Pignata et al., 1993), 

(Cone et al., 1993), 

(Salcedo etal., 1993)

CD5 T cell (Burgess et al., 1992)
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ras-GAP GTPase activating T cell (Amrein et aL, 1992)

protein
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