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Abstract

Class IPI3-kinases possess an intrinsic protein kinase activity in addition to their lipid 

kinase activity. The best characterised target of this activity is the Ser608 o f the p85 

regulatory subunit in the case of the a  isoform of the p i 10 catalytic subunit or the 

catalytic subunit itself, in the case of the p, y and ô isoforms, respectively. 

Furthermore, it has been shown that Ser608 phosphorylation results in downregulation 

of the lipid kinase activity of the enzyme in vitro. The implications of this finding are 

very important, as it could provide a mechanism for the regulation of the lipid kinase 

activity of the enzyme in vivo.

By generating phosphospecific antibodies against Ser608, we have been able to 

demonstrate that Ser608 can be phosphorylated in vivo. We have also showed that 

mutation of Ser608 to either alanine or glutamic acid interferes with the integrity of the 

p8 5a /p  110a  heterodimer and this likely explains the reduced lipid kinase activity 

associated with S608 phosphorylation.

Also, we have demonstrated that certain class I PI3-kinases phosphorylate novel 

exogenous substrates, namely the translational regulator 4EBP1 and the small GTPase 

H-Ras in vitro. In an effort to discriminate between the two activities we have 

employed two different approaches. First, we have found that certain methylxanthines 

inhibit the lipid and the protein kinase activities but with very dinstict potencies. Also, a 

panel of synthetic peptides derived fi*om class II MHC sequences activate the lipid but 

not the protein kinase activity of heterodimeric PI3-kinases. These findings demonstrate 

that each one of the two activities can be modulated independently from the other. 

Second, by mutating certain aminoacids in the activation loop of p i 10a and p llO p , we 

have created enzyme versions that lack the lipid kinase but retain protein kinase activity. 

Both of these approaches could be exploited to assign specific functions to each of the 

lipid and protein kinase activities in cells.
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Chapter 1 Introduction

1. Introduction

1.1 PHOSPHOINOSITIDES AND PI 3-KINASE

Phosphoinositides constitute a rather minor component o f a cell membrane’s 

complement of phospholipids, usually making up less than 10% of the total, which 

comprises primarily phosphatidylcholine, phosphatidylethanolamine and 

phosphatidylserine (Funaki et al., 2000). However, they play a critical role in signal 

transduction as they function as second messengers. Phosphatidylinositol (Ptdlns) is 

the building block of phosphoinositides (Fig. 1.1). In cells, all free hydroxyl groups of 

the inositol ring of Ptdlns, apart from those at the 2’ and 6 ’ positions, can be 

phosphorylated in different combinations. The term phosphoinositide (PI) applies to 

any phosphorylated derivative of phosphatidylinositol (Vanhaesebroeck et al., 2001; 

Vanhaesebroeck and Waterfield, 1999).

By definition, the enzyme 1 -Phosphatidylinositol 3-kinase (EC 2. 7. 1. 137) 

catalyses the transfer of phosphate from ATP to the 3’-OH position of 1-phosphatidyl- 

ID-myo-inositol to generate 1-phosphatidyl-ID-myo-inositol 3-phosphate and ADP. 

The enzyme was originally identified as a phosphoinositide kinase activity associated 

with polyoma middle T antigen, tyrosine kinases pp60v-src, pp68v-ros (Macara et al., 

1984; Sugimoto et al., 1984; Whitman et al., 1985) and with anti-phosphotyrosine 

immunoprecipitates from PDGF-stimulated fibroblasts (Kaplan et al., 1987). 

Subsequently, it was found that this activity generated 3’-phosphorylated 

phosphoinositides, a previously unknown species (Traynor-Kaplan et al., 1988; 

Whitman et al., 1988).
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Chapter 1 Introduction

a.
Phosphatidylinositol (Ptdlns)

O—p—0

b. Monopkosphoiwsitides:

Bisphosphoinositides:

Trisphosphoinositides:

PtdIns-3-P, PtdIns-4-P, PtdIns-5-P 
PtdIns-3,4-P 2, PtdIns-3,5-P 2, PtdIns-4,5-P 2 

PtdIns-3,4,5-P 3

Figure 1.1 Chemical structure of phosphatidylinositol (Ptdlns)
(a) The myo-D-enantiomer of inositol is shown, in which the 2'-hydroxyl is axial and 
the other hydroxyls are equatorial, (b) List of phosphoinositides known to exist in 
mammalian cells. PtdIns-4-P and PtdIns-4,5-P2 represent approximately 60% and 
30%, respectively, of the total phosphoinositides in cells. Ptdlns itself is not 
considered a phosphoinositide (adopted from Fruman et al., 1998).

1.1.1 Phosphoinositide metabolism - Generation of 3’ phosphorylated 

phosphoinositides

As many as eight phosphoinositide species have been identified in eukaryotic cells. 

Their interconversions are carried out by the concerted action o f various kinases and 

phosphatases. These include PI 3-kinases, Ptdlns 4-kinases and PIP kinases (Fruman 

et al., 1998). Ptdlns 4-kinases are divided in two classes: Type II and type III. 

Mammalian type II Ptdlns 4-kinase is an integral membrane protein and it is thought 

to account for most of the Ptdlns 4-kinase activity in cells. The molecular cloning o f a 

member of this class has only recently been reported (Barylko et al., 2001; Minogue 

et al., 2001). Type II Ptdlns 4-kinase can be distinguised from the type III kinases by 

virtue of its lower Km values for ATP and Ptdlns, its insensitivity to wortmannin (see 

below) and its sensitivity to adenosine and monoclonal antibody 4C5G (Endemann et 

al., 1991).
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Chapter 1 Introduction

PIP kinases are a family of enzymes which phosphorylate Ptdlns phosphates. 

This family is further divided into three subgroups: Type I and type III PIP kinases are 

5’-kinases that preferentially phosphorylate PtdIns-4-P and PtdIns-3-P, respectively. 

Type II PIP kinases are 4 ’-kinases that phosphorylate PtdIns5P.

Phosphatidylinositol is the most abundant inositol lipid in mammalian cells with 

its basal levels being 10-20 times higher than those of PtdIns-4-P and PtdIns-4 ,5-P2. 

Of the monophosphorylated phosphoinositides in cells 90-96% is PtdIns-4-P, while 

PtdIns-3-P and PtdIns-5-P make up approximately 2-5%. Of the diphosphorylated 

phosphoinositides PtdIns-4 ,5-P2 constitutes >99%, with PtdIns-3 ,4 -P2 and Ptdlns- 

3 ,5-P2 making up 0.2%. The levels of PtdIns-3,4,5-P^ vary but they can be 

comparable to those of PtdIns-3 ,4-P2 and PtdIns-3 ,5-P2 (Rameh et al., 1997b). The 

levels of different phosphoinositides are also regulated by lipid phosphatases and 

phospholipases. A long known and well-characterized signalling pathway is the so- 

called classical PLC/PtdIns-4 ,5-P2 pathway which involves phospholipase C that 

specifically cleaves PtdIns-4 ,5-P2 into membrane bound diacylglycerol and soluble 

Ins(l,4,5)Pg and these in turn promote activation of PKC and a rise in intracellular 

calcium levels, respectively (Berridge, 1987).

Four species of 3’ phosphorylated phosphoinositides have been identified in 

eukaryotic cells, PtdIns-3-P, PtdIns-3 ,4 -P2, PtdIns-3 ,5-P2 and PtdIns-3,4,5-Pg. 

PtdIns-3-P, PtdIns-3 ,4-P2 and PtdIns-3,4,5-Pg are generated by the action o f PI 3- 

kinases, whereas PtdIns-3 ,5-P2 is produced from phosphorylation of PtdIns-3-P by an 

enzyme known as p235(PIKfyve), which is the mammalian homolog of the yeast 

Fab Ip (McEwen et al., 1999). 3’ phosphorylated phosphoinositides other than Ptdlns- 

3-P are barely detectable in resting cells. But upon cellular stimulation the levels of 

PtdIns-3,4,5-Pg and PtdIns-3 ,4 -P2 rise sharply. PtdIns-3,4,5-Pg is thought to be 

generated by direct phosphorylation of PtdIns-4 ,5-P2 by class I PI 3-kinases (see 

below). A delay in the appearance of PtdIns-3 ,4 -P2 suggested that this is produced by 

the action o f phosphoinositide 5’-phosphatases on PtdIns-3,4,5-P^ (Hawkins et al.,
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1992; Stephens et al., 1991). It is also worth mentioning that a recent study 

demonstrated that oxidative stress induces generation of PtdIns-3,4,5-P3 from 5 ’- 

phosphorylation of PtdIns-3,4-P2 by type la  PIP kinase, which according to this study 

also acts as a PtdIns-3,4-P2 5-kinase (Halstead et al., 2001).

3 ’ phosphorylated phosphoinositides are extremely poor substrates for 

phospholipase C (Serunian et al., 1989). Instead, they are metabolized by kinases and 

phosphatases that act on the inositol ring, though, it is still possible that phospholipases 

hydrolizing these lipids have yet to be identified. Nevertheless, it is clear that 3 ’ 

phosphorylated phosphoinositides act directly as second messengers to regulate proteins 

at the membrane (Toker and Cantley, 1997). A schematic of the current view for the 

interconversions taking place in phosphoinositide metabolism is depicted in Fig. 1.2.

OH OH

OH4HI OH

SHIP4
I

'OH

Pl(4IP 5-kinase

PI(5lP 4 kinase

PI(3.4.5)P,

Figure 1.2 Synthetic pathways for phosphoinositides
To date, seven phosphoinositides, which are indicated in blue, have been identified. 
The phosphoinositide kinases and reactions catalyzed by them are shown in red. 
Ptdlns-3,4-P2 is predominantly produced from PtdIns-3,4,5-P3 through the action of 
SHIP, which dephosphorylates PtdIns-3,4,5-P) at the D-5 position (adopted from 
Kanaho & Suzuki, 2002).
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1.1.2 Classification of PI 3-kinases

Multiple isoforms of PI 3-kinase have been identified. They have been classified in 

three broad categories (class I, II and III) on the basis of their primary structure, mode 

of regulation and in vitro lipid substrate specificity (Vanhaesebroeck et al., 1997a). 

There is also a fourth group of enzymes termed class IV or PI 3-kinase-reIated kinases.

Class I
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IB

HR4 HR3 HR2 HR1
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Figure 1.3 Modular structure of the PI 3-kinases
In pl50, the kinase domain represents a protein kinase domain, and the zigzag line 
represents N-terminal myristoylation (adopted from Vanhaesebroeck et al., 2001).

1.1.2.1 Class I PI 3-kinases

Class I PI 3-kinases in their typical form are heterodimers of an I lOkDa catalytic 

subunit (pi 10) and an adaptor/regulatory subunit. Class I is further subdivided in two 

subclasses, class lA and class IB. The members of class IA operate downstream of 

tyrosine kinases, whereas class IB members operate downstream of heterotrimeric G 

protein-coupled receptors (GPCRs). The members of both classes also bind to Ras and
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this causes an increase in their catalytic activity in vitro (Rodriguez-Viciana et al., 

1994), but the physiological role of this interaction is not entirely clear (see below. 

Regulation of PI 3-kinase). In vitro they can utilize any of the Ptdlns, PtdIns-4-P and 

PtdIns-4 ,5-P2, but their physiological substrate is thought to be PtdIns-4 ,5-P2. It has 

also been reported that certain class lA PI 3-kinases (pi 10a and pllO p) phosphorylate 

not only the D-3, but also the D-4 position of phosphoinositides (Funaki et al., 1999). 

When purified phosphatidylinositol was used as a substrate in vitro the major product 

was PtdIns-3-P. On the contrary, when TCA-treated cell membranes were used as the 

substrate, PtdIns-4-P was produced even at greater amounts than PtdIns-3-P.

In addition to their lipid kinase activity, all class I PI 3-kinases possess intrinsic 

protein kinase activity, a feature discussed below in detail.

1.1.2.1.1 Class I  A PI 3-kinases

Class lA PI 3-kinases are heterodimers of a catalytic subunit (pi 10) and a regulatory 

subunit (Fig. 1.3). In mammals this class consists of three isoforms which are products 

o f separate genes. They share 42-58% aminoacid sequence identity and they are 

p i 10a, p llO p and p i 105, respectively (Hiles et al., 1992; Hu et al., 1993; 

Vanhaesebroeck et al., 1997b). The a  and p isoforms are widely expressed, whereas 

the 5 isoform is expressed predominantly in leukocytes (Vanhaesebroeck et al., 

1997b). They are the orthologs of C. elegans AGE-1 and D. melanogaster Dpi 10 

(Leevers et al., 1996; Morris et al., 1996). In D. discoideum, three PI 3-kinases have 

been identified (PIKl-3) with homology to class LA PI 3-kinase, but the precise 

relationship of each of these to mammalian class LA and IB PI 3-kinases is not clear 

(Zhou et al., 1995). No class LA PI 3-kinases have been identified in yeast or plants 

(Vanhaesebroeck et a l, 1997a). The first two isoforms of the regulatory subunit to be 

identified had a molecular weight of 85kDa. They have been designated p85a and p85p 

and they are products of different genes (Escobedo et a l ,  1991; Otsu et a l ,  1991; 

Skolnik et a l , 1991). p85 subunits do not posses any known enzymatic activity, but 

are composed of several domains with homology to those found in other signalling
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proteins. More specifically, they comprise one N-terminal Src-homology 3 (SH3), two 

or three proline rich segments, a BH (Breakpoint Cluster Region Homology) domain 

and two Src-homology 2 (SH2) domains. The modular structure o f the p85 subunits 

constitutes the basis of their regulatory fimctions which are discussed further below. 

Also, several splice variants of p85a exist (Antonetti et al., 1996; Fruman et al., 1996; 

Inukai et al., 1996; Inukai et a l, 1997). Furthermore, a third gene product termed p55y 

has been identified (Pons et a l, 1995).

All mammalian cell types investigated express at least one class LA PI 3-kinase 

isoform and stimulation of virtually every receptor that induces tyrosine kinase activity 

also leads to PI 3-kinase activation (Wymann and Pirola, 1998). In the case of growth 

factor receptors, tyrosine kinase activity is intrinsic to the receptor. Also, other 

receptors devoid of an intrinsic tyrosine kinase, upon activation, associate with non

receptor tyrosine kinases, such as the kinases of the src-family or JAK kinases. In the 

latter case, the respective tyrosine kinases either phosphorylate the receptor, an adaptor 

protein like 1RS, or display after autophosphorylation productive SH2 domain docking 

sites themselves.

1.1.2.1.2 Class IB PI 3-kinase

To date, only one class IB PI 3-kinase has been identified (Fig. 1.3). The catalytic 

subunit, termed pllO y presents 36% protein sequence identity to p i 10a (Stoyanov et 

a l ,  1995). pllO y associates with an adapter subunit of lOlkDa with no functional 

homology to any known proteins (Stephens et a l, 1997). p i lOy/plOl heterodimers are 

activated by Gpy subunits of heterotrimeric G proteins (Krugmann et a l ,  1999; 

Stephens et a l, 1997). There is now evidence that the role of plOl is indispensable for 

responsiveness to Gpy (Krugmann et a l ,  1999), although an earlier study suggested 

that pllO y is directly stimulated by Gpy (Leopoldt et a l, 1998). With respect to the 

mode of regulation of class IB Pl-kinase by Gpy, it seems that the latter do not function 

solely by recruiting the enzyme to the membrane, where its substrate resides. A recent 

study demonstrated that either monomeric p i lOy or p i lOy/plOl heterodimers associate
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with lipid monolayers and vesicles in vitro irrespectively of the presence of G^y 

(Krugmann et al., 2002). Therefore, it is more likely that Gpy activate p i lOy either by 

allosteric modulation of the enzyme or by re-orientating it within the membrane to 

enable more effective interaction with ATP and/or PtdIns-4 ,5-? 2. Similarly, activation 

of class IB PI 3-kinase by Ras does not appear to rely on translocation of p i lOy either. 

The crystal structure of p i lOy either alone or in complex with GTP-bound Ras have 

been solved recently (Pacold et al., 2000; Walker et al., 1999). It has been shown that 

Ras binding induces a conformational change of the catalytic subunit which might 

allosterically activate the PI 3-kinase (Pacold et al., 2000). Constitutive localization of a 

pool of p i lOy in the membrane could enable rapid increase in PIP3 formation after 

stimulation. Consistent with this, PIP3 levels peak approximately 10s after stimulation 

of human neutrophils with N-formyl-methionyl-leucyl-phenylalanine (FMLP) 

(Stephens et al., 1991).

Class IB PI 3-kinase seems to be present in mammals only, where it is expressed 

mainly in leukocytes. This explains the finding that stimulation of GPCRs does not 

result in PIP3 formation in all cell types.

In addition to pllOy, p i 10(3, but not p i 10a or p i 106, has been reported to 

become activated directly by G|3y subunits in vitro (Kurosu et al., 1997; Maier et al., 

1999). In keeping with this, neutralizing antibodies against p llO p , but not p i 10a 

block the responsiveness of cells to the GPCR ligand lysophosphatidic acid (LPA) 

(Roche et al., 1998). Furthermore, G|3y stimulated PI 3-kinase activity in cells lacking 

detectable levels of p i lOy expression (Stephens et al., 1994b). However, contradictory 

evidence emerged from the pllOy knock-out mice, where stimulation of GPCRs in 

cells expressing p 110(3 did not result in elevation of 3’ phosphorylated 

phosphoinositides (Hirsch et al., 2000; Sasaki et al., 2000b).
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1.1.2.2 Class II PI 3-kinases

The members of this class are large proteins (170-210kDa) o f which the defining 

feature is a C-terminal C2 domain (Fig. 1.3). C2 domains were originally identified in 

certain PKC isoforms and the synaptic vesicle protein synaptotagmin. C2 domains have 

been implicated in Ca^^-dependent binding to lipid vesicles. But class II PI 3-kinase C2 

domain can bind to lipids in the absence of Ca^  ̂ in vitro and this is consistent with the 

lack of aspartate residues that are essential for Ca^  ̂ coordination in Ca^^-dependent C2 

domains (Arcaro et al., 1998; MacDougall et al., 1995). They also posses a Ras 

binding domain fold in their large N-terminal region, but at present there is no evidence 

of class II PI 3-kinase binding to Ras or any adaptor proteins. Apart firom these, they 

do not show homology to any other known protein (Arcaro et al., 1998). Three 

mammalian isoforms have been identified and designated PI3K-C2a, p and y, 

respectively. They are products of separate genes. PI3K-Ca and p are ubiquitously 

expressed, whereas PI3K-C2y is restricted to the liver. Both D. melanogaster and C. 

elegans have a single class II PI 3-kinase (MacDougall et al., 1995). But no class II PI 

3-kinase has been identified in yeast, D. discoideum or plants.

Their in vitro lipid substrate specificity is different from that o f class I PI 3- 

kinases with Ptdlns and PtdIns-4-P being their preferable substrates. PI3K-C2a also 

phosphorylates PtdIns-4 ,5-P2 in the presence of phosphatidylserine (Domin et al., 

1997) and binding to clathrin increases its activity towards phosphorylated inositides 

(Gaidarov et al., 2001). It is still not clear which lipids are generated by class II PI 3- 

kinases in vivo. Overexpression of class II PI 3-kinases does not lead to elevation of 

PtdIns-3 ,4 -P2/PIP3 levels as is the case for p i 10a  overexpressed under the same 

experimental conditions (Arcaro et al., 1998).

Little is known with respect to class II PI 3-kinase mode of activation. Epidermal 

Growth Factor (EGF), Platelet-derived Growth Factor (PDGF), insulin, integrin 

ligation and the chemokine MCP-1 induce an increase in lipid kinase activity in class II
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PI 3-kinase immunoprecipitates (Arcaro et a l, 2000; Brown et al., 1999; Turner et al., 

1998; Zhang et al., 1998). However, there is no obvious correlation of this in vitro 

increase in lipid kinase activity with the in vivo activation of class II PI 3-kinase. Also, 

it is not clear to what extent class II PI 3-kinase contributes to the changes in the pattern 

of phosphoinositides observed after cell stimulation and further studies are required to 

clarify this issue.

With respect to their subcellular localization, in contrast with class I PI 3-kinases 

which are mainly cytosolic, class II PI 3-kinases are predominantly associated with the 

plasma membrane and the so-called low-density microsomal fi^ction (Arcaro et al., 

1998; Domin et al., 2000; Prior and Clague, 1999). Their C2 domain does not appear 

to play a role in localization, since its deletion does not have any effect on it (Arcaro et 

al., 1998).

1.1.2.3 Class III PI 3-kinases

The members of this class are the homologs of the yeast vesicular-protein-sorting- 

protein Vps34p. Vps34p was originally identified in a screen for mutants conditionally 

defective in vacuolar protein sorting (Herman and Emr, 1990). Bona fide  Vps34p 

homologs have been cloned from D. discoideum, D. melanogaster and humans 

(Linassier et al., 1997; Volinia et al., 1995; Zhou et al., 1995). They utilize only Ptdlns 

as a substrate and they are thought to be responsible for the generation of the majority 

of cellular PtdIns(3)P of which the levels remain relatively constant. In yeast cells 

deficient of Vps34p, PtdIns(3)P was completely absent, illustrating the fact that 

Vps34p is the only PI 3-kinase in yeast (Stack et al., 1993). A single class III PI 3- 

kinase has been identified in all eukaryotic species (Fig. 1.3). Vps34p is essential for 

accurate transport of newly synthesized proteins from the Golgi to the vacuole, an 

organelle analogous to the lysosome of higher eukaryotes. Hence, they are thought to 

play a role in agonist-independent intracellular trafficing processes in the other species 

as well (Odorizzi et al., 2000).
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Vps34p associates with a serine/threonine protein kinase, Vpsl5p, that is also 

essential for vesicle transport (Stack et ah, 1993). Vpsl5p is N-terminally 

myristoylated and targets Vps34p to the membranes. A human protein with 30% 

sequence identity to the Vpsl5p has been identified and termed p i 50. This is also N- 

terminally myristoylated and possesses Ser/Thr kinase activity. The human 

heterodimeric class III PI 3-kinase lipid kinase activity is stimulated following 

association with phosphatidylinositol transfer protein (Panaretou et al., 1997).

1.1.2.4 Class IV PI 3-kinase-related kinases

This group comprises a number of proteins which share the conserved catalytic domain 

of the PI 3- and Ptdlns 4-kinases. They include a group of gene products that control 

cell cycle progression in response to DNA damage which consists of RAD3, M ECl, 

TELl, ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3- 

related), the DNA-activated protein kinase (DNA-PK) and the TOR/FRAP/RAFT 1 

(target o f rapamycin) (Hoekstra, 1997). Most of them posses a demonstrable Ser/Thr 

kinase activity (ATM, ATR, DNA-PK, TOR) but no lipid substrates have been 

identified for this class of enzymes (Brown et al., 1995; Hartley et al., 1995; Jung et 

al., 1997).

1.1.3 Structure of the class I PI 3-kinase catalytic subunit

Comparison of the primary structure among the members of class I PI 3-kinase have 

revealed four homology regions (HR 1-4) (Zvelebil et al., 1996). The organization of 

the catalytic subunits is modular: The C-terminal HRl contains the catalytic domain, 

HR2 contains a helical domain, HR3 a C2 domain and finally HR4 the Ras-binding 

domain (RED). Class IA and class IB catalytic subunits differ at their N-termini where 

class lA members have a p85 binding region, whereas class IB has a domain that 

interacts with the plOl adaptor.

25



Chapter 1 Introduction

The crystal structure of the class IB pi lOy catalytic subunit has been solved and 

has provided valuable information with respect to the catalytic mechanism, 

determination of the substrate specificities and interaction with Ras of this enzyme 

(Walker et al., 1999). Some of the findings of special interest are described herein.

The p i lOy catalytic domain is composed of a smaller N-terminal and a larger C- 

terminal lobe. The N-terminal lobe together with part of the C-terminal lobe form the 

nucleotide-binding loop (known as P-loop) and it also contains the conserved lysine 

residue which is responsible for ATP binding and coordination. The C-terminal lobe 

contains the activation loop and the catalytic loop. One major difference with protein 

kinases is that the P-loop of PI 3-kinases does not contain any glycine. Instead, the 

conserved Ser806 interacts with the p-phosphate o f ATP. Furthermore, Lys833 (the 

equivalent of Lys72 of cAMP-dependent protein kinase) interacts with the a-phosphate 

of the ATP. This is also conserved in all PI 3-kinases and is the residue that undergoes 

covalently modification by wortmannin (Wymann et al., 1996).

The C-terminal lobe contains a segment (964-988) analogous to the activation 

loop of the protein kinases. Mutational analysis had demonstrated this region confers 

the dinstinct substrate specificities to the various PI 3-kinases (Bondeva et al., 1998). 

Because of the inability of acquiring actual data with the phosphoinositide headgroup 

bound to this region, the phospholipid headgroup binding was modelled (Fig. 1.4). 

According to this model the phosphoinositide headgroup is positioned in a cavity lined 

by the C-terminal helix ka l2 , the activation loop and the catalytic loop. This places the 

5’-phosphate of PtdIns-4 ,5-P2 to interact with Lys973, the 1 ’-phosphate with Lys807 

and Lys808 and the 4 ’-phosphate with Arg947 and Lys973. Consistently, in class II PI 

3-kinases, that do not phosphorylate PIPj, the equivalent aminoacid to Lys973 is Gin. 

Also, class III PI 3-kinases possess a shorter activation loop that may not leave 

sufficient space to accommodate a 4’-phosphate at the bottom of the headgroup binding 

pocket. Furthermore, p i 105 autophosphorylates in a region just beyond the C-terminal
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helix k a l2  and this could explain the concomitant enzymatic inhibition 

(Vanhaesebroeck et al., 1999a) by sterically hindering substrate binding.

The structure also provided insight in the possible mechanism of catalysis. Although, 

PI 3-kinase contains the conserved Asp 946 (Asp 166 in cAMP kinase) which is 

thought to initiate the phosphotransfer reaction, the structure places that in a position 

where it could not function as a general base catalyst. Therefore, it appears that either 

PI 3-kinase has no general base catalyst and possesses a dissociative mechanism, 

involving a metaphosphate transition state instead or some other residue fulfils this 

role.

/

Acflwaflon
'OOP

Figure 1.4 Model of phospholipid headgroup interactions with pllOy
Ribbon representation showing the activation loop (magenta) and an inositol 1,4,5- 
trisphosphate (InsP3) molecule (blue) in the active site with the 3-OH near the y- 
phosphate of the bound ATP. The right panel is expanded to show features of the 
putative headgroup interaction (adopted from Walker et al., 1999).

1.1.4 Reagents for analysing the function of PI 3-kinases

1.1.4.1 PI 3-kinase inhibitors

The elucidation of the physiological processes in which PI 3-kinase is involved has 

been mainly based on the use of two low-molecular-weight and cell-permeable 

compounds, namely wortmannin and LY294002 (Stein and Waterfield, 2000).
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Wortmannin is a fungal metabolite which is a very potent inhibitor of PI 3-kinase 

having an IC50 o f approximately 5nM in vitro (Fowls et aL, 1994). All class I, II, and 

III PI 3-kinase members with the exception of PI3K-C2a exhibit the same sensitivity to 

wortmannin. PI3K-C2a is at least 10-fold less sensitive having an IC50 of 

approximately 500nM (Domin et al., 1997; Virbasius et al., 1996). However, enzymes 

such as type III Ptdlns 4-kinase (Nakanishi et al., 1995), mTOR (Brunn et al., 1996; 

Withers et al., 1997), DNA-PK (Hartley et al., 1995; Sarkaria et al., 1998; Izzard et 

al., 1999), ATM (Banin et al., 1998; Sarkaria et al., 1998) and hSMG-1 (Denning et 

al., 2001) are also inhibited by wortmannin although at concentrations 10-100-fold 

higher than those required for PI 3-kinase inhibition. With respect to the mode of 

inhibition of PI 3-kinase by wortmannin, this has been shown to be irreversible, 

resulting by covalent modification of Lys802, a residue involved in the phosphate 

transfer reaction (Wymann et al., 1996).

Wortmannin, although very potent, has a short half-life in aqueous solutions 

(Woscholski et al., 1994b). This led to the use of a second more stable flavonoid-based 

compound named LY294002, which is a competitive inhibitor of the ATP binding 

(Vlahos, 1994). Once again, with the exception of PI3K-C2a (Domin et al., 1997), the 

rest of PI 3-kinases display similar in vitro sensitivity to LY294002 having an IC50 of 

approximately IjiM. In contrast to wortmannin, LY294002 inhibits mTOR and DNA- 

PK with similar potency as for PI 3-kinase (Brunn et al., 1996; Izzard et al., 1999). 

Also, when tested against a range of kinases, LY294002 was found to inhibit the 

widely expressed protein kinase CK2 with an IC50 of 6.9|iM. However, protein kinase 

CK2 was resistant to wortmannin (Davies et al., 2000). Therefore, in cell-based 

experiments, these inhibitors should always be used in concentrations sufficiently low 

to exhibit relatively high selectivity for PI 3-kinase and data obtained by their use 

should be interpreted with caution. The main properties of the PI 3-kinase inhibitors 

wortmannin and LY294002 are summarized in Table 1.1.
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Table 1.1 Characteristics of PI 3-kinase inhibitors wortmannin and 
L Y 294002

Characteristic Wortmannin L Y 294002

Site of action ATP-binding site ATP-binding site

Mode of action Irreversible inhibition Competitive inhibition

IC50 o f p i 10a  in vitro 2-5 nM 0.5-1.5 |iM

Sensitivity of other PI 3- 
kinases

As for p i 10a except As for p i 10a except

PI3KC2a (IC,o=400nM) PI3KC2a (IC,o-20|iM)

PI3KC2y (unknown) PI3KC2y (unknown)

Approximate sensitivity of PI 
3-kinase-related kinases

mTOR (ICso=200-300nM) mTOR (IC5o«5|xM)

DNA-PKcs (ICgo«250nM)

ATM (IC,o=150nM)

DNA-PKcs (Kj=6pM)

Stability in aqueous solutions Poor Good

The structural basis of phosphoinositide 3-kinase inhibition by wortmannin and 

LY294002 has been investigated by resolving the structure of class IB PI 3-kinase 

catalytic subunit p i lOy in complex with these compounds (Walker et aL, 2000). These 

studies also provided a possible explanation for the previously reported competitive 

binding of wortmannin and PtdIns-4 ,5-?2 (Wymann et aL, 1996), as it was found that 

wortmannin binding induces a conformational rearrangement in the active site o f the 

enzyme. Additionally, complexes of p i lOy and other protein kinase inhibitors of broad 

specificity including quercetin, myricetin and staurosporin were examined. The 

structures of pllOy-inhibitor complexes demonstrated that these compounds have a 

variety of unique interactions with the ATP cleft of pllOy.

Several other molecules are currently under development as isoform-selective PI 

3-kinase inhibitors, but they are still the subjects of unpublished patent applications.
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1.1.4.2 Other reagents

Although the above inhibitors have been very informative in implicating PI 3-kinase in 

several processes, their use involves certain drawbacks such as potential inhibition of 

other enzymes and lack of selectivity among the various members o f the PI 3-kinase 

family. Therefore, other approaches are necessary to complement the inhibitor studies. 

In this regard, several molecular reagents have been described, such as dominant- 

negative forms of class lA regulatory subunits (Hara et aL, 1994) and antisense vectors 

to p85 (Yin et al., 1998) that both block PI 3-kinase signalling. Furthermore, 

overexpression of wild-type or constitutively active forms of class lA catalytic subunits 

led to the elevation of cellular PI-3 ,4 -P2 and PIP3 levels (Rodriguez-Viciana et al., 

1994; Rodriguez-Viciana et al., 1996) and to concomitant activation of various 

downstream pathways (Didichenko et aL, 1996; Frevert and Kahn, 1997; Hu et aL, 

1995; Rodriguez-Viciana et aL, 1996). Also, biologically active cell-permeable forms 

of PIP3 as well as methods for intracellular delivery of phosphoinositides have been 

developed (Jiang et aL, 1998; Ozaki et aL, 2000).

1.1.5 Targets of 3’-phosphorylated phosphoinositides

Activation of signalling pathways downstream of PI 3-kinase is achieved through 

recruitment of certain proteins containing Pleckstrin Homology (PH) or FYVE domains 

to the sites where 3’ phosphorylated phosphoinositides are generated. The FYVE 

domains selectively bind PtdIns-3-P, whereas a subgroup of PH domains shows 

specificity for PtdIns-3 ,4-P2 and/or PIP3. Also, PH domains that bind PtdIns-3-P have 

been identified recently (Dowler et aL, 2000).

1.1.5.1 The FYVE Domain

This domain was named after the first four proteins shown to contain it, i. e. Fab Ip, 

YOTB, Vac Ip, and Early Endosome Antigen 1 (EEAl) (Stenmark et aL, 1996). It 

consists of 60-80 residues which include eight conserved cysteines that form two
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separate coordination centers. The third cysteine is surrounded by the

characteristic basic motif [(R/K)(R/K)HHCR] which is involved in the binding o f the 

inositol headgroup of PtdIns-3-P (Gaullier et al., 1999; Gaullier et al., 1998). 

Structural data have shown that only the inositol headgroup of PtdIns-3-P can be 

accommodated in the FYVE domain (Fruman et al., 1999a). FYVE domains appear to 

be less widespread than PH domains. Most of them have been implicated in membrane 

trafficking.

1.1.5.2 Pleckstrin Homology (PH) Domain

PH domains are globular protein domains of about 100 aminoacids. They have been 

found in all eukaryotes in more than 100 different proteins and they present low ( 10- 

20%) sequence identity among them. These proteins include kinases, phospholipases, 

adaptor proteins, structural proteins and nucleotide-exchange factors (Lemmon and 

Ferguson, 2000). Many PH domains posses binding capacity for phosphoinositides, 

although the affinity of these interactions varies from low to high. The core PH domain 

structure consists of two p-sheets, made of four and three p-strands, respectively, 

which are linked by loop regions very variable in sequence and structure. The p-sheets 

form a barrel-like structure that is capped on one side by a C-terminal a-helix, which 

contains a highly conserved tryptophan residue. The inositol head group of the 

phosphoinositide ligand is placed between the loops at the end of the barrel. The 

residues that are essential for binding to phosphoinositides reside at the N-terminus in a 

K-Xg.,3-R/K-X-R-Hyd motif (where X any aminoacid and Hyd a hydrophobic 

aminoacid). PH domains can be grouped into several classes on the basis o f their 

functional properties (Kavran et al., 1998). A subset of PH domains binds PtdIns-3,4- 

P2 and PIP3 over other phosphoinositides (Fruman et al., 1999a). Most PH domains 

that interact with PIP3 also bind to PtdIns-3 ,4 -P2, although quite often with lower 

affinity. So far, PH domains that interact only with PtdIns-3 ,4 -P2 have not been 

identified.

31



Chapter 1 Introduction

1.1.6 Signalling by class I PI 3-kinases

Agonist-stimulated PI 3-kinase activity leads to a rapid rise of the cellular PIP3 levels, 

which is followed by an increase of the PtdIns-3 ,4-P2 levels in some cell types (Fig. 

1.5). PI 3-kinase effectors usually contain PH domains and hence translocate to the 

membrane upon interaction with PIP3 and PtdIns-3 ,4 -P2. At the membrane, these 

proteins become activated and hence initiate various local responses including actin 

polymerization, assembly of signalling complexes and priming o f protein kinase 

cascades. As mentioned above, these proteins include serine/threonine and tyrosine 

kinases, phospholipases, adaptors and nucleotide exchange factors.

Growth Factors, Cytokines, Antigents Chemokines, Hormones, Neurotransmitters

I I
TKLR GPCR

\ PtdIns(4,5)P,

pi 10tt,p,0/p85 I  \  pllOy/pSS 
(Class lA  PI3K) (Class IB PI3K)

SHIP1,2 PTEN
PtdIns(3,4)P2 < --------------  PtdIns(3,4,5)P3  ► Ptdlns(4,5)P2

Btk/Itk PLCy P K B /A k t^  PDK Vav Grpl 

PKC AFX/FKHR BAD GSK3 p70S6K Rac Arf

i  JL /
p27 B cl-2 //y

Proliferation Cell survival Protein synthesis Motility Vesicle budding

Figure 1.5 Generation of PtdIns-3,4/5-P3 and signaling through its targets
Extracellular factors bind to different types of receptors on the plasma membrane. 
Class lA PI 3-kinases are indirectly activated by tyrosine kinase receptors and 
cytosolic tyrosine kinases through binding of the p85 regulatory subunit to tyrosine- 
phosphorylated proteins. Class IB PI 3-kinase is activated by G(3y subunits liberated 
from activated GPCRs. The major product, PtdIns-3,4,5-P3, activates downstream 
targets such as protein kinases and GDP/GTP exchanging factors of small GTPases. 
Some targets are activated by both PtdIns-3,4,5-P3 and PtdIns-3,4-P2. PtdIns-3,4,5-P3 
can be dephosphorylated by SHIPs and PTEN, and therefore PtdIns-3,4,5-P3- 
dependent signaling pathways are down-regulated (adopted from Sasaki et aL, 
2002).
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1.1.6.1 Activation of PKB by PDK l

A very well established effector of the lipid products of PI 3-kinase is the protein 

Ser/Thr kinase PKB/Akt, a protein with fondamental roles in a multitude of cellular 

processes ranging from metabolism to cell survival and proliferation (Brazil & 

Hemmings, 2001; Vanhaesebroeck & Alessi, 2000). PKB was identified as a protein 

kinase highly homologous to Protein Kinase A and Protein Kinase C and thus it was 

termed Protein Kinase B, accordingly. It is the cellular counterpart o f the viral 

oncoprotein v-Akt and hence commonly referred to as c-Akt or Akt (Coffer et al.,

1998). PKB is a 57kDa protein with a PH domain that preferentially binds PtdIns-3,4- 

P2 and PIP3 (James et al., 1996; Stephens et al., 1998).

Three closely related PKB genes have been identified in mammals the products of 

which have been designated PKBa, PKB (3 and PKBy, respectively. PKB activation is 

achieved through membrane localization and Ser/Thr phosphorylation (Andjelkovic et 

al., 1997; Andjelkovic et al., 1996). Full enzymatic activation of PKB requires 

phosphorylation of both Thr308 in the activation segment and Ser473 in the 

hydrophobic motif (Allesi et al., 1996). Phosphorylation of both residues occurs in a 

wortmannin-sensitive manner. Phosphorylation of Thr308 is carried out by another PH 

domain-containing kinase termed PDK-1 for 3’-phosphoinositide-dependent kinase 

(Alessi et al., 1997a; Alessi et al., 1997b; Stokoe et al., 1997). Following PI 3-kinase 

activation, PDKl and PKB are thought to colocalize at the plasma membrane through 

their interaction with PIPg/PtdIns-3 ,4 -P2. The essential role of both PIP3 and Ptdlns-

3 ,4 -P2 for PKB activation was demonstrated recently by the finding that PKB activity 

was markedly reduced in cells derived from SHIP knockout mice in which PtdIns-3,4- 

P2 generation was substantially reduced (Scheid et al., 2002). In addition to recruiting 

PKB to cell membrane, the binding of PIP3/PtdIns-3 ,4 -P2 to the PH domain of PKB 

may induce a conformational change that enables PDKl to phosphorylate Thr308 

(Vanhaesebroeck and Alessi, 2000). The kinase that phosphorylates Ser473 has been
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termed PDK2, but it has not been identified yet. However, it has been demonstrated 

that PDKl can also phosphorylate Ser473 after interaction with a firagment o f the C- 

terminus of the PKC-related kinase 2 (PRK2) (Balendran et aL, 1999a). This fi'agment 

has been termed PDKl-interacting fi*agment (PIF). This finding suggested that it may 

be PDKl itself in complex with another protein-probably PRK2-that phosphorylates 

Ser473 in vivo rather than a different kinase. However, a subsequent study showed 

that the PIF-stimulated phosphorylation of Ser473 depended on the intrinsic catalytic 

activity o f PKB (Biondi et al., 2000), making it unlikely that PIF converts PDKl into 

PDK2, as originally suggested. Recently, analysis of the crystal structures o f the 

unphosphorylated and Thr308 phosphorylated states o f the PKB kinase domain 

revealed the molecular mechanism for the regulation o f PKB by hydrophobic motif 

phosphorylation (Yang et al., 2002). It was shown that activation by Ser473 

phosphorylation occurs via a disorder to order transition of the aC  helix of the N- 

terminal lobe, induced by the association of a phosphorylated hydrophobic motif, with 

concomitant restructuring of the activation segment and alignment of catalytic site 

residues. It was also shown that a PIF-based peptide (PIFtide) activates PKB by 

interacting with and stabilizing the activated conformation of PKB. Although it is still 

not known whether the activation of PKB by PIFtide reflects a physiologically 

significant regulatory mechanism, it does provide insight with respect to the nature of 

the PDK2. A possible candidate for this enzyme could be a kinase that interacts with the 

hydrophobic binding groove of PKB, perhaps via a sequence similar to the 

hydrophobic motif of PKB or PIFtide. A recent study has examined the role of tyrosine 

phosphorylation in the activation of PKB (Conus et al., 2002). The Tyr474 was 

identified as the phosphorylation site inducible by the tyrosine kinase inhibitor 

pervanadate and IGF-1. Importantly, mutation of Tyr474 to Phe abolished tyrosine 

phosphorylation of PKB and resulted in up to 55% inhibition of the enzymatic 

activation indicating phosphorylation at Tyr474 is required for full activation o f the 

kinase.
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The minimum sequence motif required for efficient phosphorylation of small 

peptide substrates by PKB is RXRXX(S/T)(F/L) (where X, any aminoacid) (Alessi et 

aL, 1996). A multitude of cellular targets for PKB have been identified so far (Brazil & 

Hemmings, 2001; Vanhaesebroeck and Alessi, 2000) (also see below. Biological roles 

of PI 3-kinase). At present, the most validated substrates for PKB are members of the 

FoxO subfamily of Forkhead transcription factors which regulate the transcription of 

genes controlling the cell cycle, cell death, metabolism and oxidative stress (Burgering 

and Kops, 2002). More recently, a new transcription factor, namely Trachealess, has 

been identified as a new PKB target by a genetic screen in Droshophila (Jin et al.,

2001). Trachealess is a bHLH-PAS domain transcription factor that regulates the 

formation of the Drosophila tracheal system. Thus, it appears that PKB plays a role in 

morphogenesis, also. This implies that a similar role of PKB could be anticipated in 

mammalian branching morphogenesis and indeed a role for PKB in angiogenesis has 

previously been suggested (Dimmeler and Zeiher, 2000). However, it should be 

stressed that without the availability of a PKB-specific inhibitor or mammalian cell lines 

lacking all PKB isoforms, it will be not possible to exclude other PI 3-kinase- 

stimulated AGC kinases as the enzymes phosphorylating the above targets in vivo, as 

AGC kinases such as p70-S6K, SGK and atypical PKCs are activated in many cells by 

the same stimuli as PKB (see below) and have a similar substrate specificity to PKB.

Targeted disruption of the genes encoding for PK Ba (Aktl) and PKB (3 (Akt2) in 

mice has demonstrated non-redundant functions for these isoforms. Mice deficient for 

PKBp (Akt2) display impaired glucose homeostasis owing to insulin resistance (Cho et 

al., 2001a), whereas PK Ba (Aktl) knock-out mice display normal glucose 

homeostasis but impaired organismal growth (Cho et al., 2001b). The effects of PKBy 

(Akt3) gene disruption as well as o f the combination of multiple isoforms disruption 

remain to be determined.
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1.1.6.2 PD K l in the activation of other AGC kinases

The AGC family of Ser/Thr kinases includes protein kinase A, protein kinase G, 

protein kinase C isoforms as well as PKB/Akt, p70-S6K, p90-RSK, SGK and 

mitogen- and stress-activated protein kinases (MSKs). In addition to phosphorylating 

PKB/Akt, PDKl has also been reported to phosphorylate the activation loop of PKC 

isoforms (Chou et al., 1998; Dutil et al., 1998; LeGood et al., 1998), p70-S6K (Alessi 

et al., 1998; Pullen et al., 1998) and SGK (Kobayashi and Cohen, 1999; Park et al., 

1999) and PKA (Cheng et al., 1998). PDKl itself, as a member of the AGC kinase 

family, requires phosphorylation of its activation loop for enzymatic activation and it 

appears that it autophosphorylates in this position (Casamayor et al., 1999).

AGC kinases, with the exception of PD K l, also posses a unique highly 

homologous hydrophobic motif located C-terminally to the catalytic domain 

(Vanhaesebroeck and Alessi, 2000). In the case of PKB, p70-S6K, p90-RSK and 

SGK, phosphorylation of the hydrophobic motif is required for full activation. In the 

case of conventional PKC isoforms, mutation of phosphorylation residues in the 

hydrophobic motif has no effect on enzymatic activity, and it appears that the role o f the 

phosphorylation of these residues is the stabilization of the kinase (Mellor and Parker,

1998). In the atypical isoforms of PKC (PKCÇ, PKCi, PKCX) and the PKC-related 

kinases (PRKl and PRK2) the position of Ser/Thr is occupied by acidic residues (Asp 

or Glu), which might be mimicking a constitutively phosphorylated state. At this point, 

it should be noted that a number of atypical PKC isoforms bind PIP3 with reasonably 

high affinities and this results in their activation (Nakanishi et al., 1993; Palmer et al., 

1995; Toker et al., 1994). The aminoacid sequence of PKA terminates just before the 

equivalent to PKB Ser473 phosphorylatable residue of the hydrophobic motif, but 

mutation or deletion of this region diminishes the enzymatic activity, thus showing that 

it still plays an important role (Knighton et al., 1991). Once phosphorylated at their 

activation loop by PDKl, the conventional PKC isoforms autophosphorylate at their
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hydrophobic motif (Edwards et al., 1999). Also, the atypical isoform PKCÇ mediates 

phosphorylation of the hydrophobic motif of the novel isoform PKCÔ (Ziegler et aL, 

1999). In contrast, catalytically inactive p70-S6K is still phosphorylated in its 

hydrophobic motif, thus excluding the possibility of autophosphorylation (Weng et al.,

1998). Furthermore, there is evidence that PDKl activity is required for IGF-1-induced 

phosphorylation of both the activation loop and the hydrophobic motif of p70-S6K in 

vivo, although it is not certain whether PDKl directly phosphorylates these residues 

(Balendran et al., 1999b). Also, it has been reported that mTOR can directly 

phosphorylate p70-S6K in the hydrophobic motif in vitro (Burnett et al., 1998; Isotani 

et al., 1999). However, it is unlikely that such phosphorylation occurs in vivo since a 

p70 S6K mutant was still phosphorylated in its hydrophobic motif in a PI 3-kinase- 

dependent manner even in the presence of the mTOR inhibitor rapamycin (Hara et al.,

1998).

PDKl does not appear to be activated or inhibited by any extracellular signal 

tested to date. It seems more likely that it is controlled by substrate-directed 

mechanisms. For example, it has been suggested that interaction of PDKl with the 

hydrophobic motifs of p70-S6K or SGK may not only bring these enzymes in 

proximity, but also significantly increase the activity of PDKl (Biondi et al., 2001). 

Several mechanisms have been described with respect to the conversion of AGC 

kinases into forms that can interact with PDKl, thereby enabling them to be 

phosphorylated at their activation loops (Vanhaesebroeck and Alessi, 2000).

1.1.6.3 Activation of Guanine nucleotide Exchange Factors (GEFs) and 

GTPase Activating Proteins (GAPs)

All GEFs specific for the Rho family of GTPases (which includes Rho, Rac and 

Cdc42) posses PH domains. Also, certain ARF-GEFs contain PH domains that 

preferentially bind PIP3 over PtdIns-3 ,4 -P2 and other phosphoinositides and they have 

been shown to be regulated by PI 3-kinase (Leevers et al., 1999). The role of GEFs
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and GAPs in the regulation of the cytoskeleton by PI 3-kinase is further discussed 

below (see Biological Roles of PI 3-kinase).

1.1.6.4 Activation of Tec kinases and of FLCy

Tec kinases are non-receptor tyrosine kinases that contain a PH domain. In this case, 

the PH domain appears to substitute for the N-terminal lipid modification motif which 

targets Src kinases to the membrane. Among others, Tec family members include 

Bruton’s tyrosine kinase (Btk) and inducible T-cell kinase (Itk). The PH domain of Btk 

binds selectively to PIP3 (Bottomley et al., 1998; Rameh et al., 1997a; Salim et al.,

1996), hence translocating the enzyme to the plasma membrane, where it becomes 

activated by tyrosine and serine phosphorylation, possibly mediated by src kinases and 

PDKl-related enzymes (August et al., 1997; Li et al., 1997b; Scharenberg et al.,

1998). Btk is essential for normal B lymphocyte development and function and 

germline mutations in the Btk gene cause immunodeficiency (Maas and Hendriks,

2001). Several of these mutations have been mapped in the PH domain (Baraldi et al.,

1999).

PLCy hydrolyses PtdIns-4 ,5-P2 to produce IP3 and diacylglycerol, which in turn 

mediate intracellular calcium release and PKC activation (Rhee and Bae, 1997). PLCy 

also possesses a PIP3-specific PH domain (Falasca et al., 1998). It has also been 

proposed as a Btk target. Therefore, both enzymes might be brought in close proximity 

after PI 3-kinase-induced translocation to the plasma membrane (Scharenberg and 

Kinet, 1998). This interaction is likely to be critical in regulating intracellular calcium 

homeostasis and related signalling processes.

1.1.7 Attenuation of PI 3-kinase signalling by the action o f  

3’-phosphorylated phosphoinositide phosphatases

The effects of 3 ’-phosphorylated phosphoinositides generated by activated PI 3-kinase 

are counteracted and/or diversified by phosphoinositide phosphatases (Maehama et al..
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2001; Majems et aL, 1999; Vanhaesebroeck et aL, 2001). Several enzymes of this 

category have been identified so far, and they can be divided into three structurally 

different families: 3-phosphatases, 4-phosphatases and type II 5-phosphatases. 

Phosphoinositide 3- and 4-phosphatases share the invariant signature motif 

Cys(X)gArg in their catalytic core region (Maehama and Dixon, 1999). The members of 

the family of the 3-phosphatases include the myotubularin-like phosphatases. Sac Ip 

phosphatase and PTEN. Two phosphoinositide 4-phosphatases have been identified so 

far and their preferred substrate is PtdIns-3 ,4 -P2. Type II 5-phosphatases hydrolyze 

both PIP3 and PIPj (Majerus et aL, 1999). The two major routes for PIP3 degradation 

are mediated by PTEN and SHIPs.

1.1.7.1 PTEN

The best studied member of the phosphoinositide 3’-phosphatases is PTEN/MMAC 

(Phosphatase and tensin homolog deleted on chromosome 10/Mutated in Multipe 

Advanced Cancers). PTEN was originally identified as a tumor supressor and tyrosine 

phosphatase that is inactivated by loss of heterozygosity at chromosome region 1 Gq23 

(Li et aL, 1997a; Myers et aL, 1997; Steck et aL, 1997), but then it was found to 

function as phosphoinositide phosphatase (Maehama and Dixon, 1998). Several 

mutations or deletions in this gene are found in a wide variety o f human cancers 

(Cantley and Neel, 1999). It is the lipid phosphatase activity that confers PTEN its 

ability to act as a tumor supressor and negative regulator of the PI 3-kinase-PKB/Akt 

pathway (Maehama and Dixon, 1999). In vitro PTEN dephosphorylates all 3 ’- 

phosphorylated phosphoinositides. Consistently, tumor-derived cell lines lacking 

PTEN as well as cell lines derived from PTEN knock-out mice have increased levels of 

PIP3 and PtdIns-3 ,4 -P2, that also correlate with activation of PKB/Akt. These effects 

can be reversed by re-introduction of PTEN (Stambolic et aL, 1998).

The PTEN molecule and its function in regulating PI 3-kinase signalling have 

been conserved in evolution. In D. melanogaster, PTEN antagonizes the effect o f PI 3-
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kinase in growth (Huang et al., 1999). There is also evidence that the C. elegans 

homolog, DAF-18 plays a similar role (Ogg and Ruvkun, 1998).

Little is known with respect to the regulation of PTEN activity. The crystal 

structure of PTEN has recently been solved (Lee et al., 1999). It has been shown that 

the protein consists of a tandem phosphatase and C2 domain and that the latter is 

required for localization of the former at membranes, close to its lipid substrates. There 

is also a putative PDZ-binding motif at its extreme C-terminus, which appears to 

mediate the interaction with PDZ domain-containing proteins.

1.1.7.2 SH2 dom ain-containing inositol 5 ’-phosphatases (SHIPs)

SHIPs belong to the type II phosphoinositide 5’-phosphatases family. Two isoforms 

have been identified so far, designated SHIP I and SHIP2. Both isoforms share 

common substrate specificities and specifically dephosphorylate PIP3 and IP4, but they 

differ in their tissue distribution. SHIPl is restricted to cells of hematopoietic origin and 

takes part in cytokine signalling (Lioubin et al., 1996). SHIP2 is broadly expressed and 

participates in growth factor stimulated signalling downstream of receptor tyrosine 

kinases by associating with the adapter molecules Grb2 and She. SHIPs may operate in 

such a manner that they shunt away from PlP^-dependent effectors toward targets that 

are exclusively driven by PtdIns-3 ,4-P2 (Sasaki et al., 2002).

SHIP2 has been recently shown to be important in insulin signalling and diabetes 

(Clement et al., 2001; Habib et al., 1998). SHIP2 knock-out mice display severe 

hypoglycaemia and mortality. However, SHIP+/- heterozygotes have improved insulin 

sensitivity without hypoglycaemia and mortality. Also, the deletion of SHIP2 was not 

accompanied by increased tumorigenesis. These findings indicate that specific 

inhibition of SHIP2 might be a very promising therapeutic approach for type II 

diabetes.
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1.2 BIOLOGICAL ROLES OF PI 3-KINASE

Numerous studies have documented the fundamental importance of the PI 3-kinase 

signalling pathway in mediating a multitude of cellular responses following stimulation 

by growth factors and hormones. These include cell survival, differentiation, growth, 

proliferation, cytoskeletal rearrangements, vesicular trafficking and intermediary 

metabolism.

1.2.1 PI 3-kinase and growth

Regulation of cellular growth is a function of crucial importance for all organisms. 

During development, regulation of cellular growth ensures that organisms acquire a 

sufficient size to allow for multiplication. And during adulthood, deregulation of 

cellular growth can cause diseases like cancer (Conlon and Raff, 1999). A role o f PI 3- 

kinases in cellular growth has been established by studies conducted predominantly in 

Drosophila (Leevers et a l ,  1996; Weinkove et a l ,  1999). The issue has been 

approached by manipulating PI 3-kinase activity in the imaginai discs, the larval 

epithelial structures that give rise to the epidermal structures of the adult after extensive 

reorganization during metamorphosis. There, it has been shown that enhanced PI 3- 

kinase signalling by overexpression of class I PI 3-kinase Dpi 10 results in growth 

increase, whereas reduced PI 3-kinase signalling by expression of a dominant-negative 

version of either Dpi 10 or its adaptor p60 or by mutation of the respective genes results 

in growth decrease. Importantly, examination in the cellular level showed that these 

differences in growth were due to differences in the cell size and not in the cell number.

There is also evidence for a similar role of PI 3-kinase in mammals. There, it has 

been demonstrated that expression of a constitutively active p i 10a  in cardiac myocytes 

increases the size of the organ (Shioi et a l ,  2000). Conversely, expression of a 

dominant negative version reduces the size. Once again, these effects on heart size were 

accompanied by parallel effects on myocytes size. However, it must be noted that heart 

normally grows through increase in the size of cardiomyocytes without division,
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whereas in other tissues of mammals growth is achieved by an increase in cell number 

(Conlon and Raff, 1999). Thus, it remains to be seen if similar manipulation of PI 3- 

kinase activity in organs other than the heart would have the same effect. Also, some 

evidence comes from experiments in cell lines, where it has been observed that 

overexpression of PI 3-kinase results to an increase in proliferation (Klippel et al.,

1998). Apparently, this should be accompanied by an increase in cellular size, 

otherwise a concomitant reduction in cell size would have been evident, but nothing like 

that was observed. However, it remains possible that the real growth effect of PI 3- 

kinase upregulation in this case was an increase in cell size and that the observed 

increase in proliferation was due to mitogens present in the serum-containing culture 

media.

These findings raise the issue of the molecular mechanism underlying the effects 

of PI 3-kinase activity in manipulating cell growth. In this regard, it is reasonable to 

hypothesize that corresponding alterations in the protein synthesis levels must be 

involved in the mechanism. As described below in detail (see PI 3-kinase and 

translational control), PI 3-kinase signalling is involved in the control of translation. 

Although the pathway is conserved in flies, where homologs of PKB (dAkt) and p70- 

S6K (dS6K) and of the other components of the translational regulation machinery 

have been identified, a recent work has demonstrated that dPDKl only, and neither 

dAkt nor dPI(3)K-generated PIP3, is required for dS6K activation (Radimerski et al.,

2002). Therefore, the mechanisms by which dPI(3)K and dAkt stimulate growth 

remain to be defined, but may involve the alteration of translation rates by 

phosphorylation of the dGSK-3 and d4E-BP (Miron et al., 2001).

1.2.2 PI 3-kinase and DNA synthesis

Control of DNA synthesis is another process where PI 3-kinase has been implicated. 

The evidence originates from experiments where mutation of class I PI 3-kinase 

binding sites on the PDGF receptor resulted in inability of PDGF to induce DNA
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synthesis (Fantl et al., 1992; Valins and Kazlauskas, 1993). Consistent with this, 

inhibition of PI 3-kinase by wortmannin or LY294002 or by microinjection of 

neutralizing antibodies had the same effects (Gille and Downward, 1999; Roche et al., 

1998; Vanhaesebroeck et al., 1999b). It has been shown that PDGF stimulation of 

HepG2 hepatocarcinoma cells leads to a biphasic elevation of PtdIns-3 ,4 -P2 and PIP3 

levels (Jones et al., 1999). The first peak is acute and occurs within a few minutes and 

coincides with transition fi’om the resting GO to the G1 phase, whereas the second 

wave of phosphoinositide production is much broader (3-7h post-stimulation) and 

precedes entry into the S phase. Inhibition of the second, but not o f the first peak 

prevented stimulation of DNA synthesis. Importantly, addition of synthetic 

phosphoinositides to the inhibitor-treated cells did rescue DNA synthesis but it did not 

fully substitute for PDGF, a finding implying that synergistic activation of additional 

pathways is necessary for stimulation of DNA synthesis. A candidate could be the 

Ras/MAP kinase pathway which is known to be activated by PDGF (McCormick,

1999).

There is a multitude of data showing a number of ways by which PI 3-kinase 

influences entry to the S phase. Firstly, activation of PI 3-kinase resulted in 

accumulation of cyclin D (Gille and Downward, 1999). Cyclin D binds and activates 

cyclin dependent kinases 4 and 6 (cdk4/6) which play a role to the activation of E2F 

transcription factors. Consistent with this, expression of a constitutively active p i 10a 

in fibroblasts induced cdk2 and cdk4 (Klippel et al., 1998). Secondly, another 

mechanism by which PI 3-kinase exerts its effects might be by regulating other 

components of the cell cycle control machinery such as the CDKIs (cyclin dependent 

kinase inhibitors). And indeed, it has been shown that treatment o f mouse embryo 

fibroblasts with PI 3-kinase inhibitors induces growth arrest which is at least partially 

dependent on elevated p27’“’’' levels (Collado et al., 2000; Medema et al., 2000) and 

that in T cells PI 3-kinase downregulates the levels of the CDKI p27'"’'* (Brennan et al.,

1997). Thirdly, phosphorylation of cyclin D1 on Thr286, which targets cyclin D1 for
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degradation by the proteasome is thought to be carried out by GSK3p and consistently, 

it increases after treatment with PI 3-kinase inhibitors (Diehl et aL, 1998).

With regard to the specific molecular mediators of the above effects of PI 3- 

kinase, one obvious candidate is PKB because it has been shown that PKB directly 

phosphorylates and inactivates the members of the FoxO subfamily of Forkhead 

transcription factors AFX, FKHR, FKHR-Ll (Biggs et aL, 1999; Brunet et aL, 1999; 

Kops et aL, 1999). The promoter contains multiple putative forkhead

transcription factor binding sites (Dijkers et aL, 2000) and it has been demonstrated that 

AFX and FKHR-Ll factors trancriptionally activate p27’"''* (Dijkers et aL, 2000; 

Medema et aL, 2000). Thus, it seems plausible that activation of PKB by PI 3-kinase 

might reduce p27‘"’’*levels by phosphorylating and inactivating the forkhead family 

transcription factors which are responsible for its transcription. This in turn would 

promote the transition from G1 to the S phase (Collado et aL, 2000; Medema et aL,

2000). Another mechanism of PKB action might be through phosphorylation of 

GSK3p which would prevent cyclin D1 Thr286 phosphorylation and subsequent 

degradation (Diehl et aL, 1998).

A second potential mediator of the PI 3-kinase activation effects on DNA 

synthesis is p70-S6K. It has been demonstrated that the immunosuppressant rapamycin 

which directly inhibits mTOR and prevents activation of p70-S6K has an impact on PI 

3-kinase-induced cyclin D expression (Muise-Helmericks et aL, 1998; Takuwa et aL,

1999), cdk activation (Klippel et aL, 1998), E2F activation (Brennan et aL, 1999) and 

S phase entry (Klippel et aL, 1998). It is possible that upregulation of protein synthesis 

mediated by activation of p70-S6K might include elevated translation of cyclin D. 

Further, p70-S6K activation provides a link between PI 3-kinase-stimulated growth 

and DNA synthesis. However, a recent study investigated the relationship between cell 

growth and cell cycle progression in mammalian cells and found that these are separable 

and thus dinstict processes (Fingar et aL, 2002). More specifically, several mammalian 

cell lines were either treated with chemical agents or transfected with proteins known to
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block cell cycle progression and then the size and DNA content of these cells were 

analyzed by flow cytometry. It was found that cells continued to increase in size even 

though cell division was blocked. Inversely, rapamycin-treated cells progressed 

through the cell cycle and proliferated at reduced cell size.

1.2.3 PI 3-kinase and apoptosis

It is generally thought that PI 3-kinase exerts an anti-apoptotic role. This view has been 

formed as a consequence of experimental data showing that inhibition of PI 3-kinase 

induces apoptosis. Conversely, activation of PI 3-kinase delays apoptotic cell death 

(Dudek et al., 1997; Khwaja et al., 1997; Kulik et al., 1997; Yao and Cooper, 1995). 

However, more recent findings suggested that certain cell types are able to survive for 

long periods under inhibition of PI 3-kinase activity. These cells arrest at the G 1 phase 

instead of dying (Collado et al., 2000; Gille and Downward, 1999). In p i 10a knock

out mice a proliferative defect, but not an increase in apoptosis is evident (Bi et al.,

1999). Furthermore, Drosophila larvae deficient of class I PI 3-kinase lived normally 

for a 20-day period (Weinkove et al., 1999). Conversely, it has been demonstrated that 

over-activation of PI 3-kinase can promote apoptosis. Expression of an inducible 

p i 10a in fibroblasts resulted in abnormal entry into the S phase, cell cycle arrest and in 

the absence of serum in apoptosis (Klippel et al., 1998). Thus, it seems the requirement 

of PI 3-kinase activity for survival is not a universal feature. In light o f the recent 

findings, it seems more likely that requirement for PI 3-kinase activity for survival is 

part of a mechanism operating in a cell type-specific manner.

With respect to the molecular mediators of these effects, it seems that PKB/Akt is 

once again the key molecule. PKB/Akt delays cell death in a variety of cell types upon 

different apoptotic stimuli (Downward, 1998; Franke et al., 1997). Several 

mechanisms have been proposed to explain PKB/Akt actions in this pathway. It has 

been shown that PKB directly phosphorylates BAD (Bc1-2/Bc1-Xl-Antagonist, causing 

cell Death), a protein that binds the anti-apoptotic proteins Bcl-2 or Bc1-Xl thus
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preventing their anti-apoptotic function. Phosphorylation of BAD results in its binding 

to 14-3-3 proteins, thus releasing Bc1-2/Bc1-Xl and allowing them to exert their 

antiapoptotic effects (Downward, 1999).

Also, regulation of Caspase-9 activity has been proposed as a mechanism for 

PKB/Akt action. Caspase-9 is a protease that plays a key role in the initiation o f the 

apoptotic processes. Direct phosphorylation and inactivation of human caspase-9 by 

PKB/Akt has been reported (Cardone et al., 1998). However, this phosphorylation site 

does not exist in other species homologs. Nor has it been found phosphorylation of 

these homologs by PKB in vitro (Fujita et al., 1999; Rodriguez et al., 2000). 

Therefore, the significance of this mode of regulation is not clear at the moment. It is 

also o f interest that it has been reported that PKB is itself a substrate of caspases in 

apoptotic cells induced by Fas (Widmann et aL, 1998), anoikis (Bachelder et al., 2001) 

and cytokine withdrawal (Xu et al., 2002). In the latter case, the primary site of 

cleavage is Asp462 which is just upstream of the hydrophobic motif (Xu et al., 2002). 

The truncated product is catalytically inactive and hence functions as a dominant 

negative to promote apoptosis.

Another potential mode of anti-apoptotic function of PKB is via phosphorylation 

of transcription factors such as the members o f the forkhead (FH) family and the NF- 

kB. As mentioned above, phosphorylation of the FH transcription factors by PKB 

renders them inactive by preventing their entry into the nucleus. FH transcription 

factors have been implicated in the transcription of the Fas ligand (Brunet et al., 1999). 

Fas ligand is a well-known inducer of apoptosis which is produced by autocrine and 

paracrine mechanisms and then binds and activates death receptors. Thus, inhibition of 

the FH activity after phosphorylation by PKB would deacrease production of the Fas 

ligand and consequently initiation of apoptotic signalling.

Similarly, PKB has been implicated in the regulation of the transcription factor 

NF-kB activity. In this case, the mechanisms of activation are controversial at the
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moment (Delhase et al., 2000). However, it seems possible that induction o f anti- 

apoptotic genes such as inhibitor-of-apoptosis proteins (lAPs) might confer a mode of 

regulation (Wang et al., 1999; Wang et al., 1998a).

On the other hand, PKB/Akt activation by certain cytokines did not correlate with 

either BAD phosphorylation or survival of hematopoietic cells (Hinton and Welham, 

1999; Scheid and Duronio, 1998). In conclusion, it seems that PI 3-kinase activity does 

exert an anti-apoptotic effect at least in some cell types. However, this function of PI 3- 

kinase appears not to apply universally.

1.2.4 PI 3-kinase and the actin cytoskeleton

The role of PI 3-kinases as mediators of the agonist-stimulated cytoskeletal 

rearrangements has been studied intensively. However, the mode of action of PI 3- 

kinase in this case is not entirely clear. The current evidence points to guanosine 

nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) for small 

GTPases such as Rac and Arf family members as targets for regulation by PI 3-kinase 

activity. These molecules contain PH domains which make them responsive to PI 3- 

kinase signalling. Furthermore, activated small GTPases can in turn stimulate PI 3- 

kinase activity, thus forming a positive feedback loop (Genot et al., 2000; Rickert et 

al., 2000; Tolias et al., 1995; Zheng et al., 1994).

The small GTPase Rac is a primary regulator of actin remodelling of which 

activation is partially PI 3-kinase dependent (Akasaki et al., 1999; Bénard et al., 1999; 

Hawkins et al., 1995). The mode of Rac activation by PI 3-kinase is not clear, but there 

is evidence that this is achieved via activation of the Rac-GEFs Vav-1, Tiam-1 and Sos- 

1. More specifically, it has been shown that PI 3-kinase inhibitors block Rac activation 

by Vav-1 and Tiam-1 (Das et al., 2000; Fleming et al., 2000; Sander et al., 1998). 

Moreover, 3’-phosphorylated inositides interact with the PH domains of Rac-GEFs 

increasing their activity (Das et al., 2000; Fleming et al., 2000; Han et al., 1998b; 

Rameh et al., 1997a; Sander et al., 1998). However, it is not certain whether the PH
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domains of Vav-1, Tiam-1 and Sos-1 bind to PI 3-kinase lipid products in vivo. There 

is also evidence of Rac regulation via Arfs (D'Souza-Schorey et aL, 1997; 

Radhakrishna et aL, 1999; Zhang et aL, 1999). Arfs (AD? ribosylation factors) are a 

family of small GTPases which are involved in the regulation of intracellular membrane 

trafficking. Arfl and Arf6 have been shown to play a role in reorganisation of the actin 

cytoskeleton (D'Souza-Schorey et aL, 1997; Donaldson, 2000; Radhakrishna et aL,

1999). There is a multitude of data showing that PI 3-kinase signalling impinges on Arf 

fimction via the cytohesin family of Arf-GEFs (Venkateswarlu et aL, 1999) and 

probably via the centaurin family of Arf-GAPs (Kam et aL, 2000). However, it is still 

not clear which Arf family members are regulated by PI 3-kinase.

Directional cell migration is a process involving extensive actin reorganization. 

Also, in this case PI 3-kinase has been shown to play an important role. Directional cell 

migration towards a gradient of a chemoattractant has been studied in the slime mold D. 

discoideum and in mammalian leukocytes. The use of GFP fused to several PH 

domains has revealed that an anterior-posterior gradient of PI 3-kinase lipid products is 

formed in response to the external gradient of the chemoattractant (Rickert et aL, 2000). 

Also, microinjection of neuralizing antibodies in a murine macrophage cell line has 

demonstrated a crucial role of pi 106 and to a lesser extent of p i lOp in CSF-1-induced 

cytoskeletal rearrangements and cell motility (Vanhaesebroeck et aL, 1999b). 

Furthermore, studies conducted in leukocytes from pllO y knock-out mice have 

established a role of pllO y in this process. More specifically, neutrophils and 

macrophages fi*om pllO y -/- mice displayed reduced migration toward sites of 

inflammation (Hirsch et aL, 2000; Li et aL, 2000; Sasaki et aL, 2000b).

The mode of action of PI 3-kinase in this case is not entirely clear, but the 

intracellular lipid gradients might induce gradients of activated of Rho and Arf GTPases 

which in turn would lead to asymmetrical actin polymarization. Also, experiments 

performed in slide mould suggest a role for PKB/Akt in this process (Meili et aL,

1999). To this end, PKB/Akt has been demonstrated to phosphorylate and inhibit GTP
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binding of Rac 1 (Kwon et aL, 2000) and to activate the Rac effector kinase PAK (Tang 

et aL, 2000) which is involved in cytoskeletal regulation (Bagrodia and Cerione, 1999). 

More recently, the role of 3’-phosphoinositides in chemotaxis has been further 

established. Furthermore, PTEN has been demonstrated to play a fundumental role in 

this process (Funamoto et aL, 2002; lijima and Devreotes, 2002). These studies 

performed in D. discoideum showed that in response to chemoattractant stimulation, PI 

3-kinase transiently translocates to the leading edge of the chemotaxing cell. In the same 

cell, PTEN exhibits a reciprocal pattern of localization by delocalizing from the leading 

end but remaining associated with the plasma membrane along the lateral sides and at 

the rear of the cell. It was proposed that the presence of PTEN around the lateral sides 

helps steepen the PIP3 gradient and sharpen the subsequent localization o f PH domain- 

containing proteins to the leading edge of the cell (Funamoto et aL, 2002).

1.2.5 PI 3-kinase and vesicular trafficking

PI 3-kinases have been linked to membrane trafficking processes including exocytosis, 

endocytosis and vesicle trafficking (Backer, 2000; Shepherd et aL, 1996). The first 

evidence implicating 3’ phosphorylated phosphoinositides with endocytic machinery 

came from experiments where mutations impairing PI 3-kinase association with PDGF 

receptor interfered with the trafficking of the receptor to the lysosome (Joly et aL,

1994). Although the precise mechanisms through which PI 3-kinases mediate their 

effects on endocytosis have not been identified as yet, these functions have been 

attributed predominantly to class III PI 3-kinases. As mentioned above, the archetypal 

class III PI 3-kinase, the yeast PI 3-kinase Vps34p, was identified as a mutant with 

defective protein sorting to the vacuole (Backer, 2000). The function of Vps34p (and of 

its mammalian ortholog hVps34) and its product PtdIns-3-P became clear after the 

identification of the FYVE domain-containing proteins as effectors of the PtdIns-3-P. A 

key finding was the identification of the endosomal protein EEAl (Early Endosomal 

Antigen 1) as a critical regulator of endosomal fusion in mammalian cells. EEAl
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contains a Rab5-binding domain and a FYVE domain that binds to PtdIns-3-P 

produced by Rab5-associated hVps34. Once recruited to the early endosome via the 

Rab5/Vps34, EEAl is thought to mediate both tethering of adjacent endosomal 

vesicles, and recruitment of components of the vesicular fusion machinery. A role for 

PI 3-kinase has also been demonstrated in phagocytosis (Araki et al., 1996). 

Interestingly, it has been shown that both class I and class III PI 3-kinase participate in 

this process. Class III is essential for both formation and maturation o f the phagosome, 

whereas class I PI 3-kinase is required for optimal phagocytosis but not maturation 

(Vieira et al., 2001). Further, PI 3-kinases have also been implicated in the trafficking 

o f the late endosomes. Once again, several proteins containing FYVE domains have 

been identified as taking part to this process and they are likely to be effectors of 

Vps34p.

PI 3-kinase activity is also required for the efficient sorting of receptors from the 

recycling compartment back to the cell surface. It has been shown that wortmannin 

decreases recycling of transferrin receptors (Li et al., 1995; Shepherd et al., 1995b). 

However, the molecular mechanisms underlying the role of PI 3-kinases in the 

recycling compartment are not very clear at the moment.

A case of endocytic recycling with special interest is the insulin-regulated 

recycling of intracellular GLUT4 vesicles. Translocation of the GLUT4 glucose 

transporter to the plasma membrane was completely abolished by nanomolar 

concentrations of wortmannin thus providing the first evidence of PI 3-kinase 

involvement in this process (Kanai et al., 1993). Both wortmannin and LY294002 has 

been shown to block insulin-stimulated increase in the rate of GLUT4 exocytosis, with 

little effect on the rate of endocytosis (Clarke et al., 1994). Furthermore, addition of 

cell-permeable PIP3 analogs partially overcome wortmannin inhibited GLUT4 

translocation (Jiang et al., 1998). Involvement of class LA PI 3-kinase in this process 

has been demonstrated by the use of dominant-negative forms o f the regulatory

50



Chapter 1 Introduction

subunits (Hara et al., 1994) and by the fact that constitutively active p i 10a induced 

GLUT4 translocation (Frevert and Kahn, 1997; Tanti et a l, 1996).

PKB/Akt appears to play a central role in this process, too. It has been shown 

that insulin stimulates PKB(3 recruitment to GLUT4-containing microsomal vesicles 

(Calera et a l ,  1998). Consistently, a constitutely active PKB form up-regulated 

GLUT4 translocation and glucose transport (Kohn et a l ,  1996; Ueki et a l ,  1998). 

However, overexpression of protein kinase CÇ has been reported to induce GLUT4 

translocation at the same level seen after PKB overexpression (Standaert et a l ,  1997). 

The fact that PKCÇ is known to be regulated by PI 3-kinase (Standaert et a l ,  2001) 

suggests that kinases other than PKB might be involved in GLUT4 translocation.

Finally, evidence exists implicating small GTPases in GLUT4 translocation 

downstream to PI 3-kinase activation. A good candidate for this role is Rab4 since it 

has been implicated in insulin-stimulated release of GLUT 4-containing vesicles fi'om 

the microsomal fraction (Cormont et a l, 1996; Mora et a l, 1997).

1.2.6 PI 3-kinase and metabolism

PI 3-kinase has been implicated in the regulation of several metabolic processes 

(Fig. 1.6). One of them, glycogen synthesis is a major process which in a way 

complements the role of PI 3-kinase in glucose transport. The original evidence comes 

fi’om the use of wortmannin and LY294002 (Cross et a l ,  1997; Sakaue et a l ,  1995; 

Shepherd et a l ,  1995a). Once again, the PI 3-kinase-PKB-GSK3 axis seems to 

mediate this function. Overexpression of constitutively active PKB resulted in increased 

glycogen synthase (GS) activity in L6 myotubes (Ueki et a l, 1998). On the other hand, 

contradictory results have been obtained and it seems more likely that alternative 

pathways lead to glycogen synthase activation by insulin. Indeed, there is evidence that 

INK regulates glycogen synthesis via GSK3 (Moxham et a l ,  1996). Also, rapamycin 

has been shown to attenuate glycogen synthase and glycogen synthesis in muscle and 

3T3-L1 adipocytes without inhibiting insulin-stimulated glucose transport (Cross et a l .
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1997; Shepherd et al., 1995a). It is possible that the rapamycin effect involves 

inhibition of the insulin stimulated translation of glycogen synthase mRNA (Fujita et 

al., 1996). Also, protein phosphatase-1 (PPl) is the main enzyme dephosphorylating 

regulatory sites on glycogen synthase (Lawrence and Roach, 1997) and it has been 

shown that in certain cell types, insulin stimulates PPl activity in a wortmannin- 

sensitive manner (Ragolia et al., 1997).

PI 3-kinase activation plays a role in the regulation of several other enzymes 

involved in glucose metabolism. In cardiac muscle, insulin-stimulated activation of 

phosphofructokinase-2 (PFK-2) is inhibited by wortmannin (Lefebvre et al., 1996). 

Furthermore, it has been shown that PKB phosphorylates and activates PFK-2 in vitro 

(Deprez et al., 1997). However, it was subsequently found that a dominant-negative 

PDKl, but not a dominant-negative form of PKB, prevented the insulin stimulation of 

PFK2 (Bertrand et al., 1999). Since PDKl does not directly phosphorylate PFK-2 in 

vitro, this implies that some other PDKl-activated AGC-kinase member phosphorylates 

PFK-2 rather than PKB (Vanhaesebroeck and Alessi, 2000). ATP-citrate lyase takes 

part in the metabolic pathway of glucose conversion into fatty acids. Insulin stimulates 

ATP-citrate lyase activity in a manner that appeared to be mediated by PI 3-kinase 

activation, since GSK3p has been shown to phosphorylate and decrease this enzyme’s 

activity in vitro (Pentyala and Benjamin, 1995). However, more recently it has been 

reported that PKB directly phosphorylates ATP-citrate lyase on Ser454 (Berwick et al.,

2002). Also, PI 3-kinase is involved in the control o f gluconeogenesis in liver. A 

mechanism regulating this process is the attenuation of glucose 6-phosphatase activity. 

It has been demonstrated that PIP3 acts as a competitive inhibitor of glucose 6- 

phosphatase (Mithieux et al., 1998). Additionally, insulin attenuates gene expression of 

phosphoenolpyruvate carboxykinase (PEPCK) which controls a key step in 

gluconeogenesis and this attenuation is inhibited by PI 3-kinase inhibitors (Sutherland 

et al., 1995). Similarly, upregulation of hexokinase-2 and glucose 6-phosphate
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dehydrogenase (G6PD) gene expression by insulin is also inhibited by wortmannin and 

LY294002 (Osawa et al., 1996; Wagle et al., 1998).

In addition to glucose metabolism, PI 3-kinase has been implicated in signal 

transduction pathways by which insulin regulates both the synthesis and degradation of 

triacylglycerols. Insulin exerts an antilipolytic effect by inactivating hormone-sensitive 

lipase (HSL). PI 3-kinase inhibitors prevent inactivation of HSL, thus blocking the 

antilipolytic effect of insulin (Okada et al., 1994; Rahn et al., 1994). HSL is activated 

following phosphorylation by PKA (Stralfors and Belffage, 1983). Insulin stimulates 

phosphorylation and activation of PDE3B which in turn hydrolyzes cAMP. The 

reduction in cellular cAMP levels attenuates PKA activity thus leading to HSL 

inactivation. PI 3-kinase inhibitors prevent insulin-stimulated phosphorylation of 

PDE3B (Rahn et al., 1994). It has been suggested that PKB/Akt mediates the 

phosphorylation of PDE3B (Wijkander et al., 1998), although it should be noted that 

the major insulin-stimulated phosphorylation site on PDE3B (Rahn et al., 1996) does 

not conform to a PKB/Akt phosphorylation consensus. As discussed further below, 

more recently, it has been demonstrated that PI 3-kinase directly phosphorylates and 

activates PDE3B (Rondinone et al., 2000). Insulin also stimulates de novo fatty acid 

synthesis through acetyl-CoA carboxylase and although activation of the former 

enzyme is clearly not blocked by PI 3-kinase inhibitors, activation of acetyl-CoA is 

wortmannin-sensitive, thus implying a role of PI 3-kinase in this process (Moule et al., 

1995). Finally, PI 3-kinase has been implicated in the production and secretion of very- 

low-density lipoprotein by the liver, since PI 3-kinase inhibitors prevent insulin from 

inhibiting apolipoprotein B incorporation into very-low-density lipoprotein (Phung et 

al., 1997).
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Figure 1.6 Major metabolic processes regulated by PI 3-kinase signalling
Insulin stimulates glucose uptake and catabolism and also exerts an antilipolytic 
effect on target tissues. Activation of PI 3-kinase occurs downstream the insulin 
receptor. The diagram depicts the signalling pathways activated downstream of PI 
3-kinase (see text for details). The designation "on-off" refers to the active-inactive 
state of each enzyme.

1.2.7 PI 3-kinase and regulation of protein synthesis

Various growth factors regulate protein synthesis in a complex manner, which 

involves stimulation of certain aminoacids uptake, gene transcription and mRNA 

translation. PI 3-kinase has been shown to mediate many of these processes. PI 3- 

kinase inhibitors block insulin-stimulated uptake of eertain aminoacids (Tsakiridis et 

al., 1996).
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The acute effects of growth factors on protein synthesis are mediated mainly by 

increases in the rate of translation of existing mRNAs (Proud and Denton, 1997). The 

rate of translation is regulated by the fiinctional state o f the initiation and elongation 

complexes. PI 3-kinase has been shown to influence this process in several ways (Fig. 

1.7): The eukaryotic initiation factor 2B (eIF2B) becomes dephosphorylated and 

activated in response to insulin as a consequence of activation of the PI 3-kinase- 

PKB/Akt-GSK3 axis (Welsh et al., 1997). Also, insulin induces dephosphorylation 

and activation of the eukaryotic elongation factor-2 (eEF2) and this results in 

acceleration of translation elongation. This process has been shown to be both 

wortmannin- and rapamycin-sensitive, as both of these inhibitors block insulin’s 

inhibitory effect on a kinase upstream of eEF2 (Redpath et al., 1996). SAPK4/p386 

has been shown to be the kinase that directly phosphorylates and inactivates eEF2 

following the identification of eEF2 in a screen for SAPK4/p38ô substrates (Knebel et 

al., 2001).

Furthermore, insulin stimulates the phosphorylation of the eukaryotic initiaton 

factor 4E (elF4E) binding protein-1 (4EBP1, alternatively known as PHAS-I). eIF4E 

is a constituent of a complex mediating the initiation of translation of an mRNA subset, 

termed 5’-cap-mRNAs (see Chapter 5). In resting cells, 4EBP1 binds eIF4E thus 

preventing it from taking part in the formation of the translation initiation complex. 

Upon agonist stimulation, 4EBP1 becomes phosphorylated and this causes dissociation 

of the eIF4E/4EBPl complex thus relieving the inhibition of translation o f the 5’-cap- 

mRNAs (Diggle et al., 1996; von Manteuffel et al., 1996). Multiple phosphorylation 

sites exist on 4EBP1 and they have been shown to be both wortmannin- and 

rapamycin-sensitive implicating PI 3-kinase and mTOR in the regulation of these 

phosphorylations (Fig. 1.8). It has been reported that PKB directly phosphorylates 

mTOR in Ser2448 and that the phosphorylation of this site is stimulated by insulin and 

attenuated by aminoacid deprivation (Nave et al., 1999). However, there is no 

correlation between mTOR phosphorylation and changes in its enzymatic activity. It has
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demonstrated that mTOR directly phosphorylates 4EBP1 (Brunn et al., 1997). 

Interestingly, one of these phosphorylation sites, Seri 11, although wortmannin- 

sensitive, is rapamycin-resistant implying that a kinase other than mTOR mediates its 

phosphorylation (Heesom et al., 1998).

PI3K

PIP2 P1P3 — ..-► mTOR(on)

PKB (on) PDKl(on)

eEF2 kinase (ofiO

GSK3 (off)

I
eIF2B (on)

I
Formation of the 

preinitiation 
complex

eEF2 (on) eEF2 (off)

PP2A

Activation of
translation
elongation

Figure 1.7 Signalling pathways likely to be involved in the activation of overall 
translation initiation and translation elongation by insulin
Activation of PI 3-kinase downstream the insulin receptor results in activation of 
PKB. The latter phosphorylates and inactivates GSK3, w hich otherw ise 
phosphorylates and inactivates eIF2B, This results in increased availability of eIF2B 
in its active form, which in turn contributes to the overall activation of peptide-chain 
initiation by insulin. Activation of eEF2 is rapamycin-sensitive thus implying a role 
of mTOR in the process. The initial view involved activation of protein phosphatase 
2A (PP2A), but more recent data suggest that dephosphorylation of eEF2 must be a 
consequence of inactivation of the cognate kinase rather than activation of PP2A. 
Dephosphorylation results in activation of eEF2 and hence of overall peptide-chain 
elongation. The designation "on-off" refers to the active-inactive state of each 
enzyme.

Furthermore, the PI 3-kinase pathway has also been implicated in the regulation 

of translation of a special subset mRNAs that contain oligo-pyrimidine tracts at their 

5’-termini (5’-TOP mRNAs) and encode ribosomal proteins and translation elongation
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factors (Thomas and Hall, 1997). The key mediator of this pathway is p70-S6K, which 

as described above, is activated downstream of PI 3-kinase in a PDKl-dependent 

manner. p70-S6K in turn phosphorylates the 40S ribosomal protein, S6. This 

phosphorylation leads to increased incorporation and consequently translation of 5’ 

TOP mRNAs by S6-containing polysomes. In this way, p70-S6K activation enhances 

ribosome biogenesis and promotes protein synthesis.

PI3K
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mTOR
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4EBP1 4EBP1
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Figure 1.8 Role of PI 3-kinase in the regulation of translation initiation
PI 3-kinase activation results in phosphorylation of 4EBP1 at m ultiple sites. One of 
them , S e r l l l  is rapam ycin-insensitive and its phosphory lation  may facilitate 
phosphorylation of the other five Pro-directed sites, which are rapamycin-sensitive. 
M ultiple phosphorylation of 4EBP1 results in dissociation of the eIF4E/4EBPl 
complex thus freeing eIF4E. eIF4E together w ith initiation factors eIF4A and eIF4G 
assemble to form the eIF4F complex which is able to facilitate initiation of translation.

1.2.8 Class I PI 3-kinase isoform-specific functions

As mentioned above, there are several isoforms of the catalytic and regulatory subunits 

of class I PI 3-kinase. Several approaches have been applied in an effort to discriminate 

among the specific functions of the various isoforms. The classical approach of stable
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overexpression has not been possible to be applied in this case since overexpression of 

the regulatory subunits has a dominant-negative effect by competing with endogenous 

PI 3-kinase for recruitment to activated receptors. Furthermore, overexpression o f the 

catalytic subunit is problematic, since the p i 10 catalytic subunits appear to be unstable 

as monomers and get inactivated (see below). Therefore, other methods including 

microinjection of isoform-specific neutralizing antibodies and gene-targeting in mice 

have been used instead.

1.2.8.1 Biochemical and cell biological studies o f the iso form -sp ecific  
functions

Several studies have been conducted with microinjection of neutralizing antibodies and 

have attributed specific functions to different p i 10 isoforms. It has been demonstrated 

that p i 1 Got is involved in cell proliferation induced by PDGF, EGF and insulin but not 

in bombesin- or LPA-mediated mitogenic responses (Roche et al., 1998; Roche et al.,

1995). p l i  Op was found to be necessary for LPA- and insulin-stimulated but not 

PDGF-stimulated proliferation (Roche et al., 1998). Also, it has been reported that 

CSFl induction of DNA synthesis in macrophages requires p i 10a, but not p i lOp or 

p i 10Ô. In the same study, it was shown that pl lOp and pi  10Ô, but not p i 10a regulate 

actin cytoskeleton and cell migration (Vanhaesebroeck et al., 1999b). A study 

performed in endothelial cells found that p i 10a and not pl lOP controlled actin 

reorganization induced by PDGF, whereas the inverse was true for insulin 

(Hooshmand-Rad et al., 2000).

These data suggest that the final output of a specific signal is determined by a 

combination of differences intrinsic to the various PI 3-kinase isoforms and receptor- 

specific control. Different receptors display distinct routing and recycling mechanisms 

which could target various PI 3-kinases to specific subcellular compartments (Nave et 

al., 1996; Ricort et al., 1996).
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Intrinsic differences in the catalytic properties of the various isoforms of class lA 

PI 3-kinase may also contribute to isoform-specific functions. It has been reported that 

the two widely expressed class lA PI 3-kinase isoforms p i 10a and p l lOp differ in 

their catalytic properties both as lipid and protein kinases (Beeton et al., 2000). p i 10a 

displays higher Km and Vmax for both phosphatidylinositol and phosphatidylinositol-

4,5-bisphosphate when these substrates are at high concentration, whereas this is 

reversed at low concentrations of substrate and p i lOp displays higher activity. The cell 

membrane presents heterogeneity with respect to the distribution of phosphoinositides, 

with low density lipid rafts containing localized concentrations of phosphoinositides 

(Liu et al., 1998; Waugh et al., 1998). Furthermore, a number of growth factor 

receptors concetrate at the so-called caveolae which are invaginated forms of these 

membrane lipid rafts (Anderson, 1998). These differences in the catalytic properties 

raise the possibility that the two PI 3-kinase isoforms operate in dinstinct membrane 

environments, p i 10a  could be the major phosphorylating enzyme at lipid rafts and 

caveolae where higher concentration of phosphoinositides are present and p i lOP could 

exhibit higher catalytic activity in regions with lower phosphoinositide content. It is 

also known that different growth factors (e.g. insulin and PDGF) can activate spatially 

dinstict pools of PI 3-kinase (Nave et al., 1996; Ricort et al., 1996). Therefore, 

differential recruitment of PI 3-kinase isoforms to dinstinct intracellular locations of 

favorable phosphoinositide substrate concentration for each of these isoforms could 

result in specificity in growth-factor signal transduction.

Intrinsic differences among PI 3-kinases also include their isoform-specific 

protein kinase activity (Beeton et al., 2000; Vanhaesebroeck et al., 1999c), although its 

significance with respect to isoform-specific function has not been demonstrated as yet, 

and isoform-specific protein-protein interactions. More specifically, it has been reported 

that p i lOp but not p i 10a is activated by Gpy subunits (Kurosu et al., 1997; Yart et 

al., 2002b). Also, p i lOp but not p i 10a interacts with Rab5 (Christophoridis et al.,

1999) and p i lOp and p i 105 interact with Ras under conditions of redox stress (Deora
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et al., 1998). Moreover, p i lOp but not p i 10a is recruited to glucose transport vesicles 

upon insulin stimulation (Wang et al., 1998b). Also more recently, extensive evidence 

has been presented linking specifically p llO p with insulin-mediated glucose transport 

activity (Asano et al., 2000). Finally, the association of the p i 10 catalytic isoforms 

with various class lA adaptor subunits, which present great diversity at their N-termini, 

directs interactions with different binding partners as well as different subcellular 

localization and level of enzymatic activation. Furthermore, various receptors 

preferentially recruit certain adapter isoforms thus adding an additional line of 

complexity in the regulation of the various catalytic isoforms (see below. Regulation of 

PI 3-kinase).

1.2.8.2 Gene targeting studies

Gene targeting has been reported for two out of three mammalian adapter subunit 

genes. Targeting of the first exon of p85a still allows the production of the splice 

variants p55a and p50a (Suzuki et al., 1999). These animals are viable but develop B 

cell immunodeficiency. However, their T cells appear to be normal, presumably due to 

compensatory overexpression of the splice variant p50a which was not observed in B 

cells. Quite unexpectedly, these mice exhibited increased insulin sensitivity and 

hypoglycemia (Terauchi et al., 1999). This study provided the first direct evidence that 

PI 3-kinase and its regulatory subunits have a crucial role in glucose homeostasis and 

glucose transport in vivo. It also proved that p85p and p55y cannot compensate for 

p85a loss, which then appears to be indispensable.

Gene targeting that disrupts all isoforms of p85a results in perinatal lethality 

(Fruman et al., 1999b). These animals exhibit liver and brown fat necrosis and 

calcification of cardiac tissue (Fruman et al., 2000). Upregulation of p85p expression 

was evident, but the protein levels of both catalytic isoforms p i 10a and pllO P were 

greatly reduced, and this might be the cause of lethality. However, these mice also 

display hypoglycaemia, lower insulin levels and increased glucose tolerance suggesting
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that splice isoforms p50a and p55a are required for survival but not for development 

of hypoglycemia in mice lacking only full-length p85a. Immunologically, these 

animals show impaired B cell development and function, but again their T cells remain 

unaffected (Fruman et a l, 1999b).

Deletion of the p85(3 gene has also been reported in mice (Ueki et a l ,  2002b). 

These mice resemble those of the p85a knock-out in that they also display 

hypoinsulinemia, hypoglycemia and improved insulin sensitivity. Apart from these 

features no other phenotype has been described for these animals.

With respect to the catalytic subunit, targeted disruption has been reported for all 

class I isoforms. Deletion of the first exon of the p i 10a gene in mice results in 

embryonic lethality owing to a profound proliferative defect (Bi et a l ,  1999). 

Consistently, cells isolated from tissue explants of these embyos failed to grow in 

culture. Intriguingly, these embryos overexpress p85a. Overexpression of p85a can 

have a dominant-negative effect by competing with functional heterodimers for binding 

to phosphotyrosine (see below. Regulation of PI 3-kinase), hence potentially 

interfering with the function of the other catalytic isoforms. Therefore, in this case the 

observed phenotype cannot be attributed with certainty to the loss of p i 10a. More 

recently, targeted deletion of a part of the p i lOp gene corresponding to C-terminus of 

the protein has been reported by the same group (Bi et a l ,  2002). Deficiency of p i lOP 

in this case results in embryonic lethality that occurs very early after fertilization. 

Interestingly, crossbreeding of pllO a+/- and p i 10P+/- heterozygotes gives fully viable 

offspring, hence indicating that expression of one allele of each isoform is sufficient for 

normal development even when the other isoform is also haploinsufficient. It should be 

mentioned that in both cases of p i 10a and p i lOp targeting, transcripts of the partially 

deleted genes were detected, thus leaving open the possibility that alternate forms of 

p i 10 proteins could still be expressed and these might exert aberrant functions.

61



Chapter 1 Introduction

In contrast, pllO y knock-out mice are viable and fertile, displaying a leukocyte 

specific phenotype. More specifically, they display impaired inflammatory response, 

which could be attributed to decreased migration of monocytes/macrophages and 

neutrophils (Hirsch et al., 2000; Li et al., 2000; Sasaki et al., 2000b). Development 

and activation was mildly affected for T cells and largely normal for B cells (Li et al., 

2000; Sasaki et al., 2000b). These findings could validate pllO y as a target for anti

inflammatory drugs. Intriguingly, 40% of mice from one of these lines have been 

reported to develop colorectal carcinomas (Sasaki et al., 2000a). The reasons for this 

are not clear, but the other two independently created strains did not develop any 

tumors (Barbier et al., 2001).

More recently, generation of a mouse expressing a catalytically inactive form of 

p i 105 in the place of the wild-type has been reported (Okkenhaug et al., 2002). The 

mice are viable and fertile, but they display immunological phenotype. Antigen receptor 

signalling is impaired in both B and T cells and their immune responses are attenuated 

in vivo. They also develop mild inflammatory bowel disease. Therefore, it seems that 

p i 10Ô plays a unique role in antigen receptor signalling that is not readily compensated 

by p i 10a or p i lOp.

Taken altogether the above studies provided important information with regard to 

the specific functions of the various PI 3-kinase isoforms. They also highlighted the 

importance of the targeting strategy applied, as it appears that there is a close 

interrelationship between class lA regulatory and catalytic subunits. Thus targeting 

strategies that do not disturb the molecular balance of the regulatory and catalytic 

subunits as well as generation of conditional knock-outs could be more appropriate for 

studying the biology of PI 3-kinases.
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1.3 REGULATION OF THE CLASS-IA PI 3-KINASE

The regulation of the enzymatic activity of the heterodimeric p85/pllO PI 3-kinase has 

been the subject of several studies. Although a large volume of data has been 

accumulated as the output of the above studies, the issue of PI 3-kinase regulation is 

still far from resolved. Several modes of regulation of PI 3-kinase have been identified 

so far and are discussed in detail below.

1.3.1 The role of the p85 regulatory subunit

As mentioned above, the typical form of class lA PI 3-kinase is a heterodimer o f an 

85kDa regulatory and a llOkDa catalytic subunit. The modular structure of the p85 

subunit constitutes the basis of its regulatory functions. More specifically, it comprises 

one SH3 domain, a BH (Breakpoint Cluster Region Homology) domain flanked by 

two proline-rich regions, one N-terminal SH2 (N-SH2) domain, an inter-SH2 (iSH2) 

region containing the p i 10-binding site and one C-terminal SH2 (C-SH2) domain, all 

of which appear to contribute to the regulation of the enzyme. Two isoforms of the 

85kDa regulatory subunit have been identified, namely p85a and p85(3, which are 

products of different genes. Also, two truncated versions, AS53 (also known as p55a) 

and p50a are splicing variants of the p85a gene (Inukai et al., 1996; Inukai et al., 

1997). Both splice variants share an N-SH2/iSH2/C-SH2 structure, but they lack the 

SH3, BH and N-terminal proline-rich domains, which have been replaced by a unique 

region of 34 and 6 aminoacids, respectively. Additionally, a third gene product termed 

p55y has been identified (Pons et al., 1995). This also has an N-SH2-iSH2-C-SH2 

structure highly homologous to p85a and an N-terminal 34-aminoacid region similar to 

that of AS53. Three isoforms of the llOkDa subunit have been identified in complex 

with p85, designated p i 10a, p i 10(3 and p i 108.

The p85 subunit plays a crucial role in the function of the heterodimer. There is a 

discrepancy between the activities of p i 10a  expressed in mammalian and insect cells, 

respectively. When p i 10a is expressed in mammalian cells, it is unstable as a
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monomer and requires coexpression of p85 for activity (Hiles et al., 1992; Klippel et 

al., 1994). On the contrary, p i 10a expressed as a monomer in insect cells is 

catalytically active (Hiles et al., 1992). Yu et al. demonstrated that monomeric p i 10a is 

conformationally labile and becomes rapidly inactivated, losing half of its activity after 

30min at 35°C (Yu et al., 1998b). In contrast, the activity of p85/pl 10a heterodimers 

was minimally affected under the same conditions. This finding explained the 

discrepancy between mammalian and Sf9 cells, because Sf9 cells are cultured at 29°C 

instead of 37°C for mammalian and apparently this confers the higher stability observed 

with p i 10a expressed in insect cells. Indeed, expression of p i 10a in mammalian HEK 

293 cultured at 30°C greatly improved its stability. Furthermore, it was also found that 

addition of a bulky tag at the N-terminus of p i 10a supplanted the requirement for p85. 

Either addition of an N-terminal bulky tag or coexpression with p85 increased the half- 

life of p i 10a measured in metabolically labeled HEK 293 cells. These experiments 

showed that the regulatory subunit stabilizes the catalytic subunit p 11 Oa. Furthermore, 

they expressed p i 10 in insect cells either alone or together with p85 and found that 

coexpression with p85 caused a reduction in the lipid kinase activity compared to 

monomeric p i 10a. Importantly, the same inhibition occurred after in vitro 

reconstitution of separately expressed and isolated p85 and p i 10a subunits. The 

inhibitory effect of p85 was not dependent on its phosphorylation state, since 

dephosphorylation of Sf9-expressed p85 with protein phosphatase-1 did not abolish its 

inhibitory properties. These experiments showed that this inhibitory effect is a different 

phenomenon than the inhibitory phosphorylation of p85 by the intrinsic protein kinase 

activity of p i 10 (discussed in detail further below). In summary, although the 1 lOkDa 

catalytic subunit can be active as a monomer, it is however unstable and prone to 

thermal inactivation and the p85 subunit stabilizes but inhibits the catalytic activity of 

the p i 10 subunit.
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1.3.1.1 Differential effects of the various regulatory subunits

There is now adequate evidence that supports differential function o f the several 

regulatory subunits and their splice variants. Various insulin responsive cell types 

express virtually all eight regulatory subunits, but p85a is usually the dominant form 

(Antonetti et ah, 1996; Inukai et ah, 1997). p85p, although it does bind to 1RS proteins 

(Shepherd et ah, 1997) and also, in certain cell types, associates with higher PI 3- 

kinase activity than p85a (Baltensperger et ah, 1994), it has been reported to show 

little stimulation by insulin (Baltensperger et ah, 1994; Inukai et ah, 1997).

Ueki et ah have performed detailed studies to assess the effect dimerization with 

each of the p85a and its splice variants has on p i 10 catalytic activity (Ueki et ah, 

2000). They applied adenovirus-mediated gene transfer to overexpress each of the 

above regulatory subunits in fully differentiated L6 myotubes. They found that PI 3- 

kinase activity associated with p50a was 2-3-fold higher than that associated with p85, 

whereas the AS53 associated activity was intermediate between those associated with 

p85a  and p50a. Also, expression of p85a or AS53, but not p50a, decreased PI 3- 

kinase activity associated with phosphotyrosine immunoprecipitates. When association 

with tyrosine phosphorylated IRS-1 and IRS-2 was assessed, AS53 had a much lower 

affinity than p85a and p50a for both proteins. Alterations in PI 3-kinase activity in 

every case correlated with corresponding changes PKB/Akt and p70S6K activity. As 

mentioned above, overexpression of the regulatory subunit results in a reduction in the 

enzymatic activity of p i 10 catalytic subunit. To test whether this reduction was due to 

direct competition between the free regulatory subunit and the fimctional heterodimer 

for binding to phosphotyrosine or the regulatory subunit inhibits p i 10 catalytic activity 

by an allosteric mechanism, increasing amounts of each regulatory subunit were 

coexpressed with p i 10a. It was found that overexpression of p85a and AS53, but not 

p50a, resulted in reduction of PI 3-kinase activity in p i 10a immunoprecipitates. 

Moreover, when a p85a deletion mutant lacking the p i 10-binding site (Ap85) was
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used, the reduction in lipid kinase activity was apparent only in phosphotyrosine and 

not in p i 10 immunoprecipitates. These data indicated that the regulatory subunits exert 

a direct inhibitory effect on the catalytic subunit associated with them. Thus, both 

competition for phosphotyrosine and direct inhibition of p i 10 catalytic activity appear 

to regulate PI 3-kinase activity. In conclusion, these studies demonstrated that the 

various regulatory subunits can differentially modulate PI 3-kinase activity. Since p85a 

and its splice variants only differ in their N-termini, it is reasonable to assume it is this 

region that confers unique properties to each one of them with respect to their effect on 

p i 10 catalytic activity. However, it is still unclear whether the inhibition of the p i 10 

catalytic activity observed in this study was a direct effect of the regulatory subunit or 

mediated by other molecules interacting with the N-terminal region of the regulatory 

subunit.

1.3.2 p85 mediated protein-protein interactions

The p85 regulatory subunit has been reported to interact with a multitude of cellular 

proteins. These interactions can regulate PI 3-kinase either by directly modulating 

enzymatic activity or by localising the enzyme in specific cellular compartments. The 

SH3 domain binds and stimulates the activity of the GTP-binding protein dynamin 

(Gout et al., 1993) and may also interact with proline rich motifs within the p85 protein 

itself, hence leading to homodimerization (Harpur et al., 1999, Kapeller et al, 1994). 

The small GTPases Rac and Cdc42 have been shown to interact with the BH domain 

and activate the lipid kinase as a result (Beeton et al., 1999, Zheng et al., 1994). The 

N-terminal proline-rich motif interacts with src-family tyrosine kinases (Pleiman et al.,

1994) and the adaptor protein Grb-2 (Wang et al., 1995). p85 also binds constitutively 

to oc/p-tubulin and to y-tubulin in response to insulin (Kapeller et al., 1993; Kapeller et 

al., 1995). It has been reported that the unique N-terminal 34 residues of p55a and 

p55y interact with tubulin as well (Inukai et al., 2000). In addition, it has been shown 

that ligand-bound oestrogen receptor interacts with p85 and activates PI 3-kinase and
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consequently PKB/Akt (Simoncini et al., 2000). Negative regulation of PI 3-kinase 

activity through binding of the p85a SH3 domain v^ith a proline-rich region of the 

newly identified adaptor protein Ruk, has also been reported (Gout et al., 2000).

1.3.3 Binding to tyrosine phosphorylated proteins

The SH2 domains are of fundamental importance for the enzymatic function of PI 3- 

kinase, since they bind to phosphotyrosine residues of activated growth factor receptors 

and adaptor molecules such as the PDGF receptor, the insulin receptor and the insulin 

receptor substrate-1 (McGlade et al., 1992; van Horn et al., 1994). In this manner, they 

dock the enzyme on the plasma membrane. With respect to the sequence specificity of 

the p85 SH2 domains, it has been found that both o f them have high selectivity for 

binding phosphorylated YXXM, and especially YMXM sequences (where X any 

aminoacid), a specificity not shared by SH2 from other proteins. There is, however, a 

slight variance in the exact specificities of the N- and C-SH2 domains (Panayotou et 

al., 1993; Songyang et al., 1993). To date, numerous studies have been conducted to 

clarify whether binding to phosphotyrosine causes an increase in enzyme specific 

activity or functions solely by recruiting the heterodimer to the plasma membrane, 

where its natural substrate, phosphatidylinositol-4,5-bisphosphate resides. Experiments 

with synthetic peptides corresponding to tyrosine phosphorylated regions of either the 

PDGF receptor or the IRS-1 have shown that they truly activate the enzyme lipid kinase 

activity (Backer et al., 1992; Carpenter et al., 1993a; Layton et al., 1998; Rordorf- 

Nikolic et al., 1995; Yu et al., 1998a). However, this activation was evident only when 

phosphatidylinositol was used as a substrate and not with phosphatidyl inositol-4,5 - 

bisphosphate, which is considered to be the main physiological substrate of class I PI 

3-kinase (Layton et al., 1998). Furthermore, in the same study, no effect was observed 

on the protein kinase activity of the enzyme. Also, the activity of heterodimeric PI 3- 

kinase stimulated by tyrosine phosphorylated peptides never exceeded the activity of 

monomeric p 11 Oa, thus showing that the effect of the phosphopeptides represents a
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disinhibition rather than a genuine activation of p i 10a catalytic activity (Yu et ah, 

1998b).

1.3.4 Tyrosine phosphorylation of the regulatory subunit

Another mode of PI 3-kinase positive regulation is via tyrosine phosphorylation of the 

regulatory subunit. It has been shown that insulin receptor directly phosphorylates 

tyrosines 368, 580 and 607 on p85 (Hayashi et al., 1992; Hayashi et al., 1993). Also, 

the PDGF receptor phosphorylates Tyr508 (Kavanaugh et al., 1994). More recently, 

Tyr688 in the p85 C-terminal SH2 domain was reported to become phosphorylated by 

the Abl and Lck members of the src family of tyrosine kinases in hematopoietic cells 

(von Willebrand et al., 1998). This process has been shown to be reversed by the p85- 

associated SH2 domain-containing phosphatase SHPl (Cuevas et al., 1999). 

Furthermore, it has been demonstrated that Tyr688 phosphorylation is sufficient to 

allow intramolecular binding to the N-terminal SH2 domain of p85, which in turn 

relieves the inhibitory effect that the p85 exerts on the catalytic activity of p i 10 (Cuevas 

et al., 2001).

1.3.5 Ratio of the regulatory and catalytic subunit

Recently, it has been demonstrated that the molecular balance between the regulatory 

and the catalytic subunit regulates signalling generated by PI 3-kinase (Ueki et al., 

2002a). More specifically, it was shown that in cells, the p85 subunit is in excess of 

p i 10. Thus, the monomeric p85 is competing with the p85/pllO dimers for 

phosphotyrosine binding. The experiments were performed in fibroblastic cell lines 

derived from Pik3rl (p85a gene) knock-out (KO) embryos. It was shown that while 

PI 3-kinase activity associated with p85a was completely abolished in null (Pik3rl-/-) 

cells, in heterozygous KG (Pik3rl+/-) cells it was unaffected. Moreover, there was no 

significant difference in IGF-1-stimulated PI 3-kinase activity associated with 

phosphotyrosine immunoprecipitates between wild-type and heterozygous KG cells, 

whereas this was decreased by 50% in null cells. This somewhat surprising finding
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was explained when sequential immunoprécipitations with p i 10 antibodies showed that 

in pllO-depleted cell lysates, there was still remaining p85. In this manner, it was 

found that the ratio of p85/pllO dimer to p85 monomer was about 2:1 in wild-type 

cells. This was increased to 3:1 in heterozygous KO and to 7:1 in null cells, although in 

the latter case the absolute amount of the heterodimers was also dramatically decreased. 

The levels of PIP3 in IGF-1-stimulated cells were also higher in heterozygous KG cells 

than wild-type cells and this also reflected to PKB/Akt activity, although not to p70- 

S6K. Consistent with the elevated PKB/Akt activity, the heterozygous KO cells were 

more resistant to serum depletion-induced apoptosis and more sensitive to the anti- 

apoptotic effect of IGF-1. Therefore, it appears that the appropriate amount of reduction 

of p85 could improve IGF-1 and insulin signalling. Consistent with this, it has also 

been reported that reduced expression of p85a in the same mouse models 

(heterozygous KO) improved insulin signalling and glucose homeostasis (Mauvais- 

Jarvis et al., 2002). The same was the case in mice deficient for p85p (Ueki et al., 

2002b).

1.3.6 p85 SH2 domain binding to PIP3

With respect to the negative regulation of the PI 3-kinase activity, it has been shown 

that the p85 C-terminal SH2 domain binds to the enzymatic product PIP3. PIP3 binding 

and tyrosine phosphorylated peptide binding in the SH2 C-terminal domain were 

shown to be mutually exclusive (Rameh et al., 1995). Thus a redistribution of PI 3- 

kinase in the plasma membrane, caused by the displacement of phosphotyrosine by 

PIP3, was suggested as a potential feedback mechanism for the regulation of the 

enzymatic activity. Subsequently, additional studies demonstrated the importance o f the 

PIP3 acyl chain length for the interaction and determined the sequence o f the binding 

site within the C-terminal SH2 domain (Ching et al., 2001).
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1.3.7 Intersubunit serine phosphorylation

Perhaps the most profound effect on the PI 3-kinase enzymatic activity is the one 

caused by the inter-subunit serine phosphorylation. Indeed, it has been shown that the 

intrinsic protein kinase activity of PI 3-kinase is capable of phosphorylating the Ser608 

on the p85a subunit at a stoichiometry of one mol of phosphate per mol o f p85 

(Carpenter et ah, 1993b; Dhand et ah, 1994b). Phosphorylation o f Ser608 resulted in 

80% decrease in PI 3-kinase activity, which could subsequently be reversed upon 

treatment with protein phosphatase 2A. Woscholski et al. compared the kinetic 

parameters of monomeric p i 10a with those of heterodimeric p8 5 a /p llO a  either 

coexpressed or reconstituted in vitro after separate expression of each subunit in insect 

Sf9 cells (Woscholski et al., 1994a). They found that while many kinetic parameters 

were similar, the coexpressed heterodimer exhibited a 20-fold higher Km for ATP 

compared to the free p i 10a when PIPj was used as a substrate. When 

phosphatidylinositol was used instead, the Km for ATP was similar between 

complexed and free p i 10a. When the same parameters were assessed for in vitro 

reconstituted p85a/p l 10a , they were found to be similar to those of monomeric 

p i 10a. This suggested that a post-translational modification dependent on 

coexpression of both subunits was responsible for the reduced Km. Indeed, treatment 

of the coexpressed complex with alkaline phosphatase reduced the high Km for ATP 

with PIP2 as a substrate and furthermore an increase in Vmax was also evident when 

phospatidylinositol was used. These data are consistent with phosphorylation of 

Ser608 causing the lower affinity for ATP. However, since non-specific alkaline 

phosphatase was used to reverse this effect, a role of tyrosine phosphorylation cannot 

be formally excluded, although dephosphorylation of bovine brain-purified PI 3-kinase 

by phosphotyrosine-specific phosphatase has been reported to decrease PI 3-kinase 

activity towards phosphatidylinositol (Ruiz-Larrea et al., 1993). So far, the 

physiological relevance of this phosphorylation has not been established and there is 

currently no adequate evidence that phosphorylated Ser608 exists in cells.
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1.3.8 Interaction of the PI 3-kinase catalytic subunit pl lO 

with Ras

The Ras proteins play a crucial role in regulating various cellular processes including 

proliferation, growth and differentiation. The kinase Raf is a well-known effector of 

Ras and part of the pathway which leads to MAP kinase activation. More recently, PI 

3-kinase has emerged as a Ras effector thus defining a novel arm in Ras-dependent 

signalling (Campbell et al., 1998). AU pi 10 catalytic subunits contain a domain (Ras 

Binding Domain, RED), which interacts with activated Ras (Rodriguez-Viciana et al., 

1996; Rubio et al., 1997; Vanhaesebroeck et al., 1997b). Initially, it was reported that 

PI 3-kinase activity associated with Ras and that p85 could be detected in association 

with Ras by immunoblotting (Sjolander and Lapetina, 1992; Sjolander et al., 1991). 

Rodriguez-Viciana et al. demonstrated that recombinant p85a/pl 10a and p85(3/pl 10a 

associated with H-Ras in vitro, only when the latter was in its activated (i. e. GTP- 

bound) form (Rodriguez-Viciana et al., 1994). It was also shown that coexpression of 

constitutively active Ras (Ras G 12V) with p85a/p  110a in Cos cells elevated the 

PtdIns-3 ,4 -P2 and PIP3 levels. Consistent with this, expression of a dominant negative 

mutant of Ras (Ras N17) in PC 12 cells caused a reduction in the 3’ phosphorylated 

inositides generated after stimulation with EGF or NGF. The stimulatory effect o f Ras 

on PI 3-kinase was confirmed by a subsequent study which investigated the effect of 

Ras on mammalian p85a/pl 10a PI 3-kinase expressed in a heterologous eukaryote, S. 

pombe (Kodaki et al., 1994). In addition, it was shown that Ras activates p85a/p l 10a 

PI 3-kinase in vitro, although in this case only a modest (not exceeding 2-fold) 

activation was evident. But nevertheless, this finding corroborated the simplest 

interpretation of the in vivo data, that is direct activation of PI 3-kinase by Ras. Further 

work estimated the affinity of the interaction to be approximately 150nM and also 

mapped the Ras binding domain to a region between aminoacids 133 and 314 of the 

p i 10a and p llO p isoforms (Rodriguez-Viciana et al., 1996). Importantly, it was also 

demonstrated that a point mutation (K227E) in this region blocked the interaction
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between Ras and p i 10 and that post-translational modification of Ras was necessary 

for its stimulatory effect, although not for binding. Moreover, it was shown that Ras 

binding further increased the lipid kinase activity of PI 3-kinase activated by tyrosine 

phosphopeptides. This is a very important finding because it could mean that binding to 

both phosphotyrosine moieties and Ras is required for hill activation of PI 3-kinase by 

growth factors. And this is consistent with the fact that stimulation of cells with growth 

factors such as PDGF also induces Ras activation. In addition to p i 10a and p llO p  

isoforms, p i lOy has been shown to bind Ras although no activation in vivo could be 

detected in that case (Rubio et al., 1997). However, a more recent study found that Ras 

binding activates p i lOy to the same extent as p i 10a both in vitro an in vivo (Pacold et 

al., 2000). The reason for this discrepancy is not clear, but different constructs were 

used in each of these two studies. The latter study also reported the crystal structure of 

pllOy-Ras complex which showed that Ras binding induces a conformational change 

o f pllO y which might account for the enzymatic activation. This has recently been 

verified by work showing that post-translationally lipid modified Ras proteins potently 

and substantially activate p i lOy at the level of the membrane, by allosteric modulation 

and/or reorientation of the pllOy (Suire et al., 2002). It was found that activation 

occured as a result of both a decrease in Km for PIPj and an increase in the Vmax. 

Activation was found to be dependent on Ras lipid modification, although it appears 

that translocation to the membrane is not required for activation.

With respect to the biological consequences of PI 3-kinase-Ras interaction, it has 

been shown that activation of PI 3-kinase by Ras is a critical step in Ras-mediated 

cellular transformation and control of actin cytoskeleton (Rodriguez-Viciana et al., 

1997). Also, Ras transformation of adherent cells, which normally require integrin- 

mediated signals for survival, activated PI 3-kinase/Akt and rescued these cells from 

anoikis, thus showing that the PI 3-kinase/Akt pathway mediates matrix-induced 

survival of normal epithelial cells (Khwaja et al., 1997). In addition to H-Ras, another 

member of the Ras subfamily of small GTPases, namely R-Ras has been found to
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activate PI 3-kinase and consequently PKB/Akt (Marte et al., 1996). Interestingly, R- 

Ras does not activate the MAP kinase arm of the Ras effector pathways. Since 

PKB/Akt or Raf activation alone were not sufficient to induce cellular transformation, it 

appears that PKB/Akt and Raf are parts of dinstict oncogenic signalling pathways 

which act synergistically to mediate Ras-induced transformation.

1.3.9 Synergistic effects of tyrosine kinases and small 

GTPases on a molecular switch in p85

A recent study provided data that support a unifying model for the role of tyrosine 

kinases and small GTPases in PI 3-kinase activation in vivo (Chan et al., 2002). The 

study sought to define the basis for the constitutive activation of a PI 3-kinase 

comprising a truncated p85 mutant with transforming properties, referred to as 

p85Aonc (originally p65-PI3K) (Jimenez et al., 1998). It was shown that 

overexpression of wild-type p85 together with constitutively active H-Ras (Ras G 12V) 

or R ad  (Racl Q61L) inhibited the Ras- and Rac 1-induced activation of PI 3-kinase. In 

contrast, expression of p85Aonc enhanced PI 3-kinase activation. Interestingly, the 

stimulatory effect of Ras appears to be independent of its direct interaction with the 

catalytic subunit p i 10, since this and a previous study (Karasarides et al., 2001) found 

that PI 3-kinase is still activated by Ras mutants that do not bind p i 10. Since it had 

been found that p85Aonc subcellular localization is different from that of the wild-type 

p85 showing a higher affinity for the membrane fi-action (Jimenez et al., 1998), a 

membrane targeted version of p85 was expressed in NIH3T3 cells but it was not 

sufficient to activate PI 3-kinase. A conserved protein motif within the iSH2 domain of 

p85 was found to synergize with small GTPases to activate PI 3-kinase. This motif, 

designated IKR (rich in isoleucine, lysine, and argine residues) comprises aminoacids 

550-575 of the p85. Indeed, a construct (p85-iSH2Acon) comprising the p i 10-binding 

region together with the IKR domain could substitute for full-length p85Acon in Ras 

and Racl-induced activation of PI 3-kinase. Deletion of IKR region abolished the p85-
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iSH2Aonc function. Downstream to IKR there is another conserved motif designated 

LED (rich in leucine, glutamic acid and aspartic acid residues) which comprises 

aminoacids 590-623 and together with the C-terminal SH2 domain (cSH2) define a 

modular inhibitory domain. The C-terminus of the IKR motif corresponds to the 

breakpoint of the p85Aonc. Therefore, p85Aonc lacks the LED-cSH2 domain. This 

domain confers wild-type p85 the ability to block the stimulatory effect of Ras. Deletion 

o f either LED or cSH2 abolishes inhibitory function and apparently this could explain 

the constitutive activation of p85Acon PI 3-kinase. This domain was shown to have the 

same inhibitory effect even on a membrane targeted, constitutively active p i 10a  

(pi lOa-CAAX) but not on a p i lOy-CAAX. Therefore, the inhibitory effect is imposed 

on p i 10 and not on upstream molecules that might regulate p i 10. The inhibitory effect 

occurs even in a PTEN null cell line (U87MG), thus excluding the possibility that this 

domain exerts its effect by inhibiting PTEN instead of activating p i 10. It was also 

demonstrated that members of the src family of tyrosine kinases (Src, Syk, Abl) as well 

as receptor tyrosine kinases (EGF, PDGF, IGF-1 receptors) neutralize the inhibitory 

function of p85 and synergize with H-Ras, R-Ras, Racl and Cdc42 (but not RhoA) to 

activate PI 3-kinase. Furthermore, it was shown that mutation of Tyr688 in the cSH2 

(discussed above) to the phosphomimetic aspartic acid was sufficient to relieve the 

inhibition. Conversely, mutation of Tyr688 to phenylalanine prevented activation of 

p i 10 by Ras. Therefore, it appears that tyrosine kinases mediate their activatory effect 

by phosphorylating Tyr688. It was also found that phosphotyrosine binding is an 

additional requirement for the inhibitory function, since this was abolished by a 

mutation of the cSH2 domain that prevents binding to phosphotyrosine. Finally, it was 

demonstrated that complimentary small GTPase and tyrosine kinase signals activate PI 

3-kinase and inhibit anoikis in suspension cultures of immortalized kératinocytes. This 

experiment showed that both expression of an activated Ras (Ras G12V) and 

stimulation by EGF were necessary for rescue of the cells from anoikis. In summary.
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p85 contains a GTPase responsive domain and an inhibitory domain whieh together 

form a molecular switch that regulates PI 3-kinase (Fig. 1.9).

Small G TPases
(H-Ras, R-Ras, Rad or CDC42)

Tyrosine Kinase
(Src, Syk, Abl, PDGF R, IGF-1 R or EGF R)

Bridging Y688 phosphorylation
Effectors Neutralization

P85-W T
\ Switch /

GTPase-Responsive Inhibitory

LED

Ptdlns-3,4,5-P;
Production

4
Akt/PKB 

Activation

Figure 1.9 A model of PI 3-kinase activation by tyrosine kinase signals and small 
GTPase signals
According to this model, p85 binds, via its cSH2 motif, tyrosine-phosphorylated 
proteins and undergoes phosphorylation at Y688 . Phosphorylation at this site 
funetionally inactivates the p85 inhibitory domain. Neutralization of the inhibitory 
domain renders p85 responsive to PI 3-kinase activation signals that are transdueed 
by small GTPases (adopted from Chan et al., 2002).
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1.4 PROTEIN KINASE ACTIVITY OF CLASS I PI 3- 
KINASE

1.4.1 Class lA PI 3-kinase protein kinase activity

Although PI 3-kinase was originally characterised as a lipid kinase, subsequent 

research showed that it is actually a dual specificity kinase capable of phosphorylating 

protein serine residues. Initially, it was observed that PI 3-kinase both co-purified and 

co-immunoprecipitated from rat liver and rat-1 fibroblasts, respectively, with a serine 

kinase activity which phosphorylated both the p85 and p i 10 subunits. The activity was 

termed PI 3-kinase (PIK) kinase (Carpenter et al., 1993b). The PIK kinase was tightly 

associated with PI 3-kinase. The stoichiometry of phosphorylation for p85 was Imol of 

phosphate per mol of p85, but it was much lower for p i 10. The activity was Mn^^- 

dependent and the Km (ATP) was estimated to be approximately 20-30|rM. Most 

importantly, it was shown that phosphorylation of the PI 3-kinase by the associated 

kinase inhibited the lipid kinase activity of the former, but the inhibitory effect could be 

reversed upon treatment with protein phosphatase 2A. Despite intensive efforts the 

catalytic subunit of PIK kinase was not identified.

The issue was solved when Dhand et al. found that it was the PI 3-kinase itself 

that possessed the serine kinase activity (Dhand et al., 1994b). A series of elegant 

experiments were conducted to prove that the protein kinase activity was intrinsic to the 

p i 10a catalytic subunit. First, insect cells infected with either p85a or p8 5 a /p llO a  

were biosynthetically labelled with [^^SJmethionine and then p85a or p8 5 a /p llO a  

complexes were isolated. No other proteins could be detected in association with p85 

and p i 10 even after prolonged autoradiographic exposure. Also, sucrose gradient 

sedimentation analysis of lysates of Sf9 cells infected with either p i 10a alone or 

p85a/pl 10a showed that both lipid and protein kinase activities sedimented in the same 

fraction with a molecular weight consistent with their migration as a monomer or 

heterodimer, respectively. Second, a mutagenesis approach was employed. In classical

76



Chapter 1 Introduction

protein kinases the DRHNSN motif is essential for binding the nucleotide phosphate 

moieties and for phosphotransferase activity (Taylor et ah, 1992). Mutation of arginine 

916 to proline within the DRHNSN motif of bovine p i 10 abolished both the lipid and 

the protein kinase activity. Third, it was shown that both activities have a similar thiol 

requirement. Indeed, when isolated p85a/pllO  heterodimers were treated with the 

sulfhydryl-modifying agent 5,5’-dithio-bis[2-nitrobenzoic acid] both activities were lost 

and subsequently reactivated after treatment with DTT with essentially identical dose- 

response curves. All of these data pointed to the same protein as the carrier of both the 

lipid and the protein kinase activities. Moreover, the phosphorylation site was mapped 

as the Ser608 in the inter-SH2 domain. This was found to be the sole site of 

phosphorylation in an in vitro assay. In agreement with the findings of Carpenter et al. 

(Carpenter et al., 1993b), autophosphorylation was found to downregulate the lipid 

kinase by 80%. The activity was restored after treatment with protein phosphatase. This 

was a very important discovery since it added an additional mechanism to the potential 

of PI 3-kinase regulation. It is also of interest that the Ser608 site is conserved in every 

mammalian species tested, in both p85a and p85p, with the notable exception of the 

human p85p in which the equivalent site is occupied by an alanine residue. This implies 

that regulation via Ser608 phosphorylation does not apply to enzyme heterodimers 

comprising p85p in human cells.

In addition to p i 10a, the p i 10Ô isoform has been shown to possess an intrinsic 

serine kinase activity as well (Vanhaesebroeck et al., 1999a; Vanhaesebroeck et al., 

1997b). In the case of pllOÔ, the enzyme autophosphorylates instead of 

phosphorylating the p85 regulatory subunit. Phosphopeptide mapping identified a 

single phosphorylation site as the Seri039 at the C-terminus of p i  105. The 

stoichiometry of phosphorylation was calculated to be 0.5mol of phosphate per mol of 

pllOÔ. The protein kinase activity o f p i 105 was sensitive to both wortmannin and 

LY294002 and the potency of inhibition was the same as for the lipid kinase activity. 

Similarly to p85a Ser608 phosphorylation, p i 105 Seri039 autophosphorylation
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resulted in downregulation of the lipid kinase activity towards Ptdlns and PtdIns-4,5- 

bisphosphate. In vivo, p i 105 autophosphorylation was demonstrated in Jurkat T cells 

by immunoblotting with a phosphorylation state specific antibody generated against 

S eri039. Seri039 phosphorylation was dramatically elevated after treatment with 

okadaic acid. Furthermore, stimulation of Jurkat T cells with the CD28 ligand B7.1 

induced Seri039 phosphorylation in a time-dependent manner. The importance of this 

study lies to the demonstration of the PI 3-kinase protein kinase activity in vivo in a 

physiologically inducible manner. It also provided additional evidence for a role o f the 

protein kinase activity as a regulatory mechanism of PI 3-kinase.

As mentioned above, the PI 3-kinase protein kinase activity is manifested 

differently by each isoform. A study has compared the catalytic properties of the two 

widely expressed PI 3-kinase isoforms p i 10a and p i lOp with respect to their protein 

kinase activities (Beeton et al., 2000). The study was based on the application o f a 

synthetic peptide corresponding to the Ser608 site of p85a as a substrate for the above 

PI 3-kinases in in vitro kinase assays. It was shown that the protein kinase activity of 

both isoforms follows Michaelis-Menten kinetics and that similarly to their lipid kinase 

activities the protein kinase activity of p i 10a is higher than that o f p H  Op. More 

specifically, p i 10a exhibits both a higher Km and Vmax for peptide phosphorylation 

than p i lOp. And given that autophosphorylation results in downregulation of the lipid 

kinase activity, these differences could mean that higher steady-state 

autophosphorylation of p i 10a in vivo renders it less active as lipid kinase than pllO p.

1.4.2 Class IB PI 3-kinase protein kinase activity
In addition to the a  and Ô isoforms of class LA PI 3-kinase, the p i lOy isoform of the 

class IB PI 3-kinase has been shown to possess a protein kinase activity (Stoyanova et 

al., 1997). Similarly to the case of p i 106, this kinase activity is directed towards the 

enzyme itself. The site of the phosphorylation has not been mapped. Protein 

phosphorylation was found to be inhibited by wortmannin at concentrations equally
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effective on lipid kinase activity. However, there are some discripancies between class 

IB and class lA members: In contrast to the class lA members’ protein kinase activity 

which requires exclusively Mn^ ,̂ p i lOy protein kinase activity operates in the presence 

of either Mn^^ or Mg^^. Furthermore, pllO y autophosphorylation does not markedly 

affect its lipid kinase activity. The physiological significance of class IB PI 3-kinase 

protein kinase activity has been demonstrated in subsequent studies (see below).

1.4.3 PI 3-kinase serine kinase activity in the insulin 

signalling pathway

At this point, p85 had been the only protein identified as a substrate for the intrinsic 

protein kinase of PI 3-kinase. And although Carpenter et al. identified casein as a 

substrate for the PIK kinase (Carpenter et al., 1993b), recombinant bovine PI 3-kinase 

did not phosphorylate casein (Dhand et al., 1994b). But this changed when it was 

reported that Insulin Receptor Substrate-1 (IRS-1) was a target for PI 3-kinase serine 

kinase activity (Lam et al., 1994). In this study, it was demonstrated that IRS-1 was 

serine phosphorylated in an in vitro kinase assay on IRS-1 and p85 immunoprecipitates 

from insulin stimulated primary rat adipocytes. This phosphorylation was inhibited by 

lOOnM wortmannin, a finding that pointed to PI 3-kinase serine kinase as the 

phosphorylating activity. Wortmannin inhibited p85 phosphorylation as well and this 

was the first demonstration that a PI 3-kinase inhibitor similarly affects the protein 

kinase activity. At approximately the same time, a second report appeared on the 

phosphorylation of 1RS-1 by PI 3-kinase serine kinase (Tanti et al., 1994). In addition 

to the identification of PI 3-kinase as the kinase phosphorylating IRS-1 on the basis of 

molecular size and wortmannin sensitivity, this study also demonstrated that incubation 

of IRS-1 immunoprecipitates with an excess of GST-p85 blocked the serine kinase 

activity towards IRS-1. Once more, this experiment demonstrated the requirement for 

close proximity between PI 3-kinase and its protein substrate in order to become 

phosphorylated. These findings were confirmed by another study (Freund et al..
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1995). In this case, IRS-1 was found associated with p85 in both IRS-1 and p85 

immunoprecipitates from U266 human multiple myeloma cell line stimulated with IjiM 

insulin. IRS-1 was also phosphorylated in an immune-complex kinase assay showing a 

preference on Mn^^ over Mg^^, in keeping with the previously reported divalent cation 

dependence of PI 3-kinase protein kinase activity (Carpenter et al., 1993b; Dhand et al., 

1994b). Interestingly, when recombinant IRS-1 was used as the substrate for 

immunoprecipitated PI 3-kinase, it was observed that phosphorylation of the p85 

subunit decreased with increasing concentration of IRS-1 (Freund et al., 1995). In this 

experiment, kinase assays were performed after unbound IRS-1 was removed by 

washing. Therefore the association of PI 3-kinase with IRS-1 appeared to promote 

IRS-1 phosphorylation and suppress p85 phosphorylation. This finding suggests relief 

of p85 serine phosphorylation inhibitory effect on the lipid kinase activity, caused by 

complexing of 1RS-1 to PI 3-kinase, can be a potential regulatory mechanism of PI 3- 

kinase activity.

Another study showed that insulin differentially stimulated the PI 3-kinase lipid 

and protein kinase activities in human primary adipocytes (Rondinone et al., 2000). 

Although PI 3-kinase co-immunoprecipitated both with IRS-1 and insulin receptor 

(IR), the lipid kinase activity was associated with IRS-1, whereas the serine kinase 

activity was associated with IR. Immune-complex kinase assays showed that in 

addition to p85 and p i 10, the IR-associated kinase activity phosphorylated an 135kDa 

protein in serine in a wortmannin-sensitive manner. Immunoblot analysis identified this 

protein as the phosphodiesterase-3B (PDE3B). The association of PDE3B with IR was 

found to be insulin-independent. Recombinant PDE3B was also phosphorylated in in 

vitro kinase assays with both IR and p i 10 immunoprecipitates from insulin-stimulated 

cells. Phosphorylation correlated with PDE3B enzymatic activation. The antilipolytic 

effect of insulin is mediated by stimulation of the PDE3B Ser302 phosphorylation 

which in turn stimulates PDE3B enzymatic activity (Degerman et al., 1997). Although 

the evidence this study provided was mainly in vitro and the phosphorylation site was
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not mapped, the findings clearly suggest that PI 3-kinase might be the enzyme that 

phosphorylates and activates PDE3B in vivo. Moreover, the inverse relationship 

between the lipid and protein kinase activity as this was manifested in this case by 

differential association with 1RS-1 and IR is of particular interest, as it possibly reflects 

differences in the conformation of bound PI 3-kinase.

1.4.4 The role of the PI 3-kinase serine kinase activity in

Type I interferons signalling pathways
In addition to insulin, interferon-a (IFN a) has been shown to activate PI 3-kinase 

serine kinase (Uddin et a l, 1997). Once again, the target for PI 3-kinase serine kinase

activity was IRS-1. More specifically, phosphoaminoacid analysis of

immunoprecipitated 1RS-1 from ^^P-labeled U-266 multiple myeloma cells showed that 

in addition to tyrosine phosphorylation, IFN -a induced IRS-1 phosphorylation on 

serine residues. Immune-complex kinase assays in IRS-1 immunoprecipitates from 

IFNa-stimulated cells showed activation of a wortmannin-sensitive associated serine 

kinase activity. Moreover, IFNa-dependent, wortmannin-sensitive phosphorylation of 

1RS-1 was detected in in vitro kinase assays on p85 immunoprecipitates. Treatment of 

cells with wortmannin inhibited the type I IFN-regulated activation of the MAP kinase, 

although it was not possible to demonstrate whether this was due to inhibition of the 

lipid or the protein kinase activity (or both). In addition to IRS-1, IRS-2 has previously 

been shown to associate with p85 in an IFNa-dependent manner (Platanias et al.,

1996), but so far, wortmannin-sensitive phosphorylation of IRS-2 has not been 

demonstrated.

Furthermore, it has been reported that STAT3 functions as an adaptor for p85 in 

an IFNa-dependent manner in Daudi cells and that this association is accompanied by 

tyrosine phosphorylation of p85 as well as by wortmannin-sensitive serine 

phosphorylation of STAT3 (Pfeffer et al., 1997). However, it is not clear whether PI 

3-kinase mediates this phosphorylation directly or indirectly. Also, another study failed
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to reproduce the association of p85 with STATS in a range of hematopoietic cells 

(Daudi, lymphoblastoid; KG-1, acute myeloid leukemia; U-266, multiple myeloma), 

although under the same experimental conditions, IFN a did induce association of p85 

with IRS-1 and IRS-2 (Uddin et al., 2000). Most importantly, the same study 

demonstrated that IFNa treatment that led to PI 3-kinase activation did not lead to Akt 

activation, whereas insulin did. This finding implies that interferon signalling could be 

a system where PI 3-kinase mediates a function by means of its protein kinase activity 

only and without generation of 3’-phosphoinositides. Thus, it would be of great 

interest to determine whether there are targets other than 1RS for PI 3-kinase protein 

kinase activity and what is downstream of 1RS serine phosphorylation in the interferon 

signalling pathway. These data suggest that there is differential activation of elements 

downstream of the PI 3-kinase in response to IFN versus growth factor-induced 

activation. Such differential function of the PI 3-kinase may account for signalling 

specificity in response to different ligands.

1.4.5 Dissection of the lipid and protein kinase activities o f  

PI 3-kinase by use of protein kinase only” versions

The functions of PI 3-kinases have mainly been studied with the application of the PI 3- 

kinase specific inhibitors wortmannin and LY294002. But as mentioned above, these 

inhibitors interfere equally with both the lipid and protein kinase activities of PI 3- 

kinases. Therefore other approaches were needed to make possible to discriminate 

between the two activities. A successful strategy involved the use of mutant PI 3- 

kinases engineered in such a manner that no longer phosphorylate lipid substrates but 

they still retain their protein kinase activities. Initially, this approach was applied to the 

class IB p llO y PI 3-kinase (Bondeva et al., 1998). More specifically, a region within 

the conserved catalytic core of p i lOy that corresponds to the activation loop of cAMP- 

dependent protein kinase was replaced by the corresponding sequences of each of class 

II and class III PI 3-kinase and mTOR. The resulting mutants were expressed in HEK
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293 cells as glutathione-S-transferase (GST) fusions, isolated on glutathione beads and 

biochemically characterised with respect to their substrate specificity. Indeed, each of 

these chimeric versions was found to possess the substrate recognition properties o f the 

donor protein. That is, the hybrid of pllO y with class II PI 3-kinase insert 

phosphorylated only Ptdlns and PtdIns-4-P and the hybrid with the class III PI 3- 

kinase insert phosphorylated exclusively Ptdlns. Furthermore, since mTOR possesses 

only protein and no lipid kinase activity, the chimera with the mTOR insert was tottaly 

unable to phosphorylate lipids. However, all hybrids retained their protein kinase 

activity, assessed in an autophosphorylation assay. Furthermore, all hybrids retained 

sensitivity to wortmannin and ATP binding. Secondly, the hybrids were transfected in 

COST cells and their influence to signalling pathways known to be regulated by PI 3- 

kinase was assessed. Activation of the MAP kinase pathway, which has been shown to 

involve p i lOy-generated PIP3 (Lopez-Ilasaca et al., 1997), was found to occur 

normally with any of the chimeras transfected. Since the only activity common to wild- 

type and all of the chimeras was the protein kinase activity, it was concluded that this 

protein kinase activity is involved in the activation of the MAP kinase pathway. 

Moreover, it was demonstrated that this function required soluble p i lOy, as expression 

of a membrane-targeted pllO y (pllOy-CAAX) failed to activate MAP kinase. On the 

contrary, a pllO y mutant defective for Ras binding activated MAP kinase to a greater 

extent. Metabolic labelling with [^^PJorthophosphate showed that PtdIns-3 ,4 -P2 and 

PtdIns-3,4,5-Pg were only produced in cells overexpressing wild-type pllOy-CAAX 

and not in cells expressing any of the chimeras. Consistent with this, PKB activation 

was correlated with PtdIns-3 ,4-P2 and PtdIns-3,4,5-Pg production and therefore it 

occured only in wild-type p i lOy-CAAX expressing cells.

Finally, the p i 1 Gy hybrids’ ability to transmit signals from seven-transmembrane 

helix receptors was investigated. To this end, transfected COST cells were stimulated 

with lysophosphatidic acid (LPA). Indeed, expression of either the wild-type or any of 

the chimeras further amplified the LPA-stimulated MAP kinase activation.
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Coexpression of combinations of the MAP kinase kinase M EK l, the MAP kinase 

ERK2 and each of the pi lOy chimeras showed that addition of each one of these had an 

additive effect on the total MAP kinase activity associated with MEKl 

immunoprecipitates. All of the pllO y chimeras Anther stimulated the MAP kinase 

activity. Moreover, MEKl phosphorylation was increased in cells expressing wild-type 

pllOy, indicating that pllO y protein kinase activity may be required for MEKl 

mediated activation of ERK2.

In conclusion, these experiments clearly demonstrated the distinct roles of the 

lipid and protein kinase activities of p i lOy and showed that these bifurcate in such a 

manner that the 3’ phosphorylated lipids feed into the PKB activation pathway and the 

protein kinase activity contributes to the MAP kinase activation pathway. It should be 

noted, however, that this study did not identify a direct target for the pllO y protein 

kinase activity.

Subsequently, the same group extended their studies to the a  isoform of class lA 

PI 3-kinase (Pirola et a l ,  2001). The same strategy, as for the pllOy, was followed. 

The sequence immediately downstream of the conserved DFG motif was swapped with 

the corresponding sequences of the class II and class III PI 3-kinases and of the 

mTOR. The biochemical characterization showed that the resulting hybrid constructs 

acquired the catalytic properties of the donor protein, as was the case with the pllO y 

hybrids. Consequently, the pi 10a hybrid bearing mTOR’s activation loop lacked lipid 

kinase ability. The substrate specificity of the hybrids was examined in transiently 

transfected COS-7 cells after metabolic labelling with [^^P]orthophosphate and found to 

be in agreement with their in vitro properties. That is, expression of the wild-type only 

p i 10a elevated PIP3 levels. All of the hybrids retained protein kinase activity assessed 

by in vitro phosphorylation of coexpressed p85. Moreover, this phosphorylation led to 

the downregulation of their lipid kinase activity. Other properties of the p8 5/hybrid 

p i 10a  heterodimers, such as wortmannin binding, were identical to the wild-type’s 

ones with the exception of the p i lOa-mTOR hybrid in which wortmannin did not bind
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covalently, although it did inhibit its protein kinase activity with the same potency as for 

any of the rest.

Having established that substrate recognition is conferred by activation loop 

sequences, point mutants of the p i lOy were constructed in an attempt to map residues 

critical in determining the substrate specificity (Table 1.2). The Lys973, which is 

conserved to all class I PI 3-kinases, has been proposed to play a critical role in lipid 

substrate recognition (Walker et al., 1999). This is further supported by the fact that 

class II PI 3-kinase, which exhibits different substrate specificity than class I enzymes 

contains a glutamine to the equivalent position instead. Hence, the Lys973 was mutated 

to glutamine. It should be mentioned that according to the authors of this paper, pllO y 

was chosen instead of p i 10a because in the latter isoform the Lys942, which is 

equivalent to Lys973, is surrounded by additional lysine residues (K941, K943, K944) 

forming a polybasic stretch which might complicate mutational analysis due to charge 

compensation. A mutant of Lys980 (Arg949 in p i 10a) to Gin was also constructed, as 

this position is occupied by the similar residue arginine in all o f the other members of 

class I PI 3-kinases. And finally, a double substitution of QM to KS was made in the 

hybrid with the class II PI 3-kinase activation loop to restore the positively charged 

character o f this region in a class II background. When these mutants were tested for 

lipid kinase activity, it was shown that although all of them could phosphorylate Ptdlns 

(and to a lesser extent PtdIns-4-P) as expected, the K973Q and K980Q mutants were 

unable to phosphorylate PtdIns-4 ,5-P2 whereas the pllOy/class II-QM/KS mutant 

restored the ability to phosphorylate PtdIns-4 ,5-P2. Also, a computer model of the 

p i 10a activation loop derived from the crystal structure of the pllO y (Walker et al., 

1999) supported the above fmdings. In this model, PIP2 could be docked easily into the 

catalytic groove of the p i 10a. The activation loop could be rearranged to make contact 

with the phosphoinositide head group, so that K942 ended up interacting with the 5- 

phosphate group and R949 with the 4-phosphate group. The assembled ATP-PIP2- 

p llO a  complex tightly incorporated the two substrates.
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Table 1.2 PI 3-kinases activation loop sequence modifications
Sequence aligment highlighting the basic residues in the activation loop conserved 
among class I PI 3-kinases (gray shading) and the single (or double) amino acid 
m utation produced (boldface letters) (from Pirola et al., 2001)

Hs_pl 10a D F G H F L D H K  R; K K F G Y K R Æ R V F F V L T

Hs_pl lOy D F G H I L G N Y K i S F L G I N  R E  R V F F V L T

pl  10yK973Q D F G H I L G N Y Q S F L G I N  # E  R V F F V L T

pi  10yK980Q D F G H I L G N Y  K‘ S F L G I N Q E R V F F V L T

ci l  D F G H F L G H A Q M F G S F K R D R V F F V L T

cl l  QM/KS D F G H F L G H A  K*'S F G S F K R D R V F F V L T

The effect of p l i  Oa hybrids on downstream signalling was assessed by 

transfecting them in COS-7 cells. It was shown that when CAAX versions of the 

hybrids were cotransfected with myc-PKB, only the wild-type pllOa-CAAX caused 

elevation of the PKB activity. Consistently, expression of wild-type only p l 10a 

induced p70-S6K activation, when the former was cotransfected with myc-p70-S6K. 

These data were in agreement with the requirement of PtdIns-3 ,4 -P2 and PIP, 

production for PKB/Akt and p70-S6K activation. The loss of activity generating these 

phosphoinositides in hybrids of pl 10a with class II and class III PI 3-kinase renders 

them unable to support PKB/Akt and p70-S6K activation.

The protein kinase activity of the hybrids was also assessed in vivo by 

cotransfecting HEK 293 cells with the insulin receptor, IRS-1 and each of the various 

hybrids. As mentioned above, IRS-1 is a well-known substrate of p l 10a protein 

kinase activity (Freund et al., 1995; Lam et al., 1994; Tanti et al., 1994). In vitro 

kinase assays performed on p85 immunoprecipitates from cells expressing each of the 

various hybrids showed that all of them were capable of phosphorylating 1RS-1, even 

more efficiently than the wild-type pl 10a. Phosphoaminoacid analysis revealed that 

phosphorylation was restricted on serine and threonine residues and 2D tryptic 

phosphopeptide mapping generated 2D maps which were superimposable for every
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hybrid. This proved that the higher IRS-1 phosphorylation observed with the class II 

and class III hybrids was truly due to higher enzymatic activity and not due to 

utilization of random phosphorylation sites. In conclusion, the hybrids of 

p l 10a retained activity and signalling potential as protein kinases, even when they lost 

their activity and signalling ability as lipid kinases.

Finally, the generation of a “protein kinase only” p l 10(3 has been described in a 

recent study which investigated the role of pllO(3 lipid products in coupling 

heterotrimeric G protein (3y subunits to Ras activation in response to LPA (Yart et al., 

2002b), This study was prompted by the fact that the pllOy tissue-specific expression 

cannot account for the increasing number of systems where PI 3-kinase participates in 

GPCR signalling (Yart et al., 2002a) and demonstrated that MAP kinase activation by 

LPA in a non-transformed monkey kidney cell line (Vero) requires p 110(3 rather than 

p l lOy activity. In light of the previously demonstrated role of the p l lOy protein kinase 

activity in MAP kinase activation (Bondeva et al., 1998), the possibility of a similar 

role for the protein kinase activity of the pllOP was also investigated. A p l 10(3 

“protein kinase only” version was created by simply deleting aminoacids 946 to 955 of 

the activation loop. Indeed, the resulting mutant was unable to phosphorylate Ptdlns, 

but it did retain protein kinase activity, assessed by its autophosphorylation which was 

even higher than that of the wild-type p l 10(3. Interestingly, the “protein kinase only” 

mutant could not support Ras activation, thus showing that MAP kinase activation by 

LPA requires PI 3-kinase lipid products generation. Apparently, here there is a 

discrepancy with the findings of Bondeva et al. (Bondeva et al., 1998).
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The demonstration that certain PI 3-kinases posses an intrinsic protein kinase activity in 

addition to their lipid kinase activity, has opened the possibility that these enzymes 

mediate novel signalling functions, other than those dependent on the generation of 3’ 

phosphorylated phosphoinositides (Hunter, 1995). An autoregulatory role for this 

activity has been demonstrated in vitro (Dhand et al., 1994b), but its physiological 

relevance remains ambiguous. Furthermore, the possibility of a broader role of this 

activity in cellular signalling needs to be investigated. To this end, research has been 

already conducted developing methods for the elucidation of the potential role o f this 

activity (Bondeva et al., 1998). Indeed, there has been mounting evidence that the 

protein kinase activity of PI 3-kinases mediates important signalling functions in cells 

(Bondeva et al., 1998; Pirola et al., 2001). However, the experimental methods applied 

thus far inevitably have inherent limitations and disadvantages and additional 

approaches are nessecary to aquire further insight into the functions of this activity. 

Therefore, we embarked upon a project which involved a range o f experimental 

approaches and sought to resolve the issue of the physiological relevance and the 

functional roles of this intriguing feature of PI 3-kinases. The aims of this project can 

be summarized as follows:

(A) Investigation of the physiological relevance and of the functional role of p85a 

Ser608 phosphorylation.

(B) Development of novel reagents for the dissection of the roles of the protein 

kinase and the lipid kinase activities of PI 3-kinases.

(C) Further investigation of the features of the protein kinase activities of the 

various PI 3-kinase isoforms.



(D) Determination of a putative consensus motif for PI 3-kinase protein kinase 

activity - Identification of protein substrates and signalling pathways 

modulated by PI 3-kinase protein kinase activity.
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Chapter 2 Materials and Methods

2. Materials and Methods

2.1 MATERIALS

Tissue culture media, phosphate-buffered saline, trypsin, and fetal calf serum, were 

obtained from Sigma. Chemicals were from Sigma, unless otherwise stated. 

Monoclonal FLAG-M2 antibody was from Sigma. Polyclonal anti-p85 antibodies and 

phospho-p85(Ser608) antibodies were generated as described below. Agarose 

conjugated protein A, protein G and agarose conjugated anti-mouse IgG were from 

Sigma. 7-methyl-GTP Sepharose 4B was from Amersham Pharmacia. [y-^^P]ATP 

(specific activity: lOmCi/ml) was from NEN. Phosphoinositides were obtained from 

Sigma. Recombinant protein kinase CK2, okadaic acid, rapamycin and LY294002 

were from Calbiochem. Purified DNA-PK was from Promega. Activated recombinant 

ERKl was from Upstate Biotechnology. DNA sequencing was performed by the 

Wolfson Institute for Biomedical Research (UCL). The source of other reagents and 

facilities are stated in the text as necessary.

Recombinant baculoviruses were kindly provided by Prof. M. D. Waterfield and 

Dr. Bart Vanhaesebroeck (Ludwig Institute for Cancer Research, University College 

London, UK). 9E10 antibody against myc tag was kindly provided by Dr. David 

Quinn (University of Cambridge, UK). Polyclonal antibodies against DNA-PK, ATM 

and ATR were kindly provided by Dr. N. Lakin (Wellcome/CRC Institute, Cambridge, 

UK). Recombinant pllO y and H-Ras mutants were gifted by Dr. Roger Williams 

(LMB, Cambridge, UK). Recombinant H-Ras (C186S) was kindly provided by Dr. 

Sally Leevers (Ludwig Institute for Cancer Research, University College London, 

UK). Recombinant eIF4E/4EBPl complex was kindly provided by Prof. R. Denton 

(University of Bristol, UK). V5-tagged wild-type and AexonlS human p85a cDNAs 

in pcDNAS.l were provided by Dr. Wayne Phillips (Peter McCallum Institute, 

Sydney, Australia).
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2.2 METHODS

2.2.1 Nucleic acid manipulation

2.2.1.1 Polym erase Chain Reaction

PGR amplifications were performed in 50|il reaction volume containing Ix  Cloned 

PfuTurbo DNA polymerase reaction buffer (20mM Tris-HCl, pH 8 .8 , 2mM MgSO^, 

lOmM KCl, lOmM (NH^)^ SO4, 0.1% Triton X-100, 1 mg/ml nuclease-free BSA), 

200|iM each dNTP, lOng template DNA, 20pmol primers and 2.5U Pfu Turbo 

polymerase (all purchased from Stratagene). Amplifications were performed in a 

Techne Progene thermocycler. Cycling parameters were as follows: A single 2-min 

denaturing step at 95°C followed by 30 cycles of 30s dénaturation at 95°C, 30s 

annealing at 5°C below the lowest primer melting temperature and Imin per kb of the 

target extension at 72°C. Annealing temperatures were calculated for each primer using 

the equation:

Tm (°C) = 2(N^+'Sj) + 4(Nq+Nc), where N equals the number of primer 

adenine (A), thymidine (T), guanidine (G), or cytosine (C) bases.

After completion of the PCR reaction the products were resolved on an agarose 

gel to check for yield and specificity of amplification. The amplified DNA was 

concentrated by ethanol precipitation and further purified by agarose gel 

electrophoresis, excision of the DNA band and extraction of DNA using a QIAquick® 

Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions.

2.2.1.2 Restriction enzyme digestion of DNA

All restriction enzymes and reaction buffers used were purchased from New England 

Biolabs (NEB). Restriction digestions were performed in a reaction volume of 20p.l 

containing 0.5jig of plasmid DNA and lOU of enzyme. Reactions were incubated at 

37°C for one hour.
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2.2.1.3 Electrophoresis of DNA fragments

Agarose (Gibco/BRL) was dissolved in TAB buffer (40 mM Tris-acetate, 1 mM EDTA) 

by heating, cooled and ethidum bromide added at a concentration of Ipg/ml before gel 

casting. DNA fragments of less than 1Kb in size were resolved on 1.5% (w/v) agarose 

gels, and 0.7% (w/v) gels were used for resolving fragments o f greater than 1 Kb. 6x 

gel loading buffer (0.25% (w/v) bromophenol blue, 30% glycerol dissolved in water) 

was added to DNA samples, which were electrophoresed in TAB buffer at 60mA. For 

the determination of the fragment size, 1Kb DNA ladder (Gibco/ BRL) was 

electrophoresed simultaneously. DNA bands were visualised by illuminating the gel on 

a UV light box.

2.2.1.4 Ligation of DNA fragments

Ligations were performed in a lOpl reaction volume containing Ix  ligation buffer 

(50mM Tris-HCl pH 7.5, lOmM MgClj, lOmM DTT, ImM ATP and 25|ig/ml BSA) 

and Ipl T4 DNA ligase. lOOng total DNA was used containing a 3-fold molar excess of 

insert DNA relative to plasmid DNA. Reactions were incubated at 16°C for 16h.

2.2.1.5 Transform ation of competent E, coli cells

Competent cells were purchased from Stratagene. XL 1-Blue competent cells were used 

for plasmid DNA and XL 10-Gold ultracompetent cells for ligation products. 

Transformation of cells was achieved by mixing either lOOng plasmid DNA or 2|il of 

ligation reaction with lOOpl of freshly thawed competent cells and heat-pulsing at 42°C 

for 45s, followed by 2min incubation on ice. Cells were allowed to recover by adding 

0.9ml o f SOC medium (for XL 1-Blue cells) or NZY+ broth (for XL 10-Gold cells) 

prepared as described elsewere (Sambrook et al., 1989), and shaking for Ih at 37°C 

before plating on agar plates containing 100 |ig/ml ampicillin and incubating overnight 

at 37°C.
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2.2.1.6 Propagation and purification of plasmid DNA

2.2.1.6.1 Miniprep plasmid purification

This procedure was used predominantly to screen bacterial colonies for recombinant 

DNA plasmids. 5ml LB supplemented with ampicillin (lOOpg/ ml) inoculated with a 

single colony isolated from a freshly streaked ampicillin plate was incubated with 

shaking at 37°C overnight and cells harvested by centrifugation at 4000rpm for 5min. 

The cell pellet was further processed using a QIAprep® Spin Miniprep Kit (Qiagen) 

according to the manufacturer’s instructions.

2.2.1.6.2 Maxiprep plasmid purification

This method was applied to produce plasmid DNA which predominantly used for 

transfections. A 5ml starter culture was inoculated with a single colony isolated from a 

freshly streaked agar plate (containing lOOpg/ml ampicillin) and incubated with shaking 

for 8h at 37°C. The starter culture was used to inoculate a 100ml culture by diluting 

1:500. After incubating overnight at 37°C with shaking, cells were harvested by 

centrifugation at 4000rpm for 15min at 4°C. Pelleted cells were further processed using 

a QIAfilter™ Plasmid Maxi Kit (Qiagen) according to the manufacturer’s instructions. 

Purified plasmid DNA is suitable for downstream applications, such as DNA 

sequencing, in vitro transcription/translation, or transfection experiments.

2.2.1.7 Determ ination of DNA concentration

DNA concentration was determined spectrophotometrically by measuring OD at 

260nm. Concentration was then calculated from the equation:

OD26o= l=50p.g/ml double stranded DNA

2.2.1.8 C onstructions

2.2.1.8.1 Generation of point mutations by site-directed mutagenesis

Point mutations were generated by site directed mutagenesis using the QuickChange

Site Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s instructions.
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Primers containing the desired mutation were used in a PCR reaction to generate nicked 

circular plasmid DNA bearing the desired mutation. PCR reactions were performed as 

described in section 2.2.1.1, using a range of plasmid concentrations (5, 10, 20, 50 ng 

of plasmid DNA template). Following amplification, the parental methylated DNA was 

digested with lOU of Dpn I for Ih at 37°C. After digestion with Dpn I, Ijxl o f the PCR 

reaction was used to transform Epicurian Coli® XL 1-Blue supercompetent cells 

(Stratagene). Transformed cells were then selected onto agar plates containing 

100|ig/ml ampicillin. Plasmid DNA was purified fi"om colonies and sequenced.

Two mutant PI 3-kinase versions were constructed. Flag-tagged bovine p l 10a 

and human pllO P on pcDNA3 (Beeton et al., 2000) were used as templates for 

mutagenesis. In the case of p l 10a, four lysine residues (941-944) were substituted 

with alanine by performing four successive PCR reactions. In the case of p l lOp, only 

the lysine 942 was substituted with alanine. The accuracy of the mutations was verified 

by DNA sequencing.

2.2.1.8.2 Construction of iSH2-pll0a and iSH2-pllO(5 chimeras 

Fusion of the p85a iSH2 region via a six glycine hinge to the N-terminus of p l 10a has 

previously been shown to generate a constitutively active PI 3-kinase (Hu et al., 1995). 

iSH2 fusion versions of p l 10a and pllO P were constructed as follows:

The part of the iSH2 region of bovine p85a comprising nucleotides 1384-1701 

(corresponding to aminoacids 462-567) was amplified by PCR. Two different forward 

primers were used, incorporating a BamHI and a Hindlll restriction site at their 5’ 

termini, respectively. The reverse primer incorporated a sequence coding for six glycine 

residues at the 5’ terminus.

N-terminal fragments comprising nucleotides 1-1153 o f p l lO a  and 1-1125 of 

p llO p were amplified by PCR. The iSH2 fragments were digested with BamHI or 

Hindlll, respectively. The pl 10a and p llO p N-terminal fragments were digested with 

EcoRI and BspEI, respectively. The BamHI-digested iSH2 fi*agment and the EcoRI-
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p llO a  N-terminal fragments were ligated into BamHI/EcoRI digested pllO a-Flag- 

pcDNA3. The Hindlll-digested iSH2 and the BspEI-digested pllO P N-terminal 

fragments were ligated into Hindlll/BspEI digested p l 10p-Flag-pcDNA3 (Fig 2.1). 

The accuracy of the constructions was verified by DNA sequencing.

BamHI EcoRI

.   ____

pcDNA3

Hindlll BspEI

6G

pcDNA3

Figure 2.1 Schematic representation of the iSH2-pllO chimeric constructs
iSH2 represents a fragment comprising the region between aminoacids 462-567 of the 
bovine p85a. 6G designates a six glycine flexible hinge. Both constructs bear a C- 
terminal Flag tag. BamHI and Hindlll are restriction sites in the multiple cloning site 
of the pcDNA3 vector. EcoRI and BspEI are restriction sites w ithin the coding 
sequence of the bovine p llO a and the human pllOP, respectively.

2.2.2 Cell Culture

All procedures are carried out in a laminar flow hood using aseptical technique. All 

surfaces are disinfected with 70% ethanol prior and after any manipulation. Media for 

mammalian cell culture are prewarmed to 37°C before use.

2.2.2.1 Cryopreservation of cells

In the long-term, stocks of the various cell lines are kept in liquid nitrogen. To revive 

frozen cells, aliquots are removed from storage and thawed quickly at 37°C in a water 

hath before transfer to a tissue culture flask containing prewarmed culture medium. 

Following overnight incubation at 37°C in a humidified incubator with 5% CO2 for
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mammalian cells or at 29°C for insect cells, the medium is changed to remove traces of 

the cryopreservation medium.

To freeze cells, following trypsinization of cell monolayers, 10ml of complete 

medium is added. The cell suspension is transferred to a sterile 15 ml tube and spun at 

150xg for 5min at 4°C. The supernatant is aspirated and the cell pellet resuspended in 

ice-cold freezing medium (culture medium containing 20% fetal calf serum and 10% 

DMSO) to give a final cell density of IxlO^cells/ml. 1ml aliquots of the suspension are 

transferred to sterile cryovials, which are frozen slowly in a polystyrene box in a -80°C 

freezer overnight. The following day, cells are transferred to liquid nitrogen for long

term storage.

2.2.2.2 Mammalian cell culture

2.2.2.2.1 Maintenance of HEK 293 and CHO-IR cells

Human embryonic kidney (HEK 293) and Chinese hamster ovary cells stably 

expressing the human insulin receptor (CHO-IR) cells are cultured in Dulbecco’s 

Modified Eagle’s Essential Medium (DMEM) and nutrient medium F 12 (Ham), 

respectively, supplemented with 10% fetal calf serum and 1% antibiotic-antimycotic 

solution (lOOx: 10,000U/ml penicillin, lOmg/ml streptomycin sulfate, 25|Xg/ml 

amphotericin B). Cells are grown at 37°C in a humidified incubator with 5%C02 . For 

further propagation, when cells become confluent the culture medium is removed and 

the monolayer is briefly rinsed with PBS (without calcium or magnesium). 

Trypsin/EDTA solution is added to just cover the monolayer which is then incubated at 

37°C for 2min. The culture vessel is tapped lightly to dislodge cells, which are then 

resuspended in medium and plated at a density of approximately 60% of confluence.

2.2.2.2.2 Transfection of HEK 293 and CHO-IR cells

HEK 293 cells were transfected using a method involving calcium phosphate 

precipitation (Invitrogen). Briefly, the medium is changed Ih prior to transfection to
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remove traces of trypsin. Up to 22pg (lOpg p l 10 and 12pg p85) of plasmid DNA was 

used per 10cm tissue culture dish. 500|il 2X HBS (280mM NaCl, 50mM HEPES, 

750mM NaH2? 04 , 750mM Na2HP04 , pH 7.0) is added added to a solution containing 

20|ig plasmid DNA, 200mM CaCl2, in 500|xl ddH20. The mix is left to stand for 30min 

to form the precipitate. The precipitate then is added dropwise to the cell monolayer. 

Following incubation at 37°C, in an incubator maintained at 5% CO2 for 18hours, the 

cells are washed twice with PBS without calcium or magnesium and fresh medium is 

added. Protein expression of the transfected DNA was found to be optimal if  cells were 

allowed to recover in this medium for 24 hours.

CHO-IR cells were transfected using LipofectAMINE (Invitrogen). Briefly, 

confluent CHO-IR cells are trypsinized and replated at a dilution of 1:10 in 10cm plates 

and grown overnight. The next day the monolayers are rinsed with PBS and fresh plain 

F 12 medium is added. Each of plasmid DNA (totally 22p.g per dish) and 

LipofectAMINE reagent (48|il) is diluted with plain F I2 medium up to 800p.l. The 

media containing DNA and LipofectAMINE are mixed together, and following a 45min 

incubation at room temperature, the mix is added to the monolayer dropwise. Cells are 

incubated with transfection mixture for 5 hours, before the medium is replaced with 

F 12 containing 10% FCS and 1% antibiotic-antimycotic solution. Protein expression 

from the transfected plasmids was found to be optimal 36h post-transfection.

2.2.2.3 Insect cell culture

2.2.2.3.1 Maintenance of insect Sf9 cells

The insect cell line from Spodoptera jmgiperda (Sf9) is maintained in IPL41 medium 

(Sigma) supplemented with 10% Fetal Calf Serum (insect cell culture tested), 2% 

yeastolate ultrafiltrate (Gibco), 1% lipid concentrate (Gibco), 1% fungizone (Gibco), 

0.1% gentamycin (Gibco). Cells are grown in a 29°C incubator. When cell monolayers 

reach confluence, cells are scraped gently using a cell scraper and then trasferred to a 

new cell culture vessel.
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2.2.2,3.2 Baculoviral infection of Sf9 cells

For the production of recombinant p85/pllO heterodimers, 2x10^ cells are seeded in a 

175cm^ flask and left to adhere for 3h. Then recombinant baculoviruses for p85 and 

p l 10 are added at a multiplicity of infection (MOI) of 5 each in a total volume of 10ml. 

The cells are cultured for further 48h and then the medium is aspirated, the monolayer 

is rinsed briefly with PBS and the cells are scraped from the flask gently to avoid 

disruption o f the cells. The cell suspension is transferred in a 50ml tube and further 

washed twice by addition of 20ml PBS and centrifugation at l,000xg for lOmin at 4°C. 

Then the cells are resuspended in 10ml PBS, aliquoted by adding 1ml in each of 1.5ml 

tubes and spun down in a benchtop centrifuge at 2 ,000xg for 5min at 4°C. The 

supernatant is aspirated and the cell pellets are snap frozen in liquid nitrogen and then 

stored in a -80°C freezer.

2.2.3 Immunological Methods

2.2.3.1 Generation of p85-N-SH2 domain antibodies and o f  
phosphospecific Ser608 antibodies

Polyclonal antibodies against the N-terminal SH2 (N-SH2) domain were generated by 

immunising rabbits with a chimeric protein corresponding to aminoacids 321-439 of the 

p85a fused at the C-terminus of glutathione-S-transferase (GST). Phosphorylation 

state-specific antibodies against p85a Ser608 were generated by immunising rabbits 

with the synthetic peptide CTEDQYSpLVED (Sp=phosphoserine) conjugated to 

keyhole limpet hemocyanin (KLH) using m-maleimidobenzoyl-N-hydroxysuccinimide 

ester according to protocols described elsewhere (Harlow and Lane, 1988). Both 

immunizations were carried out by Eurogentec (Belgium).

Total immunoglobulins from the p85-N-SH2 antiserum were isolated by 

(NHJ^SO^ precipitation. The precipitated protein representing mainly the 

immunoglobulin fraction was redissolved in PBS and then dialyzed extensively against 

PBS. In order to remove the GST-reacting clones, the immunoglobulin fraction was
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further purified by passing through an affinity column made by coupling GST to 

Actigel (Sterogene). The flow-through was then purified on a second column made of 

GST-N-SH2 fusion protein coupled to Actigel.

Affinity columns for the purification of the phospho-Ser608 antiserum were 

made by coupling the relative peptides to SulfoLink resin (Pierce) according to the 

manufacturer’s instructions. The antiserum was purified by affinity chromatography, 

first through a column of the corresponding dephosphopeptide to remove clones 

reacting with non-phosphorylated Ser608. The flow-through was further purified by 

passing through a second column made of the phosphopeptide coupled to SulfoLink.

In either case, bound immunoglobulins were eluted with lOOmM glycine pH 2.5. 

The eluate was immediately neutralized by addition of IM Tris, concentrated using spin 

filters and dialyzed against PBS. The p85-N-SH2 purified antibodies were aliquoted, 

lyophilised and stored at -20°C. In the case of the phospho-Ser608 antibody, 

polyethyleneglycol was added at 50% final concentration and the final preparation was 

aliquoted and stored at -20°C. The purified antibody preparation was characterised by 

immunoblotting against in vitro phosphorylated recombinant p8 5 a /p llO a  

heterodimers.

2.2.4. Protein expression and analysis

2.2.4.1 Expression and isolation of recombinant proteins from Sf9 cells

Recombinant p85a/p llO a, p85a/pllO p and p85a/p ll0ô  heterodimers were 

expressed in baculovirally infected Sf9 insect cells as described above. The cells were 

lysed in lysis buffer (50mM Tris-HCl pH 7.4, 5mM EDTA, lOOmM NaCl, 50mM 

NaF, 40mM p-glycerophosphate, lOmM sodium pyrophosphate and 1% Triton X-100 

supplemented with 2pg/ml aprotinin, l|iM  pepstatin, lOpM leupeptin, ImM 

phenylmethylsulfonyl fluoride and 0.5mM sodium ortho vanadate), clarified by 

centrifugation at 12,000xg for lOmin at 4°C and purified using an affinity matrix
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prepared by coupling the phosphopeptide YpVPMLG (Yp=phosphotyrosine), 

corresponding to the Tyr751 of the human PDGF Receptor-p, to Actigel ALD 

(Sterogene, CA), according to the manufacturer’s instructions. In some experiments, 

the heterodimers were released from beads by incubating with soluble Tyr751 

phosphopeptide at ImM for 15min at room temperature. Assays were performed using 

either Actigel-bound p85oc/pl 10 or free p85a/pl 10 complexes.

2.2.4.2 Expression and purification of GST fusion proteins

pGEX4T-l plasmids containing sequences for full-length p85a and the N-terminal 

SH2 domain (aminoacids 321-439) of p85a were constructed as described above. 

These were used to transform competent E.coli XL 1-Blue cells. After selection on 

ampicillin-containing agar plates, a single colony was used to inoculate a 5ml starter 

culture in LB medium containing lOOjig/ ml ampicillin. This was grown overnight with 

shaking at 37°C and the next day used to inoculate a 500ml culture in LB medium 

suplemented with 100|ig/ ml ampicillin. The culture was grown at 37°C with shaking 

until it reached an OD^Qo^^=0.6. Expression of the plasmids was induced by addition of 

IPTG at a final concentration of ImM, and following an incubation for further 3 hours, 

bacterial cells were pelleted at 10,000rpm, 4°C, for 10 minutes. Pelleted cells were 

resuspended in 10 volumes (ml/g cell pellet) ice-cold lysis buffer (50mM Tris-HCl pH 

7.5, 1% Triton X-100 supplemented with ImM PMSF). The suspension was sonicated 

on ice by applying five rounds of 10s pulses, with 10s intervals between pulses. The 

lysate was centrifiiged at 10,000rpm for 15 minutes to remove cell debris. Protein was 

isolated from the lysate by rotating with Glutathione-Sepharose 4B (Pharmacia) in a 15 

ml Falcon tube at 4°C. Sepharose beads with bound GST fusion proteins were washed 

three times in lysis buffer, followed by three washes with 50mM Tris-HCl pH 8.0 and 

then bound GST fusion proteins were eluted by incubating with lOmM reduced 

glutathione. In the case of the GST-N-terminal SH2 domain fusion protein, the eluate 

was concentrated using Vivaspin-20 filters (Sartorius) and then extensively dialyzed
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against PBS, aliquoted, snap-frozen in liquid nitrogen and stored at -80°C. In the case 

of the full-length GST-p85a the eluate was concentrated as above and then thrombin 

(Pharmacia) was added at lOU/mg of protein and incubated overnight at 4°C in order to 

cleave the GST tag. Subsequently, the mix was incubated with agarose conjugated p- 

aminobenzamidine (Sigma) for 30min to remove thrombin, centrifuged at 4,000rpm for 

5min, and the supernatant was extensively dialysed against 50mM Tris-HCl pH 7.5, 

150mM NaCl. After dialysis, the preparation was incubated again with Glutathione- 

Sepharose 4B to remove free GST, centrifuged at 4,000rpm for 5min, and the 

supernatant aliquoted, snap-frozen in liquid nitrogen and stored at -80°C.

2.2.4.3 Protein Assay

Determination of protein concentration was performed using the BCA method (Pierce) 

according to the manufacturer instructions. BSA was used as a standard.

2.2.4.4 Im m unoprécipitation

Cells monolayers were rinsed once with ice-cold PBS and lysed in a buffer containing 

50mM Tris-HCl pH 7.4, 5mM EDTA, lOOmM NaCl, 50mM NaF, 40mM P- 

glycerophosphate, lOmM sodium pyrophosphate and 1% Triton X-100 supplemented 

with 2|ig/ml aprotinin, IpM pepstatin, lOpM leupeptin, ImM phenylmethylsulfonyl 

fluoride and 0.5mM sodium orthovanadate. 0.5ml of lysis buffer was used per 10cm 

dish. Lysates were clarified from insoluble material by centrifugation at 12,000xg for 

lOmin at 4°C.

Immunoprécipitations were performed from the Triton-soluble fraction (Im g of 

total protein) using the indicated antibodies diluted 1: 100 (1 jig of Flag-M2 per lysate). 

Lysates were incubated with the antibody for Ih at 4°C under rotation followed by the 

addition of protein A- or protein G-agarose beads (20pl of 1:2 slurry) depending on the 

antibody used. Immune complexes were washed three times with “high salt” buffer
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(lOOmM Tris-HCl pH 8.0, 0.5M LiCl), followed by three washes with kinase assay 

buffer and further processed for various assays.

2.2.4.5 Tris-glycine-SDS-polyacrylam ide gel electrophoresis

SDS-polyacrylamide gel electrophoresis was performed according to the method of 

Laemli (Laemmli, 1970). Vertical slab gels were prepared using either a Hoefer gel 

apparatus or BioRad mini gel apparatus. Samples were denatured by addition of 

electrophoresis sample buffer (5x concentrated: 50% glycerol, 10% SDS, SOOmM 

DTT, SOOmM Tris-HCl pH 6 .8) and heating at 95°C for 5min. Electrophoresis was 

performed under constant voltage of 60V overnight for the Hoeffer or 150V for 90min 

for the BioRad apparatus. Gels were then either processed for Western blotting, stained 

with Coomassie blue or fixed, dried and exposed to autoradiography.

2.2.4.6 Tris-tricine-SDS-polyacrylam ide gel electrophoresis

This system is suitable for resolving polypeptides in the range from 5 to 20 kDa. This 

is achieved by swapping tricine for glycine in the electrophoresis buffer, and lowering 

the gel pH. Here, it was used for the electrophoretic analysis of low molecular weight 

proteins or peptides. Gels were prepared according to the method of Schagger and von 

Jagow (Schagger and von Jagow, 1987). BioRad mini gel apparatus was used. 15% 

resolving gels were made up containing 12% glycerol, 15% acrylamide-0.5% 

bisacrylamide, 0.3% SDS, 0.1% ammonium persulphate, 0.2% TEMED in 0.125 M 

Tris-HCl pH 8.45. Stacking gels were made to a final concentration o f 4% acrylamide 

in O.IM Tris-HCl pH 8.45, 0.1% ammonium persulphate, 0.05% TEMED. The anode 

buffer consisted of 200mM Tris-HCl pH 8.9 and the cathode buffer o f lOOmM Tris, 

lOOmM Tricine, 0.1% SDS. Electrophoresis was performed under constant voltage of 

80V. Following electrophoresis the gels were processed for western blotting, stained 

with Coomassie or fixed, dried and exposed to autoradiography.
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2.2.4.7 Coomassie staining of acrylamide gels

Following electrophoresis, the gel is submerged in a solution of 40% (v/v) methanol, 

10% (v/v) acetic acid, 0.3% (w/v) Coomassie brilliant blue R250 and incubated under 

constant agitation for Ih. Protein bands were then visualised by washing the gel in a 

destaining solution (20% (v/v) methanol, 7% (v/v) glacial acetic acid). Several changes 

of the destaining solution are required to completely destain the background.

2.2.4.8 Autoradiographic exposure of acrylamide gels

Following electrophoresis, the gel is submerged in fixing solution of 20% (v/v) 

ethanol, 10% (v/v) glacial acetic acid and incubated under constant agitation for Ih in 

order to fix proteins into the gel. The gels is then dried in vacuo and exposed to a 

phosphorimager screen. Images of radiolabelled protein bands were acquired using a 

Fuji FLA-2000 phosphorimager and analysed with Fuji Image Gauge software.

2.2.4.9 W estern blotting and immunodetection of transferred proteins

Proteins separated by electrophoresis, as described in section 2.4.4.5/6, were 

transferred onto Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore) 

using a Bio-Rad Trans-Blot Cell. The membrane was pre-wetted in methanol briefly 

and then rinsed in water for 2min. Both gel and membrane were equilibrated in transfer 

buffer (25mM Tris, 192mM glycine, 20% (v/v) methanol) for 5min. The transfer stack 

was assembled immersed in transfer buffer. To assemble the transfer stack a foam pad 

was placed on one side of the transfer cassette and one sheet of 3MM filter paper was 

placed on top. The gel was then placed on top o f the filter paper and the membrane on 

top of the gel. One sheet of 3MM filter paper was then placed on top of the membrane 

and a foam pad was put on top of the filter paper to complete the stack. The transfer 

cassette was closed and placed in the transfer tank containing transfer buffer such that 

the gel is facing the cathode. The transfer was run at 350mA for 75min.
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Following transfer to PVDF membranes, the membrane was first incubated in 

blocking buffer (5% (w/v) dried skimmed milk in 0.1% (v/v) Tween 20 in phosphate 

buffered saline (PBS-T)) for 1 hour at room temperature to saturate the binding sites on 

the membrane. For immunoblotting using phosphospecific antibodies, bovine serum 

albumin (BSA) and Tris-buffered saline were used instead of skimmed milk and PBS, 

respectively, throughout the procedure.

The primary antibody was then added at the appropriate dilution in 10ml of 1% 

(w/v) dried milk powder in PBS-T and incubated with the membrane on a rocking 

platform at room temperature for Ih or at 4°C overnight. The membrane was then 

washed three times with PBS-T for 5min each. The secondary antibody, conjugated to 

horseradish peroxidase (HRP) was diluted at 1:2000 in 10ml of 1% milk in PBS-T and 

incubated with the membrane for 1 hour at room temperature. The membrane was then 

washed three times in PBS-T for 5min each. Antibody-antigen complexes were 

detected by Enhanced Chemiluminescence (KPL) according to the manufacturer’s 

instructions. Images were captured by a Fuji LAS-1000 Luminescent Image Analyser 

and analysed with Fuji Image Gauge software.

2.2.4.10 Protein kinase assays

PI 3-kinase autophosphorylation assays were performed in a final volume of 30|il in a 

buffer containing 50mM Tris-HCl pH 7.4, 50mM NaCl, lOmM MnCl2 and 50jiM ATP 

(plus 5|xCi [y-^^P]ATP/assay). Reactions were initiated by adding the ATP/Mn^^ mix, 

run for 20min at 25°C and terminated by addition of 5x electrophoresis sample buffer 

and boiling. When recombinant proteins were used as exogenous substrates (as in the 

case of 4EBP1 and H-Ras), l|ig  of each was added per assay. When peptides were 

used as substrates, they were added at a final concentration of ImM. Protein kinase 

CK2 kinase assays were performed as for PI 3-kinase using 20U of recombinant 

enzyme per assay. In some experiments, OTP was used instead of ATP as a 

phosphoryl donor for protein kinase CK2. For DNA-PK assays, 2U of purified DNA-
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PK and 500ng of linearized double-stranded plasmid DNA were used per assay. The 

reaction products were analysed by SDS-PAGE and either autoradiography or 

immunoblotting with phosphospecific antibodies.

2.2.4.11 PI 3-kinase lipid kinase assays

PI 3-kinase lipid kinase assays were performed in a final volume of 50pl in a buffer 

containing 50mM HEPES pH 7.4, lOOmM NaCl, ImM DTT, 5mM MgClj, lOOpM 

ATP (plus 0.1 pCi of [y-^^P]ATP/assay) using 200|ig/ml phosphatidylinositol or 

phosphatidylinositol-4,5-bisphosphate as a substrate. Reactions were initiated by 

adding a mix of the ATP and Mg^^, run for 20min at 25°C and terminated by the 

addition of lOCjxl O.IM HCl. 200|xl chloroform: methanol (1: 1) were added, the 

mixture was vortexed and the phases separated by centrifugation at 10,000xg for 2min. 

The aqueous phase was discarded and the lower organic phase washed with 80|il of 

methanol: IM HCl (1: 1). After centrifugation the aqueous phase was discarded again 

and the lower organic phase evaporated to dryness. The dried lipids were resuspended 

in 30|il of chloroform: methanol (4: 1) and spotted onto thin layer Silica Gel-60 plates 

(Merck), pre-treated with 1% oxalic acid, ImM EDTA in water: methanol (6:4). TLC 

plates were developed in chloroform: methanol: 4M ammonia (9: 7: 4) for analysis of 

phosphatidylinositol-3-phosphate or n-propanol: 2M acetic acid (13: 7) for analysis of 

phosphatidylinositol-3,4,5-trisphosphate. After completion of the separation, the plates 

were dried and exposed to autoradiography. Images of radiolabelled lipid products 

were acquired using a Fuji FLA-2000 phosphorimager and analysed with Fuji Image 

Gauge software.
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3. Role of PI 3-kinase protein kinase 
activity in the regulation of the enzyme in 
vivo

3.1 Summary

The regulation of the enzymatic activity of the p85/pllO PI 3-kinase has been the 

subject of intense study. One potentially important mechanism for regulating activity is 

the autophosphorylation of the p85a Ser608 by the intrinsic protein kinase activity of 

the enzyme, as this downregulates the lipid kinase activity in vitro. However, there is 

no adequate evidence that this phosphorylation occurs in vivo. Here, we show that 

p i 10a and to a lesser extent p llO p, phosphorylate Ser608 on p85a in vivo and that 

this phosphorylation is increased by treatment of cells with insulin or the phosphatase 

inhibitor okadaic acid. The functional effects of Ser608 phosphorylation are highlighted 

by its mutation either to alanine or to glutamic acid that results in reduced lipid kinase 

activity. Surprisingly, this effect could be at least partially attributable to reduced 

association of the p i 10a catalytic subunit with each of these p85a mutants. 

Additionally, protein kinase CK2 strongly phosphorylated Ser608 on free p85a, but 

not on p8 5a /p  110a heterodimers, suggesting regulation o f Ser608 phosphorylation is 

likely to provide a novel mechanism for regulating PI 3-kinase function. The 

importance of serine phosphorylation in regulating activity was further highlighted in a 

p85a mutant, which bears a deletion of a 23 aminoacid region proximal to Ser608, 

recently discovered in primary human colon and ovarian tumours. Autophosphorylation 

on Ser608 was impaired in this mutant and this was associated with a concomitant 

increase in the lipid kinase activity, presumably responsible for its potentially oncogenic 

properties. These results provide the first evidence that phosphorylation of Ser608 

contributes to the regulation of PI 3-kinase in vivo and suggests this plays a role as a
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shut-off switch in growth factor signalling and contributes to the differences in 

functional properties of different PI 3-kinase isoforms.

3.2 Introduction

In addition to their lipid kinase activity, class I PI 3-kinases possess an intrinsic protein 

serine kinase activity (Carpenter et al., 1993b; Dhand et al., 1994b; Stoyanova et al., 

1997; Vanhaesebroeck et al., 1999a). This protein kinase activity has attracted much 

interest but its functional consequences have not been fully defined (Hunter, 1995).

Perhaps the most profound effect on the PI 3-kinase enzymatic activity is the one 

caused by the inter-subunit serine phosphorylation. Indeed, it has been shown that the 

intrinsic protein kinase activity of PI 3-kinase is capable o f phosphorylating the Ser608 

on the p85a subunit at a stoichiometry of one mol of phosphate per mol o f p85 

(Carpenter et al., 1993b; Dhand et al., 1994b). Phosphorylation o f Ser608 resulted in 

80% decrease in PI 3-kinase activity, which could subsequently be reversed upon 

treatment with protein phosphatase 2A. However, regulation of this site is apparently 

more complex, as mutation of Ser to Ala actually caused a small decrease in activity (Yu 

et al., 1998b).

The crucial role of the adapter subunit in regulating PI 3-kinase function is 

demonstrated by the effects of various mutations of p85a that have been identified in 

humans. For example, a mutation that causes impairment of PI 3-kinase function and is 

associated with insulin resistance has previously been identified (Baynes et al., 2000). 

Conversely, several mutations that activate PI 3-kinase and have oncogenic properties 

have also been identified in p85a. The first oncogenic p85 mutant to be identified was 

the product of a C-terminal deletion in which the region following the first 571 

aminoacids of the p85a has been replaced by a 24-aminoacid tail, related to the eph 

receptor tyrosine kinase family (Jimenez et al., 1998). This mutant (p65-PI3K) induced 

constitutive activation of PI 3-kinase and it was capable of transforming NIH-3T3
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fibroblasts in culture. More recently, further studies have defined the importance of this 

deletion showing it contains a modular inhibitory domain which consists of the so- 

called LED (rich in leucine, glutamic acid and aspartic acid residues) and cSH2 

(carboxyterminal SH2 domain) motifs (Chan et ah, 2002). This domain confers wild- 

type p85 the ability to block the stimulatory effect of Ras. Deletion of either LED or 

cSH2 abolishes inhibitory function. LED motif comprises aminoacids 590-623 and so 

encompasses Ser608. Therefore, it is possible that any alterations in the region of 

Ser608, either by mutation or phosphorylation, could be modifying the inhibitory 

properties of this domain.

Also, little is known with respect to the effect of growth factor stimulation on 

p85a serine phosphorylation levels. p85a serine phosphorylation has been studied in 

PDGF-stimulated murine fibroblasts (Domin et al., 1996). It was shown that p85a was 

constitutively phosphorylated on serine residues and this phosphorylation did not 

change after treatment with PDGF, although the latter did stimulate tyrosine 

phosphorylation of p85a. Furthermore, no phosphorylation of the p i 10a subunit was 

detected in either quiescent or PDGF-stimulated cells. Also, an earlier study performed 

in human T cells had demonstrated that upon triggering of the T cell antigen receptor 

(TCR)/CD3 complex or treatment with phorbol ester, the p i 10 subunit becomes rapidly 

phosphorylated (Reif et al., 1993). Under the same experimental conditions, the p85a 

subunit did not appear to undergo a change in its basal serine phosphorylation. In 

contrast, p85p underwent a marked and rapid increase in phosphorylation on threonine 

residues. It is clear that additional studies are required in order to determine the effects 

of growth factor stimulation on p85a serine phosphorylation more precisely.

So far, the physiological relevance of the Ser608 phosphorylation has not been 

established and there is currently no adequate evidence that phosphorylated Ser608 

exists in cells. In the present study, we demonstrate that p85a Ser608 can be 

phosphorylated both in cell lines and in animal tissue and that insulin stimulates this
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phosphorylation. Furthermore, evidence is presented that the serine phosphorylation 

plays a role in regulating the integrity of the p85/pl 10 heterodimer, a finding that could 

partially explain the impact of this phosphorylation on lipid kinase activity. Finally, it is 

demonstrated that impaired autophosphorylation of a human p85a deletion mutant 

correlates closely with PI 3-kinase constitutive activation, which is responsible for its 

potentially oncogenic properties. Overall, these data provide new insights into the 

functional consequences of an important feature of the p85/pllO PI 3-kinase, namely 

the protein kinase activity.

3.3 Results

3.3.1 Characterization of a phosphospecific antibody for 

p85a Ser608
To study Ser608 phosphorylation in vivo, we generated a phosphorylation-state 

dependent antibody, which was affinity purified as described in Materials and Methods. 

Both the antiserum and the purified antibody preparation were characterized by 

immunoblotting against recombinant p 8 5 a /p ll0 a , which was allowed to 

autophosphorylate in vitro in the presence of ATP and Mn^^. Fig. 3.1 shows that the 

antiserum strongly recognized p85a after in vitro phosphorylation in the presence of 

ATP. Antibody binding was fully competed by the corresponding phosphopeptide, but 

not by the dephosphopeptide. Furthermore, p85a/p llO a  incubated in the presence of 

the PI 3-kinase inhibitor wortmannin during the kinase assays was recognized to a 

much lesser extent (Fig. 3 .IB). The antibody was re-tested after affinity purification. 

Although the purified antibody reacted to a low extent with p85a incubated in the 

absence of ATP in all of the above experiments, it seems that this was due to in vivo 

phosphorylation resulting from coexpression with the catalytic subunit in insect cells, 

since no binding was evident when an excessive amount of E. coli expressed p85a was 

used instead (Fig. 3.1C).
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3.3.2 PI 3-kinase catalytic subunits phosphorylate p85a 

Ser608 in vivo

Subsequently, the phosphospecific antibody was used in conjunction with p85a 

Ser608Ala and Ser608Glu mutants to investigate phosphorylation of p85a on Ser608 

in vivo. HEK 293 cells were cotransfected with each one of the p85a Ser608 mutants 

and either the a  or the (3 isoform of the p i 10 catalytic subunit. Lysates fi*om the 

transfected cells were immunoprecipitated with 9E10 (myc) antibody followed by 

immunoblotting with the phospho-Ser608 antibody. As it can been seen in Fig. 3.2A, 

the myc-tagged wild-type p85a cotransfected with the Flag-tagged p i 10a catalytic 

subunit was strongly recognized by the phosphospecific antibody. No signal was 

obtained with the Ser608Ala mutant, whereas some binding was evident with the 

phosphomimetic mutant Ser608Glu. Furthermore, treatment of cells with the 

phosphatase inhibitor okadaic acid resulted in strong antibody binding to wild-type 

p85a, consistent with an accumulation of phosphate. As expected, there was no 

increase in reactivity with the Ser608 mutants. When the same p85a mutants were 

coexpressed with the pllOP catalytic subunit, wild-type p85 was barely recognized by 

the phosphospecific antibody. However, treatment of the cells with okadaic acid 

elevated phosphorylation and consequently recognition by the phosphospecific 

antibody (Fig. 3.2B). This result implies that pllOP phosphorylates p85a with much 

less efficiency compared to p i 10a. This is consistent with the previous finding that 

p i lOp is less efficient protein kinase than p i 10a (Beeton et al., 2000). It is also likely 

that the protein kinase activity of pllOp is directed toward itself, as recombinant 

pllOP,  in an in vitro kinase assay, preferentially autophosphorylates instead of 

phosphorylating the p85 regulatory subunit (Foukas et al., 2002).
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3.3.3 Basal phosphorylation of the Ser608 is almost 

exclusively due to the catalytic subunit p i 1 0

When the p85a subunit was coexpressed with a catalytically inactive p i 10a, 

recognition by the phosphospecific antibody was barely observed (Fig. 3.3A). 

Moreover, treatment of cells expressing p85a/p llO a  with PI 3-kinase inhibitors 

wortmannin and LY294002 reduced Ser608 phosphorylation (Fig. 3.3B). These 

results demonstrate that at least in the basal state, phosphorylation of Ser608 is mainly 

due to the autokinase activity.

3.3.4 p85a Ser608 is phosphorylated in muscle tissue
To assess whether the p85a Ser608 is a physiological target for phosphorylation, rat 

soleus muscles were isolated and incubated in the presence or the absence of okadaic 

acid. Following incubations, lysates of the muscles were immunoprecipitated with p85 

antibody and further analyzed by immunoblotting with the phospho-Ser608 antibody. 

As Fig. 3.4 shows, phosphorylation was detectable in the basal state and elevated after 

treatment with okadaic acid.

3.3.5 Insulin stimulates p85a Ser608 phosphorylation

We sought to determine a possible effect of insulin, a well-known activator of PI 3- 

kinase, on p85a Ser608 phosphorylation. Chinese hamster ovarian cells 

overexpressing insulin receptors were cotransfected with myc-tagged wild-type p85a 

and Flag-tagged p i 10a. The cells were treated with lOOnM insulin for various time 

lengths. Lysates of the treated cells were immunoprecipitated with 9E10 antibody and 

the immunoprecipitates were analysed by immunoblotting with the phospho-Ser608 

antibody (Fig. 3.5A). Insulin treatment elevated the level of Ser608 phosphorylation in 

a time-dependent manner, with an approximately 2.7-fold increase being evident after 

30min stimulation (Fig. 3.5B).
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3.3.6 Protein kinase CK2 phosphorylates Ser608 on free, but 

not on pllOa-associated p85a

We also addressed the possibility that cellular kinases other than PI 3-kinase may be 

able to phosphorylate Ser608 and thus regulate PI 3-kinase activity. The Ser608 site is 

surrounded by acidic residues and fits very well with the consensus target motif for 

protein kinase CK2 (Allende and Allende, 1995) and indeed we have found that protein 

kinase CK2 phosphorylated a peptide encompassing residues 598-616 of p85a (data 

not shown). Protein kinase CK2 activity can be distinguished from PI 3-kinase as the 

former is able to use GTP as phosphoryl donor and is also insensitive to wortmannin 

(Davies et al., 2000) (also, we have found that wortmannin concentrations up to l|iM  

do not affect protein kinase CK2 activity). Under these conditions, we demonstrated 

that protein kinase CK2 phosphorylates free recombinant p85a on Ser608 but does not 

phosphorylate p85a when the latter is dimerised with p i 10a (Fig. 3.6).

3.3.7 Ser608 phosphorylation does not interfere with 

heterodimer binding to phosphotyrosine

In the course of the experiments for the characterization of the phospho-Ser608 

antibodies, it became apparent that phosphorylation of Ser608 did not cause p85a to 

detach from the phosphotyrosine beads under any of the experimental conditions (Fig. 

3.1). Therefore, Ser608 phosphorylation appears not to interfere with heterodimer’s 

binding to phosphotyrosine. To examine further this possibility, p85a/GST-pl 10a 

heterodimers were isolated after coexpression in Sf9 cells by affinity chromatography 

on glutathione-agarose beads. After elution with reduced glutathione, the heterodimers 

where allowed to autophosphorylate in solution by incubating with ATP/Mn^^ for Ih at 

25°C. Subsequently, the autokinase reactions were terminated by addition o f EDTA at 

20mM final concentration and the heterodimers were pulled-down by the addition of 

Tyr751-phosphopeptide beads and analyzed by SDS-PAGE and immunoblotting using 

the phospho-Ser608 antibody or total p85 antibody. As it can be seen in Fig. 3.7, the
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heterodimers bound to the phosphotyrosine beads quantitatively, irrespectively of the 

phosphorylation state of Ser608, thus confirming the previous observation that Ser608 

phosphorylation does not interfere with heterodimer binding to phosphotyrosine.

3.3.8 Mutation of Ser608 affects both enzymatic activity and 

heterodimerization
As p85a Ser608 phosphorylation has been shown to downregulate the lipid kinase 

activity of the enzyme in vitro (Dhand et a l ,  1994b), we attempted to assess whether 

phosphorylation at this site in vivo would have similar effects. To assess this, wild- 

type myc tagged p85a and variants where Ser608 was mutated to alanine or glutamic 

acid were coexpressed with the p i 10a catalytic subunit in HEK 293 cells. 

Recombinant heterodimers were isolated by immunoprécipitation with the 9E10 

antibody and subjected in in vitro kinase assays using [y-^^P]ATP and 

phosphatidylinositol as the substrates. As expected, the phosphomimetic mutant 

Ser608Glu was found to be less active than the wild-type (Fig. 3.8). But rather 

surprisingly, the same effect was observed with the Ser608Ala mutant, which would be 

expected to mimic non-phosphorylated p85. Most interestingly, when the same 

immunoprecipitates were analysed by immunoblotting to normalize for p85 and p i 10 

expression, it became evident that in both cases of Ser608Ala and Ser608Glu mutants, 

the amount o f associated p i 10 subunit was markedly less compared to the wild-type. 

And this was absolutely reproducible in a series of experiments. The apparent 

mechanism of the reduced lipid kinase activity demonstrated by this experiment is 

further discussed below.

3.3.9 Impaired Ser608 phosphorylation in a human oncogenic 

p85a mutant

Finally, we sought to decipher the basis of the constitutive activation of a PI 3-kinase 

comprising a p85a deletion mutant present in human primary colon and ovarian
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tumours and cancer cell lines. In this mutant, which results by the disruption of a splice 

site on one allele of the p85a gene, leading to the skipping of exon 13 during 

transcription, aminoacids Met582-Asp605 are replaced by a single He residue. The 

proximity of the deleted region to Ser608 suggested a possible interference with 

regulatory Ser608 autophosphorylation (Philp et al., 2001). To test this hypothesis, we 

coexpressed V5-taggedcDNA of mutant p85 (p85Aexonl3) together with Flag-tagged 

p i 10a in HEK 293 cells. Lysates were immunoprecipitated with V5 antibody and the 

immunoprecipitates were assayed for autokinase and lipid kinase activity (Fig. 3.9A). 

Indeed, it was found that a 70% decrease in the autophosphorylation of the 

p85Aexonl3 was accompanied by a corresponding increase in the lipid kinase activity 

(Fig. 3.9B). Consistently, immunoblot analysis of the immunoprecipitates with the 

phosphospecific antibody failed to detect any Ser608 phosphorylation of the 

p85Aexonl3 (Fig. 3.9A). However, it should be noted that the phospho-Ser608 

antibody has been developed against a peptide with the sequence CTEDQYSpLVED 

and that the exon 13 deletion changes this sequence to YLIQYSpLVED. Replacement of 

the acidic motif TED with the hydrophobic motif YLI at the N-terminus of this region is 

very likely to affect antibody binding. Therefore, in this case the failure of the antibody 

binding does not necessarily prove that Ser608 is not phosphorylated, but it is 

consistent at least with lack of Ser608 phosphorylation. In conclusion, in this case, it 

seems very plausible that PI 3-kinase constitutive activation is the consequence of 

defective Ser608 autophosphorylation.

3.4 Discussion

Despite a large body of data concerning the regulation of the heterodimeric p85/pl 10 PI 

3-kinase, the precise mechanisms by which this regulation is achieved in a cellular 

context have still not been fully defined. A very important, although overlooked, 

feature of the p85/pllOa PI 3-kinase, is the ability to operate as a dual specificity 

kinase, phosphorylating both lipids and its regulatory subunit and the negative impact
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phosphorylation of the latter has on its lipid kinase activity. In the present study, serine 

autophosphorylation of p85a in cells and its implications for the regulation o f the lipid 

kinase activity of the enzyme have been investigated. To date, the only evidence for 

such phosphorylation has been obtained mainly from in vitro experiments and the 

finding that protein kinase activity required Mn^^ in vitro had been cited as evidence that 

in vivo phosphorylation was unlikely. However, it has been shown that the protein 

kinase activity of the pllOÔ isoform, which is also Mn^^-dependent in vitro, does 

operate in cells (Vanhaesebroeck et al., 1999a). Instead of phosphorylating p85, p i 105 

autophosphorylates on Ser 1039. The above study used phosphospecific antibodies to 

demonstrate that p i 106 Seri039 becomes phosphorylated in Jurkat T cells stimulated 

with the CD28 ligand B7.1 in a wortmannin- and LY294002-sensitive manner. With 

respect to the p85 Ser608 phosphorylation, the present findings prove that the 

phosphorylation occurs in a cellular context, both in cell lines and in muscle tissue. The 

finding that phosphorylation is to a large extent blocked by wortmannin and by 

coexpression of a catalytically inactive p i 10a  indicates that the intrinsic kinase activity 

of p85/pl 10 heterodimers contributes a large part this phosphorylation. However, 

some wortmannin resistant phosphorylation is always observed, so it seems possible 

that other cellular kinases, such as protein kinase CK2, can phosphorylate this site in 

vivo. The present data would indicate that the latter possibility could only happen when 

heterodimers are dissociated and p85 is free, but it now seems that significant amounts 

of free p85 are indeed present in cells (Mauvais-Jarvis et al., 2002; Ueki et al., 2002a). 

This means that there is indeed a considerable fraction o f cellular p85 that might serve 

as a substrate for other cellular kinases. On the other hand, this free p85 might 

represent the phosphorylated fraction of the protein which is unable to dimerise with 

p i lO.The latter possibility needs to be experimentally tested.

One implication of the present findings relates to differential regulation o f the 

function of different catalytic isoforms of PI 3-kinase, as our data and our previous
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findings (Beeton et al., 2000) indicate that p l lO a  is more effective than p 110(3 in 

phosphorylating p85. This in turn means that p i 10a will be more susceptible to 

downregulation by Ser608 phosphorylation.

As mentioned above, only a limited number of studies have addressed the effect 

of growth factor stimulation on p85a serine phosphorylation and none of them has 

found any alterations in the p85a serine phosphorylation levels following growth factor 

stimulation. In the present study, the effect of insulin, a well-known activator of PI 3- 

kinase, on p85a Ser608 phosphorylation was assessed. The finding that insulin 

stimulates the phosphorylation of Ser608 provides evidence for an autoregulatory 

mechanism which is likely to represent a feedback mechanism to shut-off the insulin 

signal. The mechanism for the insulin induced increase in phosphorylation at Ser608 is 

unlikely to involve stimulation of the protein kinase activity of p i 10 (Layton et al., 

1998). Also, although there is some evidence that protein kinase CK2 is activated by 

insulin in 3T3-L1 mouse and rat primary adipocytes (Diggle et al., 1991; Sommercom 

et al., 1987), such an activation was not observed in experiments conducted during the 

course of the present study in CHO IR cells (data not shown). A more likely 

mechanism is that the increased phosphorylation is due to inhibition o f a phosphatase 

such as protein phosphatase 2A (PP2A), as it is known that insulin acutely inhibits the 

activity of PP2A (Begum and Ragolia, 1996). In that study, performed in rat L6 

myotubes, a maximal reduction of 43% in PP2A activity was observed after 20min of 

insulin stimulation. This correlates very well with the present data which indicated that 

inhibition of PP2A resulted in elevated phosphorylation of Ser608 reaching a 2.7-fold 

increase after 30min of insulin stimulation. Further, there is evidence that inhibition of 

PP2A by okadaic acid leads to inhibition of PI 3-kinase activity (Rondinone and Smith, 

1996). Although the mechanism for this has not been explained, experiments conducted 

in human primary adipocytes showed that it did not involve impaired recruitment o f PI 

3-kinase to phosphotyrosine complexes. Thus, it was then speculated that okadaic acid
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treatment could have a direct effect on the phosphorylation state of p85, which in turn 

could affect PI 3-kinase activity. Indeed, the results presented here clearly point to this 

direction.

Three mechanisms can be envisaged by which Ser608 phosphorylation might 

regulate PI 3-kinase activity: (i) regulation o f the catalytic activity of p i 10 within intact 

heterodimers (ii) modulating p85 interactions with p i 10 and (iii) modulating interaction 

of p85 with tyrosine phosphorylated peptide motifs. The results presented here indicate 

that only the two former mechanisms are likely to operate in vivo. Ser608 resides in the 

inter-SH2 domain of p85. This is predicted to be an independently folded module of a 

coiled-coil o f two long antiparallel a-helices and a motif mapped within this region 

binds the p i 10 subunit (Dhand et al., 1994a; Panayotou et al., 1992). It is reasonable 

to hypothesize that events such as reversible phosphorylation in this domain could 

induce conformational changes that in turn could affect intersubunit interaction. To this 

end, the effect of mutation of Ser608 on the lipid kinase activity was tested. Mutation of 

Ser608 to the phosphomimetic glutamic acid, resulted in the expected reduction in the 

lipid kinase activity. Surprisingly, mutation of Ser608 to alanine had the same effect. At 

present, precise information regarding structural features o f this region of p85 is 

lacking. Thus, it can only be speculated that the Ser608 residue might be of special 

importance for the conformation of the p85 protein and substitution by another one, 

with different bonding properties, might have a profound impact on the conformation. 

Additionally, a marked reduction in the p i 10 catalytic subunit associated with the p85 

mutants was also evident indicating that Ser608 is crucial for tight intersubunit 

interaction. This observation provides a plausible explanation for the reduced lipid 

kinase activity associated with mutation of this site by promoting dissociation o f the 

heterodimer. Further, when p85 is free, our data indicate that Ser608 becomes the 

target for other cellular kinases and these may affect re-formation of the heterodimers. 

As free p i 10 is unstable (Hiles et al., 1992; Klippel et al., 1994) this would eventually
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result in a build-up of free p85, a situation that is indeed observed in several cell types 

(Mauvais-Jarvis et al., 2002; Ueki et al., 2002a).

However, it should be noted that phosphatase treatment of in vitro 

phosphorylated recombinant PI 3-kinase restores lipid kinase activity, although partially 

(Dhand et al., 1994b), indicating that phosphorylation in intact heterodimers is also 

likely to be playing a role. The mechanism by which Ser608 phosphorylation could 

regulate PI 3-kinase in intact heterodimers has not been established. It appears not to 

involve reduced accessibility of ATP to the catalytic site, since it has been found that 

both wortmannin and the ATP analog 5’-/?-fluorosulfonylbenzoyladenine (FSBA) can 

bind within the ATP-binding site of the prephosphorylated complex (Wymann et al., 

1996). However, it has been shown that p85a itself can specifically bind certain 

negatively-charged phospholipids. The binding site has roughly been mapped with the 

use of monoclonal antibodies to the inter-SH2 domain of the p85 (End et al., 1993). 

Ser608 resides in the inter-SH2 domain. Therefore, it is possible that the addition o f a 

negatively charged phosphate group on Ser608 could be repulsive for certain substrate 

molecules, since phosphoinositides have also a negatively charged inositol headgroup. 

In this way, Ser608 phosphorylation could interfere with lipid binding to this site and 

thus with substrate recognition and catalytic activity.

An oncogenic form of p85 found in primary colon and ovarian tumours has also 

shed light on the role of the pi 10 protein kinase activity (Philp et al., 2001). In this 

case, the region comprising aminoacids 582-605 has been deleted and replaced by a 

single isoleucine residue. The mutated PI 3-kinase was shown to exhibit elevated 

activity thus causing constituve activation of PKB/Akt. Here, the hypothesis that 

proximity of the deletion to Ser608 interferes with its phosphorylation was tested. 

Indeed, it was found that phosphorylation of Ser608 was reduced and that this was 

accompanied by an increase in the lipid kinase activity o f the mutant. This finding 

provides additional evidence for the importance of Ser608 phosphorylation as a
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regulatory mechanism of PI 3-kinase in vivo. It also demonstrates the detrimental 

effects that deregulation caused by impaired autophosphorylation can have on critical 

cellular functions.

Recently, it was demonstrated that the molecular balance between the regulatory 

and the catalytic subunit regulates signalling generated by PI 3-kinase (Ueki et al., 

2002a). More specifically, it was found that in cells, the p85 subunit is in excess of 

p i 10, thus competing with the p85/pl 10 dimers for binding to phosphotyrosine. In the 

present case, evidence was found that Ser608 phosphorylation might interfere with 

formation of the p85/pl 10 heterodimer. Such inability of Ser608 phosphorylated p85 to 

associate with the p i 10 catalytic subunit could provide a mechanism for the long-term 

regulation of PI 3-kinase activity. In such a model, the proportion of Ser608 

phosphorylated p85, would determine the amount of functional heterodimers. At 

present, this model is speculative and remains to be experimentally investigated.

The preceding data provide the first evidence that autophosphorylation o f the PI 

3-kinase regulatory subunit is likely to play an important role in the regulation of this 

enzyme in vivo. Factors that affect phosphorylation of Ser608 are therefore likely to 

have a major impact on PI 3-kinase activity in vivo and given the crucial role this plays 

in many cellular processes this has many implications in health and disease (see General 

Discussion).
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Figure 3.1 Characterisation of the phospho-Ser608 specific antibody
Recombinant p 8 5 a /p ll0 a  was subjected to an in vitro kinase assay in the presence 
or the absence of ATP. The reaction products were analysed by SDS-PAGE and 
transferred on a PVDF membrane.(A) Blots were incubated with either preim m une 
or im mune phospho-Ser608 serum diluted 1:1000. In some experiments the immune 
serum  was incubated w ith the im munising phosphopeptide or the corresponding 
dephosphopeptide at ImM  for Ih  at 25°C before further processing. (B) In some 
experim ents w ortm annin at lOOnM was included during the kinase assay. (C) 
recombinant p85a/p ll0 (x  which had been subjected to an in vitro autokinase assay 
in the presence or the absence of ATP (Sf9), and bacterially expressed p85a (E. coli) 
w ere analysed by im m unoblotting using the affinity-purified phospho-Ser608 
antibody. IB, immunoblot.
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Figure 3.2 Phosphorylation of Ser608 after coexpression with either p llO a or 
pllOP in HEK 293 cells
(A) myc-tagged p85a (wild-type or Ser608 m utants) was coexpressed w ith Flag- 
tagged  p llO a  in HEK 293 cells. Cells w ere lysed  and  lysates  w ere 
im m unoprecipitated w ith 9E10 antibody. Im m unoprecipitates were analysed by 
SDS-PAGE and im m unoblotting w ith the phospho-Ser608 antibody. In some 
experiments, cells were treated w ith SOOnM okadaic acid for 45min at 37°C prior to 
lysis. U niform  expression of m yc-tagged p85a and Flag-tagged p i  10a was 
confirmed after stripping and reprobing with the 9E10 antibody (middle panel) and 
the Flag antibody (lower panel), respectively. (B) the same experiments as in (A) but 
after cotransfection with Flag-tagged p i 10(3. (mock = empty vector)
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Figure 3.3 Basal Ser608 phosphorylation is almost exclusively mediated by the 
intrinsic protein kinase activity of PI 3-kinase
(A) Cells were transfected w ith wild-type myc-tagged p85a and either w ild-type 
Flag-tagged p llO a  (pllO a-w t) or catalytically inactive Flag-tagged p i  10a (p i 10a- 
KD, kinase dead) in HEK 293 cells. Transfected cells were lysed and lysates were 
im m unoprecipitated w ith 9E10 antibody. Im m unoprecipitates were analysed by 
SDS-PAGE and im m unoblotting w ith the phospho-Ser608 antibody. U niform  
expression of myc-tagged p85a was confirmed after stripping and reprobing with 
the 9E10 antibody (lower panel). (B) Cells were cotransfected with myc-tagged p85a 
and Flag-tagged p llO a . Transfected cells w ere trea ted  w ith  e ither lOOnM 
wortm annin or 30pM LY294002 for 45min at 37"C and further processed as above.
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Figure 3.4 Detection of p85 Ser608 phosphorylation in rat soleus muscle
Rat soleus muscle strips were isolated and incubated in the presence or the absence 
of SOOnM okadaic acid for 45min. Following incubations, muscle strips were snap 
frozen and hom ogenised. Hom ogenates containing Im g of total protein  w ere 
im m unoprecipitated w ith p85 antibodies. Im m unoprecipitates were analysed by 
SDS-PAGE and im m unoblotting w ith the phospho-Ser608 antibody, followed by 
stripping and reprobing with total p85 antibody.
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Figure 3.5 Insulin stimulates phosphorylation of SerbOS
CHO-IR cells w ere cotransfected w ith  m yc-tagged p85a and F lag-tagged 
p llO a  .Cells were serum -starved for 16h followed by stim ulation w ith lOOnM 
in su lin  at 37"C for the ind ica ted  leng ths of tim e. Cells w ere lysed , 
im m unoprecipitated w ith the 9E10 antibody and the im m unoprecipitates were 
analysed by SDS-PAGE and im m unoblotting w ith the phospho-Ser608 antibody, 
followed by stripping and reprobing w ith total p85 antibody. A representative 
experim ent in trip licate is illustrated  in A. Phosphorylation  of Ser608 was 
quantitated and plotted in a graph shown in B (values=means±S.E.M., *P < 0.01 
versus basal)
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Figure 3.6 Protein kinase CK2 phosphorylates p85a on Ser608 when the latter is 
free but not when complexed with pllOa
Recombinant free p85a (lanes 2, 3) or p 8 5 a /p l l0 a  heterodimers (lanes 4-6) isolated 
on Tyr751-phosphopeptide beads and G IF  were used as substrates in recom binant 
protein kinase CK2 in vitro kinase assays in the presence of lOOnM w ortm annin 
(lanes 1-5). Reaction products were analyzed by SDS-PAGE and im m unoblotting 
using the phospho-Ser608 antibody, followed by stripping and reprobing w ith total 
p85 antibody. An autophosphorylation assay with ATP as a substrate in the absence 
of wortmannin was also performed (lane 6).
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Figure 3.7 Ser608 phosphorylation does not interfere with heterodimer binding to 
phosphotyrosine
p 8 5 a /G S T -p l l0 a  heterodim ers were isolated after coexpression in Sf9 cells by 
affinity chrom atography on glutathione-agarose beads. After elution w ith reduced 
glutathione, the heterodim ers w here allow ed to autophosphorylate in vi tro  by 
incubating with ATP/Mn^^ for Ih  at 25°C. Subsequently, the heterodim ers were 
pulled-dow n by the addition of Tyr751-phosphopeptide beads and analyzed by 
SDS-PAGE and im munoblotting using the phospho-Ser608 antibody (80% of each 
sample, upper panel) or total p85 antibody (20% of each sample, lower panel). B, bound 
to the phosphopeptide beads, F, free in the supernatant.
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Figure 3.8 M utation of Ser608 interferes w ith lip id  kinase activity and 
heterodimer formation
Each of the Ser608 m utants of myc-tagged p85a was coexpressed together w ith Flag- 
tagged  p i  10a in HEK 293 cells and the heterod im ers w ere isolated  by 
im munoprécipitation with the 9E10 antibody. Immunoprecipitates were split in two. 
Half was assayed for lipid kinase activity using phosphatidylinositol and [y-^^P]ATP 
as the substrates. Reaction products were analysed by thin layer chrom atography 
and autoradiography (autorad). The second half was assayed by im m unoblotting 
w ith 9E10 antibody followed by stripping and reprobing w ith Flag antibody. A 
representative experiment is illustrated in A. PI3K activity was norm alized to p85a- 
myc expression. Data from three experiments were plotted in a graph shown in B 
(values=means±S.E.M., *P < 0.05, versus wild-type)
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Figure 3.9 An oncogenic human p85a deletion  mutant exhibits impaired  
autophosphorylation and elevated lipid kinase activity
Either V5-tagged w ild-type p85a (wt) or the deletion m utant (AexonlB) was 
coexpressed with Flag-tagged p i 10a in 293 cells. Cells were lysed and lysates were 
im m unoprecipitated with the V5 antibody. Imm unoprecipitates were split in four 
aliquots. One fourth was assayed for lipid kinase activity using phosphatidylinositol 
and [y-^^P]ATP as the substrates. Reaction products were analysed by thin layer 
chrom atography and autoradiography (top panel). One aliquot was subjected to an 
in vitro autokinase assay in the presence of [y- ^^P]ATP and Mn^^. Reaction products 
were analysed by SDS-PAGE and autoradiography (second panel). Another aliquot 
w as assayed  for Ser608 p h o sp h o ry la tio n  by im m u n o b lo ttin g  w ith  the 
phosphospecific  an tibody  (th ird  panel).The last a liquo t w as assayed  by 
immunoblotting with with the V5 antibody (fourth panel) followed by stripping and 
reprobing w ith the Flag antibody (bottom panel). A representative experim ent is 
illustrated in A. Data from three experiments were plotted in a graph shown in B 
(values=means±S.E.M., * P < 0.05, versus wild-type).
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4. Dissection of the lipid and protein 
kinase activities of PI 3-kinase using 
pharmacological agents

4.1 Summary

An important goal of this research is to be able to discriminate between the roles of the 

lipid and the protein kinase activities of PI 3-kinase. In an effort to discover compounds 

that differentially affect each of the two dinstinct activities, the effects of the 

methylxanthines caffeine and theophylline on the enzymatic activity of PI 3-kinases 

were investigated. It was found that caffeine inhibits the in vitro lipid kinase activity of 

class I PI 3-kinases (IC50 75pM for p i 10Ô, 400pM for p i 10a and p i lOp and ImM for 

p i lOy) and theophylline has similar effects (IC50 75pM for p i 106, 300pM for p i 10a, 

800pM for pllO P and pllOy). Importantly, caffeine and theophylline inhibit the 

intrinsic protein kinase activity of the class lA PI 3-kinases and DNA-dependent protein 

kinase, but with a much lower potency than for the lipid kinase (IC50 « lOmM for 

p i 10a, IC50 ~ 3mM for p i lOp, IC50 «lOmM for DNA-PK). In CHO IR cells and rat 

soleus muscle, theophylline and caffeine block insulin’s ability to stimulate PKB/Akt 

activation with IC^g’s similar to those for the inhibition of PI 3-kinase activity, while 

insulin stimulation of ERKl or ERK2 was not inhibited at concentrations up to lOmM. 

Theophylline and caffeine also blocked insulin stimulation of glucose transport in 

CHO-IR cells. These results demonstrate that these methylxanthines are direct 

inhibitors of the PI 3-kinase lipid kinase activity, but are distinctly less effective against 

the serine kinase activity and thus could be of potential use in dissecting these two 

distinct kinase activities. It was concluded that inhibition o f PI 3-kinase, in particular of 

p i 10Ô, is likely explain some of the physiological and pharmacological properties of 

caffeine and theophylline. Furthermore, a panel of synthetic peptides derived from class 

II MHC molecules, previously reported to directly inhibit PI 3-kinase activity in p85
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immunoprecipitates, were found to stimulate the lipid but not the protein kinase activity 

o f recombinant class I PI 3-kinases. This finding further demonstrates that each one of 

the two activities of PI 3-kinase can be manipulated independently from the other.

4.2 Introduction

Thus far, the functions of PI 3-kinases have been studied mainly with the application of 

the PI 3-kinase specific inhibitors wortmannin and LY294002. However, these 

inhibitors interfere equally with both the lipid and protein kinase activities of PI 3- 

kinases. Therefore other approaches are needed to make possible to discriminate 

between the two activities. A successful strategy involved the use of mutant PI 3- 

kinases engineered in such a manner that no longer phosphorylate lipid substrates, but 

they still retain their protein kinase activities (Bondeva et al., 1998; Pirola et al., 2001). 

However, this strategy involves the generation of chimeric enzyme versions with 

grossly mutated activation loops, and this could interfere with normal substrate 

recognition. Thus, the above method did not abrogate the necessity of inhibitory 

compounds that can have differential impact to each of the lipid and protein kinase 

activities. To this end, several compounds were tested with respect to their effect on the 

lipid and protein kinase activities of PI 3-kinase.

Caffeine and theophylline are naturally occurring methylxanthine compounds 

which can be found in micromolar concentrations in human circulation as a result of 

dietary intake or pharmacological use. These compounds have been the subject of 

intense study to determine how they act at physiological concentrations and a number of 

effects (summarized in Table 4.1) have been ascribed to these compounds at such 

concentrations including stimulation of muscle contraction (Fryer and Neering, 1989), 

anti-inflammatory and immunomodulatory effects (Kidney et al., 1995; Sullivan et al., 

1994), alterations in glucose metabolism (Green, 1987; Greer et al., 2001; Joost and 

Steinfelder, 1983; Keijzers et al., 2002), attenuation of insulin’s antilipolytic effect
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(Joost and Steinfelder, 1983) and induction of apoptosis (Mentz et al., 1995; Yasui et 

al., 1997; Yasui and Komiyama, 2001). Several mechanisms of action have been 

identified for these methylxanthines and these can explain some of the pleiotropic 

effects these compounds have on cells at their physiologically achievable 

concentrations. These include their abilities to directly inhibit phosphodiesterases and 

thus increase cellular cAMP levels, to directly antagonise adenosine receptors and to 

cause increases in cytosolic Ca^  ̂ levels (Daly, 2000; Fredholm, 1985). While often 

overlooked, it has been known for more than 25 years that these methylxanthines also 

have inhibitory effects on phosphoinositide metabolism (Buckley, 1977; Cox et al., 

1990; Honeyman et al., 1983; Steele and Brahmi, 1988) although the molecular basis 

o f this effect has not been established. In particular, nothing is known about the role of 

methylxanthines in modulating PI 3-kinase activity.

A number of PI 3-kinase-related kinases have been identified. These share a high 

degree of homology in the kinase domain with the lipid kinases but they only act as 

protein kinases. Enzymes in the latter group include DNA-dependent protein kinase 

(DNA-PK), Ataxia telangiectasia mutated (ATM), ATM-and-Rad3-related related 

kinase (ATR) and mammalian target of rapamycin (mTOR) (Shepherd et al., 1998; 

Vanhaesebroeck et al., 1997a). Recent studies have found that caffeine inhibits ATM 

(IC50 0.2mM) and ATR (IC50 l.lm M ) and the mammalian target of rapamycin mTOR 

(IC50 0.4mM), although DNA-PK is relatively resistant having an IC50 of 

approximately lOmM (Blasinaet al., 1999; Sarkaria et al., 1999). Further, it has been 

reported that 5mM theophylline inhibits the activity o f mTOR (Scott and Lawrence, 

1998). However, there have been no studies on the effect of the methylxanthines on the 

members of the PI 3-kinase family capable of lipid kinase activity. This possibility has 

been studied and found that caffeine and theophylline inhibit the lipid kinase activity of 

PI 3-kinase, particularly that of pllOÔ, at concentrations that are within the 

pharmacological and physiologic range.
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Table 4.1 Pleiotropic effects of caffeine and theophylline

System Compound Concentration E ffect R eference
human
asthmatic
subjects

theophylline 36.6|xM in plasma ieosinophils beneath 
bronchial epithelial 
basement membrane

Sullivan et 
a l ,  1994

human
asthmatic
subjects

theophylline 47.7±5|iM in 
plasma

^peripheral blood 
monocytes and 
CD4+ and CD8+ 
lymphocytes
TCD 4+andCD 8+ 
lymphocytes in the 
bronchial airway

Kidney et 
a l ,  1995

rat
epitrochlearis
muscle

caffeine 3mM 3-foldT glucose 
uptake

Youn et al., 
1991

rat primary 
adipocytes

theophylline 0.15-0.6mM

l-4.8mM

0.3-2.4mM

i  insulin-stimulated 
glucose uptake

iinsulin binding to 
its receptor-depletion 
of cellular ATP
tlipolysis

Joost et al., 
1983

epididymal 
adipocytes 
isolated after 
treatment of 
rats

theophylline 30mg/kg i  insulin-stimulated 
glucose uptake

Green et al., 
1987

Sedentary
humans

caffeine 45±10pM in 
plasma

i  insulin-stimulated 
glucose uptake
i  carbohydrate 
storage

Greer et al., 
2001

Healthy
Humans

caffeine 36±2|xM in plasma 4 insulin-stimulated 
glucose uptake

Keijzers et 
al., 2002

Blood
lymphocytes 
isolated from 
leukaemia 
patients

theophylline 2.8mM 90%T apoptosis after 
72h in culture

Mentz et al., 
1995

Human
primary
granulocytes

theophylline O.lmM Tacceleration of 
apoptosis
^expression of bcl-2

Yasui et al., 
1997
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Secondly, it has been reported that synthetic peptides corresponding to the 

residues 65-79 of an HLA Class II sequence (DQA*03011) inhibit T cell proliferation 

or cytotoxicity in an allele non-specific manner that is independent of interaction with 

the T-cell receptor (Boytim et al., 1998). A subsequent study found that these peptides 

directly inhibit PI 3-kinase (Boytim et al., 2000). This peptide was also found to be cell 

permeable and treatment of cells with the peptide led to decreased PKB/Akt and p70- 

S6K activities, which correlated with direct inhibition of PI 3-kinase activity in p85 

immunoprecipitates (Boytim et al., 2000). In the present study, the effect of this 

peptide and various mutants of it on the lipid and protein kinase activities of class I 

recombinant PI 3-kinases was tested.

4.3 Results

4.3.1 Effect of caffeine and theophylline on the lipid kinase 

activity of recombinant PI 3-kinases

To test the hypothesis that methylxanthines may inhibit PI 3-kinase lipid kinase activity, 

recombinant class I PI 3-kinase heterodimers (p85o/pl 10a, p85a/pl 10(3, p85a/pl 105) 

and monomeric p i lOywere prepared using baculoviral expression in Sf9 cells. The PI 

3-kinases were subjected to in vitro kinase assays in the absence or the presence of 

various concentrations of caffeine and theophylline, using [y-^^P]ATP and 

phosphatidylinositol as the substrates. We find all four class I PI 3-kinases, and 

especially p i 105, were sensitive to caffeine (IC50 75pM for p i 108, 400pM for 

p i 10aand pllO p and ImM for pllOy) and theophylline (IC50 75pM for p i 108, 

300pM for p i 10a, 800pM forpllO P andpllOy) (Fig. 4.1).
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4.3.2 Effect of caffeine and theophylline on the lipid kinase 

activity of endogenous class lA and class II PI 3-kinase

To look at the impact of these compounds on endogenous PI 3-kinase activities, the 

effects of caffeine and theophylline were tested on lipid kinase activity in class lA PI 3- 

kinase p85 adapter subunit immunoprecipitates from CHO-IR cells. Both caffeine and 

theophylline inhibited PI 3-kinase activity in these immunoprecipitates with a similar 

potency (Fig. 4.2). The same was the case when these compounds were tested on 

PI3KC2a immunoprecipitates (Fig. 4.3). Caffeine and theophylline caused inhibition 

of the lipid kinase activity to the same extent as for the class lA immunoprecipitates.

4.3.3 Effect of various xanthine derivatives on the lipid 

kinase activity of recombinant class lA FI 3-kinases

We next wanted to investigate whether the core structure of the xanthines could be 

useful in deriving more potent and potentially isoform specific inhibitors of PI 3- 

kinase. None of the four other xanthine derivatives used (IBMX, alloxazine, 

PD 116948 and 3 -propylxanthine) were as effective as caffeine and theophylline 

showing there is specificity in the inhibitory effect o f methylxanthines towards PI 3- 

kinase (Table 4.2). However, surprisingly, CGS15943, a triazoloquinazoline 

compound, somewhat distantly related to the xanthines, inhibited p i 106 in vitro with 

an IC50 less than lOpM and also inhibited p i 10a and p i 10(3, albeit with an IC50 in 

excess of lOOpM. Although this compound has also been described as an inhibitor of 

the human adenosine A3 receptor (Kim et al., 1996), it does suggest this compound 

could be useful in dissecting the specific role of p i 106 in cells and in developing even 

more potent PI 3-kinase inhibitors.
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4.3.4 Inhibitory effect of methylxanthines on PI 3-kinase 

serine kinase activity

Previous studies have shown that caffeine inhibits the protein kinase activity of the PI 

3-kinase-related kinases mTOR, ATM and ATR with a potency similar to that with 

which it inhibits the lipid kinase activity of the class lA PI 3-kinases. Therefore, we 

investigated whether the protein kinase activity of the class LA PI 3-kinases is also 

inhibited by theophylline. We found that the serine kinase activities of p llO a  and 

p llO p  are both inhibited by theophylline, but with a markedly lower potency to that 

observed for the lipid kinase activities (Fig. 4.4A). There is also a clear difference in 

the effect of theophylline on the serine kinase activities of the two class lA isoforms, 

with p 11 Op autophosphorylation being more sensitive to inhibition (IC50 = 3mM) than 

the p i 10a mediated phosphorylation of p85a (IC50 « lOmM). The fact that there is 

differential inhibition of the protein and lipid kinase activities suggests that the 

mechanism by which the methylxanthines inhibit PI 3-kinases is likely to differ from 

that used by the classical PI 3-kinase inhibitors wortmannin and LY294002. It was also 

found that theophylline and caffeine inhibit DNA-PK but with IC50 ~ lOmM (Fig. 

4.4B).

4.3.5 Specificity of the methylxanthines’ inhibitory effect

Other PI 3-kinase inhibitors have been described as having direct inhibitory effects on 

some protein kinases. Therefore the effect of methylxanthines on other protein kinases 

was also investigated. Insulin’s ability to stimulate phosphorylation of ERKl and 

ERK2 was not inhibited by theophylline at concentrations as high as lOmM (Fig. 

4.5A). The protein kinase CK2 is known to be potently inhibited by another PI 3- 

kinase inhibitor, LY294002 (Davies et al., 2000) but we found that concentrations of 

caffeine or theophylline as high as 5mM had no effect on protein kinase CK2 activity 

assessed in an in vitro kinase assay using recombinant 4EBP1 as a substrate (Fig.
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4.5B). These findings suggest that these methylxanthines are not promiscuous 

inhibitors o f protein kinases.

4.3.6 In vivo effects of caffeine and theophylline - Inhibition 

of insulin-stimulated PKB activation

Our findings suggested that the physiological actions of caffeine and theophylline may 

in part be mediated by their ability to inhibit PI 3-kinase. Activation of PKB/Akt is a 

very convenient physiological read-out of the activation of the PI 3-kinase pathway. 

PKB is activated by phosphorylation of Thr308 in the activation segment and Ser473 in 

the hydrophobic motif. Therefore, we assessed the effect of caffeine and theophylline 

on the phosphorylation of Thr308 and Ser473 by immunoblot analysis of lysates of 

insulin stimulated CHO-IR cells using phosphospecific antibodies. Insulin-stimulated 

phosphorylation of Thr308 was found to be inhibited by both caffeine and theophylline 

(Fig. 4.6A). Ser473 phosphorylation was also inhibited with the same potency as 

Thr308 by both caffeine and theophylline (Fig. 4.6B). Both the theophylline and 

caffeine treatment of CHO-IR cells resulted in strong inhibition of the insulin-stimulated 

PKB Ser473 phosphorylation, with 50% inhibition occurring at 0.5mM for 

theophylline and ImM for caffeine (Fig. 4.6C). The inhibitory effect on PKB activation 

is not restricted to cell culture models as insulin stimulation of Ser473 PKB 

phosphorylation was inhibited by theophylline and caffeine in intact rat soleus muscle 

with even higher potency than that seen in CHO-IR cells i.e. with an IC^g in the vicinity 

of O.lmM (Fig.4.7).

4.3.7 Effect of class II MHC-derived synthetic peptides on 

recombinant PI 3-kinase lipid and protein kinase activities

A previous report that synthetic peptides derived fi"om class II MHC sequences directly 

inhibit PI 3-kinase activity in p85 immunoprecipitates prompted the present 

investigation of their effects on recombinant PI 3-kinases lipid and protein kinase
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activities. Therefore, a panel of class II MHC-derived peptides (Table 4.3) were 

synthesized and their effects on recombinant PI 3-kinases tested. To this end, 

recombinant p85(x/pl 10a was incubated with IQCjxM of each one of the various class 

II MHC-derived peptides (Table 4.3), followed by lipid kinase assays with 

phosphatidylinositol as the substrate. Surprisingly, instead of the expected inhibition, a 

strong activation was obtained with some of the peptides tested (Fig. 4.8). Stimulation 

o f the lipid kinase activity ranged between 1.5 and 6.5-fold depending on the peptide. 

More specifically, the wild-type peptide (M l) caused a 4.5-fold stimulation and the M2 

and M3, which according to the previous studies were even more potent than the wild- 

type in inhibiting proliferation (Boytim et al., 1998), caused even higher stimulation of 

6.5 and 6-fold, respectively. The peptide M4 caused 3-fold stimulation, whereas 

peptides M5, M6 and M7 and other unrelated peptides based on the Ser608 of p85a or 

the Seri 11 o f the 4EBP1, which were used as controls, had a minimal effect showing 

stimulation of less than 2-fold. Given that the original report on the effect o f this 

peptide on immunoprecipitated PI 3-kinase activity showed complete inhibition at 

40|iM (Boytim et al., 2000), a dose-response curve for the lipid kinase activity was 

obtained by incubating recombinant p85a/p  110a  with various concentrations of the 

wild-type (M l) peptide. As it is shown in Fig. 4.9, the peptide stimulated the lipid 

kinase activity up to approximately 30-fold at lOOjiM. Intriguingly, at peptide 

concentrations higher than lOOjiM, a precipitous drop of the lipid kinase activity to 

lower than the control levels was observed. However, when phosphatidylinositol-4,5- 

bisphospate was used as a substrate instead of phosphatidylinositol, none of the 

peptides tested (M l, M2 and M3) had an effect on the lipid kinase activity of 

recombinant p85a/pl 10a (Fig. 4.10). Then, the effect of various peptides on the lipid 

kinase activity of recombinant p85a/pllO p was assessed. Similarly, the wild-type 

peptide (M l) caused a strong, approximately 14-fold, stimulation of the lipid kinase 

activity at 100|iM, but the same drop in activity as for p85a/pl 10a was evident at 

ImM (Fig. 4.11). However, as with p i 10a, peptides M5 and M7 did not have any
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significant effect. Interestingly, the peptide M6, which was designed to resemble closer 

to the sequence of p l lo p  (Table 4.4), was the only exception showing a different 

pattern of activation by stimulating p85ot/pl lOp approximately 2.5-fold at ImM.

Finally, the effect of the wild-type peptide was tested on the lipid and protein 

kinase activities of recombinant p85a/p llO a, p85a/p llO p, p8 5 a /p ll0 0  and pllOy. 

The peptide was applied at either 100|im or ImM, followed by a lipid or protein kinase 

assay. Once again, a strong stimulation was observed when the peptide was incubated 

at lOOjiM with each of the heterodimeric PI 3-kinases (pi 10a/, pIlO p/ or 

p i 10ô/p85a), but not with monomeric p i lOy (Fig. 4.12A, top panel, and Fig. 4.12B). 

Interestingly, under the same experimental conditions the protein kinase activity of the 

heterodimers (assessed as phosphorylation of p85a  by p i 10a  or autophosphorylation 

of p i lOp and p i 106) was not significantly affected by the peptide at 100|iM (Fig. 

4.12A, middle panel, and Fig. 4.12C). However, at ImM of peptide the same 

inhibition as for the lipid kinase activity was observed. No conclusion could be drawn 

for pllOy, because no detectable phosphorylation of p llO y was obtained in this 

experiment. The reasons for this are not clear, but it is possible the DMSO which was 

used as a vehicle for the peptide adversely affected the autokinase activity of p i 1 Oy. 

Also, the assay conditions were not optimal for pllO y autophosphorylation as the latter 

operates better in the presence of Mg^  ̂(Stoyanova et al., 1997), but in this experiment 

Mn^^ was used instead. Interestingly, when the same gel which was used for analysis 

of the products of the protein kinase assays, was stained with Coomassie (Fig. 4.12A, 

bottom panel), it became evident that the p85 protein was not detectable in the lane of 

the assay performed at the high concentration (ImM) of the peptide (pi 10 was under 

the level o f detection in all of the lanes). This observation could provide some clues 

with respect to the apparent inhibition of the kinase activity at that peptide 

concentration. It is possible that at that high concentration the peptide causes some kind
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of aggregation and precipitation of the enzyme, which then is not recoverable even after 

treatment for analysis by denaturing gel electrophoresis.

4.3.8 Activation of PI 3-kinase dependent signalling pathways 

by certain class II MHC-derived peptides

The previous findings that the DQ 65-79 class II MHC-derived peptide (designated Ml 

herein) is cell permeable (Boytim et al., 2000) prompted us to test whether it can 

modulate PI 3-kinase activity in vivo. To this end, CHO-IR cells were treated either 

with 100|iM of each one of the class II MHC-derived peptides for 30min at 37°C or 

with lOOnM insulin, a well known activator of PI 3-kinase dependent signalling 

pathways. Cell lysates prepared after the above treatment were analysed by SDS-PAGE 

and immunoblotting using phosphospecific antibodies against Thr308 or Ser473 or 

Thr308 of PKB/Akt and Thr202/Tyr204 of ERK 1/2. As it can be seen in Fig. 4.13, 

treatment of cells with some of the synthetic peptides resulted in phosphorylation of 

PKB/Akt and ERK 1/2. The peptide-stimulated PKB/Akt and ERK 1/2 

phosphorylations were considerable but less than that stimulated by insulin. This result 

is consistent with the stimulation of the lipid kinase activity that these peptides caused 

to recombinant class LA PI 3-kinases in our in vitro experiments. Furthermore, 

activation of PKB/Akt and ERK 1/2 was caused only by the M2, M3 and M4 peptides, 

which were the most potent in stimulating PI 3-kinase activity in vitro as well (Fig. 

4.8). Therefore, there is a good correlation between the in vitro and in vivo effects of 

these peptides. Surprisingly, the Ml peptide, which is also very potent in stimulating 

PI 3-kinase activity in vitro, had no effect in this assay. A possible explanation for this 

could be a reduced capability in crossing the cell membrane compared to these of the 

M2, M3 and M4 peptides. Also, a very important feature of the signalling pathways 

activation caused by these peptides is the complete wortmannin-sensitivity. Indeed, as it 

can be seen in Fig. 4.13, treatment of cells with lOOnM wortmannin completely 

abolished the peptide-induced PKB/Akt and ERK 1/2 phosphorylation. This makes
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possible to discriminate between activation caused directly by PI 3-kinase and activation 

caused by other parallel pathways converging to the above molecules. This is 

exemplified in the present experiment by the fact that peptide stimulation of ERK 1/2 

activation is completely wortmannin-sensitive and thus represents solely the PI 3-kinase 

dependent MAP kinase activation, whereas insulin-stimulated ERK 1/2 activation is 

almost insensitive to wortmannin thus representing the contribution of several 

pathways, both PI 3-kinase-dependent and -independent, emanating jfrom the insulin 

receptor.

4.4 Discussion

The results presented above identify methylxanthines as a novel class of PI 3-kinase 

inhibitors with the potential for isoform selectivity towards p i 106 and this is the first 

description of an inhibitor with selectivity for this isoform. This finding is of direct 

physiological relevance as methylxanthines such as caffeine and theophylline are found 

in a variety of foodstuffs and beverages and have also been widely used as 

pharmacologic agents. Concentrations of the methylxanthines reach relatively high 

levels in the circulation before their effects are manifest. Caffeine concentrations can 

reach 50-100pM in humans while in the case of theophylline an effective 

pharmacologic concentration in humans is around lOOpM while concentrations can 

reach 500pM before being highly toxic (Daly, 2000; Greer et al., 2001; Weinberger 

and Hendeles, 1996). Additionally, these have also been extensively used as 

experimental reagents for in vitro experiments on cells and tissues. Therefore there has 

been a great deal of interest in understanding the mechanisms by which these agents are 

exerting their effects in this micromolar concentration range. The most potent effect 

described for methylxanthines is the ability to antagonise adenosine receptors as the Ki 

for this effect is in the low micromolar range (Daly, 2000). Inhibition of 

phosphodiesterases and regulation of calcium metabolism are two other properties 

widely implicated in the effects of caffeine and theophylline. However, the inhibitory
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effects o f methylxanthines on phosphodiesterases have an IC50 in the high pM range 

while the effects on calcium metabolism have an IC50 in the low mM range (Daly, 

2000). This means the inhibitory effects of caffeine and theophylline on PI 3-kinases 

described here is at least as potent as the effects on phosphodiesterases and ryanodine 

receptors and the effect on p i 105 is in the same range as the antagonistic effect on 

adenosine receptors. Therefore the results of the current study suggest that inhibition of 

PI 3-kinase is likely to contribute to the effects of the methylxanthines observed at 

physiologic concentrations. For example inhibition of PI 3-kinase would be expected to 

block insulin mediated glucose metabolism (Shepherd et al., 1998) and a severely 

insulin resistant state has been found in cases of pharmacological toxicity of 

theophylline (Weinberger and Hendeles, 1996).

There are currently only a limited number of suitably specific inhibitors available 

for the study of PI 3-kinase and these are lacking in isoform selectivity. Isoform 

selective inhibitors are useful in a range of ways. For example these would allow 

quantitation of the relative contribution the different class lA isoforms play in signalling 

complexes, they would allow dissection of the role of the different isoforms in 

particular cellular processes and ultimately, once the role of different isoforms is clearly 

understood, isoform selective inhibitors are likely to be of use as therapeutic agents for 

treating diseases such as cancer and thrombosis. Two PI 3-kinase inhibitors have been 

widely used; LY294002, derived from quercetin (Vlahos, 1994) and the fungal 

metabolite wortmannin (Arcaro and Wymann, 1993). These are relatively specific 

inhibitors o f lipid kinase as in a test of a panel of over 25 protein kinases, wortmannin 

only cross-reacted with smooth muscle myosin light chain kinase at concentrations 

required to inhibit PI 3-kinase while LY294002 shows some inhibition of protein 

kinase CK2 and Glycogen synthase kinase-3 at low doses (Davies et al., 2000). 

However, LY294002 and wortmannin in general lack selectivity against different 

classes and/or isoforms of PI 3-kinase with only the a  isoform of the class-II PI 3-
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kinase being resistant to wortmannin and LY294002 (Brown et a l, 1999; Domin et al., 

1997). This means that methylxanthines may be of use due to the fact that compared 

with traditional PI 3-kinase inhibitors, the methylxanthines differ in their inhibitory 

profile towards different classes of PI 3-kinase. For example, it is notable that the a  

isoform of the class-II PI 3-kinase and class lA PI 3-kinases are inhibited by 

theophylline and caffeine at similar concentrations (Fig. 4.3). Further, DNA-PK is 

relatively resistant to inhibition by these methylxanthines while the class lA PI 3- 

kinases and DNA-PK are similarly sensitive to inhibition by classical lA PI 3-kinase 

inhibitors LY294002 and wortmannin (Sarkaria et al., 1998). Additionally, caffeine, 

theophylline and in particular CGS 15943, show selectivity towards p i 105. It was 

previously reported that p i 10a, p llO p and p i 105 are all equally sensitive to 

wortmannin and LY294002 (Vanhaesebroeck et al., 1997a), so the methylxanthines are 

likely to be of use in dissecting the role of p i 106 in the limited range of cell types (e.g. 

leukocytes) in which it is expressed (Vanhaesebroeck et al., 1997b). Also, the protein 

kinase activities of class IA PI 3-kinase are less sensitive than the lipid kinase activity to 

inhibition by caffeine and theophylline. Therefore the differential inhibitory properties 

of the methylxanthines are likely to be of use in ongoing studies to define the roles of 

the different PI 3-kinase family members.

The pleiotropic effects of the caffeine and theophylline on systems including the 

antagonistic effects on adenosine receptors, inhibition of phosphodiesterases and 

stimulation of calcium mobilisation mean it is more difficult to prove that these 

compounds are acting to inhibit PI 3-kinases in vivo. However, the findings that both 

theophylline and caffeine block insulin induced activation of PKB and glucose uptake 

(Foukas et al., 2002) at similar concentrations to those required to inhibit PI 3-kinase in 

vitro provides strong evidence that these methylxanthines are able to inhibit PI 3-kinase 

in cells at physiologically relevant concentrations. It seems unlikely that these effects 

are mediated by the other known activities of these compounds. For example, the effect

142



Chapter 4 Results

of methylxanthines to raise intracellular calcium levels, as seen most dramatically in 

muscle (Youn et ah, 1991) would actually increase glucose transport rather than 

inhibiting it and in fact may explain why stimulation of glucose transport is slightly less 

sensitive to attenuation by the methylxanthines in our experiments. Methylxanthines 

also inhibit phosphodiesterases causing a rise in cAMP but it has previously been 

shown that such a rise would not inhibit insulin stimulation of PKB or glucose 

transport (Scott and Lawrence, 1998). Further, in adipocytes the concentrations of 

theophylline required to inhibit glucose transport differs significantly from the 

concentrations required to stimulate the cAMP mediated increase in lipolysis via 

increases in cAMP (Joost and Steinfelder, 1983). Finally, the effect of methylxanthines 

to antagonise adenosine actions could potentially have effects on insulin signalling as 

adenosine can potentiate insulin induced activation of PKB and stimulation of glucose 

transport in a range of tissues (Han et al., 1998a; Takasuga et al., 1999). However, 

insulin still stimulates PKB and glucose transport in the absence of adenosine (Han et 

al., 1998a; Takasuga et al., 1999), so the adenosine receptor antagonism could only 

explain part of the inhibitory effects of theophylline and caffeine on insulin stimulation 

of cellular events.

In conclusion, it was found that caffeine and theophylline inhibit both class I and 

class II PI 3-kinase, with effects being most potent against p i 105. The finding that 

these methylxanthines are less effective against the protein kinase activity of the class 

lA PI 3-kinases provides a novel mechanism for dissecting the roles o f the protein and 

lipid kinase activities of these enzymes.

With respect to the effects of the class II MHC-derived peptides, it has been 

reported that they inhibit proliferation of peripheral blood lymphocytes and T cells by 

preventing the G l/S transition during the cell cycle (Boytim et al., 1998). It has also 

been shown that this effect was mediated by sustained inhibition of cyclin dependent 

kinase 2 (cdk2) caused by stable p27'“’’ levels. Subsequently, it was suggested the
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effects o f the peptide were due to direct inhibition of PI 3-kinase activity and thus of 

PKB/Akt and p70-S6K activation (Boytim et al., 2000). Apparently, such an inhibition 

o f the PI 3-kinase activity and of the activation of the downstream pathways could 

explain the proliferative defect observed in the previous study. Furthermore, it has been 

reported that the DQ 65-79 (M l) class II MHC peptide induces IkB expression and 

stability and thus inhibits nuclear translocation of the transcription factor NF-kB and T 

cell proliferation (Jiang et al., 2002).

Surprisingly, when the same peptide was tested at comparable concentrations on 

recombinant PI 3-kinases in this study, it was found to cause a strong stimulation of the 

lipid kinase activity instead of inhibition. In parallel assays, other peptides obtained 

from the same synthesis had no effect. The reasons for this discrepancy are not clear. 

But the fact that different sources of PI 3-kinase were used for the assays in each of the 

two studies may be important. The previous study used p85 immunoprecipitates 

whereas the present study used recombinant proteins isolated after expression in Sf9 

cells. Therefore, it is necessary the same assays to be repeated with immunoprecipitated 

PI 3-kinase. Also, although the previous studies demonstrated an inhibitory effect of 

DQ 65-79 (M l) peptide on PKB/Akt and p70-S6K pathways in T cells, the present data 

clearly showed activation of PKB/Akt by relative peptides, although not by the DQ 65- 

79 itself, in CHO-IR cells. Whether this discrepancy is due to the peptide sequence or 

to the different cell type remains to be further investigated.

Another, interesting finding was the atypical dose-response curve obtained with 

this peptide in the present study. So, instead of the saturation expected to take place 

after reaching the peptide concentration of maximal stimulation, a precipitous drop of 

the lipid kinase activity levels was observed. Further studies are required in order to 

explain this unusual behaviour. However, it appears that incubation with peptide at 

concentrations higher than those required for maximal stimulation causes some kind of 

aggregation and possibly precipitation of the enzyme and apparently this could account
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for the rapid loss of activity observed. In fact, this finding might explain the 

discrepancy with the previously reported data, which were obtained by performing 

kinase assays on p85 immunoprecipitates (Boytim et al., 2000). It is possible that the 

effect of the peptides on PI 3-kinase depends not only on the concentration o f the 

peptide, but also on the concentration of the enzyme. Thus, the inhibition reported in 

the previous study could be due to lower amount of enzyme present to the p85 

immunoprecipitates compared to the amount of the recombinant enzyme used in our 

assays.

The unusual behaviour with regard to the loss of enzymatic activity at high 

peptide concentration is not the only finding yet to be explained. The mechanism 

underlying the stimulatory effect of the peptide on the lipid kinase activity remains to be 

unraveled. The only clue to this direction is the high homology of part of the sequence 

of this peptide (70-79) with a region (916-924) of the p i 10 catalytic subunit (Table 

4.4). However, there is no evidence that this homology is somehow related with the 

effect of the peptides. With regard to the mechanisms underlying the above effects of 

these peptides, we have noticed that their sequences fall within the {abcdefg)^ heptad 

repeat motif (see Table 4.3), where a and d  are hydrophobic residues, while b, c, e , f  

and g  are hydrophilic residues (Lupas, 1996). This arrangement is indicative of coiled- 

coil amphipathic helices where residues a and d form the helix interface and residues b, 

c, e, f  and g  form the solvent exposed part of the coiled-coil. Such a structure might 

explain most of the findings of the present study. The p i 10 binding domain in the iSH2 

domain of the p85 subunit has been predicted to form a coiled-coil (Panayotou et al., 

1992). Furthermore, secondary structure prediction of the rather hydrophobic N- 

terminus of p i 10, where the p85 binding domain resides, predicts 60% of it to form a -  

helices and 40% p-sheet conformations and thus it has been proposed that hydrophobic 

helices in this region interact with the coiled-coil of the iSH2 domain (Dhand et al., 

1994a). Therefore, one explanation of our data showing stimulation of the lipid kinase
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activity of heterodimeric PI 3-kinases, could be that these peptides disrupt the p85/pl 10 

heterodimer by binding to either p85 iSH2 domain or p i 10 N-terminus (or both). The 

lack of any effect on monomeric pllOy is consistent with this explanation. As 

mentioned above, the binding of p85 to p i 10 stabilizes the protein but inhibits the 

enzymatic activity of p i 10. And addition of bulky tags at the N-terminus of p i 10 can 

substitute for p85 binding, thus resulting in stabilization without the concomitant 

inhibition caused by p85 (Yu et al., 1999b). In this context, MHC peptide binding to 

the N-terminus of p i 10 could stabilize the protein in monomeric form and this would 

result in elevated enzymatic activity observed in this study. Furthermore, given that 

oligomerization is a common property of coiled-coil proteins (Lupas, 1996), the 

aggregation and the concomitant loss of enzymatic activity we observed at high peptide 

concentrations, might be caused by the formation of heteroligomeric complexes of the 

peptide with the PI 3-kinase subunits. Importantly, in peptides M5, M6 and M7, that 

do not cause activation of the enzyme, the hydrophobic residue of the a position in the 

second heptad has been replaced by a polar residue (see Table 4.3). This further 

strengthens the above hypothesis for the mode of action of the MHC peptides. This 

study also demonstrated that the effects of these peptides on PI 3-kinase activity were 

evident only when phosphatidylinositol was used as a substrate. No effect was 

observed when phosphatidylinositol-4,5 -bisphospate was used as a substrate and also 

the peptide did not affect the protein kinase activity of the PI 3-kinases. Once again, the 

situation resembles the previously reported for the phosphotyrosine peptides (Layton et 

al., 1998). Also, one can speculate that the dramatic stimulation these peptides cause to 

the lipid kinase activity of PI 3-kinase could be enhanced by the lack of counteracting 

autophosphorylation. The lack of an effect on phosphatidylinoisitol-4,5-bisphospate 

kinase activity, could result from the conditions of the in vitro assay, since the same 

peptides caused PKB/Akt activation in vivo. Therefore, in order to draw definitive 

conclusions it is necessary to assess the effect of these peptides on the cellular 

phosphoinositide levels after metabolic labelling with [^^PJorthophosphate.
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With respect to the general biological significance o f such an interaction of PI 3- 

kinase with MHC-derived peptides, it should be mentioned that there is now 

considerable evidence that soluble peptides from MHC molecules are present and can 

mediate immunomodulatory functions m vivo (Krangel, 1986). For example, activated 

lymphocytes produce large quantities of soluble MHC molecules (Puppo et al., 1995). 

This raises the possibility that such peptides could interact with PI 3-kinase in a 

physiological context and hence modulate several processes dependent on PI 3-kinase 

signalling.

Also, the demonstration that certain class II MHC peptides activate PI 3-kinase in 

vivo means that these peptides could be used in order to dissect the specific contribution 

of PI 3-kinase in several signalling pathways. And this is because the application of 

these peptides circumvents the requirement for growth factor/hormone stimulation that 

inevitably results in the activation of several parallel pathways. It also means that these 

peptides might have potential therapeutic applications in conditions where PI 3-kinase 

activation is impaired as in type II diabetes, for instance.

In conclusion, further experiments are required to identify the source of the 

discrepancy between the previous and the present studies, although the inhibition we 

observed at high peptide concentration could provide a possible explanation. These 

experiments include in vitro assays with immunoprecipitated PI 3-kinase, as well as 

assessment of the effect of treatment with this peptide on PI 3-kinase signalling 

pathways in various cell types. Nevertheless, these data demonstrated that each one of 

the two distinct activities of the PI 3-kinase can be manipulated independently of the 

other, in agreement with previous findings that tyrosine phosphopeptides activated the 

phosphatidylinositol kinase, but not the protein kinase activity of PI 3-kinase (Layton et 

al., 1998). With regard to the lack of an effect on the protein kinase activity, similar 

findings obtained with caffeine and theophylline that did not inhibit the protein kinase 

activity of PI 3-kinase. Also, the MHC peptides provide a useful research tool to
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analyse the specific role of PI 3-kinase in the activation o f signalling pathways and 

possibly a therapeutic agent for certain pathological conditions.
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Figure 4.1 Effect of caffeine and theophylline on the lip id  kinase activity of 
recombinant PI 3-kinase
Recombinant p 8 5 a /p l l0 a  p85a/pllO(3, p 8 5 a /p ll0 5  and pllO y were incubated w ith 
various concentrations of either caffeine (A) or theophylline (B) followed by an in 
v i t ro  kinase assay w ith phosphatidylinositol and [y- P]ATP as the substrates. The 
reac tio n  p ro d u c ts  w ere analy sed  by  th in  lay er ch ro m a to g rap h y  and  
autoradiography (Values= mean± SEM).
[experiment performed in collaboration with co-workers, Foukas et al., 2002]
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Figure 4.2 Effect of theophylline on the lipid kinase activity of immunopurified 
class lA PI 3-kinase
Class lA PI 3-kinase was im m unoprecipitated from CHO-IR lysates using p85 
specific antibodies. The immune complexes were collected with protein A-agarose 
beads, washed and incubated with various concentrations of theophylline followed 
by an in v i t ro  kinase assay w ith phosphatidylinosito l and [y-'* P]ATP as the 
substrates. The reaction products were analysed by thin layer chrom atography and 
autoradiography (Values= mean± SEM; PI3P, Ptdlns-3-phosphate).

150



Chapter 4 Results

PI3KC2a IPs
120

■caffeine
stheophylllne

o 80

r. 60

ÛL 40

0 1
methylxanthine (mM)

Figure 4.3 Effect of caffeine and theophylline on the lipid kinase activity of 
immunopurified class II PI 3-kinase
Class II PI 3-kinase was im m unoprecipitated from CHO-IR lysates using PI3K-C2a 
specific antibodies. The immune complexes were collected with protein A-agarose 
beads, w ashed and incubated w ith various concentrations of either caffeine or 
theophylline followed by an in vitro kinase assay with phosphatidylinositol and [y- 
^^P]ATP as the substrates. The reaction products were analysed by thin layer 
chromatography and autoradiography (Values^ mean± SEM).
[experiment performed in collaboration with co-workers, Foukas et al., 2002]
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Table 4.2 Effect of various compounds on PI 3-kinase activity “

The effect o f various compounds with structural and functional similarities to 

methylxanthines on the lipid kinase activity o f recombinant PI 3-kinase was 

examined. Recombinant p85a/p llO a, p85a/pllO p and p 8 5 a /p ll0 5  were incubated 

with various concentrations of the indicated compounds followed by an in vitro 

kinase assay with phosphatidylinositol and [y-^^PJATF as the substrates. The reaction 

products were analysed by thin layer chromatography and autoradiography, 

[experiment performed in collaboration with co-workers, Foukas et al., 2002]

Compound
p llO a pllO p pllOÔ

0.1 mM*’ ImM O.lmM ImM O.lmM ImM

IBMX 97.3 59.2 174.9 116.4 104.7 67.5

Alloxazine 77.9 75.7 191.4 142.2 n.d.'' n.d.

CCS 15943 48.2 35.7 164.9 116.9 10.4 6.7

PD 116948 106.7 71 118.9 71.1 n.d. n.d.

3 -Propyl-xanthine 109.9 109 102.3 73.1 n.d. n.d.

 ̂Expressed as a percentage of control. 

Concentration of compound, 

n.d., not determined
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Figure 4.4 (A) Inhibitory effect of methylxanthines on PI 3-kinase serine kinase
p 8 5 a /p ll0 a  and  p85a/p llO P  heterod im ers w ere incubated  w ith  various 
concentrations of theophylline followed by an in vi tro  autokinase assay in the 
presence of Mn̂ "̂  and [y-^^P]ATP. The reaction products were analysed by SDS-PAGE 
and autoradiography (values=mean±SEM).
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Figure 4.4 (B) Inhibitory effect of methylxanthines on DNA-PK activity
Purified DNA-PK incubated w ith various concentrations of either caffeine or 
theophylline followed by an in vitro kinase assay w ith recom binant 4EBP1 and [y- 
^^P]ATP as the substrates. The reaction products were analysed by SDS-PAGE and 
autoradiography (values=mean±SEM)

154



Chapter 4 Results

0.1 0.5 1

phospho-p44/42 MARK

total p44/42 MARK 

10 (mM) Theophylline

Basal + insulin

B — 4EBR1

control SmM caffeine SmM theophylline

Figure 4.5 (A) p44/42 MAP kinase activation remains unaffected by theophylline
CHO-IR cells were treated w ith various concentrations of either caffeine or 
theophylline for 30min at 37°C followed by a lOmin stimulation with lOOnM insulin. 
Subsequently, the cells were lysed and the lysates were analysed by SDS-PAGE and 
im m unoblotting w ith phosphorylation state specific antibodies against Thr202 
/Tyr204 of ERKl /2 . Subsequently, the filters were stripped and reprobed w ith 
antibodies against total ERK1/ERK2
(B) caffeine and theophylline do not interfere with protein kinase CK2 activity
Recombinant protein kinase CK2 was incubated w ith 5mM caffeine or theophylline 
followed by an in vitro kinase assay w ith recombinant 4EBP1 and [y-^^P]ATP as the 
su b stra te s . The reac tion  p ro d u c ts  w ere ana ly sed  by SDS-PAGE and  
autoradiography.
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Figure 4.6 Both caffeine and theophylline inhibit PKB activation by insulin in 
CHO-IR cells
CHO-IR cells w ere treated w ith various concentrations of either caffeine or 
theophylline for 30min at 37°C followed by a lOmin stimulation with lOOnM insulin. 
Subsequently, the cells were lysed and the lysates were analysed by SDS-PAGE and 
im munoblotting w ith a phosphorylation state specific antibody against Thr308 and 
Ser473 of Akt. Representative im m unoblots w ith phospho-Thr308 Akt (A) and 
phospho-Ser473 Akt (B) from an experim ent w ith  caffeine are show n. (C) 
Q uantitations from experiments with theophylline and caffeine are shown (values = 
mean±SEM).
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Figure 4.7 Both caffeine and theophylline inhibit PKB activation by insulin in rat 
soleus muscle
Soleus muscles from rats were treated with various concentrations of either caffeine 
or theophylline for 30min at 37°C followed by a 30min stim ulation w ith 70nM 
insulin. Subsequently, the muscles were homogenised and analysed by SDS-PAGE 
and im m unoblotting with a phosphorylation state specific antibody against Ser473 
of Akt. A representative im m unoblot from an experim ent w ith theophylline is 
shown in panel (A). Quantitations from experiments w ith theophylline and caffeine 
are shown in panel (B) (values = mean±SEM).
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Table 4.3 Sequences of the MHC-derived synthetic peptides used in the present 
study

PEPTIDE SEQUENCE Remarks

a b C d e f g a b C d e f g

Ml N I A V L K H N L N I V I K R wild-type (DQ 65-79)

M2 N I A V L S H N L N I V I K R K70S (more potent)*

M3 N I A V L K H N L S I V I K R K74S (more potent)

M4 N I A V L S H N L S I V I K R K70S/K74S (more potent)

M5 N I A V L K H N S N I M V K D pllOa-based**

M6 N I A V L K H S D N I M V K K p i  10  p - b a s e d

M7 N I A V L K H N D N I M L R S P I 3 K - C 2 a - b a s e d

Residue substitutions with respect to the wild-type sequence are in bold 
* more potent refers to peptide inhibitory effect on T-cell proliferation ( Boytim et 

a l, 1998)
** substitutions have been made to resemble closer to the designated PI 3-kinase

Table 4.4 DQ 65-79 is homologous to the p i 10 subunit of PI 3-kinase

Peptide Sequence alignment Identity Homology

DQ 65-79 K H N L N I V I K R

p llO a R H N S N I M y K D 50 80

pllO p R H S D N I M y K K 40 80

pi lOy R H N D N I M I T E 50 70

pllOÔ R H S D N I M I R E 40 70

PI-4K R H N G N I M L D K 40 80

m lO R R H P S N L M L D R 30 70

P I 3 K - C 2 a R H N D N I M L R S 40 80

Identical residues are in bold and similar residues are underlined
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Figure 4.8 Effect of various MHC-derived peptides on recombinant p 8 5 a /p ll0 a  
lipid kinase activity
Recombinant p 8 5 a /p ll0 a  was incubated w ith lOOpM of each peptide for lOmin on 
ice fo llow ed  by an in v i t r o  lip id  kinase assay  w ith  [y-^^P]ATP and 
phosphatidylinositol as the substrates. The reaction products were analysed by thin 
layer chrom atography and autoradiography. The autoradiogram  is shown in (A) 
Relative PI 3-kinase activities were plotted in the graph shown in (B). Peptides M l- 
M7 were dissolved in DMSO. S608- and S ill-b ased  peptides were dissolved in 
water. The lipid kinase activity obtained after addition of water only was assumed to 
be 1.

159



Chapter 4 Results

-P I3 P

100 500 1000

vehicle Peptide concentra tion  (nM)

B

-  peptide
-  vehicle

2 5Z'
>
U
(0

£2
0.
0)>

2 0

(D

0.1 1 1 0 100 1 0 0 0
peptide concentration {\iM)

Figure 4.9 Dose-response curve for the wild-type (Ml) MHC-derived peptide on 
recombinant p85a/p ll0a lipid kinase activity
(A) Recombinant p 8 5 a /p ll0 a  was incubated with various concentrations of the M l 
peptide for lOmin on ice followed by an in vitro lipid kinase assay w ith [y-^^P]ATP 
and phosphatidylinositol as the substrates. The reaction products were analysed by 
thin layer chrom atography and autoradiography. Where vehicle (DMSO) only was 
added, num erical values designate the am ount of vehicle corresponding to the 
peptide concentration. (B) Relative PI 3-kinase activity versus peptide concentration 
was plotted in the graph shown. The dashed line represents the effect of vehicle 
alone on enzymatic activity.
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Figure 4.10 Differential effect of various MHC-derived peptides on recombinant 
p85a/pll0a Ptdlns and PIP2 kinase activity
Recombinant p 8 5 a /p ll0 a  was incubated with lOOpM of each peptide for lOmin on 
ice followed by an in vitro lipid kinase assay w ith [y-^^P]ATP and either 
phosphatidylinositol or phosphatidylinositol-4,5-bisphosphate as the substrates. The 
reaction  p roducts w ere analysed by th in  layer chrom atography  and 
autoradiography.
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Figure 4.11 Effect of various MHC-derived peptides on recombinant p85a/pllO|3 
lipid kinase activity
Recombinant p 8 5 a /p ll0 p  was incubated w ith either O.lmM or ImM  of each peptide 
for lOmin on ice followed by an in vi tro  lipid kinase assay w ith [y-^^PJATP and 
phosphatidylinositol as the substrates. The reaction products were analysed by thin 
layer chrom atography and autoradiography. The autoradiogram  is shown in (A). 
Relative PI 3-kinase activities were plotted in the graph shown in (B). Peptides M l, 
M5, M6 and M7 were dissolved in DMSO. S608 peptides were dissolved in water. 
The lipid kinase activity obtained after addition of water only was assumed to be 1.
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Figure 4.12 Comparative effect of the wild-type (Ml) MHC-derived peptide on 
recombinant PI 3-kinase lipid kinase and protein kinase activities
Recombinant p 8 5 a /p ll0 a ,  p 8 5 a /p ll0 p , p 8 5 a /p ll0 0 , pllO y were incubated w ith 
either O.lmM or ImM  of the M l peptide for lOmin on ice followed by an in vi tro  
lipid kinase assay with [y-^^P]ATP and phosphatidylinositol as the substrates or an 
autophosphorylation assay in the presence of [y-^P]ATP and Mn^^. The reaction 
products of the lipid or the protein kinase assays were analysed by thin layer 
chrom atography or SDS-PAGE, respectively, followed by autoradiography. The 
autoradiogram s are shown in (A). Relative PI 3-kinase lipid kinase activities were 
plotted in the graph shown in (B). Relative PI 3-kinase autokinase activities were 
plotted in the graph shown in (C). M l peptide was dissolved in DMSO. The DMSO 
final concentration was adjusted to be equal in all samples.
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Figure 4.13 Treatment of cells with certain class II MHC-derived peptides 
activates PKB and MAP kinase
CHO-IR cells were either treated w ith lOOpM of each of the peptides designated for 
30min at 37°C or stimulated with lOOnM insulin (ins) for lOmin in the presence or 
the absence of lOOnM wortm annin (the DMSO concentration in the culture m edium  
was adjusted to be equal in all experiments). Subsequently, the cells were lysed and 
the lysates w ere analysed  by SDS-PAGE and  im m unob lo tting  w ith  a 
phosphorylation state specific antibody against Ser473 of Akt. The same filter was 
consecutively stripped and reprobed with phosphorylation state specific antibodies 
against Thr308 of Akt and Thr202 /Tyr204 of ERKl /2  and antibodies against total 
Akt and total ERK1/ERK2.
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5. Identification of novel potential 
substrates for PI 3-kinase protein kinase 
activity

5.1 Summary

In addition to their lipid kinase activity, all class I PI 3-kinases possess a protein kinase 

activity. The best characterised substrate for this activity is the enzyme itself. More 

specifically, p i 10a  predominantly phosphorylates its associated regulatory subunit 

p85a and it also autophosphorylates to a lesser extent. In contrast, the catalytic 

subunits p i 10(3 and p i 10Ô predominantly autophosphorylate. The class IB PI 3-kinase 

catalytic subunit p llO y also autophosphorylates. Additionally, evidence has been 

presented that two proteins, namely 1RS-1 and PDE3B, may serve as exogenous (i. e. 

not tightly associated with the enzyme) substrates for the protein kinase activity of PI 3- 

kinase. The identification of two novel potential protein substrates o f PI 3-kinase is 

described here. By employing in vitro kinase assays using recombinant proteins as the 

substrates, it is shown that the translational regulator 4EBP1 and the small GTPase H- 

Ras become phosphorylated by PI 3-kinases. This raises the possibility that these 

proteins could serve as physiological substrates for this activity. To further assess the 

likelihood that the protein kinase activity of PI 3-kinase operates in a physiological 

context by phosphorylating substrates other than the enzyme itself, mutated versions of 

PI 3-kinase were constructed in such a manner that the resulting mutant enzymes have a 

much less lipid phosphorylating capability, but they still retain their protein 

phosphorylating activity. The potential applications of these mutants are discussed.

5.2 Introduction

All isoforms of class I PI 3-kinase are dual specificity kinases possessing a serine 

kinase activity in addition to their lipid kinase activity. The protein kinase activity of PI
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3-kinases is manifested by their autophosphorylation. The p llO a  catalytic subunit 

predominantly phosphorylates its associated regulatory subunit p85a and it also 

autophosphorylates to a lesser extent (Carpenter et a l, 1993b; Dhand et al., 1994b). In 

contrast, the catalytic subunits p i 10(3 and p i 106 predominantly autophosphorylate 

(Foukas et al., 2002; Vanhaesebroeck et al., 1999a). The class IB PI 3-kinase catalytic 

subunit pllO y also autophosphorylates (Stoyanova et al., 1997). Furthermore, 

evidence has been presented that some other proteins could be targets of this activity. 

Reportedly, protein substrates for PI 3-kinase are IRS-1 (Lam et al., 1994; Tanti et al., 

1996; Uddin et al., 1997) and PDE3B (Rondinone et al., 2000). However, only in the 

case o f p85a has the site definitively been identified, with phosphorylation occuring 

largely on Ser 608 (Dhand et al., 1994b).

In an effort to further define the role of this protein kinase activity, we sought to 

identify other cellular substrates for the PI 3-kinase serine kinase by searching for 

proteins that participate in pathways regulated by PI 3-kinase activation, become 

phosphorylated in a wortmannin-sensitive manner and encompass phosphorylatable 

aminoacids surrounded by sequences similar to that of the p85a Ser608 site (i. e. being 

embedded in an acidic environment). One such molecule is the translational regulator 

eukaryotic Initiation Factor 4E (eIF4E)-Binding Protein 1 (4EBP1), also known as 

Phosphorylated Heat and Acid Stable Protein I (PHAS I) (Gingras et al., 1999). 

Initiation is the rate-limiting step in the process of translation (Gingras et al., 1999; 

Proud and Denton, 1997). Almost all eukaryotic mRNAs have the cap structure (7- 

methyl-GTP-N, where N is any nucleotide) at their 5’ termini. The eukaryotic Initiation 

Factor 4E is the mRNA cap-binding protein that associates with eIF-4G, thus forming 

the eIF-4F complex which facilitates the initiation of translation. In resting cells, non- 

phosphorylated 4EBP1 binds and prevents eIF4E from taking part in the initiation 

complex. Upon agonist stimulation of cells, 4EBP1 becomes phosphorylated in a 

wortmannin-sensitive manner. This phosphorylation occurs at multiple sites and causes
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dissociation of the eIF4E/4EBPl complex thus allowing the formation of competent 

eIF-4F complexes.

Six phosphorylation sites have been identified on 4EBP1. Five of them fall 

within a (Ser/Thr)Pro motif. One of the (Ser/Thr)Pro sites, Ser82 is constitutively 

phosphorylated. The rest (Thr36, Thr45, Ser64, and Thr69) become phosphorylated 

after insulin stimulation of cells in a wortmannin- and rapamycin-sensitive manner. 

Phosphorylation of Ser64 depends on the previous phosphorylation o f all three 

threonine sites (Mothe-Satney et al., 2000). The sensitivity of the above sites to 

rapamycin suggests that their phosphorylation is mediated by the mTOR pathway. As 

supporting evidence, it has been shown that mTOR itself as well as an mTOR- 

associated kinase directly phosphorylate these sites (Heesom and Denton, 1999). The 

sixth site, Seri 11, becomes phosphorylated in a rapamycin-insensitive, but yet 

wortmannin-sensitive manner. An insulin-stimulated Seri 11 kinase with an 

approximate molecular weight of ISOkDa has been partially purified from primary rat 

adipocytes (Heesom et al., 1998). Furthermore, the Seri 11 site has also been shown to 

become phosphorylated by protein kinase CK2 in vitro (Fadden et al., 1998) and it also 

conforms to the recently reported consensus phosphorylation site of the PI 3-kinase- 

related kinases (Kim et al., 1999), which phosphorylate 4EBP1 in vitro (Denning et 

al., 2001; Kim et al., 1999; Sarkaria et al., 1998).

Furthermore, in the course of the present study, we found that the small GTPase 

Ras, a long-known binding partner of class I PI 3-kinases, becomes phosphorylated by 

the protein kinase activity of the latter. In vivo phosphorylation is a long-known, 

although overlooked, feature of the H-Ras and K-Ras proteins. It has been reported 

that H-Ras possesses autokinase activity that strictly uses GTP as phosphoryl donor to 

autophosphorylate on Thr59 (Shih et al., 1982). Subsequently, it was shown that 

phorbol esters and permeable c-AMP derivatives stimulate K-Ras (with exon 4B) and 

and to a lesser extent H-Ras phosphorylation in intact cells (Ballester et al., 1987;
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Saikumar et al., 1988). These phosphorylations were further demonstrated in vitro 

using purified PKA and PKC. However, a more recent study failed to detect 

stoichiometric phosphorylation of H-Ras by PKA (Arimura et al., 1997). Furthermore, 

the phosphorylation sites have been mapped. Protein kinase C phosphorylates K-Ras 

(with exon 4B) on S eri81 (Ballester et al., 1987) and H-Ras on Seri77 (Jeng et al., 

1987; Saikumar et al., 1988). These phosphorylation sites lie in the hypervariable 

region, which links the globular catalytic domain of p21 Ras to the membrane- 

anchoring site at the C-terminus, a location suggesting that this phosphorylation may 

play a role in modulating transmembrane signaling.

As discussed above in detail, the best evidence that the PI 3-kinase protein kinase 

activity plays a direct role in downstream signalling comes from studies with mutant 

forms of the class IB PI 3-kinase, which lack lipid kinase but retain protein kinase 

activity (Bondeva et al., 1998; Pirola et al., 2001). These mutants retained the ability to 

stimulate the MAP kinase pathway although the molecular targets of the PI 3-kinase 

serine kinase were not identified (Bondeva et al., 1998). The strategy followed for the 

construction of these mutants involved whole domain swapping between different 

members of the PI 3-kinase family. This approach results in enzymes with grossly 

mutated catalytic domains and this might interfere with proper recognition of their 

physiological protein substrates. Substitution of specific aminoacids responsible for 

lipid substrate recognition could be a potentially less interfering strategy compared to 

domain swapping since it requires only subtle changes. The residues critical for such 

strategies have been identified by the recently reported crystal structure of p i lOy, which 

identified the aminoacids that play a role in lipid substrate recognition (Walker et al., 

1999). According to the model proposed in that study, the Lys973 interacts with the 5’ 

phosphate of PtdIns-4 ,5-P2- Therefore, mutation of this residue would presumably 

render the enzyme incapable of phosphorylating PtdIns-4 ,5-P2, which is thought to be 

its physiological substrate.
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In the following section, the identification of two novel potential substrates for 

the PI 3-kinase protein kinase activity is described. Also, it is demonstrated that certain 

point mutations within the activation loop of p i 10a and pi lOp abolish the lipid but not 

the protein kinase activity. These mutants could be used as a tool for the identification 

o f protein substrates for PI 3-kinase in vivo.

5.3 Results

5.3.1 Class lA PI 3-kinase phosphorylates 4EBP1 in v i tro  in 

a wortmannin-sensitive manner

To test the possibility that PI 3-kinase could phosphorylate 4EBP1, class lA PI 3- 

kinase was immunoprecipitated from HEK 293 lysates using p85 antibodies. After 

extensive washing, the immunoprecipitates were subjected to an in vitro kinase assay 

with recombinant 4EBP1 and [y-^^P]ATP as the substrates. It was found that 

recombinant 4EBP1 is indeed phosphorylated by a kinase activity present in p85 

immunoprecipitates (Fig. 5.1 A). This activity was largely inhibited with lOOnM 

wortmannin consistent with the phosphorylation being caused by the serine kinase 

activity of a member of the PI 3-kinase superfamily. Furthermore, the ability o f PI 3- 

kinase to phosphorylate 4EBP1 when the latter is in complex with eIF4E was tested. 

To this end, in vitro kinase assays were performed using p85 immunoprecipitates as a 

source of PI 3-kinase and either free 4EBP1 or 4E/4EBP1 complex as a substrate in the 

presence or the absence of lOOnM wortmannin. As it can be seen in Fig. 5. IB, 4EBP1 

was phosphorylated with the same efficiency either when fi-ee or when in complex with 

eIF4E.
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5.3.2 The features of the protein kinase activity 

phosphorylating 4EBP1 are consistent with those for p85a 

Ser608 autophosphorylation

It has been reported that both lipid kinase and protein kinase activities of PI 3-kinase are 

inhibited by nM concentrations of wortmannin (Woscholski et al., 1994b). Therefore 

the dose-response of 4EBP1 phosphorylation to wortmannin was tested. PI 3-kinase 

immunoprecipitated from HEK 293 cell lysates using p85 antibodies was preincubated 

in the presence of wortmannin at various concentrations for 15min and then a kinase 

assay with recombinant 4EBP1 as a substrate was performed. As it can be seen in Fig.

5.2 A, wortmannin potently inhibited 4EBP1 phosphorylation by p85 

immunoprecipitates with an IC50 o f approximately 40nM, which is relatively close to 

the IC50 for the PI 3-kinase serine kinase activity reported to be 17.1 nM (Woscholski 

et al., 1994b). Furthermore, the divalent cation requirement for 4EBP1 

phosphorylation by p85 immunoprecipitates was assessed by performing in vitro 

kinase assays in the presence of either Mn^^ or Mg^ .̂ It was found that phosphorylation 

was strictly dependent on the presence of Mn^^ and this could not be substituted by 

Mg^^ (Fig. 5.2B). This is also in keeping with the previously reported cation 

dependence for p85 autophosphorylation which was also found to be strictly dependent 

on the presence of Mn^^ (Carpenter et al., 1993b; Dhand et al., 1994b). Therefore, the 

features o f the kinase activity phosphorylating 4FBP1 are consistent with the 

phosphorylation being caused by the serine kinase activity of class lA PI 3-kinase.

5.3.3 Investigation of the possibility of 4EBP1 

phosphorylation by kinases contaminating immunoprecipitates 

from mammalian cell lysates

A number of members of the PI 3-kinase superfamily show sensitivity to wortmannin. 

Furthermore, 4FBP1 is a small protein o f 117 aminoacids with no folded structure 

(Fletcher et al., 1998). This unusual feature makes it a very good generic substrate for
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various protein kinases. It has been reported that several PI 3-kinase-related kinases 

phosphorylate 4EBPI in vitro (Denning et al., 2001; Kim et al., 1999; Sarkaria et al., 

1998). Thus, it is possible that the above observed phosphorylation of 4EBP1 could be 

attributable to a PI 3-kinase-related kinase contaminating the p85 immunoprecipitates 

used in the above experiments. One potential candidate is mTOR, which although has 

been reported to be relatively resistant to wortmannin (Brunn et al., 1996; Withers et 

al., 1997), it does phosphorylate 4EBP1. To exclude the possibility that the 

phosphorylation observed was due to contamination with mTOR, in vitro kinase assays 

were performed in the presence of the mTOR specific inhibitor rapamycin. Within cells, 

rapamycin binds to FKBP12 and the rapamycin/FKBP 12 complex binds and inhibits 

mTOR. Therefore, recombinant FKBP12 was included in the assay. It was found that 

only wortmannin and not rapamycin inhibited phosphorylation of 4EBP1 by 

immunoprecipitated PI 3-kinase (Fig. 5.3A), thus excluding mTOR as the 4EBP1 

phosphorylating activity.

Another possible candidate is DNA-dependent protein kinase (DNA-PK), which 

has previously been shown to phosphorylate 4EBP1 and also operates efficiently in the 

presence of Mn^^ (Kim et al., 1999). However, we initially had excluded it due to its 

reported IC50 being high for wortmannin (Hartley et al., 1995). To assess this 

possibility, lysates from HEK 293 and CHO-IR cells were immunoprecipitated with 

DNA-PK specific antibodies in order to test for the presence of DNA-PK in the Triton- 

soluble fi*action used in the previous experiments. Indeed, DNA-PK was present and 

active, as assessed by phosphorylation of 4EBP1, in the soluble fi*action of lysates 

from both cell types. It is also notable that the HEK 293 lysates, which are o f human 

origin, contain greater amounts of DNA-PK than CHO-IR (rodent) lysates (Fig. 5.3B). 

Furthermore, DNA-PK immunoprecipitated fi’om HEK 293 lysates phosphorylated a 

synthetic peptide based on Seri 11 of 4EBP1 (Fig. 5.3C). It is o f note that wortmannin 

at lOOnM almost completely abolished peptide phosphorylation in DNA-PK

171



Chapter 5 Results

immunoprecipitates, although earlier reports have measured an IC50 o f approximately 

250nM for the catalytic subunit of DNA-PK using the transcription factor Spl as a 

substrate (Hartley et al., 1995). Also, p85 and PI3K-C2a immunoprecipitates from 

HEK 293 cells were analysed by SDS-PAGE and immunoblotting using DNA-PK 

specific antibodies and it was found that indeed both immunoprecipitates were 

contaminated with DNA-PK (Fig. 5.3D). As it can be seen in Fig 5.3B, 

phosphorylation of 4EBP1 was obtained even when precipitations performed without 

the addition of any antibody, but by simply incubating with the protein A-agarose 

beads. Agarose beads conjugated with various other secondary reagents (protein G, 

anti-rabbit-IgG, etc) were also tested and all of them contained large amounts of 4EBP1 

phosphorylating activity. Furthermore, further attempts to eliminate the background 

activity such as preclearing the lysates with protein A-agarose beads, precoating beads 

with BSA and clarification of lysates by ultracentrifugation only moderately reduced the 

amount of contaminating activity (data not shown). Immunoprécipitations of two other 

family members, ATM and ATR, were also performed but only background (not higher 

than protein A-agarose beads only) 4EBP1 phosphorylating activity was associated 

with them suggesting that these enzymes do not account for the contaminating activity 

(data not shown). Thus it appears that a 4EBP1 phosphorylating activity (apparently 

DNA-PK) binds to the bead matrix non-specifically and contaminates 

immunoprecipitates.

5.3.4 Recombinant PI 3-kinases phosphorylate 4EBP1 in vitro

To exclude the possibility that a contaminating kinase is responsible for the total of 

4EBP1 phosphorylation observed using p85 immunoprecipitates, recombinant 

p85a/p l 10a was expressed in insect Sf9 cells and isolated on Y751 phosphotyrosine 

beads as described in Materials and Methods. Beads were split and half of them were 

further incubated with free Y751 peptide at ImM to release isolated heterodimer from 

the beads. Subsequently, both immobilised and free heterodimers were subjected to an
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in vitro kinase assay using recombinant 4EBP1 as the substrate in the presence or the 

absence of wortmannin. As it can be seen in Fig. 5.4A, recombinant p 8 5a /p llO a  

phosphorylated 4EBP1 in a wortmannin-sensitive manner. Moreover, after quantitation 

of 4EBP1 phosphorylation and normalization to the amount of p85a/p  110a, 

determined after Coomassie staining of the same gel, it became evident that free 

p85a/pl 10a phosphorylates 4EBP1 with 3-fold greater potency than the immobilized 

heterodimer. Presumably, steric hindrance caused by association of the heterodimer 

with beads limits the phosphorylation efficiency. Furthermore, a highly purified 

preparation of recombinant pllOy, originally used in crystallographic studies, was also 

tested for 4EBP1 phosphorylation ability. It was found that pllO y also phosphorylated 

4EBP1 in a wortmannin-sensitive manner (Fig. 5.4B). In this case, 4EBPI 

phosphorylation occurred either in the presence of Mg^^ or in the presence Mn^^. This 

is consistent with the previously reported divalent cation dependence for pllO y 

(Stoyanova et al., 1997). According to that and in contrast to the other isoforms, p i lOy 

autophosphorylates better in the presence of Mĝ "̂  than in the presence of Mn^^. With 

respect to the pllO y autophosphorylation, this was also evident in the present 

experiment, however, 4EBP1 phosphorylation was 2-fold higher in the presence of 

Mn^\

Also, we compared the efficiency of the phosphorylation of 4EBP1 by pllO y 

with that o f MAP kinase, since the latter has been shown to effectively phosphorylate 

various sites on 4EBP1 (Haystead et al., 1994). lp,g of recombinant 4EBP1 was 

phosphorylated to completion by incubating with either recombinant p i lOy or activated 

recombinant ERKl for 16h at 25°C. The reaction products were analyzed by SDS- 

PAGE and autoradiography. As depicted in Fig. 5.4C, ERKl was 3-fold more efficient 

than pllO y in phosphorylating 4EBP1. 4EBP1 always migrates faster in a gel after 

phosphorylation by MAP kinase that occurs in multiple sites. To determine the 

stoichiometry of phosphorylation, the labelled 4EBP1 bands were excised from the gel
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and the incorporation of was measured by Cherenkow counting. Under the 

experimental conditions applied, the stoichiometry of phosphorylation by ERKl was 

calculated to be 0.6 mol of phosphate per mol of 4EBP1 and that of pllOy, 0.15 mol of 

phosphate per mol 4EBP1. This is quite different from the previously reported 

stoichiometry of 4EBP1 phosphorylation by activated recombinant ERK2, which was 

1.1 mol o f phosphate per mol 4EBP1 (Haystead et al., 1994). The reason for this 

discrepancy is not clear, but it might be that different ERK isoforms (ERKl in the 

present and ERK2 in the previous study) phosphorylate 4EBP1 with different 

efficiencies or the conditions of our assays were not optimal. However, it must be 

noted that the method employed for calculation of the stoichiometry is inherently not 

very accurate since the masses of protein or of phosphate can easily be miscalculated 

due to inaccuracies of the protein assay method, degradation o f [y-^^P]ATP etc.

5.3.5 Phosphorylation of 4EBP1 by PI 3-kinase does not 

cause dissociation of the 4E/4EBP1 complex

Since phosphorylation of 4EBP1 at multiple sites results in dissociation of the 

4E/4EBP1 complex, we then tested the effect phosphorylation by PI 3-kinase had on 

the 4E/4EBP1 complex integrity. To this end, the affinity of eIF4E for 7’-methyl- 

guanosine trisphosphate (m^GTP) was exploited to immobilize the 4E/4EBP1 complex 

on m^GTP-Sepharose beads. The immobilized complex was then incubated with 

recombinant p 8 5a/p llO a  in the presence o f Mn^^ and [y-^^P]ATP. Subsequently, the 

beads were separated from the supernatant, washed and analysed by SDS-PAGE and 

autoradiography. As it can be seen in Fig. 5.5, no phosphorylated 4EBP1 was released 

in the supernatant either in the autoradiogram or after Coomassie staining of the gel. 

This shows that 4EBP1 phosphorylation by PI 3-kinase is not sufficient to cause 

dissociation of the 4E/4EBP1 complex.
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5.3.6 Recombinant pllOy phosphorylates H-Ras in vitro

Since crystallographic data suggested that binding of Ras to pllO y might cause 

allosteric activation of the enzyme (Pacold et ah, 2000), experiments were conducted to 

assess a possible effect of pllO y binding to Ras on 4EBP1 phosphorylation. To this 

end, recombinant H-Ras G 12V loaded with the non-hydrolyzable GXP analog 

Guanosine-5’-[(p,y)-imido]trisphosphate (GMPPNP) and various other mutants were 

included in the assay mix together with recombinant 4EBP1. As it can be seen in Fig. 

5.6, such an allosteric activation was not observed in these experiments. But rather 

surprisingly, in addition to the phosphorylation of 4EBP1, H-Ras was phosphorylated 

with comparable potency. H-Ras phosphorylation was not dependent on H-Ras 

binding to p i lOy, since the T35S and D38E H-Ras mutants that display considerably 

reduced binding to PI 3-kinase (Pacold et al., 2000) were phosphorylated as much as 

the G 12V H-Ras. Moreover, GDP-loaded H-Ras was also phosphorylated. 

Interestingly, a deletion mutant (1-166) lacking the last 23 aminoacids (167-189) o f the 

C-terminus was not phosphorylated indicating that the phosphorylation site is located in 

this region of H-Ras.

5.3.7 Recombinant p i 10a but not p lio p  phosphorylates H- 

Ras
Subsequently, H-Ras was tested as a substrate for recombinant p8 5 a /p  110a and 

p85a/p ll0p . Recombinant heterodimers were isolated after expression in Sf9 cells on 

Y751 phosphotyrosine beads and then subjected to in vitro kinase assays using 

recombinant H-Ras (C186S) and [y-^^P]ATP as the substrates in the presence or the 

absence of wortmannin. As it can be seen in Fig. 5.7, H-Ras was indeed 

phosphorylated by recombinant p85a/pl 10a but not by p85a/p l lOp. This is 

consistent with the recent demonstration that p llO p has a much lower protein kinase 

activity towards peptides based on the p85a Ser608 (Beeton et al., 2000).
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5.3.8 Certain mutations of the activation loop of p i 10a and 

p 110(3 abolish lipid kinase activity but not the protein kinase 

activity

To further explore the substrates for the class I PI 3-kinase protein kinase activity, we 

attempted to create PI 3-kinase mutated versions which no longer would phosphorylate 

lipid substrates but would still phosphorylate proteins. Point mutations were made in 

the activation loop of the catalytic subunits p i 10a  and p i 10(3, with aminoacids to be 

mutated selected on the basis of the data provided by the reported crystal structure for 

p i 1 Gy (Walker et al., 1999), which have been discussed above in detail. The residues 

targeted were those equivalent to p i lOy Lys973, being the Lys942 of p i 10a and the 

Lys946 of p i 10(3 (Table 5.1). Four consecutive lysine residues (941-944) o f p i 10a 

and one of p llO p (Lys946) were also mutated to alanine using site directed 

mutagenesis to remove possible positively charged sites for lipid coordination. The 

resulting Flag-tagged mutated versions of the catalytic subunits were coexpressed with 

myc-tagged p85a in HEK 293 cells and immunopurified using 9E10 antibodies 

recognising the myc-tagged p85a. The substrate specifities of the immunopurified 

heterodimers were characterized by performing in vitro kinase assays using various 

substrates. As it can be seen in Fig. 5.8A, phosphorylation of both 

phosphatidylinositol and phosphatidylinositol-4,5-bisphosphate was severely 

compromised for both p i 10a and p llO p mutants. Compared to the wild-type, 

phosphorylation of Ptdlns and PIP^ by the p i 10a (K941-4A) mutant was reduced by 

70% and 97%, respectively. With p llO p (K946A), phosphorylation was reduced by 

60% and 80%, for Ptdlns and PIP2, respectively. However, p i 10a (K941-4A) 

retained the ability to phosphorylate p85a, although reduced by 20% compared to the 

wild-type and p llO p (K946A) could still autophosphorylate with even higher potency 

than the wild-type pllO P (increased by 50% compared to the wild-type).
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Subsequently, further constructions were performed in order to generate 

constitutively active enzymatic versions to allow in vivo studies. This approach 

circumvents the necessity for agonist-stimulation of cells that causes activation of the 

endogenous wild-type enzymes, thus possibly masking the effects of the mutated 

versions. To this end, the iSH2 domain of the p85a was fused to the N-termini of the 

pi 10s. This intervention has previously been shown to generate constitutively active PI 

3-kinase (Klippel et al., 1996). The resulting chimeric iSH2-pllO versions were 

transfected into HEK 293 cells, immunopurified with Flag antibodies and their 

enzymatic properties were characterised as above. As it can be seen in Fig.5.8B, these 

chimeric versions exhibited similar properties to the heterodimeric forms, except that 

the autophosphorylating activity was also severely compromised in the activation loop 

mutant chimeras. The reason for this is not clear, but it seems likely that point mutation 

of the activation loop in conjunction with the addition of the iSH2 domain at the N- 

terminus affects the conformation of the molecule in such a manner that 

autophosphorylation is not possible anymore. Apparently, this complication renders 

these chimeric mutants unsuitable for use as “protein kinase only” versions.

Table 5.1 C om parison of PI3-kinase family activation loop sequences

pi 10a F L D H K K K F G Y K R E R

p iio p I L G N F ^946 S K F G I K R E R

pllOy I L G N Y Kg73 S F L G I N K E R

C2-PI3Ka F L G H A Q M F G S F K R D R

mTOR C F E V A M T R E K F P - E K

The residues m utated in the present study are h ighlighted in gray.

5.4 Discussion

Although there has been a long time since the discovery and characterization of the 

protein kinase activity of PI 3-kinases, very little is known for its physiological role.
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Even less information exists with respect to their exogenous protein substrates. To 

date, only IRS-1 and PDE3B have been identified as in vitro substrates for the serine 

kinase activity of PI 3-kinase (Lam et al., 1994; Rondinone et al., 2000). In the case of 

the PDE3B, phosphorylation by PI 3-kinase has been shown to increase the enzymatic 

activity (Rondinone et al., 2000). However, the phosphorylation site has not been 

mapped in either of these two cases and no evidence for occurrence of such 

phosphorylation in vivo has been presented. The issue of whether the protein kinase 

activity of PI 3-kinase can phosphorylate exogenous substrates is of paramount 

importance. If such protein substrates could be identified and their phosphorylation by 

PI 3-kinase protein kinase activity be demonstrated in vivo, this would prove that PI 3- 

kinase can signal by means other than the generation of 3’ phosphorylated 

phosphoinositides and open new research directions.

The present study sought to identify additional protein substrates for PI 3-kinase. 

Proteins known to become phosphorylated in a wortmannin-sensitive manner were 

considered as potential substrates for PI 3-kinase. As mentioned above, 4EBP1 is a 

protein that falls within this category. By using immunoprecipitated PI 3-kinase and 

recombinant 4EBP1, it was shown that the former phosphorylates the latter in vitro. 

The phosphorylation was sensitive to the fungal metabolite wortmannin at 

concentrations generally assumed to specifically inhibit PI 3-kinase. Furthermore, 

phosphorylation of 4EBP1 by PI 3-kinase immunoprecipitates displayed the same 

divalent cation requirements previously reported for p85a Ser608 phosphorylation 

(Carpenter et al., 1993b; Dhand et al., 1994b), i.e. it was strictly dependent on the 

presence of Mn^^. Despite the strong evidence these findings provided for the PI 3- 

kinase being the 4EBP1 phosphorylating enzyme, there was still the possibility that a 

PI 3-kinase-related kinase contaminating the immunoprecipitates mediated the observed 

phosphorylation. The possibility of mTOR contamination was excluded by the fact that 

rapamycin/FKBP 12 did not inhibit 4EBP1 phosphorylation. However, it was found

178



Chapter 5 Results

that large amounts of active DNA-dependent protein kinase contaminated the 

immunoprecipitates by non-specific binding to the agarose beads used for the 

immunoprécipitations. DNA-PK is known to become activated by free DNA termini 

and hence the immunoprécipitation of active DNA-PK from the Triton-soluble fraction 

was a somewhat surprising finding. However, it is possible the DNA-PK antibody 

used in this study might be activating the enzymatic activity. Also, it appears that 

greater amount of DNA-PK is present in the HEK 293 cells (human) than CHO-IR cell 

(rodent), but this is consistent with the previously reported fmding that rodents have 

much lower levels of DNA-PK than the primate cells (Anderson and Lees-Miller, 1992; 

Finnie et al., 1995). Indeed, it is notable that DNA-PK levels in a variety of species 

correlate well with the species’ life-span, suggesting that elevated DNA-PK levels in 

longer-lived organisms is a mechanism to enhance genomic stability (Smith and 

Jackson, 1999). Also, the DNA-PK activity assessed in the present study was 

completely inhibited by wortmannin at lOOnM, despite previous reports that the 

for DNA-PK is approximately 250nM-300nM (Hartley et al., 1995; Rosenzweig et al.,

1997). However, another report has calculated the to be 16nM (Sarkaria et al.,

1998). Apparently, this is consistent with the data presented herein. The reasons for the 

discrepancy are not clear, but in the earlier studies the IC^g values were obtained using 

DNA-PK catalytic subunit alone, whereas the other study used DNA-PK 

immunoprecipitates which may contain the holoenzyme that comprises both the catalytic 

and the so-called Ku subunits. And it is possible that the holozyme is more sensitive to 

wortmannin than the catalytic subunit alone (Sarkaria et al., 1998). Furthermore, two- 

dimensional phosphopeptide mapping after phosphorylation of recombinant 4EBP1 by 

PI 3-kinase immunoprecipitates from HEK 293 cells revealed Seri 11 as the major 

phosphorylation site (data not shown). However, the facts that active DNA-PK 

contaminates these immunoprecipitates and that Seri 11 fits to the recently reported 

phosphorylation target consensus for PI 3-kinase-related kinases (Kim et al., 1999) and 

that DNA-PK phosphorylated a peptide based on Seri 11 make almost certain that this
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site was phosphorylated by contaminating DNA-PK. It should also be noted that 

protein kinase CK2 that has been reported to phosphorylate Seri 11 is not affected by 

wortmannin (Davies et ah, 2000) and thus it cannot be the 4EBP1 phosphorylating 

activity present in PI 3-kinase immunoprecipitates. Despite the uncertainty with respect 

to the kinase phosphorylating 4EBP1 in PI 3-kinase immunoprecipitates, the present 

study found that both recombinant p i 10a and p i lOy expressed and isolated from insect 

cells also phosphorylate recombinant 4EBP1 in vitro. Moreover, recombinant pllO P 

and p i 106 did not phosphorylate 4EBP1 (data not shown) and this is also consistent 

with our previous finding that p llO p  is much less efficient as protein kinase than 

p i 10a (Beeton et ah, 2000). The fact that highly purified PI 3-kinases expressed in a 

heterologous system still phosphorylated 4EBP1 confirms that part of the 4EBP1 

phosphorylating activity present in PI 3-kinase immunoprecipitates is truly attributable 

to PI 3-kinase. Despite intense efforts, it has not been possible to map the recombinant 

p i lOy phosphorylation site on 4EBP1 by applying mass spectrometry. However, all 

the spectra obtained so far lack the 13 N-terminal aminoacids presumably due to some 

sort of chemical modification. This region contains six phosphorylatable residues (five 

serines and one threonine). This leaves open the possibility that the PI 3-kinase 

phosphorylation site resides at this N-terminal part o f 4EBP1.

With respect to the functional consequences of 4EBP1 phosphorylation under 

study, it was demonstrated that PI 3-kinase phosphorylates 4EBP1 either when the 

latter is free or when complexed with eIF4E. MAP kinase strongly phosphorylates 

4EBP1 but only when the latter is free and not when in complex with eIF4E (Diggle et 

al., 1996; Lin et al., 1995). This implies that phosphorylation by MAP kinase is quite 

unlikely to be physiologically significant. The fact that PI 3-kinase phosphorylates both 

forms of 4EBP1 adds to the likelihood of a physiological relevance o f this 

phosphorylation. Although it was demonstrated that 4EBP1 phosphorylation by PI 3- 

kinase does not cause dissociation of the 4E/4EBP1 complex, it still remains possible
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that this phosphorylation primes the phosphorylation of additional sites required for 

dissociation.

In an experiment aiming to assess whether H-Ras binding allosterically activates 

the protein kinase activity of p i lOy, it became evident that the p i lOy phosphorylated 

both the 4EBP1 that was included as the substrate and the recombinant H-Ras present 

in the assay mix. Moreover, recombinant p 8 5a/p llO a , but not p85a/p 110(3 

phosphorylated H-Ras. This is consistent with the previous demonstration that p i lOP 

is much less efficient protein kinase than p i 10a (Beeton et al., 2000). Intriguingly, 

phosphorylation by p i lOy occurred even with the T35S and D38E H-Ras mutants that 

exhibit considerably reduced binding to PI 3-kinase (Pacold et al., 2000) or with GDP- 

loaded Ras that also does not bind to PI 3-kinase (Rodriguez-Viciana et al., 1994; 

Rubio et al., 1997). Thus, it appears that in this case a tight interaction is not a 

prerequisite for phosphorylation. Furthermore, it was found that a truncated H-Ras 

lacking the 23 C-terminal aminoacids was not phosphorylated. This indicates that the 

phosphorylation site resides at this C-terminal part o f H-Ras. This part of the H-Ras 

protein encompasses only three phosphorylatable aminoacids, S e ri77, S eri83 and 

S eri89. Therefore the phosphorylation site could be precisely mapped by point 

mutation of these serine residues. We have constructed Serl77Ala and Seri83Ala H- 

Ras mutants that will be used for this purpose. It should be noted that a previous report 

has shown phosphorylation of H-Ras on Seri 77 both in vivo and in vitro (Saikumar et 

al., 1988). Apparently, this fmding strengthens the possibility that H-Ras 

phosphorylation reported here could be physiologically relevant. Ras proteins associate 

with the membrane via a famesyl anchor at their C-terminus. The proximity of the 

phosphorylation site to the membrane might have important implications for Ras- 

dependent signalling. Phosphorylation by PI 3-kinase in a region of Ras so proximal to 

the cell membrane would impose a negative charge that in turn could cause a 

conformational change due to electrostatic repulsion with negatively charged
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phospholipids of the membrane. This could be disrupting the interaction with PI 3- 

kinase, thus acting as negative feedback mechanism. The essential role of the linker 

domain of the C-terminal H-Ras hypervariable region in the regulation of the 

interactions with exchange factors, Raf-1 and PI 3-kinase, has been previously 

demonstrated (Jaumot et al., 2002). Alanine replacement of the residues 173-179 in the 

linker domain resulted in impaired interaction with RasGEFs and consequently reduced 

both GTP-loading of H-Ras and PI 3-kinase membrane association. This clearly shows 

the critical role of this domain in directing interactions that modulate Ras activity.

To further assess the physiological significance of the PI 3-kinase protein kinase 

activity and confirm that the potential substrates identified by employing in vitro assays 

are indeed physiological targets of this activity, we constructed “protein kinase only” 

mutants of p i 10a and p i 10(3. The aminoacids equivalent to Lys973 of p i lOy, which 

according to the model of the activation loop of p i 1 Gy interacts with the 5’ phosphate of 

PtdIns-4,5-P2, were mutated to alanine. In the case of p i 10a, the equivalent residue 

Lys942 is flanked by Lys941 and Lys943, Lys944. To prevent a possible 

compensation of the charge loss by the three other lysines, all the four of them were 

mutated to alanine. In the case of p i lOp, only Lys946 (the equivalent to p i lOy lysine 

973) was substituted. The biochemical characterisation of these mutants after co

expression with p85a and isolation from HEK 293 cells, showed that both of them 

were defective in phosphorylating their lipid substrates Ptdlns and PtdIns-4,5-P2- The 

mutation affected p llO p  to somewhat lesser extent than p i 10a, possibly due to 

compensation for Lys946 charge loss by the proximal Lys948. However, the protein 

kinase activity of p i 10a was only slightly affected by the mutations, whereas in the 

case of p i lOP, the protein kinase activity of the mutant was even higher than that o f the 

wild-type. This is in agreement with a recently reported p llO p  “protein kinase only” 

version which lacks the whole basic stretch (aminoacids 946-955) of the activation loop 

(Table 5.1) (Yart et al., 2002b). However, when part o f the p85a iSH2 domain was
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fused to the N-terminus of these mutant catalytic subunits as a strategy to generate 

constitutively active versions, their protein kinase activity was also affected. Therefore, 

these chimeric versions cannot be used in vivo and further work has to be based on the 

use of the mutants as heterodimers with p85. The next step should be the 

overexpression of these “protein kinase only” mutants in mammalian cells and the 

assessment of their effect on several PI 3-kinase-dependent pathways. Nowadays, 

many phosphospecific antibodies are commercially available covering a wide range of 

signalling pathways. Therefore, assessment of the effect the overexpression these 

mutants on the phosphorylation state of several signalling proteins might be a good 

approach to obtain clues about the targets of the PI 3-kinase protein kinase activity in 

vivo.

Our findings that both p llO a  and pllO y phosphorylate 4EBP1 and H-Ras 

provide strong evidence that the serine kinase activity of PI 3-kinases could be playing 

a direct role in intracellular signalling pathways. The lower level of serine kinase 

activity associated with p i lOp suggests differences in the protein kinase activity could 

be involved in dictating isoform specific function in PI 3-kinases. Overall, these results 

suggest the protein kinase activity o f PI 3-kinases could be playing a wider role in 

intracellular signalling process than previously thought.
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Figure 5.1 (A) class lA PI 3-kinase phosphorylates 4EBP1 in vitro  in a wortmannin 
sensitive manner
Class lA PI3K was im m unoprecipitated from HEK 293 lysates using p85 specific 
antibodies, and subjected to an in vitro kinase assay w ith Ipg recom binant 4EBP1 
and [y-^^P]ATP as the substrates in the presence or the absence of lOOnM 
w ortm annin. The reaction products were analysed by electrophoresis on a Tris- 
Tricine-SDS gel and autoradiography.
(B) Phosphorylation of complexed versus free 4EBP1
Ipg  of the 4E/4EBP1 complex or the equivalent am ount of free 4EBP1 were 
subjected to an immune-complex kinase assay in the presence or the absence of 
wortmannin. The reaction products were analysed as above.
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Figure 5.2 (A) Sensitivity of 4EBP1 phosphorylation to the PI 3-kinase inhibitor 
wortmannin
Class lA PI 3-kinase was im m unoprecipitated from HEK 293 lysates using p85 
specific antibodies and subjected to an in vitro kinase assay with recombinant 4EBP1 
and [y^^PjATP as the substra tes in the presence of various w ortm ann in  
concentrations. The reaction products were analysed by electrophoresis on a Tris- 
Tricine-SDS gel and au to rad iog raphy . Band in tensity  w as quan tified  by 
phosphoim aging. Values representing relative PI 3-kinase activity were plotted 
versus wortmannin concentration on a graph shown below the autoradiogram.
(B) Metal ion dependence of 4EBP1 phosphorylation by PI 3-kinase 
p85 im m unoprecipitates from HEK 293 lysates were subjected to an in vitro kinase 
assay with recombinant 4EBP1 and [y-^^P]ATP as the substrates in the presence of 
various concentrations of either MnCl2 or MgCl2 . The reaction products were 
analysed as above.
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Figure 5.3 The D N A -dependent protein k inase is present in various 
immunoprecipitates from mammalian cell lysates and phosphorylates 4EBP1
(A) Class lA PI3K was immunoprecipitated from HEK 293 lysates using p85 specific 
antibodies and subjected to an in vitro kinase assay with Ipg recombinant 4EBP1 and 
[y_32p]ATP as the substrates in the presence or the absence of lOOnM wortm annin. 
Rapamycin at 50nM a n d /o r  recombinant FKBP12 (Ipg) was included in some assays 
as designated. The reaction products were analysed by electrophoresis on a Tris- 
Tricine-SDS gel and autoradiography. (B) DNA-PK was im m unoprecipitated from 
HEK 293 or CHO-IR lysates using DNA-PK specific antibody (Ab) and protein-A 
beads. In some experiments addition of the antibody was omitted but the protein A- 
beads were added normally. After extensive w ashing the im m unoprecipitates were 
assayed as above. (C) DNA-PK or p85 im m unoprecipitates (IPs) from HEK 293 
lysates were subjected to an in vitro kinase assay with a synthetic peptide based on 
Seri 11 of 4EBP1 and [y-^^P]ATP as the substrates in the presence or the absence of 
w ortm annin. The reaction products were analysed as above. (D) p85 or PI3K-C2a 
im m unoprecipitates from HEK293 lysates were analysed by SDS-PAGE on a 7% 
acrylam ide gel and im m unoblotting using a DNA-PK specific antibody. IB, 
immunoblot
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Figure 5.4 Recombinant PI 3-kinases phosphorylate 4EBP1 in vitro 
Recom binant p 8 5 a /p l l0 a  w as iso la ted  from  Sf9 cell ly sates  on Y751 
phosphopeptide beads (B, bound). In some experiments the p 8 5 /p l l0  heterodim er 
was released from the beads by competition with soluble Y751 phosphopeptide and 
then used for kinase assay (F, free). Bound and free heterodim ers were subjected to 
an in vitro kinase assay with Ipg recombinant 4EBP1 and [y-^^PjATP as the substrates 
in the presence or the absence of lOOnM wortm annin. The reaction products were 
analysed by electrophoresis on a Tris-Tricine-SDS gel and autoradiography. 
Following autoradiography, the gel was rehydrated and stained w ith Coomassie 
Blue. (B) recombinant pllOy (500ng) was subjected in an in vitro kinase assay w ith 
Ipg recom binant 4EBP1 and [y-^^P]ATP as the substrates in the presence of either 
lOmM M gCl2 or lOmM M nCl2 . The reaction p ro d u c ts  w ere analysed  by 
electrophoresis on a Tris-Tricine-SDS gel and autoradiography. (C) Ipg recombinant 
4EBP1 was phosphorylated in vi tro by incubating w ith either recom binant pllOy 
(500ng) or recombinant ERKl (SOOng) and ImM  ATP for 16h at 25°C. The reaction 
p roducts  w ere analysed by electrophoresis on a Tris-Tricine-SDS gel and 
autoradiography.
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Figure 5.5 Phosphorylation of 4EBP1 by PI 3-kinase does not affect the integrity of 
the 4E/4EBP1 complex
5pg of 4E/4EBP1 complex, immobilised on m^GTP-Sepharose beads, were subjected 
to an in vitro kinase assay with lOOng of recombinant p 8 5 a /p ll0 a  and [y-^^P]ATP for 
Ih  at 25°C. The beads were separated from the supernatant by centrifugation and 
washed. Proteins bound on beads (Bound) or free in the supernatant (Free) were 
analysed on a Tris-Tricine-SDS gel, which was subsequently stained w ith Coomassie 
Blue, dried and exposed to autoradiography.
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Figure 5.6 Recombinant pllOy phosphorylates H-Ras
Recombinant hum an pllOy (SOOng) was mixed w ith Ip g  recom binant GMPPNP- 
loaded H-Ras G12V or the m utants designated. In one experiment GDP-bound Ras 
was used instead. Ipg  recom binant 4EBP1 was added to the mix which was then 
subjected to an in vi tro  kinase assay w ith [y-^^P]ATP. The reaction products were 
analysed by electrophoresis on a Tris-Tricine-SDS gel and autoradiography. 1-166 
designates an H-Ras truncated version lacking aminoacids 167-189.
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Figure 5.7 Recombinant pllOa but not pllOp phosphorylates H-Ras in vitro
Recombinant p85a/pll0oc or p85a/p llO P  isolated after expression in Sf9 cells on 
Y751 phosphotyrosine beads were subjected to an in vitro kinase assay w ith Ipg of 
recom binant H-Ras (C186S) and [y-^^P]ATP as the substrates in the presence or the 
absence of lOOnM w ortm annin . The reaction p roducts  w ere analysed  by 
electrophoresis on a Tris-Tricine-SDS gel and au to rad iog raphy . Follow ing 
autoradiographic exposure the gel was stained with Coomassie Blue to identify the 
protein band corresponding to H-Ras.
* indicates a non-specific autophosphorylating band contam inating the H-Ras 
preparation used in this experiment.
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Figure 5.8 Certain mutations within the activation loop of PI 3-kinases abolish  
lipid kinase but not protein kinase activity
(A) Flag-tagged wild-type (wt) or mutated p i 10a (K941-4A) or p i 10(3 (K946A) were 
co transfec ted  w ith  m yc-tagged p85a in HEK 293 cells and isolated after 
im munoprécipitation with 9E10 antibody. Each im munoprecipitate was split in four. 
One aliquot was subjected to an in vitro lipid kinase assay w ith phosphatidylinositol 
as a substrate. The second aliquot was assayed using phosphatidylinositol-4,5- 
bisphosphate as a substrate. The third aliquot was subjected to an autokinase assay 
in the presence of Mn̂ "̂  and [y-^^PjATP. The fourth aliquot was analysed for p85 
expression by im m unoblotting w ith 9E10 antibody followed by stripp ing  and 
reprobing w ith the Flag antibody to test p i 10 expression. The reaction products of 
the lipid kinase or the protein  kinase assays w ere analysed by th in  layer 
chrom atography or SDS-PAGE, respectively, followed by autoradiography. (B) The 
same experiments as in A were performed after transfection of either the iSH 2-pll0a 
or the iSH2-pllO(3 chimeric version of PI 3-kinase. Protein kinase activity of either 
iS H 2 -p ll0 a  or iSH2-pllO(3 was assessed by p llO  autophosphorylation . (PI3P, 
phosphatidylinositol-3-phosphate)
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6. Discussion

The PI 3-kinase signalling pathway has been implicated in the regulation o f a multitude 

o f cellular processes. The importance of the pathway in the biology of the cell is 

highlighted by the fact that PI 3-kinase signalling influences both cell survival and cell 

death in addition to other fondamental cellular fonctions including cell growth, 

differentiation, cytoskeletal rearrangements, vesicular trafficking and intermediary 

metabolism.

PI 3-kinase is a dual specificity enzyme. It possesses both a lipid kinase and a 

protein kinase activity. Despite the large volume of data regarding the features and 

functions o f the lipid kinase activity of PI 3-kinase, the potential role of the protein 

kinase activity in cell signalling has received little attention. As a consequence, it is 

widely assumed that PI 3-kinase signals solely by generating 3’ phosphorylated 

phosphoinositides, which might not be precise. There is mounting evidence that other 

mechanisms such as protein/protein interactions or the protein kinase activity of PI 3- 

kinases contribute to the signalling potential of these enzymes.

The present study sought to bridge this gap and shed light into the physiological 

role of the PI 3-kinase protein kinase activity. The first part of the study focused in the 

role of the protein kinase activity in the regulation of the enzymatic activity. This was a 

reasonable starting point since there were previous data showing that phosphorylation 

o f the regulatory subunit on Ser608 downregulates the lipid kinase activity in vitro 

(Carpenter et al., 1993b; Dhand et al., 1994b). However, the experiments conducted at 

that time were mainly in vitro and no evidence was provided to folly support the 

conclusion that this phosphorylation was physiologically relevant. Consequently, the 

likelihood that Ser608 phosphorylation operates in a cellular context has been ignored. 

The data presented in the present study clearly demonstrated that Ser608 becomes 

phosphorylated both in cell lines and animal tissue and the levels of phosphorylation
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change in response to agents known to modulate signalling pathways. With regard to 

the functional role of this phosphorylation, it was also demonstrated that mutation of 

Ser608 to either Glu or Ala results in reduced lipid kinase activity. This reduced activity 

was at least in part due to reduced association o f p85 and p llO  subunits. Apparently, 

this observation provides a plausible explanation for the reduced lipid kinase activity 

displayed by these mutants.

Phosphorylation of Tyr688 of p85a and subsequent interaction with its N- 

terminal SH2 domain has been proposed as a mechanism for enzymatic regulation 

(Chan et al., 2002; Cuevas et al., 2001). In this context, it is of interest to mention that 

a previous structural study has found an intermolecular interaction o f the C-terminal 

SH2 domain of the p85a subunit with a negatively charged Asp (Asp615) side-chain of 

a neighbouring p85 molecule (Hoedemaeker et al., 1999). This is the first 

demonstration of a non-phosphate-containing, non-aromatic mimetic of 

phosphotyrosine binding to SH2 domains. Therefore, it is reasonable to hypothesize 

that phosphorylated Ser608 could interact in a similar manner with the N-terminal SH2 

of p85. Such an intramolecular interaction of the phosphorylated Ser608 with the N- 

terminal SH2 domain, could in turn affect the association state and/or the enzymatic 

activity of the p85/pllO heterodimer. Alternatively, concatamerization resulting from 

interaction of phosphorylated Ser608 with the SH2 domains of other p85 molecules 

could also have a stimulatory effect by increasing the number of p85/pl 10 heterodimers 

bound per molecule of activated growth factor receptor. Collaborative studies using 

NMR spectroscopy to assess these possibilities are currently under way.

The crucial significance of Ser608 phosphorylation for the physiological 

regulation of the enzyme was also highlighted by the finding of the present study that a 

recently discovered oncogenic p85a mutant isolated from human ovarian and colon 

cancers (Philp et al., 2001) displayed impaired Ser608 phosphorylation. The defective 

autophosphorylation of this mutant was accompanied by an increase in the lipid kinase
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activity, which consequently caused constitutive activation of PKB/Akt, presumably 

responsible for its potentially oncogenic properties. The identification of this mutant 

follows the previous identification of another oncogenic form of p85 lacking the C- 

terminal SH2 domain isolated by a mouse thymic lymphoma generated by X-ray 

irradiation o f scid mice (Jimenez et ah, 1998). Also, more recently, a third p85 

oncogene lacking the cSH2 domain has been isolated from a human lymphoma cell line 

(Jucker et al., 2002). In this case also the deletion was correlated with constitutive 

activation of the PI 3-kinase pathway.

The means by which regulation of Ser608 phosphorylation might be achieved in 

cells could be via regulation of the serine phosphatase activity dephosphorylating this 

site. The present study demonstrated that insulin acutely stimulates phosphorylation of 

Ser608. One potential mechanism by which this could occur is via inhibition of protein 

phosphatase 2A (PP2A), as this is acutely inhibited by insulin (Begum and Ragolia, 

1996; Srinivasan and Begum, 1994). In contrast, it is unlikely to involve protein 

phosphatase 1 (PPl), as insulin stimulates PPl activity (Brady and Saltiel, 2001; 

Srinivasan and Begum, 1994). This is also supported by the finding that treatment of 

cells with okadaic acid at 500nM increases phosphorylation of Ser608, which indicates 

that protein phosphatase 2A might be a more likely potential candidate than protein 

phosphatase-1. However, it should be noted that at the okadaic acid doses required to 

achieve an inhibitory effect in vivo, the compound inhibits both protein phosphatase-1 

and protein phosphatase-2A (Cohen et al., 1989; Janssens and Goris, 2001).

The finding that some residual Ser608 phosphorylation is always evident, even 

after treatment of cells with wortmannin or expression of a catalytically inactive p i  10a, 

suggests that other kinases might also be phosphorylating p85a Ser608 under certain 

conditions. In support of such a possibility, we find that protein kinase CK2 can 

phosphorylate the p85a subunit in vitro, but only when the latter is free and not when 

associated with p i 10. In light of the recent demonstration that in cells p85 is in excess
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of p i 10 (Ueki et al., 2002a), this finding acquires fiirther significance. It could mean 

that the phosphorylation state of p85 Ser608 determines the number o f signalling 

competent p85/pllO heterodimers. Consistently, it has been shown that reduced 

expression of p85a or p85(3 in transgenic mice improved insulin signalling (Mauvais- 

Jarvis et al., 2002; Ueki et al., 2002b). In the present study, we present evidence that 

Ser608 phosphorylation might interfere with formation of the p85/pllO heterodimer. 

Such an inability of Ser608 phosphorylated p85 to associate with the p i 10 catalytic 

subunit could provide a mechanism for the long-term regulation of PI 3-kinase activity. 

In such a model, the proportion of Ser608 phosphorylated p85 would determine the 

amount of functional heterodimers (Fig. 6.1). Free p85 can interfere with normal PI 3- 

kinase signalling and PI 3-kinase heterodimers comprising unphosphorylated p85 may 

be more active. Therefore, the altered PI 3-kinase signalling ability evident in diseases 

like cancer and diabetes could be the result of altered levels of Ser 608 phosphorylation 

(i. e. being elevated in diabetes or reduced in cancer). At present, this model is 

speculative and remains to be experimentally investigated before definitive conclusions 

can be drawn. Research has been already undertaken towards this direction and as a 

starting point the levels of Ser608 phosphorylation in tissues from mouse models of 

diabetes will be assessed.

Also, the present study aimed at discriminating between the functions of the lipid 

and the protein kinase activities of PI 3-kinase. One way this can be achieved is by 

engineering the activation loop of the p i 10a and pllO y catalytic subunits, so that they 

no longer recognise and phosphorylate lipid substrates (Bondeva et al., 1998; Pirola et 

al., 2001). Although this approach provided data that established an in vivo role for PI 

3-kinase protein kinase activity for the first time, it was based on swapping large 

regions of the catalytic domain of the enzyme that might interfere with normal 

recognition of the enzyme’s physiological substrates. Therefore, the discovery of 

inhibitors that differentially affect each activity is of great importance in being able to
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dissect the roles of the lipid and the protein kinase activities. The fact that caffeine 

inhibits the members of PI 3-kinase-related kinases family ATM, ATR and mTOR 

(Blasina et al., 1999; Sarkaria et al., 1999) prompted us to investigate the effects of the 

methylxanthines caffeine and theophylline on the PI 3-kinase lipid and protein kinase 

activities. By employing in vitro kinase assays using either immunopurified or 

recombinant PI 3-kinases, it was shown that both compounds inhibit PI 3-kinase lipid 

kinase activity much more potently than the protein kinase activity. The inhibitory 

effects of these methylxanthines on PI 3-kinase were further confirmed by experiments 

using intact cells or animal tissues where these compounds inhibited insulin-stimulated 

PKB/Akt activation and glucose transport, since both of these processes are strictly 

dependent on PI 3-kinase activation.

The finding that caffeine and theophylline inhibit PI 3-kinase is in itself 

interesting. Our results also indicate that inhibition of PI 3-kinase is not a general 

property of all xanthines or all molecules containing the purine ring as at least four other 

xanthines tested were significantly less effective at inhibiting PI 3-kinase and it is 

known that adenosine has little effect on PI 3-kinase activity, although it does potently 

inhibit some forms of PI 4-kinase (Stephens et al., 1994a). Methylxanthines such as 

caffeine and theophylline have been widely studied and it is currently believed their 

effects are mediated in vivo at concentrations in the micromolar range through effects 

on adenosine receptors and phosphodiesterases (Fredholm, 1985). The present study 

demonstrated a direct effect of these molecules on PI 3-kinase and consequently on 

signalling pathways and cellular processes regulated by the latter. And this finding 

might provide additional explanations for previously observed actions of these 

methylxanthines.

Importantly, the inhibition of PI 3-kinase by methylxanthines could have 

beneficial therapeutic effects in at least three scenarios. Firstly, it has been reported that 

knockout o f class-IB PI 3-kinase activity reduces ADP induced platelet aggregation
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(Hirsch et al., 2001) indicating inhibition o f PI 3-kinase may be useful in treating 

thrombosis. Secondly, caffeine has been reported to sensitize cells to apoptosis and 

theophylline has been described to promote apoptosis (Sarkaria et al., 1999; Yasui and 

Komiyama, 2001) indicating these agents may be useful in treating cancers directly or 

potentiating the actions of cytotoxic drugs. In part the pro-apoptotic effects are likely to 

work through inhibition of ATR and ATM (Blasina et al., 1999; Sarkaria et al., 1999). 

However, our finding that methylxanthines also inhibit class LA PI 3-kinases with a 

similar potency identifies a mechanism that could directly act to increase the rate of 

apoptosis as class-IA PI 3-kinases play an important role in preventing apoptosis 

(Vanhaesebroeck et al., 2001). In this context, promiscuous inhibitors affecting both PI 

3-kinase and ATM and ATR kinase could be useful in treating cancer (Stein and 

Waterfield, 2000). Finally, the p i 105 isoform of class-IA PI 3-kinases is found in a 

limited sub population of cells such as leukocytes and melanoma cells (Vanhaesebroeck 

et al., 1997b) and a specific inhibitor of this isoform might prevent inflammation or cell 

migration (Vanhaesebroeck et al., 1999b). However, long-term inhibition of p i 105 is 

likely to be undesirable as animals in which the pi 105 catalytic activity is compromised 

show reduced B and T cell function and also develop inflammatory bowel disease 

(Okkenhaug et al., 2002).

The finding that the inhibitory effects of theophylline are within physiologically 

achievable concentration range suggests methylxanthines like caffeine and theophylline 

might be used as lead compounds for the design of more potent and ideally isoform 

specific inhibitors devoid of the side-effects that caffeine and theophylline might have in 

the clinical application if they were used at the concentration required to achieve 

complete PI 3-kinase inhibition. Such inhibitors could be used to treat conditions such 

as inflammation, cancer and thrombosis where suppression of PI 3-kinase would be 

predicted to have therapeutic benefit, but long-term administration may also contribute 

to the development of inflammatory bowel disease. In this regard, the classical PI 3-

197



Chapter 6 Discussion

kinase inhibitors wortmannin and LY294002 have not been deemed appropriate for 

clinical development. Wortmannin is unsuitable for in vivo administration, due to 

unfavourable pharmacokinetic properties as it has a short half-life (Woscholski et ah, 

1994b). This is very unfortunate as PI 3-kinase has emerged as a valid molecular target 

in the treatment of various cancers (Katso et al., 2001; Stein, 2001). Additionally, a 

recent report demonstrated that the classical PI 3-kinase inhibitors wortmannin and 

LY294002 significantly enhance the effects of the novel anti-leukemia drug STI571 

(Gleevec) in cell lines derived from Philadelphia chromosome-positive leukemias 

(Klejman et al., 2002). Although drug-delivery issues related to the use of wortmannin 

could presumably be solved by intensive efforts in medicinal chemistry (Varticovski et 

al., 2001), one of the main unanswered questions is whether PI 3-kinase inhibition can 

be achieved with an acceptable therapeutic index (Vivanco and Sawyers, 2002). So far, 

LY294002 administration in mouse tumour models has been shown to confer 

antitumour activity and to enhance the efficacy of the chemotherapeutic agent paclitaxel 

with relatively modest side effects (Hu et al., 2002). However, the question of whether 

inhibiting the PI 3-kinase pathway can be accomplished safely in humans remains open 

until selective inhibitors of PI 3-kinase undergo extensive toxicological evaluation.

Another finding of the current study was that a set of synthetic peptides with 

sequences based on a fragment of class II MHC are very potent activators of the 

heterodimeric p85/pl 10 PI 3-kinases lipid kinase activity, but not of their protein kinase 

activity in vitro. Moreover, when CHO-IR cells were treated with these peptides, some 

o f them caused a strong activation o f PKB/Akt, thus demonstrating the potential of 

these peptides to activate the PI 3-kinase pathway in intact cells. Synthetic 

phosphopeptides that bind to the SH2 domains of the p85 fused to a sequence that 

confers cell permeability have previously been shown to activate the PI 3-kinase 

pathway in vivo (Derossi et al., 1998; Williams and Doherty, 1999). In that case, the 

mode of action of the phosphopeptides was easily conceivable, but this is not the case
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with the MHC peptides used in the present study. As mentioned above, the sequence of 

the active peptides fits into two heptad repeats that are characteristic of a coiled-coil 

conformation. At present, there are no experimental structural data available to describe 

the interaction between the regulatory and the catalytic subunit of PI 3-kinase. 

However, secondary structure prediction suggests that the p i 10 binding domain in the 

iSH2 region of p85 adopts a coiled-coil conformation and interacts with the 

hydrophobic helical N-terminal p85 binding domain of p i 10 (Dhand et al. 1994a; 

Panayotou et al., 1992). Furthermore, it is established that the binding of the regulatory 

subunit p85 to the catalytic subunit p i 10 inhibits the enzymatic activity of the latter (Yu 

et al., 1998b). Thus, a possible explanation for the effect of the peptides could be that 

they bind to either p85 iSH2 domain or the N-terminous of p i 10 (or both), thus 

disrupting the interaction and relieving the inhibition. This could explain the stimulatory 

effect of these peptides on the lipid kinase activity of the enzyme. It could also explain 

the aggregation seen at high concentration of the peptide, assuming that high molecular 

weight heteroligomeric complexes are formed under these conditions. Certainly, the 

elucidation of the precise mode of action of these peptides in activating PI 3-kinase 

requires further experimental investigation using techniques such as binding studies to 

determine whether these peptides bind the subunits of the heterodimer or the 

phosphoinositide substrate. Structural studies would also be appropriate to help resolve 

this issue. These could involve acquisition of CD and NMR spectra after addition o f the 

peptide in solutions of fragments of the PI 3-kinase subunits and co-crystalization of 

the peptide with the enzyme subunits. Also, the biological significance of these effects 

is not clear at the moment. In this regard, evidence has been presented that class I MHC 

peptides can be secreted by activated lymphocytes (Krangel, 1986; Puppo et al., 1995). 

It is currently not known whether class II MHC peptides can be secreted as well, but if 

so, it appears possible that exposure of cells in these peptides could activate PI 3- 

kinase. This is likely to be physiologically important as activation of PI 3-kinase is 

clearly involved in a number of pathways regulating the functions of immune cells
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(Cantrell, 2002; Fruman and Cantley, 2002). It is also of interest that previous reports 

have shown that peptides derived from class IM HC augment glucose uptake in insulin- 

stimulated cells and inhibit insulin receptor internalization (Stagsted et al., 1993; 

Stagsted et al., 1990). However, it is not clear at present if there is any functional 

similarity between those class I and the class II MHC-derived peptides used in the 

present study. Furthermore, the evidence suggesting that these peptides activate the PI 

3-kinase pathway in vivo indicates that they might be used as means of dissecting the 

events specifically associated with PI 3-kinase activation separately from other 

pathways activated in parallel following growth-factor stimulation. Also, they might be 

useful for clinical application in conditions where acute stimulation of PI 3-kinase 

activity could have a beneficial therapeutic effect, as in the case of type II diabetes, a 

condition where insulin’s normal ability to activate PI 3-kinase is impaired.

As mentioned above, the effects of phosphoinositide 3-kinases are widely 

thought to be mediated by transient alterations in the levels of the 3’ phosphorylated 

phosphoinositides. However, the PI 3-kinases also possess a protein kinase activity 

and if this protein kinase activity of PI 3-kinases could be demonstrated in vivo it 

would change the current view on the mechanisms of PI 3-kinase action in cells as it 

would mean that it could signal by means other than 3 ’-phosphoinositide generation. In 

this regard, PI 3-kinase reportedly phosphorylates IRS-1 and PDE3B at least in vitro. 

And the demonstration that “protein kinase only” versions of pllO y can still support 

MAP kinase activation indicates that some protein substrates of PI 3-kinase must be 

involved in this process, albeit not yet identified. Therefore, the present study sought to 

identify novel potential substrates for the PI 3-kinase protein kinase activity. Indeed, 

two novel potential substrates were identified, namely the translational regulator 4EBP1 

and the small GTPase H-Ras. The physiological significance of these phosphorylations 

remains to be determined but both of these proteins have long been known either to 

participate in PI 3-kinase activated pathways, as in the case of 4EBP1 or to directly
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interact with PI 3-kinase as in the case of Ras. The mapping of the phosphorylation 

sites will be of crucial importance in understanding how these phosphorylations affect 

in vivo function. In the case of 4EBP1, investigations performed in cell culture models 

have established a role of mTOR in the phosphorylation of several sites. However, 

direct phosphorylation of some of these sites by PI 3-kinase cannot be fully excluded 

since rapamycin-resistant phosphorylation has been reported even for the well- 

established mTOR sites in regenerating rat liver (Jiang et al., 2001). Under the same 

experimental conditions, rapamycin still inhibited p70-S6K activation thus showing that 

the mTOR kinase activity was indeed inhibited. Unfortunately, that study did not assess 

whether the phosphorylation was still wortmannin-sensitive or not. Nevertheless, this 

shows that in animal tissue mTOR-independent 4EBP1 phosphorylation can occur even 

at sites known to be rapamycin-sensitive in cell culture models and leaves open the 

possibility that PI 3-kinase protein kinase activity could be involved directly in the 

phosphorylation of these sites.

There is a well-established intimate relation between PI 3-kinase and Ras. 

Indeed, GTP-bound Ras binds and activates PI 3-kinase (Rodriguez-Viciana et al., 

1994). Conversely, it has been also shown that constitutively active PI 3-kinase 

activates Ras and its downstream pathways (Hu et al., 1995). In this context, the 

finding that the a  and y isoforms of PI 3-kinase phosphorylate H-Ras in vitro opens 

very interesting possibilities. Phosphorylation at the C-terminus of H-Ras has been 

previously reported (Jeng et al., 1987; Saikumar et al., 1988). However, since then 

this very interesting finding has been overlooked. According to the findings o f the 

present study, the phosphorylation site of p i lOy appears to be in the C-terminus of H- 

Ras. Such phosphorylation could have a profound impact on the conformation o f Ras 

and consequently on its interaction with PI 3-kinase, thus serving as a switch-off 

mechanism. However, definitive conclusions await the precise mapping of the 

phosphorylation site and investigation of the functional consequences of its
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phosphorylation. Also, it is currently not clear whether there is a consensus 

phosphorylation motif for the protein kinase activity of PI 3-kinase. To this end, our 

attempts to use synthetic peptides based on the p85a Ser 608 site as substrates for 

recombinant PI 3-kinases have been unsuccessful. Therefore, the identification of such 

a motif awaits mapping of the phosphorylation sites on 4EBP1 and H-Ras and 

mutational analysis of the surrounding residues. The phosphorylation consensus motif 

for the PI 3-kinase related kinases ATM and ATR has recently been reported (Kim et 

al., 1999). According to this, the most critical residue appears to be a glutamine 

adjacent to the phosphorylatable aminoacid (S/TQ). Given the similarity between the 

kinase domains of the PI 3-kinases and PI 3-kinase-related kinases, it would be of 

interest to find out whether these enzymes share a similar target phosphorylation 

motifs, as well. The determination of a PI 3-kinase protein kinase phosphorylation 

consensus could in turn facilitate the identification of additional proteins as targets for 

phosphorylation by PI 3-kinase.

Having established that PI 3-kinase is capable of phosphorylating exogenous 

substrates, the last part of the present study sought to generate versions of p i 10a and 

p i lOp bearing certain point mutations in their activation loop that would render them 

unable to phosphorylate lipids substrates but would not affect their protein kinase 

activity. As mentioned above, such mutants have been previously described but in 

those cases the mutations involved either whole domain replacement (Pirola et al., 

2001) or deletion of a multiple aminoacid stretch (Yart et al., 2002b). If these motifs are 

involved in the recognition of protein substrates then such interventions would interfere 

with phosphorylation of the protein substrates. Thus, point mutation is a rather 

preferable strategy in this regard. The construction of the point mutants described in the 

present study targeted residues assigned as mediating lipid substrate recognition by the 

recently reported crystal structure of pllO y (Walker et al., 1999). The lipid kinase 

activity of the resulting mutants was indeed severely compromised but they were still
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capable of autophosphorylation. With respect to the applications of these mutants, an 

apparent approach might be the expression of them in mammalian cells and the 

subsequent assessment of their influence on various cellular signalling pathways. This 

might be achieved by using phosphorylation state specific antibodies, as there are 

currently many of them available targeting a wide range of signalling proteins. This 

approach could identify signalling pathways in which the PI 3-kinase protein kinase 

activity is playing a role or even signalling proteins directly phosphorylated by this 

activity.

So far, there has not been any report of conditions that cause activation o f the 

protein kinase activity of PI 3-kinase. In contrast, stimulation of the lipid kinase activity 

without a concomitant increase in the protein kinase activity have been reported (Layton 

et al., 1998), present study). Ideally, the studies with the “protein kinase only” mutants 

would be complemented by “lipid kinase only” versions. However, the generation of 

such mutants requires prior identification of the structural elements responsible for 

protein substrate recognition. Co-crystallization studies of PI 3-kinases with protein 

substrates would be one approach to shed light on this issue.

In summary, the data presented here established a physiological role of the PI 3- 

kinase protein kinase activity for the first time. It was demonstrated that p85a Ser608 

phosphorylation by the intrinsic protein kinase activity o f PI 3-kinase is important for 

the regulation of the enzyme in vivo. It was also shown that the lipid and protein kinase 

activities can be modulated independently fi*om each other by use of pharmacological 

inhibitors or activatory synthetic peptides. Also, the present study further confirmed 

that PI 3-kinase protein kinase is capable of phosphorylating exogenous substrates, 

identified two novel substrates and created reagents to be used as tools for the 

discovery of additional substrates. Finally, most importantly, it demonstrated the 

potential roles of this protein kinase activity in health and disease and identified 

molecules that could be used for further drug development.
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PI 3K signalling 
inhibition

phosphatase

Ser kinase
p85

pllO
pllO

pl io

degradation

Figure 6.1. A hypothetical model for the long-term regulation of the p85a /p ll0a  PI 
3-kinase
A ccording to this m odel p85a can becom e phosphorylated  on Ser608 either by the 
intrinsic protein  kinase activity of p i  10a w h en  com plexed  or by other cellu lar  
kinases w h en  free. Phosphorylation of com plexed p85a results in d issociation  of the 
h eterod im er. Free p i  10a degrades because it is therm ally unstable. Free p 85a  
com petes w ith  functional p 8 5 a /p l l0 a  heterodim ers for b inding to phosphotyrosine  
thus inhibiting PI 3-kinase signalling.
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