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ABSTRACT

The aim of the work that constitutes the present PhD thesis was to elucidate the 

intracellular serine/threonine (S/T) kinase dependant signalling pathways downstream of 

the T cell receptor in human T lymphocytes. S/T kinases are known to play key roles in 

mediating growth, survival and differentiation in response to antigenic stimulation of T 

cells. The T cell receptor exerts its function through a complex web of tyrosine kinases 

and regulatory adaptor proteins that culminate in the activation of phosphatidyl-inositol 

and small G protein dependent S/T kinases. The variety of S/T kinases and high 

proportion of proteins that are phosphorylated at their S/T residues have paradoxically 

made the search for protein substrates for these kinases notoriously difficult. It is of 

fundamental importance for understanding cellular regulation to discover new cell- 

specific downstream targets and ultimate effectors of these pathways.

We herein describe a successful strategy to identify new, cell specific, effectors of S/T 

kinases in signalling cascade. We utilised the properties of an anti serum, raised against a 

sequence phosphorylated on a serine residue, to cross-react with several phosphorylated 

proteins that have a similar structure at the site of phosphorylation. Using this antiserum 

together with proteomics analysis we were able to purify and characterise new targets of 

antigen receptor initiated signalling in T-lymphocytes.

This approach led us to unearth two haematopoietic proteins, namely proIL-16 and SLY, 

neither having been described previously as a target for T cell receptor regulation. The



use of proteomics coupled to sera detecting specific phosphorylation has proved a 

powerful tool to discover downstream effectors of TcR activation. The versatility of the 

technique should prove invaluable in fingerprinting other cell types, or comparing 

subpopulations of lymphocytes.
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CHAPTER 1 INTRODUCTION

1.1 Summary of the acquired immune system

The ability to detect, mount and subsequently remember an antigen specific immune 

response is dependent on antigen specific T and B-lymphocytes. For a rapid effective 

immune response lymphocytes must be able to recognise foreign antigen, respond to it by 

rapid proliferation of specific effector cells and localise to the to the site of infection within 

the body. Once an infection is overcome, the proliferating lymphocyte compartment must 

then be efficiently removed with the exception of a limited repertoire of memory 

lymphocytes, enough to prevent a second infection by that particular antigen.

Thus control of lymphocyte growth and survival is highly regulated by the body, and any 

failure of this system to work either results in the organism succumbing to infection or 

uncontrolled lymphoproliferation. This tight control is mediated by the interplay of signals 

that stem from the antigen receptor, growth factor receptors and chemotactic agents. 

Although there have been great advances in the field of signal transduction, the signalling 

pathways that are induced by these stimuli are not fully characterised. This thesis will aim 

to discuss what is known about antigen receptor signalling and aims to define new 

techniques to explore the role of serine/threonine (S/T) kinase activation in response to 

antigen receptor stimuli.

1.2 Antigen stimulation of T ceils.

The T cell receptor (TcR) has a central role in the identification of non-self in the adaptive 

immune system. The TcR is a multi-subunit complex (Samelson and Schwartz, 1983) that

1



is able to bind peptide fragments from self or foreign proteins complexed within the peptide 

binding groove of major histocompatability complex (MHC) proteins (Bryant et al., 2002; 

Gromme and Neefjes, 2002; Viret and Janeway, 1999). MHC proteins are crudely 

subdivided into two groups. Class I MHC proteins are expressed on every diploid cell in 

the body. Surface class I MHC is found complexed with (32 microglobulin and a nonameric 

peptide fragment within a specific binding groove. The peptide fragment is derived from 

random proteolysis of internal proteins. In addition, specific antigen presenting cells called 

dendritic cells are able to endocytose external proteins, and attach the derived nonameric 

oligopeptides to their class I MHC complexes (Solheim, 1999; Viret and Janeway, 1999). 

Class II MHC proteins are expressed only on specific antigen presenting cells including B 

lymphocytes and dendritic cells (Robinson and Delvig, 2002). Surface class II MHC is 

found complexed with 10-12 amino acid oligopeptide fragments derived from endocytosed 

proteins. MHC proteins show polymorphism within the population, the bulk of the 

variation occurring within the peptide-binding groove. As a consequence, each allele of 

MHC binds best to a particular subset of self or foreign proteins and the repertoire of ideal 

peptides varies from individual to individual within the population. It is important to note 

that MHC proteins are randomly bound to processed peptide fragments and show little 

ability to discriminate foreign rather than self-antigens.

A vital feature of the TcR is its specificity. A particular TcR will only bind one particular 

peptide fragment presented on one particular MHC type. The specificity of the TcR lies in 

the clonaly variable regions that are formed during initial maturation of the T cell within 

the thymus. The mechanisms by which this occurs include a unique system somatic



rearrangement of germline V, D and J gene segments (Chien et al., 1984); the non- 

templated insertion or deletion of junctional residues and the combinatorial association of 

completed protein chains. Somatic gene rearrangement is mediated by recombination 

enzymes: Ragl and Rag2 (Bassing et al., 2002).

The subunits of the TcR all share common domain structures marking them as members of 

the immunoglobulin supergene family. Two disulphide linked chains form the MHC/ 

peptide binding site. In most T cells these are known as the a  and p chains, the exact 

structure of which is unique to a particular clone of T cells, a product of a somatic gene 

rearrangement. In another group of T cells, the role of the a  and P chains is replaced by y 

and 5 chains (Steele et al., 2000) that are formed by a similar mechanism of gene 

rearrangement. The a /p  or y/ô subunits are not thought to transmit signals across the 

lymphocyte membrane, instead the signal transduction capacity of the TcR resides in non- 

covalently associated subunits comprising the CD3 y, 6, and e, subunits and the TcR Ç 

chain. These signalling molecules have intracellular domains that contain one (y, Ô, $ or 

three (Q intra cellular immunoglobulin receptor family tyrosine-based activation motifs 

(ITAM). The stoichiometry of the TcR complex is proposed to be an o/p dimer plus a Ç 

homodimer and an e/0 or e/y heterodimer (Alarcon et al., 2003). The exact stoichiometry of 

the TcR complex is however not fully resolved.

1.3 Function of the TcR

The ability of the acquired immune system to differentiate self from non-self is controlled 

by the TcR a/p chain expressing lymphocytes. This ability is conferred by their unique and 

complex system of maturation that occurs in the thymus (Anderson and Jenkinson, 2001;



Von Boehmer et al., 2003). Haematopoetic stem cells with the potential to become T cells 

travel to the thymus, their subsequent maturation has been subdivided into discrete 

compartments based on expression of different cluster determinate (CD) markers. This is 

best understood in the mouse. Mature a /p  T cells are termed single positive T cells (SP) 

based on expression of either CD4 or CDS antigens. The earliest T cell precursors express 

neither CD4 nor CDS and this double negative (DN) compartment can be further 

subdivided based on differential expression of CD44 and CD25. The earliest DN cells 

express CD44 only (DNl) followed by CD44+CD25+ (DN2) cells which mature to CD44- 

CD25+ (DN3) cells and finally CD44-CD25- (DN4) cells.

At the DN3 stage the process of P selection occurs: cells that successfully rearrange their p- 

locus and express a functional receptor complex known as the pre-TcR complex. This 

comprises a TcR p subunit complexed to the pTa subunit and the CD3 antigen. Expression 

of the pre-TcR complex at the membrane induces DN3 cells to proliferate rapidly, down- 

regulate CD25 and differentiate into CD4/CD8 DP cells. These cells then undergo TcR a- 

chain rearrangements and express a functional oc/p TcR complex.

Within the DP compartment, a process of positive and negative selection occurs based on T 

cell receptor recognition of self peptides complexed to MHC molecules expressed on 

thymic stromal cells (Anderson and Jenkinson, 2001; Sebzda et al., 1999). Thymocytes that 

fail to produce a functional T cell receptor that can bind self-MHC fail to be positively 

selected and die by neglect. A process of negative selection deletes thymocytes that bind 

MHC complexed with self-peptide with high affinity; potentially making them



autoreactive. Thymocytes that pass this stage mature further to either the CD4+ or CD8+ 

single positive compartments and leave the thymus to enter the periphery (Basson and 

Zamoyska, 2000). Peripheral a/|3 T cells can be crudely divided into two classes according 

to their expression of the cell surface proteins CD4 or CDS, which act as co-receptors for 

MHCII and MHCI molecules, respectively. CD4^ T cells, named T helper cells (Th), 

recognise foreign antigens displayed in the context of MHCII molecules and have a 

primarily regulatory role through cytokine secretion. CD8̂  T cells, also called T cytotoxic 

cells (Tc), recognise MHCI bound foreign antigen on the surface of cells infected with 

viruses or intracellular pathogens and destroy such cells preventing the spread of infection.

1.3.1 T cell activation in the periphery

Mature peripheral T cells continue to receive a low level of stimulation from self-peptide/ 

MHC complexes. The importance of this basal signalling is still controversial (Germain et 

al., 2002), there is some evidence that peripheral T cells deprived of any basal signalling 

from the TcR have a reduced life span (Zamoyska et al., 2003).

The physiological stimulus for T cell activation during an immune response is foreign 

antigen presented to the T cell on the surface of specialised antigen presenting cells (APC) 

such as dendritic cells (Mellman and Steinman, 2001). This would be expected to occur in 

secondary lymphoid organs such as lymph nodes. T cells will form a tight complex with a 

peptide loaded APC and this needs to be maintained for several hours for most T cells to 

initiate an activation/ proliferative response (Costello et al., 2002; Langenkamp et al.,

2000). The T cell/APC contact is mediated by a structure known as the immunological 

synapse (Bromley et al., 2001; Dustin, 2001). Despite the TcR’s high specificity for a



particular peptide/ MHC complex, the binding coefficient between the TcR and its optimal 

ligand is low (Boniface et al., 1999). To achieve a stable binding of a T cell to an APC a 

number of accessory molecules need to be engaged. The accessory receptor/ligand pairs 

that contribute to T cell/APC contacts include CDS and CD4 pairing with MHC class I and 

class n  molecules respectively, integrins and their ligands such as LFA-l/ICAM, CD28 and 

its ligands CD80/86, CD2 and its ligands CD48/58 (Van Der Merwe and Davis, 2003). It 

should be emphasised that these molecules do not just act as passive adhesion molecules 

but are thought to induce signal transduction pathways that both quantitatively and 

qualitatively synergise with signals from the TcR to control T cell activation and 

proliferation.

During the prolonged contact between the TcR and the APC the TcR and accessory 

molecules orientate themselves to form a supra molecular activation cluster or SMAC 

(Freiberg et al., 2002; Monks et al., 1998). In this structure there are membrane subdomains 

where there is a distinct segregation of antigen receptors, integrins and tyrosine and serine 

kinases (Dustin, 2001). The synapse is not required to initiate antigen receptor signalling 

nor is it the site of immediate antigen receptor induced regulation of tyrosine kinases (Lee 

et al., 2002). The immune synapse is also not an exclusive site for sustained signal 

transduction pathways (Costello et al., 2002). The question then arises whether the function 

of the synapse is more related to execution of T cell effector activity, such as the polarised 

release of cytolytic T cell granules, or the polarised secretion of cytokines (Bossi et al., 

2002) (Davis and van der Merwe, 2001). It has also been suggested that the synapse may be 

a site for internalisation and down regulation of antigen receptors (Lee et al., 2002).



Successful presentation of specific antigen in the correct APC context to a T cell results in 

the cell developing the machinery for growth and proliferation, undergoing massive clonal 

expansion. Activated CD8+ T cells differentiate to become cytolytic cells that can kill 

virally infected target cells via perforin or Fas ligand mediated cell death pathways (Bossi 

et al., 2002). Activated CD4+ T cells produce a range of immunomodulatory cytokines 

such as TNFa, Interleukin 2 (IL-2), IL-3, IL-4, IL-5 and Interferon y (EFNy). Activated T 

cells also acquire the ability to respond to a range of autocrine and paracrine cytokines such 

IL-2, IL-4, IL-15, and IL-12. These cytokines then control T cell proliferation and 

differentiation but also regulate proliferation and growth of B lymphocytes and Natural 

killer cells. Naive CD4+ T cell activation in the presence of IL-12 and EFNy is associated 

with differentiation to form IFNy secreting ThI effector cells that govern cellular immunity 

(Romagnani et al., 1997; Wakil et al., 1998). Naïve CD4+ T cell activation in the presence 

of IL-4 is associated with differentiation to form IL-4 secreting Th2 cells that govern 

humoral immunity (Kopf et al., 1993; Muller et al., 1993). In addition, activated T cells 

produce a number of chemokines and express a different profile of chemotactic receptors 

compared with unstimulated cells. This allows their migration both to meet and activate 

other cells of the immune system or to traffic to the source of antigen within the body 

(Sallusto et al., 1998).
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1.4 TcR signal transduction, the role of tyrosine kinases

Most of what is known about TcR signal transduction is derived from experiments where 

the TcR is triggered by simply cross-linking the TcR complex using a CD 3 antibody. This 

probably does not mimic what happens when the TcR binds to its agonist peptide presented 

within the binding groove of the MHC but more likely mimics the signalling processes 

triggered by the clustering of TcR complexes in the immunological synapse. The advantage 

of working with artificial ligands for the TcR is that they allow conventional biochemistry 

to be used to study TcR signalling. A summary of these studies is shown in figure 1.1. They 

have established that the TcR initiates signalling by recruiting and activating protein 

tyrosine kinases (PTKs) of the Src, Syk and Tec families (Chu et al., 1998; Lewis et al,, 

2001; Zamoyska et al., 2003). Moreover, genetic studies in mice have shown that these 

PTKs are indispensable signalling molecules for TcR function (Molina et al., 1992; 

Zamoyska et al., 2003). Furthermore, in humans, mutations in the ZAP70 gene have been 

associated with severe combined immunodeficiency (Matsuda et al., 1999). It is generally 

accepted that the phosphorylation of IT AMs of the CD3 y,0,6 and Ç chains is crucial for T 

cell activation and that this is mediated by Src PTKs, essentially Lck. There is clear 

evidence that in unstimulated T cells, phosphorylation of IT AM by a pool of active Src 

PTKs is an ongoing reaction but masked by the repressive actions of one or more tyrosine 

phosphatases such as CD45 (Hermiston et al., 2003). A mechanism by which TcR 

recognition of peptide/MHC shifts this equilibrium towards IT AM phosphorylation is 

thought to be exclusion of phosphatases away from the TcR complex. In the case of CD45, 

its bulky glycosylated exterior domain may mediate this process (Irles et al., 2003). The 

role of the tyrosine phosphatase CD45 in TcR signal transduction is complex as



phosphorylation of Lck is both inhibitory (at the Tyr505 site (Gervais et al., 1993)) as well 

as stimulatory (at the Tyr394 site (D'Oro et al., 1996)) for this enzyme. The presence of 

CD45 is vital for the initial Tyr505 dephosphorylation of Lck (Mustelin and Altman, 1990). 

The presence of a block in thymocyte development in CD45 null mice adds further 

evidence for CD45 acting as a positive regulator of T cell activation (Byth et al., 1996; 

Conroy et al., 1996; Kishihara et al., 1993).

Phosphorylation of both tyrosine residues within an IT AM creates a high affinity binding 

site for the tandem SH-2 domains of the Syk family PTK ZAP70 (Chan et al., 1992). 

IT AM-bound ZAP70 then becomes activated probably by the combined events of 

autophosphorylation and src kinase mediated transphosphorylation. Activated ZAP70 then 

phosphorylates tyrosine residues on a family of molecules known as adaptor proteins. The 

tyrosine phosphorylated residues on adapters act as handles upon which SH2 domains of 

other adapters or effector enzymes bind (Koretzky and Myung, 2001; Leo and Schraven,

2001).

The main substrates for antigen receptor regulated ZAP70 are adaptors such as LAT 

(Linker of activated T cells) and SLP-76 (SH2 domain containing lymphocyte protein of 

76kDa) (Zhang et al., 1998a). These molecules form scaffolds to assemble signal 

transduction molecules in the correct intracellular location for them to execute their effector 

function either directly or after regulation by co-assembled molecules. LAT is a 30kDa 

transmembrane protein that contains myrsolated and palmitoylated residues that localise it 

to within detergent resistant cholesterol rich regions of the plasma membrane called
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RAFTS (Magee et al., 2002). Phosphorylated LAT is able to recruit multiple adaptor 

protein complexes that in turn activate multiple signal transduction pathways (Samelson, 

2002). One such protein recruited to LAT, is phospholipase C gamma 1 (PLCyl). The 

adapter SLP76 also binds to LAT via Grb2-like adaptors Gads, GrpL, or Grf40 (Koretzky 

and Myung, 2001). The importance of individual adaptor molecules such as LAT and 

SLP76 have been determined by the use of gene targeted mouse knockout studies. LAT 

knockout mice are lymphopénie with thymocyte development arrested at the DN3 stage 

(Zhang et al., 1999); a phenotype resulting from failed preTcR function. SLP-76 knockouts 

have a similar T cell phenotype as the LAT knockouts with the added complication of 

platelet dysfunction and malformation of the vascular and lymphatic system (Abtahian et 

al., 2003; Clements et al., 1999).

1.5 Downstream of tyrosine kinases in TcR activated T cells.

Tyrosine phosphorylation of adapters links the TcR to a number of signalling pathways. 

These include the regulated metabolism of inositol phospholipids, and the activation of Ras 

and Rho-family GTPases. The mechanisms used by the TcR to regulate these signalling 

pathways have been extensively reviewed previously (Cantrell, 2002; Kane et al., 2000). 

Herein the focus will be to review what is known about TcR regulation of inositol lipid 

metabolism and the activation of S/T kinases.

1.5.1 The regulated metabolism of inositol phospholipids in T cells

TcR mediated increase in intracellular calcium is a sustained response to TcR triggering 

and is one the earliest defined signalling pathways in lymphocytes. An important step in 

TcR regulation of intracellular calcium is the stimulation of PLCyl which results in the
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hydrolysis of Phosphatidyl-inositol (4,5) biphosphate (PI(4,5)P2) and the production of 

inositol 1,4,5-triphosphate which initiates release of calcium from intracellular stores (Kim 

et al., 2000; Lewis, 2001). TcR activation of calcium channels then allows store 

replenishment resulting in sustained calcium increases. PI(4,5)P2 breakdown 

simultaneously produces diacylglycerol (DaG) that binds to specific domains in a number 

of signalling proteins. DaG binding proteins involved in lymphocyte activation include 

serine/threonine kinases of the PKC family (Monks et al., 1997), the serine kinase PKD 

(Matthews et al., 2000b; Waldron et al., 2001; Yuan et al., 2002) and the Ras Guanine 

nucleotide exchange protein (RasGRP) (Tognon et al., 1998). Antigen receptor activation 

of PLC yl normally requires at least three classes of PTKs; Lck, ZAP70 and Tec kinases 

such as Rlk and Itk in T cells (Btk in B cells) (Schaeffer et al., 1999; Yablonski and Weiss, 

2001). There is also a requirement for LAT and SLP76: tyrosine phosphorylated LAT 

interacts with the PLC SH2 domain thereby recruiting this enzyme to the plasma 

membrane (Sommers et al., 2001). SLP76 is proposed both to bind PLCyl directly 

(Yablonski et al., 2001) and to recruit a Tec family tyrosine kinase to co-ordinate PLC yl 

phosphorylation and activation (Bunnell et al., 2000).

One key feature of inositol lipid metabolism in T cells is that the activation of PLCyl and 

the regulation of intracellular calcium and DaG signalling pathways is generally considered 

to be a response mediated by the TcR. In contrast, there is a second pathway of inositol 

lipid metabolism regulated by the TcR that is a response shared by costimulatory molecules 

such as CD28, cytokines such as IL-2, IL-4, IL-7 and chemokines. This response is 

mediated by the Class I group of Phosphatidyl-inositol 3 kinases (PI3Ks) that
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phosphorylate the 3 -OH position of the inositol ring of Phosphatidyl-inositol (4,5) 

biphosphate (PI(4,5)P2) to produce PI(3,4,5)P3 (Cantrell, 2001; Vanhaesebroeck et ah,

2001). This lipid and its metabolite PI(3,4)Po bind to the pleckstrin homology (PH) domains 

of proteins and either induce localisation of the protein to defined areas of the plasma 

membrane where activation can occur or induce conformational changes that allow for 

allosteric modifications of activity. Targets for D-3 phosphoinositides in T cells include 

Tec family tyrosine kinases including Itk and the AGC superfamily of serine/threonine 

protein kinases such as PDKl and PKB, and guanine nucleotide exchange proteins for Rho 

family GTPases such as Rac-1 and Rho A.

The PI3Ks regulated by the TcR are thought to be heterodimers containing a llOkDa 

(pi 10) enzymatic subunit (a or ô) and an adaptor/ regulatory subunit that recruits the 

enzyme to the plasma membrane undersurface, where it has access to its substrate. CD28 

and cytokines also regulate a p85/pllOa or ô dimer whereas chemokines are thought to 

activate the pllOy catalytic subunit (Cumock et al., 2002). There are multiple pi 10 

catalytic and p85 regulatory subunits expressed in lymphocytes (pi 10a, P, Y,ai&l 

p85a, P). These isoforms can compensate for each other and hence gene targeting studies 

of all isoforms are incomplete. So far it is known that p85a null mice have defective B cells 

but normal T cells (Truman et al., 1999). pllOy null mice have defective neutrophil and 

mast cell responses (Li et al., 2000) and minor T cell abnormalities. pllOÔ null mice have 

defective peripheral T cell and B cell function (Clayton et al., 2002; Okkenhaug et al.,

2002).
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The activation of PI3K by the TcR has been shown in transformed T cell lines and more 

recently in peripheral naïve T cells activated by antigen /ARC complexes. In the latter 

studies confocal imaging was used to carry out real time analysis of inositol lipid 

metabolism as lymphocytes respond to antigen (Astoul et ah, 1999; Costello et al., 2002; 

Harriague and Bismuth, 2002). By monitoring the movement of a Green Fluorescent 

Protein (GFP) tagged PI(3,4,5)P3 binding protein (the PKB pleckstrin homology (PKB-PH) 

domain), it proved possible to spatially and temporally track the intracellular distribution 

and stability of PI(3,4,5)Pg in antigen receptor activated T and B cells. These experiments 

revealed that primary lymphocytes sustain high levels of PI(3,4,5)Pg as they respond to 

antigen (Astoul et al., 1999; Costello et al., 2002). The half life of PI(3,4,5)P3 in activated T 

and B cells is very short; approximately 30 seconds in B cells and 2-3 minutes in T cells 

(Astoul et al., 1999; Costello et al., 2002). To sustain levels of PI(3,4,5)P3 there is a 

requirement for constant activation of PI3K to compensate for this catabolism. The 

activation of PI3K is not necessary for T cell adhesion or for antigen induced expression of 

cytokine receptors. However, PI3K activity is required for antigen receptor induction of T 

cell proliferation and T cell growth (Costello et al., 2002). Moreover, it is the sustained 

activation of PI3K that is necessary for T cell proliferation.

It is uncertain how PI3K is activated in response to TcR activation. Classically, receptors 

that activate PI3K recruit the p85 adaptor subunit to phosphorylated motifs within their 

cytoplasmic domain. For example, CD28 engagement with its ligand CD80 or CD86 results 

in CD28 tyrosine phosphorylation and PI3K recruitment (Pages et al., 1994). In this respect 

there have been reports of p85 recruitment to TcR Ç-chain IT AMs (Exley et al., 1994).
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However, this is controversial as other studies failed to find evidence for high affinity p85 

binding to any of the CD3y,6,6 or Ç -ITAMs (Osman et ah, 1995; Osman et ah, 1996). In 

some cells, P13K can be activated by direct recruitment of p 110 by active Ras (Rodriguez- 

Viciana et al., 1994). This is unlikely to be the main mechanism of activation of P13K in T 

cells as potent stimulators of Ras in T cells such as phorbol esters, which induce high levels 

of active Ras complexes, are not known to activate P13K in T cells (Genot et al., 1998). The 

area of current focus in efforts to understand P13K regulation by the TcR is focused on 

adapters such as LAT and TRIM (Lindquist et al., 2003). These have been variously 

described to form complexes with P13K that could recruit the enzyme to the plasma 

membrane in TcR stimulated cells (Zhang et al., 1998a).

One clue to the importance of P1(3,4,5)P3 metabolism in lymphocytes has come from 

analysis of the immune consequences of losing molecules that metabolise this lipid. There 

are two major routes for degradation of P1(3,4,5)P3 (and hence regulation of P1(3,4,5)P3- 

driven effector pathways): one involves its conversion to P1(4,5)P2 by the 3-phosphatase 

PTEN (phosphatase and ten sin homologue deleted on chromosome ten) (Maehama and 

Dixon, 1998) and the second is mediated by SH2-containing inositol polyphosphate 5- 

phosphatase (SHIP) which converts P1(3,4,5)P3 to P1(3,4)P2 (Damen et al., 1996).

PTEN acts as tumour suppressor and its gene is mutated/ deleted in a variety of different 

human tumours (Cantley and Neel, 1999). Cells lacking PTEN have elevated levels of 

P1(3,4)P2 and P1(3,4,5)P3 and constitutive activation of P13K signalling pathways. Mice 

lacking PTEN are not viable (Stambolic et al., 1998). Moreover, deletion or reduction
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levels of PTEN in the T cell compartment causes mice to develop lymphadenopathy and 

haematological malignancies indicating the importance of this phosphatase for T cell 

biology (Suzuki et ah, 2001a). SHIP mediates an important negative feedback mechanism 

in lymphocytes as loss of SHIP results in an unbalanced immune response that culminates 

in the development of myeloid infiltration of the spleen and lungs (Helgason et ah,

1998)down. The role of SHIP is best characterised in B cells where its activity is controlled 

by inhibitory receptors such as the FcyRIIb (Liu et ah, 1998; Ono et ah, 1996). In T cells 

SHIP function is not understood but biochemically it has been linked to CD28 activation 

and to cytokine signalling (Edmunds et ah, 1999). SHIP dephosphorylates PI(3,4,5)P3 to 

produce PI(3,4)P^ making PI3K controlled signalling pathways the primary targets for 

SHIP action (Krystal, 2000). Interestingly, the PH domains of some proteins can exhibit a 

degree of selectivity for PI(3,4)P2 rather than PI(3,4,5)Pg (Franke et ah, 1997; Kimber et ah, 

2002; Thomas et ah, 2001) and it has been proposed that SHIP acts as a ‘gatekeeper’ to 

shunt signalling away from PI(3,4,5)P3-dependent effectors toward targets that are 

exclusively driven by PI(3,4)P2.

1.5.2 The Ras superfamily of small G-proteins

Ras is the prototypical member of a superfamily of GTP-binding proteins all with intrinsic 

GTPase binding activity (Downward, 1996). They are termed small to differentiate them 

from the larger heterotrimeric GTP binding proteins that associate with transmembrane 

domain receptors such as chemokine receptors (Sprang, 1997).

The superfamily is subdivided into the Ras, Rho, Rab, ARE, Sari, Ran and Rad groups. 

Ras family proteins regulate processes involved with growth, survival and differentiation
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(Downward, 1998; Marshall, 1999). These proteins all act as molecular switches alternating 

between an intrinsic GTP bound on conformation and a GDP bound off conformation. The 

regulation of the GTP and GDP bound forms is mediated by guanine nucleotide exchange 

factors (GEFs) which convert the G-protein into the active GTP bound form. GTPase 

activating proteins (GAPs) that accelerate hydrolysis of the GTP to form the inactive GDP 

bound form balances the actions of the GEFs. In T cells Ras is activated by the TcR 

(Downward et al., 1990) and cytokines such as IL-2 (Graves et al., 1992) but not by co

stimulatory molecules such as CD28. Ras activation in lymphocytes is regulated through a 

variety of complex mechanisms. These can be subdivided into inactivation of Ras GAPs 

(Downward et al., 1990) and activation of Ras GEFs. Inactivation of Ras GAPs is not well 

understood but may be mediated either via adaptor proteins (Yamanashi and Baltimore, 

1997) or by activation of PI3K. (Lockyer et al., 1999) The latter mechanism is mediated by 

the product of active PI3K, PI(3,4,5)P3 that is able to activate Ras by binding and 

sequestering Ras GAPl via a PI(3,4,5)P3 binding PH domain (Wennstrom and Downward,

1999).

Ideas about mechanisms for Ras regulation in lymphocytes via GEFs were initially based 

on models established in lower eukaryotes. One evolutionarily conserved GEF is Sos, 

which forms a complex with the important adapter Grb2 (Downward, 1996; Egan et al., 

1993; Reif et al., 1994). Sos binds to two src homology (SH) 3 domains on Grb2; the single 

SH2 domain of Grb2 can then bind to tyrosine phosphorylated receptors or adapters thereby 

recruiting Sos to the plasma membrane in response to activation of tyrosine kinases. In T 

cells the adapter LAT is thought to be the key adapter in Ras regulation because it recruits
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Sos via Grb2 or via Grb2-like adaptor Gads (Sommers et al., 2001). Sos is not the only Ras 

GEF in lymphocytes, they also express RasGRP, which contains a DaG/ phorbol ester 

binding functional C l domain that can target the protein to the plasma membrane when 

diacylglycerols are produced via the metabolism of inositol phospholipids by PLCyl 

(Dower et al., 2000). The relative contribution of Ras GRP versus the Grb2/Sos pathway 

for Ras regulation seems to vary dependent on the nature of the T cell stimulus and on the T 

cell population (Priatel et al., 2002).

Once Ras is activated it is able to regulate diverse cellular processes in peripheral T cells 

and thymocytes by coupling to multiple biochemical effector signalling pathways including 

the Raf-1/MEK/ERK1,2 kinases and signalling pathways controlled by the Rac/Rho 

GTPases (Genot and Cantrell, 2000). Ras mediates critical antigen receptor signals during 

thymocyte development and is essential for B lymphocyte development (Iritani et al.,

1997). In the periphery, Ras signalling continues to be essential for antigen receptor 

function; loss of Ras function prevents antigen receptor activation of proliferation and 

cytokine gene induction (Genot et al., 1996). Moreover, defects in the activation of Ras 

have been linked to the development of T cell anergy (Fields et al., 1996). Important targets 

for Ras in mature lymphocytes are transcription factors that regulate cytokine genes. These 

include the ubiquitously expressed ETS family protein Elk-1 (Genot et al., 1996), the serum 

response factor (SRF), activator protein 1 (AP-1) and members of the NEAT family 

(nuclear factor of activated T cells) (Turner and Cantrell, 1997; Woodrow et al., 1993).

1.6 Serine/ threonine kinases in lymphocytes

Lymphocytes use a complex array of signal transduction molecules to regulate
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proliferation, differentiation and effector function. The first step in antigen receptor signal 

transduction: activation of cytosolic tyrosine kinases that phosphorylate an array of adapter 

molecules initiating a cascade of signalling pathways (Acuto and Cantrell, 2000; Koretzky 

and Myung, 2001) has already been discussed. It has been much more difficult to progress 

downstream of tyrosine kinases and their adapters. For example, it has been known for 

many years that inositol lipid metabolism and the regulation of diverse serine/ threonine 

(S/T) kinases is important for lymphocytes. At any one time approximately one third of the 

proteins in the body have a phosphate group covalently bound to them. Protein kinases 

represent the largest single family of enzymes in the human genome, accounting for 2% of 

all gene products. Of those phosphorylation events, S/T residues account for 90% of all the 

protein phosphorylation sites in the body. In the last 15 years there has been some progress 

in defining serine kinases that play a role in T cell activation. This review will focus on 

three main groups of kinases; the MAP kinases, DaG regulated kinases such as the PKCs 

and PKD and the serine kinases regulated by PI(3,4,5)P3.

1.6.1 DaG regulated serine kinases in T cells.

1.6.1.1 Protein kinase C family

One of the first defined antigen receptor controlled signal transduction pathways was 

PLCyl mediated hydrolysis of PI(4,5)P2 producing inositol polyphosphates and DaG that 

regulate intracellular calcium levels and activate a number of DaG binding serine kinases 

respectively (Lewis, 2001; Yablonski and Weiss, 2001). The potency of this pathway 

particularly the DaG pathway was underlined by the observation that phorbol esters, 

pharmacological agents which mimic DaG can mimic many aspects of antigen receptor
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triggering especially in synergy with calcium ionophores which induce increases in 

intracellular calcium (Garcia-Rodriguez and Rao, 2000). During the 1980s DaG was 

considered to exert its action solely via regulation of a family of serine kinases known as 

PKCs. Subsequently it has been shown that in T cells, DaG can activate the GTPase Ras 

(Dower et al., 2000) and regulate the activity of a related serine kinase family; the PKDs 

(Matthews et al., 2000b). However, it is still clear that activation of PKCs is critical for 

leukocyte function. Targets for PKCs in lymphocytes include transcription factors such as 

NF-kB which are essential for the regulation of cytokine gene expression (Altman and 

Villalba, 2003). There is also evidence that PKCs control integrin function with obvious 

implications for the regulation of lymphocyte adhesion/ migration and cell/ cell contact 

(Ivaska et al., 2002).

There are multiple related DaG binding PKC isoforms all of which form part of a larger 

family of protein kinases known as the AGC kinase family after the first three discovered 

members (Fig 1.2). PKC members are classified on the basis of different regulatory 

domains, into two distinct groups: classical PKCs (a, pi, pil and y) which are regulated by 

calcium, DaG and phospholipids and the novel PKCs (8, e, r\ and 0) that are regulated by 

DaG and phospholipids (Parekh et al., 2000). Both classic and novel PKCs require 

phosphorylation within their activation loop by the D3 phosphoinositide binding kinase 

PDKl. PKCs can also bind to PDKl thereby introducing the potential for PDKl to regulate 

the subcellular localisation of these kinases. It should be emphasised that, for PKCs, PDKl 

phosphorylation at the activation loop is a priming step that promotes the 

autophosphorylations required to generate a catalytically competent form of PKC that only
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needs DaG/ calcium binding and/ or relief from autoinhibition for full activation (Parekh et 

al., 2000).

Each lymphocyte expresses multiple isoforms of PKC allowing scope for redundancy. 

Despite this, loss of individual PKC isoforms by gene targeting techniques in mice has 

revealed quite selective roles for these enzymes in lymphocyte biology. For example, loss 

of the classical PKC isoform PKCpI/II results in B lymphocyte dysfunction (Su et al., 

2002). The novel PKCÔ also has a distinct role in B cell function as its loss results in the 

development of B cell mediated autoimmune disease and prevents tolerance induction in B 

cells (Mecklenbrauker et al., 2002; Miyamoto et al., 2002). During B cell activation both 

positive and negative regulatory signalling cascades are vital for a balanced immune 

response and immune homeostasis and the phenotype of PKCÔ null mice argue quite 

persuasively that PKC8 is critical for negative feedback control of B cell activation. Quite 

how PKC delta achieves this function is not established but a recent link between PKC 

delta and the SH2-containing inositol polyphosphate 5-phosphatase (SHIP) which converts 

PI(3,4,5)P3 to PI(3,4)P2 is intriguing because SHIP is known to control important negative 

feedback pathways in lymphocytes (Leitges et al., 2002).
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One important PKC isoform for T lymphocytes is the novel PKC0 (Sun et al., 2000). This 

kinase localises very precisely to the central part of the SMAC that forms as T cells form 

tight contacts with antigen presenting cells (Freiberg et al., 2002; Monks et al., 1998; 

Monks et al., 1997). Loss of PKCO does not cause problems in T cell development and 

mice are bom that externally look quite normal. However, the peripheral T cells of such 

mice proliferate poorly to antigenic stimuli, have a reduction in secretion of the key growth 

factor cytokine IL-2 and fail to express normal levels of IL-2 receptors (Sun et al., 2000). 

They show marked defects in the activation of key transcription factors including activation 

of AP-1 and NF-kB.

The NF-kB family of transcription factors control the genes involved in cellular activation 

and resistance to apoptosis (Baeuerle and Baltimore, 1996). NF-kB is known to be 

important in cells of the innate immune system mediating IL-1 signalling (Perkins, 2000; 

Silverman and Maniatis, 2001). In B and T lymphocytes, NF-kB is activated in response to 

antigenic stimuli and has been shown to be a target for PKCs (Altman and Villalba, 2003). 

NF-kB consists of a heterodimer of 50 and 65kDa DNA binding domains. In the cytosol, 

NF-kB is complexed with a family of inhibitory proteins called the I-kBs, Phosphorylation 

of a bound I-kB leads to its ubiquitination (DiDonato et al., 1996; Yaron et al., 1998) and 

the release of free NF-kB, which undergoes nuclear import and DNA binding (Liou and 

Baltimore, 1993). I-kB is phosphorylated in a complex manner involving a signalosome of 

multiple factors including the I-kB kinases a  and P (IKKa, IKKP) (Karin and Ben-Neriah, 

2000; Perkins, 2000). PKCs are thought to activate I-kB phosphorylation via this complex. 

What is perhaps interesting is that in T cells it is the novel PKCO that seems to be the main
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isoform responsible for NF-kB activation. In contrast, in B cells it is the classical PKC 

isoform PKCP, that is crucial. PKCP knockout B cells fail to degrade I-kB in response to 

BcR stimuli leading to impaired NF-kB signalling (Su et al., 2002).

1.6.1.2 Protein kinase D

A second DaG binding serine kinase regulated by antigen receptors in lymphocytes is PKD, 

the prototypical member of a family of conserved serine/threonine kinases that are found in 

diverse multicellular organisms from C. elegans to man (Johannes et al., 1994; Van Lint et 

al., 2002). There are three PKD isoforms, PKDl, 2 and 3 (Rey et al., 2003). PKDs are 

characterised by a conserved DaG binding cysteine-rich domain (CRD) that controls the 

intracellular localisation of the enzyme. However, DaG binding is not essential for PKD 

activation, rather this kinase needs to be phosphorylated on two key residues, Ser744 and 

Ser748, within the activation loop of the catalytic domain (Matthews et al., 2000b; Waldron 

et al., 2001; Waldron and Rozengurt, 2003). These phosphorylations are induced by 

classical/novel PKC isoforms so that PKD is positioned to act as an effector of PKC 

functions (Waldron and Rozengurt, 2003).

PKD is highly expressed in haematopoietic cells and is strongly activated by the T cell 

antigen receptor in T lymphocytes and also by the BcR and FcyRl in B cells and mast cells 

respectively (Matthews et al., 2000b). In T cells, PKD is a specific target for antigen 

receptors and is not activated by haematopoietic cytokines, costimulators or chemokines. 

One other interesting feature of PKD is its localisation in lymphocytes (Matthews et al., 

2000a). Initially the kinase is cytosolic but antigen receptor ligation induces a high 

stoichiometry of PKD activation and simultaneously induces a transient translocation of
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PKD to the plasma membrane. PKD residence at the membrane is relatively short and 

during the prolonged phase of antigen receptor activation, PKD relocates to the cytosol 

where it remains active for several hours. PKD is therefore able to integrate a transient 

signal generated by antigen receptors at the plasma membrane into a sustained signal in the 

cell interior.

The role of PKD in T cell signalling is unclear, as are downstream substrates of this kinase. 

In other cell lineages, PKD has been implicated in activating NF-kB. PKD regulation has 

been reported in response to oxidative stress in Hela cells where PKD is activated by Abl 

mediated tyrosine phosphorylation and in-tum phosphorylates and inactivates I-kB (Storz 

and Toker, 2003). There is also evidence that in Hela cells PKD controls Golgi function. Its 

role in T cells remains to be defined.

1.6.2 Mitogen activated protein kinase (MAPK) family

The MAPK family constitute a complex phospho-relay system of signal transduction, 

composed of three sequentially activated kinases that are themselves modulated by 

phosphorylation (Dong et al., 2002; Rincon, 2001; Whitmarsh and Davis, 1999). The relay 

allows amplification and nuclear transduction of activated factors to modulate a number of 

transcription factors. Substrates of MAPK pathways include transcription factors, 

phospholipases, cytoskeletal proteins and other protein kinases.

Three main MAPK cascades have been identified in mammalian cells; the ERK1,2 cascade, 

the JNKl/2 cascade and the p38 MAPK cascade. All start with a membrane localised 

activator followed by three MAPKs that sequentially phosphorylate each other (Fig 1.3).

25



The top level of kinases is termed MAPK kinase kinases (MAPKKK or MKKK). The 

middle level MAPK kinases (MAPKK or MKK) phosphorylate a common Thr-Xaa-Tyr 

motif where Xaa is any amino acid. The lowest tier consists of the MAPKs that 

phosphorylate Ser/Thr-Pro motifs. Each pathway terminates in the phosphorylation of 

substrate proteins.

1.6.2.1 Extracellular signal regulated kinase (ERK) 1,2 cascade in T cells

ERKl and 2 were identified as kinases that were activated in response to growth factor 

stimulation (Ray and Sturgill, 1987). This was subsequently shown to be mimicked by the 

transfection of oncogenic, constitutively active Ras (Leevers and Marshall, 1992). The link 

between active Ras and subsequent phosphorylation of the ERKs was made both by the 

discovery of the MAPK kinase, MEKl (Gomez and Cohen, 1991) and its phosphorylation 

by the known Ras effector Rafl now known as a MAPK kinase kinase (Alessi et al., 1994). 

The ERK 1,2 cascade is ubiquitous in mammalian cells and is generally considered to be 

one the main effector pathways regulated by the GTPase p21ras. This GTPase is activated 

by the TcR and by cytokines such as IL-2 and accordingly, these stimuli are able to 

stimulate ERKl,2 activity (Izquierdo et al., 1993). The activation of ERKs by the TcR is 

well documented and the role of the Ras/Raf-1/ERK1,2 pathway for T cell activation has 

been well explored by a combination of experiments with inhibitory and active mutants of 

Ras, Raf-1 and MKKl. These have shown that the Ras/ERK1,2 pathway is important both 

for preTcR function during the early stages of thymocyte development and for mature TcR 

function during thymocyte positive selection. Confirming this is the finding that 

thymocytes of ERKl knockout mice have a defect in positive selection (Pages et al., 1999). 

The Ras/ERK1,2 pathway is also important for TcR activation of NEAT in mature T cells
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(Genot et al., 1996).

Despite the importance of Ras for activation of ERKl,2 in TcR signalling there are other 

ways this kinase pathway is regulated in T cells namely by PKCs and PI3K. PKC activation 

of ERKl,2 is independent of Ras and is thought to involve a direct effect of the AGC 

kinase (Izquierdo et al., 1994). Ras independent, PI3K regulation of ERK 1,2 in T cells is 

poorly understood but has been reported to act at the level of MEKKl (Kamitz et al., 

1995).

There are a number of substrates known to be phosphorylated by the ERKs that in turn 

mediate their actions. ERK phosphorylation by MEKl occurs in the cytosol, where upon 

the phosphorylated kinase translocates to the nucleus. As a result the substrates of ERK are 

both cytosolic and nuclear. Within the nucleus ERK is able to phosphorylate and activate a 

number of transcription factors, including Elk-1 (Genot et al., 1996; Marais et al., 1993). 

Elk-1 is a member of a family of proteins known as ternary complex factors (TCFs) 

(Treisman, 1994). TCFs are involved in the transcription of immediate early genes in 

response to growth factor stimulation. These genes are regulated by a promoter sequence 

known as the serum responsive element (SRE). Gene transcription occurs when the SRE is 

bound to a transcription complex that includes a serum complex factor and a TCP that is 

phosphorylated by ERK (Treisman, 1996). Examples of genes that are activated by this 

complex include the SRF itself, c-Fos and c-Jun that together are able to initiate 

transcription of genes regulated by AP-1 sites (Whitmarsh et al., 1995).
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In the cytosol, ERK is able to phosphorylate and activate the p90-RSK and MSK families 

of AGC kinases (Dalby et al., 1998; Deak et al., 1998). The RSK and MSK families are 

closely related and consist of two kinase domains, one of which is activated by ERK 

phosphorylation and in-tum phosphorylates and activates the second kinase domain. p90- 

RSKl has been implicated in survival in the haematopoetic cell line 32D. 32D cells are 

dependent on interleukin 3 (IL-3) for survival; the MEK inhibitor PD098059 can block this. 

Transfection of a constitutively active p90-RSK has been shown to protect these cells from 

IL-3 withdrawal (Shimamura et al., 2000). In vitro p90-RSK has been shown to 

phosphorylate the Serl22 site of Bad, leading to its inactivation (Shimamura et al., 2000). 

p90-RSK has been implicated in regulation of elongation factor 2 kinase (Wang et al.,

2001). This kinase phosphorylates and inactivates elongation factor 2 (eEF2). eEF2 

mediates the translocation step of elongation of mRNA (Redpath et al., 1996) and is 

required for new protein synthesis. In embryonic stem cells active p90-RSK is able to 

phosphorylate and inactivate eEF2 kinase in turn leading to activation of eEF2. Despite 

these potential roles in cell growth and survival, the role of p90-RSK in lymphocyte 

survival is not clear. MSKl has a similar substrate phosphorylation to both PKB and p90- 

RSK (Deak et al., 1998). MSKI has been implicated both in phosphorylation of NF-kB 

after its release from I-kB in response to stimulation by TNFa and histone remodelling via 

phosphorylation of the H3 subunit in the IL-6 promoter domain (Vermeulen et al., 2003).

The substrates discussed have been identified in a number of cell types and are downstream 

of ERK activation in T cells. In addition to these, T cell specific substrates of ERK have 

been recently identified. Most notably the tyrosine kinase p561ck is phosphorylated by
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ERK. This phosphorylation is proposed to prevent an interaction between the tyrosine 

phosphatase SHP-1 and p56 Lck. As active SHP-1 is able to inactivate Lck this provides a 

positive feedback mechanism where by TcR activation leads to ERK phosphorylation and 

in turn the inactivation of SHP-1 and a lowering of the threshold required to activate Lck 

associated with neighbouring TcR complexes (Stefanova et al., 2003).

1.6.2.2 Jun Kinase (JNK) cascade

The JNK pathway was initially identified in Rat cells exposed to the protein synthesis 

blocking toxin cyclohexamide (Kyriakis and Avruch, 1990). In T cells JNKs are activated 

by a number of extracellular stimuli including TcR crosslinking with anti CD3 together 

with anti CD28 (Su et al., 1994), pharmacological activation of T cells with phorbol ester 

and the calcium ionophore ionomyin, and by inflammatory cytokines including tumour 

necrosis a  (TNFa) and IL-1 (Ip and Davis, 1998). The JNK cascade is complicated; a 

summary of which is indicated in figure 1.3. The link between TcR activation and the 

downstream kinases is not fully understood. There are a number of different MKKKs that 

phosphorylate the MKKs MKK4 AND MKK7. These, in turn phosphorylate and activate 

the MAPKs JNKl and 2 (Davis, 2000). The substrates of the JNKs include the transcription 

factors Elk-1 (Gille et al., 1995) and c-Jun (Derijard et al., 1994); phosphorylation of the 

latter is required for its full activation. c-Jun binds with c-Fos to mediate the transcription 

of AP-1 dependant genes (Pulverer et al., 1991). It is of note that in naive T cells, members 

of the JNK cascade are missing and prolonged stimulation via the TcR is required for their 

appearance.

The role of the JNK cascade in T cells differs between the two major peripheral T cell
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subsets, namely CD4+ and CD8+ cells and has been elucidated by analysis of mouse 

knockout models. The JNKl knockout mouse has normal numbers of CD4+ T cells, but 

reduced numbers of CD8+ T cells that do not activate normally, for example, they have 

reduced expression of IL-2 and IL-2 receptor a  chain in response to antigenic stimulation 

(Conze et al., 2002). In contrast, CD8+ T cells from the JNK2 knockout mouse are 

hyperproliferative with increased secretion of IL-2 in response to antigenic stimulation 

(Conze et al., 2002). JNK2 knockout CD4+ T cells have a reduced capacity to differentiate 

into Thl cells after antigenic stimulation and show reduced secretion of IFNy (Yang et al.,

1998).

1.6.2.3 The p38 MAPK cascade

This cascade was identified as part of a drugs screen looking for inhibitors of TNFa 

mediated inflammatory responses (Lee et al., 1994). Inflammatory cytokines such as IL-1 

and cellular stress stimuli such as heat and osmotic shock activate this cascade as does 

stimulation of antigen receptor. Unusually there is no classical MAPKKK, the function is 

performed by the adaptor protein TABl which has no enzymatic function (Ge et al., 2002). 

TABl activates the MAPKK, MKK6 that phosphorylates the p38 MAPKs. Activation of 

p38 MAPK is required for the fFNy transcription and p38 has been shown to regulate Thl/ 

Th2 differentiation after antigen stimulation of naïve T cells. (Rincon et al., 1998). p38 is 

also proposed to regulate negative selection of thymocytes.

Like the ERKs, the p38 MAPKs are implicated in other cell types in the activation of 

transcription factors including Elkl (Turner and Cantrell, 1997; Whitmarsh et al., 1995) 

and S/T kinases including members of the MSK and RSK families (Deak et al., 1998;
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McLaughlin et al., 1996).

1.6.3 PI(3,4,5)P3 regulated serine/ threonine kinases.

One PI(3,4,5)P3 regulated kinase activated by the TcR is PKB (Lafont et al., 2000). This 

was initially discovered as the cellular counterpart of the viral transforming oncogene v- 

Akt, hence its alternative name c-Akt (Staal, 1987). c-Akt was named PKB after it was 

noted to have a close homology to other S/T kinases of the AGC family (Jones et al., 

1991a; Jones et al., 1991b). It is a 57-60kDa protein containing a C-terminal regulatory 

domain, a PH domain followed by an N-terminal kinase domain. The PH domain 

preferentially binds the lipid products of PI3K namely PI(3,4)P2 and PI(3,4,5)Pg (Freeh et 

al., 1997; Leslie et al., 2001). This kinase is activated by cytokines, antigen receptors, 

costimulator molecules such as CD28 and chemokines all known to activate PI3K (Jones et 

al., 2002; Pages et al., 1994; Reif et al., 1997; Suzuki et al., 2001b). In particular the TcR 

induces sustained activation of PKB (Lafont et al., 2000). Activation of PI3K is necessary 

for TcR regulation of PKB and expression of constitutively active PI3K is sufficient to 

activate PKB in lymphocyte cell lines (Reif et al., 1997). The activation of PKB is initiated 

by PI(3,4,5)P3 binding to the PKB PH domain which brings the enzyme to the plasma 

membrane and relieves autoinhibition of the active site allowing the phosphorylation of 

Thr308, a key residue by a 67kDa ubiquitously expressed PDKl (Alessi et al., 1997a). The 

phosphorylation of PKB on Ser473 then occurs with the resultant formation of active 

enzyme. Strikingly, in lymphocytes, active PKB is not retained at the plasma membrane but 

relocates to the cytosol and the nucleus despite the continued generation of PI(3,4,5)P3 

(Astoul et al., 1999). This suggests that active PKB undergoes a conformational change that 

prevents continued lipid binding and allows the enzyme to leave the membrane. The
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dynamic turnover of PKB has been studied in B cells where the enzyme is seen to move 

from the cytosol to the plasma membrane with 10 seconds of BcR ligation and, in another 

30 seconds, the active enzyme can be found in the nucleus (Astoul et al., 1999). Thus PKB 

is able to couple signalling events triggered at the lymphocyte membrane to the cell 

nucleus. This also seems to be true in T cells where during cytokine signalling, a pathway 

induced by PI3K and mediated by PKB and p70-S6 kinase can stimulate the activity of E2F 

transcription factors; important components of the mechanisms that control the mammalian 

cell cycle (Brennan et al., 1997; Brennan et al., 1999).

It is now recognised that the regulated uptake of nutrients and the regulated metabolism of 

glucose uptake and glycolysis is essential for lymphocyte activation (Edinger and 

Thompson, 2002; Frauwirth et al., 2002; Rathmell et al., 2001). These are PI3K regulated 

responses in T cells and PKB is proposed as the main effector that mediates the action of 

PI3K on these fundamentally important metabolic pathways and hence plays a crucial role 

in lymphocyte activation (Frauwirth et al., 2002).

There are three PKB isoforms (PKB a , p, y or Aktl, 2, 3 respectively) PKB a  knockout 

mice show normal glucose metabolism but are 20% smaller in size compared with wild 

type mice (Cho et al., 2001b). In contrast, PKBp knockout mice are of normal size but 

show reduced glucose tolerance reminiscent to adult onset diabetes (Cho et al., 2001a). So 

far there has been no analysis of T cell biology in PKB null mice. However, there have 

been studies of transgenic mice expressing the v-Akt oncogene (gagPKB) within the T cell 

compartment. These studies indicated that expression of active PKB at the membrane
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allowed prolonged survival of thymocytes in foetal thymic organ culture (Jones et al.,

2000). Moreover, as PKB transgenic mice aged past 4 months, they developed 

lymphadenopathy and autoimmune inflammatory disease with increased numbers of both B 

and T cells (Parsons et al., 2001).

The mechanism by which PKB confers its effects on cell growth, survival and insulin 

metabolism is only just being elucidated. In recent years, a variety of different PKB 

substrates have been found in non-immunological cell lines and their significance in 

lymphocyte biology is now being investigated. These include proteins found in the cytosol 

such as glycogen synthetase kinase 3 and transcription factors within the nucleus such as 

the forkheads. A fuller description of the best known candidates include:

Glycogen synthetase Kinase 3a and 3P (GSK3a and 3P): One of the first known direct 

substrates for PKB are the Ser21 site of GSK3a and the Ser9 site of GSK3P (Cross et al., 

1995). GSK3 is inactivated by phosphorylation. In T cells, GSK3a and p are 

phosphorylated on Ser21 and 9 respectively in response to TcR ligation and cytokine 

stimulation with IL-2. GSK3, an enzyme initially identified as a regulator of glycogen 

metabolism, has now been shown to have a number of other functions. In lymphocytes, 

GSK3 has been proposed to regulate the transcription factor, nuclear factor of activated 

lymphocytes (NFAT). Nuclear import and export of this transcription factor is controlled 

by phosphorylation. Phosphorylated forms of NFAT are cytoplasmic and inactive. The 

calcium dependant phosphatase Calcineurin is implicated in the dephosphorylation and 

nuclear import of NFAT (Rao et al., 1997). Conversely, GSK3 is able to phosphorylate and
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inactivate NFAT (Crabtree and Olson, 2002; Neal and Clipstone, 2001). Once in the 

nucleus, NFAT is able to co-operate with AP-1 transcription factors to initiate the 

transcription of IL-2, a key marker of TcR mediated T cell activation. The importance of 

GSK3 in this system has been suggested by use of the GSK3 mutant S9A GSK3P that is 

resistant to inactivation by PKB. Primary mouse lymphocytes expressing this transgene 

were characterised by a reduced IL-2 secretion and proliferation in response to stimulation 

via the TcR (Ohteki et al., 2000).

The forkhead transcription factors (FOXOl, 3a, 4): The link between PKB and the

forkhead homeobox O family of transcription factors (FOXOl, 3a, 4) was first established 

in the nematode worm C.elegans (Burgering and Kops, 2002). The C.elegans equivalent 

PI3K/AKT pathway was able to phosphorylate and inactivate the forkhead transcription 

factor Dafl6. In mammalian cells active PKB is able to phosphorylate its equivalent: 

nuclear FOXOl (Biggs et al., 1999), 3a (Brunet et al., 1999) and 4 (Medema et al., 2000). 

Phosphorylation results in their dissociation for DNA, nuclear export and sequestration 

within the cytoplasm by the regulatory protein 14-3-3 (Rena et al., 2001). FOXO factors 

have been implicated in inhibition of cellular proliferation by inducing the transcription of 

the cell cycle inhibitor p27kipl in a variety of cell lines including the Jurkat thymic cell line 

(Kops et al., 2002). In some cell lines active FOXO factors are able to induce cell death, 

this may be via transcription of Fas ligand or the pro-apoptotic protein Bim (Stahl et al., 

2002). The importance of Bim in T cells can be highlighted by Bim knockout mice, which 

develop a lymphadenopathy, with Bim knockout T cells resistant to the apoptotic effects of 

cytokine withdrawal (Bouillet et al., 2002). FOXOl is known to be expressed in
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thymocytes and mice expressing a dominant negative FOXOl have been made under the T 

lineage Lck promoter (Leenders et ah, 2000). The authors predicted increased proliferation 

when FOXOl function was blocked. However, this was not seen in the FOXOl transgenic 

mice. Paradoxically, there were reduced thymic cell numbers suggesting that FOXOl may 

have a more complex role in thymocyte development. However, such results must be 

interpreted with caution, as the investigators were unable to prove directly that their 

truncated FOXOl construct was acting as a dominant negative mutant.

The Bcl-2 family of anti and proapoptotic proteins: Bcl-2 and its relative Bcl-XL are 

able to protect against apoptosis by forming heterodimers with their pro-apoptotic 

counterparts Bax and Bak (Hildeman et al., 2002; Rathmell and Thompson, 1999). 

Dimérisation of the latter two proteins results in leakage of Cytochrome C from the 

mitochondrion and the triggering of an apoptotic cascade. The proapoptotic proteins Bad 

and Bim are able to block the action of Bcl-2 and Bcl-XL by forming heterodimers and 

sequestering these survival factors. This effect can be blocked by phosphorylation of Bad at 

Seri 12 or Serl36 (Datta et al., 1997). PKB has been shown to phosphorylate Serl36 but 

the importance of this is uncertain (Datta et al., 1997). The Seri36 phosphorylation is not 

unique to PKB, other S/T kinases such as PKA (Harada et al., 1999) and p90-RSK 

(Shimamura et al., 2000) are also able to phosphorylate this site. In this context it should be 

emphasised that although it is generally accepted that PI3K and PKB are predominant 

molecules in the regulation of cell survival this is not true in lymphocytes. Inhibition of 

PI3K will suppress glucose uptake and lymphocyte cell growth with no immediate impact 

on cell survival (Costello et al., 2002; Rathmell et al., 2001). This suggests that PKB is a
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ubiquitous kinase with diverse functions in different cell lineages probably reflecting 

lineage specific expression of its substrates.

The Caspase family: Caspases are proteases that mediate apoptotic cascades (Rathmell 

and Thompson, 1999). PKB has been implicated in the phosphorylation and inactivation of 

Caspase 9 (Cardone et al., 1998). The importance of this in contributing to PKB mediated 

cell survival is unclear in light of the fact that the phosphorylation site is not conserved 

between humans and mice (Fujita et al., 1999).

Mdm2 and p53 regulation: The p53 tumour suppressor inhibits cell cycle turnover and 

induces apoptosis in cells exposed to DNA damage through transcription of genes involved 

in these processes (Levine, 1997). Its importance is highlighted by the presence of p53 

mutations or deletions in the majority of human tumours (Hollstein et al., 1991). As a form 

of negative feedback p53 induces the transcription of Mdm2. Mdm2 binds to p53, directly 

blocking its ability to induce gene transcription, and in turn, inducing transport of the 

protein complex to the cytosol where p53 is degraded by ubiquitination (Haupt et al., 

1997). There are further levels of regulation of the activity of Mdm2; the bound complex is 

prevented from moving to the cytoplasm by the tumour suppressor p l9  ARF (Tao and 

Levine, 1999). Conversely, PKB is able to regulate, in kératinocytes, the actions of Mdm2 

by phosphorylating the protein at Serl66 and Seri86. This allows the newly formed Mdm2 

to travel to the nucleus, binding and inactivating free p53 (Mayo and Donner, 2001). The 

high incidence of lymphoma in p53 null mice (Harvey et al., 1993) would suggest this 

pathway is of importance in lymphocytes, although this has yet to be determined.
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1.6.3.2 Phosphatidyl-inositol triphosphate dependant protein kinase (PDKl)

PDKl is a 63kDa S/T kinase ubiquitously expressed in human tissues (Vanhaesebroeck and 

Alessi, 2000). It is a member of the AGC protein kinase family, consisting of a kinase 

domain followed by a PH domain that has a high affinity towards the lipid products of 

PI3K namely PI(3,4)P2 and PI(3,4,5)P3. Under in vitro conditions PDKl, as its name 

suggests, is dependent on low levels of PI polyphosphates to be fully active. Despite this, 

PDKl seems to be fully active in quiescent cells and exposure to stimuli known to activate 

PI3K do not further activate PDKl (Alessi et al., 1997a; Pullen et al., 1998). PDKl is 

distributed both at the membrane and at the cytoplasm in resting and activated cells (Currie 

et al., 1999). The kinase does not seem to translocate to the plasma membrane in response 

to cell stimulation in keeping with the invariance of its activity to extracellular stimuli. 

Under physiological conditions, rate-limiting factor of its activity is the availability of 

substrate.

PDKl phosphorylates members of the AGC kinase family at a common site, namely the 

activation loop or T loop. PDKl was discovered by virtue of its ability to phosphorylate 

PKB at this site (Thr308) (Alessi et al., 1997b). Its substrates can be subdivided into four 

groups based on regulation of availability:

I Lipid dependant substrates: Proteins that are made available to PDKl by binding to 

lipids such as PI(3,4,5)Pg for PKB and DaG for PKC family members. In both cases 

the kinases are recruited to the plasma membrane by their lipid ligands and made 

available for phosphorylation by PDKl. Once phosphorylated by PDKl, the PKCs are 

resistant to dephosphorylation and are able to exist in a phosphorylated state long after
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the kinase has dissociated from DaG. As a result PKCs found in quiesced cell lines are 

often basally phosphorylated at their PDKl site (Parekh et al., 2000).

Z  Phosphorylation dependant substrates; Proteins that are available to PDKl only 

after conformational changes induced by phosphorylation by previous regulated S/T 

kinases. This group includes the p70-S6K, Serum glucocorticoid kinase (SGK) and 

p90-RSK enzymes. In the latter, the initial phosphorylated step is mediated by the 

MAPK cascade of a C-terminal kinase domain that in turn autophosphorylates the 

protein at its linker region. This induces a conformational change that allows the N- 

terminal kinase domain to be phosphorylated at its activation loop site (Frodin et al., 

2000).

d Rho dependant substrates: Proteins such as PRKl and 2 that interact with active 

RhoGTP inducing a conformational change allowing them to complex with PDKl and 

be phosphorylated.

4* Constitutively available substrates: Kinases such as protein kinase A (PKA) and 

PDKl itself are constitutively phosphorylated by PDKl and then require further 

changes that are regulated to allow them to be fully active.

PKDl knockout mice die in utero at day 9 of gestation with multiple developmental 

abnormalities (Lawlor et al., 2002). Insertion of a neomycin resistance cassette between 

exons 2 and 3 results in a five-fold reduction of expression of PDKl. Partial knockout mice 

consisting of one allele containing the neomycin cassette and the second null for PDKl 

expressed a ten-fold reduction in PDKl activity compared with wild type mice as measured 

by immunoprecipitating PDKl from embryonic stem cells and assaying its activity in vitro.
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The partial knockout mice were viable and fertile but up to 50% smaller (Lawlor et al.,

2002). Histological studies on the adrenal cell glands suggest that the reduction in mouse 

size is not due to a reduction in cell number but in cell size. Despite similarities between 

this phenotype and the p70-S6K and PKBa null mice, both p70-S6K and PKB activity in 

skeletal muscle, adipose tissue or liver stimulated with insulin was no different to wild type 

animals. Any defects of lymphocyte function that they may have are currently being 

investigated.

1.6.3.3 p70-S6Kinasel

The S/T kinase p70-S6Kl is a cytosolic protein that phosphorylates the 40S ribosomal 86 

protein. The activity of S6K1 activation is regulated by a co-ordinated set of 

phosphorylation events. PDKl phosphorylates Thr229 in the kinase activation loop. Thr229 

phosphorylation requires prior phosphorylation of the Ser/Thr-Pro sites in the 

autoinhibitory domain of S6K1. Two other important phosphorylation sites in S6K1 are 

Serine 389 and 371 and these are regulated by mTOR (mammalian target of rapamycin). 

The regulation of mTOR is both complex and not fully understood with conflicting 

evidence associating its regulation downstream of PKB. Transfection of human 293 cells 

with a constitutively active mutant of PKB, T308D/S473D PKB that mimics the fully 

phosphorylated form, has no effect on activation of p70-S6K (Dufner et al., 1999). In 

Drosophilla, activation of S6K is independent of PKB (Radimerski et al., 2002). Despite 

this, recent work has shown that both dTOR (the Drosophilla equivalent of mTOR) and 

mTOR is held in an inactive state by a complex of two proteins: TSCl and TSC2 (Gao et 

al., 2002). Loss of TSC2 function in mammalian cells leads to constitutive S6K1 activation, 

wheras ectopic expression of TSCl-2 blocks this response (Goncharova et al., 2002;
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Jaeschke et al., 2002). PKB has been shown to inhibit the action of the T S C l/2  complex by 

phosphorylating TSC2, inducing its sequestration by 14-3-3 and allowing the activation of 

p70-S6K l by mTOR (Inoki et al., 2002; Li et al., 2002; M anning et al., 2002).

The im portance of p70-S6K in T cell signalling is suggested by the observation that this 

kinase is strongly activated by the TcR and by cytokines via PI3K and mTOR dependent 

pathways. An absence of p70-S6K l results in small m ice, analogous to P K B a knockout 

mice and PD K l hypom orphic mice (Shima et al., 1998). The function of T cells in these 

mice has not been studied, but in this context there is a second S6 kinase, p70-S6K2 that is 

thought to com pensate for the absence of p70-S6K l. The strongest evidence im plicating 

p70-S6K l as a key regulator of T cell function is that rapam ycin, which prevents p70-S6K l 

activation via its action on mTOR, is a potent im m unosupressive drug both in vitro  and in 

vivo (Kahan and Camardo, 2001).

1.7 Summary

The m ethodology needed to study serine kinase activation, particularly  in prim ary T 

lym phocytes responding to physiological stim uli, was lim ited, until recently , to basic 

description of what kinases are present in T cells and crude estim ates o f w hether they 

become activated or not by extracellular stimuli such as TcR ligation. Now a num ber of 

technological developm ents have provided the opportunity  to im prove studies of this 

im portant area of lym phocyte biology. For exam ple, application of confocal m icroscopy 

and either im m uno-staining or the use of green fluorescent protein (GPP) as a tag to follow 

the localisation of in tracellular signalling m olecules as cells respond to activation has 

proved invaluable (Teruel and M eyer, 2000). This is especially  so in the study of primary T
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cell activation, where single cell assays are necessary to study what happens when the T 

cell encounters cognate antigen/MHC complexes on the surface of antigen presenting cells 

(APCs). As more studies look at the spatial location of these kinases it looks like these 

kinases are the molecules that transduce signals from the plasma membrane into the 

lymphocyte interior (Astoul et al., 1999). For example, active PKB and the ERKs move to 

the nucleus in lymphocytes; wheras the serine kinase PKD moves away from the plasma 

membrane into the cytosol following antigen receptor ligation (Matthews et al., 2000a).

Improvements in biochemical analysis are essential for visualisation of molecular events in 

activated T cells but of equal importance is the ability to use genetic strategies to probe the 

relevance of signalling molecules for lymphocyte function. Here, the development of 

transgenic and homologous recombination techniques in embryonic stem cells to knockout 

signalling molecules of interest in mice (Cantrell, 2002; Rincon, 2001) has resulted in an 

explosion of information about how serine kinases control T cell activation.

There is however, still an enormous lack of information about the direct targets for serine 

kinases in T cells and a key issue to address is the nature of the substrates for antigen 

receptor activated serine kinases. Do ubiquitous kinases such as PKB or PKD have the 

same substrates in different lymphocyte subpopulations? Phosphoamino acid analysis of 

the T cell proteome shows that serine phosphorylation is one of the most common post- 

translational events. However, reliable identification of serine kinase targets in intact T 

cells is probably the major rate-limiting step in furthering understanding of serine kinase 

function in the immune system. Antibodies generically reactive with phospho-
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serine/threonine have not been very useful because high basal levels of serine and threonine 

phosphorylation make it difficult to distinguish basal serine phosphorylations from 

extracellular signal regulated events. It has become evident that useful phospho-antibodies 

can be made if the immunogen is a phosphorylated peptide with some higher order 

structure determined, not only by the presence of a phosphorylated amino acid, but also by 

the charges and hydrophilic or hydrophobic properties of surrounding amino acids (Astoul 

et ah, 2003; Zhang et ah, 2002). In this respect, phospho-specific antisera that recognise 

active phospho-forms of the MAP kinases ERKI/2, PKB, PKCs, PKD or p70-S6Kl have 

been widely used as research tools to monitor serine kinase activation as lymphocytes 

respond to different physiological or pharmacological stimuli (Lafont et ah, 2000; 

Matthews et ah, 1999). Similarly, sera detecting specific phosphorylation sites may provide 

a powerful method for the discovery of novel downstream components of antigen receptor 

signals in T cells. This new technology will ensure that, in the next few years, there will be 

an explosion of information about the targets of serine kinases that explain the important 

roles of these molecules in lymphocyte activation.

Lack of knowledge about serine kinase substrates is a bioinformatic problem common in 

many cell systems and is a major rate-limiting step in furthering our knowledge and 

understanding of signal transduction pathways in T cells. In the present thesis the object 

was to develop a strategy for exploring pathways of serine phosphorylation in T cells and to 

define new targets for serine kinases in antigen receptor signal transduction pathways.
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CHAPTER 2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Solutions

For cell culture Roswell Park Memorial Institute-1640 (RPMI-1640), Dulbecco’s modified 

Eagle’s medium (DMEM), Ham’s F12 media were used. Phosphate buffered saline (PBSA) 

was used to wash cells.

Bacteria were cultured in L-Broth: lOg/L Bacto-trypne, 5g/L yeast extract, lOg/L NaCl.

All produced by CR-UK central cell services

2.1.2 Chemicals and reagents

Unless specified, all chemicals were from Sigma.

The following cell reagents were used: recombinant IL-2 from Chiron, SD Fla from R+D 

systems, Phorbol 12,13-dibutyrrate (PDBu) from Calbiochem. Absolute ethanol, acetone, 

acetic acid, Tween-20, NP-40 were from BDH laboratory services. Water used was distilled 

and filtered using a milliQ filter system (Millipore).

ECL reagents and ^^S-methionine were from Amersham international (UK). Proteinase K 

was from Boehringer Mannheim. dNTPs were from Amersham biotech. Lymphoprep was 

bought from Axis-Shield (Oslo, Norway). Foetal calf serum and Optimem media were from 

Gibco (UK). Phytohaemagglutinin was from Murex Biotech. Pre-stained molecular weight
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markers were from Gibco (UK). Protogel acrymalide solution (30% (w/v) acrylamide: 

0.8% (w/v) bis-acrylamide) was from National diagnostics. All restriction endonucleases 

used were bought from New England Biolabs. Taq polymerase was produced by CR-UK 

central services, pfu turbo was bought from Stratagene. Keyhole limpet Hemocyanin (in 

50% (v/v) glycerol) was from Calbiochem Novabiochem.

The site directed PCR mutagenesis kit was bought from Stratagene and the Gateway BP 

and LR reaction kits were bought from Invitrogen.

The following inhibitors were used: PD098059 (2’-Amino-3’-methoxyflavone) (Cell 

Signaling Technology); LY294002 (2-(4-Morpholinyl)-8-phenyl-4H-1 -benzopyran-4-one) 

(Biomol Research Laboratories); or Ro31-8425 (2-[8-(Aminomethyl)-6,7,8,9- 

tetrahydropyrido[l,2-a]indol-3-yl]-3-(l-methyl-lH-indol-3-yl)maleimide) (Roche Products 

Ltd).

2.1.3 Antibodies

For Western blot analysis, the following primary antibodies were used. All were diluted 

1:1000 in PBS with 0.05% Tween 20, 1%BSA and 0.05% sodium azide, except for 

Phospho-ERKl,2 that was diluted 1:5000.

Phospho-Ser473 PKB Cell Signaling Technology

Phospho-PKB substrate Cell Signaling Technology

Pan-PKB Upstate Biotechnology Industries

Phospho-ERK 1,2 Promega
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Phospho-Ser9/21 GSK 3a/p 

Pan-GSK 3

Phospho-Ser256 FOXOl 

Phospho-Thr24 F0X 03a 

Phospho-Ser380 p90-RSK 

Phospho-Ser916 PKD

1999)

PAP-1

IL-16

Cell Signaling Technology

Upstate Biotechnology Industries

Cell Signaling Technology

Upstate Biotechnology Industries

Cell Signaling Technology

CR-UK (LAL in house) (Matthews et aL,

CR-UK (LAL in house) (See section 2.1.6) 

R+D systems

Human CD3 (UCHTl) 

Mouse CD3 (2C11)

CR-UK hybridoma unit 

CR-UK hybridoma unit

For Western blot analysis, the following secondary antibodies were used. All were diluted 

1:10000 in PBS with 0.05% Tween-20 together with 1% fat free milk powder (Marvel), 

except for the anti Mouse HRP which was diluted 1:5000.

Anti-Rabbit HRP Amersham biotech

Anti-Mouse HRP

Anti-Sheep HRP

Amersham biotech

Amersham biotech

2.1.4 Cytochemical dyes

For cell cycle analysis, the DNA dye Ho33342 (Hoecht) was used. For 

immunocytochemistry, Propidium iodide was bought from Sigma
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2.1.5 Peptide synthesis

The following oligopeptides were synthesised by Nicola O’Reilly at the CR-UK 

oligosynthesis service, were pS/pT denotes a phospho-serine/threonine:

Phospho-Thr23 IKKa 

Phospho-Ser256 FOXOl 

Phospho-Ser21 GSK3a 

Non-phospho-GSK3a 

Phospho-Serl44 proIL-16 

Phospho-Ser27 SLY

RERLGpTGGFG

RRRAApSMONN

RARTSpSFAEP

RARTSSFAEP

RQRISpSFETF

LQRSSpSFK

2.1.6 Production of Phospho-antiserum for proteomics 1 (PAP-1)

The phospho-peptide corresponding to the N-terminal PKB phosphorylation site of GSK3a 

(residues 16-25) was coupled to Keyhole limpet Haemocyanin (KLH) using glutaraldehyde 

coupling method, to cross-link NH2 groups. To summarise: 4mg KLH together with 4mg 

phospho-peptide were dissolved in 2mL O.IM NaHCO^. Ultra pure glutaraldehyde was 

added to a concentration of 0.05% (v/v) and the pH adjusted to 8.0 with NaOH. The 

mixture was mixed overnight at room temperature protected from light. The next day, 

glycine ethyl ester at pH 8  was added to a concentration of O.IM and the solution was 

incubated further at room temperature for 30min. The coupled peptide-KLH proteins were 

then precipitated with 5 volumes of cold acetone for 30min and pelleted by centrifugation
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at lOOOOg for 5 minutes. The supernatant was finally aspirated and the pellet air-dried 

before being solubalised by sonication in sterile PBSA at concentration of Img/mL. The 

KLH-coupled peptides were injected into rabbits using standard immunisation techniques at 

Murex (Dartford UK). The resulting antiserum (PAP-1) was diluted in an equal volume of 

glycerol and stored at -70°C.

2.1.7 Oligonucleotides, Plasmids and other constructs

Oligonucleotides used for both DNA sequencing and PCR based transgenic mouse screens 

were produced by the oligonucleotide synthesis laboratory within the CR-UK. The 

sequences were as follows:

ProIL-16 460-480 GCT TGA AAG GTT TGA GGA AT

P85N GGGG ACA AGT TTG TAG AAA AAA GGA GGG TGG GAG TAT AGG TTT GAT AGG AG

P85G GGGG AG GAG TTT GTA GAA GAA AGG TGG GTG GTA GGA GTG TGG AGG AGG

P60G GGGG AG GAG TTT GTA GAA GAA AGG TGG GTG GTA GTG GTA ATG GGA GGA GTT GAG

pDONR201pattLl TGG GGT TAA GGG TAG GAT GGA TGT G

pDONR201 pattL2 GTA AG A TGA GAG ATT TTG AG A GAG

proIL-16 within the pcDNA 3 vector was kindly provided by Michael Baier (Paul Ehrlich 

institute Langen, Germany). The pDEST 53 vector was obtained from Invitrogen.

2.1.8 Preparation of competent bacteria cells

Library efficacy DH5a bacteria used in the Gateway reactions were bought from 

Invitrogen. XL-blue supercompetent bacteria used in the PCR mutation reactions were 

bought from Stratagene. All other bacteria were prepared in house as follows:
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The DH5a strain of E. coli were grown overnight in 25mL L-broth. The culture was diluted 

1/200 in 400mL L-broth and the bacteria were grown to logarithmic phase (OD55q=0 .4 5 ). 

The bacteria were chilled on ice, spun at 4000rpm for lOmin at 4°C and resuspended in ice 

cold 160mL transformation buffer 1 (30mM potassium acetate, lOOmM RbCl2, lOmM 

CaClj, 50mM MnClj, 15% glycerol, final pH 5.8). After 30 minutes on ice, bacteria were 

pelleted at 400rpm for lOmin at 4°C, the cells were resuspended in 32mL transformation 

buffer 2 (lOmM PIPES, 75mM CaCl2, lOmM RbCl2, 15% glycerol, final pH 6.5) and 

incubated for a further 30 minutes on ice. Aliquots of 400pL were snap frozen on cardice 

and stored at -70°C.

2.2 METHODS

2.2.1 Cell preparation

Human blood was obtained from the blood transfusion service, and peripheral blood mono

nuclear cells (MN cells) were isolated by Lymphoprep discontinuous gradient 

centrifugation. Isolated MN cells were resuspended in complete lymphocyte media 

consisting of RPMI 1640 supplemented with 10% v/v heat inactivated (56°C for one hour) 

foetal calf serum (ECS), 2mM 1-glutamine, lOOpg/mL streptomycin and lOOiu/mL 

penicillin. Cells were stimulated with 2pg/mL phytohaemagglutinin at 37°C for four days, 

after which the media was removed and the cells re-suspended in fresh complete media 

containing 20ng/mL IL-2. The cells were maintained in an exponential growth phase by 

diluting the cells in an equal volume of fresh media every two days together with 

maintaining the IL-2 concentration at 20ng/mL.
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After 10 days, T lymphoblasts were cultured without IL-2 for 48 hours to ensure their 

reaccumulation in the early G 1 phase of the cell cycle.

Cos? simian kidney cells were maintained in DMEM supplemented with 10% PCS, 2mM 

L-glutamine, lOOfig/mL streptomycin and lOOiu/mL penicillin at 37°C.

A20 mouse lymphoma cells were maintained in lymphocyte complete media supplemented 

with 20p,M 2-mercapto-ethanol ((3-ME).

Human telomerase reverse transcriptase retinal pigment epithelial cells (hTERT-RPEl 

cells, Clontech) stably transfected with PKB coupled to the oestrogen fusion receptor 

(PKB-ER) were kindly provided by S. Basu (Signal transduction laboratory, CR-UK). 

HTERT-RPEl cells were maintained in a 1:1 mixture of low glucose, 15mM HEPES 

DMEM: Hams F-12 media supplemented with 10% ECS, 2mM L-Glutamine, 0.348% 

(w/v) NaHCOg.

2.2.2 Cell stimulation 

Quiesced T-lymphoblasts:

The following concentrations of agonists were used unless otherwise stated:

10 jig/mL UCHT-1 - for activation of the TcR complex

50 ng/mL PDBu - for activation of PKC

20 ng/mL IL-2 - for activation of the IL-2R and maintenance of T cells in culture

10 nmol SD Fla - for activation of CXCR4
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A20 lymphoma cells:

lOmg/mL F(ab)’2 fragment - for activation if the BcR complex 

PKB-ER hTERT retinal pigment epithelial cells:

lOmmol Tamoxifen - for release and activation of the PKB-ER fusion protein

Cos? cells:

50ng/mL Epidermal growth factor (EGF) - for activation of the EGF receptor

After stimulation cells were pelleted, resuspended in cold PBS, re-pelleted and snap frozen 

in dry ice before being stored at -70°C.

2.2.3 Metabolic labelling

A20 cells grown exponentially in culture were washed three times in methionine free RPMI 

medium with 15 minute incubations between washes at 37°C. Cells were finally 

resuspended in lOOpL of methionine free media at a concentration of 5 x 10̂  cells/mL. To 

which 5pl (50pCi) of ^^S-methionine was added. The suspension was incubated for 30 

minutes at 37°C. The cells were washed out of labelling media and resuspended in 

complete media together with 20mM p-ME.

2.2.4 Cell lysis and acetone precipitation

When not otherwise stated cells were lysed in the following buffers:

Human T cells and A20 cells:

PBSA washed pellets of 1-2 x 10̂  cells were lysed in 0.5mL lysis buffer 1: 1% NP-40, 

150mM NaCl, 50mM HEPES at pH 7.4, lOmM NaF, lOmM iodoacetmide, lOOpM sodium 

orthvanadate, 2mM EDTA, ImM phenylmethylsulfonyl flouride (PMSF) and the small
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peptide inhibitors leupeptin, pepstatin A, chymostatin all at Ipg/mL.

Cos? cells and hTERT-RPE cells:

Plate bound cells from a 10mm dish were washed with cold PBSA before being lysed and 

scraped off in ImL lysis buffer 1.

Cell lysate was centrifuged at 14000rpm in a microfuge for 15 minutes to pellet the nucleii. 

The supernatant was transferred to a clean 2mL eppendorf microfuge tube containing two 

volumes of cold acetone and incubated at -20°C for one hour. Protein was pelleted by 

centrifugation as before for 10 minutes. The supernatant was aspirated and the pellet air- 

dried before being resuspended in 3x reducing sample buffer (30% (w/v) glycerol, 

187.5mM Tris at pH 6 .8 , 10% (v/v) P-ME, 9% (w/v) SDS) by overnight agitation at 4°C.

2.2.5 Immunoprécipitation of IL-16 from cell lysate.

Cell pellets of 10̂  T lymphoblasts or A20 cells were lysed in 0.5mL lysis buffer 1 

supplemented with 40mM p-glycerophosphate (P-GP) in a 1.5mL eppendorf microfuge 

tube. Where Cos? cells were used, confluent cells from a 10mm dish were trypsinised, 

washed in cold PBS, pelleted and lysed in 0.5mL lysis buffer as previously described. The 

lysates were spun at 14000rpm in a microfuge to pellet the nucleii. The supernatants were 

then transferred to a fresh tube containing 20pL protein G-agarose beads (Amersham) and 

precleared at 4°C for 15 minutes before being centrifuged at 5000rpm for 5 minutes. The 

supernatants were next transferred to a fresh tube containing lOpL of anti-IL-16 antibody at 

0.5pg/pL in phosphate buffered saline. After one hour of gentle agitation at 4°C, 20pL of 

protein G-agarose beads were added to each sample and incubated for a further two hours. 

The tubes were then centrifuged as before and the supernatant acetone precipitated. The
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bead complexes were then washed three times in 0.5mL lysis buffer before being 

resuspended in 20pL 3x reducing sample buffer (30% (w/v) glycerol, 187.5mM Tris at pH 

6 .8 , 10% (v/v) P-ME, 9% (w/v) SDS).

2.2.6 Protein standardisation

Where indicated, the protein content in the cell lysates was standardised using the BioRad 

protein assay (BioRad) according to manufacturer’s instructions. Briefly, 5-10 p,l of cell 

lysate were mixed with 1 ml of BioRad staining solution (diluted 1:5) and incubated for 5 

minutes at room temperature before its OD595 was measured. Protein content was calculated 

against a bovine serum albumin standard curve. Volumes were adjusted with lysis buffer 

and equal protein content per sample was then used for affinity purification with 

biotinylated oligonucleotides or acetone precipitation.

2.2.7 Resolution by SDS-PAGE

Proteins were resolved by either one dimensional (ID) or two dimensional (2D) SDS- 

PAGE:

One dimensional SDS-PAGE:

All samples were boiled in 3x reducing sample buffer (30% (w/v) glycerol, 187.5mM Tris 

at pH 6 .8 , 10% (v/v) P-ME, 9% (w/v) SDS) for 5 minutes prior to being loaded.

Unless stated otherwise samples were run on a 7.5% resolving gel consisting of 11.2mL 

IM Tris at pH8 .8 , 11.2mL water, 7.5mL Protogel, 300pL 20% (w/v) SDS, lOOpL 10% 

(w/v) ammonium persulphate, 20p,L tetramethylethylenediamine (TEMED). A second one
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inch stacking gel (5% acrymalide at pH6 .8 ) was cast over the resolving gel to aid sample 

resolution. The running buffer used contained 25mM Tris pH 8.3, 190mM glycine, 3.5mM 

SDS.

Two dimensional SDS-PAGE:

Protein samples prepared for 2D SDS-PAGE were acetone precipitated as above but to 

reduce salt contamination, samples were washed twice in ImL of 6 6 % (v/v) acetone in 

water. The protein was pelleted and air dried before being resuspended in rehydration 

buffer (Urea 9M, CHAPS 2% (w/v), DTT 0.28% (w/v), IPG buffer 0.5% (v/v) and a trace 

of bromophenol blue. Samples were then run, following manufacturer instructions on an 

Igphor isoelectric focusing system using a 13cm pH 4-7 linear strip. The second dimension 

was resolved by standard SDS-PAGE using a 7.5% resolving gel. The running buffer used 

was the same as for standard SDS-PAGE.

2.2.8 Western blot analysis

After either ID or 2D SDS-PAGE, samples for Western blot analysis, were transferred by 

wet electroblotting onto polyvinylidene diflouride (PVDF) membranes. (immobilon-P, 

Millipore). The transfer buffer used was lOmM CAPS buffer at pH 11. Blotting was carried 

out for 4hrs at 0.4A. After transfer, the PVDF membrane was blocked in 5% dried fat free 

milk powder in PBSA. The blocked membranes were next incubated overnight at 4°C with 

the primary antibody in a sealed plastic bag on a rocker. The primary antibody was made 

up in PBSA containing 1% bovine serum albumin, 0.05% Tween-20, 0.1% NaN3. All 

commercial antibodies were used at a dilution of 1:1000 with the exception of anti P-ERK

1,2 that was used at 1:5000 and anti-lL-16, which was, diluted 1:500. Both PAP-1 antiseum
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and anti P-Ser916 PKD were diluted 1:1000.

After primary incubation, the membranes were washed three times in PBSA containing 

0.05% Tween-20. The washed membrane was next incubated with HRP linked secondary 

antibody diluted 1:10000 in PBSA containing 0.5% skimmed milk powder and 0.05% 

Tween-20 at room temperature for one hour. The membrane was subsequently washed 

three times in PBSA 0.05%-tween and the antibody bound protein bands visualised using a 

chemiluminessence detection system (ECL, Amersham).

2.2.9 Protein purification by column chromatography.

Proteins identified by PAP-1 anti serum by Western blotting were initially purified by 

column chromatography, the method is summarised in figure 2 .1 .

T lymphoblasts prepared for protein purification were stimulated as described in 2.2.1 

followed by expansion in IL-2 containing media for a total of 20 days. At this point a total 

of 32, 300mL flasks containing quiesced T lymphoblasts at 10  ̂ cells/mL were obtained 

from a single blood transfusion unit of buffy coat. The contents were centrifuged at lOOOg 

for 5 minutes using a Beckman Allegra centrifuge. The 32 pellets of 3x10* cells were each 

resuspended in lOmL complete lymphocyte media before being stimulated with phorbol 

ester.

Pellets of 9 X 10̂  T lymphoblasts stimulated with 50ng/ml of PDBu were defrosted in 10 ml 

of lysis buffer 2 (50mM MES at pH 5, 150mM NaCl, lOmM NaF, 40mM 13- 

glycerophosphate, ImM EDTA, ImM PMSF, 0.1% NP-40, lp,M small peptide inhibitors).
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Lysis was followed by a ten-fold dilution in low salt lysis buffer (20noM TRIS at pH 7.2, 

lOmM NaF, 40mM P-GP, ImM EDTA, ImM PMSF, l|iM  small peptide inhibitors). The 

solution was first cleared at 45000g for 30 minutes using a Beckman ultracentrifuge. The 

supernatant, containing a total of 350mg of protein, was then loaded on a 200mL Heparin- 

Sepharose column equilibrated in low salt buffer. The column was developed at 2mL/min 

with a linear gradient from 15mM to IM NaCl. Ninety fractions of 13mL were collected. 

The protein content of each fraction was determined using a single reagent protein assay 

detection kit (Biorad Laboratories Munich Germany). Protein fractions were assayed for the 

presence of PAP-1 immunoreactive proteins using Western blotting of 40p,g protein 

aliquots from each fraction with PAP-1.

The fractions rich in PAPlp85 and PAPlp55 were pooled from three runs of the heparin 

sepharose column and run through a G25 gel-desalting column (Amersham) equilibrated in 

low salt lysis buffer. The desalted samples were chromatographed on an 8 mL MonoQ 

column equilibrated in low salt buffer. The column was developed at 2mL/min with a linear 

gradient from 15mM to 1.5M NaCl. Twenty-six fractions of 6 mL were collected. Western 

blotting identified the fractions rich in PAPlp55 and p85 as before using 4\ig aliquots.

After this purification step the PAPlp55 and p85 proteins were separated into different 

groups of fractions, which were pooled separately. The two sets of pooled fractions were 

precipitated in acetone and resolved further using 2D SDS-PAGE.
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2.2.10 Mass spectrometry

Mass spectroscopy fingerprinting and sequencing was performed by Nick Totty, Protein 

analysis laboratory CR-UK.

Protein spots were visualised by staining with colloidal coumassie (Sigma) using 

manufacturers instructions. Spots of interest were cut out using a clean scalpel and 

processed by in gel trypsin digestion with elution of the peptide fragments.

Tryptic peptides were analysed on a Tofspec 2E (Micromass UK) matrix-assisted laser 

desorbtion time of flight (MALDI-TOF) mass spectrometer with saturated a-cyanocinnic 

acid as the matrix. The mass spectrum was acquired in the reflector mode and was 

internally mass calibrated. The tryptic peptide ions obtained were used to search a non- 

redundant database compiled by the national centre for biotechnology (NCBI) using the 

MS-Tag program of Protein prospector (UCSF). To confirm the MALDI-TOF data tryptic 

digests, spots of interest were analysed by nano-LC (LC Packings UK) coupled to a hybrid 

electrospray quadrapole-time of flight mass analyser (Q-TOF) (Micromass UK). Separation 

was performed using a 75p,m x 150mm CIS column at 200nL/min. Q-TOF was operated in 

data dependant switching mode, and performed automated collision induced dissociation on 

multiple charged precursor ions of interest. Resultant fragmentation ion spectra were 

scanned against the NCBI database using MS-Tag.

2.2.11 Immunofluorescence microscopy

Cell staining of A20 cells and immunoflourescence microscopy was carried out as follows.
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Cells were grown on glass coverslips, fixed by a 10 minute incubation in 4% 

paraformaldehyde in PBSA at room temperature. The cells were washed in PBSA before 

being permeabilised for lOmin at room temperature with 0.2% (v/v) Triton X-100 in PBSA. 

Permeabalised cells were incubated overnight in blocking solution (1% (v/v) foetal calf 

serum, 0.1% (v/v) fish skin gelatine in PBSA) at 4°C.

The next day cells were stained in propidium iodide as follows: Slides were incubated with 

200p-L RNase for 20min after which 2\iL PI was added (50|ig/mL) and incubated for 

lOmin, the excess PI was washed off with three washes of PBS. Stained slides were 

subsequently mounted by washing off the excess PBS by dipping them into distilled water 

and inverting them onto 5pL moviol mountant. The cells were examined on a Zeiss LSM 

510 microscope using a 63x1.4 planar oil immersion objective lens. Immages were 

captured using the Zeiss LSM 5 immaging software.

2.2.12 Cell cycle analysis by flow cytometry

Cellular DNA content was assayed using the dye Ho33342 (Hoescht). Briefly, 10̂  cells 

were resuspended in ImL media to which lOpiL 1 mg/ml Ho33342 dye was added. The 

suspension was incubated for 30 minutes at 37°C before being analysed by flow cytometry 

using the LSR (Becton Dickinson) flow cytometer UV laser. Analysed cells were labelled 

by transfection with cDNA coding for green fluorescent protein (GFP) or GFP coupled 

proteins. The FL4/5 channel UV fluoresence of Ho33342 was analysed on the gated 

population of green fluorescing cells as identified in the FLl channel of the cytometer.
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2.2.13 Agarose gel electrophoresis

Resolution of DNA fragments for analysis or preparative purposes was by agarose gel 

electrophoresis in standard agarose in TAE buffer (40mM Tris-acetate, 2mM EDTA at pH 

8.0). Agarose was melted in TAE buffer to a 1% (w/v) concentration, partially cooled 

before 300ng/mL ethidium bromide was added. The agarose mix was finally poured into a 

gel casting tray containing a gel comb to form loading wells.

DNA samples from PCR reactions were loaded with one sixth volume of 6 x loading buffer 

(30% glycerol (v/v), ImM EDTA, lOmM Tris at pH 8.0 and 0.25% (w/v) bromophenol 

blue)

2.2.14 Mini preparation of plasmid DNA

Single colonies were used to inoculate 6 mL of L-broth containing either 50pg/mL 

ampicillin or 50jig/mL kanamycin. Cultures were incubated overnight at 37°C. The next 

day, 5mL of the broth was centrifuged at 4000rpm for 20minutes. The bacterial pellet was 

transferred to an eppendorf microfuge tube and the plasmid DNA extracted using the 

QIAprep spin miniprep kit (Qiagen) according to the manufacturers instructions.

2.2.15 Maxi preparation of plasmid DNA

Bacterial suspension in L-broth with the appropriate antibiotics left over from mini 

preparation of plasmid cDNA was used to inoculate 800mL L-broth 4-antibiotic. The 

culture was incubated overnight at 37 C. The next day, the solution was pelleted at 

4000rpm and resuspended in 40mL solution 1 (50mM glucose, 25mM Tris pH 7.4, lOmM 

EDTA). Bacteria were lysed by the addition of 80mL solution 2 (1% w/v SDS, 0.2M

60



NaOH) for 5 minutes. Cellular debris, protein and chromosomal DNA were precipitated by 

the final addition of 60mL solution 3 (60%v/v 5M potassium acetate, 11.5% v/v glacial 

acetic acid in water).

After 15 minutes on ice, the precipitate was removed by centrifugation at 4000rpm at 4°C 

followed by filtering the supernatant through sterile gauze (Smith & Nephew, Brierfield 

UK). The filtrate was precipitated with 150mL isopropanol at -20°C for one hour. The 

precipitate was pelleted by centrifugation at 4000rpm and air dried before being re

dissolved in 5mL water. To precipitate the RNA one half volume of 7.5M ammonium 

acetate was added and the solution left on ice for 10 minutes. The RNA precipitate was 

pelleted by a 10 minute centrifugation at 4000rpm. The supernatant was aspirated and the 

DNA precipitated by the addition of 2.5 volumes of absolute ethanol followed by 

incubation for one hour at -20°C. The DNA precipitate was pelleted and air dried before 

being redissolved in 8.4mL water. Exactly 8 .8 g of CsCl powder was added to the solution 

and allowed to dissolve before the further addition of 400pL of lOmg/mL ethidium 

bromide. The tubes were protected from light and incubated at room temperature to allow 

any protein to precipitate. The precipitated protein was pelleted by centrifugation at 

4000rpm for one hour. The supernatant was transferred to a heat sealable 

ultracentrifugation tube (Beckman) and centrifuged in a vertical rotor (Vti 65.2, Beckman) 

at 65000rpm for 4 hours at 20°C to allow a density gradient to form. The plasmid band was 

harvested with a ImL syringe and the ethidium bromide removed by back extraction with 

water saturated butanol. The clear solution was diluted with three volumes of water 

followed by two volumes of absolute ethanol and the DNA was left to precipitate at -20°C
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for one hour.

The precipitated plasmid DNA was pelleted by centrifugation at 4000rpm for one hour, air 

dried and resuspended in 0.5mL TE (ImM EDTA, lOmM Tris at pH 8.0).

2.2.16 Restriction enzyme analysis of DNA

Plasmid DNA (l|xg) was digested in a volume of lO^L in the buffer supplied by the 

manufacturer at 37°Cfor one hour using lOiu (l|iL) of restriction enzyme. Fragments were 

separated on an agarose gel.

2.2.17 DNA transformation of competent bacteria

DH5a or XL-blue bacteria were transformed as follows: 1-lOng of circular plasmid DNA 

was added to lOOpL of freshly thawed bacteria and mixed gently in a falcon 2095 tube. 

After 30 minutes on ice, the bacteria were heat shocked by immersion in a water bath at 

42°C for 45 seconds followed by return to ice for two minutes. The bacteria were diluted by 

the addition of 200pL L-broth and allowed to recover for one hour at 37°C. Finally lOpL, 

25pL and lOOpL of the broth was plated onto L-broth agar plates containing selecting 

antibiotics (50mg/mL ampicillin or lOOmg/mL kanamycin).

2.2.18 Mutagenesis of DNA using polymerase chain reaction

The QuikChange site directed mutagenesis kit (Stratagene) was used to mutate plasmid 

DNA according to manufacturers instructions. Briefly, Two complimentary oligonucleotide 

primers containing the desired mutation flanked by unmodified nucleotide sequences were 

synthesised. 125ng of each were mixed with lOng plasmid template and made up to 51pL 

with 5juiL lOx pfu reaction buffer (lOOmM KCl, lOOmM ammonium sulphate, 200mM Tris
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at pH 8 .8 , 20mM MgS04, 1% Triton-XlOO and Img/mL nuclease free BSA), l|xL dNTP 

mix (final concentration of ImM) and 2.5iu pfu turbo DNA polymerase.

The reaction was performed on a MJR tetrad with the following conditions: A total of 16 

cycles of 95°C (0.5 minutes) dénaturation, 55°C (1 minute) annealing and 6 8 °C (2 minutes 

per Kb of plasmid length) elongation.

The original plasmid template was digested by the addition of lp.L (lOiu) of Dpn 1 

restriction enzyme to the reaction product. After a one hour incubation at 37°C, IjiL was 

used to transform 50pL XL-1 blue bacteria. Single colonies were harvested and grown in 

L-broth with selecting antibiotics. The mutated plasmid was purified by mini prep and the 

mutation confirmed by DNA sequencing.

2.2.19 cDNA subcloning

Plasmid cDNA was subcloned using the Gateway system (Invitrogen, Paisley UK). This 

utilises the phage lambda-based site-specific recombination. The method is summarised in 

figure 2.2. AttBl and AttB2 sites were attached to the upsteam and downstream ends of the 

proIL-16 cDNA by polymerase chain reaction using the p85N and p85C primers. A second 

PCR product representing the N-terminal part of the proIL-16 cDNA was formed by 

attaching AttB sites to the upstream and central part of the gene corresponding to the 

Ser508 cleavage site using the p85N and p60C primers. The PCR reaction was performed 

using 3pmol primers, 2.5iu pfu turbo (Stratagene), ImM dNTPs, lOng plasmid construct, in 

pfu reaction buffer (made up from a lOx stock -  Stratagene). The final reaction volume was 

51pL.
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The reaction was performed on a MJR tetrad with the following conditions: A total of 35 

cycles of 94°C (0.5 minutes) dénaturation, 55°C (one minute) annealing and 68°C (4 

minutes) elongation.

The PCR product was purified by electrophoresis on a 1% agarose gel using TAE as a 

running buffer. The desired modified cDNA was isolated using a Qiagen gel purification 

kit. Purified AttB modified cDNA was then integrated into the pDONR201 vector using the 

Gateway BP reaction kit (Invitrogen) according to manufacturers instructions. The BP 

reaction product was used to transform library efficiency DH5a E.coli bacteria 

(Invitrogen), and single colonies were grown in lOmL L-Broth with 50pg/mL Kanamycin 

as the selecting antibiotic. A mini prep was performed on the mature culture.

The miniprep DNA was next used as substrate together with the pDEST53 vector 

(Invitrogen) for the Gateway LR reaction which was performed according to manufacturers 

instructions. The resulting product produces an in-frame fusion gene between GFP and the 

N-terminal coding region of the proIL-16 cDNA. The reaction product was used to 

transform DH5a bacteria and single colonies were grown in 800mL L-Broth with 50pg/mL 

Ampicillin as the selecting antibiotic. A maxi prep was performed on the mature culture, 

the resulting constructs used are shown in figure 2.2.
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FIG 2.2 Summary o f  the G atew ay subcloning system
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2.2.20 Sequencing of cDNA constructs

Mutated and subcloned cDNA was confirmed by sequencing of the DNA using the BigDye 

terminator system (Perkin Elmer) using an ABI Prism 877 integrated thermal cycler.

2.2.21 Transient transfections

A20 ceils: A20s were transfected by electroporation. Exponentially growing cells were 

resuspended in 0.5mL warm RPMI at a concentration of 2 x 10̂  cells/mL. After addition of 

20-30p.g plasmid DNA the cell solution was pulsed at 0.3 IkV, 960uFd resulting in a time 

constant of 20-25ms (Gene Puiser, Biorad). The cells were rapidly harvested and 

resuspended in 5-lOmL warm RPMI, 10% PCS, 2ME. After 6-12hrs the cells were 

collected.

Cos? cells: Cos7 cells were transfected by Lipofectamine2000 (Invitrogen) using 

manufacturers instructions: Briefly, cells were grown to near confluence on 10cm tissue 

culture dishes (Coming). Cell culture media was replaced by SmL Optimem (Invitrogen) 

and incubated at 37°C. Meanwhile 14pg of plasmid DNA was diluted in O.SmL Optimem 

and 28pg of Lipofectamine 2000 was added to O.SmL Optimem. After 5minutes the two 

solutions were combined and incubated at room temperature for 30 minutes before being 

layered onto the Cos7 cell culture. After 24-48 hours the cells were harvested.
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CHAPTER 3

3.1 INTRODUCTION

As discussed in chapter 1, serine/threonine (S/T) kinases play an essential role in T cell 

activation, survival and proliferation. At the beginning of the project it was known that 

serine kinases such as PKB, the MAP kinases and DaG regulated kinases of the PKC and 

PKD family such as PKCs were activated by antigen receptors but the downstream 

substrates for these kinases were poorly understood.

Some progress is possible by looking for the existence of evolutionary conserved serine 

kinase pathways in T cells. For example, ERK1,2 phosphorylation of the ternary complex 

transcription factors Elkl (Genot et al., 1996); PI3K/PKB or PKC mediated 

phosphorylation and inactivation of GSK3a/(3 (Lafont et al., 2000); PI3K/PKB regulated 

phosphorylation of Forkhead family transcription factors (Stahl et al., 2002); are all 

conserved responses that have been described in T cells. However, such an approach 

ignores the possibility that ubiquitous kinases might have unique T cell restricted 

substrates. Lack of knowledge about serine kinase substrates is a bioinformatic problem 

common in many cell systems. Phospho-amino acid analysis of the proteome shows that 

serine phosphorylation is one of the most common post-translational events. However, 

reliable identification of serine kinase targets in intact cells has proved problematic and is a 

major rate-limiting step in furthering our knowledge and understanding of signal 

transduction pathways in eukaryotic cells.
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In the last 10 years, some useful biochemical and genetic techniques have been developed 

to search for the downstream targets of serine kinases. These are frequently based on the 

use of purified serine kinases to find substrates in cell lysates (Knebel et al., 2001), use of 

yeast two-hybrid analysis (Balendran et al., 1999; McLaughlin et al., 1996) or in cDNA 

expression library screening (Fukunaga and Hunter, 1997). Biochemical strategies require 

relatively pure serine kinase preparations of high specific activity and have the limitation 

that they examine the substrate specificity of a kinase free of any spatial restraints that 

might limit substrate availability in an intact cell.

The use of in vitro peptide and protein library screening has been a useful technique to 

identify the theoretical optimal peptide sequence that is likely to be phosphorylated by a 

particular S/T kinase. Every kinase will have a theoretical optimal substrate that is 

determined by its shape in relation to the reaction pocket of the kinase. As this is partly 

determined by the local residues around the target serine it has been possible to work out 

optimal amino acid sequences for protein kinases using in vitro assays of a degenerate 

peptide library (Leighton et al., 1995; Nishikawa et al., 1997; Obata et al., 2000; Pearson 

and Kemp, 1991). A summary of this data for a selection of AGC family kinases is given at 

the bottom of figure 3.13. From this analysis, candidate substrate sites of S/T kinases have 

been identified and used to establish a protein database motif-scanning program termed 

Scansite (Yaffe et al., 2001). Scansite can be used to predict possible S/T kinase target sites 

on a particular protein but there are thousands of potential serine/threonine kinase sites 

within the proteome and it is still very difficult to predict and map pathways of serine 

phosphorylation by bioinformatics and database analysis alone. In vivo experimental data is
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still needed to narrow down potential targets to a reasonable level.

One biochemical approach that can help in the identification of phosphorylated proteins in 

cell extracts is the use phospho-peptide specific antisera. A breakthrough in the analysis of 

serine kinase networks came with the production of specific antisera against defined serine 

or threonine phosphorylated peptides that could then be used to map phosphorylation of 

defined sites in known proteins as cells respond to external stimuli. In this context, pan- 

phospho-tyrosine antisera have been a successful tool in the identification of novel tyrosine 

kinase substrates in intact lymphocytes (Jackman et al., 1995; Yaffe et al., 2001). Anti sera 

pan-reactive with phospho-serine/threonine are not that useful because of the high 

‘background’ of serine phosphorylation in quiescent cells that masks phosphorylation 

events that are regulated by extracellular signalling events. This high background of S/T 

phosphorylation effectively renders any pan-specific phospho-S/T antiserum useless. A 

more useful strategy is to make S/T phospho-specific anti serum that cross-react with 

subgroups of kinase peptide substrate sequences. This approach relies on the fact that the 

immunoreactivity of a phospho-peptide specific anti serum is determined not only by the 

presence of a phosphorylated amino acid but also by the charges and hydrophilic or 

hydrophobic properties of surrounding amino acids. Phospho-peptide specific antisera have 

the potential to cross-react with proteins that contain a phosphorylated peptide that is not 

necessarily identical in terms of linear sequence but which is structurally similar. Phospho- 

peptides structurally similar enough to be recognised by cross-reacting antisera could be 

substrates for the same or related kinases. This potential cross-reactivity associated with the 

use of phospho-specific antisera is a feature that might be exploited to delineate serine
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kinase networks in cells.

The aim of the present study was to make phosphospecifc antisera that could be used to 

analyse the T cell phospho-proteome. The basis for the present work was that Ser21 in 

GSKSa, is robustly phosphorylated following antigen receptor triggering (Lafont et ah,

2000). We predicted accordingly that antigen receptors would also stimulate 

phosphorylation of other proteins with a similar sequence. To test this idea we raised an 

antibody against the phospho-peptide RARTSpSFAEP, where pS is a phospho-serine 

corresponding to the GSK3a Ser21 sequence. The resulting anti serum was called Phospho- 

Antibody for Proteomics -1 (PAP-1). The present studies describes the properties of PAP-1 

and show that it can reveal quite striking differences in the phospho-proteome of different 

cell types and is able to pinpoint new targets in important signal transduction pathways.

3.2 RESULTS

3.2.1 PAP-1 production

An anti serum was raised against the phospho-peptide RARTSpSFAEP, where pS is a 

phospho-serine corresponding to the GSKSa Ser21 sequence. A decapeptide conforming to 

the Ser21 phosphorylation site on GSKSa was synthesised with a phospho-group placed on 

the target serine (RARTSpSFAEP, where pS is a phospho-serine). The peptide was 

coupled to the carrier protein KLH and used in a standard immunisation protocol in rabbits 

to generate antipeptide antisera. ELISA analysis confirmed that antisera reactive with 

RARTSpSFAEP were produced by this immunisation protocol (data not shown). The 

RARTSpSFAEP anti serum was termed PAP-1. This anti serum was then used in a series of
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Western blot experiment of quiescent and activated T cells to see if it was of any use to 

probe serine kinase signalling pathways in T cells.

3.2.2 PAP-1 identified proteins in antigen receptor regulated T ceils

In initial experiments to explore the reactivity of PAP-1, Western blot analyses of cell 

lysates isolated from quiescent and pervanadate (PV) activated T lymphocytes were carried 

out. Pervanadate is a pharmacological way to induce a potent stimulation of tyrosine 

kinases and their downstream effector pathways in lymphocytes and hence is a very useful 

tool to synchronously activate a broad range of serine kinases in these cells. PAP-1 

recognised a single 160kDa protein in the unstimulated T cells but was strongly reactive 

with a number of proteins across a wide molecular weight range isolated from pervanadate 

activated cells (Fig 3.1). These have molecular weights of 50kDa, 55kDa, 75kDa, 80kDa, 

85kDa, 250kDa and 400kDa respectively.
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FIG 3.1:
Characterisation of PAPl recognition pattern in primary human T cell 
lysates.
T cells were left unstim ulated (0) or were treated for 5 m inutes with lOOpM 
pervanadate (PV). Total proteins from whole cell lysates were subjected to 
W estern blot analysis using PAP-1.



It was important to establish if PAP-1 could recognise proteins phosphorylated in response 

to physiologically relevant stimuli in T cells and hence the immunoreactivity of PAP-1 with 

T cell lysates isolated from antigen receptor activated T cells was examined. In these 

experiments cross-linking the invariant CD3 subunits of the TcR complex with the CD3 

antibody UCHTl triggered the TcR. The results show PAP-1 was strongly reactive with 

several proteins in cell lysates isolated from stimulated but not quiescent cells; the 

predominant proteins recognised by PAP-1 in TcR activated cells were proteins with 

molecular weights of 50, 55, 85 and 250kDa (Fig 3.2).

3.2.3 Specificity of PAP-1

The phospho-peptide immunogen used to generate PAP-1 was based around Ser21 in 

GSK3a.The p50 protein recognised by PAP-1 in TcR activated T cells co-migrates on 

SDS PAGE gels with GSK3a and its identity as GSK3a was confirmed by its co-elution 

during protein purification on Heparin Sepharose columns (see chapter 4). The identity of 

the other proteins recognised by the anti serum was unknown.

To confirm that PAP-1 was identifying the unknown proteins by virtue of their containing a 

phosphorylated peptide similar to the phosphorylated Ser21 GSK3a sequence a peptide 

competition experiment was performed (Fig 3.2): Stimulated cell lysate was Western 

blotted and probed with PAP-1 together with saturating concentrations (lOpg/mL) of either 

non-phosphorylated or phosphorylated GSK3a Ser21 peptide (RARTSSFAEP or 

RARTSpSFAEP). The serine at position 21 in GSK3a conforms to a predicted PKB 

phosphorylation sequence. Accordingly, the ability of other PKB substrate peptides to
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compete PAP-1 immunoreactivity was explored. The two PKB substrate peptides used in 

these experiments were a peptide RRRAApSMONN corresponding to phospho-Ser256 in 

FOXOl and RERLGpTGGFG corresponding to phospho-Thr23 of IKKa. Of these four 

only the phospho-Ser21 GSK3a decapeptide was able to compete out PAP-1 

immunoreactivity.

A commercial antiserum that recognises phosphorylated FOXOl Ser256 is available. This 

anti serum recognised a single protein of 97kDa in quiescent T cells and two proteins of 85 

and 97kDa in antigen receptor activated T cells (Fig 2, middle panel). These did not co- 

migrate with any of PAP-1 reactive proteins Moreover, the immunoreactivity of the 

phospho-Ser256 FOXOl anti serum was competed by the phospho-Ser256 FOXOl peptide 

but not the PAP-1 immunising phospho-peptide or the phospho-Thr23 IKKa peptide.

The phospho-peptide competitions show that phospho-peptide anti sera can be highly 

selective and indicate that PAP-1 reacted with proteins that contain a sequence structurally 

similar to phosphorylated GSK3a Ser21. It should be mentioned that analysis of PAP-1 

immunoreactivity by ELISA revealed that this anti serum could also recognise a 

decapeptide corresponding to the non phosphorylated GSK3a Ser21 (data not shown). 

Accordingly, in all subsequent experiments PAP-1 Western blots were done in the presence 

of excess of non phosphorylated GSK3a Ser21 decapeptide to compete out 

immunoreactivity with non phosphorylated proteins.
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FIG 3,2
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FIG 3.2:
PAP-1 recognition of protein bands is competed only by the phospho-peptide 
it was raised against.
T cells were stimulated through their antigen receptor, or not (0), for 5 minutes 
with lOpg/mL o f  the anti CD3 erosslinking antibody U C H T l. W hole cell lysates 
were subjected to W estern blot analysis with either PAP-1 (top panel), anti P- 
Ser256 FO XO l (middle panel), mixed together with 10p,g/mL o f the following 
competing oligopeptides. Lanes 1-2: non phosphorylated sequenee from GSK 3 a  
(RARTSSFAEP). Lanes 3- 4: P-ser21-GSK 3 a  (RATSpSFA EP). Lanes 5-6: P- 
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3.2.4 A comparison with PAP-1 and other anti phospho-GSK3 derived antisera.

Commercial antisera are available that recognise the phosphorylated Ser21 of GSKSa and 

the phosphorylated Ser9 of GSKSp. One issue that intrigued us concerning the ability of 

PAP-1 to cross-react with proteins other than GSKSa was whether this feature was also 

seen using these commercial antisera. If so, was the pattern of reactivity was consistent? 

GST have made two batches of rabbit polyclonal antisera against phospho-GSKS. The first 

batch, called anti phospho-GSKSa, recognised GSKSa better than GSKSP and 

demonstrated a profile very similar to PAP-1 with a faint subsidiary band at 55kDa and 

more prominent bands at 85kDa and 190kDa (Data not shown). Their second batch called 

anti phospho-GSKSa/ P, used in this chapter, recognises GSKSP as well or even better than 

GSKSa but no longer recognises any of the PAP-1 bands (Fig S.S). There are two possible 

reasons for this. Either the two antisera were raised against different peptide sequences, or 

the second anti serum was purified to remove any oligoclonal antibodies that bound to 

proteins other than GSKSa/ p.
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3.2.5 PAP-1: A phospho-peptide specific antiserum that recognises a subset of PKB 

substrates

A critical question was whether the PAP-1 antiserum would be a pan-PKB substrate 

anti serum with the potential to identify novel substrates for this kinase. Moreover, an 

interesting question was whether the PAP-1 phospho-map shown in activated T cells was 

unique or seen in other cell lineages. To probe this issue we analysed PAP-1 

immunoreactivity with a human epithelial cell line, RPE, which expressed a tamoxifen 

inducible PKB mutant. In quiescent RPE cells there is low basal activity of PKB and some 

basal phosphorylation of GSK3a on Ser21 (Fig 3.4). PKB activity is induced by tamoxifen 

treatment of the cells identified by an increase in Ser473 phosphorylation of the fusion 

protein (Basu et al., 2003).

The data (Fig 3.4 and 3.5 right panels) show that PAP-1 recognises two main proteins in 

quiescent RPE cells, a p50 protein and an unknown 200kDa protein. In tamoxifen activated 

RPE cells, PAP-1 recognises two additional proteins of 65 and 120kDa. These were not 

seen in RPE cells activated with phorbol esters that activate PKC but not PKB pathways. 

The immunoreactivity of PAP-1 was competed by the immunising PAP-1 phospho-peptide. 

It is of note that the immunoreactivity pattern of PAP-1 with lysates from PKB activated 

RPE cells was different to that seen in antigen receptor activated T cells.

During the course of these experiments. Cell Signaling Technology (CST) (Beverley, MA, 

USA) raised an anti serum against a mixture of phosphorylated PKB substrate peptides. 

This anti serum recognises the PKB substrate sequence RXRXXpS/T, where X is any
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amino acid and is referred to as a PKB phospho-substrate (BPS) antiserum. An important 

question was whether PAP-1 is also a PKB pan-phospho-substrate anti serum with an 

overlapping immunoreactivity with this commercial antiserum. Accordingly, the 

immunoreactivity of PAP-1 and the BPS anti serum on RPE cells that express a tamoxifen 

inducible PKB was also compared (Fig 3.5). Key points were that the CST BPS antiserum 

had a completely different pattern of reactivity to PAP-1 in RPE cells. The pan-PKB 

substrate anti serum did not react with a p50 protein corresponding to GSKSa. Nor did the 

pan-PKB substrate anti serum recognise the PAP-1 reactive p65 or p i 20 proteins, rather it 

recognised a major protein p70 in tamoxifen activated cells and p70 plus an additional p97 

protein in phorbol ester activated cells. The BPS antiserum was also strongly reactive with 

a number of proteins migrating around p200 that were not seen with PAP-1. Strikingly, the 

BPS anti serum was strongly reactive with proteins from PDBu activated RPE cells whereas 

PAP-1 was not.

These results indicate that PAP-1 has the potential to recognise novel PKB substrates. 

However, its different pattern of immunoreactivity to the commercial BPS antiserum 

indicate that PAP-1 is not broadly reactive with all PKB substrates. One further indication 

that PAP-1 does not recognise all PKB substrates is given by the T cell data in Figure 3.8. 

Both Ser21 GSK3a and the faster migrating Ser9 GSK3P are known PKB substrates and 

coipmercial antisera selectively reactive with phospho-GSK3a and P recognise a doublet of 

proteins in activated T cells. In contrast, PAP-1 only detected the 50kDa GSK3a protein 

and not the GSK3a/p doublet (Fig 3.8).
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PAP-1 identifies protein bands in RPE cells with active PKB
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FIG 3.5
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To explore the selectivity of PAP-1 further, the immunoreactivity of this antiserum was 

examined by ELISA. Figure 3.6 shows PAP-1 displayed a strong immunoreactivity with 

the immunising phospho-peptide Ser21 in GSKBa but did not recognise a range of other 

phosphorylated PKB substrate peptides including phospho-Ser256 in FOXOl, phospho- 

Thr32 in F0X 03a, phospho-Thr23 in IKKa and phospho-Serl36 in BAD. To conclude, 

PAP-1 is not a pan-PKB substrate anti serum but rather a phospho-peptide specific 

anti serum with the potential to recognise a subset of PKB substrates.

3.2.6 Lymphoblasts stimulated via physiological receptors phosphorylate bands 

identified by PAP-1 antiserum

To explore the pathways able to regulate the phosphorylation of PAP-1 reactive proteins in 

T cells we compared the effects of different T cell stimuli on the induction of PAP-1 

recognised proteins. The experiment shown in figure 3.7 compares the effects of three 

stimuli on the induction of PAP-1 phospho-proteins: antigen receptor triggering with the 

anti CD3 antibody UCHTl, activation of T cells with the chemokine SD Fla or activation 

of T cells with Interleukin 2 (IL-2).

These stimuli were chosen because they all share the ability to activate PI3K resulting in 

robust activation of PKB as judged by Western blot analysis of PKB Ser473 

phosphorylation (Figure 3.7 and 3.8). They also induce phosphorylation of the PKB 

substrate sequences Ser9/21 GSK3a/p (Fig 3.7 middle panel) and Thr24 of F0X 03a (Fig 

3.8 top middle panel) as monitored by Western blot analysis with commercial antisera 

selectively reactive with these phosphorylated proteins.
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FIG 3.6
Absence of reactivity of PAP-1 against known PKB substrates by ELISA,
ELISA immunoreactivity of PAP-1 with peptides conforming to the 
phosphorylated sequences of known PKB substrates and one irrelevant P- 
peptide (Irr peptide) not to be phosphorylated by PKB. Phospho-peptide 
sequences were as follows. GSK3a-Ser21: RARTSpSFAE, F0X01-Ser256: 
RRRAApSMONN, lKKa-Thr23: RERLGpTGGFG, F0X04-Thr28:
RPRSCpTWPLP, F0X04-Ser258: FRPRSSpSNAS, BAD-Serl36:
RGRSRpSAPPN, F0X03a-Thr32: RPRSCpTWPLQ, Irrelevant peptide: PKD- 
Ser916: KALGERVpSlL.



FIG 3.7
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FIG 3.7
Different stimuli of T cells yield different PAP-1 reactive bands.
T cells were left non-stimulated (0) or were treated with either lOfig/mL 
U C H T l, 20ng/mL IL-2 or lOnM S D F la  for 5 m inutes. W hole cell lysates were 
subjected to W estern blot analysis using either PAP-1 (top panel), anti-P-Ser473 
PKB and anti-P-Ser9/21 GSK 3 a /p  (middle panel. M embranes were stripped 
and reprobed with anti -panGSK 3 a  /p  (bottom panel).



FIG 3.8
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FIG 3.8
Different stimuli activate different S/T kinases in primary T lymphoblasts.
T cells were left non-stimulated (0) or were treated with stimuli that induce 
PKB phosphorylation, as indicated lOpg/mL U C H T l, 20ng/mL IL 2 or lOnM 
SDF l a  for 5 minutes. W hole cell lysates were subjected to W estern blot 
analysis using either anti-P-Ser916 (top panel), anti P-Thr24 F 0 X 0 3 a  (top 
middle pannel) anti-P-Ser473 PKB and an ti-P -E R K l,2 (middle panel). 
M embranes were stripped and reprobed with anti-pan-PKB (bottom  pannel).



All three stimuli are also able to phosphorylate and activate the MAP kinases ERKl and 2 

(Fig 3.8). Antigen receptors are known to activate PKCs and this can be monitored readily 

by looking at the activation of a PKC target PKD. PKD catalytic activity can be monitored 

using an anti serum recognising PKD molecules autophosphorylated on Ser916. The results 

(Fig 3.8 top panel) show that stimulation via antigen receptor, but not SDF l a  or IL-2, 

induce phosphorylation of PKD.

The data in figures 3.7 and 3.9 compare PAP-1 immunoreactivity with cell lysates prepared 

from cells activated either via antigen receptors, with SDF l a  or with IL-2. The data show 

that T cells induce comparable levels of PAPlpSO (GSK3a Ser21 phosphorylation) when 

activated via any of the three stimuli. PAPlp85 and p250 were also strongly induced by all 

three stimuli. In contrast, PAPlp55 was only seen in antigen receptor stimulation and was 

not seen in cells activated by IL-2 or SD Fla. In further experiments, the kinetics of the 

induction of PAP-1 reactive proteins was analysed. The results in bands by SDFla, IL-2 or 

UCHT-1 time-course experiments were performed. In figure 3.9, quiesced T lymphocytes 

were stimulated at 2 and 5 minute time points. Whole cell lysate was Western blotted for 

PAP-1, anti-phospho-Ser916 PKD, anti-phospho-Ser473 PKB and anti-phospho-FRK 1,2. 

The latter three antibodies serving to highlight the PKC, PI3K/PKB and MAPK pathways 

respectively. PAPlp55 phosphorylation mirrored that of phospho-PKD. PAPlp85 

phosphorylation was apparent at 5 minutes for all three stimuli as previously noted in figure 

3.6, but at 2 minutes was only phosphorylated in response to S D F la and UCHT-1. All 

three stimuli induced both PKB and FRK phosphorylation but in the case of IL-2 FRK 

phosphorylation was only apparent at 5 minutes mirroring that seen with MAPK activation.

86



FIG 3.9
2 min stimulation

Cont SDF IL-2 UCHTl

5 min stimulation

Cont SDF IL-2 UCHTl

200kDa-

97kDa >

66kDa-

45kD a>

PAPIp400

PAPIp250

200kDa

PAPIpSS
PAPIpSO

PAPIpSS

97kDa

66kDa

WB: PAP-1

PAPIpSO
(GSKax) , s u ) a , »

WB: PAP-1

WB: anti-P-PKD WB: anti-P-PKD

PAPIp400

PAPIp2S0

PAPIpSS
PAPIpSO

PAPIpSS

PAPIpSO 
(GSK 3a)

$

97kDa > • 97kD a>

P-PKB

P-ERKI

WB: anti P-PKB, P-ERK 1/2

P-PKB

P-ERKl
P-ERK24SkDa

WB: anti P-PKB, P-ERK 1/2

FIG 3.9
Differential pattern of reactivity of PAP-1 at different time points
T cells were left non-stim ulated (0) or were treated w ith stim ulus inducing or not 
PKB phosphorylation, as indicated 10|4g/mL U C H T l, 20ng/mL IL-2 or lOnM 
S D F la  for either 2 or 5 m inutes. Cell lysate was western blotted for PAP-1, anti- 
phospho-Ser916 PKD, anti-phospho-Ser473 PKB and anti-phospho-ERK  1,2.



3.2.7 Phorbol esters are able to induce PAP-1 reactive bands in T cells

The previous data show that PAP-1 can recognise a subset of PKB substrates but another 

question is whether it has the ability to recognise substrates for kinases other than PKB. In 

this context, GSK3a Ser21 phosphorylation can be regulated by PKB or via a PKC 

mediated response. It would be predicted that the PAP-1 reactive proteins might also be 

phosphorylated in response to activation of PKC with phorbol esters. To address this issue 

we determined whether PAP-1 could recognise proteins phosphorylated in response to cell 

stimuli that did not activate PKB notably; phorbol 12.13 dibutyrate (PDBu) that mimics 

DaG and triggers PKC and PKD mediated responses without PKB activation. The data in 

Figure 3.10 (left panels) compare the effects of antigen receptor triggering, activation of T 

cells with the chemokine SD Fla or activation of T cells with PDBu on PAP-1 recognised 

proteins. The TcR and SD Fla both activate PI3K/PKB pathways whereas PDBu triggers 

PKC mediated responses and does not activate PKB. The inability of PDBu to activate 

PKB is confirmed by its inability to induce phosphorylation of the PKB substrate FOX03a 

at Thr24 whereas antigen receptor triggering and S D F la are strong activators of this 

phosphorylation event. T cells induce comparable levels of PAPIpSO (GSK3a) 

phosphorylation when activated via the TcR, with SD Fla or phorbol esters. PAPIpSS and 

p2S0 were also strongly induced by all three stimuli. In contrast, PAPIpSS was only seen in 

antigen receptor and phorbol ester treated cells and was not seen in cells activated by 

SDFla. The ability of PAP-1 to recognise proteins in PDBu activated T cells show that its 

reactivity is not restricted to PKB substrates.
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3.2.8 Different phospho-substrate sequence antisera show different band patterns in 

activated T cells

The inability of PAP-1 to identify phospho-GSKSP on Western blot together with the 

antiserum’s failure to be complexed by the Ser256 FOXOl decapeptide corresponding to a 

known PKB phosphorylation site suggests that PAP-1 is not a PKB pan-substrate 

antiserum. To explore this further we compared the immunoreactivity of PAP-1 with the 

CST BPS anti serum on T lymphocytes stimulated with SD Fla, UCHTl or PDBu (Fig 

3.10, top panels)

The CST BPS anti serum had a completely different pattern of reactivity to PAP-1. PAP-1 

could see bands of p50, p55 and p85 whereas the BPS antiserum predominantly recognised 

bands of p50, p60 and pi GO. The BPS anti serum was unable to identify a protein 

corresponding to phospho-GSKSP, but identified a number of proteins from PDBu 

activated cells. To conclude, the BPS antiserum fails to see all PKB substrates in T cells 

and like PAP-1, its immunoreactivity is not restricted to PKB dependant phosphorylations.
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FIG 3.10
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FIG 3.10
Comparison of PAP-1 and the CST BPS antiserum immunoreactivities on T 
cell lysates.
T cells were left unstim ulated (0) or treated with 10}xg/mL U C H T l, 50ng/mL 
PDBu or lOnM SDF l a  for 5 minutes. W hole cell lysates were subjected to 
W estern blot analysis using PAP-1, BPS anti serum, anti-P-Thr24 F 0 X 0 3 a  or 
an ti-pan -G S K 3a/p , as indicated.



3.2.9 Specific protein kinase inhibitors suggest PAPIpSS and p8S are phosphorylated

via different signalling pathways

The initial characterisation of PAP-1 showed that this antiserum could recognise proteins 

phosphorylated via PKB or PKC pathways. One question then is what pathways regulate 

the phosphorylation of PAP-1 reactive proteins in antigen receptor activated T cells. To 

explore this issue, experiments with various kinase inhibitors were performed. One issue 

was the role of PI3K in regulating the phosphorylation of PAP-1 reactive proteins in 

antigen receptor activated T cells. This was explored using the PI3K inhibitor LY294002. 

The results in figure 3.11 show LY294002 prevents the PKB activation response seen in 

TcR activated cells, it also suppresses activation of the MAP kinases ERKl,2. The data in 

figure 3.11 show that TcR induction PAP-lp50 (GSK3a), PAPlp55, p80/85 and p250 were 

inhibited by LY294002. LY294002 can block activation of MAPKs in T cells and the role 

of these can be investigated further using PD98059 that inhibits MEK activation thereby 

suppressing activation of the MAP kinases ERKl,2. The results with PD98059 are also 

depicted in figure 3.11 and show that inhibition of MEK pathways with PD98059 

suppresses TcR induced phosphorylation of PAP-lp85 and p50. This inhibition was not 

complete but was quite marked. In contrast, TcR induction of p55 phosphorylation was 

PD98059 insensitive. The effects of one other inhibitor on TcR/PAP-1 responses was also 

examined, namely the PKC inhibitor Ro31-8425 (Fig 3.12). The results show that treatment 

of T cells with Ro31-8425 prevents TcR mediated phosphorylation of PAP-1 reactive 

proteins without attenuating activation of PKB (Fig 3.12). Experiments with Ro31-8425 

suggest that activation of PKB alone is insufficient to induce PAP-1 reactive proteins.

91



FIG 3.11
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FIG 3.11
Effect of inhibitors on PAP-1 identified protein bands
T cells were left non-stim ulated (0) or treated with lOpg/mL U C H Tl for 5 
m inutes in the presence o f  1:1000 DM SO (vehicle control). The indicated 
inhibitors were added 30 m inutes before stim ulation, were added. W hole cell 
lysates were subjected to W estern b lot analysis w ith PAP-1 or anti-P-Ser473 PKB 
and anti P-ERK 1 12 antibodies. M embranes were stripped and reprobed with anti- 
pan-GSK 3 a  /(3.



FIG 3.12
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FIG 3.12
Effect of inhibitors on PAP-1 identified protein bands
T cells were left non-stimulated (0) or treated with lOpg/mL U C H Tl for 5 
minutes in the presence o f  1:1000 DM SO (vehicle control). The indicated 
inhibitors were added 30 m inutes before stimulation, were added. W hole cell 
lysates were subjected to W estern blot analysis with PAP-1 or anti-P-Ser473 
PKB and anti P-GSK 3 antibodies. M embranes were stripped and reprobed with 
anti-pan-GSK 3oc /p.



3.3 DISCUSSION

The data presented in this chapter show the basic characteristics of the antiserum PAP-1. 

PAP-1 was made by immunising rabbits with a phospho-peptide RARTSpSFAEP that 

corresponds to phosphorylation site of Ser21 in GSKBa. We hoped that in addition to 

identifying phosphorylated GSKSa this antibody would also identify a subset of proteins 

which are substrates for S/T kinases activated in T cells in response to antigen receptor 

ligation. The results show that PAP-1 can be used to define other substrates for antigen 

receptor regulated kinases that are phosphorylated in parallel to GSK3a and which contain 

a sequence structurally similar to GSK3a Ser21. To conclude, PAP-1 recognises only a tier 

of serine kinase substrates regulated by antigen receptors via PI3K mediated pathways.

PAP-1 had a very distinct pattern of immunoreactivity in different cell types. For example, 

PAP-1 Western blots of T cell lysates produced a characteristic and reproducible pattern of 

protein bands recognisably different from the pattern seen in epithelial cells. In parallel 

with the T cell experiments, PAP-1 was used to look at activated B cells (Emmanuelle 

Astoul unpublished data) and the pattern of PAP-1 immunoreactivity in activated B cells 

was different from that seen in activated T cells. From this simple comparative analysis, it 

was possible to identify proteins that were regulated by antigen receptors and apparently 

unique to T cells. In activated epithelial cells PAP-1 recognised p50, which corresponds to 

GSK3a and proteins of 65 and 120kDa, whereas in activated T cells PAP-1 predominantly 

recognised p50/GSK3a, PAPlp55 and p85. Analysis with PAP-1 has the potential to 

pinpoint novel targets in pathways of antigen receptor regulated serine phosphorylation. 

Similarly, in epithelial cells expressing an inducible active PKB, PAP-1 could identify
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novel proteins phosphorylated by a PKB pathway.

During the initial characterisation of PAP-1, a kinase phospho-substrate antiserum that 

could be used to identify substrates for PKB was made by CST. This anti serum was raised 

against a panel of peptides with the consensus RXRXXpS/T, where X is any amino acid. 

The immunising peptide for PAP-1 (GSK3a Ser21) is a PKB substrate but it should be 

emphasised that PAP-1 only recognises a subset of PKB substrates. Moreover, the PAP-1 

immunoreactive pattern in activated T cells and epithelial cells is very different to the 

immunoreactive pattern of the recently characterised CST BPS antiserum.. It should also be 

stressed that neither PAP-1 nor the BPS antisera have immunoreactivity restricted to PKB 

substrates. Both recognise proteins phosphorylated via PKC pathways in T lymphocytes. 

Moreover, the CST BPS anti serum recognises proteins phosphorylated in response to PKC 

activation in epithelial cells whereas PAP-1 does not. These antibodies are useful for 

phospho-proteomic analysis of cell activation but not as reporters for activation of a 

particular kinase pathway.

Interestingly, the PAP-1 reactive proteins in T cell or epithelial cells were not recognised 

by the CST BPS anti serum. CST BPS anti serum is broadly reactive with a range of 

phospho-peptides that are substrates for the ACG family of serine kinases including 

PKB/Akt but the present data show it does not recognise all substrates for this kinase. PAP- 

1 and the CST BPS anti serum appear to recognise non-overlapping subsets of PKB 

substrates but it should be stressed that both can pick up proteins phosphorylated by non- 

PKB pathways (e.g. phorbol ester/PKC pathways). Accordingly, it seems unlikely that a
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complete analysis of protein phosphorylation pathways will be obtained using a single 

anti serum broadly reactive with serine phosphorylated peptides. Rather a combination of 

different antisera that are selective against different peptides will be required.

The PAP-1 antiserum recognised a number of proteins in antigen receptor activated T cells. 

The induced phosphorylation of PAP-1 reactive bands was sensitive to PI3K inhibitors but 

PI3K is at a very receptor proximal position in antigen receptor signalling and hence this 

result does not particularly clarify the S/T kinase pathways recognised by PAP-1 reactive 

proteins. For example, TcR activation of MAP kinases is regulated by PI3K, Ras and PKC. 

PKC is activated by DaG and calcium, which in TcR triggered cells is regulated by PLCyl 

mediated metabolism of inositol phospholipids. TcR activation of Ras is regulated by both 

DaG dependent and independent pathways and hence can be regulated by PKCs (Dower et 

al., 2000). PI3K can modulate the activity of PKCs in lymphocytes because its product 

PIP3 can bind to PH domains in Tec family tyrosine kinases which are known to be 

involved in PLC activation in immune cells (Lucas et al., 2003; Schaeffer et al., 1999). This 

inter-dependence is complicated further by the ability of downstream members from one 

pathway to affect others on a different pathway. An example of this is p90-RSK that can be 

activated both from MAPK and PKC pathways (Bertolotto et al., 2000) (Fig 3.13).
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One of the PAP-1 recognised proteins, p55, was interesting because it was induced by 

antigen receptors and phorbol esters but was not induced when T cells are activated by the 

cytokine IL-2 or the chemokine SDFla. IL-2 and SD Fla are strong activators of PKB and 

MAP kinases and their inability to trigger p55 phosphorylation means that it is unlikely that 

PAPlp55 is phosphorylated by either PKB or MAP kinases. The inability of MAP kinases 

to regulate p55 phosphorylation was confirmed by observations that TcR induced 

phosphorylation of p55 was not sensitive to PD98059, which prevents MAP kinase 

activation. Moreover, TcR induced phosphorylation of p55 was sensitive to Ro31-8425 at 

concentrations that preserved activation of PKB. Hence TcR activation of PKB is not 

sufficient for p55 phosphorylation

Ro31-8425 was designed as a PKC inhibitor and the present results are consistent with p55 

being a target for PKCs. However, as specific inhibitors of S/T kinases can inhibit multiple 

kinases (Davies et al., 2000), this result alone is insufficient to place PAPlp55 downstream 

of PKC. It is striking that the ability to induce p55 phosphorylation was a major difference 

between chemokine, cytokine and antigen receptor signals and these also differ in their 

ability to activate PKC pathways. Stimulation of PKCs is a well-characterised antigen 

receptor response but is not a feature of cytokine or chemokine signalling in T cells. The 

most likely hypothesis concerning PAPlp55 is that it is a target for antigen regulated PKCs, 

whether PKC involvement is direct or indirect can only be resolved by further 

experimentation that requires identification of PAPlp55.

The PAP-1 reactive p85 protein was phosphorylated in response to antigen receptors.
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chemokines and cytokines. Its kinetics of phosphorylation and the sensitivity of the PAP-1 

p85 response to PD98059 make it most likely that p85 is a target for MAP kinases. The 

PAP-1 p85 response was also sensitive to the P13K inhibitor LY294002 and Ro31-8425 but 

this would be consistent with p85 being positioned downstream of MAP kinases because 

both these inhibitors block MAP kinase activation in T cells. In this context, the Ro31-8425 

compound does not block TcR activation of PKB but does prevent the TcR induced PAP- 

lp85 response making it unlikely that p85 can be phosphorylated by PKB mediated signals 

alone. However, without further identification of PAPlp85 it is also impossible to more 

precisely assign this protein to a particular pathway.

In summary, this chapter describes an antiserum raised against a defined phospho-peptide 

that can be used as a tool for phospho-proteomic analysis of cells. Herein it has been used 

to probe lymphocyte activation. PAP-1 and various commercial phospho-peptide specific 

antisera have unique patterns of immunoreactivity with activated T cell lysates and can be 

used to make a phospho-map of TcR activated cells. These phospho-specific antisera are by 

no means S/T kinase pan-substrate antisera. However, phospho-specific antisera open a 

window that reveals the existence of previously unknown targets for antigen receptor signal 

transduction.
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CHAPTER 4

4.1 INTRODUCTION

Experiments with PAP-1 antiserum had identified several proteins that were inducibly 

phosphorylated in antigen receptor activated cells and which appeared to be selectively 

expressed in T cells. To understand the role of these proteins in T cells it is necessary to 

identify them. From the experiments in chapter 3 the PAP-1 reactive proteins p55 and p85 

were selected for further work. The rationale for this choice was that both p55 and p85 

looked to be selectively expressed/regulated in T lymphocytes and both were antigen 

receptor regulated proteins. PAPlp55 was of interest because it appeared to be selectively 

activated by antigen receptors whereas p85 was more broadly regulated by chemokine and 

cytokines.

Given the selectivity of PAP-1 for its cognate phospho-peptide, PAPlp55 and p85 are 

likely to contain a phosphorylated peptide sequence structurally similar to GSK3a Ser21. 

We briefly considered a bioinformatic approach to identify p85 and p55 that would rely on 

protein database analysis to identify the most likely candidate proteins. However, when the 

protein databases SwissProt and Trembl were searched with the GSK3a serine 21 peptide 

sequence (RARTSpSFAE) there was only a single hit; GSK3a. It is possible to search 

these databases using a lower stringency by substituting a defined amino acid with x 

denoting a site that can be occupied by any amino acid residue. Searching the databases for 

the sequence RxRxxS (a theoretical phosphorylation site for a number of AGC kinase 

members) gave a list of over 900 proteins and this was too many for a shotgun approach to
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identify the PAP-1 reactive T cell proteins. It was therefore decided to use more classical 

protein purification techniques to identify p55 and p85. Initial experiments found that the 

PAP-1 antiserum could not selectively immunoprecipitate proteins from activated T cells. 

This meant an alternative experimental protocol was required to purify PAPlp55 and p85 

to homogeneity for protein sequence analysis by mass spectrometry.

4.2 RESULTS

4.2.1 Optimum conditions of solubilisation of PAP-1 reactive proteins.

For the purification of p55 and p85 it was decided to use phorbol ester activated T cells as a 

source because phorbol esters are a good way to effectively and synchronously activate 

large numbers of T cells. The lysis buffer conditions used for the initial characterisation of 

PAP-1 reactive proteins were the standard conditions of isotonic salt, pH 7.2, 1% of a non

ionic detergent such as NP40. This lysis buffer is effective at solubilising GSK3a from 

activated T cells and moreover avoids problems caused by lysis of nuclei and release of 

DNA. However, it was important to establish optimum solubilisation conditions for p55 

and p85 for the purification protocols. Accordingly, quiescent T cells or cells stimulated 

with either SD Fla or PDBu were lysed using lysis buffers at pH5-7 and a sodium chloride 

(salt) concentration of 50 or 150mM. These pilot experiments (Fig 4.1) established that the 

optimal conditions for solubilising PAPlp55 and p85 was a pH5 buffer comprising 150mM 

NaCl, 50mM MES at pH 5, lOmM NaF, 40mM ^-glycerophosphate, ImM EDTA, ImM 

PMSF, 0.1% NP-40, IpM small peptide inhibitors. This buffer would be used as the lysis 

buffer in all subsequent protein purification experiments.
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FIG 4.1
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FIG 4.1
Identification of PAP-1 bands is dependant on the salt and pH condition 
of the lysis buffer.
Pellets o f  T cells left non stim ulated (C) on activated w ith  either S D F la  (S) 
or PDBu (P) were lysed in either low salt (SOmM NaCl) or high salt (ISOmM 
NaCl) conditions. Three different lysis buffers were used, a 20m M  acetic acid 
buffer at pH 4 and a SOmM MES buffer at pH S and 6. Lysates were western 
blotted and probed w ith PAP-1.



4.2.2 Protein purincation of p85 and p55 on heparin cellulose columns

For these experiments cell lysates were prepared from 9x10^ activated T lymphoblasts and 

the lysates were fractionated initially on Heparin-Sepharose columns. Heparin is a highly 

acidic carbohydrate that preferentially binds to cationic proteins at a physiological pH. By 

using an increasing stringent salt concentration proteins can be eluted off sequentially in 

fractions. Protein fractions were collected using a linear increase in salt concentration 

(15mM to IM). In order to achieve a starting salt concentration of 15mM NaCl and a 

physiological pH, the cell lysate was diluted ten-fold in a low salt buffer: 20mM TRIS at 

pH 7.2, lOmM NaF, 40mM (3-glycerophosphate, ImM EDTA, ImM PMSF, IpM small 

peptide inhibitors. The presence of PAP-lp50, p55 and p85 in different column fractions 

was determined by Western blot analysis with PAP-1. The elution profile of GSK3a and (3 

on heparin cellulose columns was also analysed. Briefly, 40|xg of acetone precipitated 

protein from each fraction was resolved by SDS PAGE followed by Western blot analysis 

with either PAP-1 or GSK3a/P(Fig 4.2). The data show that the PAP-1 reactive p50 

protein co-eluted with GSK3a whereas the PAP-1 reactive proteins p55 and p85 had 

different elution patterns to each other and were also distinct to the elution profile for 

GSK3a.

When comparing serial dilutions of total cell lysate and the pooled PAPIp55/ p85 rich 

fractions on Western blots, it was crudely estimated that there was a ten-fold concentration 

of the proteins of interest using the heparin sepharose column (data not shown).
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FIG 4.2
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FIG 4.2
Purification of PAP-1 identified proteins p85 and p55 by Heparin 
sepharose chromatography
Cell lysates from activated T lymphocytes were chrom atographed on a 
Heparin-Sepharose column. Absorbence at 280nm is shown by the full line 
and the elution NaCl gradient by the broken line. 40pg aliquots from each 
fraction from the Heparin-Sepharose colum n were subjected to W estern blot 
analysis. The lower panel shows the western blot analysis with PAP-1 o f 
fractions 16-31 (40pg protein), as well as 400|xg protein sam ples o f  the whole 
lysate before separation (Tot), the unbound fraction (Ub), and proteins 
collected during the washing o f  the column (W sh). The m em brane was 
stripped and reprobed with anti-pan-G SK 3a /p.



4.2.3 Fractionation of p55 and p85 on Mono Q columns

Heparin cellulose fractionation gave modest enrichment for p55 and p85 and so it was 

decided to subject the heparin cellulose column fractions rich in PAPlp55 and p85 to 

further fractionation on a MonoQ column. This comprises a quaternary ammonium ion (- 

CH2N+(CH3)3) bound to a hydrophilic polymer matrix. It maintains a positive charge at a 

wide range of pH gradients and for a given pH will bind to anionic proteins. The optimal 

operating pH of the column is typically 1-3 pH points above the pi of the proteins of 

interest, depending on the environment that they are being purified from. The pis of both 

p55 and p85 were determined by 2D SDS PAGE of total cell lysate (Fig 4.3) and shown to 

be in the region of 4-6 making them suitable candidates for purification by a monoQ 

column running at a pH of 7.

Fractions rich in PAPlp55 and p85 from the heparin sepharose column were pooled and 

desalted by running through a 025 sepharose column and the desalted solution was allowed 

to bind onto the monoQ column before protein fractions were eluted using a rising salt 

gradient from 15mM to 1.5M NaCl. The presence of PAP-Ip55 and p85 in different 

column fractions was determined by Western blot analysis with PAP-1 (Fig 4.4) using just 

4pg protein per lane. The results (Fig 4.4) show that the fractionation on the monoQ 

column allowed separation of p55 and p85 into different fractions.
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FIG 4.3
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FIG 4.3
Characterisation of PAP-1 identified proteins p85 and p55 by 2D SDS- 
PAGE
W hole cell lysate from 2x 10E7 PDBu stim ulated T cells was acetone 
precipitated, run on a 3-10 lEF strip followed by a 7.5% SDS polyacrylam ide 
gel. The separated proteins were blotted and probed w ith PAP-1.
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FIG 4.4
Purification of PAP-1 identified proteins p85 and p55 by MonoQ ion 
exhange chromatography
The Heparin-Sepharose PA Plp55 and PA Plp85 rich fractions were pooled, 
desalted and chrom atographed on a M onoQ column. The absorbence at 
280nm is shown by the full line and the elution NaCl gradient by the broken 
line. Aliquots o f  4pg protein from each fraction were prepared as above and 
western blotted with PA P-1.



4.2.4 Protein purification using 2D SDS-PAGE

The final purification protocol used to isolate p55 and p85 was two dimensional (2D) SDS 

PAGE. Briefly, proteins in MonoQ derived column fractions enriched for p55 or p85 were 

precipitated in 70% acetone. The protein pellet was then washed twice in 50% acetone 

solution in order to reduce the salt content of the pellet as excess salt increases the 

conductance of the first dimension and prevents protein focusing. Finally, the protein pellet 

was re-dissolved in 250pL rehydration buffer and analysed by 2D SDS PAGE using 4-7 

lEF strips for the first dimension and a 7.5% SDS gel for the second dimension. Samples 

were run in duplicate: a 40pg protein sample was used for Western blot analysis with PAP- 

1 to identify the position of the protein of interest and a second sample of 400pg protein 

was resolved by SDS PAGE and analysed using silver stain to visualise protein (Fig 4.5).

4.2.5 Mass spectrographic identification of protein samples

Mass spectroscopy fingerprinting and peptide sequencing was performed by Nick Totty, 

Proteomics laboratory CR-UK. Spots of interest were excised, destained and subjected to 

in-gel digestion with trypsin. Derived peptide fragments were eluted and concentrated. 

Tryptic fragments were then directly analysed by matrix-assisted laser desorbtion ionisation 

time of flight (MALDI-TOF) mass spectroscopy using a Tofspec 2E (Micromass UK). The 

protein mass fingerprints obtained were analysed using the National centre for 

biotechnology (NCBI) database with the MS-tag program of protein prospector (UCSF). 

Thirteen peptide fragments derived from PAPlp85 matched the precursor protein of 

interleukin 16 (proIL-16) (Fig 4.6A). In contrast, no peptide fragment matches could be 

found from PAPlp55.
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FIG 4.5
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FIG 4.5
Purification of PAP-1 identified proteins p85 and p55 by 2D SDS-PAGE
The M ono-Q fractions rich in either PA Plp55 (low er panels) or p85 (top panels) 
were desalted, acetone precipitated and run in duplicate using 2-D SDS-PAGE. 
From each duplicate one gel was treated for total protein content by silver 
staining (right panels), while the other was subjected to W estern blotting with 
PAP-1 (left panels).



To identify PAPlp55 and to confirm the MALDI-TOF results on PAPlp85, further samples 

were analysed by nano liquid chromatography (LC Packings UK) coupled to a hybrid 

electrosprey quadropole time of flight (Q-TOF) mass spectroscopy (Micromass UK) which 

is able to directly sequence peptide fragments. An oligopeptide with the sequence 

SSFETFGSSQLPD(K) was isolated from the PAPlp85 tryptic digests (Fig 4.6B). This 

peptide sequence corresponds to amino acid residues 143-156 of proIL-16. For PAPlp55, a 

peptide (K)FIYVDVLPEEAVGHARPSR(R) was sequenced (Fig 4.6C). This corresponded 

to amino acid residues 226-244 of a very recently described molecule known as SLY (Src 

homology 3 (SH3) domain containing protein expressed in Lymphocytes).

To verify that proIL-16 and SLY are recognised by PAP-1 we examined the sequences of 

these proteins for peptides corresponding to the PAP-1 immunising peptide. SLY 

comprises 380 amino acids and the sequence around Ser27 had the closest homology to the 

GSK3a Ser21 peptide used to produce PAP-1 (Fig 4.7). proEL-16 had a candidate site 

similar to the GSK3a Ser21 sequence at Seri44 (Fig 4.7). Accordingly, phosphorylated 

oligopeptides corresponding to SLY Ser27 (LQRSSpSFK) and proIL-16 Serl44 

(RQRISpSFETF) were synthesised. The ability of these peptides to compete PAP-1 

immunoreactivity with PAPlp85 and p55 was assessed. The results in figure 4.7 show that 

the phospho-Serl44 proIL-16 oligopeptide could effectively compete out PAP-1 

immunoreactivity with PAPlp85 and p50. Similarly, the phospho-peptide corresponding to 

Ser27 in SLY was able to efficiently compete out PAP-1 immunoreactivity with PAPlp85 

and p55. It is of note that in both competitions PAP-1 reactivity towards GSK3a was 

preserved.
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The ability of the phospho-Serl44 proIL-16 peptide and the phospho-Ser27 SLY peptide to 

compete PAP-1 immunoreactivity with p85 and p50 is consistent, proEL-16 and SLY being 

phosphorylated at these residues in antigen receptor activated cells. Further experiments to 

verify SLY as a substrate for antigen receptor activated serine kinases were carried out in 

collaboration with Emmanuelle Astoul. This work is published (Astoul et al., 2003) and the 

results will only be briefly summarised herein. The verification of proIL-16 as a target for 

antigen receptor activated serine kinases will be described in Chapter 5.

Regarding SLY, no immunoprecipitating antiserum to this protein was available. Hence, in 

order to verify SLY as a PAP-1 reactive protein, a Myc epitope tagged SLY was expressed 

in A20 cells a B lymphoma cell line. These cells were then activated with pervanadate or 

via the B cell antigen receptor and whole protein lysates were subjected to Western blot 

analysis with PAP-1 followed by reprobing with 9E10 anti-Myc to confirm expression of 

tagged SLY. These experiments confirmed that SLY expressed in activated lymphocytes is 

immuno-reactive with PAP-1 whereas SLY expressed in quiescent cells is not. These 

experiments also verify that SLY is a substrate for antigen receptor regulated serine 

kinases. To determine if Ser27 in SLY is the sequence recognised by PAP-1, this residue 

was substituted with alanine. The SLY S27A mutant was not reactive with PAP-1 (Astoul 

et al., 2003). These mutant studies establish Ser27 in SLY as a substrate for antigen 

receptor activated serine kinases.
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FIG 4.6
A) MALDI-TOF analysis of PAPlp85
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FIG 4.6
Identification of PAPlp85 and PAPlp55 using mass spectrometry.
400|uig of fractions enriched for PAPlp85 or p55 were separated by 2D SDS- 
PAGE and the proteins visualised by colloidal Commassie stain (not shown).

(A) PAPlp85 protein spots were excised, destained and digested with trypsin. 
The tryptic peptides were subjected to mass spectrometry fingerprinting. Fifteen 
peptides were found to match with IL-16 precursor protein covering over half of 
the protein sequence and are described in the table.

(B) Tryptic digests pattern of PAPlp85 were analysed by nano-LC coupled to a 
Q-TOF analyser. The profile of a 13 amino acid 6 agment that was identified, 
sequenced and which matched residues 143-156 of proIL-16, is shown.

(C) Similarly, tryptic digests of PAPlp55 were analysed using nano-LC coupled 
to a Q-TOF analyser. The sequence of an identified 19 amino acid fragment was 
sequenced and matched to residues 226-244 of SLY, and is shov^m beneath the 
digest pattern.



4.6B) Q-TOF analysis of PAPlp85
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FIG 4.7
Analysis of the PAP 1-reactive site in IL-16 and SLY
(A) Schematic and dom ain organisation o f proIL-16 and SLY. The sequence 
representing the most likely site o f  recognition for PA Pl and the potential 
phosphorylation site are indicated. In proIL-16, the region underlined 
corresponds to the secreted chem okine.
(B) P-peptides corresponding to P -Serl44  in proIL-16 and P-Ser27 in SLY 
compete for PAP-1 imm unoreactivity toward p85 and p55. T cells were left 
unstim ulated (-) or stim ulated (+) for 5 minutes with lOpg/mL U C H T l, the 
whole cell lysates were subjected to W estern blot analysis using PAP-1 together 
with lOpg/mL o f one o f  the following oligopeptides. Lanes 1-2: GSK 3 a  
(RARTSSFAEP). Lanes 3-4: P-Ser21GSK 3 a  (RARTSpSFAEP). Lanes 5-6: P- 
Ser27 SLY (LQRSSpSFK). Lanes 7-8: P -Serl44  proIL-16 (RQRISpSFETF). 
Lanes 9-10: P-Ser256 FKHR (RRRAApSM ONN).



4.3 DISCUSSION

The results in chapter 3 show that PAP-1 could pinpoint novel targets in pathways of 

antigen receptor regulated serine phosphorylation. The results of Chapter 4 describe 

experiments that purified and identified two of the PAP-1 reactive proteins. One of the 

PAP-1 reactive proteins, PAPlp55, was a protein recently identified as SLY, the 

prototypical member of a recently identified family of adaptor proteins expressed in 

haematopoietic cells. The second, PAPlp85, was the pro-form of the cytokine IL-16 

(proIL-16). Subsequent work also identified the 80kDa PAP-1 band, PAPlp80 as a cleaved 

form of proIL-16 (data not shown). proIL-16 will be the focus of chapter 5. The main aim 

of the present discussion is to put the present strategy for analysis of the T cell phospho- 

proteome into context with similar work in other cell types and to discuss SLY.

SLY is the prototypical member of a recently identified family of adapter proteins with 

restricted expression in haematopoietic cells (Beer et al., 2001). The analytical work with 

PAP-1 had pinpointed p55 as a lymphoid restricted protein selectively regulated by antigen 

receptors and indeed SLY has restricted expression to lymphoid tissues. SLY was 

originally found ‘accidentally’ as part of an expression screen for genes that could stimulate 

adhesion of T lymphoma cells to endothelial cells. The SLY gene product was not able to 

induce cell adhesion but its isolation was reported because its structure suggested that it 

might function as a signalling adapter protein. Northern blot and in situ hybridisation 

analysis showed a preferential expression in lymphoid tissues and the SLY gene is located 

on the X-chromosome in proximity to genes involved in various immune disorders. SLY 

was so named because it is a Src homology 3 (SH3) domain containing protein expressed in
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lymphocytes. The protein also contains a sterile motif (SAM). SH3 domains are comprised 

of about 50 amino acid residues that bind to proline-rich sequences of proteins with the 

consensus PXXP. SAM domains mediate homodimerisation and heterodimerisation of 

proteins (Kim et al., 2002). This structure makes it very likely that SLY can act as an 

adapter although there have been no studies of its interaction partners. Interestingly, other 

haematopoietic proteins closely related to SLY have been described recently; HACSl 

(Claudio et al., 2001) and NASH (Uchida et al., 2001). SLY, HACSl and NASH have a 

similar organisation of SH3 and SAM domains and appear to be restricted in expression to 

haematopoietic cells. Serial analysis of gene expression (SAGE) identified NASH as a gene 

preferentially expressed in mast cells; HACSl was found in a wide range of haematopoietic 

cells whereas SLY is preferentially expressed in lymphoid cells. The structures and 

restricted tissue expression of SLY, HACSl and NASH suggest that these proteins might 

have a specific role in haematopoietic cells. The present data provide the first insights about 

the position of these adapter proteins in the context of signal transduction in lymphocytes 

by demonstrating that Ser27 in SLY is a physiological substrate for antigen receptor 

activated serine kinases. Ser27 in SLY is contained within the sequence LQRSSSFK and 

this sequence is conserved in SLY in different species from fish to mammals. Moreover, it 

is striking that the serine at position 27 and the surrounding sequence (RSSSFK) is 

conserved in the SLY related proteins HACSl and NASH. The conservation between SLY, 

HACSl and NASH in terms of PAP-1 recognised phosphorylation site provides clear 

biological insight about where to position other members of this adapter protein family in 

signal transduction cascades in haematopoietic cells.
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The initial characterisation of PAP-1 showed that this antiserum could recognise proteins 

phosphorylated via PKB or PKC pathways. In this context, the SLY Ser27 sequence, 

LSLQRSSSFKDFAKS, is not a good consensus PKB phosphorylation site, rather analysis 

of SLY with Scansite (Yaffe et ah, 2001), a protein database motif scanning program 

indicated that Ser27 was a optimum substrate sequence for PKC family kinases. Analytical 

experiments with PAP-1 in chapter 3 showed that SLY phosphorylation correlates well 

with PKC activation and very poorly with activation of other serine kinase networks such 

as those mediated by PKB or the MAP kinases. Hence SLY phosphorylation was induced 

by phorbol esters and antigen receptors that activate PKCs but not by cytokines or 

chemokines that fail to activate PKC yet strongly activate PKB and MAP kinases. 

Furthermore, pre-treatment of T cells with Ro31-8425, a broad specificity PKC inhibitor, 

prevents TcR mediated phosphorylation of SLY without attenuating activation of PKB. 

Future investigation to probe the role of PKC in SLY phosphorylation will include in vitro 

experiments with active PKCs to test if Ser27 in SLY is a substrate for those kinases. 

Analysis of the effects of antigen receptors on SLY phosphorylation in cells lacking 

expression of either single or multiple PKC isoforms will also establish if PKCs are 

obligatory for SLY phosphorylation. An equally important issue is the function of SLY 

Ser27 phosphorylation.

While the present work was in progress, several other groups reported using pan-kinase 

substrate antisera to identify substrates for known serine kinases such as PKB. For 

example, Kane and colleagues (Kane et al., 2000) used the CSX BPS antiserum to identify a 

Rab GAP containing protein in adipocytes as a PKB substrate. They were able to use the
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CSX BPS antiserum to affinity purify Rab GAP but this approach has not been widely 

successful. It seems much more useful to use the substrate anti serum to track proteins 

through classical protein purification techniques as described herein. For example, Berwick 

and colleagues isolated ATP citrate lyase as a CSX BPS antiserum reacting protein using a 

column chromatography protocol similar to our own - passing lysate through a monoQ 

followed by a monoS ion exchange column (Berwick et al., 2002).

One other approach with ‘substrate’ antisera is to use a combination of biochemistry and 

bioinformatics. Bioinformatic techniques rely on protein databases to identify the most 

likely candidate proteins. Although described as an alternative technique to ‘wet’ laboratory 

experimentation, it relies on biochemical experimentation to characterise the anti serum 

identified proteins.

A problem with the bioinformatic approach is that if a simple minimum S/X kinase 

recognition sequence is used to probe a database there will frequently be hundreds of ‘hits’. 

This is too many for rigorous biochemical verification. However, a combination of 

bioinformatics and biochemical analysis can be useful as evidenced by Manning and 

colleagues who identified Xuberin as PKB substrate (Manning et al., 2002). Manning et al 

found that the CSX BPS anti serum recognised a protein of roughly 200kDa in PDGF 

stimulated NIH-3X3 cells. The Scansite program was then used to search databases for 

proteins with a mass between 175 and 205kDa and containing the classic PKB substrate 

consensus sequence RxRxxS/X. This narrowed the list of candidate proteins and pin 

pointed Xuberin as the most likely candidate. The final verification of Xuberin as a PKB
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substrate required biochemical confirmation. A similar combination of techniques was used 

by Zhang et al who used 2D SDS PAGE to identify a candidate protein with a mass of 27- 

32kDa and a pi of 10-II  recognised by the CST BPS antiserum (Zhang et al., 2002). They 

went on to use Scansite to obtain a short list of ten proteins that fell within these narrow 

boundaries and contained the broad consensus sequence of K/RxRxxS/T. From their list of 

ten, they correctly identified ribosomal S6  as the target of their S/T kinase antiserum.

One difficulty in the bioinformatic strategy is deciding how narrow to make the criteria of 

inclusion. In chapter 3 we show that the CST BPS antiserum is capable of identifying 

proteins that are unlikely to be PKB substrates and therefore are unlikely to contain the 

classic RxRxxS/T sequence. Moreover, even apparently bona fide PKB substrates may be 

phosphorylated on a sequence that does not conform to the ‘optimum’ PKB substrate 

sequence (Berwick et al., 2002; Du and Montminy, 1998). Zhang et al suggest that this 

problem may be solved by defining the optimal binding sequence for a particular phospho- 

peptide anti serum and using this information to narrow the list of possible candidate 

proteins.

Using the Scansite program it is possible to identify the most likely S/T kinase 

phosphorylation site in both proIL-16 and SLY (Fig 4.7). In both cases the proposed target 

serine is flanked by an upstream serine and a downstream phenylalanine. This is in 

common with the oligopeptide sequence used to make PAP-1 suggesting that the antibody 

requires a minimum sequence of RXSpSF in order to bind to a protein. This was confirmed 

as both the PAPlp55 and p85 bands were competed successfully using phospho-
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oligopeptides derived from either SLY or proIL-16 that contained RxSpSF sequence. 

Scansite is able to search databases for proteins containing a particular amino acid sequence 

and narrow the search down further by taking into account likely protein molecular weight 

and pi. Figure 4.8 shows the result of this search, the histogram showing the total number 

of proteins identified using Scansite to search the protein database SwissProt with 

increasing stringency utilising information gleaned biochemically about PAPlp55 and p85. 

Entering the sequence RxSpSF yields a total of 70 proteins from SwissProt, still an 

unworkable number, but using the pi and Mr data, PAPIp85 can be narrowed down to a list 

of 13 candidate proteins one of which is proIL-16 (Fig 4.9). Similarly PAPIp55 can be 

reduced down to a short list of only 9 proteins one of which is the SLY family member 

SAMSN-1. SLY is not present at the time of writing this thesis as it has not been included 

in the SwissProt database. This study demonstrates the advantages and disadvantages of a 

bioinformatic approach: Small lists of candidate proteins can be obtained and the candidate 

proteins can be investigated from the perspective of most functionally promising first. The 

main disadvantage highlighted here is missing a candidate either because the search criteria 

are too stringent or the database being scanned simply does not have the protein candidate.

In summary we have shown that it is possible to purify and identify candidate proteins 

reactive to phospho-specific antisera. We have used information gleaned from 

identification of the proteins identified to further characterise the PAP-1 antiserum. Using 

this information it may be possible to characterise more proteins using a bioinformatic 

approach avoiding the need for purification and mass spectroscopy.
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FIG 4.8
Using the Scan site program to search for SLY and proIL-16
Increasingly rigid search criteria were entered onto the S ansi te program  using the 
Swiss-Prot database, taking in information on the optimum sequence recognised 
by PAP-1 and the known m olecular weight and pi o f  the proteins. Scansite was 
able to identify prolL-16 in  a list o f  13 other proteins and SLY within a list o f  9 
other proteins.



FIG 4.9
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SSN1_HUMAN SAM-domain protein SAMSN-1 (Human SLY relative) PKRSSS*F

TFEB_HUMAN T ranscription facto r EB SRRSS‘ F

YA65_HUMAN 65kDa Y es a sso c ia te e d  protein (YAP 65) HLflQSS*F

ZN46_HUMAN Zinc finger protein (Zinc finger protein KUP) CPRLSS*F

FIG 4.9
Using the Scan site program to search for SLY and proIL-16
The short lists of possible candidate proteins using the Scansite program and the 
Swiss-Prot database. The protein lists show the predicted antibody binding sites. 
It is of note that the human homologue of SLY does not appear as it is not in the 
Swiss-Prot database as of Jan 2003.



CHAPTER 5

5.1 INTRODUCTION

E xperim ents in chap ter 4 resu lted  in the purifica tion  and iden tifica tion  by m ass 

spectroscopy of proteins recognised by PA P-1; SLY and proIL-16. W e were able to 

identify the likely PAP-1 recognition sites on proIL-16 and SLY as serine 144 and 27 

respectively. In this chapter the focus is on proIL-16 and the aim was to establish if this 

protein is phosphorylated on S e rl4 4  in activated lym phocytes, to attem pt to identify the 

serine kinase pathw ay that regulates proIL-16 phosphorylation and identify the role of 

S e r i44 phosphorylation.

Interleukin 16 (IL-16) was first identified from m itogen activated T cell culture m edia as a 

chem oattractant for CD 4+ cells (Center and Cruikshank, 1982; Cruikshank and Center, 

1982) including T helper cells, eosinophils and m onocytes. Hence, it’s original name of 

L ym phocyte chem oattractant factor. It was subsequently  reported  to upregulate IL-2 

receptor expression and class II M HC expression on resting T  cells (Parada et al., 1998). 

Hum an IL-16 is initially synthesised as a 631 am ino acid precursor (proIL-16) that is 

enzym atically cleaved at a STDS site between the Asn510 and the Ser511 by caspase 3 to 

form  the m ature cytokine m onom er and an N-term inal fragm ent (Zhang et al., 1998b). 

M ature IL-16 is secreted prim arily by CD8+ T cells and to a lesser extent by CD4-I- cells, 

the exact m echanism  is not known. Secretion is constitu tive but is upregulated  by 

mitogenic stimulation. The active cytokine forms a tetram er o f four 121 amino acid chains. 

The m ature tetram er is able to bind to CD4 where it has been im plicated in liberating
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intracellular stores of Ca^  ̂via increased inositol triphosphate turnover (Parada et al., 1996). 

Conversely, it may also have an inhibitory effect on T cell activation by sequestering the 

CD4 molecule from the TcR complex and rendering the T cell transiently unresponsive to 

antigen. This tight binding of cytokine to CD4 has been reported to prevent HIV infection 

and IL-16 has accordingly been postulated as an anti HIV agent (Baier et al., 1995; 

Maciaszek et al., 1997).

Serl44 the predicted PAP-1 recognised phosphorylation site lies within the N-terminal 

fragment of proIL-16. This N-terminal fragment of IL-16 remains in the cell following 

cleavage of the protein. In this context it should be emphasised that the stoichiometry of 

cleavage of proIL-16 is very low and the majority of IL-16 remains in cells as the full 

length pro form of the protein. This has led to the idea that proIL-16 and the residual 

cytosolic N- terminal fragment of EL-16 may have a function independent of the function of 

the secreted cytokine. This idea was first suggested by Zhang et al who showed that the 

cleaved N-terminal fragment of pro IL-16 was able to translocate to the nucleus and cause a 

partial G1 arrest when over expressed in Cos? cells (Zhang et al., 2001). The group went on 

to define a nuclear localisation sequence in EL-16, which was regulated by a Protein kinase 

CK2 substrate site at position 42-46 followed by a cdc2 kinase site at position 56-59. 

Mutation of the former results in decreased nuclear accumulation of the N-terminal 

fragment and mutation of the former results in increased nuclear accumulation but 

paradoxically mutation of either reduces the cell cycle inhibitory actions of IL-16 (Wilson 

et al., 2 0 0 2 ).

124



One function for pro EL-16 could be as a protein scaffold. This idea stems from the fact that 

proIL-16 has a fully functional PDZ domain (Zhang et al., 1998b) in its N-terminus 

(residues 413 to 498). PDZ domains (named after the first three PDZ containing proteins 

identified: PSD-95, Discs-large and Zo-1) consist of a common six (3-strands and two a- 

helix structure (Hung and Sheng, 2002). This forms a peptide-binding groove that 

classically binds the C-termini of other proteins. C-terminal binding is dependant on a short 

motif which varies with different types of PDZ domain (X-S/T-X-# for class 1 PDZ 

domains). The ability for PDZ domains to bind to their C-terminal motifs may be regulated 

by phosphorylation of the S/T residue, inhibiting the interaction. PDZ domains can 

homodimerise and bind to other protein domain structures such as spectrin repeats 

(Vallenius et al., 2000). PDZ domain proteins have been implicated in receptor organisation 

by their ability to bind the C-termini of receptors and link them with the underlying actin 

cytoskeleton (Simske et al., 1996). PDZ proteins and their binding partners have also been 

implicated in regulation of transcription (Estell et al., 2003). It was also proposed that the 

C-terminus of proIL-16 folded into a PDZ like domain although crystallographic analysis 

now suggest that here the PDZ protein binding groove is filled by a tryptophan residue 

preventing its ability to function as a classical PDZ domain (Muhlhahn et al., 1998). This 

point is still contentious and it is interesting that there has been a recent report that the 

multiple PDZ domain containing protein PDZD2 contains a C-terminal PDZ-like domain 

with close homology with that of IL-16 including the tryptophan residue. Furthermore 

PDZD2 is capable of becoming cleaved by caspase 3 at a homologous site to the cleavage 

site of proEL-16, resulting in secretion of the C-terminal fragment (Yeung et al., 2003). The 

relevance of the N-terminal PDZ domain of proIL-16 to its function is only just being
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explored. Over expression studies in Cos7 cells have suggested that the N-terminal PDZ 

domain may allow proIL-16 bind to HTLVl oncogenic Tax protein and that Tax binding 

prevents proIL-16 induced cell cycle inhibition (Wilson et al., 2003).

In the present chapter we aim to confirm that proIL-16 is recognised by PAP-1 in activated 

T cells and to confirm that the Serl44 site is the recognition site of PAP-1. Next we hope to 

identify the signalling pathway that mediates prolL-16 phosphorylation in activated T cells 

and finally explore the purpose of Serl44 phosphorylation. Here we will explore the 

possibility that Seri44 phosphorylation could be implicated in cleavage and secretion of IL- 

16, modulation of cell cycle by the N-terminal pro-domain or involved in protein 

degradation and turnover.

5.2 RESULTS

5.2.1 Biochemical confirmation that proIL-16 is PAPlp85

To confirm the identity of the pro-form of IL-16 as the PAPlp85 protein seen in activated T 

cells, a monoclonal antibody specific for IL-16 was used to immunoprecipitate the 

molecule from quiescent and activated T cells. This antibody recognises the carboxy 

terminus of prolL-16. Quiescent T lymphoblasts were stimulated either with SD Fla, 

UCHTl or lL-2 for 2-15 minutes. After stimulation cells were lysed and the IL-16 antibody 

was used to immunoprecipitate IL-16. The IL-16 immunoprecipitates were then subjected 

to Western blot analysis with PAP-1. The data in figure 5.1 show that prolL-16 

immunoprecipitated from quiescent T cells was not immunoreactive with PAP-1 whereas 

prolL-16 isolated from T cells activated by antigen receptors, lL-2 or with the chemokine
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SD Fla was recognised by PAP-1. IL-16 phosphorylation in response to TcR triggering was 

detected at 2 minutes and sustained at 15 minutes. In contrast, S D F la  induced 

phosphorylation of IL-16 was transient; maximum at 2 minutes and thereafter declining. 

IL-2 induced phosphorylation of IL-16 was also transient.

5.2.2 PAP-1 recognises Serl44 phosphorylated proIL-16

PAP-1 is able to recognise proIL-16 in T-lymphoblasts activated by a variety of stimuli. To 

confirm that PAP-1 was identifying phosphorylation of the Serl44 site, we planned to 

compare antigen induced phosphorylation of either the wild type proIL-16 or proIL-16 

mutated at the Serl44 site. proIL-16 cDNA within the pcDNA 3.1 vector (Invitrogen) was 

kindly provided by Michael Baier (Paul Ehrlich institute Langen, Germany). Using the 

Quikchange site-directed mutagenesis kit (Stratagene), the Seri44 site in pro-IL16 was 

changed to an alanine; this mutant will be referred to as proIL-16 S144A. All constructs 

were verified by DNA sequencing. proIL-16 was also N-terminally tagged with green 

fluorescent protein (GFP) using the Invitrogen ‘gateway’ system as summarised in figure

5.2 and the materials and methods section (Fig 2.2). A summary of all the constructs made 

and used in this chapter is in figure 5.2.

127



FIG 5.1

Stimulus SDFl a IL-2 UCHT 1

Ti me 0 2 5 15 0 2 5  15 0 2 5  15min

97kD a^

66kD a^

IP:anti-IL-16, WB: PAP-1

97kDal

66kDa ►

IP:anti-lL-16, WB: anti-IL-16

FIG 5.1
PAPlpSS CO immune precipitates with IL-16 antibody in stimulated T 
cells
T cells were left unstim ulated (0) or treated for the indicated tim e w ith  either 
U C H Tl at lOpg/mL, S D F la  at lOng/mL or IL-2 at 20ng/m L. proIL-16 was 
im m unoprecipitated from whole cell lysates and subjected to W estern 
blotting using PAP-1 (top panel). The m em brane was then stripped and 
reblotted with an anti-IL-16 antibody.



FIG 5.2
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To further verify that IL-16 was recognised by PAP-1 a series of experiments with 

transfected prolL-16 constructs was carried out. The usual T cell line used for such studies 

is the Jurkat T leukaemic cell line. However, this cell line was not appropriate for these 

experiments because we know that the PAP-1 reactive proteins are regulated by P13K 

sensitive signalling pathways (see chapter 3). Jurkat cells do not express the inositol lipid 

phosphatases PTEN or SHIP and consequently have very high basal levels of P1(3 ,4 ,5 )P3 

and high activity of the S/T kinases regulated by P13K. Accordingly the B lymphoma cell 

line A20 and Cos? cells were used for experiments with prolL-16 mutants. The reason for 

choosing A20 cells is that they are readily transfectable and have relatively normal 

pathways of inositol lipid metabolism as they express normal levels of the inositol 

phosphatases PTEN and SHIP. In particular, Pl(3,4,5)Pg pathways are tightly controlled by 

the antigen receptor expressed in these cells (the B cell antigen receptor or BcR). A20 cells 

were transfected with either wild type prolL-16 or the prolL-16 S I44A mutant cDNA. 

After 12 hours, the transfected A20 cells were either left unstimulated or activated for 5 

minutes by triggering the B cell antigen receptor with anti BcR antibody fragment F(ab)’2 

which cross links the BcR and activates downstream antigen receptor activated serine 

kinases. prolL-16 was immuno-precipitated with IL-16 antibodies and subjected to Western 

blot analysis with PAP-1. The results (Fig 5.3) show that PAP-1 was immunoreactive with 

prolL-16 isolated from antigen receptor activated cells but not quiescent cells. In contrast, 

PAP-1 cannot recognise the prolL-16 S I44A mutant isolated from antigen receptor 

activated B cells. Western blot analysis with a pan-lL-16 monoclonal antibody confirmed 

equal loading of wild type prolL-16 and the prolL-16 S I44A mutant (Fig 5.3). The 

experiment was repeated using the GFP tagged IL-16 constructs. A20 cells were transfected
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with GFP-proIL-16 or GFP-proIL-16 SI44A cDNA. After 12 hours, the cells were either 

left unstimulated or activated by triggering the BcR. The results (Fig 5.4) show PAP-1 was 

able to bind GFP-proIL-16 isolated from BcR activated cells but not quiescent cells. PAP-1 

was unable to recognise the GFP tagged proIL-16 S144A mutant isolated from quiescent or 

activated B cells.

Center and colleagues have used Cos7 cells to probe IL-16 function (Zhang et al., 2001). 

We therefore explored the pro IL-16 Serl44 phosphorylation in Cos7 cells. Accordingly, 

proIL-16 or the S I44A mutant were transfected into Cos7 cells. The cells were then 

maintained in culture using D-MEM media together with 10% foetal calf serum for 24 

hours and then either left unstimulated or stimulated with Epidermal growth factor (EGF) 

for 5 minutes. proIL-16 was immuno-precipitated with IL-16 antibodies and subjected to 

Western blot analysis with PAP-1, stripped and reprobed with anti-IL-16. The results show 

that PAP-1 was immunoreactive with the wild type proIL-16 isolated from EGF activated 

cells but not quiescent cells (Fig 5.5). PAP-1 did not recognise the proIL-16 SI44A mutant 

isolated from either quiescent or EGF stimulated cells. Collectively these results confirm 

that PAP-1 recognises phosphorylated Serl44 in proIL-16 and that this serine is 

phosphorylated in response to antigen receptor activation in lymphocytes or EGF receptor 

stimulation in Cos7 cells.
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FIG 5.3

Transfected cDNA pro IL16

Stimulation Control F(ab)’2 

97kDa

pro IL 16S144A

Control F(ab)’2

IP: anti-IL-16, WB: PAP-1

97kDa

IP: anti-IL-16, WB: anti-IL-16

FIG 5.3
Identification of Phospho Serl44 in proIL-16 as the binding site of PAP-1
A20 cells were transfected with 20pg hum an proIL -I6  cDNA or with a point 
m utant from serine to alanine (proIL-I6  S I44A). Eight hours later cells were 
left unstim ulated (0) or activated via the BcR with lOp-g/mL o f  an anti-mouse 
F(ab)’2 antibody fragm ent for 10 minutes. proIL-16 was im m unoprecipitated 
from whole cell lysates and subjected to W estern blotting using PAP-1. The 
mem brane was stripped and reprobed with IL-16 antibody.



FIG 5.4

Transfected cDNA:
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FIG 5.4
Identification of phospho-Serl44 in GFP-proIL-16 as the binding site of 
PAP-1
A20 cells were transfected w ith 20pg hum an prolL-16 cDNA. A fter 6 hours the 
cells were stimulated by anti BcR F(ab)’2 fragment. Lysates were 
im m unoprecipitated with IL-16 antibody and subjected to W estern blotting 
using PAP-1. The m em brane was stripped and reprobed with IL-16 antibody.



FIG 5.5

Transfected cDNA pro IL16 pro IL16 S I44A

Stimulation Control 

97kDa #
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FIG 5.5
Cos7 cells stimulated with EGF are able to phosphorylate proIL-16
Cos7 cells were transfected with 10p,g human IL-16 cDNA or hum an IL-16 
S I44A cDNA using lipofectamine. A fter 24hrs the cells were stim ulated w ith 
epidermal growth factor for 5 minutes. The cells were lysed and an immuno 
pull down w as performed using anti-IL-16 antibody. The pull down was then 
w estern blotted with PAP-1 antiserum, stripped and reprobed with anti-IL-16 
antibody.



There is a caveat regarding ectopically expressed proEL-16 and GFP-proIL-16. Notably, 

endogenous proIL-16 in human T cells migrates as an 85 and SOkDa doublet that is 

recognised by PAP-1 and identified in chapter 4. However, when expressed in A20 cells 

and immunoprecipitated with anti-EL-16 we noted that at least two bands reactive with the 

C-terminal proIL-16 antibody can be seen in the immunoprecipitates; one migrating as 

expected at 85kda and the other migrating at 50kDa (Fig 5.6). In contrast probing anti-EL- 

16 immunoprecipitates from primary T cells yields only an 85kDa band and PAP-1 only 

sees a p85/80 doublet in T cell lysates. We conclude that proIL-16 is constitutively cleaved 

in A20 cells resulting in expression of full length proIL-16 and a truncated form of proIL- 

16 that lacks a major portion of the N-terminus including Serl44 that is recognised by 

PAP-1. To explore this further, whole cell lysate from Cos? cells and A20 cells transfected 

with either GFP, proIL-16 or GFP-proEL-16 were Western blotted with either anti-EL-16 or 

anti-GFP (Fig 5.7). In the GET tagged constructs, proEL-16 is N-terminally tagged with 

GFP. GFP antibodies can be used to probe for the N-terminus of the protein whereas the 

XL-16 antibody recognises the C-terminus. In both A20 and Cos? cells transfected with 

GIT-proEL-16, GIT and EL-16 antibodies recognised a protein of 120kDa corresponding to 

full-length GFP tagged proIL-16. However, in addition to this the IL-16 antibody also saw 

additional truncated fragments that lack the N-terminal GFP tag. The truncated fragments 

were similar in both cell lines. Similar bands are seen in total lysate probed with anti-GIT 

but in A20 cells these are faint compared with the bands seen in the anti-IL-16 blot. We 

conclude accordingly that when proIL-16 undergoes cleavage in A20 cells, the C-terminal 

fragment is relatively stable whereas the N-terminal fragments are rapidly degraded (Fig 

5.?).
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FIG 5.6

Cell type A20 Primary T cell

Transfected cDNA pro IL16

97kDa

66kDa
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50kDa
fragment

IP: anti-IL-16 WB: anti-IL-16

FIG 5.6
proIL-16 is N-terminally cleaved when transfected into A20 cells
10^ A20 cells were transfected with 20fxg o f  proIL-16 cDNA. Together with 
3 x10*  primary human T lymphoblasts, cell lysate was im m unoprecipitated 
with anti-IL-16 and subsequently western blotted for IL-16. In addition to the 
85kDa band reperesenting full length proIL-16 a second 50kDa band is seen 
in the A20 cells but not in the hum an T blasts.



FIG 5.7

Cell line A20 Cos?

cDNA Cont GFP GFP-proIL-16 prolL-16
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FIG 5.7
GFP-proIL-16 is cleaved into multiple fragments in both Cos7 andA20 cells
A20 and Cos7 cells were tranfected with either GFP, GFP-proIL-16, proIL-16 or 
nothing (Cont). W hole cell lysate was probed w ith either anti-GFP or anti-IL-16 
to visualise N-term inal or C-terminal fragments in these cells.



5.2.3 Investigation of the signalling pathways responsible for proIL-16 Serl44  

phosphorylation

Inhibitor experiments in chapter 3 had indicated that antigen receptors induced 

phosphorylation of the PAP-1 reactive p85 protein corresponding to proIL-16 by PI3K and 

MEK sensitive pathways. In subsequent experiments to probe the pathways able to induce 

phosphorylation of proIL-16 on Serl44, we looked at the ability of an active PI3K or an 

active Ras mutant (as a route to activate MEK) to induce proIL-16 phosphorylation.

To study the effect of PI3K on proIL-16 phosphorylation we used a well characterised, 

constitutively active mutant of PI3K; rCD2pllO. This consists of the p i 10 catalytic subunit 

of P13K fused with the membrane spanning and extracellular domain of rat CD2. This 

construct targets p i 1 0  to the plasma membrane enzyme rendering it constitutively active 

(Reif et al., 1997; Reif et al., 1996). To study the MAPK pathway we used a constitutively 

active Ras mutant; V12 Ha-Ras. This mutation of the Ha-Ras protein locks this GTPase in 

a constitutively active state where it accumulates in the GTP bound form and robustly 

activates the Raf-l/MEK/ ERK1,2 pathway in lymphocytes (Izquierdo et al., 1993). This 

active Ras mutant also has the potential to stimulate P13K (Rodriguez-Viciana et al., 1994) 

but any effects of P13K can be abrogated with the P13K inhibitor Ly294002.

The data in figure 5.8 analyse pro IL-16 Serl44 phosphorylation in Cos? cells expressing 

either active P13K or active Ras in the presence or absence of the P13K inhibitor LY294002 

or the MEKl inhibitor PD98059. Cells were transfected as before and 24 hours later were 

incubated with media with or without the inhibitors indicated in figure 5.6. After two hours
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the cells were lysed and analysed using IL-16 immunoprécipitation. As controls for PI3K 

activation the activity of PKB was assessed using the phospho-Ser473 PKB antibody on 

protein extracts from whole lysate. The control for activation of MAPK pathways was 

analysis of the phosphorylation of a downstream substrate for ERKs; p90-RSK.

The results show that expression of active PI3K, rCD2pllO, induced phosphorylation of 

PKB but did not induce Serl44 phosphorylation on proEL-16. In contrast, activation of Ras 

pathways induced Serl44 phosphorylation on proIL-16. Activation of Ras in Cos? cells 

simultaneously activated PI3K and MAPK as judged by its effects on PKB and RSK 

phosphorylation. However, Ras stimulation of PKB phosphorylation was prevented by the 

P3K inhibitor LY294002 whereas IL-16 phosphorylation was maintained. Conversely, the 

MEKl inhibitor PD98059 inhibited Ras induced phosphorylation of proIL-16 but did not 

prevent Ras activation of PKB.

These results show that activation of the Ras/MAPK pathway but not PI3K is sufficient to 

induce phosphorylation of Serl44 in proIL-16.
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FIG 5.8
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FIG 5.8
Phosphorylation of Ser-144 proIL-16 is dependant on a MAPK pathway
Cos7 eel Is were transfected with lOpg human GFP-proIL-16 cDNA together 
with either IO|ig rC D 2 p lI0  or 6pg V12 Ras. After 6 hours V I2  Ras 
translee ted cells were incubated for a further hour with either the inhibitors 
LY294002 or PD98059. GFP-proIL-16 was im m unoprecipitated from whole 
eell lysates and subjected to W estern blotting using PAP-1. The m em brane was 
stripped and reprobed with GFP antibody. W hole cell lysate from the 
experim ent was western blotted and probed with anti phospho-PKB and anti 
phospho-Ser380 p90 RSK.



5.2.4 Signalling pathways that control IL-16 secretion in human T cells.

IL-16 lacks a secretory leader sequence and the mechanism behind the secretion of IL-16 is 

not understood (Baier et al., 1997). proIL-16 is expressed in both CD4 and CD8 + T cells. 

The cleavage of IL-16 from pro EL-16 is thought to be mediated by caspase 3 (Zhang et al., 

1998b). TcR stimulation of both CD4+ and CD8 + T cells leads to cleavage and activation 

of caspase 3 from its proform, in turn resulting in cleavage of intracellular stores of proIL- 

16 and secretion of IL-16 (Wu et al., 1999). In CD8 + T cells the cleaved IL-16 can be 

stored in a poorly defined intracellular compartment; these stores are released following 

stimulation with bioactive inflammatory amines including histamine (Laberge et al., 1995) 

and serotonin (Laberge et al., 1996). There are many examples of the regulation of protein 

cleavage/degradation by protein phosphorylation such as in the NF-kB pathway (Karin and 

Ben-Neriah, 2000). In the light of this, we considered whether TcR mediated Serl44 

phosphorylation may be involved in the regulation of proEL-16 processing.

In initial experiments to explore this point the effect of the PI3K inhibitor LY294002 and 

the MEK inhibitor PD98059 on TcR mediated secretion of IL-16 was studied because 

treatment of T cells with these inhibitors prevents TcR induced Seri44 phosphorylation. 

The data (Fig 5.9) show that TcR triggering of T lymphoblasts with the CD3 antibody 

UCHTl induces secretion of IL-16. This response is inhibited by the inclusion of 

LY294002 or PD98059 although these kinase inhibitors do not completely abrogate the 

response. These results reveal that EL-16 secretion is regulated in part by the MAP kinase 

pathway. In these experiments it cannot be proven that MAP kinases are required because 

they phosphorylate SerI44 in proIL-I6 . To address this point we would need to compare
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secretion of wild type and the S144A mutant of proIL-16. IL-16 secretion is assayed by 

ELISA and to compare secretion of IL-16 mutants they need to be expressed in cells that 

have no endogenous IL-16. One option would be to use Cos? cells but these spontaneously 

cleave IL-16 and secrete the mature cytokine (Zhang et al., 1998b). Moreover, in the light 

of significant differences in the regulation of secretion of EL-16 in cells as similar as CD4+ 

and CD8 + T cells (Wu et al., 1999) it seems unlikely that a non-lymphoid cell will provide 

a useful model of IL-16 secretion. We therefore explored EL-16 secretion in the A20 

lymphocyte.

5.2.5 Intracellular localisation of proIL-16 in A20 cells

Prior to looking at the secretion of EL-16, we examined the localisation of proIL-16 and its 

mutants and looked to see if proIL-16 and its cleavage fragments had any impact on 

viability and cell cycle progression of A20 cells. The rationale for looking at this point was 

that it has been described that when expressed in Cos? cells, IL-16 is cleaved from the pro 

form of the cytokine. The resulting N-terminal fragment localises to the cell nucleus where 

it can suppress cell cycle progression and cause cells to accumulate in the GO/Gl phase of 

the cell cycle (Wilson et al., 2002; Zhang et al., 2001).

Accordingly, A20 cells were transfected with either GFP tagged wild type proEL-16 or the 

S144A mutant of proEL-16. Cells were either left quiescent or stimulated by addition of anti 

BcR F(ab)’2 fragment 10 minutes prior to cell fixation. The intracellular location of proEL- 

16 was then examined by confocal microscopy. The results (Fig 5.10) show that proEL-16 

is exclusively cytoplasmic when expressed in A20 cells and there is no evidence that its 

distribution changes following BcR stimulation which would induce Serl44
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phosphorylation of proIL-16. The intracellular distribution of wild type proIL-16 or the 

S144A mutant of proIL-16 was indistinguishable. (Fig 5.10). Note that in these experiments 

we are looking at the distribution of GFP tagged proIL-16 and we know from the 

experiments illustrated in figures 5.4 and 5.8 that GFP tagged proIL-16 corresponds to the 

full-length proIL-16 protein

This cytosol restricted location of proIL-16 in B cells was in marked contrast to the 

reported localisation of the protein in Cos7 cells where proIL-16 can be seen in the nucleus 

(Zhang et al., 2001). When we examined the intracellular location of proIL-16 in Cos? cells 

we noted that approximately 50% of cells would show nuclear localised proIL-16 whereas 

the other 50% of cells had proIL-16 in the cytosol (data not shown). The results were 

similar for the SI44A proIL-16 mutant. In no experiment could we see evidence that EGF 

treatment of Cos? cells, which stimulates Seri44 phosphorylation, induces a change in the 

intracellular distribution of proIL-16. Nor could we see any difference in the intracellular 

distribution of wild type and the S I44A mutated proIL-16.

We next looked at intracellular localisation of GFP tagged N-terminal fragment, lacking the 

mature cytokine C-terminal region with its PDZ-like domain. A20 cells transfected with 

this construct showed a similar cytoplasmic localisation in marked contrast with that found 

by Zhang and co-workers who describe this mutant as being nuclear localised (Zhang et al., 

2001). The cytoplasmic localisation was unaffected by the Serl44 mutation (Fig 5.11).
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FIG 5.9

IL-16 SECRETION BY T-BLASTS IN RESPONSE TO TcR STIMULATION
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FIG 5.9
T cell secretion of IL-16 is increased by activation by plated UCH Tl.
T cells were cultured at 10^ /mL for two days and either left non stim ulated (Cont) 
or stim ulated with plated UCHT-1 at lOpg/mL in the presence or absence o f  the 
inhibitors LY294002 (LY) or PD98059 (PD). Culture m edia was harvested at 
12and 24hr and the concentration o f IL-16 was determ ined by ELISA.



FIG 5.10

A20 transfected with GFP-proIL- 
16 cDNA

A20 transfected with GFP- proIL-16 
S I44A cDNA

A20 transfected with GFP- proIL- 
16 and stim ulated w ith F(ab)’2 

antibody fragm ent

A20 transfected with GFP- proIL- 
16 S I44A and stim ulated with 
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FIG 5.10
Both GFP-proIL-16 wt and S144A cDNA remain cytosolic when transfected in 
A20 cells
A20 cells, transfected with 20pg o f either GFP-proIL-16 or GFP-proIL-16 S I44A 
cDNA were incubated for 12 hours before being left non-stim ulated or stimulated 
with F(ab)’2 for 10 minutes. Cells were washed in cold PBS and fixed in 4% 
paraform aldehyde. Cells were analysed by confocal m icroscopy, green indicating 
GFP fusion protein localisation



FIG 5.11

A20 transfected with N-terminal 
proIL-16 cDNA

A20 transfected with N-terminal 
proIL-16 and stim ulated w ith F(ab)

A20 transfected with N-term inal 
proIL-16S144A  cDNA

A20 transfected with N-term inal proIL- 
16 S I44A and stim ualted with F(ab)

FIG 5.11
Both GFP-N-terminal IL-16 and GFP-N-terminal IL-16 S144A cDNA 
remain cytosolic when transfected in A20 cells.
A20 cells, transfected with 20pg o f  GFP-N term inal proIL-16 or GFP-N- 
terminal proIL-16 S I44A cDNA were incubated for 24 hours in complete 
media. Cells were stim ulated with F(ab)’2 antibody fragm ent for 10 minutes 
before being washed in cold PBS and fixed in 4% paraform aldehyde. Cells were 
subsequently stained in propidium iodide to visualise the nucleii. Cells were 
analysed by confocal m icroscopy, green indicating GFP localisation and red, 
propidium iodide.



5.2.6 Effect of proIL-16 on cell cycle progression in A20 cells

Since it has been reported that ectopic expression of proIL-16 can suppress cell cycle 

progression we examined the impact of proIL-16 expression in A20 cells. The data in 

figure 5.12 and 5.13 show that A20 cells transfected with GFP alone have the cell cycle 

profile of cells in the exponential growth phase; 50% of the cells are in the proliferative 

phase of the cell cycle S and G2/M. In contrast, cells transfected with either GFP-proIL-16 

or GFP-N terminal fragments show a subtle but reproducible partial G1 arrest with a 13% 

(+/- 2%) rise in the proportion of cells in G1 when transfected with the full length proIL-16 

construct and a 20% (+/- 2%) rise in the proportion of cells in G1 when transfected with the 

N-terminal construct. These changes were relatively small but are similar to that reported 

for proIL-16 suppression of Cos? cells (Wilson et al., 2002; Zhang et al., 2001) and were 

reproducible (Fig 5.13). In the experiment shown, the A20 cells were not stimulated so 

there should be no phosphorylation of proIL-16 on Seri44. The weak cell cycle inhibitory 

actions of proIL-16 seem to not need Serl44 phosphorylation. It is also possible that the 

actions of proIL-16 are not mediated by the full length protein but are mediated by the C- 

terminal fragment that is expressed in these cells. To clarify this point and to exclude that 

there might be low level turnover of Seri44 phosphorylation we compared the effects of 

wild type proIL-16 and the S I44A mutants. The data (Fig 5.10) show that the S I44A 

mutants of proIL-16 or the S144A mutant of the N-terminal fragment of proIL-16 were also 

able to suppress cell cycle progression when ectopically expressed.

5.2.7 IL-16 secretion in A20 cells

Accordingly, A20 cells were transfected with either wild type proIL-16 or the S I44A
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mutant of proIL-16 and then stimulated with phorbol esters to activate PKC or by 

triggering the BcR complex with F(ab)’2. These stimuli were chosen because both can 

robustly activate MAP kinases and induce Serl44. The data (Fig 5.14) show that A20 cells 

spontaneously secrete IL-16. The secretion of IL-16 can be induced further when the cells 

are activated with phorbol esters. However, triggering of the BcR inhibited the secretion of 

pro IL-16. In these experiments the constitutive and phorbol ester induced secretion of 

proIL-16 was not changed by the S I44A mutation. However these results should be 

interpreted with caution as A20 cells are known to cleave proIL-16 leaving a 50kDa 

fragment containing the IL-16 domain. Such a fragment forms a significant proportion of 

the total IL-16 containing protein compartment and could significantly contribute to form 

mature EL-16 by further cleavage. Any further metabolism of this fragment is unlikely to be 

physiological as such a fragment is not seen in primary T cells. In retrospect, the fact that 

ectopically expressed proIL-16 is constitutively fragmented when expressed in A20 cells 

(Fig 5.6 and 5.7) is not a good omen that these cells would be a useful model system for 

antigen receptor regulation of this process.
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FIG 5.12
Transfection of GFP-proIL-16 or proIL-16 S144A cDNA in A20 cells
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FIG 5.12
Transfection of proIL-16 or N-terminal proIL-16 causes a partial GO/ G1 
arrest in A20 cells but this is unaffected by the phosphorylation status of 
the S144A group.
10^ A20 cells transfected with 20|Lig o f  either GFP or the respective Ser-144 
and Ala-144 variants o f GFP-proIL-16 or G FP-N term inal-proIL-16. After 18 
hours o f  culture at lOVmL, cells were stained with Ho33342. The cell cycle 
status was then analysed on a FACS Calibur flow  cytom eter (Becton 
Dickinson) using F L l to gate on the green fluorescence o f  the transfected cell 
population and FL4/5 to gate on the ultra-violet fluorescing Ho33342 dye.



FIG 5.13

Effect of proIL-16 construct transfection on cell cycle in A20 cells
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FIG 5.13
Transfection of N-terminal proIL-16 causes a partial GO/ G1 arrest in A20 
cells.
A20 cells transfected with 20pg o f either GFP or the respective S e r i44 and 
Ala 144 variants o f  GFP N term inal-prolL -16 together with or without V12- 
Ha-Ras. A fter 18 hours, cells were stained w ith Ho33342. The cell cycle status 
was then analysed on a FACS Calibur flow  cytom eter (Becton Dickinson) 
using FLl to gate on the green fluorescence o f the transfected cell population 
and FL4/5 to gate on the ultra-violet fluorescing Ho33342 dye.



FIG 5.14
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FIG 5.14
Secretion of proIL-16 is enhanced by PDBu stimulation but inhibited by 
F(ab)’2 stimulation.
10^ A20 cells were transfected with 20|ag o f  either proIL-16 or proIL-16 
S I44A cDNA. A fter 6 hours the cells were resuspended at 10^ /mL in  fresh 
RPMI with 10% FCS only or with either lOpg/mL o f  an anti-m ouse F(ab)’2 
antibody fragment or 50ng/mL PDBu. After 20 hours the m edia was 
harvested and analysed for secreted IL-16 by ELISA.



5.2.8 Turnover of proIL-16

To attempt to examine the role of Serl44 phosphorylation in regulating the metabolism of 

proIL-16, ^^S-methionine pulse chase experiments were carried out in A20 cells transfected 

with wild type proIL-16 or the S I44A mutant construct. A20 cells were transfected with 

proIL-16 or the S144A mutant together with active V12 Ras mutant to ensure the wild type 

proIL-16 construct was phosphorylated on Serl44. Proteins within the transfected cells 

were labelled with ^^S-methionine. The radiolabelled cells were washed and incubated in 

non-radioactive media for zero to 48hrs to allow turnover of new protein. proIL-16 was 

immunoprecipitated from the samples. The rate of loss of radioactivity from the 

immunoprecipitated proIL-16 was determined over time (Fig 5.15 top panel). Next, the 

membrane was probed with anti IL-16 (Fig 5.15 bottom panel). As a control, the final lane 

consists of A20 cells transfected with GFP tagged N-terminal proIL-16 that lacks the C- 

terminal anti-IL-16 binding region.

The top-most band (band A), identified by autoradiography corresponds to the top band 

probed by anti-IL-16 and is the correct size for full-length proIL-16. It demonstrated a 

gradual decrease in radioactivity over time that was unaltered between cells transfected 

with wild type or S I44A mutant proIL-16. Total levels of proIL-16 determined by the 

western blot with anti-IL-16, increased over the first day after transfection and were 

maintained for the rest of the experiment. These were of similar levels between the wild 

type and the S I44A mutant. This suggests that in A20 cells the presence of Serl44 

phosphorylation does not alter the half-life of full-length proIL-16.
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Below band A, at SOkDa, lies band B. This protein was selectively immunoprecipitated 

with anti-IL-16 from A20 cells transfected with proIL-16 constructs alone. This protein was 

not western blotted by the IL-16 antibody (Fig 5.15). Our best explanation for this band is 

that it is a C-terminally cleaved form of proIL-16 that is complexed with full-length proIL- 

16 during the immunoprécipitation step. From its molecular weight, we deduce that it is 

unlikely to represent the N-terminal cleavage product that is formed when the cytokine 

monomer is cleaved from proIL-16 because this would have a predicted molecular weight 

of 65kDa, not SOkDa. With the proviso that the identity of the pSO band is not exactly clear, 

its appearance and half-life is unchanged by mutation of Serl44.

At 50kDa (Fig 5.15) lies a third band indicated by band C. This has a relatively short half- 

life. The band is recognised by anti-IL-16 and corresponds to the C-terminal fragment of 

proIL-16 (identified in Fig 5.6) lacking the N-terminus. Its appearance and turnover is 

unaffected by mutation of Serl44.
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FIG 5.15 Transfected cDNA:
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FIG 5.15
Serl44 phosphorylation status of proIL-16 does not affect the proteins 
halflife.
10^ A20 cells were transfected with either 20|Ltg proIL -I6  and lOpg V I2  Ras 
or 20pg proIL-I6 S I44A and lOpg V I2  Ras. As a control, A20 cells were also 
transfected with 30p.g GFP N-terminal fragm ent o f proIL -I6 . Cells were 
pulsed w ith ^^S-methionine before being incubated in com plete m edia for 0 to 
48 hours at lOVmL. Samples were subjected to im m unoprécipitation with anti 
IL-16 and the ^^S-methionine content determ ined from  protein bands separated 
by PAGE and blotted onto a membrane. Subsequently, the total proIL-I6  
content was determined by western blotting for IL-16.



5.3 DISCUSSION

The results show that PAP-1 recognises proIL-16 isolated from activated but not quiescent 

T cells. PAP-1 immunoreactivity with proIL-16 was induced by antigen receptor ligation or 

by T cell activation with the chemokine S D F la and cytokine IL-2. When ectopically 

expressed in A20 cells and Cos? cells, proIL-16 was not recognised by PAP-1 in 

unstimulated cells. However, PAP-1 immunoreactivity with proIL-16 was induced by 

antigen receptor triggering of A20 cells or EGF stimulation of Cos? cells. The sequence in 

proIL-16 with closest homology to the phospho-GSK3a Ser21 peptide was that 

surrounding Seri44 in the N-terminus of proIL-16. PAP-1 could not recognise a S I44A 

mutant of proIL-16 isolated from either quiescent or activated cells. These results reveal 

that antigen receptor triggering induces phosphorylation of proIL-16 on Serl44. 

Chemokines and cytokines also induce this phosphorylation.

proIL-16 corresponds to the major 85kDa protein recognised by PAP-1 in activated T cells. 

In Chapter 3 it was shown that p85 phosphorylation is regulated by PI3K and MAP kinase 

sensitive pathways. The Seri44 site of proIL-16 is predicted to be a good candidate 

substrate for the PI3K regulated kinase PKB. However, in the present chapter we show that 

activation of PI3K, which is sufficient to activate PKB, is not able to induce the 

phosphorylation of proIL-16 on Serl44. In contrast, activation of the MAP kinases by 

expression of active p2IRas was able to induce Serl44 phosphorylation on proIL-16. 

Moreover, Ras mediated phosphorylation of proIL-16 was resistant to the PI3K inhibitor 

LY294002 but was sensitive to the MEK inhibitor PD98059. As the Serl44 

phosphorylation site in IL-16 conforms to an RxRxxS/T sequence, it is likely that the
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kinase that phosphorylates this site is a member of the AGC family.

AGC family kinases known to be activated by the ERKs include the p90-RSK and MSK 

family members. The ideal way to identify the proIL-16 kinase would be to examine the 

effects of RSK and MSK inhibitors but there are no selective inhibitors for these kinases 

available commercially.

A very important question is the role of Serl44 phosphorylation of proIL-16. One 

hypothesis is that Seri44 phosphorylation regulates the C-terminal cleavage of proIL-16 

and hence controls the regulated secretion of IL-16. This prompted us to explore whether 

the secretion of IL-16 in human T cells is regulated by the MAP kinase pathway and 

whether or not any role of MAP kinases can be attributed to the phosphorylation of Serl44. 

Here we showed that TcR induced secretion of IL-16 does require MAP kinase activity. 

However, we are not sure whether the role of MAP kinases in this antigen receptor 

regulated pathway is due to phosphorylation of Serl44 in proIL-16. To establish this point 

we would have to compare antigen-regulated secretion of wild type and the S144A mutant 

of proIL-16. We attempted these experiments by ectopic expression of proIL-16 in A20 

cells but unfortunately IL-16 secretion is constitutive in these cells and not up regulated in 

response to antigen receptor ligation. In unstimulated A20 and Cos7 cells proIL-16 is not 

phosphorylated on Seri44. The constitutive secretion of IL-16 in unstimulated A20 cells 

and Cos? cells is informative because it shows that this basal production of IL-16 does not 

require Serl44 phosphorylation. Moreover, the constitutive secretion of wild type and the 

S144A mutant of proIL-16 was the same. However, a major concern in these experiments is
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that A20 lymphocytes are not a good model for antigen receptor regulation of IL-16 

production. This is demonstrated by the fact that antigen receptor ligation actually 

suppressed the basal production of IL-16 in A20 cells; the opposite of antigen receptor 

effects in T cells. We feel accordingly that the only way to look at the role of Serl44 in 

controlling the production of IL-16 is to carry out experiments in primary T cells. 

Experiments are in progress in the laboratory to develop techniques to transfect primary 

human T cells so such experiments might be possible in the future. The ultimate way to 

probe the function of Serl44 phosphorylation would be to make mice where a wild type 

allele of proIL-16 is replaced with a proEL-16 S144A mutation. The effects of deletion of 

proIL-16 in mice have not yet been reported and the ‘knock in’ approach with a S I44A IL- 

16 mutation would only be feasible if the proIL-16 knockout has an easily analysed 

phenotype.

There are many caveats regarding the study of proIL-16 half-life, function and secretion in 

cells such as A20 or Cos? that do not normally express this cytokine. Not least, because 

both cell types are able to cleave proIL-16 into a number of fragments not seen in T cells 

making investigation of the regulation of IL-16 secretion in these cells impossible to 

interpret. However, we did examine whether Serl44 had a role in any of the functions of 

proIL-16 reported in the literature. First we could find no evidence in A20 or Cos? cells 

that stimuli that induce phosphorylation of proIL-16 induced a change in the intracellular 

localisation of the molecule. Nor did the S I44A mutant of proIL-16 appear to be 

differentially localised to the wild type. However, proIL-16 was diffusely cytosolic in A20 

cells and variably spread throughout the cytosol and nucleus in Cos? cells. Therefore, the

15?



resolution of these images was insufficient to exclude differences between proIL-16 and the 

S I44A mutant.

It has been reported that ectopic expression of proIL-16 in Cos7 cells, suppresses cell cycle 

progression. In this respect, it is interesting that the activation of primary T cell 

proliferation results in down regulation of proIL-16 gene transcription perhaps indicating 

that high levels of expression of this molecule can be growth suppressive. (Cristillo and 

Bierer, 2002). The data in A20 cells confirm that ectopic expression of proIL-16 is able to 

suppress cell cycle progression. However, this action was not regulated by Serl44 

phosphorylation as it was induced by wild type proILlb under conditions where Seri44 

was not phosphorylated. Moreover, the S144A mutant of proEL-16 acted like wild type and 

suppressed cell cycle progression.

In summary, in this chapter we identify that Seri44 in proIL-16 is phosphorylated in 

response to antigen receptors, IL-2 or the chemokine SD Fla stimulation.. Serl44 has the 

potential to be a target for a number of different AGC kinases and in particular is a putative 

substrate for PKB using the Scansite motif-scanning program (Yaffe et al., 2001). 

However, we show in T cells that the phosphorylation of proIL-16 is regulated by a 

Ras/ERK1,2 pathway and not by PKB.

IL-16 is initially synthesised as a 631 amino acid precursor (proEL-16) that is enzymatically 

cleaved at a STDS site between the AsnSlO and the Ser511 by caspase 3 to form the mature 

cytokine monomer and an N-terminal fragment (Zhang et al., 1998b). We show that the
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production of the mature cytokine monomer is regulated by MAP kinases but we have been 

unable find a good cell model in which to probe the role of Seri44 in controlling cleavage 

and secretion of IL-16. This will require comparisons of the metabolism of wild type and 

Serl44 mutated proIL-16 in cells that can process the wild type protein in a physiological 

way. The present data show that A20 and Cos? cells are not good models for studying IL- 

16 biology.
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CHAPTER 6

6.1 GENERAL DISCUSSION

T cells stimulated by antigen receptor, growth factor cytokines such as IL-2 or chemotactic 

chemokines such as SD Fla all trigger an independent array of signalling molecules that 

culminate in the activation of a number of common S/T kinases. As discussed in chapter 1 

SAT kinases make up 2% of the coded genes within the genome and are responsible for over 

90% of the protein phosphorylation events within a typical cell. This huge degree of protein 

phosphorylation has paradoxically made investigation of targets of S/T kinase activity 

difficult, as significant stimulus dependent phosphorylation events are hidden in a 

background of stimulus independent ‘house-keeping’ S/T residue phosphorylation.

Anti-phospho-tyrosine antisera were key tools in the elucidation of the complex networks 

of lymphocyte specific adapter proteins that couple antigen receptors to downstream 

signalling molecules.(Chan et al., 1991; Jackman et al., 1995; Zhang et al., 1998a). Our aim 

was to be able to devise anti sera that could be used to identify phosphorylated protein 

substrates of S/T kinases in T cells. Using this anti serum we hoped to increase our 

understanding of the signalling pathways that govern T cell activation in response to 

antigenic stimulation. We felt it was necessary to use biochemical analysis in intact cells to 

define S/T kinase networks in T cells rather than in vitro analysis in cell extracts. The 

reason for this preference is that the substrate specificity of a kinase may be mediated by 

the larger structure of the protein target than simply the phosphorylation pocket shape. 

There may be other regions of the target protein that mediate binding of the Serine kinase to

160



its target. Finally, localisation of both the target protein and potential kinase may determine 

whether they will be able to interact under in vivo physiological conditions. The cellular 

distribution of PKB is tightly controlled within a lymphocyte with an initial protein 

localisation at the time of activation followed by rapid transit to the nucleus (Astoul et al., 

1999). Similarly PKC family members can be chaperoned to particular cellular regions by 

interacting proteins including RACKs (receptors for activated C kinase) and STICKs 

(substrates that interact with C kinase) (Bauman and Scott, 2002).

In chapter 3 we describe making an antiserum termed PAP-1 which was obtained from 

rabbits immunised with a phospho-peptide RARTSpSFAEP that corresponds to 

phosphorylation site of Serine 21 in GSK3a. We hoped that in addition to identifying 

phosphorylated GSK3a this antibody would also identify a subset of proteins which are 

substrates for S/T kinases activated in T cells in response to antigen receptor ligation. The 

results show that PAP-1 can be used to define other substrates for antigen receptor 

regulated kinases that are phosphorylated in parallel to GSK3a and which contain a 

sequence structurally similar to GSK3a Ser21. PAP-1 thus recognises a tier of serine 

kinase substrates regulated by antigen receptors.

The immunising peptide for PAP-1 (GSK3a Ser21) is a PKB substrate but it should be 

emphasised that PAP-1 is also able to recognise proteins phosphorylated via PKC pathways 

in T lymphocytes. This prevents PAP-1 for being used as a reporter for activation of a 

particular kinase pathway. Moreover, in the context of PKB, PAP-1 only recognises a 

subset of PKB substrates. Oligopeptide competition experiments demonstrate the high
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degree of specificity PAP-1 has for the flanking residues around the target serine. This 

restricts the specificity of PAP-1 but the optimal oligopeptide target sequences for many 

AGC kinases are very similar particularly between the PKB, p90-RSK and MSK families 

that show a high degree of homology in their respective kinase domains. However, this lack 

of specificity for a particular serine kinase pathway does not preclude PAP-1 from being a 

useful tool to identify novel S/T kinase substrates in TcR activated cells. Experiments with 

PAP-1 allowed us to identify two novel substrates for TcR regulated S/T kinases in human 

T lymphocytes. This work has led us to conclude that PAP-1 is a useful tool for exploring 

novel S/T kinase substrates in lymphocytes. It could be useful to use PAP-1 and similar 

antisera to compare the phospho-proteome of primary lymphocytes of different lineages 

(i.e. CD4+ and CD8 + T cells) or of different stages of development/differentiation (i.e.: 

naïve, effector and memory T and B cells).

In chapter 4 we discussed the strategy for purification of two of the PAP-1 identified 

proteins, PAPlp55 and PAPlp85. We were unable to immunoprecipitate proteins using the 

PAP-1 antiserum and elected to use column chromatography to partially purify both 

proteins before using two-dimensional gel electrophoresis as a final step. Protein spots were 

trypsinised and identified by mass spectroscopy. PAPlp55 was identified as the Sterile 

alpha motif - Src homology 3 (SAM-SH3) containing protein SLY, PAPlp85 was 

identified as the cytokine precursor protein proIL-16. Analysing the amino acid sequences 

identified two likely PAP-1 identification sites. Using the Scansite program, Ser27 in SLY 

conforms to a site of likely PKC phosphorylation and Seri44 in proIL-16 conforms to a site 

of likely PKB phosphorylation, both consistent with the findings of experiments in chapter
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3. Despite being candidate sites for different protein kinases as defined by Scansite, there 

are a number of similarities between the Ser27 site in SLY and the Serl44 site of proIL-16 

respectively; both contain two serines followed by a phenylalanine residue. The similarity 

was confirmed by the peptide competition experiment in figure 4.7; phospho-oligopeptides 

from SLY and proIL-16 were both able to compete out the PAPlp55 and p85 bands. SLY 

is a member of a family of SAM-SH3 containing proteins: examining their sequences in a 

number of species shows a homologous site to the Ser27 position in a number of SAM-SH3 

family proteins that is preserved across species (Fig 6.1). proIL-16 has one close family 

member, neuronal-proIL-16 that is highly homologous but contains an additional N- 

terminal PDZ domain, the Serl44 site is preserved between these two proteins. The 

sequences of proIL-16 have been published for the major primates (Bannert et al., 1998). 

Like Ser27 in SLY, the Serl44 site is conserved, although in some animals the arginine at 

the -5 position is replaced with a similarly positively charged lysine.

Work by Manning et al (Manning et al., 2002) has suggested it is possible to identify S/T 

kinase substrates using a bioinformatic method. We used the known properties of PAP-1 

and the information gleaned from 2D-SDS PAGE to see how useful a bioinformatic 

approach would have been in identifying both proIL-16 and SLY.

If we interrogate the Swissprot database for proteins containing a peptide sequence 

corresponding to that of Ser21 in GSK3a, then a short list of 13 proteins with a predicted 

molecular weight of 85kDa was obtained. Similarly nine candidates for a 55kDa protein 

were obtained. The p85 list contained proIL-16 but the p55 list did not contain SLY
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because this sequence is not yet in the database. The p55 list did contain a close relative of 

SLY: SAMSN-1 that contains a site homologous to Ser27 of SLY (Fig 6.1). SAMSN-1 

transfected into antigen receptor stimulated A20 lymphocytes is identified by PAP-1 on 

Western blot (E.Astoul, personal communication). This highlights the advantages and 

disadvantages of such an approach. To obtain cDNA sequences suitable for cellular 

transfection per candidate is not trivial especially when there is a chance that the actual 

protein is not on the list either because it is not listed within the scanned protein database or 

because the search criteria are too strict. However, data base mining can identify new 

candidates such as SAMSN-1 that were not identified by our protein purification approach.

In summary, the present data show that PAP-1 has been invaluable for T cell studies. 

Similarly, the BPS antiserum produced by Cell Signalling Technologies has allowed a 

number of laboratories to identify novel substrates for PKB (Basu et al., 2003; Berwick et 

al., 2002; Kane et al., 2002; Manning et al., 2002). There are merits and disadvantages of 

using ‘wet laboratory’ techniques versus bioinformatic approaches to identify candidate 

proteins indicated by the antisera. Advances in technology will benefit both techniques as 

protein databases become more comprehensive and protein purification techniques become 

more sophisticated with mass spectrometry able to identify protein derived from smaller 

samples.
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FIG 6.1

PAP-1 recognition site
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