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The study of cell signalling 1s important in elucidating the roles of many proteins in cellular
functions. Signalling factors such as nsulin 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 tvrosine
residues of proteins and hence protemn kinases have a crucial role to play in regulation.

One such umportant signal transduction protein is the serine/threonine kinase; protein kinase B
{(PKB) which is also referred to as Akt. PKB was discovered in 1960 and is a 60kDa cytosolic
protein with 3 known isoforms (a, B, ¥). PKB has been shown to be activated i response to a
variety of factors including insulin, EGF and PDGF, and this activation has been shown to
involve P1 3 kinase and the recently discovered kinase, PDK1.

To date PKB has been proposed to be mvolved 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 effective antisense oligonucleotides specific for either
the a or B isoforms of PKB, which have been shown to deplete the levels of that 1soform by over
90% in 3T3-L1 fibroblasts and adipoctyes. Optimum conditions (time/concentration) have now
been laid down for these 2 probes and by using various control oligonucleotides {sense, random
and mismatch) 1 have shown these probes to be both specific and very effective inhibitors of each
target PKB isoform.

Using these probes [ have already established a critical role for PKBa in the differentiation of
cells (3T3-L1 fibroblasts to adipocytes). Use of these probes also suggests that PKBa and PKBS
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 mto the position of GSK-3 n signalling pathways undertaken.
A specific PKBy antisense probe has also been devised and 1s currently under test.

As the developed antisense probes are the first inhibitors against PKB available, 1t is hoped they
can be used not only to establish the roles of PKB in various complex cell processes, but also aid
understanding of certam diseases which this cascade mayv be mvolved m.



Table of Contents

List of Figures

Abbreviations

Acknowledgements

Section Title

Chapter 1 Protein Kinase B and Cell Signalling

1.1 Introduction to Cell Signalling

1.1.1 General introduction to signalling

1.1.2 Overview of cell signalling

1.1.3 Introduction to nsulin

1.1.4 The mnsulin signalling disease, diabetes mellitus

1.1.5 Insulin signalling pathway

1.1.6 Receptor mediated signal transduction cascades
mediated by other growth factors

[.1.7 Cellular signalling downstream of growth factor
receptors

1.2 Protein kinase B - An introduction

1.2.1 General overview of PKB

1.2.2 Structure of PKB

1.2.3 Activation of PKB

1.2.4 The PKB pathway

1.2.4.3 Pl 3-kinase famih

8-11
11-13

13-15



L2711
L2.7.1.2
1.2.7.1.3
1.2.7.1.4
1.2.7.1.5
1.2.7.1.6
1.2.77.1.7
1.2.7.1.8
1.2.7.1.9
1.2.7.2.0
1.2.7.2.1
1.2.7.2.2
1.2.7.2.3
1.2.7.2.4
1.2.7.2.5
1.2.7.3
1.2.7.4
1.2.7.4.1
1.2.7.4.2
1.2.7.5
1.3
1.3.1
1.3.2

Title

PI3K involvement in PKB activation

PDK1

PDK2

Alternative routes for PKB activation
Negative regulation of PKB

PKB movement post activation

Possible cellular roles of PKB

Potential direct PKB substrates

Glveogen synthase kinase-3

PKRB target motif

Heart 6-phosphofructo 2-kinase

Endothelial nitric oxide synthase (eNOS)
Forkhead transcription faclors

¢AMP responsive element binding protein (CREB)
Human telmorase reverse transcriptase subunit (hTERT)
Raf-1 kinase

Phospheodiesterase 33 (PDE3f) ’
Mammalian target of rapamycin (mTOR)

Insulin receptor substrate (IRS)

Breast cancer susceplibility gene product (BRCAL)
I Kappa B kinase (IKKa)

Human caspase-9

Pro-apoptotic BAD protein

Possible roles of PKB in cell survival

Possible metabolic roles

Glucose uptake and lipid/glycogen synthesis
Protein synthesis

Other possible roles of PKB

Intreduction to antisense theory

Mcthods of allering protein function

Overview of antisense

65-66

67-70
70-75
70-72



Section

Chapter 2
2.1
2.2
2.2.1
2.2.2
2.2.3
224
2.2.8
2.3
2.3.1
2.3.2
2.4
2.4.1
2.4.2
2.5
2.5.1
2.5.2
2.6

2.6.1
2.6.2
2.7

2.7.1
2.7.2
2.7.3

Title

Materials and Methods
Materials

Cell culture

Material for cell culture

General cell culture conditions
Cell cryostoage and resuspension

Subculturing of cells

Differentiation of 3T3-L1 fibroblasts mto adipocytes

Use of cells

Transfection of cells with ohigodeoxynucleotides
Stimulation of cells

Harvesting of cells

Whole cell lysates

Cell lysates

Preparation of oligonucleotides

Cleavage and deprotection of oligonucleotides
Purtfication of oligonucleotides

Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)

Solutions required for preparation of gels
SDS-PAGE set up

Immunoblotting

Commercial antibodies

Western blotting protocol

Protocols used for immunoblotiing agamst specific

antibodies

80-
81-82
83-85

83

83

84
34

85-87
85-86
86-87
87-89
38
88-89
89-90
89
90
91-92



Section

2843
2.9
2.1.0
2.1.0.1
2.1.0.2

Chapter 3

3.1
3.2

Title

Antu-PKBa and PKBB Western blots

Anti-S6K Western blots

Ant-Erk17Erk2 Western blots

Anti-SHP-2 Wesiern blots

Anti-GSK-3a/GSK -3 Western blots

Synthesis of GSK-3 assay peptide substrate
Overview of solid phase synthesis

General protocol for the synthesis of the peptides
Generation of the GSK-3 specific phosphopeptide
Preparation of his-fert N N-phosphoranudite
Phosphitylation of the GSK_3 substrate peptide
Peptide purification

Peptide desalting

Peptide purification by reverse phase high performance
liquid chromatography (HPLC)

Analysis of peptides by mass spectroscopy

Glycogen synthase kinase-3 (GSK-3) assay
Miscellaneous methods

Quantitation of Western blots by densitometry

Protein assav of cell extracts

Design and Development of Effective PKBa

Antisense Probes

Designing effective antisense probes

Design and development of an effective antisense

probe against PKB«x

Page

94
94
94-95
95
95
96-107
96-98
98-100
100-107
101
101-103
103-107
106
106

107
107-108
109
109
109

110-148

Pt1-117
117-138



Section

3.3
3.3.1

3.3.2

Chapter 4

4.1
4.2
4.3
4.3.1
4.3.2

Chapter 5

5.1
S.2
5.2.1
5.2.2

5.3

Title

Discussion of PKBo antisense probes development
Design of PKBa probes

Use of PKBa antisense oligonucleotides

Design and development of an effective PKB

antisense probe against PKBf

Development of PKBf antisense

Design of potential antisense probes against PKBy
Discussion of PKB[ antisense probe development
Design of PKBP probes

Design of PKBy antisense probes

Using the PKB antisense probes to assess

the role of PKB in key cellular processes
General introduction

The possible roles of PKB in cellular differentiation
Introduction

Possible roles of PKBo i the differentiation of
3T3-L1 fibroblasts into adipocytes

Discussion of the roles PKB in differentiation

The possible roles of PKBo and PKBJ in the
activation of p70 S6 kinase and p85 S6 kinase
Introduction to p70 S6 kinase and p83 S6

kinase (S6K)

Page

138-148
138-145
145-148

149-179

150-167

167-170

171-179
171-176
176-179

180-211

181
181-191
181-184
184-187
188-191

191-211

191-197



5.3.3
3.3.3.1

5332

Chapter 6

6.1
6.1.1
6.1.2
6.1.2.1
6.1.2.2
6.1.2.3
6.1.24
6.1.25
6.1.3
6.1.3.1

6.1.32
6.2
6.2.1
6.2.2

Title

Results

Optimisation of a western blot gel shift for analvsis

of S6K activation |

Use of the PKBa and PKBp antisense probes to analyse
the possible role of PKB in S6K activation

Discussion

Development of a suitable assay for the analysis of S6K
phosphorylation and activation

Possible roles of PKBa and PKBJB in S6K activation

Development of a suitable kinase assay
for measuring GSK-3 activity
Glycogen synthase kinase-3 (GSK-3)
Introduction to GSK-3

Page

197-204
197-200

200-203

204-211
204-205

205-211

212-244

213-224
213-214

Possible roles for GSK-3 and potential GSK-3 substrates 214-220

Glvcogen synthase (GS)

Insulin receptor substirate (IRS)

Microtubule protein tau

Other neuronal substrates/roles for GSK-3

Other possible GSK-3 substrates

Control of GSK-3 activity

Growth factor induced/phosphorylation dependent
control of GSK-3 activity

Potential GSK-3¢/B Serine 21/9 kinases

Results

Design and Development of a Suitable GSK-3 assay
Use of the GSK-3 assay to establish GSK-3

responses in 3T3-L1 cells

216
216-217
217-218
218-219
219-220

220-224
220-221

222-224
225-239
225-234
234-237



Section

6.2.3

6.3
6.3.1
6.3.2

Title

Potential role of Erk1/2 m growth factor mduced
GSK-3 inhibition

Discussion

GSK-3 assay development

Use of GSK-3 assay to investigate GSK-3

activity m 3T3-L1 fibroblasts and adipocytes

Summary and future work

References

251-302



LIST OF FIGURES

Figure
1.1
1.2
1.3
1.4
2.1
2.2
2.3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

Title
Protein sequence alignment for PKBa homologues
PKB isoforms
Simiplified PKB activation pathway
Antisense theory
General overview of solid phase peptide synthesis
Generation of bis-tert-butyl N N-phosphoramidite
General scheme for the generation of the phoschopeptide
Potential probe regions in the mouse PKBa sequence
Potential mouse PKBa antisense probes
[nitial tests with potential antisense PKBo probes m 3T3-L1's
Antisense concentration curve for PKBa depletion in 3T3-L1's
Time course for PKBa depletion in 3T3-L1 fibroblasts
aAS3 concentration curve for PKBa depletion in 3T3-L1's
PKBa antisense probe ¢ AS3 and matched control oligo's
Depletion of PKBa in 3T3-L1's treated with 2 AS3 or controls
Westerns showing aAS3 or controls don't affect other proteins
Possible depletion of PKBJ by the antisense 2 AS3 or controls
Potential probe regions in the mouse PKB mRNA sequence
Potential mouse PKB[} antisense probes
Tests with potential PKBJ antisense probes in 3T3-L1's
Antisense concentration curve for PKBJ depletion in 3T3-L1's
BAS2 concentration curve for PKBJ depletion in 3T3-L1's
PKB[} antisense probe BAS3 and matched control oligo’s
Depletion of PKBJ m 3T3-L1's treated with BAS2 or controls
Westerns showing BAS2 or controls don't affect other proteins

Possible depletion of PKBa by the antisense BAS2 or controls

102
104-105
118
120
122-123
125
126
128
129
130-131
133-134
135-136

159
160-161
163-164
165-166



Figure Title Page

4.10 Potential probe regions in the mouse PKBy sequence 169
4.11 Potential mouse PKBy antisense probes 170

5.1 Differentiation of oligo treated fibroblasts into adipocyvtes 186-187
5.2 S6K activation profile m 3T3-L1 fibroblasts 199
5.3 S6K activation in 3T3-L1 fibroblasts treated with antisense 202-203
6.1 Mass spectroscopy and HPLC traces for control peptide 227-228
6.2 Mass spectroscopy and HPLC traces for phosphopeptide 229-230
6.3 Time course for GSK-3 assay in 3T3-L1 fibroblasts 232
6.4 Concentration curve for GSK-3 activity m 3T3-L1 fibroblasts 233
6.5 GSK-3 activity m 3T3-L1 fibroblasts stimulated with various factors 235
6.6 GSK-3 activity m 3T3-L1 adipocytes stimulated with various factors 236
6.7 GSK-3 activity in stimulated fibroblasts following EAS-1 treatment 238
LIST OF TABLES

Table Title Page
1 Summary of the cellular effects and targets of insulin 3

h

2 Metabolic proteins which exhibit changes in response to insulin



ABBREVIATIONS

Arg
BSA
BH3
cAMP
CAMK
CREB
DMEM
DMSO
DTT
EDTA
EGF
EGTA
Erkl/Erk2
FBS
FGF
FKHR
Gab-1
Grb2
GS
GSK-3
HGF
HPLC
IGF-1
IgG

IL

ILK
In-2

ins

1P

Y

Arginine

Bovine scrum albumin

Bcl-2 homology-3

Cyelic adenosine monophosphalc
Calcium/calmodulin dependent protein kinase
cAMP responsive element binding
Dulbecco’s modified eagles medium
Dimethvisulphoxide

Dithiothreitol

Ethylenediaminetetraacetic acid

Epidermal growth factor
(Ethylenedioxvidiethyelenedianitilotetraacetic acid
Extracellular signal regulated kinases 1 & 2
Foetal bovine serum

Fibroblast growth factor

Forkhead transcription factor
Grb2-associated binder-1

Growth factor receptor binding protein 2
Glycogen synthase

Glycogen synthase kinase-3

Hepatocyle growth factor

High performance liquid chromatography
insulin-like growth factor

Immunoglobulin

Interleukin

Integrin Iinked protein kinase

Inhubitor-2 protein

Insulin

Inosilol-D-1.4.5-tripchosphate

fnsulin receptor



RS Insulin receptor substrate

IRSK Insulin receptor associated serine kiasc
IRTK Insulin receptor tyrosine kinase
MAPK Mitogen activated protein kinase

MAPKAPK  Mitogen activated protein kinase activated protein kinasc

MEK MAP-kinase kinase

NGS Nitric oxide synthase

NP-40 Nonidet NP-40 {octylphenol-ethylenc oxide condensaie}
QDN Oligodeoxynucleotide

p7056K T0kDa ribosomal S6 kinase

p8SSeK 85kDa ribosomal S6 kinase

pOSEIK 90kDa ribosomal S6 kinasc

PBS Phosphate buffered saline

PIF PDK-1 interacting fragment

PDE Phosphodiesterase

PDGF Platelet derived growth factor

PDK Phosphatidylionistol 3,4,5 trisphosphate-dependent protein kinase
PFK Phosphofructokinase

PH Pleckstrin homology

PHAS-I Phosphorylated heat and acid stable regulated by msulin
PI3K Phosphatidylinosiiol 3-kinase

PI Phosphatidylinositol monophosphate

PipP, Phosphatidvhinositol 3,4-bisphosphate

PP, Phosphatidylinositol 3,4, 5-triphosphate

PK Protem kinase

PKA Protein kinase A

PKB Protein kinase B

PKC Protein kinase C

PKG Protem kinase G

PMSF Phenylmethyisulphonyi fluonide

PVDF Polyvinvldifluoride

PLC Phospholipase C



Raf-1
RAS-GAP
Rsk

RTK
S6K

SbS
SDS-PAGE
Ser/Thr
SGK

SH2

SH3

She

Sos

TBS
TEMED
TFA
TNF
TOR
TPA

Tris
Tween-20
uv

Van
VEGF
X{Xaa)

Protem phosphatase

Phosphatase and tensin homologue deleted [rom chromosome 10

Protem tyrosine kinase

Protein tyrosine phosphatase

Ras activating (actor

Ras GTPasc activating protein
Ribosomal SO protein kinase

Receptor tyrosme kinase

Ribosomal S6 kinase (p70/p8556K)
Sodinm dodecyl sulphate
SDS-polyacrylamide gel electrophoresis
Sermne/threonine

Serum and glucocorticoid induced protein kinase
Src homology-2

Src homolgy-3

SH2 containing protein with homology to a-1 collagen
Son of sevenless

Tris buffered saline

NN, N' N' -tetramethylenediamide
Trifluoroacetic acid

Tumour necrosis factor

Target of rapamyem
12-O-Tetradecanovlphorbol 13-acetate
Tris(hydroxymethv])amiomethane
Polyoxvyethvlenesorbitan monolaurate
Ultra violet

Sodium orthovanadate

Vascular endothelial growth factor

Any amino acid in sequence motil



Acknowledgements.

I would firstly like to give special thanks to my friends and famuly for all their help and

encouragement during v studies. | dud 1t! (Finally )
Thanks go to my supervisor Dr Graham Sale for all his help and to the BBSRC for funding my

studentship.

To the past and present members of lab 5159, many thanks for the help, advice, encouragement
and banter. To Alex, Lydia and Caroline a big thank vou for introducing me to cell signalling. To
Conrad, Karen and Liz keep up the good work (though not in weastl) Paul thanks for

accompanying me o the western saloon on numerous occasions!

Thanks (o the two Petes' for all the advice, tennis, beers and curries and to Bob for help with the

peptides and suffering my footballing skills.

To all the members of the fifth floor coffee club during my sentence, thanks for some interesting
conversations during breaks and to the member of the tissue culture crowd thanks for putting up

with my 70's disco moments! | hope vou all get parole soon.

On the social side, special thanks to friend who've ventured beyond the walls of Bolditz to sample
the delights of Southampton! To the Bell house and Green Court houses, thanks for numerous
football, beer, curry and clubbing evenings (ves, on a school night as welll). To Paul, Roisin,
Hazel, Steve, Andv and numerous others, thanks for the nights out on the fown and suffering
mormings after with me! You've all made the PhD life a more entertaining one (sometimes

unintentionally),

Finally, a special thank you to Helen. Thanks for all you've done to help my escape; encouraged
me to write up and apply for jobs, spell checked my thesis, taxi services, cleaning tissue culture,
fabulous meals and so much more. | owe you tons and really appreciate all you've done -you're a

star!

A last note of thanks should go to all the inmates at Bolditz who have made my time at

Southampton .. well, interesting at least!!!



CHAPTER ONE - PROTEIN KINASE B
AND CELL SIGNALLING



f.1 introduction to Cell Signalling.

1.1.1 General Introduction to Signalling

This projeet 1s an mvestigation nto ccll signalling with particular reference to the roles of msulin in
signal transduction and the use of antisense techniques to investigate these functions. The research group
I'am working in. is or has been involved in studics into various signalling pathways particularly the
proteins mmvolved i the mitogen activated protein kinase {MAPK) cascade and how growth factors and
in particular msulin affect this. Proteins mvestigated by the group to date include; the insulin receptor
(Asamoah ef a/.1995), the msulin receptor serine kinase (Carter ef al. 1995}, MAPK (Sale e a/. 1993),
ribosomal S6 kinases, and protein tyrosine phosphatases (PTPa) (Amnott er af. 1999) all of which have

roles m msulin signalling and/or MAP kinase pathways.

The project is mainly concerned with the signalling protein, Protein kinase B (PKB) (reviewed in Coffer
et al. 1998, Kandel ef al. 1999) which has been found to be insulin (and other growth factors) sensitive
and so likely to be important in cellular communication (see section 1.2}, In order (o investigate this
protein, a variety of techniques are being emploved including cell culture work, antisense studies, kinase
assays and Western bloiting, with 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 develop 1soform specific antisense probes against the major PKB isoforms and then to use
these probes to mvestigate the roles of PKB in cell signalling. The overall aims are hence to try to further
the knowledge and understanding of growth factor signalling {especially insulin) and the cellular proteins

involved m mediating the desired responses.

Before discussing PKB in some detail it is firstly important to give a brief overview of cell signalling

with particular reference to the roles of insulin in signalling,

1.1.2 Overview of Cell signalling

The field of ccll signalling is an cver changing, growing arca of rescarch. Roles for proiecins within a
cascade are constantly being updated or redefined as more information on their functions and regulation
1s cstablished. Also. now tsoforms of these proteins or novel protems are frequently identificd as

techniques used for therr study and determination arc improved. Signalling pathwayvs are very important



for communication between cells and also withm the cell. The signalling pathways detailed here arc
connecied (o the activation of mtracellular cascades, by external factors binding to mdividual or specific

receptors expressed at the celf surface.

Most, if not all, receptor-mediated signal transduction appears (o occur via one of four basic mechanisms
(reviewed in Devhn 1995 reviewed in Malarkey ef ¢l 19935};

Inosttol phosphate systems (¢.g. Inositol 13,5 trisphosphaic).

fon channel systems (c.g. Na' channels in neuroncs),

Cyclic nucleotide systems (e.g. G-Protein mediated svstems),

Tyvrosine and serine/threonine kinase systems {¢.g. MAP Kinase cascade).

In general, all these svstems act to transduce the message from an external signal, for example a growth
factor, 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 domamn. This binding causes a specific alteration in the receptors 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, which acts to transduce these external factor
induced changes to downstream cytoplasmic factors which 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.
lon channel systems are mainly used in the nervous system for the propagation of the nerve impulse by
altering membrane potential, but also have roles in changing the intracelular 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 alter their functioning. Protein kinase systems and phosphatase systems act to
transduce signals through the cell, by altering the phosphorylation state and hence the properties of

downstream factors resulting in a variety of biological effects (reviewed in Rhoades ef al. 1989).

The possibility of cross-talk between these systems exists in order to bring about co-ordinated cellular
responses, for example some G-protein svstems and tyrosine kinase systems share similar downstrcam
cffectors and can often be activated by the same external factor and/or receptor. For example, inositol
phosphate systems and kinase systems can both be activated by EGF in some cell types, with both these

svstems capable of acuvating PKC by distinet pathways. Cross talk can occur to vanous degrees between

-
4



svstems and can be svnergistic (as m PKC activation} or acling m oppositton (revicwed m Malarkey e/

al 1995),

Of these complex signalling svstems, the one that has been studied in this project is the receptor tyrosine
kinase systems and the downstream protein kinases and phosphatases thesc activate. This signaliing
system has been rescarched because this 1s the main method by which msulin and other factors signal
and the svstem with which PKB is believed to associate with in its aclivation profile (reviewed m
Malarkev et al 1995). Therefore, it 1s first important to bricfly consider the mmportance of

phosphorylation and dephosphorylation m the control of ccllular processes.

Many critical cellular processes have been shown to be tightly regulated by phosphorylation and
dephosphorylation reactions (sec Table 1.2} establishing an essential role for proicin kinases and
phosphatases in cellular regulation (reviewed in Tonks er af. 1995, Hunter ¢ ol 1995). The
phosphorylation state of a particular mtracellular {actor can drastically and specifically affect 1is
properties; including the factors structure, activity, binding parameters and cellular localisation, or could
result in changes in any combination of these mmportant charactenistics. Phosphorylation 1s also
important in regulating cellular function of lipids (i.e. Phosphatidylinositol lipids - see section 1.3) and
DNA/RNA emphasising the importance of this key method of cellular control. Stimuli driven

phosphorylation 1s probably the major form of post-translational modification of kev 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 mmportant that the
phosphorylation reactions are dynamic and reversible, so that the changes phosphorylation modifications
generate can be removed once the desired response has been completed. For this level of control of
protein function to be effectively regulated a variety of specific kinases and phosphatases are required so
only the desired targets are modified in response to the stimulus. Therefore, most cell types contam a
variety of distinet kinases and phosphatascs in an approximately equal balance to provide the tightly

regulated control required (reviewed in Pawson 1995, Denu ef @/, 1996).

in most cells, the balance between the levels and activities of kinases and phosphatases is tightly
regulated to maintain unstimulated cells in a fairly stable state. However, upon stimulation various
components of these pathways arc 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 affinitics and cellular localisations, combine to bring about the specific targeted response.



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

PROCESS ~ EFFECT TISSUE ~ SITEOF REGULATION
Glucose Transport Increase Fat, Muscle GLUT4 transporter
Glycogen Synthesis Increase Liver, Fat, Muscle  Glycogen svathase
Glycogen Breakdown Decrease™® Liver, Fat, Muscle  Phosphorvlase kinasc
Gluconeogenesis Decrease* Liver Fructose 2.6 bisphosphate kinase
Gilycolysis increase™® Liver Pyruvate kinasc / PFK-2
Tnacylglvceride Breakdown  Decrease* Fat Triacylglveerol lipase
Pyruvale => Fatty Acids Increase Liver, Fat PDH/ Acetyl CoA carboxvlase
Protein Synthesis Increase Liver, Fat, Muscle Translation initiation
Specific mRNA Synthesis increase/ Liver, Fat, Muscle Transcription

Decrease

* Effect of msulin only apparent if another hormone elevates cAMP (Adapted from Denton 1995).

Table Two - Metabolic Proteins Which Exhibit Phosphorylation Changes in Response to Insulin
PHOSPHORYLATION PROTEINS AFFECTED

Glycogen synthase

Phosphorylase kinasc
Decrease Phosphorvlase

Pyruvate dehydrogenase

Triacylglveerol hipase *

Pyruvate kinasc (Liver)

ATP citrate lvase

G-Subunit of protein phosphatase-1
Increasc cAMP phosphodicstierase

S6 ribosomal protein

Acetyl-CoA carboxylase

* Effect of msulin onlv apparent if another hormone clevates cAMP (Adapted from Denton 1995).



In most cells, the majority of phosphorvlation reactions are mediated by serme/throonine kinases and
phosphatases, with 99% of ccllular phosphorvlation tarpeting these residucs. Therefore less thanl% of
cellular phosphorylation targets tyrosine residues. However protein tvrosine kinases and phosphatases
arc very mportant in ccll signalling, particularly because most receptor mediated signal transduction
cascades are initiated upon ligand binding, by activating the receptors imtrinsic tyrosing kinase activity

(reviewed 1n Tonks 1993, reviewed m Pawson 1995},

Having cstablished the benefits of phosphorylation in the regulation of cellular processes and hence the
importance of protein kinases and phosphatases, it 1s important to detail the imdividual pathwayvs which
utilise these essential regulator proteins. Before considering the main pathwavs 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 rescarch.

1.1.3 Introduction to Insulin

Insulin is one of the most important hormones and acts via tyrosine kinase systems after binding to a
specific cell membrane receptor (reviewed in Proud 1994, reviewed in White ef a/. 1994). Insulin is a
5.8kDa hormone, which primarily signals the “fed state™. This hormone is manufactured in the B-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 ef al. 1989). Insulin elicits a wide variety of cellular effects (see table 1.1
and table 1.2) including increasing glycogen synthesis, via increased glycogen synthase activity and
increasing glucose transport, via the recruitment of the GLUT4 transporter to the cell membrane

(reviewed in Proud 1994, reviewed in Denton et al. 1995).

Many of the proteins or processes affected by insulin signalling have been shown to be mediated by or
regulated due to phosphorvlation and dephosphorylation reactions (Cohen 1993, Marshall 1995, Krebs
and Fischer 1993, Hunter 1995). For example, insulin has been shown to stimulate glycogen svnthesis
by a pathway which dephosphorylates and activates glycogen synthase (Proud 1994). Conversely msulin
pathways act to stimulate acetyl CoA carboxylase by increased phosphorvlation of this enzyme {Table
1.2). Thercfore it 1s clear that kinase and phosphatasc pathways must be very important in insulin

signalimg.

The study of msulin signalling is important in cstablishing how insulin brings about its cellular effocts
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and the pathwavs it employs to bring aboui these responses. In order (o fullv understand cell signalling
1s necessary (o identify the roles and importance of cach of these pathwavs and the individual
components of them {i.c. PKB). Other factors, imcluding epidermal growth factor (EGF). have also been
found 1o share common downstream targets and usc some of the same pathwavs as insulin. Thercfore,

rescarch into these pathways can lead to an improved picture of cell signalling in gencral.

This rescarch may also have medical implications as defects in components of these pathways have been
implicated in the pathology of a variety of discases including cancers. metabolic disorders and
neurological problems. A better understanding of this ficld may thercfore Iead to improved diagnosis,

treatment or prevention of this and possibly other as yet unrelated conditions.

1.1.4 The Insulin Signalling Disease, Diabetes Mellitus

One of the main disorders associaied with the hormone wsulin is diabetes mellitus, of which there are
two forms. These disorders affect more than 1% of the population of the industrial world, so are one of
the most prevalent discases and of serious concern to world health (Rhoades e al. 1989). The less
common form of diabetes mellitus is known as juvenile onset or insulin-dependent 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 B-cells and can be treated by daily insulin injections and
dietary control (reviewed in Devlin 1993). The majority of diabetics, however, are classified as suffering
from late onset or non-insulin dependent diabetes mellitus. In this disorder. insulin is produced n'onnallyj
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 genctic component have been implemented. This form of diabetes can be treated by oral

hypoglvcacmics and dietary control.

Both forms of diabetes if unchecked Iead to hyperglycaemic episodes which can cause diabetic coma and
even death. Weight problems, polyuria and fatigue are regularly scen with these disorders. Diabetes is
also often associated with a number of secondary complications including artery thickening, retinopathy,
neuropathy and kidney problems. It is therefore hoped that by studving insulin signalling that a better
understanding of diabetes and other signalling disorders may be obtained, which will hopefully lead to

improved treatments or even cures for these serious discascs (reviewed in Deviin 1993).



1.1.5 Insulin Signalling Pathway

Most, if not all, of msulin’s action on cells are mediated via a receptor mediated signal transduction
cascade. The insuhin receptor which is present in virtually all vertcbrate tissues is a 185kDa
transmembrane glvcoprotein and is encoded for on chromosome >9 36-37 {short arm of chromosome 19)
(reviewed in While e/ gl 1994). These protemns comprise of two o and two f subunits which arc
covalently linked by disulphide bonds and hence has the heterotetrameric structure oo, The two a
subunits are located entirely outside the cell and possess the ligand binding activity of the receptor. The
8 subunits, conversely, traverse the cell membrane with the majority of these subunits being intracellular
and possessing the msulin regulated tyrosine kinase activity, which is inhibited by the o subunits when

the receptor is unoccupied {reviewed in Whitehead ef a/. 2000},

The binding of insulin to this receptor causes the receptor to become phosphorylated on specific tyrosine
residues within the eytoplasmic domam. This autophosphorylation event appears to occur via a trans-
mechanism in which the binding of insulin to the « subunit of one off dimer stimulates the tyrosine
phosphorylation of the covalently linked B subunit of the other off dimer (reviewed in White et al.
1994). These phosphorylation events occur at tyrosine residues throughout the 3 subunits intracellular
domain and act to enhance the receptors kinase activity about 20 fold. These phosphorylations also
create target motifs for proteins known as the insulin receptor substrates (IRS), which bind to the msulin
receptor and are then themselves tyrosine phosphorylated (reviewed in Yenush ef al. 1996, 1997, 1998)
and link the insulin receptor to downstream targets (see below) (reviewed in Whitehead ef af. 2000).

The insulin receptor is also subjected to serine and threonine phosphorvlation which appears to modulate
the receptor’s tyrosine kinase activity and/or activation time, possibly by the feedback action of
downstream kinases. To date the kinases which act on this receptor and the roles they have, are yet to be
determined, although the possible involvement of a novel receptor associated insulin receptor serine

kinase has been postulated (Carter e7 af 1996)

To date four IRS proteins have been identificd and are referred to as IRS-1. IRS-2, IRS-3 and IRS-4
respectively (White 1998, Zhou er al. 1999). All four 1soforms possess a conserved 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 aliowing for the fast and
efficient phosphorviation of key residues within the IRS proteins (Yenush e a/l. 1996 and 1997, Withers

et al. 1999). The phosphorylation of these key tyrosine residucs within suitable highly conserved motifs,



creates unique docking sites for Src-homology 2 (SH2) domain containing protcins such as
Phosphatidvlinositol-3 kinase (PI3K} (sce section 1.3.3), Grb2 and SH2 containing phosphatase (SHP-2
or Syp) (White 1998, Zhou et al. 1999). These factors subsequently bind to the msulm
stimulated/tvrosine phosphorylated IRS proteins. This binding modulates the activity of the SH2 domamn
proteins thereby eliciting the required downstream responses which bring about the actions of insulin

(reviewed in White ef @/, 1994, reviewed in Whitchead er af. 2000, reviewed 1n Yenush er al. 1997}

IRS-1 15 a 131kDa protcin and has around 21 potential tyvrosine phosphorylation sites. The
phosphorylation of some of these sites creates the specific binding motifs for a variety of proteins which
contain SH2 domains (O Neill er a/. 1994). The role of the IRS-1 protein is therefore to recruit SH2
proteins to the msulin 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, Nck (an
adapter molecule), Grb-2 (MAP kinase cascade adapter), PLCy and the p835 subunit of Pl 3-kinasc
(which is likely to activate PKB) (Myers ¢f af. 1994, Pawson ¢f al. 1993). In the presence of insulin,
IRS-1 has been shown to be phosphorvlated on at least 8 tyrosines and to bind and activate several of the
factors previously mentioned including PI3K and Grb2 linking, IRS-1 to the PKB and MAPK cascades.
IRS-1 is therefore, a key mediator of the actions of insulin within cells, acting to transduce the signals
from binding of msulin to its receptor to a variety of different signalling cascades which bring about the

metabolic actions of insulin (reviewed in Yenush ef al. 1997, reviewed in Whitehead ef of. 2000).

A necessary role for IRS-1 in insulin action is indicated with IRS-1 negative mice (homozygous IRS -/-)
which show growth retardation and mild insulin resistance, which is more marked in muscle cells and
adipocytes (reviewed in Ogwaa ef af. 2000, Tamemoto ef al. 1994). However, despite this, all the IRS-1
negative mice all survive with only minor defects. In these mice little or no effect was noticeable on
insulin stimulation of the MAPK pathway indicating the essential involvement of other IRS proteins in
insulin signalling. Also, in these mice, IRS-1 was found to be an essential component of msulin induced
mitogenesis confirming a role for IRS-1 in this branch of signalling {Lamothe ef af. 1998, reviewed n

Yenush et al. 1997 reviewed in Whitehead et al. 2000},

The insulin responsive protein IRS-2 shows considerable struciural and {unctional homology to IRS-1.
In IRS-1 deficient mice (IRS-1 -/-) the activity of IRS-2 increased. This increase could partially rescue
insulin signalling to the PI3K cascade and was sufficient to fully activate the MAPK cascade m response
to insulin. This mdicates that IRS-2 may be the major isoform nvolved 1 insulin signalling to these
pathways. Homovzygous IRS-2 negative mice (IRS-2 -/-), in contrast to the IRS-1 deficient breed. had
more marked differences, with the mice being much smaller and suffering from severe diabetes which
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little or no compensation from the IRS-T soform (Lamothe ef o/, 1998 reviewed in Yenush ez ol 1997

reviewed in Whitchead er af. 2000).

it scems apparent that both IRS-1 and IRS-2 are necessary for insulin signalling to a varnety of protein
kinases and phosphatases and both isoforms are essential for normal/maximal msulin action. The
apparent general/cross over and isoform specific roles of these two proteins in response to insulm can be
shown by the potential tyrosine phosphorvlation motifs cach isoform contams. IRS-1 has been shown to
possess 7 unigue tyrosime motifs and share 13 common tyrosine phosphorvlation motifs with IRS-2,
which iself contains 9 unigue tyrosine motifs site, setting up the opportunity for the binding of identical
and different downstream components. It mayv be that there are isoform-specific expression differences in
different cell types or individual subcellular locations between these two isoforms which may account for
their occasional signalling differences/responses to insulin {reviewed in Yenush e al. 1997, Whitehead

et al. 2000},

The roles of the other two known IRS proteins within insulin signalling are currently unclear, although 1t
is believed that they play a fairly minor role compared to the two major isoforms, IRS-1 and more
critically IRS-2. Although overexpression of either IRS-3 or IRS-4 in adipocyies has been shown to
mimic some of the actions of insulin 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 functioning of these minor isoforms in insulin signalling is confirmed by
the fact that IRS-3 -/- and IRS-4 -/- mice exhibit normal glucose tolerance {Lamothe ef al. 1998,
reviewed in Yenush er al. 1997, reviewed in Whitchead et al. 2000). However, as both these IRS
proteins are expressed and can be tyrosine phosphorviated in response to insulin in many cells, it 1s

possible they have some role in insulin signalling.

The IRS signalling pathway of modulating the ligand activation of a specific receptor to suitable
downstream targets may also be utilised by other signalling factors. The main factor that 15 likely to use
this route is Insulin like growth factor (IGF). IGF mimics several of the metabolic effects of insulin, as
well as bemg a more potent survival factor than insulin (reviewed in Yenush ef af. 1997). This facior
binds to and activates a unique receptor which shares structural and functional homology to the msulin
receptor. The acuvation of the IGF receptor s again by autophosphorylation of key tyrosine residucs in
the receptors intracellular region, by the receptors intrinsic tyrosine kinase activity {reviewed m Malarkey
et al 19933 This phosphorylation Icads te the recruitment of IRS proteins to the IGF receptor complex,

where these IRS proteins are phosphorvlated and activated and can therefore themselves recruit and
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modulate specific downstream targets. It has alse been shown that interleukin-4 (IL-4) which also
signals via a unique receptor mayv utilise the IRS pathway as one means of propagating its signalling
{reviewed in Yenush ef al. 19973

Receptor-mediated insulin signalling may also occur via direct insulin receptor interaction with
downstrcam effector molecules. as is the case with other growth factor mediaied signal transduction
pathways {(1.e. EGF, PDGF)} or possibly bv mteractions mediated via other factors. For example. the
mnsulin receptor has been shown 1o mteract with and directly modulate several key proicins including the
a-collagen homologue SHC and Gabl. However. it 1s clear from the current knowledge of msulin
signalling that IRS proteins mediate the majority of insulin signalling and that downstream kinase and
phosphatase pathways affected by these modulators for example PI3K and Grb2 (MAPK pathway
activator) are very important m mediating the effects of insulin in cells {reviewed in Proud 1994,

Whitechead er o/ 2000).

1.1.6 Receptor Mediated Signal Transduction Cascades Mediated by Other Growth Factors

Having established how in the insulin signalling cascade, downstream factors such PI3K and Grb-2 can
be recrurted to IRS-1 proteins and subsequentlv activated, it is important to establish how these and
other factors can be activaied 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 profiles for epidermal growth factor (EGF) and platelet derived growth factor (PDGF) which are

fairly similar (reviewed in Malarkey er &/, 1993).

The PDGF receptor comprises of an extracellular ligand binding domam, linked to a single
transmembrane domain which traverses the cell membrane and a carboxyl terminal mtracellular
cytoplasmic domain which possesses an ntrinsic tvrosine kinase catalytic activity (reviewed in van der
Geer ef al 1994). Upon ligand binding. the receptor oligomerizies, which results in autophosphorylation
between the adjacent tyrosine kinase domaims. Oligomerization and subsequent phosphorylation are
essential for maximum activation of the tvrosine kinase function and also for substrate recognition and
modification (reviewed m Heldin 1993} A similar dimerisation and autophosphorylation mechanism 1s
utilised by EGF, via 1ts unique receptor. which again possesses a receptor tvrosine kinase activity and is
therefore grouped in the same receptor superfamily as PDGF. along with the fibroblast growth factor

(FGFY and TrkA (nerve growth factori (reviewed in Malarkey et /. 1995, Van ed Geer ef af. 1993).



The mtracellular domain tvrosine autophosphorvlation sites of these RTK can be categorised into two
subclasses of sites. Firstly, a subgroup of these tyrosine sites hies within the catalytic region of the
intracclular subunit and are involved in the control of the kinase activity. Phosphorvlation of thesc sites
enhances the kinase activitv many fold. The second subset of tyrosine residues arc located outside of the
kinasc domain. Autophosphorylation of these residues acts as a molecular ““switch™ to indice the rapid
recruitment of other proteins (o the receptor, forming stable multi-protein complexes, which the receptors
intrinsic tyrosine kinase can act on and hence modifj.-f (Pawson ¢f al. 1993, reviewed m Heldin 1995}
The protem-protein interactions between the autophosphorylated RTKs and the recruted docking
proicins utilise the specific interaction motif the SH2 domain. SH2 domains are regions of amino acids
around 100 residues in length, based on the homology to the protem Src. They have been shown to bind
specific phosphotyrosine containing sequences within proteins. The autophosphorylation sites withm
RTK provide specific docking motifs for SH-2 containing proteins, with the flanking residucs around the
phosphorvlated tvrosines 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 proiein -2} and the GTPase activating protein
Ras-GTP (reviewed in Malarkev ef af. 1993).

There is also some evidence that different SH-2 domain containing proteins may bind to the same target
motif of an RTK. This lead to the suggestion 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 domaimn adapter
proteins to assist their recruitment. For example, Grb-2 binds indirectly to the EGF receptor via SHC and
to the PDGFB receptor via SHP-2, in addition to its direct binding to these receptors. In general whatever
the methods involved, the net result of RTK phosphorylation/activation by their respective ligands and
the subsequent recruitment and modification of SH-2 domain proteins is the propagation of a varnety of

downstrecam signals which elicit the desired biological responses.

A greater understanding of the functions of RTK pathways is very mmportant i furthering our
understanding of the roles these factors play in ceilular signalling. It is also very useful m unravellmg the
complexity of various discase states since this may involve aberrant function of some of these RTKs or
thetr downstream components. For example. overexpression or over-activation of EGF and/or the EGF

receptor has been implicated in the progression and invastveoness of several major cancers.



1.1.7 Celluiar Signalling Downstream of Growth Factor Receptors

The main advantage of signal transduction cascades is one of amplification: one growth factor can bind
to and activate one receptor and then dissociate from this receptor and move to aclivate a second receptor
and so on. These receptors then activate several copics 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 cach cascade are reached and the desired biological responses elicited. In this way, a small
quantity of ligand or a low expression of receptors can still activate a large number of downstream

targets and generate significant biological responses.

From the previous mformation on growth factor induced activation, it 1s apparent that insulin and other
growth factors result ultimately in the activation of a variety of protein cascades including PI3K and
MAPK kinase signalling transduction pathwayvs, via a series of downstream modulators to amplify the
inftial signal and result in the maximal activation of downstream targets. For example, the MAPK

cascade can be amplified 10,000 fold from the initial signal {reviewed i1 Davis 1993}

The first of these two pathways is the MAP kinase cascade which at present is believed to manly act m
the regulation of nuclear substrates (Johnson ¢z al. 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 phosphorylated 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 sos (son of sevenless) which is a guanine nucleotide exchange factor.
The binding of sos 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 sos (GTP for GDP) and then has a pivotal role in the activation
of the MAPK isoforms Erk 1/2 (extracellular signal regulated kinases) and other signalling cascades,
possibly including the PI3K cascade (reviewed in Davis 1993, reviewed in Denton er af. 1995,
Rodriguez-Viciana ef al. 1996). Ras-GTP then in turn activates the serine/threonine kinase Raf-1
(probably with a second kinase also mvolved) which then initiates the activation of the
threonine/tyrosime dual specificity kinase: MAP kinase kinase (MEK). The activated MEK in turn.
tvrosine and threonine phosphoryvlates and therefore activates the MAP kinase isoforms Erk-1 and Erk-2.
These Erk kinases can then act to phosphorvlate a variety of potential substrates leading to a modulation

of therr acuvity and ultimately various biological responses (Denton ef a/. 1995).



The activation of this cascade by other growth factors, 1.e. EGF or PDGF, follows a similar downstream
activation profile to that of msulin, apart from the fact that instead of binding to an IRS adapter module,
in these growth factor signalling cvents, Grb-2 binds directly to the tyvrosine phosphorviated RTK
(reviewed in Malarkey ef al. 1995). After the binding of Grb-2 to RTK. Grb-2 recruits sos to the
complex, which results in the activation of Ras and ultimately the activation of Erk 1/2 via Ral-1 and
MEK. Other factors may also feed into the activation pathway of Erk, including PKC and PI3K which

enhance Erk activity, or PKA which appears to inhibit this activation {While er af. 1994).

Erk 1/2 are believed to be the major downstream modulators of this cascade as they have a wide range of
substrale specificities in vifro compared to the upstream kinases Raf-1 and MEK which have more
restricted potential targets. Putative substrates include other kinases 1.¢c. MAP kinase activated protemn
kinase (MAPKAP Kinasc 1 and 2), p90S6 kinases result in a continuation of the kinase cascade,
phospholipase A2 and cytoskeletal proteins (Proud 1994, Sale er @/ 1993). A varicty of nuclear
substrates also exist which are phosphorylaied and activated by nuclear translocation of activated Erk.
These substrates may include the transcription factors, Elk-1, Sap-1 c-fos, c-Jun and c-myc, with nuclear
substrate regulation believed to be one of the major roles for the MAP kinase cascade based on current

knowledge (Denton ef al. 1995, Sale ef al. 1999).

The Erk1/2 isoforms have also been implemented in a variety of general cellular roles in different cell
types, including potential regulatory roles in transcription, translation, proliferation, differentiation and
possibly apoptosis. Potential involvement of this cascade m metabolic roles including general protein
synthesis, apoptosis, glycogen synthesis and glucose uptake is also suggested. However, to date many, of
these putative roles are still not fullv defined or the exact importance of the Erk cascade in these

functions established (reviewed in Denton ef al. 1995},

Another major insulin and growth factor sensitive protein kinase cascade is the phosphatidylinositol 3-
kinase (P13K) cascade which activates PKB and other key protein kinases including S6K (reviewed in
Shepherd ef al. 1998, reviewed in Vanhaesebroeck er al. 2000, reviewed in Kandel er al. 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 PI3K, either to the activated receptor or to IRS-
1/2 (reviewed in Vanhaesebroeck er af. 1997 & 2000, reviewed in Alessi ef af. 1998a). This subunit
binds via its SH-2 domain to phosphotyrosine motifs of the receptor or IRS protein. This mteraction
brings the catalvtic p110 subunit of PI3K into close proximity where it becomes activated. The activated
PI3K 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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varicty of possible substrates. including GSK-3 and S6K (revicwed m Hemmings 1997, Kandel ¢t af
1999, Vanhaesebroeck e/ al. 1999 & 2000). A full treatment of the activation of PKB by PI3K and the
subsequent possible downstream consequences of PKB activation are discussed in great detail in

subsequent sections (1.21 onwards)

The evidence for this pathwav and its cellular function are as vet. {airly limited, which makes it an ideal
target for investigation, particularly using antisense technigues to knock out components of the cascade

and then analyse the cffects 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 i 1991 as a 57kDa cytoplasmic protem in rat
brain. It was originally identified by 3 separate groups using cither; 1) degenerate oligonucleotide PCR
(Coffer et al. 1991), 11) low stringency library screening using a cAMP-dependent kinase probe (Jones er
al. 1991a and b) or ii1) sequencing of human ¢cDNA hybridising to v-Akt DNA (Bellacosa ef af. 1991). It
has been found to have 75% homology to the catalytic domain of PKC and 65% homology to the same
domain in PKA, hence the name PKB ie. 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 18 used less
frequently now due to the existence of a rho-related GTPase also known as rac (Coffer ef al. 1991).
Subsequently PKB was also found to be the cellular homologue of v-Akt a protein from an acute
transforming reterovirus, in the spontancous thvmoma AKT (AKTS) and so 1s also known as c-Akt

{Bellacosa ef al. 1991, reviewed in Coffer ¢f a/. 1998, reviewed in Kandel ef af. 1999).

Homologuces of PKB have been found in mammals (human, mouse, cow) birds, msccts, nematodes, slime
mould and veast which contain a high degree of homology to cach other (see figure 1.1) (reviewed m
Kandel e al. 1999). For example, Drosophilia (Konishi et al. 1995a) and (.elegans (Waterston et al.

1992} PKB shows 85% identity to the previousiy cloned rat and human PKB.



Figure 1.1 - Protein sequence alignment for PKBo homoelogues. The amino acid sequences
of known PKBo homologues were aligned using the ClustalW alignment program. A
similarity score individual sequences and the mouse PKBa amino acid sequence is recorded as
% homology. Total identity between all sequences is indicated with an *.

Aligning...Similarity to Mouse PKBo sequence

Sequences {3:1) Aligned. Score: 96%
Sequences {3:2) Aligned. Score: 28
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%
Mouse 000000 e MEDVATVKEGWLHERGE Y IKTWRPRYFLLEKNDGTFIGYK 39
vAKE AREETLIIIPGLPLSLGATDTMNDVAIVKEGHLHKRGEY IKTWRPRYFLLENDGTFIGYK 60
Rat e MNDVAIVREEGWLHKRGE Y IKTWRPRYFLLKNDGTFIGYK 38
Human =00 0 mem e MEDVAIVKEGWLHKRGEY I KTWRPRYFLLKNDGTFIGYK 3%
Boving 00 e MNDVAIVKEGWLHERGE Y TKTWRPRYFLLEKNDGTFIGYK 39
Chicken = @ —emememeeeeeee e HMHEVATVEKEGWLHKRGEY I KITWRPRYFLLKNDGTFIGYK 39
Drosophilia ~MEINTTFDLSSPEVTSCHALIEQTOVVKEGHLMERGEH I KNWRORYFVLHSDGRIMGYR 59
c.o e MSMTSLSTKSRROEDVVIECWLHKKGEH T RNWRPRYFMIFNDGALLGFR 49
A - - S
Mouse ERPQIVDQR--ESPLNNFSVAQUOLMETERPRENTFI IRCLOWTTVIERTFHVETPEERE 97
vAkt ERPQDVDOR--ESPLHNFSVAQUOLMKTERPRPNTFI IRCLOWTTVIERTFHVETPEERE 118
Rat ERPODVEQR--ESPLNNFSVAQCOLMKTERPRPNTFI I RCLOWT TVIERTFHVETPEERE 97
Human ERPQDVDQR--EAPLNNFSVAQCOIMKTERPRPYTFI IRCLOWITVIERTFHVETPEERE 97
Bovine ERPODLEQR--ESPLHNFSVAQUQLMKTERPRENTFI IRCLOWTTVIERT FHVETPREERE 97
Chicken ERPQDVDOR--ESPLENFEVAGCOLMKTERPEPNTFI IRCLOWTTVIERTFHVETPRERE 57
Drosophilia SKPADSASTPSDELILNNFTVRGCOIMTVDRPKPFTFI ITRGLOWTTVIERTFAVESELERE 119
C. AKPKEGQPEP--EPLNDFMIKDAATHML FEKPRPNMFMVRCLOWITVIERTPYAESAEVRY 107
::l: : ‘i“}f:‘% M . * ::*::k %::* FokkhdkhkrEiE "k: *
Mouse EWATATQTVADGLRROEEE TMDER ——— o o o o e 568 124
vAkt EWATAIOTVADGLKROBEETMDF R~ — = e e 5G8 145
Rat EWTTAIQTVADCLKROEEETMDER-————— e 5GS 124
Human EWTTALQTVADGLKKOBEBEMIER — = o e oo e 565 124
Bovine EWTTAIOTVADGTKROERETHDE R w o e oo o 5G3 124
Chicken EWTKALQTVADSLKKQEEENMDE R~ « m = = o o o e 563 124
Drosophilia EWTEATIRNVSSRLI DVGEVAMTPSEQTDMT ~ = — = m o e o o oo o DYDMATIAED 159
c. RWIHAIESISKKYKGTHANPOEELMETNOOPKIDEDS EFAGARHATIMCOPSSGHGDNCST 167
* Ak w o
House PSDNSGAEEMEYS LAKPKERVIMHEFEYLKLLGKGTFGRVILVKEKATGRY YAMKILKKE 184
vAKE PSDNSGAREMEVS LAKPKHRVIMNEFEYLKLLGKGTFGRVILVKEKATGRY YAMKILKKE 205
Rat PSDNSGAEEMEVALAKPKHRVIMNEFEYLKLLGKGT FGRVILVKEKATGRYYAMKILKKE 164
Human PSDNSGAEEMEVS LAKPKHRVIMNEFEYLKLLGKGT FOCRVILVKEKATGRYYAMKI LKKE 184
Bovine PCENSGAREMEVS LAKPKHRVIMNEFEYVRKLLGKGT FGRVILVKEKATARYYAMKI LKKE 184
Chicken SDNSGABEMEVSMTKPKHKYIMNEFEYLKLLGKGTRGRVILVKEKATGRYYAMKILKKE 184
Drosophilia ELSEQFSVOGTTCHS SGVEKVTLENFEFLKVLGKGTFGRVILCREKATAKLYAIKITKKE 219
o DFRASMISIADTSEAAKRDKITMEDFDFLKVLGKGTFGKVI LCKEKRTOKLYAIKILKKD 227
. . = _::é’:::*:::%:%i’%%**k*%-}::ﬁr :-}:}% * %*:‘k“}c*%i’:
Mouse VIVAKDEVAHTLTENRYLONSREPFLTALKY SFOTHDRLCFVME YANGGELFFHLS ——~~ 240
vAKt VIVAKDEVAHTLTENRVLONSREPFLTALKYSFQTHDRLCEVMEYANGGELFFHLS -~~~ 261
Rat VIVAKDEVAHTLTENRVLONSREPYLTALKY SFOTHDRLCFVMEYANGGELFFHLS —— -~ 240
Human Y IVAKDEVAHTLTENRVLONS RHPFLTALKYSFQTHDRLCFVMEYANGGELFFHLS - — -~ 240
Bovine VIVAKDEVAHTLTENRVLONSREPSLTALKYSPOTHDRLCEVMEYANGGELFFHLS - -~ 240
Chicken VIVAKDEVAHTLTENRVLONS REHPFLTALKYS FOTHDRLCFYMEYANGGELFFHLS —— -~ 240
Drosophilia VITOKDEVAHTLTESRVLKSTHHPFLISLKYS FUTNDRLCFVMOYVNGGELFWHLS ———~ 275
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There arc certain differences between these species homologues which may affeet their function. For
example, the veast homologue ypkl docs not possess the pleckstnm homology (PH) domain which 1s
found i PKB from other specics and 1s mvolved m regulation of function (Chen ¢f a/. 1993, Casamayor
et al. 1999). A mammalian homologue which is very similar to ypkl has recently been discovered. This
protein, scrum and glucocorticoid induced kinase (SGK) sharcs a high degree of homology to the
classical PKB's, except for the fact that like veast vpk’s. this PKB subfamily member does not possess
the regulatory PH domain (Kobavashi er al. 1999, Park er al. 1999). The finding that PKB or similar
subforms exist m many different species suggests an evolutionary conservation of the protein at a basic
structural level. This conservation perhaps indicates a critical role for PKB in the functioning of both

simple and complex organisms (reviewed m Vanhaesebroeck ¢f al. 2000, Kandel ez a/. 1999).

To date there are 3 main isoforms of PKB namely PKBa (Bellacosa ¢f af. 1991, Jones ef ¢/ 1991a),
PKBpB (Jones et al. 1991b, Aliomare er al. 1995) and PKBy (Nakatani e /. 1999, Brodbeck e al 1999,
Konishi ef al. 1995a). PKBa is encoded for on chromosome 14¢32 in a region which is proximal to the
immunoglobulin heavy chain locus {Staal er al. 1998), part of an area which is frequently affected by
mutations. In humans, the mRNA sequence 1s 2610 base pairs with the translated region between bases
199 and 1641 encoding for a 480 amno acid protein. The gene for PKBB is found on chromosome
19q13 (Brodbeck ef al. 1999) and 1s 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 o and B
isoforms show around 60% identity which rises to 82% identity for the protein. It was also found that in
humans the B isoform has an carboxvl-terminal extended splice variant protein of 521 amino acids which

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

The v 1soform is the most recently discovered PKB. In humans it contains 479 amino acids encoded for
by a 1760 base pair mRNA (translated region between base 37 and 1476) and found to be located on
chromosome 144 in humans (Brodbeck er a/. 1999, Nakatani ef ai. 1999, Masure et al. 1999, Murthv
et al. 2000). This isoform shows 83% identity to the o and 78% identity to the B forms at the protem
level, with only 40% identity to these isoforms at the gene level (Masure ef af. 1999). In rat and mouse
similar homologues of PKBy have been identificd and shown to be of identical length and very similar
structure/sequence at the protein level (Brodbeck ef o/ 1999, Nakatani ef al. 1999, Murthy et af. 2000},
In rats a truncated PKBy subisoform is also present. In this subisoform. the PKBy sequence 1s 21 amino
acids shorter and the protein is only 32kDa (Konishi e a/. 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 10

1411), with this truncation probably affecung the function and regulation of this variant (reviewed m



Coffer er al, 1998, Konishi ¢z al. 1991). However the expression and hence importance of this

subisoform has not vet been determmed.

The three soforms identified so far show a large degree of homology to cach other with this identity
being particularly strong m the main central catalytic domain, which confers substrate specificity and is
also heavily mmvolved in regulation. The apparent similanty m these domains coupled with key conserved
residues m other sections intially suggests that the three PKB isoforms would share similar substrate
spectficities and be regulated m a similar fashion. Thercfore 1t is important {o establish what if any
1soform differences there are i the regulation of the indrvidual isoforms. substrate specificity, or perhaps
in the ccll or tissue expression and subcellular distribution of cach isoform (reviewed in Coffer et af.

1998, reviewed m Kandel ef a/. 19993,

Of these isoforms the o 1soform 1s by far the most predominant, expressed widely in a variety of tissues,
with especially high levels found in heart, tung, brain testis and thymus {Jones et a/. 1991a Coffer e al.
1991). This isoform has a low to moderate expression in the kidney, liver and spleen perhaps indicating a
less important role for this 1soform in these tissues. The B isoform is the second most common PKB
showing a high expression level in most of the same tissues as the a form {Bellacosa ef al. 1993)
including the brain and heart. The B isoform is also very highly expressed in Purkinje cells (cerebellum},
skeletal muscle and brown fat, perhaps indicating a critical role for this isoform in insulin responsive
tissues (Altomare et al. 1998). However the PKBf expression is lower in the kidney, spleen, testis, liver
and smooth muscle. The PKBy isoform shows a much lower general tissue distribution and expression.
However, high levels of this isoform are seen in the 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 m Kandel et al. 1999, reviewed in Chen et al. 1999}

It is, interesting to note that in rat liver although the o and B forms are present in similarly fow levels,
PKBa is 4 time more active (Walker ef /. 1998} perhaps indicating some 1soform specific differences in
activation profiles. This situation appears to be reversed in rat adipocyies with the PKBp form being
twice as active than PKBa in these cells (Walker ¢ a/. 1998). The PKBP isoform is also highly
expressed and up regulated in developing embrvos (Altomare e/ of. 1998) whilst the o isoform is up
regulated m regenerating neurones (Owada e @l 1997) perhaps indicating isoform specific roles. The
PKBy isoform is also highly responsive to insulin in L6 myocytes compared to the other isoforms. agam
suggesting that despite the apparent identity between the isoforms there may be differences in ther

regulation, responstvencss and cellular roles (Walker ef af. 1998}
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Most evidence suggests PKB has a ubiquitous expression and it appears that all cells contain at least one
isoform of PKB with most cells contaming two or even all three forms. This suggests that individual
1soforms may have distinct roles m certain cells as well as general roles which any 1soform can perform
(reviewed 1n Kandel er al. 1999, reviewed in Chen ef @i 1999} Little 1s currently known about the
regulation of the expression of PKB: however, it appears PKB translation is upregulated i cells
becoming termmally differentiated. For example, PKB expression 1s fow in the multipotent fibroblast cell
linc 107172 but PKB proiein levels are dramatically mercased as these cells arc induced (o differentiate
nto myvocvtes by Myof) transformation (Altomare ef af. 1995). Whilst the expression of PKB 1s fairly
low n the 3T3-L.1 fibroblast cell hne, its expression appears to be markedly up regulated when this cell
line 1s differentiated into 3T3-L1 adipocvies (Hill er al. 1999} The situation with the « isoform s
apparentlyv reversed in these cell lines with PKBo having a high expression in the fibroblasts but a lower
expression m the differentiated adipocytes (Hill ez af. 1999). The PKBy isoform in contrast to the a and
P isoforms docs apparently not change its expression during the differentiation of the fibroblasts into the
adipocvtes but is instead expressed at a similar fairly low level in both 3T3-L1 cell types (Barthel er af.

1998).

PKB was found to be the cellular homologue of the viral oncogene v-Akt which encodes for a
constitutively active protein kinase involved in transformation. This viral gene 1s a [usion between PKB
and a truncated tripartite viral group gag (pl12, p15, dp30) (Ahmed e a/. 1993). The two domains are
spliced together by a 21 amino acid region encoded for by the 5'-untranslated region of PKB plus 3 other
nucleotides (Ahmed et al. 1993, reviewed in Coffer et al, 1998). The encoded viral protein homologue
was found to be a myristoylated form of PKB and 1s therefore directly targeted to the plasma membrane
and constitutively activated thereby suggesting a route for the oncogenic activation of this viral protein
{Ahmed er al. 1993). Normal cellular PKB has a primarily cytoplasmic location with around 90% of this
isoform found in the cytosol. In comparison, the constitutively aciive 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 e/ @l

1993, reviewed m Coffer ef al. 1998).

Although this indicates that under normal conditions, the vast majority of PKB 1s a cvtoplasmic protein
prior to activation, there is some cvidence for isoform specific subcellular localisation. For cxample.
whilst PKBa appears to be mainly a cvtoplasmic protein, PKBB may have a more membranous location
including the possible presence of this 1soform in microsomes also contamning the glucose transporter.

GLUTA4, which PKB has been implicated in regulating (Calera ef ai. 1998}, There 15 also some cvidence



of the nuclear translocation of PKBa and PKBp isoforms usually after their activation again indicating
possible soform specific subcellular localisation differences which may affect their biological roles

(Meter ef af. 1997 Andjelkovic ef /. 1997 and 1998).

As the constitutively active viral PKB has a transforming or oncogenic potential, cellular PKB 15
classified as a proto-oncogene (Aokt ef af. 1998). Therefore, mutations in the PKB gene sequence at a
particular point could lead to the expresston of a constitutively active kinase which may also have
transforming properties and thus be tmplicated i certain cancers (reviewed in Coffer ez al. 1998). PKBa
has been shown to be overexpressed in the breast cancer epithelial cell ine MCF7 (Jones ef al. 1991a)
and has been found to be have a 20 fold amplification m pnimary gastric adenocarcinoma. PKBa 15 also
hikely to be overexpressed in other cancers due to its chromosomal focation which is i a region prone to
mutation and alreadv implicated in a variety of tumours including T-cell leukaemia/lvmphoma and

mixed-lineage childhood leukaemia (Bertness e al. 1990).

PKBp has also been shown to be overexpressed in a number of cancers including glioblastoma and
ovarian or pancreatic cancers (Jones e al. 1991). Large PKBp amplifications often more than 5 fold are
seen in 12.1% of ovarian and 2.8% of breast carcinomas (Bellacosa ef af. 1995, Liu er al. 1998). A
recent study has indicated an even more significant tumourogenic role for PKBp by showing this isoform
to be overexpressed/upregulated 3 fold in 36% of ovarian cancers studied (91 test subjects) (Yuan et
al 2000). PKBB is also frequently overexpressed in undifferentiated tumours indicating a possible role

for this kinase in tumour aggressiveness (Cheng et al. 1992, 1996).

The PKB isoform, PKBy, has recently been implicated in tumour progresston and carcinogenesis. The
isoform has been shown to be upregulated in several prostrate cancer types and also in certain tvpes of
oestrogen resistance breast cancers. It is apparent that PKB has roles in cellular transformation and could
possibly be one major route by which cancer cells form. survive and metastasise. The possible roles of

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

As all isoforms of PKB are insulin responsive, it has been suggested that PKB may be linked to the
insulin resistance discase, diabetes mellitus (reviewed in Kandel ef a/. 1999). To date no mutations or
altcrations in anv of the PKB genes have been scen in patients suffering from diabetes indicating this
protcin is not likely to be the cause of the insulin resistance scen in this discase (Hansen et al. 1999).
However, changes in PKB activity have been seen in some patients sﬁf fering from non-insulin dependent

diabetes mellitus, possibly indicating that modification of PKB function or activity as a conscquence of
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the msulin resistance may contribute to the different responses and complications scen with this disorder
{Krook ef al. 1998, Rondmong ¢f al. 1999}. Therefore it 1s important 10 understand more about PKB’s
structure, activation and function, as this mav be important m improving the knowledge of this signalling

pathway and also mayv help with many potentially life threatening disorders.

1.2.2 Structure of PKB

PKB consists of three distinct domains (figure 1.2), a regulatory N-terminal 147 amino acid pleckstrin
homology (PH) domain, which is includes a short glyeine 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
contams 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 Coffer e /. 1998, reviewed m Kandel ¢7 /. 1999, reviewed in Chen et /. 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 major PKC substrate in platelets (reviewed m Downward
1995, Alessi et al. 1998a and b). PH domains are usually around 100 to 120 amino acids long and can be
found in more than 100 other proteins, where they are believed o be involved in mediating either
protein-lipid interactions, protein-protein interactions or sometimes both. Other proteins containing a
pleckstrin homology domain include dynamin, phospholipase D and B-spectrin (reviewed in Fruman ef

al. 1999).

Although 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 conserved. The basic
structure of this region consists of seven antiparallel B-strands which form 2 orthogonal 3-sheets {one of
4 strands and one of 3} with an N to C terminal amphipathic a-helix (Maver ef al. 1993, Gibson ¢/ al.
1994). This structure forms a curved barrel motif, which contains a hydrophobic binding pocket. It is
interesting to note that all PH domains also contam an invariant single tryptophan residue m the C-

terminal a-helix, which appears to be important i ligand binding (reviewed in Chen ef a/ 1999},

The hvdrophobic pocket and other kev residucs within the PH domain have been found to gencrale a
distinct positive electrostatic polarisation patch around the ligand binding site which has been shown to
interact with both protemns and the head groups of certain phospholipids (Isakoff er al. 1998, reviewed in

Chen ef /. 1999). Several PH domain containing proteins have been shown to bind phospholipids with
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the affinity and specificity of lipids bound varving greatly between PH domain proteins. For example,
dynamin and pleckstrin bind to phosphatidylinositol 4-phosphate (PI4P) and phosphatidylinositol 4.5-
bisphosphate (PI14,5P;) but not phosphatidvlinositol 3.4.5-trisphosphate (P13,4,5P;,, where as PKB has
been shown to bind only PI3,4P, and PI3.4,5P;. The residues which confer high affinity and specific
phosphatidvlinositol (PI) binding have recently been elucidated and found to occur at the N-terminus in a
KX7.1:R/KXRHyd, where X is any amino acid and Hyd is a hydrophobic amino acid. PH domains which
lack this motif or have key differences within this arca bind Phosphatidylinositol (P1) lipids with a
greatly reduced affinity if at all (Fruman et al. 1999, IsakofT e7 al. 1998, reviewed in Chen ef al. 1999,

reviewed m Vanhaesebroeck er af. 2000).

The PH domain is widely distributed amongst signalling proteins suggesting it importance in signalimg
networks. The lipid 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 ef gl 1999). Manv signalling molecules have been shown to
associate with various PH domains, for example, some PKC subspecics, the By subunits of GTP-binding
regulatory subunits and many inositol based lipids (i.e. phosphatidylinositol 3.4.5 bisphosphate and
inositol 1,4,5-triphosphate) all associate with the PH domain of PKB in vitro (Konishi e al. 1995,
Harlan et al. 1994, Frech et af. 1997, Feng er al. 1994). The importance of the PH domain in PKB

activation and function is discussed in subsequent sections (sec 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 Ivsine residue (K179 in PKBa), activation/phosphorylation

sering/threonine sites and key substrate recognition residues.

This domain shows the maximum amount of identity between the three PKB isoforms with more than
90% identity in this region perhaps indicating similar substrate recognition and function between these
isoforms. This central kinase domain is also highly conserved in many serine/threonine kinases with
PKB’s catalytic domain having a high degree of homology to the same domain in both PKA and PKC

(reviewed in Coffer ef al. 1998, reviewed in Peterson ef af. 1999, reviewed in Toker 2000).

This kinase domain is followed by the last section, which is a short regulatory region. This C-termunal
domain which is found in PKB and several other kinases {e.g. S6 kinase and several PKC isoforms)
contains a further regulatory scrine or threonine phosphorylation site involved in kinasc activation and

also a hydrophobic proline rich subdomain {reviewed i Peterson et af. 1999, Toker ef al. 2000).
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Figure 1.2 - PKB Isoforms
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The basic domain structure of PKB i1s conserved 1n all the PKB isoforms and also throughout cvolution
with the v-Akt, Drosophilia and C. elegans homologues all consisting of similar regions. In the main the
only differences between these is m the length of the domains and some of the amino acids present in
cach, although this is not believed to affect the functional activity of the protein (reviewed in Coffer ef
al 1998). The general structure of PKB is also very simular to many other protein kinases not only in the
central catalytic domain but also within regulatorv regions and sometimes the PH domain as well. Duc 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 known as the AGC Kinases (reviewed in Chen ef

al. 1999, Peterson ef al. 1999).

1.2.3 Activation of PKB

PKB has been shown to be activated within one minuie i response to a variety of growth factors m
different cell types including msulin, EGF, IGF-1, PDGF and basic FGF (Alessi er ¢l 1996a/b, Franke
et al. 1995, Burgering e/ al. 1995). PKB has been shown to be activated by vanadale freatment m
adipocytes, activated in T-cells in response to treatment with interleukin-2 (Wykander ef al. 1997, Reif
ef al. 1997) and the treatment of epididymal fat cells with B-adrenergic agonists ¢.g. isoproterenol also
results in PKB activation (Moule ef af. 1997). PKB can also be activated by various cellular stresses
certain cell types including heat shock in CHO cells, hvdrogen peroxide (oxidative stress) in COS7 cells
and hyperosmolarity in NIH 3T3 cells (Konishi ef a/, 1996 & 1997 Bac ef al. 1999).

Insulin has been found to lead to rapid and significant 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 1 minute and a sustained kinase activity lasting more than an
hour (Alessi er al. 1996b, Cross ef al. 1997, Hurel er al. 1996). Conversely, in similar cell types EGF
only leads to 3 fold increase in PKB activity which returns to basal levels i about 10-20 minutes (Cross
et al. 1997). The activation of PKB by the factors 1L-2 and isoproterenol is found to lead to different
levels and times for PKB activity in various cells (Moule er af. 19973 1t therefore appears that the
activation profile for PKB varies greatly between different factors and in different cell types with
activation often rapid and/or transient but sometimes slower or more sustamned. It may be that these
factors act through several different pathwavs depending on the factor used and the celf type examined.
Alternatively these faclors may activate the same upsucam activators of PKB by differing amounts
resulting m differing PKB activation profiles (reviewed in Kandel ¢7 al. 1999). Generally, PKB
activation appears to be cell and factor type specific. However, there may be differences in the activation
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of spectlic 1soforms of PKB by certam growth factors (Fupio er af. 1999}

In gencral most experiments concerning the activation profile for PKB in response 1o a varicty of factors,
study the o 1soform of PKB. However, i is assumed that most of these findings also relate to the other
two known PKB isoforms. Both the B and v 1soforms of PKB contain the same key residues implicated in
the activation of PKBa suggesting a similar activation route for ali three isoforms. There is also some
experimental evidence showing that the activation of PKBP and v mvolves phosphorylation of the same
residues shown to be essential for the activation of PKBa and detailed below (Walker e af. 1998). For
the general activation profile of PKB only the route/factor activation of the PKBo isoform will be

discussed.

Analysis of PKBe has revealed 4 phosphorvlation sites, Serine 124, Threonine 308, Threonine 450 and
Serine 473, which are ali found to be phosphorvlated when this protein is activated following growth
factor stimulation (Alessi er a/. 1996a/b). Two of the sites S124 and T450 were subscquently 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 1s
not directly responsible for altering PKB activity (Bellacosa ef a¢i. 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 vielding maximal PKBa
activation. The proposed priming role of these sites was further emphasised using the double mutant
PKBa S124A/T450A which when transfecied into NIH3T3 celis is activated with reduced efficiency by
PDGF (Bellacosa ez al. 1998). Both these residues which when phosphorylated serve as potential
maximal activation primers have been found to be conserved in the other PKB isoforms and several PKB
homologues further emphasising a likely regulatory role for these sites which are evolutionarily

conserved (Bellacosa ¢7 al. 1998, reviewed in Chen ef g/, 1999).

When PKBe is activated by many growth factors, for example, msulin and IGF-1 it is found to be only
phosphorylated over basal levels on the other two distinct residues namely; threonine 308 and serine
473, which appear to act synergistically to bring about maximal PKB activity (Alessi ¢f al. 1996a). Both
these kev activation residues have been found to be conserved in PKBJ suggesting both the « and p
isoforms are regulated in a similar fashion (Meier ¢f al. 1997). Recently the human and mouse forms of
PKBy have also been found to contain the cquivalent of these two phosphorylation sites suggesting a
similar activation route/profile for this isoform (Brodbeck ef ¢l 1999). It is also interesting to note that

these two activation site residues are conserved in evolution (i.c. present in Drosophilia and Celegans)
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and so the pathwavs nvolved i the activation of PKB and its homologucs are also likely to be similar

{reviewed i Coffer er af. 1998, reviewed in Chen er a/. 1999).

However, m the truncated variant of rat PKBy only the equivalent of the threonine 308 is present in this
subisoform. This subisoform lacks the final 23 C-terminal residues and so the regulatory serine 473 1s
missing {Konishi e al. 1996). As vet it ig unknown as to how important this deletion variant 1s but it has
been suggested that in rats this form of PKBv may have a different method of regulation or only use
some of the pathwavs the other two isoforms usc (Alesst ¢f af 1996a/b, Walker er al 1998}
Altcrnatively the serine 473 (or equivalent) site may act as a “turbo charger™ to obtain a higher activation
level in the isoforms/species it 1s present in (reviewed in Coffer ef af. 1998). Further study of activation
and possible roles of this truncated variant and its corresponding full Iength PKBy in a variety of cells '
and/or species will hopefully establish the importance of this subisoform of PKB. The other splice
variant of PKB, the human PKBB2 subisoform, which has an additional 40 amino acids at its C-terminus
contains all the serine and threonine regulatory phosphorylation sites and appears to follow normal PKB
activation (Jones ef af 1991b). However as with the species specific rat PKBy subisoform, any unique

roles for this species specific PKB subisoform 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 for maximal activation of the kinase (Ahmed ez a/. 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 al. 1996b). However, mutation of either
residue to alanine does not prevent the other residue from becoming phosphorylated in response to
growth factor stimulation suggesting that phosphorylation of each site occurs independently, with
phosphorylation at both sites acting svnergistically to bring about maximal activation (Alessi ef ai.
1996a, Walker ef al. 1998). Mutation of either of the residues to aspariate which mimics the negative
charge supplied by phosphorylation results in the partial activation of PKB with mutation of both serine
473 and threonine 308 to aspartate resulting in an even more active form 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 /. 1996a/b, Ahmed et al. 1997).

in vitro phosphorylation of serine 473 by MAPKAP kinase-2 also results in partial PKB activation with
subsequent growth factor stimulation resulting in threonine 308 phosphorvlation and maximal PKB
activation. This indicates how these two residues act synergistically to generate a high level of PKBa

activity {(Alessi et al. 1996b, Walker ¢7 al. 1998) There is some recent evidence that with PDGF



stmulation whilst phosphorylation of S473 contributes to PKB activation, phosphorviation on this sitc
is not essential. However, all rescarch to date still indicates both these residucs play important roles in
maximal PKB activation. Phosphorylation of the T308 sitc has thercfore been proposed as the key event
in PKB activation, a fact that has been confirmed in all PKB studics performed (reviewed in Kandel ¢f a/.

1999,

The threonme 308 1s located i the subdomain VI of the catalvtic domain of this kinase, ninc residucs
upsiream of a conscrved Ala-Pro-Glu motif. This site is also found as an activating phosphorvlation site
in many other kinases, particularly members of the AGC family (reviewed in Peterson et al 1999,
reviewed in Toker 2000). Serine 473 1s 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/Y-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 i Belham ef a/. 1999). In PKB and other AGC kinases both these siics are
evolutionary conserved and present in most AGC family members/isoforms, they are found to always be
Iocated around 170 amino acids apart which suggests similar conserved activation mechanisms
(reviewed m Cohen 1997 & 1998, Peterson ef al. 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 vet to
be confirmed although the recently discovered 3-Phosphoinositide-dependent kinase 1 (PDKI1} has
emerged as a possible candidate for such a role as it acts on threonine 308 motif of PKB {(Alessi ef al.
1997a/b reviewed in Vanhaesebroeck er al. 2000} and has also been shown to phosphorylate S6 kinase
in vivo (Alessi et al. 1997b, Pullen ef ai. 1998)

For maximal activation of PKB, the PH domain of PKB is an essential requirement for the pathways
which phosphorylate PKB and gencraie the active protein (Klippel ef af/. 1997). Mutation of a PH
domain arginime residuc 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 in vitro (Franke ef al.
1997, Bellacosa e7 a/. 1998). Similar point mutations which reduce PI binding have also been found to
abrogate the activation of PKB by a variety of growth factors (James er al. 1996, Stokoe ef al. 1997). In
agreement with these findings, mutations in the PH domain which increase PKB’s affinity for PI lipids
(1.e. PKB E40K) have been shown to greatly enhance the growth factor induced phosphorvlation and
activation of PKB further emphasising a critical role for the PH domain in activation (Franke ef al. 1997,

Stokoe e af. 1997, Alesst ef al. 1997b)

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

the PH domain of PKB is removed. generating a deletion PH domain mutant, phosphorvlation and
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aclivation usig the PKB kinasc PDKI (sce section 1.4 1) could be achicved without the addition of 3 Pis
(Alessi er al. 1997a/b, Datla e a/. 1995). It appears that the PH domain of PKB when unoccupied by Pl
lipids masks the phosphorvlation sites of PKB, thereby preventing phosphorylation and activation of
PKB. However, m the presence of bound 3°P1 lipids (probably generated by PI3K - see section 141} the
PH domains conformation is likely to altered, revealing the previously hidden phosphorvlation sites
which can then be acted on by specific kinases (i.e. PDK1) resulting in PKB activation. It scems that the
PH domain of PKB plays a negatively regulatory role which is removed in the presence of specific 3Pl
lipids gencrated after growth factor stimulation via the PI3K cascade {revicwed in Coffer ef af. 1998,

reviewed m Chen er @/, 1999, reviewed in Vanhaesebroeck er ai. 20000,

The PH domam of PKB 1s also likely to be involved in targeting PKB to the membrane which also aids
maximal phosphorvlation and activation of PKB {Andjelkovic er al. 1997, Datta ef al. 1995). When
bound by 3°PI lipids to its PH domain PKB is rapidly translocated to the plasma membranc (Andjelkovic
et al. 1997, Franke er al. 1997, Kohn er al. 1996). The requirement of membrane targeting as a
mechanism for PKB activation is emphasised by the fact that the membrane targeted v-Akt is
constitutively active and that the addition of a membrane localisation or myristovlation signal to PKB
leads to the generation of a constitutively active mutant (Coffer ef al. 1991, Andjelkovic ¢ al. 1997
Meier et al. 1997). The apparent requirement of membrane targeting for maximal PKB activation is
likely to be due to a membranous location for the PKB activating kinases. It appears that the role of the
PH domain in PKB activation is several fold. The binding of specific 37PI lipids to this domain results i
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 (Frech ¢f al. 1997, Stephens

et al. 1998, Datta et af. 1995, reviewed in Coffer ef af. 1998, Chen ef al. 1999).

The PH doman 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 mteraction. Experiments using the veasi-2 hybrid system or mutant PKB studies
show that PKB-PKB interactions can occur but only between the same PKB isoform ie. o-o
interactions. In this hypothesis i is believed that in resting cells the PKB multimer is held in an nactive
conformation via intermolecular mteractions between the PH domains of individual PKB molecules {Lin
et al. 1999, reviewed in Cheng er af. 1999). When the activating serine and threonine sites of an
individual PKB are phosphorylated a conformation change occurs in this molecule which relicves the
inhibitorv cffect it has on its partnering PKB molecule (ie the one 1t s iicracing with).
Phosphorylation of one PKB molecule does not lead to its activation but rather a “dembibition”™ of its
neighbour. The phosphoryiated PKB docs not therelore require an intrimsic kinase activity to dercgulate
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its partner and this partner docs not require phosphoryiation of its own sites 1o obiain activation. [n this
model, phosphorvlation can be said to cause mtermolecular derepression of the PKB complex. Whilst
this model 1s still somewhat controversial, evidence for this or a similar activation syslem 1s mountimg
and so further investigation is required to cstablish the exact activation profile for PKB (Datta ¢f a!.

1995, reviewed in Coffer ef al. 1998).

Therefore. the activation of PKB is an extremely complex process that we still do not fully understand.
At a structural level certain key features of PKB have been identified to be involved in or necessary for
maximal activation. For example, the PH domain of PKB has been proposed to be involved in PKB
oligomerization, 3°PI lipid binding, PKB translocation and regulation of access to critical
phosphorylation sites. These critical phosphorylation sites have been identified as T308 and $473 which
when phosphorylated act synergistically to activate PKB (reviewed in Chen ¢7 af. 1999, Cofler ef al.
1998, Kandel ef al. 1999). Phosphorvlation of these two residues has been found to be both necessary
and sufficient for maximal PKB activation (Alessi e af. 1996a/b, reviewed in Vanhaescbroeck er af.
2000). Having now established the kev features of PKB which act to bring about its activation it is
important to detail the upstream pathways which act on these features and bring about alterations in their
functions/state to activate PKB. Therefore, it 1s appropriate to look at the upstream PKB activation

pathway(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 mportance of the PH domain in the phosphorylation and activation of PKB led to a
great deal of research mto 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 phosphatidvhinositol 37-

Kinase (PI3K) (reviewed in Vanhaesebroeck er ¢f. 1999, reviewed in Toker 2000).

The PI3K family were first discovered in the late 1980s as unique proteins which phosphorylate the D-3
hydroxyl group of the inositol head groups of various phospholipids via a distinet lipid kinase activity
(reviewed in Vanhaescbroeck ef al. 1997 & 1999, Fruman ef a/. 1998). As well as this lipid kinase

activily these proteins were also shown o possess a separate protein kinase activity. with both activities
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likely to be mvolved in PI3Ks downstream roles. PIRK has been found widely expressed in ccells and
across species indicating a critical evolutionarily conserved role for this kinase. The phospholipid 3°-
kinase activity of PI3K has shown to undergo activation in response (o many growth factors {rc. msulin,
PDGF, EGF) and also mitogenic stimulation (reviewed in Alessi ef al. 1998, reviewed in
Vanhaesebroeck e al. 1999). PI 3-Kinasc activity has also been found to be increased in transformed
cells indicating a critical cell cycle regulatory role for this kinase (Klippel e7 al. 1998, reviewed in Alessi

et al. 1998, reviewed i Vanhacesebroeck ¢f al. 1999).

PI 3-kinase and its products have been proposed to mediate many intracelfular cvents including PKB and
56 Kimasc activation (King et al. 1997, Sable e al. 1998}, Rac phosphatase regulation and regulating
processes such as glucose transport, protein trafficking and cytoskeletal functions (Malarkey ef al.
1995}. PI3K may also be involved with the Ras/MAP kinase pathway since certain Ras isoforms 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 imteractions and hence MAP kinase activity (Marte e7 al. 1996). Thus understanding

PI3Ks roles in cell signalling is a critical step in unravelling the complex signalling story.

Inositol containing phospholipids (Pls) have an inositol phosphate group at position 3 of their glycerol
backbone with fatty acids at positions 1 and 2, and comprise of approximately 10% of the total cellular
lipid. If the P1 lipids contain no other additional phosphate it is called phosphatidylinositol (P1), with this
being the major PI present in cells. However in cells all free hydroxyl groups of the inositol ring of PI
lipids apart from the 2” and 6’ position can be phosphorylated in a variety of combinations to vield many
different PI lipids. The other major Pl lipids present in cells are P1 4 Phosphate and PI 4,5 bisphosphate
which each make up around 5% of cellular PI lipids. The D3 phosphorvlated inositol lipids gencrated by
the PI3K family comprise of less than 0.2% of the total cellular P, but are subject to by far the highest
external stimuli induced vanation in their levels and are potentially very important n cell regulation. In
cells PI3K proteins generate PI 3 Phosphate (PI3P), PI 3.4 bisphosphaie (P13,4P;) and Pl 3.4.5
trisphosphate (Pl 3.4,5P;) with the later two products believed to be involved m PKB activation

(reviewed in Vanhaesebroeck er al. 1999, reviewed in Fruman ef af. 1998, reviewed in Chen ef al. 1999).

There has been found to be at least 9 multiple isoforms of PI3K based on gene splicing/rearrangement
which can be broadly divided into 3 distinct classes, namely, class I. If and III. These classes are

scparated based on the substrate recognition, functioning and mechanisms of regulation.



1) Class |

Class I PI3K arc heterodimers of around 200kDa comprising of a 110-120 kDa catalvtic subunit linked
to a 50-100 kDa adapter or regulatory subunit. These phosphorylate all classes of PI but have an major
order of preference for P13.4P; > PI4P > PI. Class 1 PI3Ks arc the major class of PI3K and have been
shown to regulate a host of ceflular functions including, protein synthesis, lipolyis. glucose metabolism
(i.e. glucose uptake and glycogen svnthesis) and apoptosis. There are two subclasses, I, and Iy, which
share similar lipid substrate specificities but vary in their mechanism of regulation (Stephens er al. 1993,

reviewed in Vanhacsebroeck ef af. 1999,

The Class 14 PI3K arc a group of kinases which phosphorylate phosphatidylinositol fipids usually
phosphatidylinositol 4.5 bisphosphate (its major cellular substrate) at the D3 position of the Inositol ring
(Woscholski ¢f al. 1997). PI3K is composed of two subunits an approximately 110kDa catalytic (pl10)
subunit and an 85kDa regulatory (p85) subunit (Pons er al. 1995, reviewed in Vanhaescbroeck e af.
1997). There arc 3 classes (o, B, y) of the p110 catalytic subunit which range in molecular weight from
110-113kDa and are multi-domain proteins. These catalytic subunits form heterodimeric complexes with

the 85kDa regulatory subunits (reviewed in Alessi ef @l 1998, Vanhaesebroeck e af. 1997 & 1999).

The regulatory subunits are encoded for by 3 mammalian genes p83 «, B, v, with alternative splicing
sites giving rise to at least 7 polypeptides all of which contain 2 SH2 domains (Inukai ef al. 1996 &
1997). The major form of the class I PI3K involved in insulin response has recently shown to be the
p110B/p85a complex, which was shown to have roles in the stimulation of glucose tfansport via

GLUT4 translocation to the plasma membrane in 3T3-L1 adipocytes (Ozanne ef al. 1997).

Class 1, PI3Ks have been found to be regulated by receptor and non-receptor tyrosine kinase by at least
2 mechanisms {reviewed i Shepherd er al. 1998). In the first mechanism, activation occurs via the
tandem SH2 domains of the p85 subunit binding to phosphotyrosine residues found in a Y-X-X-M motif
(Cuevas et al. 1999). For example, with insulin stimulation the insulin receptor tyrosine kinase is
activated and this results in phosphorylation of IRS proteins. These adapter protems (1.e. IRS-1) contain
several Y-X-X-M motifs which the p85 subunit can bind. This binding results m the membrane
recruttment of the p110 catalytic subunit, its tyrosine phosphorylation and hence its activation (reviewed

in Vanhaesebroeck ef al. 1999, reviewed in Chen ef al. 1999, reviewed i Alessi ef al. 1998a/b)

in the second activation mechanism for class | PI3K, GTP-ras interacts with the pl1{ subunit via an
effector site located within this catalvtic domain with this association leading to PI3K activation
(Redrigucz-Viciana e al. 1990). It is most likely that both mechanisms are activated m response 1o
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growth factors and act in tandem 1o bring about maximal activation of P13, However, 1t 1s unclear, as
whether ras activation is required for insulin induced Pl 3-Kinase acuvity or whether the IRS binding
route 1s sufficient. The membrane localisation and activation of PI3K causes the phosphorylation of
inositol phospholipids at the D3 position gencrating P3.4,5P; which is the rapidly converted to P13 4P,

by the action of a specific 5'-phosphatase {reviewed in Alessi e7 af. 1998b. Shepherd ef al. 1998).

The only class 1p identified to date is the p110y catalvtic subunit which complexes with a unique
101kDa regulatory subunit pi01. P110y/p101 heterodimers have been found to be activated by the GPy
subunits of heterotrimeric G-proteins with the p101 subunit found to be essential for this activation. The
Class 1p PI3K shows a much more restricted tissuc distribution than the ubiquitously class 1, PI3K,
being only abundant in white blood cells. Therefore the likely importance of class 1p PI3K in PKB

activation 1s limited to a few cell types.

1} Class 11

Class II PI3K family members are between 170kDa and 210kDa in size and consist solely of a large
catalytic domain and are therefore, monomeric. These proteins are not regulated by an additional
regulatory subunit but instead posses a C-2 lipid binding domain which appears to be involved in
regulation of this PI3K class. They act mainly on PI and PI4P however, there is some variability between
subisoforms of this group. Also certain sub-isoforms of this group ie. PI3KC-2a show a marked
resistance to the inhibitory effects of the PI3K inhibitors wortmannin and LY 294002 which are known
to successfully inhibit other PI3K isoforms including the related PI3KC-2B. As this class of PI3K can
generate PI3,4P, which is implicated in PKB activation, it is possible this class may have some role in

the PKB pathway discussed later (reviewed in Shepherd ez al. 1998, Alessi et af. 1998b).

1) Class 1I

The final mammalian class of the PI3K family, the class 1l PI3Ks, are homologues of the §. cerevisiae
Vp534p which are they only PI3K class present in veast. This group to date has had little research and so
questions about its expression, functioning and roles need to be addressed. This family has been shown
to only act on the lipid PI, so only generate PI3P and are therefore not likely to be involved in PKB
activation. Also within the PI3K super family, several structurally related kinases have been identified
and are sometimes grouped together collectively as class [V PI3Ks. These proteins which include, DNA
dependent protein kinase, TOR (target of rapamvcin) and ATM (ataxia telangicctesia mutated) all
possess homology to PI3K in their catalviic domain. However, as yet no lipid substrates for these
proteins have been identified indicating that they exert their cffects solely via the serine/threonine kinase

activity {review in Vanhaescbroeck ef af. 1999).



1.2.4.2 PI3K Involvement in PKB Activation

PI3K and its lipid products were proposed as the first known upstream regulators of PKB based on
several key experimental findings. Firstly, the growth f(actor stimulated (i.c. insulin, PDGF, EGF)
activation of PKB in many cell types has been found to be prevented by the addition of the fungal
inhibitor wortmannin o the cultures (Franke ef a/. 19935, Kohn er al. 1996). Wortmannin even at low
nM concentrations 1s known to wrreversibly inhibit class 1,4 PI3K by forming a schiff base with a lysine
residue i the catalytic domain of PI3K. preventing the generation of PI 3 lipids. Therefore these
experiments using wortmannin to inhibit not only PI3K but also PKB, indicated PI3K as an upstream

activator of PKB (Cross er /. 1995, Datta ef al. 1996},

Secondarily, mactivation of PI3K activity by preventing its binding to and activation by PDGF bound
PDGF receptors also inhibits PKB activity (Franke ez al. 1995). PDGF activation of PKB was found to
be dependent on the key PDGF receptor residues, Y240 and Y251, which are binding sites for the p83
regulatory subunit of PI3K and hence imvolved in the activation of PI3K (Franke et al. 1995). It is

apparent from these findings that PI3K is essential in the growth factor inducted activation of PKB.

A second PI3K inhibitor LY294002, which acts as a compeiitive inhibitor of ATP binding to PI3K, has
not only been found to mhibit the growth factor induced activation of PI3K, but also the subsequent
activation of PKB further emphasising a role for PI3K upstream of PKB (Cross e /. 1995, Datta et al.
1996). Overexpression of dominant negative mutants of the p85 subunit of class 14 PI3K also have been
found to prevent the activation of PKB whilst constitutively active p110 PI3K activates PKB in the
absence of external stimuli (Klippel ef a/. 1996). In many studies, PH domain mutants of PKB which do
not bind the PI 3’lipid products of PI3K, were found not to be activated by PDGF whereas
immunoprecipitated PKB could be activated by the addition of the PI3K products PI3,4P; and PI3.4,5P:
(Cross er al. 1995, Alessi er al. 1996, Hemmings 1997).

It has been found that the cellular levels of PI 3.4.5P; rise by between 10-100 times {depending on cell
type / species) within 30 scconds of msulin stimulation with a similar rise of P3,4P, following very
rapidly (Vanhaesebroeck ef al. 1997, Woscholki e af. 1997). The rapid activation profile for PKB in
response to insulin also indicates an upstream position for PI3K and lipid products. These lipid products
of PI3K activation have a critical role to plav i insulin and other growth factor pathways. Therefore.
bascd on the cvidence using PI3K inhibitors and class 1, PI3K mutants, PI3K is critically involved m

PKB activation (Backer er af. 1992, Lam ¢7 af. 1994).



The 37-Phosphomositol products of PI3K have been shown to bind to the PH domain of PKB with this
binding likely to result in the recruitment or anchoring of PKB to the cell membrane with the major PKB
binding lipids being PI3.4 P, and PI3.4,5P; (Kohn ef al. 1996, Franke et af. 1997). Interestingly, the
other 3°Pl-lipids PI3P and PI3,5P; have been shown not to bind to or activate PKB indicating that only

specific 3°Pls activate PKB (Franke ¢f af. 1993).

The binding of the PI3 4P, and/or PI3.4.5P; to PKB's PH domain has been shown to lead to PKE
activation and to be a critical step i this event {Stokoe ¢ /. 1997, Stephens er al. 1998, reviewed in
Kandel ¢ al. 1999). Which of these two lipids is the most important in activating PKB is somewhat
controversial, with current evidence based on binding affinities and activation profiles favouring
PI3.4,5P; as the major activating lipid (James e al. 1996, Stokoe ef al. 1997, reviewed in Kandel ef al.
1999). However in. platelets the activation of PKB is biphasic, with PI3.4,5P; binding miiially and
leading to rapid and transient activation of PKB followed by the subsequent secondary binding of

P13.4P; resulting in a more sustained activation {Banfic er a/. 1998).

Despite the requirement of PI3K lipids in the activation of full length PKB, the presence of these lipids is
not sufficient to activate PKB without the concomitant phosphorylation of the T308 and S473 (PKBa)
residues and therefore the presence of protein kinase activity is also required (reviewed in Kandel ef af.
1999, Chen et al. 1999). This was shown by the fact that PI 3-lipids could not activate
purified/recombinant 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 o play in these phosphorylation events (reviewed in Shepherd ef al. 1998).
There is no evidence that PKB is directly phosphorylated by PI3K and so the role of this kinase and its
lipid production must be to facilitate PKB phosphorylation by other kinases (reviewed in Alessi ef al.
1998). The requircment of these PKB kinases is further shown by the fact that PKB mutants with their
PH domain removed can still be phosphorylated and activated in vitro in the absence of PI3K lipids

(Kohn ef al. 1996).

The current evidence for the direct role of PI 3,4.5P; {and to a lesser extent PI 3,4P,) mteractions with
PKB is that they target PKB to the plasma membrane where it is phosphorylated and activated by distinet
kinases. These lipids may also facilitate PKB activation by thesc kinases causing a conformational
change or dimensation of PKB or possibly directly activating a PKB kinase (Hemmings 1997, Franke ef
al. 1997, Alessi ef al. 1997). Therefore, it 1s now important to look at the potential kinases which may be

involved in phosphorylating and activating PKB and whether PI3K has a role in their actions on PKB.
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1.2.4.3 PBK1

Recently a PKB kinase (PDK1) was identified and isolated in rabbit skeletal muscle. This kinase is a
ubiquitously expressed 556 amino acid/63kDa monomeric kinase (Alessi ef al. 1997a/b/c). This kinase
was found to contain a PI3.4,5P; binding PH domain similar to PKB but at a position C-terminal to the
catalytic domam (Stephens ef a/. 1998). The amino terminal kinase or catalvtic domain was also found to
be similar to that of PKB, PKA and PKC and hence PDK1 is another member of the A.G.C family of
serine/threonine protein kinases (Alesst e7 al. 1997a/b/c, Stephens e/ al. 1998). PDK1 was found to be
ubiquitously expressed m all mammalian cell types studied and homologues of this kinase were found in
many other species including yeasts (S, pombe and S. cerevisiae) and Drosophilia suggesting
evolutionary conservation of this kinase (Niederberger et al. 1999, Alessi ¢t al. 1997a, reviewed in

Vanhaescbroeck ef gi. 2000).

Analysis of this kinase /n vifro and in vivo has shown that it directly phosphorylates PKBa on threonine
308 leading to a 30-fold increase in PKB activity (Alessi ef a/. 1998a/b). Subsequently PDK1 was also
shown to phosphorvlate the B and v isoforms of PKB on their respective kinase domain threonine, with
similar affinities/kinetics, indicating that PDK1 shows no PKB isoform specific targeting (Walker ef al.
1998). Mutation of PDK1 (o a kinase dead or inactive form was found to completely abrogate the growth
factor-induced activation of PKB, mdicating that PDK1 1s a key regulator of PKB phosphorylation and
activation {Alessi er al. 1997bic, Stephens et al, 1998).

This kinase was originally found to be maximally activated by low micromolar concentrations of the D
enantiomers of PI 3.4P; and PI 3.4,5P; PI 3.4,5P; is the most important PDK 1 mediator, being involved
in the membrane recruitment and activation of PDK1 (Stokoe ez af. 1997, Currie et al. 1999). No other
inositol lipids have any effect on PDK1 activity, indicating a possible direct role for only PI3K generated
lipids m PDK1 recruitment/activation. This kinase was therefore given the name Phosphatidylinositol
3,4, 5-trisphosphate - dependent protein kinase-1 (PDK1) since Pl 3.4,5P; is the strongest activator

(Alessi et al. 1997b/c).

This kinase has also been shown to be insensitive to wortmannin and so is not a member of the PI3K
family but is activated by their lipid products. Hence it is likely that this kinasc is one of the kinases
which mediaic PKB activation by insulin and other growth factors via PI3K. This kinase may also play
roles in regulating other actions of the PI3K derived sccond messengers P1 3,4,5P; and PI 3,4P; and 1s
therefore likely to be the subject of further investigations {Alesst ¢f af. 1997a/b/e, reviewed in Cohen ef

al. 1997, reviewed 1in Vanhacsebroeck e a/. 2000}



There 1s now evidence to suggest that PDK1 may n fact be constitutively active in cells duc to the
continual prescnce of small concentrations of the activating Pl 3’lipids at the plasma membrane which
may be suflicient to activate PDKI (Anderson e al. 1998). For example, PI3K agonists have been
shown not to alter the phosphorylation or activity of PDK1. The activity of PDK1 was not affected by
mitogenic stimuli (Andjelkovic ef al. 1999, Currie e af. 1999), indicating that PDK1 may be already
active. However, 1t 1s unclear whether the PI3,4.5P: quantities present in unstimulated cells are sufficient
to maximally activate PDK1 and hence further activation of PDK1 by growth factor stimulated PI3K

activity 1s likely 1o be required (Pullen e7 /. 1998. Casamayor ef al. 1999, Curric ef ai. 1999).

Whatever the precise mechanism of PI13.4.5P; in PDK1 activation it is clear that this lipid binds to PDK1
with a high affinity and is involved in regulating its activity. This is likely to be via binding to PDK1’s
PH domain which may aid PDKI localisation to the plasma membrane and thus modulate its activity
(reviewed m Vanhaesebroeck er af. 2000). PDK1 translocation to the plasma membrane is increased
upon PDGF stimulation, which is likely to be via increasing binding of PI3K lipids products to the PH
domain of PDK1 (Anderson ef ai. 1998). The importance of PDK1’s PH domain in PDK1 activity was
also shown by the fact that deletion of this domain resulted in a PDK1 mutant which only
phosphorylates PKB at 5% of the rate of full length PDK1 (Alessi ef a/. 1997b/c). The rate of
phosphorylation of PKBa on T308 by PDK1 was increased about 1000 fold in the presence of
PI3.4,5P5/P13.4P, agamn indicating roles for these lipids in facilitating maximal PDK1 activity towards
PKB (Alessi et al. 1997a/b/c).

The proposed mechanism for the T308 phosphorvlation and activation of PKB is as follows: The PI3K
lipid products PI3,4,5P; and PL3.4P, bind to the PH domains of PKB and PDK1 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 PDK1 towards PKB and facilitate its phosphorylation of the T308
(PKBa) site of PKB. This is likely to involve removing the inhibitory/masking effect of PKB’s
unoccupied PH domain by inducing a conformation change in PKB which exposes the T-loop threonine
site for phosphorylation by PDKI1 (reviewed in Kandel ef af. 1999, reviewed in Chen e al. 1997,

reviewed m Vanhaesebroeck ef af. 2000).

Many questions about the regulation of PDK1 still need to be answered. The precise role of PI3K hipid
producis in PDK1 activation still remains controversial; and nceds more investigation. The cellular
location of PDK still nced to be addressed. some evidence suggests that PDK1 is translocated to the
plasma membrance when activated and so is predominantly found in this region. However, evidence also

points to a large proportion of PDK1 remaining in a cviosolic location even after stimulation (reviewed



in Chen ¢f al 1999, reviewed in Vanhacsebroeck et al. 2000).

PDKI itself also has several phosphorylation sites at S24, S241, $393. S396 and S410 which appear to
be important in PDKI regulation (Casamayor er al. 1999). Of these sites, S241 appears (o be a key
residue i PDK1 activation with mutation of this residue (o alanine abolishing PDK1 activily whilst
mutation of the other sites did not affect PDK1 activity (Casamayor ef af. 1999). This phosphorylation
sitc was found to resistant to dephosphorvlation by PP2A whereas the other sites were all
dephosphorylated by this phosphatase {Casamayor ef a/. 1999). S241 lies in the activation loop of PDK1
between subdomains V1I and VI in the equivalent position to the residue PDK1 phosphorylates on its
protein kinase substrates possibly indicating an autophosphorvlation mechanism (Casamayor et al.
1999). However, the phosphorylation of PDK1 at these sites does not seem to be affected by growth
factor stimulation and no PDK kinases have as vet been proposed and so the importance of these sites is

unclear.

It is apparent therefore that the activation profile of PDK1 needs to be clarified to establish not only the
cellular location and activity of this kinase in unstimulated cells, but also how these parameters change in
response to cellular stimulation. Evidence suggests a role for PI3K and its lipids products in maximal
activation of PDK1 so the importance of these and other factors in regulating PDK 1 need to be addressed

(reviewed in Vanhaesebroeck ef af. 2000).

The threonine 308 of PKB phosphorylated by PDK1 has been found to lie in the T-loop of the protein
between domains V1I and VIII in the sequence TFCGTPEYLAPE which is also identical in PKBf and y.
The PDKI1 phosphorylation site including the downstream amino acids have been found to be a
conserved motif in other A,C,G kmases with the general sequence requirement established as
TF/LCGTXXYXAPE/D (Walker er al. 1998, reviewed in Vanhaesebroeck et al. 2000). Many different
proteins apart from PKB have been found to contaimn this PDK1 phosphorvlation motif including PKA,
SO6K and PKC. This raises the possibility that PDKI could also act on and phosphorvlate the
homologous site in other kinases and thus be an important branch point in signalling, especially as the
equivalent PKB T308 activating phosphorvlation is likely to have similar regulatory roles in other A,G,C

kinases {reviewed in Peterson et al. 1999).

Of the kinases which share the conserved PKB site, PDK1 has already been shown to phosphorviate 56
kinase, PKA, p9ORSK and scveral PKC 1soforms including the atvpical subforms PKCA/PKCC, the novel
PKC3 and conventional PKC isoform PKCBII at their homologous sites (Befham er al. 1999, Good ef al.
1998, Alessi ¢f al. 1998, Pullen ef al. 1998). As with the phosphorvlation of PKB, the phosphorylation
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of several PKC isoforms (1.c. PKCA/PKCE) requires the presence of lipid co-factors to assist PDK s in
their activation (Bandyopadhyav et al.1999. Chou er al. 1998). The phosphorvlation and activation of
the novel PKCs; PKCe and PKCS, and the atypical PKCZ has been shown (o be stimulated by PI3K lipid
products and conversely mhibited by the PI3K inhibitor LY294002, which again points towards the
PI3K/PDK1 pathwavs mvolvement in these activations (Standaert er af. 1999, Chou er af. 1998,

reviewed in Peterson ef al. 1999, Vanhaesebroeck et al. 2000)

A second group of PDKI substrates including S6K and SGK require prior phosphorylation at a second
site to enhance PDKI directed phosphorvlation and activation (Alesst er o/, 1998, Kobayashi e al.
1999}. For example, a catalytically mactive mutant of PDK1 has also been shown to block growth factor
stimulated activation of S6 Kinase. emphasising a likelv role for PDK1 in the phosphorylation and
activation of this and other kinases of the same group (Pullen er ¢/ 1998, Balendran ef al. 1999,
reviewed in Cohen 1999). This priming phosphorylation event will be investigated in chapter 5 with

reference to the activation of S6K where this phosphorvlation increases the activity of this kinase.

A third subset of possible PDK1 substrates require an interaction with Rho-GTP in order for PDK1 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 mduces a
conformational change in these proteins allowing PDK1 (o interact with these kinases and phosphorylate
the T-loop site (Flynn ef af. 2000). The final group of possible PDK1 substrate have been found to be
constitutively phosphorylated 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 therefore be
phosphorylated by the constitutively active PDK1 as scon as they are synthesised and then regulated by
other post-PDK1 phosphorylation events in response to upstream inputs {Cheng ef al. 1998, Jensen ef
al. 1999, Frodin et al. 2000).

Therefore, it appears, that not only has PDK1 been found to be an essential kinase in the T-loop
phosphorylation and activation of PKB but has also been shown 1o be a key factor in regulating several
other important cellular proteins. It is apparent that PDK1 can act as a direct downstream modulator of
PI3K function to not only PKB but also possibly S6K and several PKC isoforms. Cellular roles for
PDKI in glucose transport (via PKB and/or PKCZ), protein synihesis (via S6K) and cell survival in
response Lo a variety of growth factors including insulin, EGF and PDGF have already been proposed. It
1s clear that PDK1 1s likely to be important in the control/regulation of key events and thus needs further
mvestigation 1o estabhish its precise cellular roles {reviewed m Vanhaesebroeck ef al. 2000, reviewed in

Chen ef al. 1999, reviewed in Peterson ¢f @/, 1999),



1.24.4 PDK2

For maximal PKB activation, phosphorvlation of the activating serine of PKB (8473 in PKBa) is also
required. Mutation studies on this residue revealed that if it is mutaied to alanine maximum activation of
PKB could not be achieved. whereas mutation to aspartate partially activated PKB (Alessi ef al. 1996).
In both cases, phosphorylation of T308 still occurred irrespectively with a subscquent increase in
activation. A similar situation was obscrved with T308A and T308E mutations indicating that these two
phosphorylation events are independent and act synergistically to maximally activate PKB (Alcssi ef al.
1996, Bellacosa et al. 1998). Incubation of partially active (T308 phosphorylaied) PKB with PI 3.4.5P;
did not result in further phosphorvlation or activation of PKB in vitre, indicating that the serine 473
phosphorylation 1s unlikely to be a PI3 hipid induced autophosphorylation event and therefore another

upstream kinase 1s likely to be involved. (Alessi ef af. 1997¢).

Mutatton studies have shown that the phosphorvlation of this serine site is also sensitive to the
Phosphatidylinositol lipids and so this unknown kinase has been termed phosphatidylinositide dependent
kinase -2 (PDK2). The insulin-induced phosphorylation of this residue is also prevented by inhibitors of
PI3K, mdicating the involvement of the P lipids in its activation/regulation { Alessi ef al. 1996).

The serine 473 site in PKB has been shown to lic within the regulatory C-terminal domain in a region
which is highly conserved within the A,C,G kinase family (reviewed in Peterson ef al. 1999). In this
family, this site has been found to lic 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 phosphorylated by PDK1. Kinases shown to contain both the PDK1 site and this
potential PKD2Z site include not only all the PKB isoforms, but also S6K, many PKC isoforms and the
rho-dependent protein kinase (reviewed in Peterson ef al. 1999, reviewed i Vanhaesebroeck er al.

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 wide variety of kinases and so have a critical role to play in cell
signalling. Although MAPKAP Kinase-2 phosphorvlates this residue ir vitro this kinase i1s not
stimulated to any extent by IGF-1 or insulin in many cell lines and mhibition of the MAPKAP-2
activating pathway had no effect on msulin’s activation of PKB (Alessi ef al. 1996). MAPKAP-2 1s

therefore unlikely to be PDK2.

Another more promising candidate for PDK2 s the integrin linked protein kinase (ILK) {reviewed m
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Dedhar 2000}, This kinase has been found to link with the cvtoplasmic domains of integrins 31,2 and 3
and so is usually located in the proxmuty of the plasma membrane (Radava er o/ 1997). 1LK also has
been found to suppress anoikis {an anchorage dependent form of apoptosis} and stimulatc progression.
processes which PKB has also been implemented in (Radava er al. 1997, Assoian ¢f al. 1997, reviewed
in Dedhar ef al. 2000, Datta er af. 1999). ILK is stimulated by PI3K and its activation has been shown 1o
be prevented by inhibitors of PI3K with these findings placing ILK downstream of PI3K (Delcommenne
et al. 1998). This is further evidenced by the facts that ILK has also been shown to require the PI3K lipid
product, PI3.4.5P. for maximal activity with ILK acuvity negatively regulated by the 3 phosphatase.

PTEN (see section 1.3.4) (Delcommenne ef af. 1998, Morimoto ef al. 2000,

Most importantly in this pathway, ILK has also been found to bring about phosphorylation of PKBe at
the serine 473 site with a kinase deficient ILK preventing this phosphorvlation and activation of PKB
(Delcommenne ef o/ 1998, Lynch ef al. 1999). Activation of ILK has also been shown to lead to the
phosphorvlation and inhibition of GSK-3 a likely downstream, substrate of PKB, again linking these two
kinases (Wu 1999, Troussard er a/. 1999, Delcommenne e al. 1998, Persad er af. 2000). In vitro ILK
has previously been shown to directly phosphorylate S473 of PKBa raising the possibility that ILK may
be the clusive PDK2 (Delcommenne ef af. 1998, reviewed m Dedhar 2000). Recently ILK has been
shown not to contain a kinase activity suitable for a direct PKB phosphorylation event and has been
proposed to act via a second as yet unknown kinase, to mediate phosphorylation and activation of PKB

{Balendran ez af. 1999, Lynch et af. 1999).

Use of dominant negative mutants of ILK in several cell lines also been shown to suppress PKBa 5473
phosphorylation and lead to increased apoptosis and G1 to S phase cell cycle arrest, linking ILK to PKB
S473 phosphorylation (Wu 1999, Troussard ez al. 1999, Persad er al. 2000). These studies indicate that
in certain cell lines, particularly anchorage dependent ones, ILK is a likely upstream regulator of S473
phosphorylation and PKB activation (Hannigan e/ al. 1996, Delcommenne ef al. 1998, Persad ef al.
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 1s unclear and therefore one which

more than merits further mvestigation (reviewed in Kandel ef al. 1999, reviewed in Dedhar 2000).

Alternatively recent evidence has shown that there is the possibility that PDK1 could phosphorylate the
serine 473 site leading to maximal PKB kinase activity (reviewed in Vanhaesebroeck ef af. 2000). Earlier
in vitro studies showed that PDK1 could not directly phosphorylate this site on PKB (Alessi ef af.
1997a&b) however the new data shows this may not be the case and PDK1 may be able to acquire PDK2
activity (Balendran ¢ a/. 1999a). 1t has been shown that the kinase domain of PDKI1 interacts with a
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fragment of the carboxvl domain of PRK2 a rho-dependent and lipid dependent kinase which has been
subsequently termed the PDK 1-interacting fragment (PIF) (Balendran ef /. 19993). The interaction of
PIF with PDK1 occurs via binding of the modified PDK2 consensus motif in the PRK2 fragment (o a
hydrophobic motif m the small lobe of PDKI1 (Balendran ef ¢/, 1999a, Biondi er af. 2000). In PIF the
phosphorylated serine or threonine residue, usually within this motif, is replaced by an aspartate, thus
mimickimg phosphorvlation of this site, with this modification shown to be essential for interaction. This
fragment has been shown to comprise the final 78 C-terminal ammo acids mcluding a putairve PDK2
site and may be generated by alternative splicing of the PRK2 gene or possibly afier a posti-translational

cicavage event (Balendran er a/. 1999a, Biondi er af. 2000, reviewed in Vanhaescbrocck ef af. 2000).

Upon this interaction PDK1 was found to obtain activity towards the PDKZ2 site. Thus this converted
form of PDK1 was able to phosphorvlate PKBa on both the threonine 308 site and the serine 473 siic in
a PI3.4P, and PI3.4.5P; dependent manner (Biondi ef al. 2000, Balendran et o/ 1999a&0b). Interestingly
in the presence of PIF, PDKI1 is converted from a form that may not be activated directly by P13.4.5P; to
a form that is activated more than 3 fold by this lipid (Balendran ez a/. 1999a&b, Biondi ef al. 2000}
Also, in brain extracts the major PDK2/S473 activity which phosphorylaics PKB in a PI3.4.5P;
dependent manner could be immunoprecipitated by a PDK1 antibody perhaps further indicating a likely
role for PDK1 as a PDK2 kinase {(Balendran et af. 1999a).

These results appear to show that PDK1 could i fact also be the unknown kinase PDK2 gaming this
second activity upon its mieraction with the PIF region of PRK2 (Balendran et al. 1999). It will be
interesting to see if this situation is apparent in other cell lines and how such a interaction may affect the
other possible roles of PDKI, particularly as most other A, G, C kinases also contain this PDK2
hydrophobic motif (reviewed in Chen ef al. 1999, reviewed in Toker ef al. 2000). The role of PDK1 in
phosphorylating the T389 site of S6K as well as the T229 site has also been investigated (Balendran ef
al. 1999b). Some data suggests that PDK1 is capable of phosphorylating both the PDK1 and PDK2 sites
under normal unoccupied conditions however in the presence of the PIF fragment it appears that PDKI
does not phosphoryvlate the PDK2 site and cannot phosphorylate the PDK1 either (see chapter 5)
{Balendran ef a/. 1999b).

Recent evidence has agam raised the possibility of the phosphorylation of PKB at the S473 site is in fact
an autophosphorylation event (Toker ef a/. 2000). This evidence 1s based on the findmmgs that the
phosphorylation of this hydrophobic site motif i1 PKB requires an intact intringic kinasc activity. In
these studics, kinase inactive PKB mutants (K179M) could still be phosphorylated on the T308 site in
response to IGF-1 but could not be phosphorylated on the S473 site (Toker ef al. 2000). However in the
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wild type enzyme, both sites could be phosphonlated 1n response to IGF-1 stimulation indicating the
importance of PKB’s mtrinsic Kinase activity in the hvdrophobic motif serme phosphorylation. The
phosphorylation of S473 was also found to be dependent on prior phosphorylation of the T308 site as
shown by TO038A and T308E mutants. This evenl was found to be sufficient to stimulatc PKB

autophosphorylation on S473 in vitro (Toker ef al. 2000}

There are therefore several possible candidates for the identity of PDK2. including PDK1 or PKB itself.
From experimental studies it appears that some of these candidates show more promise than others as
the PDK2 kinase, but the overall situation is unclear. Also, there may be more as vet umidentified
candidates for the role of this crucial signalling kinasc especially as this area of rescarch is still fairly
new. Hence it is apparent that more work 1s required to elucidate the exact mechanism by which msulin
and other growth factors bring about PKB activation and how PI3K, PDK1 and PKB itself contribute to
this complex activation process (reviewed in Cohen er al. 1997, Coffer er al. 1998). A simplified

diagram of the receptor linked activation of PKB via the PI3K/PDK1 pathway is shown n figure 1.3

1.2.4.5 Alternative Routes for PKB Activation

Recent evidence has also shown that cytokines such as interleukin-2 activate PKB via receptor mediated
activation of PI 3-Kinase {Reif ef a/. 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 B-
adrenergic agonist, isoproterenol, has been shown to activate PKB in a wortmannin-msensitive
mechanism and hence not using class 1, PI3K (Moule ez /. 1997). This factor has been shown to act on
PKB via the Bs-adrenoreceptors using a mechanism which has been found not to involve changes m
cAMP levels (Liao ef al. 1998). Also the activation of PKB by this agonist has been shown not to lead to
the characteristic SDS-PAGE mobility shift for activated PKB seen afier growth factor stimulation
{Moule ef al. 1997).
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Figure 1.3 - Simplified PKB Activation Pathway
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it 1s possibic that such an activation still mvolves the proposed constitutively active PDK I since PDK 1 18
ubiquitously expressed and so follows a similar activation route downstream of Pl 3-kinasc. It may be
that this mechanism 1s via a wortmannin sensitive class Il PI3K or via other possible PKB kinases.
Other possibic mechanisms for this activation include acting via an as vet unknown wortmannin
insensitive, G protein By subunit activated P1 3-Kinase or by direct mteraction of PKB with G, subunits
(Murga ef al. 1998, reviewed in Vanhacsebroeck ef al. 1999). In fact, it has recently been shown that the
PH domain of PKB can interact with G, subunits and with PKCa and & subtypes iz visro (Konishi e/ al.
1995}, Another possibility s that the proposed wortmannin msensitive route 1s confined only to the cell
types used 1n this study (rat adipocytes) and so 1s not a major PKB activation route. This is evidenced but
the fact that other groups have failed to repeat this wortmannin imsensitive activation. Hence, further

work 1s required to establish how [-Adrenergic agonists stimulate PKB

PKB has also been shown to be activated by cellular stress, for example heat shock (i.e. temperature
clevation of COS-7 cells from 37°C to > 44"C) and osmolarity stress (Meirer ef af. 1998, Konishi ef al.
1996). In heat shock treatment, this activation of PKB has been found to be related to and greatly
enhanced by its association with heat shock protein 27 (Hsp 27) (Konishi ef al. 1997). As with B-
adrenergic agonist stimulation, this activation of PKB has been found to occur by an unknown
wortmannin insensitive mechanisms, so a role for PI3K in this is unlikely. In this activation, the PH
domain of PKB was shown to be indispensable and in heat shock cells PKC-8 was shown to interact
with this domain and be phosphorylated in vifro by PKB indicating a possible role of PKB’s PH domain
in responding to cellular stress (Konishi e /. 1996). However, there is some evidence that these routes
may indeed follow the documented wortmannin-sensitive PI3Kroute, with previous differences due to a

less specific mixed histone PKB assay used in initial experiments (Shaw ef al. 1998).

PKB activity has also been shown to be increased by agents which elevate cellular cAMP levels with this
possibly via PKA (Sable er al. 1997, Filippa ef al. 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 1s unclear, as the sites on PKB phosphorylated by this kinase have yet to be resolved
and these findings have not been shown to occur i# vivo. It has however been shown that activation of
PKB by this route is a lot weaker than the common PI3K/PDKI route with questions about the

requirements of the PH domain and S473 site also raised (Filippa ef af. 1999).

Agents which clevate intracellular calcium levels have also been reported to activate PKB m a PI3K
independent manner through the calcium/calmodulin dependent protein kinase kinase {CAMKK}) (Yano
et al. 1998). PKB has also been shown 1o be phosphonviated by CAMKK on T308 m the presence of
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Pi3.4 5P Calerum antagonsts have also been shown to prevent PI3 4 5P; formation and PKB activation
which may ndicatc a link to PI3K via this route (Wang e7 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 phosphoryvlating PKB and also have been unable to find any activation of PKB by increased
cellular calcium levels in kidney. fibroblast and ncuronal cells (Pullen er af. 1998, Conus er al. 1998,

reviewed i Vanhaesebroeck er al. 2000)

PKB has also been shown to interact with, be phosphorviated and negatively regulated by the protein
kinase C isoform, PKCS although agam the physiological significance if any has vet to be determined.
Thercfore. 1t 1s apparent that the evidence concerning the PI3K mdependent activation of PKB is very
patchy and inconclustve. It is, however, apparent that regulation of PKB activity is a fairly diverse and
complex area which 1s likely to be cell/tissue type and stimulator specific and is therefore a rich source of
studv for a long while to come. One alternative route for these PI3K independent mechanisms of PKB

activation is that these routes act to mhibit phosphatases involved in the negative regulation of PKB.

1.2.5 Negative Regulation of PKB

It 1s appears that the major event in the activation of PKB is the phosphorylation of the T-loop threonine
residue {i.e. T308 in PKBa) and the C-terminal hydrophobic domain serine (ie. S473 in PKBa).
However this activation profile, in response to most growth factors/stimuli, has been found to be rapid
and transient and therefore methods of regulating this event are required. In unstimulated cells and m
order to inactivate PKB these residues are dephosphorylated, indicating the action of specific
phosphatases is required. The negative regulation of PKB has been found to not only mvolve protein
phosphatases which act directly on the threonine/serine activation sites, but also lipid phosphatases
which act to remove the PI3K generated, PKB activating lipids PI3,4P, and more importantly PI3.4.5P;

{reviewed in Chen et al. 1999, reviewed in Kandel e af. 1999).

When activated PKB is treated in vitro with protein phosphatase 2A (PP2A) 1t is found to be
dephosphorvlated on T308/5473 and mactivated indicating that PKB is a substrate for this phosphatase.
(Andjelkovic e al. 1996, Meier et al. 1997). Also, hyvperosmotic shock rapidly inactivates PKB and this
15 preceded by the dephosphorviation of PKB (Meier et a/. 1998). Evidence for a role of PP2A in the in
vivo dephosphorvlation and inactivation of PKB has also recently been identified. The agents vanadate,

peroxyvanadate and okadaic acid all act to inhibit cellular phosphatase activity particularly PPZA and
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have all been shown (o activate PKB again indicating a role for PP2A in the negative regulation of PKB
(Mcier e al. 1998). Prolonged activation of PKB is also scen m the prescenee of calveulin A, another
PP2A mhibitor, emphasising a potential role for PP2A in the inactivation of PKB (Meier ¢f al. 1998).
Therefore, it is likely that PP2A and possiblv other protein phosphatases act to remove the activating
phosphorylations on PKB and down regulate PKB back to basal levels once the PKB activating sumulus

1s finished (reviewed in Kandel e1 o/, 1999},

The second major mechanism of down regulating or negatively effecting PKB activity appears to via
spectfic 37 and 57 lipid phosphatase activity directed towards the PI products of PI3K previously shown
to activate PKB. The first lipid phosphatases proposed to have a role in regulating PKB activity are the
SH-2 domam containing inositol 5 phosphatases SHIPs which have been shown to hyvdrolyse PI13.4,5P;
o PI3,4P, (Habib er al. 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
pathways (Aman er al. 1998, Liu er af 1998). SHIP null mutant mice have been shown to have
increased levels of PI3,4.5P; and prolonged PKB activation, coupled with decreased levels of PI3,4P,
which indicates the relative importance of PI3.4,5P; over PI3,4P; in the activation and functioning of
PKB (Aman ef a/. 1998, Liu er al. 1997 & 1998). These SHIP-/- mice demonstrate defects in triggering
apoptosis and have excessive cellular survival m myeloid cells indicating a role for PI3K/PKB m cell

survival and for SHIP in negatively regulating these events (Aman ef al. 1998, Liu ef al. 1997 & 1998).

The second major lipid phosphatase activity involved in PKB regulation, recently found to be present m
many cell types, was an mositol polvphosphate 5 phosphatase which has subsequently been referred to
as PTEN/MMACT (reviewed in Di Cristofano et af/. 2000). PTEN (phosphatase and tensin homologue
deleted from chromosome 10), MMAC] (mutated in multiple advanced cancers) or TEP1 (TGFj3-
regulated epithelial cell enriched phosphatase) was found to be located on chromosome 10923 within a
genomic region which suffers loss of heterozygosity in many human cancers (Myers ef al. 1998, Cantley
et gl 1999). In fact, mutations or deletions in this gene have been identified in a large number of
different tumours including prostate cancers, glioblastomas and endometrial derived carcinomas (Li ef al.

1997, Suzuki et al. 1998).

Mutations m the PTEN gene have been found to be present in more than 80% of patients ‘suﬂ‘cring from
onc of three autosomal dominant disorders: Cowdens discase, Bannavan-Zonana syndrome and
Lhermitte-Duclos discase, which share smular features including multiple berign tumours and an
increased susceptibility to thyroid and breast malignancies (Liaw er @/ 1997). Therefore, mnactivation of
PTEN has been mmplicated m the progression of a large number of tumours with loss of function also
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linked to a predisposition towards cancer, demonstrating a critical role for PTEN as a tumour suppressor
gene. The fact PTEN is one of the most commonly mutated genes in human cancers (second only to p33)
further emphasises the role PTEN plavs in tumour suppression {reviewed in Di Cristofano ef al. 2000,

reviewed m Datta ef af. 19991,

PTEN is a 55kDa protein which has been found to contain a specialised tvrosine phosphatase domain
which 1s capable of dephosphorylating not only tvrosine residues but also serine/threcnine residues
(Davis er al. 1998). This domain correlates with the region where most gene mutations in {umours oceur,
underpmning the importance of this region/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 functioning of PTEN. Subscquenily, PTEN was found to be very active towards highly acidic
substrates suggesting 1t does not act primanly on proteins. The major substrate for PTEN was then
found to be the PKB activating hipid, PI3.4.5P;, which PTEN cleaves at the D3 phosphate group

generating an mactive PI4,5P, product (Machama ez al. 1998, Myers ef al. 1998).

The crvstallographic structure has revealed the catalytic site of PTEN to consist of an extra wide
hydrophobic pocket which can accommodate the head group of PI3,4,5P;. This site is surrounded by
three positively charged residues (K125, K128, H93) which account for PTENs preference for highly
acidic substrates such as PI3,4.5,P; and help generate its lipid phosphatase activity. The catalytic site of
PTEN 1s also very deep and so could possibly bind a phosphotyrosine or a phosphoserine/threonine

residue and still sometimes act as a protein phosphatase (Lee ef al. 1999).

The fact that PTENs main substrate is P13,4,5P;, placed this protein as a negative regulator of the PI3K
pathway which generates this lipid (Stambolic er al. 1998, Haas-Kogan er a/. 1998). In quiescent cells,
the levels of PI34.5P; are verv low but increase rapidly via the action of PI3K in response to growth
factor stimulation (reviewed in Chen er a/. 1999). Thus it appears that PTEN’s cellular roles are two
fold, firstly to keep the levels of PI3,4,5P low in quiescent cells to prevent inappropriate activation of
the targets of this lipid 1.e. PKB, and secondly to return the high post stimulation levels of PI3.4,5P; back
to the low normal levels and thus inactivate/negatively regulate the various downstream targets of this

lipid including PKB (Wu ef al. 1998, Wang ef ai. 1999, reviewed in Datla er al. 1999).

Therefore, PTEN has been shown to directly reduce both the ievels of P13.4.3P; and the acuvity of PKB
in a varicty of cell types (reviewed in Datta ¢z &l 1999, reviewed i Kandel o7 af. 1999} Overexpression
of PTEN has also been shown to induce apoptosis m many cell types with this suppression of cellular
survival linked to the PI3K/PKB pathway (Wang ¢r af 2000 Tolkacheve er al. 2000, L ef al. 1999,
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reviewed m Datta ¢/ al. 1999). Thus fact was conflirmed by expertments where similar apoptotic
responscs to those with PTEN were induced by PI3K and PKB mutants and PI3K inhibitors (Wang ¢f af
2000, Tolkacheva ¢t al. 2000). PTEN overexpression has also been linked to G1 growth arrest and to the
mhibition of other PI3K hipid activated protems including integrin linked kinase and phospholipase C
{Zhundel et al. 2000, Mornimoto et al. 2000). In fact, the endogenous levels of PTEN have been found to
be mcreased i mud-late G1 phase where it may act as a control point negative regulator in cell cycle

progression possibly via interaction with retinoblastoma (Rb) (Persad ef a/. 2000, Paramio er af. 1999}

In contrast to these overexpression studies, loss of PTEN function has also been found to have
significant affects on cellular function. For example, loss of PTEN function has been shown to cause an
accumulation in PI3.4,5P; which results m PKB hyper-activation leading to protection against various
apoptotic stimuli (Cantley ef a/. 1999, Nakashima er a/. 2000). PKB activity and cellular survival have
also been shown to occur in PTEN -/- glioblastoma cells (Haas-Kogan er a/. 1998, Li er al. 1998). It is
likely that this mcrease in PI3K lipid products and therefore PKB activity, 1s one of the mechanisms by
which several PTEN -/- cancers exhibit their apoptotic resistance and hence tumour potency and

progression {Lu ef al. 1999, Di Cristofano ef al. 1999, Wu ef af. 1998, reviewed in Datta et al. 1999).

Further evidence linking PTEN lipid phosphatase activity to negative regulation of the PI3K/PKB
pathway, is seen with the fact that overexpression of PTEN in 3T3-L1 cells inhibits glucose uptake and
GLUT4 transporter translocation, events which have been previously attributed to the PI3K pathway
(Nakashima et a/. 2000, reviewed in Alessi er al. 1998). This overexpression of PTEN also prevents
membrane ruffling which may link PTEN activity to the regulation of other proteins (Nakashima e al.
2000). In fact, the protein phosphatase activity of PTEN may also be linked in part to tumour
invastveness since PTEN has also been shown to dephosphorylate and inactivate focal adhesion kinase
(FAK) and reduce membrane ruffling and tumour spreading via this activity (Maier es al. 1999,

Monmoto ez al. 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 syndromes which
therefore places not onlv PTEN but alse PKB as key mediates of cancer cell functioning. PTEN is an
important protemn i cells as it appears to be critical in modulating a range of factors downstream of PI3K
and m the balance of key cellular processes mcluding cell growth verses growth arrest and cell survival
verses apoptosts. It 1s clear that the discovery of PTEN is a kev cvent in cell signathing and along with

other potential ncgatve regulators of PISK/PKB needs urgent study (reviewed in Datta e af. 1999}
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1.2.6 PKB Movement Post Activation

Once PKB has been activated by the PI3K/PDK1 and membranc localisation. most of it dissociates from
the plasma membrane to activate its mainly cvtosolic substrates {Mitsuuchi es a/. 1998). There is some
evidence, m fact, that there are differcnces in the substrate specificitics of membranc-localised and
cytosolic-activated PKB. This is shown by the fact a membrane targeted constitutively active PKB has
been shown to activaie p70S6K but a double aspartate (T308D/S473D) constitutively active mutant does
not activate p7056K. As well as functioning to activate cyvtosolic and possibly membrane localised
substrates, PKB has also been proposed to act on several nuclear substrate and hence may itsell also
have a nuclear location. For example, the constitutively active v-Akt has been shown (o be distributed n

the eytosol, nucleus and at the plasma membrane (Ahmed er /. 1993)

A detectable proportion of PKB has been proposed to translocate (o the nucleus rapidly following growth
factor induced activation. For example. following insulin stimulation and PKB plasma membranc
translocation, both PKBa and PKBp have been shown to rapidly translocate to the nucleus in 293 cells
(Andjelkovic et @l. 1997, Meier ef al. 1997). The phosphatasc activator ceramide has also been shown to
prevent both activation and nuclear translocation of PKB in PCI2 cells, via the dephosphorylation of

PKB using a specific ceramide activaled phosphatase (Salinas er 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 promote the nuclear localisation of PKB (Pekarsky e a/. 2000). In Tcll negative
cells stimulated with 10% FBS more than 90% of the activated PKB resides in the cytoplasm however
with expression of Tcll the localisation ratio is approximately 50% cytosolic and 50% nuclear {Pckarsky
et al. 2000). The association of Tcll with PKB has been found to not only lead an increased nuclear
localisation of PKB, but also to increase the activity of PKB around 3 fold acting in synergism with the
growth factor activaled PI3K/PDK1 pathwav to maximise PKB activity {(Pekarsky ef af. 2000).
Therefore, PKB may have roles to play in both evtoplasmic and nuclear control and hence it is important

to define clear substrates for PKRB.
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1.27 Paossible Cellular Roles of PKB

Because of the fairly recent discovery of PKB and 1ts associated pathway hittle is vet known about most
of its cellular roles. It is believed that most of PKB's actions are on cvtoplasmic processes. although
cvidence pomts to possible nuclcar translocation of PKB and hence PKB mav alsc target nuclear
substrates. There is also the possibility of some mitochondrial interaction between PKB and
mitochondrial membrane proteins particularly in relationship to cell survival {sce later). This is likely to
be a oversimplification of what 1s rapidly becoming a very complex and diverse signalling pathway

which we arc only just starting to explore.

Likely cellular roles for PKB can be broadly split into 2 groups namely 1} metabolic roles (usually linked
to insulin signaliing pathways) imcluding glveolvsis, glucose transport, glycogen Aipid/ protein synthesis
and transcription/translation and n) cell cycle roles inciuding cell survival / death, celiular differentiation
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 functioning into inferred direct PKB substrates, proteins believed to be
effected mdirectly by PKB and cellular processes proposed to be effected by PKB via an as vet undefined
route. Also it is clear that many of the proposed roles for PKB which are detailed below, may be cell /
tissue or species specific and depend on the PKB levels/isoforms expressed and what other signalling

factors thev 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
fashion. Overexpressed PKB may act on non-physiological substrates or mterfere with the normal
functioning of upstream or downstream endogenous proteins. For example, PKB mutants may interact
with PDK1 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 phosphorylating them

(reviewed m Vanhaesebroeck er af. 2000},

Many other PKB functionality studies are based on the 117 vitro actions of PKB so again may not relale to
phvsiological conditions. The recently discovered SGK kimase has also raised questions about the exact
ccllular roles of PKB (Kobavashi er al. 1999). This kinasc has been shown to be regulated in a similar
PI3K dependent fashion to PKB and to phosphorylate the same target sites on proteins which PKB can

act on (Kobayashi e af. 1999, Park ef af. 2000). Therefore 1t 1s important to confirm genuine cellular
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roles for PKB and not attoibute to PKB some of SGKs actions.

1.2.7.1 Potential Direct PKB Substrates

1.2.7.1.1 Glvcogen Synthase Kinase-3

The first potential PKB direct substrate to be discovered was glveogen svithase kinase-3 (GSK-3),
which PKB can directly phosphorviate and inactivate /s vitro (Cross er al. 1995). Overexpression of
PKB 1n a variety of cells has also been shown (o lead to the phosphorvlation and inactivation of GSK-3

(Cross er af. 1995, Alessier af. 1996}

GSK-3 was originally identified as a serine/threonine kinase that phosphorvlates and mactivates
glvcogen svnthase (Cohen er al. 1982/1985) but s itself serme phosphorylated and inhibited in response
to insulin stimulation. Insulin activates GS by promoting dephosphorvlation of this at a cluster of serine
residues (3a, 3b, 3¢ and 4) which are those specifically phosphorvlated by GSK-3 (Paulter ef al. 1988).
Therefore, it was proposed that insulin acts to mhibit 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 phosphorvlated on serine residues notable serine 9 in § and 21 m o,
with phosphorylation at these sites leading to a rapid and significant decrease in activity (Wang ef al.
1994, Stambolic et al. 1994). In vitro studies and when overexpressed in vivo PKB has been shown to
mnactivate GSK isoforms by phosphorylating the mactivating serine residues, phosphorylated m response
to growth factor treatment (Cross ef af. 1995). The time course for PKB activation by growth factors 1.e.
insulin of 1 minute also fits m with the growth factor induced inactivation time for GSK-3 of around 2

minutes (Hurel ef af. 1996, Alessi ef al. 1996, Shaw er af. 1997, Van Weeren ef of. 1998).

Growth factor mediated mhibition of GSK-3 in many cell tvpes has been shown to be removed by the Pl
3-kinase inhibitor wortmannmn, which also inhibits growth factor stimulated PKB activation {(Welsh ef
al. 1994} These experniments suggest PKB may have a role in regulating the activity of GSK-3 by direct
phosphoryvlation and mhibition. Thercfore PKB may be involved in modifving many of the ccllular
processes GSK-3 has been implemented m., especially the regulation of glveogen synthesis via GSK-3

inhibttion of Glycogen Synthasc (Cross er ol 1997 Hurel er ol 1996 reviewed in Coffer e af. 1998},

w
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GSK-3 has been shown to phosphorylate many substrates which can be split into two distinet groups.
The first group of substrates has been found to require prior phosphorviation by a different kinasc before
GSK-3 can phosphorylate them. Substrates within this group usually require phosphorvlation on serine
or threonime residues 4 places C-terminal of the site GSK-3 acts on. Substrates in this group include
glvcogen svnthase, which 1s previously phosphorylated by casein kinase 2. and the G-subunit of PP1
afier prior phosphorviation by PKA. The substrates within this group appear to have a conserved
structural motif of S-X-X-X-S(P} for GSK-3 to be active towards them. with other members of this
group mcluding CREB protein and ATP citrate Ivase (Plyte ¢f al. 1992). The other group of substrate
classification are thosc which do not have a requirement for a prior phosphorvlation, with members of
this group including the transcription factors ¢-Jun and L-myc and the microtubule associated protein tau
with GSK3[ hyperphosphorviation of this neuronal protemn being linked to the development and
progression of Alzheimer's discase (Imahort ef af, 1997, Takasmama ef af. 1993). The other notable
(GSK3 substrate 1s the eukarvotic initiation factor 2 protein {elF2) which has been shown (o be
phosphorylated 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 for 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 ir vitro direct substrate which PKB can phosphorylate lead to the search
for 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 which PKB targets, Alessi ef @/ 1996c¢), were able
to defined the minimum sequence requirements for a possible PKB substrate. It was found that this
minimum PKB substrate sequence motif based on the GSK-3 site was Arg-Xaa-Arg-Yaa-Zaa-Ser/Thr-
Hyvd; where Xaa 1s any ammo acid, Yaa and Zaa are small residucs (not glveine) and Hyd is a bulky

hydrophobic residue (Phe, Leu).

It has been found that the three PKB isoforms, «. B, v show indistinguishable specificity towards a range
of synthetic peptides based on the established PKB target motif. This suggests that these three 1soforms
may share verv similar cellular substrates with any found differences in the functioning between these
isoforms likely to be due to their individual expression levels, sub-cellular distribution and activation
profiles by upstream factors. This motif has already led to the discovery of other possible PKB substrates
by databasc scarchcs and subscquent overexpression studies and likely to enable more potential PKB

subsirates to be identified.



That said caution should be used in assigning proteins contaming this motif as potential PKB substrates
as this mouf site can also bc phosphorvlated by other protein kmases 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 in vivo (Park et ai. 1999, Kobayshi et af.
1999). Therefore SGK could act on the same group of potential substrates as PKB. This kinase has also
been shown to reside on the PI3K/PDK1 pathway and to be activated m response to a varicty of growth
factors in a similar activation profile to PKB (Park er a/. 1999, Kobayshi ¢ af 1999). Two additional
SGK 1soforms have subsequently been 1dentified and found 1o phosphorvlate the same target motif (Park
et al. 1999, Kobayshi ef al. 1999}, Therefore it 1s important to devise direct and specific inhibitors of

endogenous levels of PKB and SGK to elucidate the individual roles of these two proteins.

Database analysis of protems containing the PKB target site has revealed that well over 1000 human
proteins contai this site and so could in theory be acted on by PKB or SGK_ although it 1s unlikciy that
PKB targets this many downstream proicins. PKB has also been shown in vitro and when overexpressed
in vivo to phosphorylate some proteins on sites outside this devised consensus motif suggesting that this
motif 1s not the only site of PKB action. This points towards other factors being critically involved
establishing PKB substrates. including the structure and sequence surrounding the proposed PKB target

motif which act to provide the necessary environment and accessibility for PKB.

The discovery of the PKB target motif which PKB phosphorvlates lead to a great deal of research into
potential downstream targets of PKB. This research Iead to the discovery of a series of proteins which
have been shown to be phosphorvlated by PKB i vitro and also to be possible in vivo substrates based
on overexpression and dominant negative mutant studies. Therefore, this evidence may point towards
these proteins being direct cellular targets for PKBs kinase activity and hence that thev mav act
downstream of PKB to bring about the cellular roles PKB has been proposed to control. These proteins

and the potential action of PKB on them are detailed below.

1.2.7.1.3 Heart 6-Phesphofructo 2-Kinase

One protemn which contained an amino acid sequence which falls within the desired mouf s the heart
muscle. glycolytic enzyme 6-phospofructo 2-kinase (PFK2). This protein is mvolved in the stimulation
of glveolvsis by increasing the acuvity of the related protein 6- phosphofructo I-kinase (PFKI1). a
glveolytic enzyme, which converts Fructose 6-phosphate mto Fructose 1.6 bisphosphate and s onc of the

key control points of glvcolvsis (Deprez er af. 1997, Lefebvre e al. 1996).



The regufation of PFK1 1s the major control pomt by which the rate of glycolvtic flux 1.c. the pace of
glveolysis is controlled. PKFT activity 1s inhibited and hence the breakdown of glucose slowed by high
levels of ATP and by icreased amounts of citrate which enhances ATP s inhibition of PFK1 This
inhibitory effect of ATP is reversed by a high AMP level which 1s indicative of a low energy state within
the cell. Hence when the cell requires energy (ie. low ATP/ lugh AMP} or building blocks {1.e. low
citrate) the PFR1 activity and hence gheeolysis increases. Converscely, high levels of these products mean

the celf has an abundance of biosynthetic precursors and energy and so PFK 1 activity 1s swilched off and

glveolysis stopped (Stryer 1988).

PFK2 catalvsis the formation of fructose 2.6 bisphosphate a potent activator of PFK1 from fructose ¢
phosphatc_ Fructose 2.6 bisphosphate was found o activate PFK1 by converting this tetrameric enzyme
from the “tense” to the “relaxed” state thus increasing PFK1 affinity for its substrate fructose 6
phosphate and diminishing the inhibitory effects of ATP. PFK2 is a 53kDa peptide which has also been
shown to contain a fructose bisphosphatase? activity which acts to hvdrolyse the fructose 2.6
bisphosphate back to fructose 6 phosphate, thus mactivating PFK1. Hence PFK2 is described as a

tandem enzyme since m contains these two opposing enzymatic activities (Stryver 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 phosphorvlation sites 5466 (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 activation. 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 mcrease 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 activity and thercfore be involved in glycolysis {Deprez et al.

1997, Lefebvre ef al. 1996).

Recent evidence, however, has pointed towards other PI3K activated kinascs being involved in the
regulation of PFK-2. For example, studies using PI3K inhibitors and kinase dead mutants of PDK1 and
PKB suggest a role for PI3K/PDK1 but not for PKB in this phosphorylation (Bertrand ef al. 1999} Also,
very recently a 57kDa wortmannin-sensitive and insulin stimulated kinase which phosphorylates PFK-2
has been partially purified. This novel kinase was found to act downstream of PI3K/PDKT but not to be
any of the known PDKI targets. PKB, SGK or PKCC and hence represents a unigue PDK1T activated
kinasc which may have other cellular role and hence, requires further investigation (Deprez ef ol 2000}
Therefore, the role of PKB in the PFK-2 pathwav is unclear with other kmases perhaps more
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physiologically important 1 this phosphoryvlation cvent hence more study 18 need to establish what if any
role PKB has in controlling glvcolvtic flux. These experiments also highlight the danger of assigning
direct substraies for PKB based solely on i vitro and in vivo overexpression siudics and emphasise the

need for direct inhibitors of endogenous PKB.

1.2.7.1.4 Endothelial Nitric Oxide Synthase (e[NOS)

Another protein with the PKB target motif and hence a putative substrate for PKB is niiric oxide
synthase. The endothelial form of this protein was found to contam 2 potential PKB phosphorylation
siles within its amino acid sequence at positions SG53 and S1179 with the neurone form of NOS having
the same site at S1415 (Michell er /. 1999). Studies revealed that PKB can phosphorviate eNOS at the
1179 site with this phosphorylation leading to the production of Nitric oxide (NO} which has been
shown to be mvolved m gene regulation and angiogenesis (Dimmeler er af. 1999). Conversion of the
S1179 to an aspartate residue to mimic phosphorvlation generated an active eNOS further showing the
mmportance of this site m eNOS activation and NO generation (Michell er af. 1999). However,
phosphorylation at serine 633 in the endothelial form or any phosphorvlation of the neuronal NOS was

found not to be important for the generation of NO (Fulton er al. 1999, Dimmeler ef al. 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 (Gallis ef al. 1999, Fisslthaler e al. 2000). Also, PKB activation was found to be
sufficient to enhance NO production two fold even at resting calcium levels (the major NOS activator).
This calcium independent activation was subsequently explained m experiments showing that PKB
phosphorylation of S1179 mposes a negative charge on ¢NOS 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 ¢f o/ 20003 It is also interesting to note that
shear stress (viscous drag) which is a major source of NOS activation phvsiologically not only caused
phosphorylation of eNOS but also was shown to causc the phosphorvlation and activation of PKB

(Fulton et al. 1999}

It appears that PKB may have a direet role m regulauing endothebal NO production via direct
phosphorylation and activation of NOS and thus is hikely 1o be involved in regulating blood pressure,
vascular remodelling and angiogencsis as these are the major rofes of the released NO {Fulion er af

1999, Dimmeler ef o/, 199%9a). NO has also been reported to be involved in vascular endothelial growth
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