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AGAINST THE MAJOR PROTEIN KINASE B ISOFORMS. 

By Neil P. Jones. 

TTie study of cell signalling is important in elucidating the roles of many proteins in cellular 
functions. Signalling factors such as insulin act via receptor mediated transduction cascades to 
bring about a variety of effects including controlling translation, metabolic regulation and the cell 
cycle. Most of these effects are mediated by phosphorylation of serine, threonine or tyrosine 
residues of proteins and hence protein kinases have a crucial role to play in regulation 

One such important signal transduction protein is the serine/threonine kinase; protein kinase B 
(PKB) which is also referred to as Akt. PKB was discovered in 1990 and is a 60kDa cytosolic 
protein with 3 known isofbrms (a, p, y). PKB has been shown to be activated in response to a 
variety of &ctars including insulin, EGF and PDGF, and this activation has been shown to 
involve PI 3 kinase and the recently discovered kinase, PDKl. 

To date PKB has been proposed to be involved in the regulation of many cellular processes 
including: apoptosis, protein synthesis and insulin stimulated glucose/glycogen metabolism. 
Possible roles for PKB include the translocation of GLUT4 transporters to the plasma 
membrane, inhibition of glycogen synthase kinase-3 (GSK-3) and activation of S6 kinase. PKB 
has also been proposed to act as a survival factor. Direct evidence for these and other roles for 
PKB is still lacking and is now urgently sought. 

Towards this objective I have developed, 2 eSective antisense oligcmucleotides speciGc for eidier 
the a or p isofbrms of PKB, which have been shown to d ^ Ids the levels of that iso&rm by over 
90% in 3T3-L1 fibroblasts and adipoctyes. Optimum conditions (time/concentration) have now 
beei laid down for these 2 probes and by using various ccmtrol oligonucleotides (sense, random 
and mismatch) I have shown these probes to be both speciSc and very effective inhibitors of each 
target PKB isofbrm. 

Using these probes 1 have already established a critical role for PKBa in the differaitiation of 
cells (3T3-L1 fibroblasts to adipocytes). Use of these probes also suggests that PKBd and PKBP 
are not involved in the growth factor induced phosphorylation and activation of S6 kinase in the 
cell lines tested. A suitable peptide based assay for analysing the activation of GSK-3 was 
developed and preliminary studies into the position of GSK-3 in signalling pathways undertaken. 
A specific PKBy antisense probe has also been devised and is currently under test. 

As the developed antisense probes are the first inhibitors against PKB available, it is hoped they 
can be used not only to establish the roles of PKB in various complex cell processes, but also aid 
understanding of certain diseases which this cascade mav be involved in. 
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L I I k t t r o d u c d o n t o C e H S B g n a H m g . 

1.1.] General Intrcxiuctioo to Signalling 

This projccl is an invcsugalion into ccll signalling with particular refercnoc lo Ihc roles of insulin in 

signal transduction and the use of antiscnsc tcchniqucs to investigate these functions. The research group 

I am working in, is or has been involved in studies into various signalling pathways particularly the 

proteins involved in the mitogen activated protein kinase (MAPK) cascadc and how groMh factors and 

in particular insulin afket this Proteins investigated by the group to date include; the insulin receptor 

(Asamoah cf a/. 1995), the insulin receptor serine kinase (Carter e/ a/. 1995), MAPK (Sale a/. 1995), 

ribosomal S6 kinases, and protein tyrosine phosphatases (PTPa) (Amott (i-/ a/. 1999) all of wiiich have 

roles in insulin signalling and/or MAP kinase pathways. 

The project is mainly concerned with the signalling protein. Protein kinase B (PKB) (reviewed in Coffer 

1998, Kandel a/. 1999) which has been found to be insuhn (and otjher growth factors) sensitive 

and so likely to be important in cellular communication (see section 1.2). In order to investigate this 

protein, a variety of techniques are being employed including cell culture work, antisense studies, kinase 

assays and Western blotting, wiA the goal of the research being to establish the position, roles and 

importance of these proteins in signal transduction in response to insulin and other factors. The initial 

aims were to develc^ isofbrm specific antisense probes against die m^or PKB isofbrms and thai to use 

these probes to investigate the roles of PKB in cell signalhng. The overall aims are hence to tiy to further 

the knowledge and understanding of growth factor signalhng (especially insulin) and the cellular proteins 

involved in mediating the desired respcwises. 

Before discussing PKB in some detail it is Grstly important to give a brief overv iew of cell signalling 

with particular referaicc to the roles of insulin in signalhng. 

1.1.2 Overview of Cell signalling 

The Held of cell signalhng is an ever changing, growing area of research. Roles for proteins witliin a 

cascadc are constantly being updated or redefined as more inlbrmation on their functions and regulation 

is established. Also, new isofbrms of these proteins or novel proteins arc frequently identified as 

techniques used for their study and determination are improved. Signalling pathways are very important 

2 



(or communicalion between cclls and also within the cell The signalling pathways detailed here are 

connectcd to the activation of intracellular cascades, by external (actors binding to individual or speciHc 

receptors expressed at the cell surface. 

Most, if not all, recGptw-mediated signal transduction appears to occur via one of lour basic mechanisms 

(reviewed in Devlin 1995, reviewed in Malarktyg/aA 1995); 

Inositol phosphate s)'stems (e.g. Inositol 1,3,5 trisphosphate). 

Ion channel systems (e.g. Na' channels in neurones). 

Cyclic nucleotide s)stems (e.g. G-Protein mediated S} stems). 

Tyrosine and serine/threonine kinase systems (e.g. MAP Kinase cascadc). 

In general, all these systems act to transduce the message from an external signal, jfbr example a growth 

fiactor, via a receptor-mediated system to bring about specific effects on the cell. In these systems the 

external signalling factor or stimulus, binds to a membrane associated receptor via an extracellular ligand 

binding domain. This binding causes a speciGc alt(Taticm in the recq)tors properties usually at a 

conformational and/or activity level. These changes are also apparent on the intracellular face of the cell 

in the intracellular or cytoplasmic domain of the receptor, wiiich acts to transduce these external factor 

induced changes to downstream cytoplasmic factors whidi ultimately result in the desired biological 

effects. 

The inositol phosphate signalling system results in the release of intracellular calcium stores which 

subsequently act on a variety of downstream cellular factors including protein kinase C and calmodulin. 

Ion channel systems are mainly used in the nervous system for the propagation of the nerve impulse by 

altaing membrane potaitial, but also have roles in changing the intracellular environment in a cell 

resulting in changes in specific downstream targets. Cyclic nucleotide systems result in changes in the 

activity or properties of downstream targets and are mainly mediated by GTP exchange-proteins, which 

bind to specific factors to alta" their functioning. Protein kinase systems and phosphatase systems act to 

transduce signals through the cell, by altering the phosphorylation state and haice the properties of 

downstream factors resulting in a variet)" of biological effects (reviewed in Rhoades g/ a/. 1989). 

The possibility of cross-talk between these systems exists in order to bring about co-ordinated cellular 

responses, lor example some G-protein systems and tyrosine kinase systems share similar downstream 

effectors and can oflcn be activated by the same external factor and/or reccptor. Fw example, inositol 

phosphate systems and kinase systems can both be activated by EGF in some ccll types, with both these 

systems capable of activating PKC by distinct pathways. Cross talk can occur to various degrees between 



systems and can be syncrgisiic (as in PKC activalion) or acting in opposition (reviewed in Malaitcy c/ 

g/. 1995). 

o r these complex signalling systems, the one that has been studied in this prqjcct is the receptor tyrosine 

kinase systans and the downstream protein kinases and phosphatases these activate This signalling 

S)'Stem has been researched because this is the main method by which insulin and other factors signal 

and the system with which PK.B is believed to associate with in its activation profile (reviewed in 

Malarkc)^ oA 1995). Therefore, it is Grst important to briefly consider the importance of 

phosphorylation and dqihosphory lation in the control of cellular processes. 

Many critical cellular processes have been sho%n to be tightly regulated by phosphorylation and 

dephosphoiylation reactions (sec Table 1.2) estabhshing an essential role for protein kinases and 

phosphatases in cellular regulation (reviewed in Tonks ef aZ. 1995, Hunter or/ 1995). The 

phosphorylation state of a particular intracellular factor can drasticaUy^ and specifically affcct its 

prcqKrdes; including the factors structure, activity, binding parameters and cellular localisation, or could 

result in changes in any combination of these important characteristics. Phosphorylation is also 

important in regulating ceUular function of hpids (i.e. Phosphatidylinositol lipids - see section 1.3) and 

DNA/RNA emphasising the importance of this key method of cellular control. Stimuli driven 

phosphorylation is probably the major form of post-translational modification of key proteins. 

Controlling the phosphorylation state of key cellular proteins is the major route by which upstream 

kinases and phosphatases exert their cellular roles and transduce the signalling messages of external 

factors via receptor mediated cascades. In phosphorylation-based control it is important that the 

phosphorylation reactions are dynamic and reversible, so that the changes phosphorylation modifications 

generate can be removed once the desired response has beiai completed. For this level of control of 

protein function to be effectively regulated a variety of speciSc kinases and phosphatases are required so 

cmly the desired targets are modified in response to the stimulus. Therefore, most cell types contain a 

variety of distinct kinases and phosphatases in an approximately equal balance to provide the tightly 

regulated control required (reviewed in Pawson 1995, Denu gf a/. 1996). 

In most cells, the balance between the levels and activities of kinases and phosphatases is tightly 

regulated to maintain unstimulated cclls in a fairly stable state. However, upon stimulation various 

components of these patliways are massively upregulated in a factor specific fashion to generate the 

desired response The specific activation of certain kinases or phosphatases, which may have different 

substrate affinities and cellular localisations, combine to bring about the specific targeted response. 



Table One Summary of the Cellular Effects and Targets of Insulin: 

PROci:ss EFFECT TISSUE SITE OF REGULATION 

Glucose Transport Increase Fat, Muscle GLUT4 transporter 

Glycogen Synthesis Increase Liver, Fat, Muscle Glycogen synthase 

Glycogen Breakdown Decrease* Liver, Fat, Muscle Phosphor) lase kinase 

Gluconeogenesis Decrease* Liver Fructosc 2,6 bisphosphatc kinase 

Glycolysis Increase* Liver Pyruvate kinase / PFK-2 

Triacylglyceride Breakdo^-n Decrease* Fat Triac}'lglyccrol lipase 

Pyruvate => Fatty Acids Increase Liver, Fat PDH/ Acetyl CoA carboxylase 

Protein Synthesis Increase Liver, Fat, Muscle Translation initiation 

Specific mRNA Synthesis Increase/ Liver, Fat, Muscle Transcription 

Decrease 

* EGlecl of insulin only apparail if another hormone elevates cAMP (Adapted from Denton 1995). 

Table Two - Metabolic Proteins Which Exhibit Phosphoryladoo Changes in Response to Insulin 

PHOSPHORYLATION PROTEINS AFFECTED 

Decrease 

Glycogen synthase 

Phosphoiylase kinase 

Phosphorylase 

Pyruvate dehydrogenase 

Triacylglycerol lipase * 

Pyruvate kinase (Liver) 

ATP citrate lyase 

G-Subunit of protein phosphatase-1 

Increase cAMP phosphodiesterase 

S6 ribosomal protein 

Acelyl-CoA carboxylase 

* Eflcct of insulin only apparcni if another hormone elevates cAMP (Adapted from Denton 1995). 



In mosl cclls, ihc mzyohly of phosphonlalion reactions are mcdiaicd by scrinc/lhrconinc kinases and 

phosphatases, with 99% of cellular phosphoiylation targeting these residues. Thcrefbrc less than I % of 

cellular phosphorylation targets tyrosine residues. However protein twosinc kinases and phosphatases 

arc V8y important in cell signalling, particularly because most receptor mediated signal transduction 

cascades are initiated upon ligand binding, by activating the receptors intrinsic tyrosine kinase activit) 

(reviewed in Tonks 1995, renewed in Pawson 1995). 

Having established the beneHts of phosphorylation in the regulation of cellular processes and hence the 

importance of protein kinases and phosphatases, it is important to detail the individual pathways which 

utihse these essential regulator proteins. Before consi(kring the main pathways used by insulin and other 

growth factors in cell signalling and also at the roles of PKB, it is first advisable to consider why the 

study of insulin and other growth factor signalling pathways is so important in cellular research. 

1.1.3 Introduction to Insulin 

Insulin is one of the most important hormones and acts via tyrosine kinase systems after binding to a 

speciGc cell manbrane receptor (reviewed in Proud 1994, reviewed in White aZ. 1994). Insulin is a 

5.8kDa hormone, which primarily signals the ''fed state". This honnone is manufactured in the P-cells in 

the islets of Langerhans, which are found scattered throughout the pancreas. Insulin is released in 

response to high blood levels of glucose and other factors such as amino acids, fatty acids and neural 

factors (reviewed in Rhoades or/. 1989). Insulin ehcits a wide variety of ceUular eOects (see table 1.1 

and table 1.2) including ino^sing glycog^ synthesis, via increased glycogen synthase activity and 

increasing glucose transport, via the recruitment of the GLUT4 transporta^ to the cell manbrane 

(reviewed in Proud 1994, reviewed in Denton ef a/. 1995). 

Many of the proteins or processes aflected by insulin signalhng have been shown to be mediated by or 

regulated due to phosphorylation and dephosphor^ lation reactiais (Cohen 1993, Marshall 1995, Krebs 

and Fischer 1993, Hunter 1995). For example, insuhn has been shown to stimulate glycogen synthesis 

by a pathway which dephosphorylates and activates glycogen synthase (Proud 1994). Conversely insulin 

pathways act to stimulate acetyl CoA carboxylase by increased phosphorylation of this crL^yme (Table 

1.2) Therefore it is clear that kinase and phosphatase patliways must be ver)̂  important in insulin 

signalling 

I he study of insulin signalling is important in establishing how insulin brings about its cellular eflccts 
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and Ihc pathways it employs to bring about these responses. In order to Tuily understand cell signalling it 

is nccessary to identify the roles and importance of cach oF these pathways and the individual 

components of them (i.e. PKB). Other factors, including epidermal growth factor (EGF). have also been 

found to share common downstream targets and use some of the same pathways as insulin. Therefore, 

research into these pathway's can lead to an improved picture of cell signalling in general. 

This research may also have medical implications as defecis in components of these pathways have been 

implicated in the palholog}' of a variety of diseases including cancers, metabolic disorders and 

neurological problems. A better understanding of this field ma\' therefore lead to improved diagnosis, 

treatment or pre\ ention of this and possibly other as yet unrelated conditions. 

1.1.4 The Insulin Signalling Disease, INabetes Mellitus 

One of the main disorders associated with the hormone insulin is diabetes mellitus, of which there are 

two ft*ms. These disorders affect more than 1% of the population of the industrial world, so are one of 

the most prevalent diseases and of serious concern to world health (Rhoades gf (z/. 1989). The less 

common form of diabetes melhtus is known as juvenile onset insulin-depoident diabetes mellitus and 

probably accounts for less than 20% of all cases. This form of the diabetes mellitus is caused by a defect 

in the production of insulin in the pancreatic p-cells and can be treated by daily insulin injections and 

dietary control (reviewed in Devlin 1993). The majorit>- of diabetics, however, are classified as suffering 

&CMn late onset or non-insulin dependent diabetes melhtus. In this disorder, insulin is produced normally, 

but the individual appears to have a resistance to the effects of insulin probably due to defects in the 

insulin signalling pathway. The cause of this disorder is as yet unknown, although links to obesity and 

possibly a genetic component have been implemented. This form of diabetes can be treated by oral 

hypoglycaemics and dietary control. 

Both forms of diabetes if unchecked lead to h)'perglycaemic episodes which can cause diabetic coma and 

even death. Weight problems, polyuria and fatigue are regularly seen with these disorders. Diabetes is 

also often associated with a number of secondaiy comphcations including artcr}' thickening, retinopathy, 

neuropathy and kidney problems. It is thcrefbre hoped that by studying insulin signalling that a better 

understanding of diabetes and other signalling disorders may be obtained, which will hopefully lead to 

improved treatments w evai cures for these serious diseases (reviewed in Devlin 1993). 



1.1.5 [nsulin Signalling Pathway 

Mosl, ir not all, oF insulin's action on cclls an: mediated \aa a rcccplor mediated signal transduction 

cascadc The insulin receptor which is present in vinually all vertebrate tissues is a l85kDa 

transmembrane glycoprotein and is encoded for on chromostmie >9 36-37 (short arm of chromosome 19) 

(reviewed in White o/. 1994). These proteins comprise of two a and two P subunits which are 

covalently linked by disulphide bonds and hence has ihe helerotclrameric structure ogPz The two a 

subunits are located entirely outside the cell and possess the hgand binding activity of the receptor. The 

p subunits, conversely', traverse the cell membrane wth the m^ority of these subunits being intracellular 

and possessing the insulin regulated tvTosine kinase acli\ ity, which is inhibited by the a, subunits when 

the receptw is unoccupied (re\'iewed in Whitehead gf a/. 2000). 

The binding of insulin to this receptor causes the receptor to become phosphorylated on specific tyrosine 

residues within the cytoplasmic domain. This autophosphorylation e\'ent appears to occur via a 

mechanism in which the binding of insulin to the (% subunit of one oj) dima" stimulates the lyTOsine 

phosphcxylation of the covalently linked p subunit of the otha- oip dimer (reviewed in White o/. 

1994). These phosphorylation events occur at tyrosine residues throughout the P subunits intracellular 

domain and act to enhance the receptors kinase activity about 20 fold. These phosphorylations also 

create target motiis for proteins known as the insulin receptor substrates (IRS), which bind to the insulin 

receptor and are then themselves tyrosine phosphorylated (reviewed in Yenush et al. 1996, 1997, 1998) 

and link the insulin receptor to downstream targets (see below) (reviewed in Whitehead et al. 2000). 

The insulin receptor is also subjected to serine and threonine phosphorylation which appears to modulate 

the receptcf's tyrosine kinase activity and/or activation time, possibly by the feedback action of 

dovmstream kinases. To date the kinases which act on this receptor and the roles the}̂  have, are yet to be 

determined, although the possible involvement of a novel receptor associated insuhn receptor serine 

kinase has been postulated (Carter a/1996) 

To date lour IRS proteins have been identified and are referred to as IRS-1, lRS-2, lRS-3 and IRS-4 

respectively (White 1998, Zhou ef a/. 1999). All four isoibrms possess a conserx'ed domain structure 

which includes, amino terminal pleckstrin homology (PH) and phosphotyrosine binding (PTB) domains, 

both of which are involved in coupling of these proteins to the insulin receptor allowing (or the fast and 

efficient phosphorylation of key residues within the IRS proteins (Yenush e-/ o/. 1996 and 1997, Withers 

gf o/. 1999). The phosphorylation of these key tyTosine residues within suitable highly conserved motifs. 



crcalcs unique docking silcs for Src-homolog\ 2 (SH2) domain containing proleins such as 

Phospha(id} linosilol-3 kinase (PGK) (sec scclion 1.3.3), Grb2 and SH2 containing phosphatase (SHP-2 

or Sy-p) (While 1998, Zhou gf a/. 1999). These (actors subsequently bind to the insulin 

stimulaled/tyTOsine phosphorylated IRS proteins. This binding modulates the activity of the SH2 domain 

proteins thereby eliciting the required downstream responses which bring about the actions of insulin 

(reviewed in White gf a/. 1994, reviewed in Whitehead g/ o/. 2000, reviewed in Yenush a/. 1997). 

IRS-1 is a 131kDa protein and has around 21 potential tyrosine phosphoiylation sites. The 

phosphorylation of some of these sites creates the specific binding motils for a variety of proteins which 

contain SH2 domains (O'Neill (f/ o/. 1994). The role of the IRS-1 protein is therefore to recruit SH2 

proteins to the insulin signalling cascade and bring about modulation of their activity. Proteins known to 

bind to IRS-1 and be activated by this route include, the protein tyrosine phosphatase; SHP-2, Nek (an 

adapter molecule), Grb-2 (MAP kinase cascade adapter), PLCy and the pR5 subunit of PI 3-kinasc 

(which is likely to activate PKB) (Myers gf o/. 1994, Pawson o/. 1993). In the presence of insulin, 

IRS-1 has been shown to be phosphoiylated on at least 8 tyTosines and to bind and activate several of the 

factors previously mentioned including P13K and Grb2 linking, IRS-1 to the PKB and MAPK cascades. 

IRS-1 is therefore, a k^/ mediator of the actions of insulin within cells, acting to transduce the signals 

from binding of insulin to its receptor to a variety of diiferenl signalling cascades which bring about the 

metabolic actions of insulin (reviewed in Yaiush a/. 1997, reviewed in Whitehead ef oA 2000). 

A necessary role IRS-1 in insulin action is indicated with IRS-1 negative mice (homozygous IRS -/-) 

which show growth retardation and nuld insulin resistance, which is more maited in muscle cells and 

adipocytes (reviewed in Ogwaa ef a/. 2000, Tamemoto g/ aZ. 1994). However, despite this, aU the IRS-1 

negative mice aU survive with only minor defects. In these mice httle or no eflect was noticeable on 

insulin stimulation of the MAPK pathway indicating the essential involvement of other IRS proteins in 

insulin signalling. Also, in these mice, lRS-1 was found to be an essential component of insulin induccd 

mitogenesis confirming a role Ibr IRS-1 in this branch of signalling (Lamothc 6%/. 1998, reviewed in 

Yenush g/ a/. 1997 reviewed in Whitehead a/. 2000). 

The insulin responsive protein IRS-2 shows considerable structural and functional homology to IRS-1. 

In IRS-1 delicient mice (IRS-1 -/-) the acti\dty of IRS-2 increased. This increase could partially rescue 

insulin signalling to the PI3K cascadc and was sufficient to fully activate the MAPK cascade in response 

to insulin. This indicates that IRS-2 may be the major isofbrm involved in insulin signalling to these 

pathways. Homozygous lRS-2 negative micc (lRS-2 -/-), in contrast to the IRS-1 deOcient breed, had 

more marked diflerences, with the micc being much smaller and suflering from sc\'crc diabetes which 
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little or no compensation from the IRS-1 isolbrm (Lamolhc c/ a/. reviewed in Yenush cf a/. 1997 

reviewed in Whitehead gf oA 2000). 

Il seems apparent that both IRS-1 and lRS-2 are necessary for insulin signalling to a variety oC protein 

kinases and phosphatases and both isoibrms arc essential for normal/maximal insulin action. The 

apparent generaVcross over and isolbrm specific roles of these two proteins in response to insulin can be 

shown by the potential tyTosine phosphorylation motifs each isoform contains. lRS-1 has been shown to 

possess 7 unique lyTOsine motils and share 13 common tyzosine phosphoiylation motifs with IRS-2, 

which itself contains 9 unique ty rosine motUs site, setting up the opportunity lor the binding of identical 

and diflerent downstream components. It may be that there are isolbrm-spccific expression diderences in 

diflerent cell t^'pes or individual subcellular locations betweai these two isofbnns which may account for 

their occasional signalling differences/responses to insulin (reviewed in Yenush o/. 1997, Whitehead 

gf a/. 2000). 

The roles of the other two known IRS proteins within insuhn signalling are currently unclear, although it 

is beheved (hat they play a fairly minor role compared to the two m^cf isofbrms, lRS-1 and more 

critically IRS-2. Although overexpression of either IRS-3 or IRS^ in adipocytes has been shown to 

mimic some of the actions of insuhn in these cells, IRS-4 is normally undetectable in adipocytes or 

muscle indicating that it does not play a role these insulin responsive cells. Insulin stimulated/tyrosine 

phosphorylated IRS-3 does not significantly bind or activate PI3K in these cells in response to insulin. 

Further evidence for a limited ftinctioning of these minor isofbrms in insulin signalling is confirmed by 

the fact that IRS-3 -/- and IRS-4 mice exhibit nonnal glucose tolerance (Lamothe g/ a/. 1998, 

reviewed in Yenush ef a/. 1997, reviewed in Whitehead et al. 2000). However, as both these IRS 

proteins are expressed and can be t)TOsine phosphor^lated in response to insulin in many cells, it is 

possible they have some role in insulin signalling. 

The IRS signalling pathway of modulating the ligand activation of a speciHc recqitor to suitable 

dowTistream targets may also be utilised by other signalhng (actors. The main factor that is likely to use 

this route is Insulin like growth (actor (IGF). IGF mimics several of the metabolic effects of insuhn, as 

well as being a more potent survival factor than insulin (reviewed in Yenush 1997). This (actor 

binds to and activates a unique receptor which shares structural and functional homology to the insulin 

receptor. The activation of the IGF receptor is again b\ autophosphorylation of key tyrosine residues in 

the receptors intracellular region, by the receptors intrinsic tyrosine kinase activity (reviewed in Malaiicey 

c! a/. 1995). This phosphorylation leads to the recruitment of IRS proteins to the IGF receptor complex, 

where these IRS proteins are phosphoiylated and activated and can therefore themselves recruit and 
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modulate specific downslrcam largds. Il has also been shown thai inlcrIcukin-4 (IL-4) which also 

signals via a unique rcccptor may utilise the IRS pathway as one means of propagating its signalling 

(reviewed in Yenush o/. 1997). 

Receptor-mediated insulin signalling may also occur via direct insulin receptor interaction with 

downstream elector molecules, as is the ease with other growth factor mediated signal transduction 

pathways (i.e. EGF, PDGF) or possibly by interactions mediated via other factors. For example, the 

insulin receptor has been shown to interact with and directly modulate several ke\ proteins including the 

a-coUagen homologue SHC and Gabl. However, it is clear from the current knowledge of insulin 

signalling lhat fRS proteins mediate the majorit) of insulin signalling and that downstream kinase and 

phosphatase pathways aflected by these modulatws fbr example P13K and Grb2 (MAPK pathway 

activator) are vay important in mediating the effects of insulin in cells (reviewed in Proud 1994, 

Whitdiead g/ o/. 2000). 

1.1.6 Receptor Mediated Signal Transduction Cascades Mediated by Other Growth Factors 

Having estabhshed how in the insulin signalling cascade, downstream factors such PI3K and Grb-2 can 

be recruited to TRS-1 proteins and subsequently activated, it is important to establish how these and 

other factws can be activated in response to other external factors which act via distinct receptors, but 

not IRS proteins, to modulate downstream targets. In order to detail these activation routes I shall look at 

the proGles for epidermal growth factor (EGF) and platelet derived growth factor (PDGF) which are 

fairly similar (reviewed in Malarke\' ef a/. 1995). 

The PDGF receptor comprises of an extracellular ligand binding domain, linked to a single 

transmembrane domain which traverses the cell membrane and a carboxyl terminal intracellular 

cytoplasmic domain which possesses an intrinsic tyrosine kinase catalytic activity (reviewed in van der 

Geer g/ o/ 1994). Upon ligand binding, the receptor oligomerizies, which results in autophosphorylation 

between the ac^acent tyrosine kinase domains Oligomeri/ation and subsequent phosphorylation are 

essential fbr maximum activation of the t\TosinG kinase function and also fbr substrate recognition and 

modiOcation (reviewed in Heldin 1995) A similar dimerisation and autophosphorylation mechanism is 

utilised by EGF, via its unique reccpior. w hich again possesses a receptor t\Tosine kinase activity and is 

therelbre grouped in the same rccepior superfamily as PDGF, along with the tlbroblast growth factor 

(FGF) and TrkA (ner̂ ê growth lactor) (reviewed in Malarkey d/ a/. 1995, Van cd Geer a/. 1993). 



The intracellular domain tyrosine aulophosphorylalion sites oC these RTK can be catcgorised into two 

subclasses oC sites Firstl), a subgroup of these tyrosine sites lies within the catal^'tie region of the 

intracellular subunit and are involved in the control of the kinase activity. Phosphorylation of these sites 

enhances the kinase activity many fold. The second subset of tyrosine residues are located outside of the 

kinase domain. Autophosphoiylation of these residues acts as a molecular '"switch" to induce the rapid 

recruitment of other proteins to the receptor, forming stable multi-protein complexes, which the receptors 

intrinsic tyrosine kinase can act on and hence modify (Pawson cf o/. 1993, reviewed in Heldin 1995). 

The protein-protein into-actions between the autophosphwylaled RTlCs and the recruited docking 

proteins uUlise the specific interaction motif the SH2 domain. SH2 domains are regions of amino acids 

around 100 residues in length, based cm the homology to the protein Src. Thi^ have been shown to bind 

specific phosphotyrosine containing sequences within proteins. The autophosphorylation sites within 

RTK provide specific docking motifs for SH-2 containing proteins, with the flanking residues around the 

phosphorylated tyrosines of the RTK, dictating which individual SH-2 containing protein will bind this 

site. For example, the PDGF receptor has been shown to recruit phospholipase Cy. SHP-2, the p85 

subunit of PI3K, Grb2 (growth factor receptor binding protein -2) and the GTPase activating protein 

Ras-GTP (reviewed in Malarkey ef oA 1995). 

There is also some evidence that diflerent SH-2 domain containing proteins bind to the same target 

motif of an RTK. This lead to the suggesticm of a hierarchical binding pattern, in which the binding of a 

particular SH-2 domain protein to the RTK may depend on its individual affinity for this site and its 

relative cellular expression over a potential competing binder. For example, Grb2 and the SH-2 domain 

adapter protein SHC appear to compete for the same binding site on the EGF receptor. Some RTK 

meditated interactions with downstream SH-2 targets also appear to involve SH-2 domain adapter 

proteins to assist their recruitment. For example, Grb-2 binds indirectly to the EGF receptw via SHC and 

to the PDGFP receptor via SHP-2, in addition to its direct binding to these receptors. In general whatever 

the methods involved, the net result of RTK phosphoiylation/activation by their respective hgands and 

(he subsequent recruitmait and modification of SH-2 domain proteins is the propagation of a variety of 

downstream signals which elicit the desired biological responses. 

A greater understanding of the functions of RTK pathways is ver} important in furthering our 

understanding of the roles these factors play in cellular signalling, it is also very useful in unravelling the 

complexity of various disease states since this may involve aberrant function of some of these RTKs or 

their downstream components. For example. o\crcxprcssion or over-activation of EGF and/or the EGF 

receptor has been implicated in the progression and invasiveness of several mfyor cancers. 



1.1.7 Cellular Signalling Downstream of Growth Factor Receptors 

The main advantage of signal transduction cascades is one of ampliGcaiion: one grov.'th factor can bind 

to and activate one receptor and then dissociate &om this receptor and move to activate a second receptor 

and so on. These receptws then activate several copies of each of their downstream targets which then 

themselves acts on multiple copies of their respective downstream targets and so on until the end point 

targets of each cascade are reached and the desired biological responses elicited. In this way, a small 

quantit} of ligand or a low expression of receptors can still activate a large number of dowiistream 

targets and generate signiGcant biological responses. 

From the previous information on gro^ '̂th factor induced activation, it is apparent that insulin and other 

growth factors result ultimately in the activation of a variety of protein cascades including PI3K and 

M APK kinase signalling transduction pathways, via a series of downstream modulators to ampli^ the 

initial signal and result in the maximal activation of downstream targets, for example, the MAPK 

cascade can be ampliGed 10,000 fold A-om the initial signal (reviewed in Davis 1993). 

The first of these two pathways is the MAP kinase cascade which at present is believed to manly act in 

the regulation of nuclear substrates (Johnson aZ. 1994, Davis 1993). The activation of this pathway' by 

insulin is believed to occur via the SH-2 domain containing adapter molecule Grb-2 binding to the 

tyrosine phosphoiylated IRS-1 or IRS-2. As well as binding IRS-1/2, Grb-2 is also bound via its SH-3 

domain to the polyproline motif of (son of sevenless) which is a guanine nucleotide exchange factw. 

The binding of aof to Grb-2 results in the recruitment of sos to the plasma membrane, where it can 

activate membrane associated Ras. Ras is a GTPase which is activated in a permanent complex by the 

guanine nucleotide exchange activity of (GTP for GDP) and then has a pivotal role in the activation 

of the MAPK isofbrms Eit 1/2 (extracellular signal regulated kinases) and other signalling cascades, 

possibly including the PI3K cascade (reviewed in Davis 1993, reviewed in Denton gf (y/. 1995, 

Rodriguez-Viciana g/ gl. 1996). Ras-GTP then in turn activates the serine/threonine kinase Raf-I 

(probably with a second kinase also involved) which then initiates the activation of the 

threonine/tyrosine dual speciEcity kinase: MAP kinase kinase (MEK). The activated MEK in turn, 

tyTOsine and threonine phosphon lates and therefore activates the MAP kinase isoSxms Erk-1 and Erk-2. 

These Erk kinases can then act to phosphorylate a variety of potential substrates leading to a modulation 

of their activity and ultimately various biological responses (Denton cf a/. 1995). 



The aclivalion oClhis cascade by olhcr groWh faclors. i.e. EGF or PDGF^ follows a similar dowrslream 

activalion proGJe lo lhal of insulin, apart from the fact thai instead of binding to an IRS adapter module, 

in these growth (actor signalling events, Grb-2 binds directly to the tyrosine phosphorylated RTK 

(reviewed in Malarkc^- gf a/. 1995). AAer the binding of Grb-2 to RTKL Grb-2 recruits jo.v to the 

complex, which results in the activation of Ras and ultimately the activalion of Erk 1/2 via Raf-I and 

MEK. Other factors may also feed into the activation pathway of Erk, including PKC and P13K which 

enhance Erk activit}', or PKA which appears lo inhibit this activation (While a/. 1994). 

Eit 1/2 are believed to be the m^or downstream modulators of this caseadc as ibey have a wide range of 

substrate speciGcities M compared lo the upstream kinases Raf-1 and MEK which have more 

restricted potential targets. Putative substrates include other kinases i.e. MAP kinase activated protein 

kinase (MAPKAP Kinase 1 and 2), p90S6 kinases result in a continuation of the kinase cascade, 

phosphohpase A2 and cytoskeletal proteins (Proud 1994, Sale a/. 1995). A variety of nuclear 

substrates also exist which are phosphorylated and activated by nuclear translocation of activated Erk. 

These substrates may include the transcription factors, Elk-1, Sap-l c-ibs, c-Jun and c-mye, with nuclear 

substrate r^ulation believed to be one of the m^or roles for the MAP kinase cascade based on current 

knowledge (Daiton ef a/_ 1995, Sale gf o/. 1999). 

The Erk 1/2 isokrms have also been implemented in a variety of gena-al cellular roles in difkrent cell 

types, including potential regulatory roles in transcription, translation, proliferation, differentiation and 

possibly apoptosis. Potential involvement of this cascade in metabolic roles including general protein 

synthesis, apoptosis, glycogen synthesis and glucose uptake is also suggested. However, to dale many, of 

these putative roles are still not fiilly deSned or the exact importance of the Erk cascade in these 

functions estabhshed (reviewed in Daiton ef oA 1995). 

Another m^or insulin and growth factor sensitive protein kinase cascade is the phosphatidylinositol 3-

kinase (Pf3K) cascade which activates PKB and other ke} protein kinases including S6K (reviewed in 

Shepherd ef oA 1998, reviewed in Vanhaesebroeck gf a/. 2000, reviewed in Kandel ef o/. 1999). The 

cascade begins with the insulin or growth factor stimulated activation of phosphatidylinositol 3-kinase 

(PI3K) by recruitment of the p85 regulatory subunit of P13K, either to the activated receptor or to IRJS-

1/2 (reviewed in Vanhaesebroeck g/ 1997 & 2000, reviewed in Alessi ef 199&a). This subunit 

binds via its SH-2 domain to phosphol}TOsinc motifs of the receptor or IRS protein. This interaction 

brings the catalytic pi 10 subunit of P13K into close proximity where it becomcs activated. The activated 

P13K is then free to activate downstream components including PKB, S6K via its lipid or protein kinase 

activity The lipid products of this kinase directly lead to the activation of PKB, which then may act on a 
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varicl} of possible substrates, including GSK-3 and S6K (reviewed in Hcmmings 1997. Kandel cf o/ 

1999, Vanhacsebrocck (f/ 1999 & 2000). A lull Ireatmenl of the activation of PKB b\ PI3K and the 

subsequent possible downslrcan] consequences of PKB activation are discussed in great detail in 

subsequent sections (1.21 onwards) 

The e\ddence lor this palhwa\- and its ceUular function are as yet, fairly limited, which makes il an ideal 

target for investigation, particularly using antisense techniques to knock out components of the cascadc 

and then analyse the effects of this on downstream proteins and hence the roles of this pathway. 

1.2 Protein Kinase B - An Introduction 

1.2.1 General Overview of PKB 

Protein Kinase B was first discovered and sequenced in 1991 as a 57kDa cytoplasmic protein in rat 

brain. It was originally idaitified by 3 separate groups using cither; i) degena-ate oHgcmucleotide PGR 

(Coffer et al 1991), ii) low stringencj' library screening using a cAMP-dependent kinase probe (Jones et 

a/. 1991a and b) or iii) sequaicing of human cDNA hybridising to v-Akt DNA (BeUacosa gf oA 1991). It 

has beai found to have 75% homology to the catalytic domain of PKC and 65% homology to the same 

domain in PKA, hence the name PKB i.e. between kinases' A and C. This kinase has been also been 

referred to as RAC Kinase which stands for related to A and C kinases, however this name is used less 

frequently now due to the existence of a rho-related GTPase also known as rac (Coffer cf aZ. 1991). 

Subsequently PKB was also found to be the cellular homologue of v-Akt a protein from an acute 

transforming retero\'irus, in the spontaneous thymoma AKT (AKT8) and so is also known as c-Akt 

(Bellacosa ef a/. 1991, reviewed in Coffer o/. 1998, reviewed in Kandel e-iT a/. 1999). 

Homologucs of PKB have been found in mammals (human, mouse, cow) birds, insects, nematodes, slime 

mould and yeast which contain a high degree oC homology' to each other (see figure 1.1) (reviewed in 

Kandel ef a/. 1999). For example, (Konishi gf a/. 1995a) and C.e/cggm.v (Watcrston c; g/. 

1992) PKB shows X5% identit) to the pre\iousl\ cloned rat and human PKB. 
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Figure 1.1 - Protein sequence alignment for PKBa homologues The amino add sequences 
of known PKBa homologues were aligned using the ChistalW alignment program. A 
similarity score individual sequences and the mouse PKBa amino acid sequence is recorded as 
% homology. Total identity between aU sequences is indicated with an 

Aligning.. ..Similarity to Mouse PKBa 

Sequences (3:1) Aligned. Score: 96% 
Sequences (3:2) Aligned. Score: 98% 
Sequences (3:4) Aligned. Score: 99% 
Sequences (3:5) Aligned. Score: 95% 
Sequences (3:6) Aligned. Score: 100% 
Sequences (3:7) Aligned. Score: 62% 
Sequences (3:8) Aligned. Score: 57% 

sequence 

Mouse Mm)VAIVKE(3naKRGEYIKTWRPRYFI,LKMDGTFIGYK 39 
vAkt AREETLIIIPGLPLSI/aTDTMm)VAIVI(EGmLHKRGEYIKTWRPRYF]LÎ ^ 60 
Rat MMDVAIVKEGKLHKRGEYIKTWRPRYKLLKNDGTFIGYK 39 
Human MSDVAIVKEGm,HKRGEYIKTWRPRY?IjLKNDGTFIGYK 39 
Bovine MMDVArVKEGW]LHKRGEYIKTWRPRYFI,IrKMDGTFIGYK 39 
Chicken MNEVJUVKEGWiaKRGEYIKTKRPRYFIjLKHDGTFIGYK 39 
Drosophilia -MSIMITFDLSSPSVTSGHAI,ISQTQVVKEGm.MKRGEHIKmmQRYFVIJISDGRlMGYR 59 
C. MSMTSLSTKSRRQEDVVIEGWiaKKGEHIKHWRPRYFMIETmGAllGFR 49 

Mouse ERPQDVDQR—ESPI,MHFSVA.QCQ]LMKTERPRPMTFIIRCIjQWTTVIERTFHVETPEERE 97 
vAkt ERPQDVDQR—ESPiaNFSVAQCQnLMKTERPRPMTFIIRCLQWTTVIERTFHVETPEERE 118 
Rat ERPQDVEQR—ESPINNFSVAQCQÎ QCTERPRPNTFIIRCIQWTWIERTFHVETPEERE 97 
Human ERPQDVDQR—EAPIJmFSVA0CQ]LMKTERPRPNTFIIRCI,(2WrTVIERTFHVETPEERE 97 
Bovine SRPQDLEQR—ESPIjimFSVA.QCQ]LMKTSRPRPNTFIIRCLQWTTVIERTFHVETPEERE 97 
Chicken ERPQDVDQR—ESPIJmFSVAOCQI.MKTERPKPHTFIIRCLQWTTVIERTFHVETPEERE 97 
Drosophilia SKPADSA5TPSDFI.]L]mFTVRCX:QIMTVDRPKPFTFIIRGI,Qm'TVIERIFAVESEL 119 
C. AKPKEGQPFP—EP]LHDFMIimAATMLFEKPRP]»IFMVRCI,QWTTVlERTFYAESAEVRQ 107 

" * * * * - + ' * *- m* *********** *» * 

Mouse EWAIAIQIVADGI.KRQEEETMDFR SGS 124 
vAkt EWATAIQTVADGIKRQEEEZMDFR SGS 145 
Rat EWTTAIQTVADGIjKRQEEETMDFR SGS 124 
Human EWTTAIQTVADGLKKQEEEEMDFR SGS 124 
Bovine EWTIAIQTVADGLKRQEEETMDFR SGS 124 
Chicken EWTKAIQTVADSI.KKQEEEMMDFR SGS 124 
Drosophilia EWTEAIRNVSSRI.IDVGEVAMTPSEQTDMT DVDMA.IIAED 159 
C. RmHAIESISKKYKGIMANPQEELMETMQQPKIDEDSEFAGAAHAIMGOPSSGHGDIfCSI 167 

Mouse 
vAkt 
Rat 
Human 
Bovine 
Chicken 
Drosophilia 
C. 

PSDMSGAEEMEVSIJU<PKimV13mEFEYLKLÎ KGIFGKVILVKEKAIGRYYAMm 184 
PSDNSGAEEMEV3IJU(PKHRVIMMEFEY]LKLLGKGTFGKV%LVKEKAIGRYYAMKÎ  205 
PSDNSGAEEMEVAIJU(PKHRV™MEFEYI.KLIX;KGIFGKV%LVKEKAIGR̂  184 
PSDNSGAEEMEVSIJUtPKHRVTMNEFEYlKIjlGKGIFGKVILVKEKATGRYYAMKIIjKKB 184 
PGEHSGAEEMEVSIJU(PKHRVTMHEFEYVKLI/;KGIFGK\n:LVKEKATAAYYAMK̂  184 
PSDMSGAEEMEVSMTKrKm(\rrMNEFEYLKI.LGKGTFGKV%LVKEKATGRYYAMKIl 18 4 
ELSEOFSVQGTTC]«SSGVKK\n?IjEHFEFI,KVl,GKGIFGKVi:i/:REKAIAKL 219 
DFRA5MIS lADT S EAAKRDKI TMEDFDFI,KVLGKGT FGKVILCKEKRIQKLYAIKI IjKKD 227 * ""*#"-*#«-*-*********** »** * **'*****" 

Mouse VIVAimSVAHTLTENRVIX3NSRHPFLTA]LKYSFQTHDR]LCFVMEYAMGGELFFH]LS 240 
vAkt VIVAKDEVAHTlTEimVLQWSRm)FLTAI.KYSFQTHDRIjCFVMEYANGGEI,FFHI.S 2 61 
Rat VIVAKDEVTUn'LTEmtVIXaMSRHPFLTAI.KYSFQTHDRIjCFYMEYANGGEIiFFHI.S 240 
Human VIVAKDEVAHTLTEHRVLGNSRHPFLTAI.KYSFQTm)R]:CFVMEYANGGELFFHI.S 240 
Bovine VIVAimEVAHTLTEimVIXaNSRHPSLTA]:KYSFQTHDRI.CFVMEYANGGEIjFFKLS 240 
Chicken VIVAIWEVAHTLTEHRVLQHSRHPFLTAIKYSFQTHDRLCFVMEYANGGELFFHLS 240 
Drosophilia VIIQKDEV7UiTLTESRVIJ(STmiPFLI5I,KYSFQTm)RI,CFVMQYVTfGGELFWHLS 275 
C. VIIAREEVAHTLTEKRVLQRCKHrFLTEIjKYSFQTimRLCFVMEFAIGGDLYYHlLbrR̂  287 

* * » » ********* * * * . * * * *******"*******' » **"*»»** 
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There arc ccrlain diHcrcnccs between ihcsc species homolqgucs which may a Med ihcir (unclion For 

example, ihe yeasl homologuc ^'pkl docs not possess (he pleckslrin homology (PH) domain which is 

found in PKB from other spccies and is involved in regulation of function (Chen c/ a/. 1993, Casamayor 

o/. 1999). A mammalian homologue which is ver\' similar to ypkl has rcccnily been discovered. This 

protein, serum and glucocorticoid induced kinase (SGK) shares a high degree of homology to the 

classical PKB's, except for the fact that like yeast ypk's, this PKB subfamily member does not possess 

the regulator}' PH domain (Kobayashi ef o/. 1999, Park 6̂ / a/. 1999). The Gnding that PKB or similar 

subfbrms exist in many difTerent spccies suggests an evolutionary conser\rai,ioQ of the protein at a basic 

strudnral level. This conser\'alion perhaps indicates a critical role for PKB in the fimdioning of both 

simple and complex organisms (re\ iewcd in Vanhaesebroeck g/ o/. 2000, Kandel ef a/. 1999). 

To date there are 3 main isofbrms of PKB namely PKBcc (BeUacosa g/ a/. 1991, Jones cf o/. 1991a), 

PK Bp (Jones g/ or/. 1991 b, Altomare gf aZ. 1995) and PKBy (Nakatani e/ a/. 1999, Brodbeck ef 1999, 

Konishi oA 1995a). PKBa is encoded for on chromosome 14q32 in a region which is proximal to the 

immunoglobulin heavy chain locus (Staal a/. 1998), part of an area which is frequently affeded b\ 

mutations. In humans, the mRNA sequence is 2610 base pairs with the translated region between bases 

199 and 1641 encoding for a 480 amino acid protein. The gene for PKBp is found on chromosome 

19ql3 (Brodbeck aZ. 1999) and is 1741 base pairs long with the translated region falling between 

bases 88 and 1513 and giving rise to a 481 amino acid protein. In the gene sequences, the a and P 

isoforms show around 60% identity which rises to 82% identity for the protein. It was also found that m 

humans the p isoform has an earboxyl-terminal extended splice variant protein of 521 amino acids which 

to date has an unknown function or importance (Jones oZ. 1991b). 

The Y isofbrm is the most recently discovered PKB. In humans it contains 479 amino acids encoded for 

by a 1760 base pair mRNA (translated region betweai base 37 and 1476) and found to be located on 

chromosome lq44 in humans (Brodbeck gf a/. 1999, Nakatani gf a/. 1999, Masure ef oZ. 1999, Murthy 

ef aZ. 2000). This isofbrm shows 83% identity' to the cc and 78% idaitity to the P forms at the protein 

level, with only 40% identity to these isoforms at the gene level (IVIasure gf aZ. 1999). In rat and mouse 

similar homologues of PKBy have been identiGcd and shown to be of identical laigth and verv' similar 

structure/sequence at the protein le\el (Brodbeck cf aZ. 1999, Nakatani 1999, Murthy cf (zZ. 2000). 

In rats a truncated PKBy subisoform is also present. In this subisofbrm, the PKBy sequaice is 21 amino 

acids shorter and the protein is only 52kDa (Konishi (f/ aZ 1996). This results from the truncation of the 

protein at the C-terminal caused by a shorter mRNA of only 1548 base pairs (translation frame 47 lo 

1411), with this truncation probably aMccling the function and regulation of this variant (reviewed in 



Coflcr g/. IWS, Konishi c/ a/. 1991). However ihc expression and hence importance of Ihis 

subisofbrm has nol yd been determined. 

The three isolbrms idenlified so far show a large degree of homology to cach other with this identity 

being particularly strong in the main central catalytic domain, which conlers substrate spcciGcity and is 

also heavily involved in regulation. The apparent similarity in these domains coupled with key conserved 

residues in otha^ sections initially suggests that the three PKB isolbrms wouJd share similar substrate 

specificities and be regulated in a similar f^hion. Therefore it is important to establish what if any 

isofbrm diOerences (here are in the regulation of (he individual isofbrms, substrate specificity, or perhaps 

in the ceU or tissue expression and subcellular distribution of each isofbrm (reviewed in CofTbr ef o/. 

1998, reviewed in Kandel o/. 1999). 

Of these isofbrms the a isofbrm is by far the most predominant, expressed widely in a variety of tissues, 

with especially high levels fbund in heart, lung, brain testis and thymus (Jones ef g/. 1991a CofTer o/. 

1991). This isofbrm has a low (o moderate expression in the kidney, liver and spleen perhaps indicating a 

less important role for (his isofbrm in these tissues. The P isoform is (he second most common PKB 

showing a high expression level in most of the same tissues as the a form (Bellacosa g/ c/. 1993) 

including the brain and heart. The P isofbrm is also very highly expressed in Puridnje cells (cerebellum), 

skeletal muscle and brown fat, perhaps indicating a critical role fbr this isofbrm in insuhn responsive 

tissues (Altmnare ef a/. 1998). However the PKBp expression is lower in (he kidney, spleai, testis, hver 

and smooth muscle. The PKBy isoform shows a much lower general tissue distribution and expression. 

However, high levels of this isofbrm are seen in (he testis and brain, with lower levels present in the 

spleen, heart, kidney, lungs, liver and skeletal muscle (Konishi et al. 1996, Brodbeck et al. 1999, 

reviewed in Kandel et al. 1999, reviewed in Chen et al. 1999) 

It is, interesting to note that in rat liver although the a and p forms are present in similarly low levels, 

PKBo, is 4 time more active (Walker o/. 1998) perhaps indicating some isofbrm speciGc differences in 

activation profiles. This situation appears to be reversed in rat adipocytes with the PKBp fbrm being 

twice as active than PKBa in these cells (Walker e/ o/. 1998). The PKBp isofbrm is also highly 

expressed and up regulated in developing embnos (Altomare g/ (7/ 1998) whilst (he a isofbrm is up 

regulated in regenerating neurones (Owada o/. 1997) perhaps indicating isofbrm specific roles The 

PKBy isoform is also highly responsive to insulin in L6 myocytes compared to the other isofbrms, again 

suggesting that despite the apparent identity between the isofbrms there may be differences in (heir 

regulation, responsiveness and cellular roles (Walker c/ a/. 1998). 
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Mosl cvidcncc suggests PKB has a ubiquitous expression and il appears that all cells contain al least one 

isofbrm of PKB with mosl cells containing two or even all ihree forms. This suggests ihal individual 

isofbrms ma)' have distinct roles in certain cells as well as general roles which any isofbrm can perform 

(reviewed in Kandel g/ aA 1999, reviewed in Chen gf g/. 1999). Little is currently known about ihe 

regulation of the expression of PKB: however, it appears PKB translation is upregulated in cells 

becoming taminally diflcrentiated. Fw example, PKB expression is low in the multipotent fibroblast ceU 

line lOTI/2 but PKB protein levels are dramatically increased as these cells are induced to diflerentiate 

into myocytes by transformation (Altomare g/ iz/. 1995). Whilst the expression of PKBp is fairly 

low in the 3T3-L1 fibroblast cell line, its expression appears to be markedly up regulated when this cell 

hne is diflerentiated into 3T3-LI adipocytes (Hill gf a/. 1999). The situation with the a, isofbrm is 

apparently reversed in these cell lines with PKBa having a high expression in the Hbroblasts but a lower 

expression in the diBerentiated adipocytes (Hill g/ a/. 1999). The PKBy isofbrm in contrast to the a and 

p isofbrms docs apparently not change its expression during the differentiation of the fibroblasts into the 

adipocytes but is instead expressed at a similar fairly low level in both 3T3-LI cell types (Barthel o/. 

1998). 

PKB was found to be the cellular homologue of Ihe viral oncogene v-Akt which encodes fbr a 

constitutively active protein kinase involved in transfbrmation. This viral gene is a fusion betweai PKB 

and a truncated tripartite viral group gag (pl2, pl5, dp30) (Ahmed ef o/_ 1993). The two dcmnains are 

spliced togetha^ by a 21 amino acid region encoded fbr by the 5'-untranslated region of PKB plus 3 other 

nucleotides (Ahmed ef 1993, re\ iewal in Coffisr gf oZ, 1998). The encoded viral protein h<xnologue 

was fbund to be a myristoylated fbrm of PKB and is therefbre directly targeted to the plasma membrane 

and constitutively activated thereby suggesting a route for the oncogenic activation of this viral protein 

(Ahmed e/ aZ. 1993). Normal cellular PKB has a primarily cytoplasmic location with around 90% of this 

isofbrm fbund in the cytosol. In comparison, the constitutively active viral PKB due to the presence of 

the myristoylation motif is dispersed among various cellular components with 40% localised at the 

plasma membrane, 30% having a nuclear location and only 30% residing in the cytoplasm (Ahmed g/ a/ 

1993, reviewed in Cofiler a/. 1998). 

Although this indicates that under normal conditions, the vast majority of PKB is a cytoplasmic protein 

pri<x to activation, there is some e\-idence fbr isoform specific subcellular localisation. For example, 

whilst PKBo, appears to be mainly a cytoplasmic protein, PKBp may have a more membranous location 

including the possible presence of this isofbrm in microsomes also containing the glucose transporter. 

GLUT4, which PKB has been implicated in regulating (Calera cf a/. 1998). There is also some evidence 

20 



or Ihc nuclcar iranslocallon oF PKBcc and PKBp isofbrms usually aRcr ihcir aclivation again indicating 

possible isofbrm specific subcellular localisation differences which may aflect their biological roles 

(Meier g/ g/. ]997 Andjelkovic ef a/_ 1997 and 1998). 

As the constitutively active viral PKB has a transfmrning or oncogoiic potential, cellular PKB is 

classiGed as a proto-oncogene (Aoki a/. 1998). Therefore, mutations in the PKB gene sequence at a 

particular point could lead to the expression of a constitutively active kinase which may also have 

transforming properties and thus be implicated in certain cancers (reviewed in Coffer g/ a/. 1998). PKBa 

has been shown to be overexpressed in the breast canco" epithelial cell line MCF7 (Jones gf a/. 1991a) 

and has been found to be have a 20 fold amphfication in primary gastric adenocarcinoma. PKBa is also 

hkely to be overexpressed in other cancers due to its chromosomal location which is in a region prone to 

mutation and already implicated in a variety of tumours including T-cell leukaemia/lymphoma and 

mixed-lineage childhood leukaemia (Bertness ef a/. 1990). 

PKBp has also been shown to be overe)q)ressed in a number of cancers Including glioblastoma and 

ovarian or pancreatic cancers (Jones ef o/. 1991). Large PKBP ampliScations often more than 5 fold are 

seen in 12.1% of ovarian and 2.8% of breast carcinomas (Bellacosa ef a/. 1995, Liu gf oA 1998). A 

recent study has indicated an even more signiScant tumourogemic role for PKBp by showing this isofbrm 

to be overexpressed/upregulated 3 fold in 36% of ovarian cancers studied (91 test subjects) (Yuan 

C/.2000). PKBp is also frequently overexpressed in undifferentiated tumours indicating a possible role 

for this kinase in tumour aggressiveness (Cheng g/ a/. 1992, 1996). 

The PKB isofbrm, PKBy, has recently been imphcated in tumour progression and carcinogenesis. The 

isofbrm has been shown to be upregulated in several prostrate cancer types and also in certain t}'pes of 

oestrogen resistance breast cancers. It is apparent that PKB has roles in cellular transGarmation and could 

possibly be one major route by which cancer cells form, surv ive and metastasise. The possible roles of 

PKB in these processes will be discussed later (section 1.5) 

As all isofbrms of PKB are insulin responsive, it has been suggested that PKB may be linked to the 

insulin resistance disease, diabetes mcllitus (reviewed in Kandel ef o/. 1999). To date no mutations or 

alterations in any of the PKB genes have been seen in patients suffering from diabetes Lndicaiing this 

protein is not likely to be the cause of the insulin resistance seen in this disease (Hansen o/. 1999). 

However, changes in PKB activit}' have been seen in some patients suffering from non-insulin dependent 

diabetes mellitus, possibly indicating that modification of PKB function or activity as a consequence of 



ihc insulin rcsislancc may contribute to the different responses and complications seen wilh this disorder 

(Krook cf a/. 1998, Rondinone gf o/. 1999). Therefore it is important to understand more about PKB's 

structure, activation and fimction, as this may be important in improving the knowledge of this signalling 

pathway and afso may help wth many potentially life threatening disorders. 

f .2.2 Structure of PKB 

PKB consists of three distinct domains (figure 12), a regulator) N-lerminal 147 amino acid picckstrin 

homology (PH) domain, which is includes a short glycine rich linker region at the carboxyl terminal end 

of this domain. This short linker is linked to the central kinase domain of around 250 amino acids which 

contains the main functional activity of the protein. The final subunit is the C-terminal regulatory 

domain which is around 80 amino acids and has a controlling role in the kinase activity and functioning 

(reviewed in Cofler g/ g/. 1998, reviewed in Kandel er/ oA 1999, reviewed in Chen ef a/. 1999). 

The first PKB region, the pleckstrin homology (PH) domain is so called due to its similarity to a known 

domain in the protein pleckstrin which is the m^or PKC substrate in platelets (reviewed in Downward 

1995, Alessi gf o/. 1998a and b). PH domains are usually around 100 to 120 amino acids long and can be 

found in mwe than 100 other proteins, whae they are believed to be involved in mediating either 

protein-lipid interactions, protein-protein interactions or sometimes both. Other proteins containing a 

pleckstrin homology domain include (^amin, phospholipase D and P-spectrin (reviewed in Fruman gf 

a/. 1999). 

Althougii the sequence similarity within this domain between PH domain containing proteins is low or 

not conserved, the general globular peptide structure of the domain is highly conser\'ed. The basic 

structure of this region consists of seven antiparallel P-strands which form 2 cmthogonal P-sheets (one of 

4 strands and one of 3) with an N to C terminal amphipathic oc-helix (Mayer a/. 1993, Gibson g/ a/. 

1994). This structure forms a curved barrel motif, which contains a hydrophobic binding pocket. It is 

interesting to note that all PH domains also contain an invariant single tryptophan residue in the C-

terminal cc-helix, which appears to be important in ligand binding (reviewed in Chen g/ cr/. 1999). 

The hydrophobic pocket and other kcA residues within tlie PH domain have been found to generate a 

distinct positive electrostatic polarisation patch around the ligand binding site which has been shown to 

interact with both proteins and the head groups of certain phospholipids (IsakofTcf 7̂/. 1998, reviewed in 

Chen g/ o/. 1999), Several PH domain containing proteins have been shown to bind phospholipids with 



Ihc alTinily and spGciHcily oC lipids bound varying greatly between PH domain proteins. For example, 

dynamin and pleckstrin bind to phosphatidylinositol 4-pbospbale (PI4P) and pbospbatidylinositol 4,5-

bisphosphate (PM^SP )̂ but not phosphatidylinositol 3,4,5-trisphosphate (PI3,4,5P3), Wiere as PKB has 

been shown to bind only PI3,4P2 and PI3,4,5P3. The residues which eonfcr high afSnily and specifiG 

phosphatidyhnositol (PI) binding have recently been elucidated and found to occur at the N-terminus in a 

KXy.isR/KXRHyd, where X is any amino acid and Hyd is a hydrophobic amino acid. PH domains which 

lack this motiC or have key difYerences within this area bind Phosphatidy linositol (PI) lipids with a 

greatly reduced aHinity if at all (Fruman et al.l999, IsakofTef a/. 1998, reviewed in Chen o/. 1999, 

reviewed in Vanhaesebroeck cf o/. 2000). 

The PH domain is widely distributed amongst signalling proteins suggesting it impwlance in signalling 

networks. The hpid binding properties of this domain may be involved in membrane targeting of PH 

domain proteins possibly resulting in the activation and/or nuclear / mitochondrial translocation of the 

protein in question (reviewed in Chen a/. 1999). Many signalling molecules have been shown to 

associate with various PH domains, for example, some PKC subspecies, the Py subunits of GTP-binding 

regulatory subunits and many inositol based lipids (i_e_ phosphatidylinositol 3,4,5 bisphosphate and 

inositol 1,4,5-thphosphate) all associate with the PH domain of PKB in (Konishi e/ o/ 1995, 

Harlan ef oA 1994, Freeh g/. 1997, Feng ef aZ. 1994). The impwtance of the PH donwin in PKB 

activation and function is discussed in subsequent sections (see 1.3 3,1.3.4) 

The lipid binding PH domain of PKB is followed by a catalytic domain which contains the kinase activity 

of PKB. This domain which is around 250 amino acids contains not only the catalytic site but also an 

invariant ATP nucleotide binding hsine residue (K179 in PKBoc), activation/phosphorylation 

serine/threonine sites and substrate recognition residues. 

This domain shows the maximum amount of identity between the three PKB isoibrms with more than 

90% identity in this region perhaps indicating similar substrate recognition and function between these 

isolbrms. This central kinase domain is also highly conserxed in many serine/threonine kinases vyith 

PKB s catalytic dcmnain having a high degree of homology to the same domain in both PKA and PKC 

(reviewed in Cofler e/ o/. 1998. reviewed in Peterson tf/ a/. 1999, nsviewed in Toker 2000). 

This kinase domain is followed by the last section, which is a short regulator^ region. This C-tenninal 

domain which is found in PKB and several other kinases (e.g. S6 kinase and several PKC isofbrms) 

contains a further regulatory serine or tlireoninc phosphorylation site involved in kinase activation and 

also a hydrophobic proline rich subdomain (reviewed in Peterson a/. 1999, Toker a/. 2000). 



Figure 1.2 - PKB Isoforms 
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The basic domain siruclurc of PKB is conscncd in all ihe PKB isolbnns and also throughout evolution 

w ith the \ -Akt, and C. homologucs all consisting of similar regions. In the main ihc 

onh dilTerences between these is in the length of the domains and some of the amino acids present in 

each, although this is not believed to aHecl the lunctional activity of the protein (reviewed in Co8er tr/ 

a/. 1998). The general structure of PKB is also very similar to many other protein kinases not only in the 

central catalytic domain but also wthin regulator} regions and sometimes the PH domain as well. Due to 

its particular structural similarity to the kinases; PKA, PKC, PKG, and S6K. these and other kinases 

have been grouped together as a kinase super-family knovLii as the AGC Kinases (reviewed in Chen g/ 

a/. 1999, Peterson tfr o/. 1999). 

1.2^ Acdvation of PKB 

PKB has been shown to be activated within one minute in response to a variety of growth factors in 

diOerent cell types including insulin, EGF, IGF-1, PDGF and basic FGF (Alessi g/ a/. 1996a/b, Franke 

o/. 1995, Burgering e/ a/. 1995). PKB has been shown to be activated by vanadate treatment in 

adipocytes, activated in T-cells in response to treatment with intErleukin-2 (Wijkandcr ef aA 1997, Reif 

ef a/. 1997) and the treatment of epididymal fat cells with P-adrenergic agonists e.g. isoproterenol also 

results in PKB activation (Moule ef or/. 1997). PKB can also be activated by various cellular stresses in 

certain cell types including heat shock in CHO cells, hydrogen peroxide (oxidative stress) in C0S7 cells 

and hypa-Qsmolarit}' in NIH 3T3 cells (Konishi g/ a/, 1996 & 1997 Bae ef aA 1999). 

Insulin has been found to lead to rapid and signiEcant activation of PKB in many cell types. For 

example, insulin treatment of L6 myotubes or rat adipocytes results in around a 12 fold activation of 

PKB with an activation half time of about I minute and a sustained kinase activity lasting more than an 

hour (Alessi g/ g/. 1996b, Cross gf oA 1997, Hurel gf a/. 1996). Conversely, in similar cell types EGF 

only leads to 3 Ibid increase in PKB activity which returns to basal levels in about 10-20 minutes (Cross 

a/. 1997). The activation of PKB by the factors IL-2 and isoproterenol is found to lead to diScrent 

levels and times for PKB activi^' in various ceUs (Moule oA 1997). It therefore appears that the 

activation profile for PKB varies greatly between different factors and in diffo-ent cell types with 

activation oflen rapid and/or transient but sometimes slower or more sustained. It may be that these 

factors act through several diHerent pathways depending on the factor used and the cell type examined. 

Alternatively these factors may activate the same upstream activators of PKB by dilTering amounts 

resulting in diflering PKB activation profiles (reviewed in Kandel cv a/. 1999). Generally, PKB 

activation appears to be cell and factor type specilic. However, there ma\ be differences in the activation 



orspcciHc isofbrms of PKB by ccrlain growlh Taciors (Fujio o/. 1999) 

In general most expcnmcnls concerning ihc acbvalion profile (or PKB in response lo a variety of factors, 

study the a isolbrm of PKB. However, it is assumed that most of these findings also relate to the other 

two known PKB isofbrms. Both the P and y isolbnns of PKB c<mtain the same key residues implicated in 

the activation of PKBa suggesting a similar activation route for all three isofbrms. There is also some 

experimental evidence showing that the activation of PKBp and y involves phosphorylation of the same 

residues shown to be essential lor the activation of PKBa and detailed below (Walker gf c/. 1998). For 

the general activation profile of PKB only the route/factor activation of the PKBa isofbrm will be 

discussed. 

Analysis of PKBa has revealed 4 phosphorylation sites. Serine 124, Threonine 308, Threonine 450 and 

Serine 473, which arc all found to be phosphorylatcd when this protein is activated following growth 

factor stimulation (Alessi ef (z/. 1996a/b). Two of the sites S124 and T450 were subsequently found to 

be phosphorylated in the basal state, as well upon growth factor stimulation, indicating that a change in 

the phosphorylation state of these residues does not occur with growth factor stimulation and hence is 

not directly responsible for altering PKB activity (Bellacosa ef oZ. 1998). Despite these phosphorylation 

events being independent of cell stimulation there is some evidence that prior phosphorylation of these 

residues may be necessary/required for the correct folding/orientation of PKBa yielding maximal PKBa 

activation. The proposed priming role of these sites was fiirther emphasised using the double mutant 

PKBa, S124A/T450A which whai transacted into NIH3T3 cells is activated with reduced eSiciency by 

PDGF (Bellacosa gf o/ 1998). Both these residues which when phosphorylated serve as potential 

maximal activation primers have been found to be conserved in the other PKJB isofbrms and sevo-al PKB 

homologues further emphasising a likely regulatory role fbr these sites which are evolutionarily 

conserved (Bellacosa ef a/. 1998, reviewed in Chen g/ o/. 1999). 

When PKBa is activated by many growth factors, fbr example, insulin and IGF-1 it is found to be only 

phosphorylatcd over basal levels on the other two distinct residues namely; threonine 308 and serine 

473, which appear to act s^Tiergistically to bring about maximal PKB activity (Alessi a/. 1996a). Both 

these k^: activation residues have been fbund to be ccmserved in PKBP suggesting both the a and P 

isofbrms arc regulated in a similar fashion (Meier o/. 1997). Recently the human and mouse forms of 

PKBy have also been found to contain the equivalent of these two phosphorylation sites suggesting a 

similar activation routc/prolllc tor this isofbrm (Brodbcck g/ a/. 1999). It is also interesting to note that 

these two activation site residues arc conscr\'cd in evolution (i.e. present in and C.Ig/cggM )̂ 
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and so Ihc pathways involved in Ihc activation of PKB and its homologucs arc also likely to be similar 

(reviewed in Coffer gf o/. 1998, reviewed in Chen cf a/. 1999). 

However, in the truncated variant of rat PKBy only the equivalent of the threonine 308 is present in this 

subisoibrm. This subisofbrm lacks the Gnal 23 C-taminal residues and so the regulatory serine 473 is 

missing (Konishi a/. 1996). As yet it is unknown as to how important this deletion variant is but it has 

been suggested (hat in rats this form of PKBy may have a different method of regulation or only use 

some of the pathways the other two isofbrms use (Alessi a'A 1996a/b, Walker aA 1998). 

Alternatively the serine 473 (or equivalent) site may act as a ' turbo charger'" to obtain a higher activation 

level in the isolbrms/species it is present in (reviewed in Coffer g/ o/. I ̂ )98). Further study of activation 

and possible roles of this truncated variant and its corresponding full length PKBy in a variety of cells 

and/or species will hopefully establish the importance of this subisofbrm of PKB. The other splice 

variant of PKB, (he human PKBP2 subisoform, which has an additional 40 amino acids at its C-terminus 

contains all the serine and threonine regulator) phosphory lation sites and appears to fbllow normal PKB 

activation (Jones aZ 1991b). However as with the species speciOc rat PKBy subisoibrm, any unique 

roles fbr this species speciGc PKBP subisofbrm are currently unknown and need further study. 

Mutation analysis of PKBa has revealed that phosphorylation of both the serine 473 and threonine 308 

is required fbr maximal activation of the kinase (Ahmed ef o/. 1997). Mutation of either of these residues 

to alanine greatly reduced the ability of IGF-1 or insulin to stimulate PKB which an 85% reduction in 

insulin stimulated activity seen in the T308A mutant (Alessi ef oA 1996b). However, mutation of either 

residue to alanine does not prevent the other residue from becoming phosphoiylated in response to 

grov/th factor stimulation suggesting that phosphorylation of each site occurs independently, with 

phosphcwylation at both sites acting s^nergistically to bring about maximal activation (Alessi ef a/. 

1996a, Walker gf a/. 1998). Mutation of either of the residues to aspartate which mimics the negative 

charge supphed by phosphorylation results in the partial activaticm of PKB with mutation of both serine 

473 and threonine 308 to aspartate resulting in an even more active fbrm of the enzyme. In fact the 

D308T/D473S double mutant could not be further activated by growth factor treatment indicating the 

importance of both these residues in PKB activation (Alessi ef a/. 1996a/b, Ahmed (f/ a/. 1997). 

//z Wfro phosphorylation of serine 473 b\ MAPKAP kinase-2 also results in partial PKB activation with 

subsequent growth factor stimulation resulting in threonine 308 phosphory lation and maximal PKB 

activation. This indicates how these (wo residues ac( synergistically to generate a high level of PKBo. 

activity (Alessi cf a/. 1996b, Walker cv o/. 1998). There is some recent evidence that with PDGF 



sUmulalion whilst phosphoiylalion of S473 conlhbulcs lo PKB aciivalion, phosphorylalion on ihis site 

is not essential. However, all research to date still indicates both these residues play important roles in 

maximal PKB activation. Phosphorylation oFthe T308 site has therefore been proposed as the Lev event 

in PKB activation, a fact that has been confirmed in all PKB studies performed (reviewed in Kandel o/. 

1999). 

The threonine 308 is located in the subdomain VIII of the catalytic domain of this kinase, nine residues 

upstream of a conserv ed Ala-Pro-Glu motif. Tliis site is also (bund as an activating phosphory lation site 

in many other kinases, particularly members of the AGC family (reviewed in Peterson of 1999, 

renewed in Toker 2000). Serine 473 is located in the C-terminal of the catalytic domain and has the 

motif FPQFSY. This site therefore lies in the consensus sequence F-X-X-F/V-S/T-F/Y which is found in 

several other growth factor cascade protein kinases such as PKC, p90'^ and S6 kinases (reviewed in 

Cohen 1997, reviewed in Belham gf a/. 1999). In PKB and other AGC kinases both these sites are 

evolutionary conserved and present in most AGC family membaVisofbrms, lh<^ arc found to always be 

located around 170 amino acids apart which suggests similar conserved activation mechanisms 

(reviewed in Cohen 1997 & 1998, Peterson ef a/. 1999). It is therefore possible that common kinases 

may act on these two motifs resulting in the activation of a variety of signalling proteins. This has yet to 

be conjGrmed although the recaitly discovered 3-Phosphoinositide-dependait kinase 1 (PDKl) has 

emerged as a possible candidate for such a role as it acts on threonine 308 motif of PKB (Alessi ef gf. 

1997a/b renewed in Vanhaesebroeck g/ a/. 2000) and has also been shown to phosphoiylate S6 kinase 

//! Wvo (Alessi ef o/. 1997b, PuHen ef o/. 1998) 

For maximal activation of PKB, the PH domain of PKB is an essential requirement for the pathways 

which phosphorylate PKB and generate the active protein (Klippel ef a/. 1997). Mutation of a PH 

domain arginine residue essential for PI binding (PKB R25C) resulted in the generation of an inactive 

PKB which could not bind any PI lipids or become phosphorylated and activated wfm (Franke e/ oA 

1997, BeUacosa g/ o/. 1998). Similar point mutations which reduce PI binding have also been found to 

abrogate the activation of PKB by a variety of growth factws (James ef a/ 1996, Stokoe a/. 1997). In 

agreement with these findings, mutations in the PH domain which increase PKB s aflmity for PI lipids 

(i.e. PKB E40K) have been shown to greatly enhance the growth factor induced phosphorylation and 

activation of PKB further emphasising a critical role Ibr the PH domain in activation (Franke g/ o/. 1997, 

Stokocc^c//. 1997. Alcssif^fa/. 1997b) 

In the absence of PH binding PI lipids a full length PKB could not be activated by PDK1. However when 

the PH domain of PKB is removed, generating a deletion PH domain mutant, phosphorylation and 
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aclivalion using Ihc PKB kinase PDKI (see sccuon 1.41) could be achicvcd wiihoul ihc addition ofSTIs 

(Alcssi gf a/. I997a,1), DaUa cf/ o/. 1995). It appears thai the PH domain of PKB when unoccupicd by PI 

Hpids masks the phosphorylation sites of PKB, thereby preventing phosphoiylation and activation of 

PKB_ However, in the prescncc of bound 3TI lipids (probably generated by P13K - sec scction 1.41} the 

PH domains conibrmation is likely to altered, revealing the previously hidden phosphorylation sites 

wiiich can thai be actcd on by specific kinases (i.e. PDKI) resulting in PKB activation. It seems that the 

PH domain of PKB plays a negatively regulatory role which is rcmmed in the prescncc oF specific 3'PI 

lipids generated aAer growth factor stimulation via the PI3K cascade (reviewed in Coffer oA 1998, 

reviewed in Chen e/ a-/. 1999, reviewed in Vanhaesebroeck gf o/. 2000). 

The PH domain of PKB is also likely to be involved in targeting PKB to the membrane which also aids 

maximal phosphory lation and activation of PKB (Andjelkovic g/ A'/. 1997, Datta a/. 1995). When 

bound by 3'PI hpids to its PH domain PKB is rapidly translocated to the plasma membrane (Andjelkovic 

a/. 1997, Frankc a/. 1997, Kohn a/. 1996). The requirement of membrane targeting as a 

mechanism for PKB activation is emphasised by the fact that the membrane targeted v-Akt is 

constituUvely active and that the addition of a membrane localisation or myristoylation signal to PKB 

leads to the gena^tion of a constitutively active mutant (Coffer gf aZ. 1991, Andjelkovic aZ. 1997 

Meier 1997). The apparent requiremait of membrane targeting for maximal PKB activation is 

likely to be due to a membranous locaticm for the PKB activating kinases. It appears that the role of the 

PH domain in PKB activation is several fold. The binding of specific 3'PI lipids to this domain results in 

the membrane targeting of PKB and the unmasking of the activation phosphorylation sites. Both of these 

mechanisms are likely to act together to generate the maximally active PKB (Freeh oA 1997, Stephens 

gf W. 1998, Datta or/. 1995, reviewed in Cofler g/ e/. 1998, Chen g/ g/. 1999). 

The PH domain linked model for PKB activation proposed has recently been given a further level oF 

complexity. It has been suggested that PKB exists as a multimer in cells with the PH domains of each 

PKB mediating this interaction. Experiments using the yeast-2 hybrid system or mutant PKB studies 

show that PKB-PKB interactions can occur but only between the same PKB isofbrm i.e. a - a 

interactions. In this hypothesis it is believed that in resting cells the PKB multimer is held in an inactive 

conformation via intermolecular interactions between the PH domains of individual PKB molecules (Lin 

cf o/. 1999, reviewed in Cheng (f/ o/. 1999). When the activating serine and threonine sites of an 

individual PKB arc phosphorylatcd a conformation changc occurs in this moleculc which relieves the 

inhibitor^' cITcct it has on its partnering PKB molccule (i.e. the one it is interacting with). 

Phosphorylation of one PKB molcculc docs not lead to its activation but rather a '^deinhibition'' of its 

neighbour. The phosphor^ lated PKB docs not thcrclbre require an intrinsic kinase activity to deregulate 



lis pailncr and ihis partnci docs nol require phosphoiA'lalioii ol ils own sjtcs lo obtain aclivalion. fn this 

model, phosphorylalion can be said to causc inlcrmolccular derepression oF ihe PKB complex. Whilst 

this model IS still somewhat controversial, evidence for this or a similar activation system is mounting 

and so further investigation is required to establish the exact activation proCile for PKB (Datta 6/ 

1995, reviewed in CoHer cf a/. 1998). 

Therefore, the activation of PKB is an extremel) complex process thai we still do nol Tullv understand. 

At a structural level certain key features of PKB have been identified to be involved in or neccssar\' for 

maximal activation. For example, the PH domain of PKB has been proposed to be involved in PKB 

ohgomcrization, 3TI lipid binding, PKB translocation and r^ulation of access to critical 

phosphoiylation sites. These critical phosphorylation sites have been identiGcd as T308 and S473 which 

when phosphmylated act synergistically to activate PKB (reviewed in Chen a/. 1999, Coffer g/ g/. 

1998, Kandsl oA 1999). Phosphorylation of these two residues has been found to be both necessary 

and sufRcient for maximal PKB activation (Alessi g/ a/ 1996a/b, reviewed in Vanhaesebroeck e; a/ 

2000). Having now established the key Matures of PKB which act to bring about its activation it is 

important to detail the upstream pathways which act cm these features and bring about alterations in their 

functions/state to activate PKB. Therefore, it is appropriate to look at the upstream PKB activation 

pathw^s) which act to mediate growth factor and other stimuli signalling resulting in PKB activation. 

1.2.4 The PKB Pathway 

1.2.4.1 The PI 3-Kinase Family 

The presence and importance of the PH domain in the phosphorylation and activation of PKB led to a 

great deal of research into the importance of PH domain binding PI lipids in this activation pathway. 

This meant that a great deal of research targeted the likely generators of these lipids, particularly the 

protein responsible for the generation of 3"-Phosphatidylinositol lipids namely phosphatidylinositol 3 -

Kinase (PI3K) (reviewed in Vanhaesebroeck t-/ g/. 1999, reviewed in Tokcr 2000). 

The PI3K family were first discovered in the late 1980s as unique proteins which phosphorylate the D-3 

hydroxy! group of the inositol head groups of various phospholipids via a distinct lipid kinase activity 

(reviewed in Vanhaesebroeck g/ o/. 1997 & 1999. Fruman c/ o/. 199K). As well as this lipid kinase 

activity these proteins were also showTi to possess a separate protein kinase activity, with both activities 
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likely to be involved in PIjKLs downstream roles. PloK has been found widely expressed in cells and 

across spccies indicating a critical evolulionarily conserved role Ibr Ihis kinase. The phospholipid 3'-

kinasc activity oF PI3K has shown to undergo activation in response to many growth factors (i.e. insulin. 

PDGF, EGF) and also mitogcnic stimulation (reviewed in Alessi gf a/. 1998, rc\icwcd in 

Vanhaesebroeck o/. 1999). PI 3-Kinase activity has also been found to be increased in transformed 

cells indicating a critical cell cycle regulatory role for this kinase (Klippel e/ W. 1998, reviewed in Alessi 

g/ A/. 1998, reviewed in Vanhaesebroeck cf a/. 1999). 

PI 3-kinasc and its products have been proposed to mediate many intracellular events including PKB and 

S6 Kinase activation (King oA 1997, Sable 1?/. 1998), Rac phosphatase regulation and regulating 

processes such as glucose Iransport, protein trafficking and cytoskeletal functions (Malarkey g/ a-A 

1995). PI3K may also be involved with the Ras/MAP kinase pathway since ccrtain Ras isofbrms i.e. Ras 

and R-Ras shown to interact with and activate PI3K and also the PI3K PIP^ products are believed to 

regulate Raf-Ras interactions and hence MAP kinase activity (Marte g/ a/. 1996). Thus understanding 

P13Ks roles in cell signalling is a critical step in unravelling (he complex signalling story. 

Inositol containing phospholipids (Pis) have an inositol phosphate group at position 3 of their glycerol 

backbone whh fatty acids at positions 1 and 2, and comprise of approximately 10% of the total cellular 

hpid. If the PI lipids contain no otha^ additional phosphate it is called phosphatidylinositol (PI), with this 

being the major PI present in cells. However in cells all free hydroxy! groups of the inositol ring of PI 

lipids apart from the 2' and 6' position can be phosphorylated in a variety of combinations to yield many 

difkrent PI lipids. The <Mher m^or PI lipids present in cells are PI 4 Phosphate and PI 4,5 bispbosphate 

which each make up armind 5% of cellular PI hpids. The D3 phosphorylated inositol lipids generated by 

the PI3K family comprise of less than 0.2% of the total cellular PI, but are subject to by far the highest 

external stimuh induced variation in their levels and are potentially very important in cell regulation. In 

cells PI3K proteins gena-ate PI 3 Phosphate (P13P), PI 3,4 bisphosphate (PI3,4P2) and PI 3,4,5 

trisphosphate (PI 3,4,5P3) with the later two products beheved to be involved in PKB activation 

(reviewed in Vanhaesebrocck e/ o/. 1999, reviewed in Fruman ef o/. 1998, reviewed in Chai oZ. 1999). 

There has been (bund to be at least 9 multiple isofbrms of PI3K based on gene splicing/rearrangement 

which can be broadly divided into 3 distinct classes, namely, class I, U and III. These classes arc 

separated based on the substrate recognition, functioning and mechanisms of regulation. 
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i) Class 1 

Class I PI3K arc hclcrodimcrs of around 20UkDa comprising oCa ] lU-120 kDa calahlic subunil linked 

to a 50-100 kDa adapter or regulator) subunit. These phosphor^'latc all classes of PI but have an major 

order of prekrcncc for PI3,4P2 > PI4P > PL Class 1 P13Ks are (he major class of PI3K and have been 

shown to regulate a host of cellular functions including, protein synthesis, Ispolyis, sjucose metabolism 

(i.e. glucose uptake and glycogen s^mthcsis) and apoptosis. There are two subclasses, 1,̂  and which 

share similar lipid substrate speciilcitics but vary in (heir mechanism of regulation (Stephens a/. 1993. 

reviewed in Vanhaescbroeck gf a/. 1999). 

The Class 1^ P13K are a group of kinases which phosphoiylate phospbatidylinositol hpids usually 

phosphatidylinositol 4,5 bisphosphate (its major cellular substrate) at the D3 position of the Inositol ring 

(Woscholski ef a/. 1997). PI3K is composed of two subunits an approximately UOkDa catalytic (pi 10) 

subunit and an 85kDa regulatory (p85) subunit (Pons gf o/. 1995, reviewed in Vanhaesebrocck g/. 

1997). There arc 3 classes (oc, j3, y) of the pi 10 catalytic subunit which range in molecular weight Irom 

110-113kDa and are muhi-domain proteins. These catalytic subunits form heterodimeric complexes with 

the 85kDa regulator}' subunits (reviewed in Alessi oA 1998, Vanhaesebroeck <7/. 1997 & 1999). 

The regulatory subunits are encodcd fbr by 3 mammalian genes p85 a , p, y, with alternative splicing 

sites giving rise to at least 7 polypeptides aU of which contain 2 SH2 domains (Inukai aA 1996 & 

1997). The major form of the class I PI3K involved in insulin response has recently shown to be the 

pllOp/p85oL coniplex, which was shown to have roles in the stimulation of glucose transport via 

GLUT4 translocation to the plasma membrane in 3T3-LI adipocytes (Ozanne e/ 1997). 

Class 1^ PI3Ks have been Bound to be regulated by receptor and non-receptor tyrosine kinase by at least 

2 mechanisms (reviewed in Shepherd g/ oA 1998). In the first mechanism, activation occurs via the 

tandem SH2 domains of the p85 subunit binding to phosphotyTOsine residues found in a Y-X-X-M motif 

(Cuevas g/ aZ. 1999). For example, with insulin stimulation the insulin receptor tyrosine kinase is 

activated and this results in phosphorylation of IRS proteins. These adapter proteins (i.e. IRS-1) contain 

several Y-X-X-M motifs whidh tlie p85 subunit can bind. This binding results in the membrane 

recruitment of the pi 10 catalytic subunit, its tyrosine phosphorylation and hence its activation (reviewed 

in Vanhaesebroeck g/ cr/. 1999, reviewed in Chen cf aZ. 1999, reviewed in Alessi 1998a/b) 

In the second activation mechanism for class I P13IC GTP-ras interacts with the pi 10 subunit via an 

eflcctor site located within this catalytic domain with this association leading to PI3K activation 

(Rodrigucx-Viciana g/ a/. 1996). It is most likely that both mechanisms are activated in response to 



rectors oct in Wndum lo <iyoul nuximzii of However^ it is unclcAr ss to 

whether ras activation is required for insulin induccd PI 3-KinasG activity or whether tJic IRS binding 

route IS sufficient. The membrane localisation and activation of PI3K causes the phosphorylation of 

inositol phospholipids at the D3 position generating P3,4JP;; which is the rapidly converted to PI 3.4P2 

by the action of a speciGc 5'-phosphatase ( reviewed in Alessi g/. 1998b, Shepherd c/ a/. 1998). 

The only class Ig identified to date is the pIlOy catalytic subunit which complexes with a unique 

lOlkDa regulatory subnnitplOl. PllOy./plOl heterodimers have been Ibund to be activated by the GPy 

subunits of heterotrimenc G-proteins v,ith the pi01 subunit Ibund to be essential lor this activation. The 

Class 1„ PI3K shows a much more restricted tissue distribution than the ubiquitously class IA PI3K, 

being (miy abundant in white blood cells Therefore the likely importance of class Ig PI3K in PKB 

activation is limited to a cell types. 

ii) Class II 

Class 11 PI3K family monbers are between I70kDa and 210kDa in size and consist solely of a large 

catalytic domain and are Iha^efbre, monomehc. These proteins are not regulated by an additional 

regulatory submiit but instead posses a C-2 lipid binding domain which appears lo be involved in 

regulation of this PI3K class. They act mainly on PI and PI4P however, there is some variability between 

subisofbrms of this group. Also certain sub-isofbrms of this group i.e. PI3KC-2a show a marked 

resistance to the inhibitor} effects of the PI3K inhibitors wortmarmin and LY294002 which are known 

to succ^fuUy inhibit other PI3K iso&nns including the related PI3KC-2p. As this class of PI3K can 

generate PI3,4P2 \\tich is implicated in PKB activation, it is possible this class may have some role in 

the PKB pathway discussed lata- (reviewed in Shepherd ef aZ. 1998, Alessi ef oA 1998b). 

iii) Class III 

The final mammahan class of the PI3K family, the class ITl PI3Ks, are homologues of the & 

Vp534p which are they only PI3K class present in yeast This group to date has had little research and so 

questions about its expression, fiinctioning and roles need to be addressed. This family has been shown 

to only act on the hpid PI, so only gena^ate PI3P and are therefore not likely to be involved in PKB 

activation. Also within the PBK super family, several structurally related kinases have been identified 

and are sometimes grouped together collectively as class IV P13Ks. These proteins which include, DNA 

dependent protein kinase, TOR (target of rapamycin) and ATM (ataxia telangiectesia mutated) all 

possess hanolo^^ to P13K in their eatak^ic domain. However, as yet no lipid substrates Ibr these 

proteins have been identified indicating that they c\crt their cHects solely via the serine/threonine kinase 

activitv (review in Vanhaesebroeck trf o/. 1999). 



1.2.4.2 Pj3K involvement in PKB Activation 

PI3K and its lipid products were proposed as the Grsl known upstream regulators oC PKB based on 

several key experimental findings. Firstly, the growth Taclor stimulated (i.e. insulin, PDGF, EGF) 

activation of PKB in many ccll types has been found to be prevented by the addition of the fungal 

inhibitor wortmannin to the cultures (Franke e/ a/. 1995, Kohn o/. 1996). Wortmannin even at low 

nM concentrations is known to irreversibly inhibit class 1 ̂  PI3K by forming a schifT base with a lysine 

residue in the catalytic domain of PI3K, preventing the generation of PI 3 lipids. Therelbre these 

experiments using wohmannin to inhibit not only PI3K but also PKB, indicated PI3K as an upstream 

activator of PKB (Cross gf g/. 1995, Datta gf o/. 1996). 

Secondarily, inactivation of PI3K acti\dty by preventing its binding to and activation by PDGF bound 

PDGFj3 receptors also inhibits PKB activity (Franke g/ o/. 1995). PDGF activation of PKB was found to 

be dependait on the PDGF receptor residues, Y240 and Y251, which are binding sites for the p85 

regulatory subunit of PI3K and hence involved in the activation of P13K (Franke <?/. 1995). It is 

apparait &om these Endings that P13K is essential in the growth factor inducted activation of PKB. 

A second PBK inhibitor LY294002, which acts as a competitive inhibitor of ATP binding to PI3K, has 

not only been found to inhibit the growth factor induced activation of PBK, but also the subsequent 

activation of PKB further emphasising a role for PBK upstream of PKB (Cross ef aZ. 1995, Datta e/ of 

1996). Overexpression of dominant negative mutants of the p85 subunit of class 1a PBK also have been 

found to prevent the activation of PKB whilst constitutively active pllO PI3K activates PKB in the 

absence of external stimuli (Klippel et al. 1996), In many studies, PH domain mutants of PKB which do 

not bind the PI 3'hpid products of PI3K, were found not to be activated by PDGF whereas 

immunoprecipitated PKB could be activated by the addition of the PBK products P]3,4P2 and PI3,4,5P3 

(Cross gf cZ. 1995, Alessi gf (f/. 1996, Hemmings 1997). 

It has been found that the cellular levels of PI 3,4,5P3 rise by between 10-100 times (depending on cell 

type / species) vyithin 30 seconds of insulin stimulation with a similar rise of P3,4P2 following very 

rapidly (Vanhaesebroeck cA 1997, Woschoiki oA 1997). The rapid activation proSle for PKB in 

response to insulin also Indicates an upstream position for PBK and lipid products. These lipid products 

of PBK activation have a critical role to play in insulin and other growih factor pathways. Therelbrc, 

based on the evidence using PBK inhibitors and class 1,% PBK mutants, PBK is critically involved in 

PKB activation (Backer g/ o/. 1992, Lam g/ 1994). 



The 3-Phosphoinosilol producls of P(3K have been showTt lo bind lo ihc PH domain oFPKB wilh Ibis 

binding likely lo resull in Ihe recruilmcnl or anchoring of PKB lo Ihe cell membrane wilh Ihc mz^or PKB 

binding lipids being P13,4 P2 and PI3,4,5P3 (Kohn e/ a/. 1996, Franke cfA 1997). InleresUngly, ihe 

other 3Tl-lipids PI3P and PI3,5P2 have been shown nol lo bind lo or aclivale PKB indicating thai only 

speciGc 3'Pis aclivale PKB (Franke gf a/. 1995). 

The binding of Ihe PI3,4P2 and/or P13,4,5P3 lo PKB's PH domain has been shown lo lead lo PKB 

aclivalion and to be a critical slcp in Uiis evenl (Slokoe g/ o/. 1997, Stephens ef a/. 1998, reviewed in 

Kandel c/ a/. 1999). Which of these two lipids is the most important in activating PKB is somewiiat 

controversial, with current evidence based on binding aOinities and activation profiles favouring 

PI3,4,5P3 as the majcw activating lipid (James or/. 1996, Stdcoe cf a/. 1997, reviewed in Kandel g/ a/. 

1999). However in, platelets the activation of PKB is biphasic, with PG,4,5P3 binding initially and 

leading lo rapid and transiait activation of PKB followed by the subsequent secondary binding of 

P13,4P2 resulting in a more sustained activation (Banfic o/. 1998). 

Despite the requirement of PBK Hpids in the activation of full length PKB, the presence of these lipids is 

not sufBcient to activate PKB without the concomitant phosphoiylation of the T308 and S473 (PKBa) 

residues and therefore the presence of protein kinase activity is also required (reviewed in Kandel et al. 

1999, Chen ef o/. 1999). This was shown by the fact that PI 3-lipids could not activate 

purified/recombinanl PKB in vitro (James et al. 1996). Inhibition of PI3K activity by chemical inhibitors 

or dominant negative mutants also prevents phosphorylation of PKB, indicating that PI3K and its lipid 

products have a critical role to p l ^ in these phosphoiylation events (reviewed in Shepha^d aZ. 1998). 

There is no evidence that PKB is directly phosphor} lated by PI3K and so the role of this kinase and its 

lipid production must be to facilitate PKB phosphoiyiation by other kinases (reviewed in Alessi et al. 

1998). The requirement of these PKB kinases is fLirther shown by the fact that PKB mutants wilh their 

PH domain rmioved can still be phosphwylated and activated im Wfro in the absence of PI3K lipids 

(Kohngfc/. 1996). 

The currait evidence for the direct role of PI 3,4,5P3 (and lo a lesser extent PI 3,4P2) interactions wilh 

PKB is that Ihey targ^ PKB to the plasma membrane where it is phosphorylaled and activated by distmcl 

kinases. These hpids may also facilitate PKB activation by these kinases causing a conformational 

change or dimaisation of PKB or possibly directly activating a PKB kinase (Hcmmings 1997, Franke ef 

a/. 1997, Alcssi o/. 1997). Thereibrc, il is now important to look al the potential kinases which may be 

involved in phosphorylating and activating PKB and whether PI3K has a role in their actions on PKB. 



1.2.43 PDK] 

RecGaUy a PKB kinase (PDKl) was identified and isolated in rabbit skeletal muscle. This kinase is a 

ubiquitously expressed 556 amino acid/63kDa monomeric kinase (Alessi e/ a/. ]997a/b/c). This kinase 

was (bund to contain a PG,4,5P3 binding PH domain similar to PKB but at a position C-tenninal to the 

catalytic domain (Stephens e/ c/. 1998). The amino terminal kinase or catalytic domain was also found to 

be similar to that of PKB, PKA and PKC and hencc PDKl is another member of the A,G,C family of 

serine/threonine protein kinases (Alessi e/ a/. I997a/b/c, Stephens t;/ a/. 1998). PDKl was found to be 

ubiquitously expressed in all mammalian cell types studied and homologues of this kinase were found in 

many other species including yeasts (& /wmAc and 6'. cgrews/gg) and DrofopA/V/or suggesting 

evolutionary conservation of this kinase (Niederberger ef aZ. 1999, Alessi aZ. 1997a, reviewed in 

Vanhaesd)roeck ef <?/. 2000). 

Analysis of this kinase and m Wvo has shown that it directly phosphoiylates PKBa on threonine 

308 leading to a 30-fbld increase in PKB activity (Alessi ef 1998a/b). Subsequent!} PDKl was also 

shown to phosphorylate the P and y isofbrms of PKB on their respective kinase domain threonine, with 

similar affinities/kinetics, indicating that PDKl shows no PKB isofbrm speciSc targeting (Walker ef o/. 

1998), Mutation of PDKl to a kinase dead or inactive form was found to completely abrogate the growth 

factor-induced activation of PKB, indicating that PDKl is a key regulator of PKB phosphoiyiation and 

activation (Alessi ef a/. 1997b/c, Stq)hens gf a/. 1998). 

This kinase was originally found to be maximally activated by low micromolar concentrations of the D 

enantiomers of PI 3,4P2 and PI 3,4,5P3, PI 3,4,5P3 is the most important PDKl mediator, being involved 

in the membrane recruitment and activation of PDKl (St(*oe g/ oZ. 1997, Currie a/. 1999). No other 

inositol lipids have any efkct on PDKl activity, indicating a possible direct role k r only PI3K generated 

lipids in PDKl recruitmait/activaticm This kinase was therefore given the nanK Phosphatidylinositol 

3,4,5-trisphosphale - dependent protein kinase-1 (PDKl) since PI 3,4,5P3 is the strongest activator 

(Alessi a/. I997b/c). 

This kinase has also beai shown to be insensitive to wortmannin and so is not a member of the Pf3K 

family but is activated by their lipid products. Hence it is likely that this kinase is one of the kinases 

which mediate PKB activation by insulin and other growth factors via PI3K. This kinase may also pla} 

roles in regulating other actions of the P13K derived second messengers PI 3,4,5P3 and PI 3,4P2 and is 

thcrelbrc likely to be the subject of further investigations (Alcssi a/. 1997a/b/c, reviewed in Cohen ef 

a/. 1997, reviewed in Vanhacsebroeck cf <3/. 2000). 



There is now cvidcncc to suggest lhal PDKI ma\ in fad be constilutively active in cells due to the 

continual presence of small concentrations of the activating PI 3lipids at (he plasma membrane which 

may be sufficient to activate PDKI (Anderson o/. 1998). For example, PI3K agonists have been 

shown not to alter the phosphorylation or activity of PDKI. The activity of PDKJ was not af%ctcd by 

mitogenic stimuli (Anc^elkovic g/ a/. 1999, Currie gf a/. 1999), indicating that PDKl ma}' be already 

active. However, it is unclear whether the Pj3,4,5P3 quantities present in unstimulated cells are sufRcient 

to maximally activate PDKI and hence further activation of PDKI by growth factor stimulated PI3K 

actiWty is likely to be required (Pullen g/ a/. 1998, Casamayor gf a/. 1999, Currie g/ a/. 1999). 

Whatever the precise mechanism of PI3,4,5P3 in PDKI activation it is clear that this hpid binds to PDKI 

with a high aiBnity and is involved in regulating its activity. This is likely to be via binding to PDKTs 

PH domain which may aid PDKI locahsalion to the plasma membrane and thus modulate its activity 

(reviewed in Vanhaesebroeck cZ. 2000). PDKI translocation to the plasma membrane is increased 

upon PDGF stimulation, wtiich is hkely to be via increasing binding of PI3K lipids products to the PH 

domain of PDKI (Anderson ef g/. 1998). The importance of PDKI's PH domain in PDKI activity was 

also shown by the fcKt that deletion of this domain resulted in a PDKI mutant Wiich only 

phosphoiylates PKB at 5% of the rate of full length PDKI (Alessi ef aA 1997b/c). The rate of 

phosphorylation of PKBot on T308 by PDKI was ino^eased about 1000 fold in the presence of 

PI3,4,5P3/PI3,4P2 again indicating roles for these lipids in facilitating maximal PDKI activity towards 

PKB (Alessi ef a/. 1997a/b/c). 

The proposed mechanism for the T3 08 phosphoiylation and activaticm of PKB is as follows: The PI3K 

lipid products PI3,4,5P3 and PI,3,4P2 bind to the PH domains of PKB and PDKI resulting in the 

localisation of both of these proteins to a proximal location on the plasma membrane. These lipids 

appear to enhance the activity of PDKI towards PKB and facilitate its phosphorylaticm of the T308 

(PKBa) site of PKB. This is likely to involve removing the inhibitory/masking eSect of PKB's 

unoccupied PH domain by inducing a ccm&)nnation change in PKB which exposes the T-loop fhreonine 

site for phosphorylation by PDKI (reviewed in Kandel ef o/. 1999, reviewed in Chen g/ oA 1997, 

reviewed in Vanhaesebroeck cf a/. 2000). 

Many questions about the regulation of PDKI still need to be answered. The precise role of P13K lipid 

products in PDKI activation still remains controversial; and needs more investigation. The cellular 

location of PDK still need to be addressed, some ev idence suggests that PDKI is translocated to the 

plasma membrane when activated and so is predominanti)' found in this region. However, evidence also 

points to a large proportion of PDKI remaining in a cvtosolic location even afler stimulation (reviewed 



in Chen a/. 1999, reviewed in Vanhaescbroeck gf' o'/. 2000). 

PDKI ilself also has several phosphar^lation siles al S24, S24I, S393, S396 and S410 which appear lo 

be imporlanl in PDKI regulalion (Casamayor g/ aA 1999). Of these sites, S24I appears lo be a 

residue in PDK) activation with mutation of this residue to alanine abolishing PDKI activity whilst 

mutation oC the other sites did not af[ect PDKI activity (Casam^or gf a/. 1999). This phosphorylation 

site was found lo resistant to dephosphorylation by PP2A whereas the other sites were all 

dcphosphoryiated by this phosphatase (Casamayor gf oA 1999). S241 lies in the activation loop of PDKI 

between subdomains Vll and VIII in the equivalent position to the residue PDKl phosphcmylates on its 

protein kinase substrates possibly indicating an autophosphorylation mechanism (Casamayor ef g/. 

1999). However, the phosphorylation of PDKI at these sites does not seem to be afleeted by growth 

factor stimulation and no PDKI kinases have as yet been proposed and so the importance of these sites is 

unclear. 

It is apparent there&x^ that the activation profile of PDKI needs to be clarified to estabhsh not only the 

cellular location and activity of this kinase in unstimulated cells, but also how these parameto-s change in 

response to cellular stimulation. Evidence suggests a role for PI3K and its lipids products in maximal 

activation of PDKI so the importance of these and other factors in regulating PDKI need to be addressed 

(reviewed in Vanhaesebroeck gf g/. 2000). 

The threonine 308 of PKB phosphorylated by PDKI has been found to he in the T-loop of the protein 

between domains VII and VIII in the sequence TFCGTPEYLAPE which is also identical in PKBp and y. 

The PDKI phosphorylation site including the downstream amino acids have been found to be a 

conserved motif in other A,C,G kinases with the gaieral sequence requiranent established as 

TF/LCGTXXYXAPE/D (Walker g/ aA 1998, reviewed in VanJhaesebroeck gf aZ. 2000). Many diSerent 

proteins apart from PKB have been found to contain this PDKI phosphorylation motif including PKA, 

S6K and PKC. This raises the possibility^ that PDKI could also act on and phosphorylate the 

homologous site in other kinases and thus be an important branch point in signalling, especially as the 

equivalent PKB T308 activating phosphorylation is likely to have similar regulatory roles in other A,G,C 

kinases (reviewed in Peterson gf a/. 1999). 

Of the kinases which share the conserved PKB site, PDKI has already been shown to phosphoiylate S6 

kinase, PKA, p90RSK and several PKC isolbrms including the atypical subfbrms PKCX/PKCi^ the novel 

PKC8 and conventional PKC isolbrm PKCpil at their homologous sites (Belham gf a/. 1999, Good g/ o/ 

1998, Alessi gf (r/. 199X, Pullen ĝ  199X). As with the phosphory lation of PKB, the phosphoiylation 



or several PKC isofbrms (i.e. PKC/VPKCQ requires Ihc prcscncc oClipid co-faclors lo assisl PDKls in 

Ihcir aclivalion (Band)'opadhyav ef g/.1999, Chou o"/. 1998). The phosphorylation and activation of 

the novel PKCs; PKCe and PKC5, and the 31)1)1031 PKC( has been shown to be stimulated by PI3K lipid 

products and conversely inhibited by the PI3K inhibitor LY294002, which again points towards the 

PI3K/PDK1 pathways involvement in these activations (Standaert gf a/. 1999, Chou (f/ o/. 1998, 

reviewed in Peterson ef a/. 1999, Vanhaesebroeek et al. 2000) 

A second group of PDKI substrates including S6K and SGK require prior phosphorylation at a second 

site to enhance PDKI directed phosphorylation and activation (Alessi a/. 199&, Kobayashi eif o/. 

1999). For example, a catalytically inactive mutant of PDK1 has also been shown to block growth factor 

stimulated activation of S6 Kinase, anphasising a likely role lor PDKI in the phosphoiylation and 

activation of this and other kinases of the same group (Pullen cA 1998, Balendran gf aA 1999, 

reviewed in Cohen 1999). This priming phosphorylation event will be investigated in chapter 5 with 

refa^encG to the activation of S6K where this phosphoiylation increases the acti\dty of this kinase. 

A third subset of possible PDKI substrates require an interaction with Rho-GTP in order ibr PDKI to 

access and phosphorylate the T-loop site This group which includes the PKC related kinases (PRK 1 

and 2) possess an N-terminal Rho-binding domain which when occupied by Rho induces a 

conformational change in these proteins allowing PDKI to interact with these kinases and phosphorylate 

the T-loop site (Flynn et al. 2000). The final group of possible PDKI substrate have been found to be 

constitutively phosphorjdated at the T-loop site, with this phosphorylation event not influenced by PI3K 

or other known inputs. This group of substrates which includes p90RSK and PKA may tha^fbre be 

phosphorylated by the constitutively active PDKI as soon as they are synthesised and then regulated by 

other post-PDKl phosphorylation events in response to upstream inputs (Cheng et al. 1998, Jensen et 

aZ. 1999, Frodin ef a/. 2000). 

ThaT;fbre, it appears, that not only has PDKI been found to be an essential kinase in the T-loop 

phosphcwylation and activation of PKB but has also been shown to be a key factor in regulating several 

other important cellular proteins. It is apparent that PDKI can act as a direct downstream modulator of 

P13K function to not only PKB but also possibly S6K and several PKC isoibrms. Cellular roles for 

PDKI in glucose transport (via PKB and'or PKCQ, protein synthesis (via S6K) and cell survival in 

response to a variety of growth factors including insulin, EGF and PDGF have already been proposed. It 

is clear that PDKI is likely to be important in the control/regulation ofkc) events and thus needs further 

investigation to establish its precise cellular roles (reviewed in Vanhaescbroeck cf a/. 2000, reviewed in 

Chen a/. 1999, reviewed in Peterson cf o/. 1999) 
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1.2.4.4 PDK2 

For maximal PKB activation, phosphorylation of the activating serine of PKB (S473 in PKBn) is also 

required. Mutation studies on this residue revealed that if it is mutated to alanine maximum activation of 

PKB could not be achieved, whereas mutation to aspartate partially activated PKB (Alcssi o/. 1996). 

In both cases, phosphorylation of T30& still occurred irrespectively with a subsequent increase in 

activation. A similar situation was observed with T308A and T308E mutations indicating that these two 

phosphoiylation events are indqiendent and act synergistically to maximally activate PKB (Alcssi g/ o/ 

1996, BeUacosa gf a/. 1998). Incubation of partially active (T308 phosphorylated) PKB with PI 3,4,5P3 

did not result in further phosphorylation or activation of PKB wfm, indicating that the serine 473 

phosphcaylation is unlikely to be a PI3 lipid induced autophosphorylation event and therefore another 

upstream kinase is likely to be involved. (Alessi ef a/. 1997c). 

Mutation studies have shown that the phosphorylation of this serine site is also sensitive to the 

Phosphatidylinositol hpids and so this unknown kinase has been termed phosphati(^linositide dependent 

kinase -2 (PDK2). The insulin-induced phosphorylation of this residue is also prevented by inhibitcrs of 

PI3K, indicating the involvement of the PI hpids in its activation/regulation (Alessi oA 1996). 

The soine 473 site in PKB has been shown to lie within the regulatory C-terminal domain in a region 

which is highly conserved within the A,C,G kinase family (reviewed in Peterson et al. 1999). In this 

family, this site has been found to he within the consensus motif P-X-X-P-S/T-F/W with the 

phosphorylated serine or threonine always lying 160-165 amino acids downstream of the conserved 

serine/threonine site phosphoiylated by PDKl. Kinases shown to contain both the PDKl site and this 

potential PKD2 site include not only all the PKB isofbrms, but also S6K, many PKC isoibrms and the 

rho-dependent protein kinase (reviewed in Peterson ef a/. 1999, rev iewed in Vanhaesebroeck a/. 

2000). 

The search is on for the identity of this kinase, which along with PDK, 1 is likely to be involved in the 

phosphorylation and activation of a %ide variety of kinases and so have a critical role to play in ceU 

signalling. Although MAPKAP Kinase-2 phosphoi}4ates this residue wfro this kinase is not 

stimulated to any extent by lGF-1 or insulin in many cell lines and inhibition of the MAPKAP-2 

activating pathway had no eflbct on insulin's activation of PKB (Alessi t;/ 1996). IVlAPKAP-2 is 

thcrefwe unlikely to be PDK2. 

Another more promising candidate lor PDK2 is the intcgrin linked protein kinase (ILK) (reviewed in 
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Dcdhar 2000). This kinase has been found lo link with Ihc cytoplasmic domains of inicgrins p 1. 2 and 3 

and so is usually located in ihc proximity of the plasma membrane (Radava cf a/. (997). ILK also has 

been found to suppress anoikis (an anchorage dependent form of apoptosis) and stimulate progression, 

processes which PKB has also been implemented in (Radava ef a/. 1997, Assoian a/. 1997, re\'ie\vcd 

in Dedhar cf a/. 2000, Datla a/. 1999). ILK is stimulated by PI3K and its activation has been shown lo 

be prevented by inhibitors of PI3K with these findings placing ILK downstream of P13K (Delcommennc 

ef a/. 1998). This is further evidenced by the facts that fLK has also been shown to require the PI3K lipid 

product, PD,4,5P3 for maximal activity with ILK activit} negatively regulated by the 3 phosphatase, 

PTEN (see section 1.3.4) (Delcommenne gf g/. 1998, Morimoto o/. 2000). 

Most importantly in this pathway, ILK has also been found to bring about phosphorylation of PKBa at 

the serine 473 site \vith a kinase deGcient ILK preventing this phosphorylation and activation of PKB 

(Delcommame gif a/. 1998, Lynch e/ a/. 1999). Activation of ILK has also been shown to lead to the 

phosphoiylation and inhibition of GSK-3 a likely downstream, substrate of PKB, again linking these two 

kinases (Wu 1999, Troussard g/ a/. 1999, Delcommame gf oA 1998, Persad ef aZ. 2000). ILK 

has previously been shown to directly phosphorylate S473 of PKBa raising the possibility that ILK ma\ 

be the elusive PDK2 (Delcommenne e/ o/. 1998, reviewed in Dedhar 2000). Recaitly ILK has been 

shown not to contain a kinase activity suitable for a direct PKB phosphcHylation event and has been 

proposed to act via a second as yet unknown kinase, to mediate phosphcfylation and activation of PKB 

(Balendran oA 1999, L)ndi ef oZ. 1999), 

Use of dominant negative mutants of ILK in several cell lines also been shown to suppress PKBa S473 

phosphorylation and lead to increased apoptosis and G1 to S phase cell cycle arrest, linking ILK to PKB 

S473 phosphory lation (Wu 1999, Troussard ef aZ. 1999, Persad aZ. 2000). These studies indicate that 

in certain cell hnes, particularly anchorage dependent ones, ILK is a likely upstream regulator of S473 

phosphorylation and PKB activaticm (Hannigan g/ oZ. 1996, Delcommenne ef oZ. 1998, Persad g/ 

2000). However, whether these studies make ILK an attractive direct candidate as PDK2 or whether ILK 

acts between PI3K and an unknown PDK2 at least in some cell types is unclear and tha^efbre one which 

more than merits further investigation (reviewed in Kandel g/ gZ. 1999, reviewed in Dedhar 2000). 

Alternatively recent evidence has shown that there is the possibility that PDKl could phosphorylate the 

serine 473 site leading to maximal PKB kinase activity (reviewed in Vanhaesebroeck g/ aZ. 2000). Earlier 

W/m studies showed that PDKl could not directly phosphorylate this site on PKB (Alessi gf oZ. 

I997a&b) however the new data shows this may not be the case and PDKl may be able to acquire PDK2 

activity (Balcndran e/ aZ. 1999a). It has been shown that the kinase domain of PDKl interacts with a 
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fragmcnl of Ihc carboxyl domain of PRK2 a rho-dcpcndcnl and lipid dependent kinase which has been 

subsequently termed (he PDKl-interacting fragmcnl (PIF) (Balendran cf/ or/. 1999a). The inleraclion of 

PIF %ith PDKl occurs via binding of the modified PDK2 consensus motif in Ihe PRK2 Iragment lo a 

hydrophobic motif in the small lobe of PDKl (Balendran cf o/. 1999a, Biondi trf o/. 2000). In PIF the 

phosphorylated serine or threonine residue, usually within this motif^ is replaced by an aspartate, thus 

mimicking phosphorylalion of this site, with this modification shown to be essential ibr interaction. This 

fragment has been shown to comprise the final C-terminal amino acids including a putative PDK2 

site and may be generated by alternative sphcing of the PRK2 gene or possibly afLer a post-translational 

cleavage event (Balendran o/. 1999a, Biondi aA 2000, reviewed in Vanhaesebroeck (%/. 2000). 

Upon this interaction PDKl was found to obtain activity towards the PDK2 site. Thus this converted 

form of PDKl was able to phosphor\'latc PKBa on both the ihreonine 308 site and the serine 473 site in 

a PI3,4P2 and PI3,4,5P3 dependent manner (Biondi g/ aZ. 2000, Balendran a/. 1999a&b). Interestingly 

in the presence of PIF, PDKl is converted from a form that may not be activated directly by PI3,4,5P3 to 

a Ibnn that is activated more than 3 fold by this lipid (Balendran g/ 1999a&b, Biondi gf o/. 2000). 

Also, in brain extracts the m^or PDK2/S473 activity which phosphorylafes PKB in a PI3,4,5P3 

dependent manna- could be immunoprecipitated by a PDKl antibody peAaps further indicating a likely 

role for PDKl as a PDK2 kinase (Balendran et al. 1999a). 

These results appear to show that PDKl could in fact also be the unknown kinase PDK2 gaining this 

second activily upon its interaction with the PIF region of PRK2 (Balendran el al. 1999). It will be 

interesting to see if this situation is apparent in other cell lines and how sudi a into-action may affect the 

other possible roles of PDKl, particularly as most other A, G, C kinases also contain this PDK2 

hydrophobic motif (reviewed in Chen a/. 1999, reviewed in Toker ef g/. 2000). The role of PDKl in 

phosphorylaling the T389 site of S6K as well as the T229 site has also been investigated (Balendran 

aZ. 1999b). Some data suggests that PDKl is capable of phosphorylating both the PDKl and PDK2 sites 

under normal unoccupied conditions however in the presence of the PIF fragment it appears that PDKl 

does not phosphorylate the PDK2 site and cannot phosphoiylale the PDKl eitho" (see chapter 5) 

(Balendran ef a/. 1999b). 

Recent evidence has again raised Ihc possibilit} of the phosphoiy lation of PKB at the S473 site is in fact 

an autophosphorylation event (Tokcr o/. 2000). This evidence is based on the findings that the 

phosphorylation of this hydrophobic site motif in PKB requires an intact intrinsic kinase activity. In 

these studies, kinase inactive PKB mutants (K179M) could still be phosphorylated on the T308 site in 

response to IGF-1 but could not be phosphorylalcd on the S473 site (Tokcr g/ cz/. 2000). However in the 

42 



wild lypc cniymc, bolh sites could be phosphonlatcd in response lo IGF-1 siimulalion indicating the 

importance of PKB's intrinsic kinase Kti\'ity in Uic hydrophobic molif serine phosphon'lation. The 

phosphorylation of S473 was also found to be dependent on prior phosphory lation of the T308 site as 

shown by T038A and T308E mutants. This event was found to be suCTicient to stimulate PKB 

autophosphcwylation on S473 m w/m (Toker a/. 2000). 

There are therefore several possible candidates for the identil\ of PDK2, including PDK1 or PKB itself 

From experimental studies it appears that some of these candidates show more promise than otiiers as 

the PDK2 kinase, but the ovcrah situation is unclear. Also, there may be more as yet unidentified 

candidates for the role of this crucial signalling kinase especially as this area of research is still fairly 

new. Hence it is apparait that more work is required to elucidate the exact mechanism by which insulin 

and other growth factors bring about PKB activation and how PI3K, PDKl and PKB itself contribute to 

this complex activation process (reviewed in Cohen ef a/. 1997, Coffia" e/ g/. 1998). A simplified 

diagram of the receptor linked activation of PKB via the PI3K/PDK1 pathway is shown in figure 1.3 

1.2.4^ Alternadve Routes for PKB Activadon 

Recent evidence has also shown that cytokines such as interleukin-2 activate PKB via recq)tor mediated 

activation of PI 3-Kiaase (Reif et ai. 1997). However, it is also becoming apparent that PKB cannot only 

be activated by PI 3-Kinase but also by other as yet undefined mechanisms. For example, the P-

adraiergic agonist, isoproterenol, has been shown to activate PKB in a wortmannin-insensitive 

mechanism and hence not using class 1* PI3K (Moule cf a/. 1997). This factor has been shown to act on 

PKB via the Ps-adrenoreceptors using a mechanism whidi has been fbtind not to involve changes in 

cAMP levels (Liao ef oA 1998). Also the activation of PKB by this agonist has been shown not to leW to 

the characteristic SDS-PAGE mobility shift for activated PKB seen after growth factor stimulation 

(Moule cfaA 1997). 
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Figure 13 - Simplified PKB Activatioa Pathway 
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Il is possible that such an aclivalion still involves Ihc proposed conslitulivcly aclive PDKI since PDKI is 

ubiquitously expressed and so follows a similar aclivalion route downstream of PI 3-kinase. It may be 

(hat this mechanism is via a worlmannin insensitive class II P13K or via other possible PKB kinases. 

Olher possible mechanisms for this activation include acting via an as yet unknown wortmannin 

insensitive, G protein Py subunit activated PI 3-Kinase or by direct interaction oCPKB with Gpy^ubunits 

(Murga o/. 1998, reviewed in Vanhaesebroeck a/. 1999). In fact, it has recently been shown that the 

PH domain of PKB can interact with Gpysubunits and with PKCa and 8 subtypes /w v//fo (Konishi a/. 

1995). Another possibility is that the proposed wortmannin insensitive route is c(m5ned only to the cell 

types used in this study (rat adipocytes) and so is not a major PKB activation route. This is evidenced but 

the fact that other groups have failed to repeat this wortmannin insensitive activation. Hence, further 

woit is required to establish how P-Adrenergic agonists stimulate PKB 

PKB has also been shown to be activated by cellular stress, for example heat shock (i.e. temperature 

elevation of COS-7 cells from 37"C to > 44''C) and osmolarity stress (Meirer g/ (7/. 1998, Konishi gf o/. 

1996). hi heat shock treatment, this activation of PKB has been found to be related to and greatly 

enhanced by its association wth heat shock protein 27 (Hsp 27) (Konishi gf o/. 1997). As with P-

adrena-gic agonist stimulation, this activation of PKB has been found to occur by an unknown 

wortmannin insensitive mechanisms, so a role for P13K in this is unlikely. In this activation, the PH 

domain of PKB was shown to be indispensable and in heat shock cells PKC-5 was shown to interact 

with this domain and be phosphorylated in vitro by PKB indicating a possible role of PKB's PH domain 

in responding to cellular stress (Konishi et al 1996). However, there is some evidence that these routes 

may indeed follow the documented wortmannin-sensitive PISKroute, with previous diSerences due to a 

less speciGc mixed histone PKB assay used in initial experiments (Shaw aZ. 1998). 

PKB activity has also beai shown to be increased by agents which elevate cellular cAMP levels with this 

possibly via PKA (Sable g/ aZ 1997, Filippa e/ a/. 1999). PKB has also been shown lo be 

phosphorylated by PKA with this phosphorylation leading to PKB activation. To date the significance of 

this possible route is unclear, as the sites on PKB phosphorylated by this kinase have yet to be resolved 

and these Endings have not been shown to occur M Wvo. It has however been shown that activation of 

PKB by this route is a lot weaker than the common PI3K/PDK] route with questions about the 

requirements of the PH domain and S473 site also raised (Filippa a/. 1999). 

Agents which elevate intracellular calcium levels have also been reported to activate PKB in a PI3K 

independent manner through the calcium,calmodulin dependent protein kinase kinase (CAMKK) (Yano 

o/. 1998). PKB has also been shown to be phosphor}lated by CAMKK on T308 in the presence of 
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PI3,4pP;. Calcium anlagonisls have also been shown lo prc\cn( PI3,4.5P.̂  formation and PKB aclivalion 

which may indicate a link (o PI3K via this rou(c (Wang 6-/ a/. 2000). However, the relative importance 

and role of this has been questioned as other groups have been unable to show that CAMKK is capable 

of directly phosphon lating PKB and also have been unable to find any activation of PKB by increased 

cellular calcium levels in kidne '̂, fibroblast and neuronal cclls (Pullen a/. 199K, Conus g/ oA 1998, 

reviewed in Vauhaesebroeck o/. 2000) 

PKB has also been shown to interact with, be phosphor, latcd and negatively regulated b}' the protein 

kinase C isolbrm, PKC5 although again the physiological signiCcance if any has yet to be determined. 

Therefore, it is apparent that the evidence concerning the P13K independent activation of PKB is very 

patchy and inccmclusive. It is, however, apparent that regulation of PKB activity is a fairly diverse and 

complex area which is likely to be cell/tissue type and stimulator specific and is therefore a rich source of 

stud}' fbr a long while to come. One alternative route (or these PI3K independent mechanisms of PKB 

activation is that these routes act to inhibit phosphatases involved in the negative regulation of PKB. 

1.2.5 Negative Regulation of PKB 

It is appears that the m^or event in the activation of PKB is the phosphorylation of the T-loop threonine 

residue (ie. T308 in PKBa) and the C-terminal hydrophobic dc*nain saine (i.e. S473 in PKBa). 

However this activation profile, in response to most growth factors/stimuli, has been found to be rapid 

and transient and therefore m ^ o d s of regulating this event are required. In unstimulated ceUs and in 

order to inactivate PKB these residues are dephosphorylated, indicating the action of specific 

phosphatases is required. The negative regulation of PKB has beai found to not only involve protein 

phosphatases which act directly on the threonine/serine activation sites, but also hpid phosphatases 

which act to ranove the P13K gmerated, PKB activating hpids PI3,4P2 and more importantly PI3,4,5P3 

(reviewed in Chen a/. 1999, renewed in Kandel g/ c/. 1999). 

When activated PKB is treated with protein phosphatase 2A (PP2A) it is found to be 

dephosphor}lated on T308/S473 and inactivated indicating that PKB is a substrate fbr this phosphatase. 

(Andjelkovic 6̂ / 1996, Meier e/ oA 1997). Also, hyperosmotic shock rapidly inactivates PKB and this 

is preceded by the dephosphorylation of PKB (Meier gf a/. 1998). Evidence fbr a role of PP2A in the 

wvo dephosphor\iation and inaetivation of PKB has also recently been identified. The agents vanadate, 

pcroxyvanadate and okadaic acid all act to inhibit cellular phosphatase activity particularly PP2A and 
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have all been shown lo aclivale PKB again indicating a role for PP2A in Ihc negative regulation of PKB 

(Meier (f/ oA 19981 Prolonged activation oC PKB is also seen in the presence of calvculin A, another 

PP2A inhibitor, emphasising a potential role for PP2A in the inaetivation of PKB (Meier cf o/. 1998). 

Thereibre, it is likely that PP2A and possibK other protein phosphatases act to remove the activating 

phosphoiylations on PKB and down regulate PKB back to basal levels once the PKB acdvating stimulus 

is Gnished (reviewed in Kandel a/. 1999). 

The second m^or mechanism of down regulating or negativel}' eOecting PKB actiwty appears to via 

speciGc 3" and 5' lipid phosphatase acti\dty directed towards the PI products of PI3K previously shown 

to activate PKB. The first lipid phosphatases proposed to have a role in regulating PKB activit}^ are the 

SH-2 domain containing inositol 5 phosphatases SHlPs which have been shown to hydrolyse P13,4,5P3 

to PI3,4P2 (Habib gf oA 1998). Overexpression of this phosphatase in cells has been shown to inhibit 

PKB activity and promote apoptosis in a variety cell lines by the inhibition of the PI3K/PKB survival 

pathwa}'S (Aman gf (z/. 1998, Liu ef oA 1998). SHIP null mutant micc have been shown to have 

increased levels of PI3,4,5P3 and prolonged PKB activation, coupled with decreased levels of PI3,4P2 

which indicates the relative importance of P13,4,5P3 over P13,4P2 in the activation and functioning of 

PKB (Aman oA 1998, Liu g/ oA 1997 & 1998). These SHIP-/- mice danonstrate defects in triggenng 

apoptosis and have excessive cellular survival in myeloid cells indicating a role fw PDK/PKB in cell 

survival and SHIP in negatively regulating these e\ aits (Aman aA 1998, Liu gf oA 1997 & 1998). 

The second major lipid phosphatase activity involved in PKB regulation, recently found to be present in 

many cell ty%)GS, was an inositol poh'phosphate 5 phosphatase which has subsequently been refWed to 

as PTEN/MMAC1 (reviewed in Di Cristofano ef a/. 2000). PTEN (phosphatase and tensin homol%ue 

deleted Irom chromosome 10), MMACl (mutated in multiple advanced cancers) or TEPl (TGFp-

regulated epithelial cell enriched phosphatase) was found to be located on chromosome 10q23 within a 

genomic region which suffers loss of heterozy gosity' ia many human cancers (Myers arA 1998, Cantley 

cf (zA 1999). In fact, mutations or deletions in this gene have been identified in a large number of 

different tumours including prostate cancers, ghoblastomas and endom^al derived carcinomas (Li e/ oA 

1997, Suzuki cf oA 1998). 

Mutations in the PTEN gene have been Ibund to be present in more than 80% of patients suffering from 

one of three autosomal dominant disorders; Cow dens disease, Bannayan-Zonana syndrome and 

Lhermitte-Duclos disease, which share similar features including multiple benign tumours and an 

increased susceptibility to thyroid and breast malignancies (Liaw eV oA 1997). Therefore, inactivation oF 

PTEN has been implicated in the progression of a large number of tumours with loss of function also 
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linked to a predisposition towards canccr. demonstrating a critical role for PTEN as a tumour suppressor 

gene. The fact PTEN is one of the most common!}' mutated genes in human canccrs (second only to p53) 

further emphasises the role PTEN plays in tumour suppression (reviewed in Di Cristofano a/. 2000, 

renewed in Datta a/. 1999). 

PTEN is a 55kDa protein which has been found to contain a specialised t\Tosine phosphatase domain 

which is capable of dephosphor^ lating not only tyrosine residues but also serine/threonine residues 

(Davis a/. 1998). This domain correlates with Lbe region where most gene mutations in tumours occur, 

underpinning the importance of this rcgion/activity in the tumour suppression function of PTEN. 

However PTEN was found to be an inefficient protein phosphatase suggesting this activity was not the 

main fimctioning of PTEN. Subsequently, PTEN was found to be veiy active towards highly acidic 

substrates suggesting it does not act primarily on proteins. The m^or substrate (or PTEN was then 

found to be the PKB activating lipid, PI3,4,5P3, which PTEN cleaves at the D3 phosphate group 

generating an inactive P14,5P2 product (Maehama oA 1998, Myers a/. 1998). 

The crystallographic structure has revealed the catalytic site of PTEN to C(msist of an extra wide 

hydrophobic pocket which can accommodate the head group of PI3,4,5P3. This site is sufTounded by 

three positively charged residues (KI25, K128, H93) which account for PTENs preference fw highly 

acidic substrates such as PB,4,5,P3 and help gena^ate its hpid phosphatase activity. The catalytic site of 

PTEN is also vefy deep and so could possibly bind a phosphotyTosine or a phosphoserine/threonine 

residue and still sometimes act as a protein phosphatase (Lee ef aZ. 1999). 

The fact that PTENs main substrate is P13,4,5P3, placed this protein as a negative regulator of the PI3K 

pathway which generates this lipid (Stambohc ef oZ. 1998, Haas-Kogan gf a/. 1998). In quiescent cells, 

the levels of Pi3,4,5P3 are ver\ low but increase rapidly via the action of PI3K in response to growth 

factor stimulation (reviewed in Chen ef a/. 1999). Thus it appears that PTEN s cellular roles are two 

(bid, Grstly to keep the levels of P13,4,5P3 low in quiescent ceUs to prevent inapprc^riatc activation of 

the targets of this hpid i.e. PKB, and secondly to return the high post stimulation levels of P13,4,5P3 back 

to the low normal levels and thus inactivate/negatively regulate the various downstream targets of this 

lipid including PKB (Wu o/. 1998, Wang cf a/. 1999, reviewed in Datta ef a/. 1999). 

Therefore, PTEN has been shown to dircctly rcducc both the levels of P13,4,jP3 and the activity of PKB 

in a variety of ccll types (reviewed in Datta cf (%/. 1999, rev iewed in Kandcl e-/ (?/. 1999). Overcxprcssion 

of PTEN has also been shown to induce apoptosis in many ccll î -pes with this suppression of cellular 

survival linked to the P13K/PKB pathway (Wang e/ a/ 2000, Tolkachcva cv a/. 2000. Liu 1999, 
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reviewed in Dalla tV of. 1999) Thus fad was confirmed by expcrimcnis where similar apoploiic 

responses to (hose wilh PTEN were induced by P13K and PKB mutants and Pi3K inhibitors (Wang t:/ a/ 

20(M), Tolkachcva aA 2000). PTEN ovcrexpression has also been linked to G1 growth arrest and to the 

inhibition of other P13K lipid activated proteins including integrin linked kinase and phospholipase C 

(Zhundel trf a/. 2000, Morimoto 2000). In fact, the endogenous levels of PTEN have been found to 

be increased in mid-lale G1 phase wiiere it may act as a control point negative regulator in ceU cycle 

progression possibly via interaction with retinoblastoma (Rb) (Persad 2000, Parainio o/. 1999). 

In contrast to these overexpression studies, loss of PTEN fimction has also been found to have 

signiGcanl afkcts on ceUular function. For example, loss of PTEN function has been shown to cause an 

accumulation in PI3,4,5P3 which results in PKB hypa^-activation leading to protection against various 

apoptotic stimuli (Cantley g/ a/. 1999, Nakashima gf a/. 2000). PKB activit)^ and cellular survival have 

also been shown to occur in PTEN glioblastoma cells (Haas-Kogan ef or/. 1998, Li gf o/. 1998). It is 

likely that this increase in PGK lipid products and themfbre PKB activity, is one of the mechanisms by 

which several PTEN -/- cancers exhibit their apoptotic resistance and hence tumour potency and 

progression (Lu ef aZ. 1999, Di Cristofano ef oA 1999, Wu gf a/. 1998, reviewed in Datta a/. 1999). 

Furtha" evidmce linking PTEN lipid phosphatase activily to negative regulation of the P13K/PKB 

pathway, is seen with the fact that overexpression of PTEN in 3T3-L1 cells inhibits glucose uptake and 

GLUT4 transporter translocation, evaits wtich have beai previously attributed to the PI3K pathway 

(Nakashima o/. 2000, reviewed in Alessi ef aZ. 1998). This ov^xpression of PTEN also prevents 

membrane ruffling which may link PTEN activity to the regulation of other proteins (Nakashima et al. 

2000). In fact, the protein phosphatase activity of PTEN may also be linked in part to tumour 

invasivaiess since PTEN has also bem shown to dephosphorylate and inactivate focal adhesion kinase 

(FAK) and reduce membrane ruSling and tumour spreading via this activity (Maier a/. 1999, 

Morimoto oA 2000). 

Therefore, it is apparent that the PTEN phosphatase is a very important regulator of PKB activity and 

that this phosphatase appears to be mutated in a variety of cancers and cancer related S)'ndromes which 

therefore places not only PTEN but also PKB as key mediates of cancer cell functioning. PTEN is an 

important protein in cells as it appears to be critical in modulating a range of factors downstream of P13K 

and in the balance of kc} cellular processes including cell growth verses growth arrest and cell survival 

verses apoptosis. It is clear that the discovery of PTEN is a kc)' event in cell signalling and along with 

other potential negative regulators of P13K/PKB needs urgent study (reviewed in Datta c; a/. 1999). 
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1.2.6 PKB Movement Post Activation 

Once PKB has been aclivalcd by (he PI3K/PDK1 and membrane localisation, most of il dissociates from 

Ihe plasma membrane lo activate its mainly cyiosolic substrates (Mitsuuchi e/ aZ. 1998). There is some 

evidence, in fact, that there are diGcrcnccs in the substrate speeificitics of mcmbranc-localised and 

cytosolic-activated PKB. This is shown b} the fact a membrane targeted oonstitutively active PKB has 

been shov,!] lo activate p70S6K but a double aspartate (T308D/S473D) constitutively active mutant docs 

not activate p70S6K. As well as functioning to activate cvlosolic and possibly membrane localised 

substrates, PKB has also been proposed to aci on sc\eral nuclear substrate and hence may itselT also 

have a nuclear location. For example, the constitutively active v-Akt has been shown to be distributed in 

the cytosol, nucleus and at the plasma membrane (Ahmed a/. 1993) 

A detectable proportion of PKB has been proposed to translocate to the nuclcus rapidly following grow^ 

factor induced activation. For example, following insulin stimulation and PKB plasma monbrane 

translocation, both PKBa and PKBp have been shown to rapidly translocate lo the nucleus in 293 cells 

(Anf^elkovic (/A 1997, Meier oA 1997). The phosphatase activator ceramide has also been shown to 

prevent both activation and nuclear translocation of PKB in PC 12 cells, via the dephosphorylation of 

PKB using a specific ceramide activated phosphatase (Sahnas ef a/. 200). 

Recently, the 14kDa protein product of the Tell oncogene has been shown to interact with the with the 

PH domain of PKB and prcwnote the nuclear localisation of PKB (Pekarsky ef a/. 2000). In Tell negative 

cells stimulated with 10% FBS more than 90% of the activated PKB resides in the cytoplasm however 

with expression of Tell the localisation ratio is approximately 50% c^iosolic and 50% nuclear (Pekarsky 

oA 2000). The association of Tell with PKB has been found to not only lead an increased nuclear 

localisation of PKB, but also to increase the activity' of PKB around 5 fold acting in synergism with the 

growth factor activated P13K/PDK1 pathway to maximise PKB activitv' (Pekarsky ef (7/. 2000). 

Therefore, PKB may have roles to play in both cytoplasmic and nuclcar ccmtrol and hence it is important 

to dcHne clear substrates for PKB. 
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1.27 Possible Cellular Roles of PKB 

Bccause of Ihc fairly rccenl discovery of PKB and its associated pathway litllc is yd known about most 

of ils cellular roles. Il is believed lhal mosl of PKB's actions are on cytoplasmic processes, although 

evidence points to possible nuclcar translocation of PKB and hencc PKB may also target nuclear 

substrates. There is also the possibility of some mitochondrial interaction between PKB and 

mitochondrial membrane proteins particularly in relationship lo cell surv ival (see later). This is hkely to 

be a oversimplification of what is rapidly becoming a \ery complex and diverse signalling pathway 

wtich we arc only just starting to explore. 

Likely cellular roles for PKB can be broadly split into 2 groups namely i) metabolic roles (usually linked 

to insulin signalling pathways) including glycolysis, glucose transport, glycogen /lipid/ protein synthesis 

and transcription/translation and ii) cell c}'cle roles including cell survival / death, cellular diflerentiation 

and cell proliferation. However, within these umbrella headings there is likely to be a great deal of cross 

over with shared downstream substrates or cellular functions which could come under either heading 

We can also divide PKB's fimctioniiig into inferred direct PKB substrates, proteins believed to be 

effected indirectly by PKB and cellular processes proposed to be effected by PKB via an as yet undeGned 

route. Also it is clear that many of the proposed roles for PKB which are detailed below, may be cell / 

tissue Of species specific and depend on the PKB le^ els/isofbrms expressed and what other signalling 

factors they contain and/or respond to. 

Most experiments to date proposing cellular roles for PKB are based on overexpression studies involving 

dominant negative or constitutively active mutants of PKB. Therefore caution is needed in interpreting 

potential roles for PKB based on these studies since overexpressed PKB can act in an non-physiological 

fashicm. Overexpressed PKB may act on ncm-physiological substrates or interfere with the normal 

functioning of upstream or downstream endogenous proteins For example, PKB mutants ma)' interact 

with PDKl and prevent it from acting on its other downstream targets (i.e. AGC kinases). Alternatively 

PKB mutants could bind to substrates preventing other AGC kinases from phosphoiylating them 

(reviewed in Vanhaesebrocck ef/ o/. 2000). 

Many other PKB functionality studies are based on the wfro actions of PKB so again may not relate to 

physiological conditions. The recently discovered SGK kinase lias also raised questions about the exact 

cellular roles of PKB (Koba^ashi oA 1999). This kinase has been shown to be regulated in a similar 

P13K dependent fashion to PKB and to phosphorylatc the same target sites on proteins which PKB can 

act on (Kobayashi o/. 1999, Park 6̂ / tz/. 2000). Thcrclbre it is important to confirm genuine cellular 

5 ] 



roles for PKB and not allributc lo PKB some ofSGK s actions. 

1.2.7.1 Potential Direct PKB Substrates 

1.2.7.1.1 Glycogen Synthase Kinase-3 

The first potential PKB direct substrate to be discovered was glycogen synthase kinase-3 (GSK-3), 

wtiich PKB can directly phosphonlate and inactivate f/7 (Cross a/. 19V5). Ovcrexpression of 

PKB in a variety of cells has also been sho^m to lead to the phosphory lation and inactivation of GSK-3 

(Cross 1995, Alessig/g/. 1996). 

GSK-3 was originally identified as a serine/threonine kinase that phosphorylates and inactivates 

glycogen synthase (Cohen a/. 1982/19X5) but is itself serine phosphoniated and inhibited in response 

to insulin stimulation. Insulin activates GS by promoting dephosphor̂ ^ l̂ation of this at a cluster of serine 

residues (3a^ 3b, 3c and 4) which are those specifically phosphor\'lalcd by GSK-3 (Paulter o/. 198B). 

Tha^efbre, it was proposed that insulin acts to inhibit GSK-3 whilst stimulating a specific protein 

phosphatase to bring about GS dephosphorylation and activation and hence the conversion of glucose to 

glycogen (Cohen 1993). 

GSK-3 has also been found to be phosphoiylatsd cm serine residues notable serine 9 in p and 21 in a, 

with phosphorylation at these sites leading to a rapid and significant decrease in activity (Wang g/ g/. 

1994, Stambolic g/ aZ. 1994). Wrm studies and when overexpressed wvo PKB has been shown to 

inactivate GSK isoforms by phosphorylating the inactivating serine residues, phosphorylated in response 

to growth Factor treatment (Cross ef a/. 1995). The time course for PKB activation by growth factors i.e. 

insulin of 1 minute also Gts in with the growth factor induced inactivation time for GSK-3 of around 2 

minutes (Hurel gf oA 1996, Alcssi oA 1996, Shaw g/ (z/. 1997, Van Wecren c/ a/. 1998). 

Growth factor mediated inhibition of GSK-3 in many cell types has been showTi to be removed by the P[ 

3-kinase inhibitor wortmannin, which also inhibits growth (actor stimulated PKB activation (Welsh gf 

a/. 1994). These experiments suggest PKB may have a role in regulating the acti\ity of GSK-3 by direct 

phosphor\]ation and inhibition. Therefore PKB may be involved in modilXing many of Uie cellular 

processes GSK-3 has been implemented in, especially the regulation of glycogen synthesis via GSK-3 

inhibition ofGlycogcn Synthase (Cross cvo/. 19̂ )7, Hurel 1996, reviewed in Coffer g/o/. 1998). 
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GSK-3 has been shown lo phosphoiylalc many subsLral.cs which can be split into (wo distinct groups. 

The (irst group of substrates has been (bund to require prior phosphor) lauon b\ a didcrcnt kinase bcibrc 

GSK-3 can phosphorylate them. Substrates within this group usually require phosphorylation on serine 

or threonine residues 4 places C-terminal of the site GSK-3 acts on. Substrates in this group include 

glycogen synthase, which is previously phosphorylated by casein kinase 2, and the G-subunit of PPl 

afler prior phosphoiylation by PKA. The substrates within this group appear to have a conserved 

structural motif of S-X-X-X-S(P)- (or GSK-3 to be active towards them, with other members of this 

group Including CREB protein and ATP cilraic lyase (Plyte oA 1992). The other group of substrate 

classiHcation are those which do not have a requirement lor a prior phosphor\iation, with members of 

this group including the transcription factors c-Jun and L-myc and the microtubule associated protein tau 

with GSK3P hyperphosphorylation of this neuronal protein being linked to the development and 

progression of Alzheimer's disease (Imabori gf a/, 1997, Takasmama ez/. 1993). The other notable 

GSK3 substrate is the eukaryotic initiation factor 2 protein (elF2) which has been shown to be 

phosphofylated and inactivated by GSK3's action at a type 1 GSK3 phosphorylation motif. Therefore if 

GSK-3 is a direct target of PKB this suggests a pivotal role 6)r PKB in regulating a variety of processes 

which GSK-3 has been implemented in. 

1.2.7.1.2 PKB target motif 

The discovery of GSK-3 as an in vitro direct substrate which PKB can phosphoiylate lead to the search 

fbr and elucidation of a PKB substrate consensus sequence. By using synthetic peptides based on the 

amino acid sequence around the serine site of GSK-3 whidi PKB targets, Alessi ef g/ 1996cX were able 

to (kGned the minimum sequmce requirements fbr a possible PKB substrate. It was ibund that this 

minimum PKB substrate sequence motif based on the GSK-3 site w as Arg-Xaa-Arg-Yaa-Zaa-Ser/Thr-

Hyd; where Xaa is any amino acid, Yaa and Zaa are small residues (not glycine) and Hyd is a bulky 

hydrophobic residue (Phe, Leu). 

It has been (bund that the three PKB isofbrms, oc, p, y show indistinguishable specificity towards a range 

of synthetic peptides based on the estabhshed PKB target motif This suggests that these three isofbrms 

ma): share veiy similar cellular substrates with any (bund differences in the functioning between these 

iso(brms likely to be due to their individual expression levels, sub-cellular distribution and activation 

profiles by upstream factors This motif has already led lo the discover} ofother possible PKB substrates 

by database searches and subsequent o\'erexpression studies and likely to enable more potential PKB 

substrates to be identified. 
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Thai said caulion should be used in assigning proteins containing this motiCas potential PKB substrates 

as this motif site can also be phosphorylated by other protein kinases including p70S6K and 

MAPKAPK-2. The PKB related protein, SGK. shares an identical target motif to PKB and has been 

shown to phosphorylate many of the same downstream targets w w (Park g/ a/. ] 999, Kobavshi 

1999). Therefore SGK could act on the same group of potential substrates as PKB. This kinase has also 

been shown to reside on the P13K/PDK1 pathway and to be activated in respcmse to a variety of growth 

(actors in a similar activation profile to PKB (Park o/. 1999, Kobayshi cf oA 1999). Two additional 

SGK isofbrms have subsequent!} been identified and found to phosphorylatc the same target motif (Park 

cf o/. 1999, Kobayshi tV a/. 1999). Therefore it is important to devise dircct and specific inhibitors of 

endogenous levels of PKB and SGK to elucidate the individual roles of these two proteins. 

Database analysis of proteins containing the PKB target site has revealed that well over 1000 human 

proteins contain this site and so could in theory be acted on by PKB or SGK. although it is unlikely that 

PKB targets this many downstream proteins PKB has also bem shown m vf/z-o and when overexpresscd 

ZM Mvo to phosphorylate some proteins on sites outside this devised consensus motif suggesting that this 

motif is not the only site of PKB action. This points towards other factcfs being critically involved in 

establishing PKB substrates, including the structure and sequence surrounding the proposed PKB target 

nx^f which act to provide the necessary envircmment and accessibility for PKB. 

The discovery of the PKB target motif which PKB phosphcxylates lead to a great deal of research into 

potential downstream targets of PKB, This research lead to the discovery of a series of proteins which 

have been shown to be phosphorylated by PKB m vZ/ro and also to be possible /n Wvo substrates based 

on overexpression and dominant negative mutant studies. Thereibre, this evidence may point towards 

these proteins being direct cellular targets for PKBs kinase activity and hence that they may act 

downstream of PKB to bring about the cellular roles PKB has been proposed to ccmtrol. ITiese proteins 

and the potential action of PKB on them are detailed below. 

1.2.7.1.3 Heart 6-Phosphofructo 2-Kinase 

One protein which contained an amino acid sequence which falls within the desired motif is the heart 

muscle, glycolytic en/yme 6-phospofructo 2-kinase (PFK2). This protein is involved in the stimulation 

of gly colysis by increasing the aciivil} of the related protein 6- phosphofhicto I-kinase (PFKl), a 

glycolytic en/yme, which con\ erts Fructose 6-phosphale into Fructose 1,6 bisphosphate and is one oftlic 

key control points of glycolysis (Depre/cfo/. 1997, Lc(cbvrecfo/_ 1996). 



The regulation of PFK1 is Ihc major control point by which the rate of glycolytic Hux i.e. the pace of 

glycolysis is controlled. PKFI activity is inhibited and hcnce the breakdown of glucosc slowed by high 

levels of ATP and by increased amounts of citrate which enhances ATP s inhibition of PFK1 This 

inhibitor}' cGect of ATP is reversed by a high AMP level which is indicative of a low aicrgy state within 

the cell. Hence when the cell requires energy (i.e. low ATP/ high AMP) or building blocks (i.e. low 

citrate) the PFKl activity and hence gh colysis increases. Conversely, high levels of these products mean 

the cell has an abundance of bios\ nthetic precursors and energy and so PFK I activity is switched off and 

glycolysis stopped (Stryer 198K). 

PFK2 catalysis the formation of fructose 2,6 bisphosphate a potent activator of PFKl from fhictose 6 

phosphate. Fructose 2,6 bisphosphate was found to activate PFKl by converting this tetrameric enxyme 

(rom the "'tense" to the relaxed" state thus increasing PFKl afGnity for its substrate fhictose 6 

phosphate and diminishing the inhibitor)' eflects of ATP. PFK2 is a 53kDa peptide which has also been 

shown to contain a fhictose bisphosphatase2 activity which acts to hydrolyse the G-uctose 2,6 

bisphosphate back to fhictose 6 phosphate, thus inactivating PFKI. Hcnce PFK2 is described as a 

tandem enzyme since in contains these two opposing enzymatic activities (Stryer 1988). 

In heart muscle, the kinase activity of PFK2 has been found to be greatly enhanced by phosphorylation 

Subsequent analysis relieved that this enzyme contained two PKB phosphorylation sites S466 (R-M-R-

R-N-S-F) and S483 (R-P-R-N-Y-S-V) which are both phosphorylated by overexpressed PKB resulting 

in PFK2 activaticm. This phosphorylation and activation was found to be sensitive to wortmannin but 

not rapamycin or PD98059 placing PFK2 downstream of PI3K. Insulin was also found to increase the 

Vmax of the enzyme again via of PI3K pathway. These studies led to the proposal that PKB maybe the 

direct regulator of heart muscle PFK2 acti\d(y and therefore be involved in glycolysis (Deprez o/. 

1997, Lefebvze ef a/. 1996). 

Recent evidence, however, has pointed towards other PI3K activated kinases being involved in the 

regulation of PFK-2. For example, studies using Pf3K inhibitors and kinase dead mutants of PDKI and 

PKB suggest a role for PI3K/PDKI but not for PKB in this phosphorylation (Bertrand gf a/. 1999). Also, 

vei '̂ recently a 57kDa worUnannin-sensitive and insulin stimulated kinase which phosphorylates PFK-2 

has been partially purified. This novel kinase was (bund lo act downstream of PI3K/PDKI but not to be 

any of the known PDKI targets. PKB, SGK or PKCC and hence represents a unique PDKI activated 

kinase which may have other cellular role and hence, requires further investigation (Deprez cV a-/.2000). 

Therclbre, the role of PKB in the PFK-2 pathwa\ is unclear with other kinases perhaps more 
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ph\'siologicany imponanl in this phosphon lalion cvcnl hcncc more siudy is ncxd lo establish what if any 

role PKB has in conlroHing g]yco]}lic flux. These experimcnls also highlight Ihe danger of assigning 

direct substrates for PKB based solel}' on and v/w overexpression studies and emphasise the 

need Ibr direct inhibitors of endogenous PKB. 

1.2.7.1.4 Endothelial ISitric Oxide Synthase (eNOS) 

Another protein with the PKB target motif and hence a putative substrate for PKB is nitric oxide 

synthase. The endothelial form of ihis protein was found to contain 2 potential PKB phosphorylation 

sites within its amino acid sequence at positions S653 and S1179 with the neurone form of NOS having 

the same site at S1415 (MicheU o/. 1999). Studies revealed that PKB can phosphorylate cNOS at the 

1179 site with this phosphorylation leading to the production of Nitric oxide (NO) which has been 

shown to be involved in gene regulation and angiogenesis (Dimmeler 7̂/. 1999). Conversion of the 

SI 179 to an aspartate residue to mimic phosphorylation generated an active eNOS furtha^ showing the 

importance of this site in cNOS activation and NO generation (Michel! gf g/. 1999). However, 

phosphorylation at serine 653 in the endothelial form or any phosphorylation of the neuronal NOS was 

found not to be important for the generation of NO (Fulton ef oA 1999, Dimmeler ef aZ. 1999) 

The use of wortmannin or LY294002 and a dominant negative mutant of PKB blocked the release of NO 

from endothelial cells indicating the involvement of the PI3K/PKB pathway in eNOS activation and 

hence NO generation (GaUis a/. 1999, Fisslthaler oA 2000). Also, PKB activation was found to be 

suSicient to enhance NO production two fold even at resting calcium levels (the m^or NOS activator). 

This calcium indq)mdait activaticm was subsequently oqalained in experiments showing that PKB 

phosphorylation of S1179 imposes a negative charge on eNOS which increases eNOS activity by 

increasing electron flux at the reductase domain and by reducing calmodulin dissociation from the 

activated eNOS when calcium levels are low (McCabe o/. 2000) It is also interesting to note that 

shear stress (viscous drag) which is a major source of NOS activation phy siologically not only caused 

phosphorylation of eNOS but also was shown to cause the phosphorylation and activation of PKB 

(Fulton a/. 1999). 

It appears that PKB may have a direct role in regulating endolhelial NO production via direct 

phosphorylation and activation of NOS and thus is likely to be involved in regulating blood pressure, 

vascular remodelling and angiogenesis as these are the m^or roles of the released NO (Fulton o/. 

1999, Dimmelcr gf (?/. 1999a). NO has also been reported to be involved in vascular endothelial growth 
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(aclor (VEGF) induccd cell survival cell migration and increased blood How/angiogenesis in tumour cells 

(Snyder a/. 1999). VEGF has also been found to activate PKB and constitutively activate PKB 

mutants bypass the need for VEGF in signalling to eNOS, therefore PKBs involvement in eNOS 

activation ma\' be linked to its roles as a survival factor and in tumourogenesis (Dimmeler ef a/. 1999b, 

MwalesRuiz ef oA 2000) 

1.2.7.1.5 Forkhead transcnption Factors 

The transcription factors FKHR_ FKHRL and AFX are members of the Forkhead family of transcription 

factors and are the human/mammalian homologues of the DAF16 transcription factor in C.g/ggoMA 

(Anderson o/. 1998). All these transcription factors posses a 100 amino acid Forkbead domain and a 

C-terminal transactivation domain which are involved in DNA binding and transcriptional activation 

These transcription factors are involved in regulating gene expression and particularly in the control of 

cell proliferation and dif%rentiation. In humans, FKHR binds to the insulin responsive sequence DNA 

sequence and is involved in the upregulation of a variety of genes including IGF-binding protein, 

glucose-6-phosphatase and phosphoenolpyruvate carboxykinase (PECK) and the apoptosis inducer FasL 

(Guo ef oA 1999). The upregulation of these genes and the overall transcriptional activity of FKHR was 

found to be inhibited by an insulin stimulated kinase cascade which results in phosphorylation of FKHR 

on S253 and therefore cytoplasmic locahsation of the transcription factor (Nakae gf (7̂ . 1999, Kops ef a/. 

1999, reviewed in Dattagf a/. 1999) 

FKHR was (bund to contain 3 PKB phosphorylation sites within its amino acid sequence; T24, S253 

and S316, which were all shown to be phosphorylated in 293 cells co-transfected with either PKB or its 

upstream activator PDKI (Biggs gf a/. 1999, Rena c! a/. 1999, Tang ef oA 1999) The otha" Forkhead 

family transcription factors FKHRL, AFX and the homologue Dafl6 have also subsequently 

be shown to be phosphoiylated by PKB at these sites, in overexpression studies or v/Vro (Takaishi 

a/. 1999). These 3 potaitial sites for PKB phosphorylation are conserved in all the Forkhead 

transcription (actors identified so Far and also similar sites have been identified in a variety of other 

transcription factors pertaps indicating a more general role in PKB in regulating transcription (reviewed 

in Datta g/ e/. 1999). 

Phosphorylation of FKHR was shown to occur in cells treated with lGF-1 an event which was abolished 

by wortmannin treatment (inhibitor of PI3K) but not b} PD9S059 (MEK inhibitor) treatment indicating 

this phosphorylation event is downstream oT the PI3K pathway (Bnmet (?/. 1999, Biggs tr/ a/. 1999. 


