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ABSTRACT

Phosphatidylinositol 3-kinase (Ptdlns 3-kinase) activity is circumstantially 
correlated with mitogenic responses and transformation, however little is 
known about the enzyme. The identification and structural analysis of this 
enzyme have been the principal objectives of the work described here.

Ptdlns 3-kinase was purified from bovine brain cytosol. Initially small 
scale preparations were used to develop the purification, these were then 
scaled up linearly to allow purification of sufficient material for structural
analysis. The purification developed yielded a heterodimeric complex
containing proteins of 85 and 110 kDa, which co-migrated with activity 
over the final purification steps. The net purification of Ptdlns 3-kinase w as 
650 fold. The purified material was free from Ptdlns 4-kinase 
co?) crim ination.

The purified enzyme was characterised with respect to substrates and 
potential activators and has a Km for ATP of 67 p.M, for pure sonicated 
Ptdlns of 34 pM and an apparent Ka for Mg2+ of 6.9 mM. Mg2+ is preferred 
over Mn2+ and the activity is Ca2+ independent. The purified enzyme is 
capable of utilising Ptdlns, PtdIns(4)P and PtdIns(4 ,5)P2 as substrates, the 
ratios of phosphorylation of these three lipids were similar with substrates 
presented as pure sonicated phospholipids.

A large scale purification of Ptdlns 3-kinase was developed to allow gel
purification and peptide sequence analysis of both the 85 kDa and 110 kDa 
proteins. Tryptic peptide sequencing of the 85 kDa protein revealed that 
the protein contained a src homology 3 (SH3) domain. This was 
subsequently confirmed by sequence analysis of a cDNA clone which 
encoded p85 [Otsu et al. (1991) Cell 65 91-104]. The predicted sequence of 
p 8 5 a  and the related p85p (for which no tryptic peptides were obtained) 
show the presence of an SH3 domain, two SH2 domains and a bcr -related 
sequence. Recombinant expressed p85a and p85p associate with and are 
phosphorylated by both platelet-derived growth factor receptor and 
Polyoma middle T antigen:pp60c’5rc complexes in vitro. This is consistent 
with the reported associations of Ptdlns 3-kinase in vivo, as discussed.
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1 .1  INTRODUCTION

The development of a cellular communication network is integral to the 
regulation of cell-cell interactions in multicellular organisms. Signal 
transduction represents the series of processes which are involved in 
the translation of an external stimulus into a specific intracellular 
response. Extracellular stimuli vary from the binding of a diffusible 
substance (e.g. a peptide growth factor) to an alteration in cellular 
contacts (e.g. cell-cell interactions). Extracellular changes are detected 
by receptors which are expressed by particular cell types, the presence 
or absence of a particular receptor will determine a cell's ability to 
respond to a stimulus. Growth factor mediated signal transduction is 
mediated by ligand-receptor interactions at the cell surface which are 
translated into the activation of intracellular pathways eventually 
leading to a specific cellular response.

The study of receptor function and receptor mediated signal 
transduction can be expected to provide a greater understanding of 
biological problems in the areas of cell biology, endocrinology and 
development. Following a linear signal transduction pathway, the
binding of a ligand to a receptor induces activation of that receptor, this 
may occur by conformational change (as for the muscarinic receptor), 
which in turn may lead to modification of the receptor (as for 
autophosphorylation for protein tyrosine kinase receptors). Activation 
of a receptor results in the stimulation of an effector system which is 
responsible for the generation of second messengers within the cell.
The second messengers represent the second stage in signal 
transduction. Both the receptor -» effector activation event and 
effector -> second messenger generation events can result in a 
significant amplification of the response with respect to the number of 
occupied receptor molecules. The second messengers are often small
molecules or ions whose diffusion enables rapid propagation of a signal 
through the cell. The internal signalling pathways appear to be 
remarkably universal, or put another way, a variety of receptors might 
activate the same second messengers within cells (e.g. many receptors 
activate phosphatidylinositol lipid specific phospholipase C (Ptdlns-
PLC) resulting in the generation of inositol trisphosphate (Ins(l,4 ,5)P3 ) 
and diacylglycerol (DAG) as second messengers). One receptor might 
activate more than one signalling cascade such that the response
elicited by a given ligand might depend on the combination of effector 
molecules activated by its specific receptor.

The second messenger molecules themselves interact with specific 
intracellular receptor proteins whose functions they alter, resulting in 
a change in cellular behaviour. The second messenger targets



themselves are often multifunctional, interacting either directly or 
indirectly with some rate limiting step in a particular cellular pathway 
varying from the "simple” metabolism of stored fuel to the altered 
expression of one or more genes.

The purpose of this introduction is to discuss the understanding of how 
one particular signalling pathway, that in which receptor mediated 
activation of Ptdlns-PLC results in the generation of the second 
messengers Ins(l,4,5)P3 and DAG fits into a more global pattern of 
signal transduction pathways. I shall concentrate first on an overview 
of the various types of cell surface receptors, placing particular 
emphasis on the GTP-binding protein (G-protein) coupled receptors and 
the receptors with intrinsic tyrosine kinase activity. In addition I shall 
introduce the class of cytoplasmic tyrosine kinases which are thought 
to play a role in signal transduction by association with receptors (i.e. 
the src  family tyrosine kinases). I shall introduce Polyoma virus 
mediated transformation as a model providing evidence for a link 
between growth factor mediated signal transduction and viral 
transformation of cells. I shall discuss the second messengers 
generated following receptor stimulation and the second messenger 
receptors which they activate within the cell. Again as this work
relates to possible signal transduction by a phosphatidylinositol kinase 
(Ptdlns kinase), I shall particularly emphasise the role of Ptdlns-PLC 
activation and Ptdlns metabolic pathway in signal transduction. 
Subsequently I shall provide evidence that Ptdlns 3-kinase may be 
integral in both signal transduction following growth factor 
stimulation and in the events leading to transformation by polyoma 
virus and that signalling mediated by this enzyme may constitute a 
distinct signalling pathway from the classical Ptdlns-response.

1 .2  CELL SURFACE RECEPTORS.

Diverse differentiated cells within multicellular organisms are able to 
respond to external stimuli depending upon their ability to perceive 
them, i.e depending on which receptors they express and upon the 
expression of the relevant signal transduction machinery. The external 
signals vary in their nature, many including the steroids are 
membrane permeant and interact with intracellular receptors which 
are themselves regulators of transcription. In this instance there is no 
amplification of the signal upstream of the initiation of transcription. 
Most extracellular signalling molecules however are not able to 
penetrate the plasma membrane. These molecules are detected by 
receptor polypeptides, which are expressed at the cell surface. The 
diversity of receptors expressed by a particular cell will determine the



factors to which that cell is responsive. In the case of soluble non- 
permeant factors amplification can occur at all levels following 
receptor activation. Most of the cell surface receptors which have been 
defined to date fall into three types: G-protein linked receptors, 
receptors which possess or have associated catalytic function and 
receptor operated ion channels.

A number of receptors act as ligand activated ion channels, ligand 
binding results in changes of the cytoplasmic concentration of specific 
ions. These changes will influence a variety of cellular functions, i.e. 
the effects are pleiotropic, with the ions themselves acting as second 
m essen g ers .

G-protein linked receptors undergo conformational changes following
ligand binding such that the activated receptor can stimulate its
associated G-protein. The discovery that G-proteins are the sites of 
action of pertussis and cholera toxins has been used in the 
identification of G-protein linked receptors [Stryer & Bourne, (1986)] 
[Spiegel, (1987)]. Structural analysis of the G-protein linked receptors
reveals that this class of receptors (without exception to date) exhibit a 
seven transmembrane domain structure which is typified by the p-
adrenergic and rhodopsin receptors [Dohlman, et al, (1987)]. The
structural characterization of these transmembrane receptor families
has been utilised in the investigation of functionally undefined 
proteins, encoded by homologous cDNAs, e.g. the mas oncogene which 
has now been suggested to encode the receptor for angiotensin III
[Jackson, et al, (1988)].

A schematic structure for the 7 transmembrane domain receptors is 
represented in Fig. 1.2.1. The transmembrane domains are thought to 
fold into a barrel like structure within the membrane such that ligand 
may bind to the central core. Evidence from cross linking studies and 
site directed mutagenesis suggests that charged residues within the
transmembrane domains are important regulators of ligand binding 
and specificity. The C-terminal domain and sites within loop III are 
thought to be involved with both G-protein interaction and homologous 
desensitisation effected by cAMP-dependent protein kinase and P- 
adrenergic receptor kinase [Hausdorf, et al, (1989)].

The G-proteins associating with this class of receptor are found to be
members of a highly conserved family of heterotrimeric proteins, 
consisting of a , p, and y subunits [Bimbaumer, et al (1990)] [Neer & 
Clapham, (1988)]. In the unstimulated conformation the a  subunit 
forms a complex with the py subunits, in which the a  subunit is bound to
GDP. Agonist stimulation of these receptors leads to an exchange of GDP



Fig. 1.2.1 Receptors with seven transmembrane domains.

COOH
*  *  *

* Phosphorylation sites.
_  Glycosylation sites 
ED Plasma membrane

A dapted from  J. Downward, Receptors, Chapter 5 in Molecular Biology 
of oncogenes and cell control mechanisms (1990) Ed. P.J. Parker and 
M. Katan. Published Ellis Horwood series in molecular Biology.



for GTP bound to the a  subunit, this results in a dissociation of the 
complex yielding the GTP.a and Py subunits. The activated GTP.a subunit 
stimulates the appropriate effector until it is inactivated following GTP
hydrolysis by the intrinsic GTPase activity of the a  subunit. The
receptors which are coupled by G-proteins have been functionally 
characterised in investigations of GTP dependent second messenger 
generation [Rodbell M. (1980)] by GTP induced changes of ligand
binding [Fischer & Schonbrun (1988)] and by reconstitution [Ueda et al,
(1988)]. Non-hydrolysable analogues of GTP (GTPyS) have been used to 
mimic the receptor coupled activation of G-proteins. This effect can be 
blocked by pre-treatment with GDP-pS, which has a higher affinity for 
the G a subunit than GDP. Activation can be mimicked by the use of AIF4 
which resembles the y phosphate of GTP in the GDP.a subunit. There is 
a great deal of evidence suggesting that some members of the Ptdlns- 
PLC family are coupled to receptors by G-proteins (see below).

Many receptors possess intrinsic catalytic activity which forms an 
integral part of second messenger generation, either directly or 
indirectly, while others are responsible for the direct modulation of 
cellular events. By far the largest group of these receptors are the 
receptor tyrosine kinases. More recently, receptor-like molecules 
possessing phosphotyrosine phosphatase and guanylate cyclase 
activities have also been identified.

Two receptor proteins have been shown to possess guanylyl cyclase 
activity. Activation is accompanied by phosphorylation of the receptor 
polypeptide and increased guanylyl cyclase activity. The consequence 
of receptor activation is the direct production of cGMP, which acts as a 
second messenger [Chinkers et al, (1989)]. cGMP release may activate a 
cGMP-dependent protein kinase (cG kinase). The cG kinase holoenzyme 
exists as a dimer in which both subunits perform catalytic and 
regulatory functions. The activated cG kinase phosphorylates a wide
spectrum of substrates, some of these show tissue specific expression, 
which might explain the characteristic cellular effects of elevated 
cGMP levels.

Recently a cytoplasmic phosphotyrosine phosphatase was purified on 
the basis of activity and a cDNA clone obtained [Charbonneau et al,
(1989)]. This cDNA was found to share homology with the T cell antigen 
CD45 [Thomas, (1989)] and LAR [Streuli et al, (1988)]. Although little is 
known about signalling by these molecules CD45 has been found to 
possess phosphotyrosine phosphatase activity which is necessary for T 
cell activation by antigen [Tonks et al, (1988)] [Pingel & Thomas (1989)]. 
No ligand has yet been identified for LAR but the extracellular domain 
of this protein has N-CAM like domains (Fig 1.2.2) which has lead to



Fig. 1.2.2 Structural relationships among PTPases.

PTPase IB T-Cell CD 45 LAR
PTPase

■  Homology to PTPase IB (the PTPase domain)
B  Homology to the non Ig-like domain of Neural 

Cell Adhesion Molecule (N-CAM)
0  Homology to the Ig-like domain of N-CAM.
Ell Plasma membrane

Adapted from  Tonks N. K. and Charbonneau H. (1989) 
TIBS 14 497 - 500.



the suggestion that this molecule may be involved in cell-cell substrate 
interactions [Charbonneau et al, (1989)].
More recently the family of receptor-like tyrosine phosphatases has 
expanded greatly as a result of the use of degenerate oligonucleotide 
probes based on highly conserved regions of the mammalian 
phosphotyrosine phosphatases for screening cDNA libraries. Two
homologous transmembrane proteins have been identified in 
drosophila , namely DLAR, and DPTP [Streuli et al. (1989)] and six types of 
tyrosine phosphatases have been identified from a human cDNA library 
[Kreuger, et al. (1990)].

The precise role of phosphotyrosine phosphatases in signal 
transduction remains unclear. It has been speculated that 
phosphotyrosine phosphatase activity may in some cases have a 
negative regulatory effect on cell growth in opposition to the positive 
regulatory effect of many tyrosine kinases. It is hard to avoid drawing 
parallels between the receptor-like (e.g. CD45) and cytoplasmic tyrosine 
phosphatases (e.g. T-cell PTPase) and the receptor (e.g. PDGF receptor) 
and cytoplasmic (e.g. c-src) tyrosine kinases and to postulate that the 
PTPases might act as anti-oncogenes while many of the tyrosine kinases 
have been found to be oncogenic. Many workers are currently 
investigating this possibility.

Ligands for many of the receptor-like PTPases remain elusive but the 
observation that many of these proteins encode repeated fibronectin- 
like domains in their extracellular portion leads to speculation that they 
might be involved in cell-cell interactions, possibly in contact 
inhibition of growth. However, in contrast to the proposed negative 
effect of receptor-like PTPases on cell growth the cytoplasmic human T- 
cell PTPase has recently been shown to complement mutations in the 
yeast mitotic activator cdc 25 [Gould, et al. (1990)] suggesting that 
pg0cdc25 may be, or regulate, a tyrosine phosphatase and that in this 
model PTPase has a positive regulatory effect on growth.

The tyrosine kinase receptors currently represent the largest and best 
understood class of receptors with intrinsic catalytic activity. The 
epidermal growth factor (EGF) receptor forms the prototype for this 
class of receptors, since it was the first receptor shown to express a 
ligand dependent tyrosine kinase activity. Structural analysis revealed
that the proposed cytoplasmic domain of this molecule shared homology 
with other protein kinases [Ullrich, et al. (1984)].

More recently it has been found that many receptors possess intrinsic 
tyrosine kinase activity, these share a common topology, having a large 
glycosylated extracellular ligand binding domain, a single hydrophobic



transmembrane domain and a cytoplasmic domain possessing tyrosine 
kinase catalytic function [Ullrich, & Schlessinger. (1990)]. The receptor
tyrosine kinases have been divided into families, defined according to 
the structural characteristics of the proteins (Fig 1.2.3). The class I 
receptors are typified by the EGF receptor and possess two cysteine rich 
repeat sequences in the extracellular portion of monomeric receptors.
The class II receptors, typified by the insulin receptor exist as 
disulphide-linked heterotetrameric 0 2 P2 structures with single cysteine 
rich domains on the p subunits. The class III receptors, typified by the 
platelet derived growth factor (PDGF) receptor have five 
immunoglobulin like repeats in the extracellular portion and an
intracellular tyrosine kinase domain which is interrupted by a 
hydrophilic insertion sequence. The class IV receptors, typified by the 
fibroblast growth factor (FGF) receptor, have three immunoglobulin 
like repeats in the extracellular portion and an interrupted
intracellular kinase domain resembling that of the class III receptors 
[Hanks, et al. (1988)] [Yarden, & Ullrich. (1988)] [Williams, (1989)].

Detailed structure-function analyses have become possible, by site 
directed mutagenesis, following the availability of cDNA clones 
encoding many of the receptor tyrosine kinases (RTK’s). A model for 
the mechanism of action of these receptors is beginning to emerge. In 
the case of the monomeric receptors (class I, III and IV) ligand binding 
and the subsequent conformational change in the extracellular domain 
appears to induce receptor oligomerisation. Receptor oligomerisation is 
induced both by monomeric ligands (EGF) which induce conformational 
changes on the monomeric receptor following binding or by dimeric 
ligands (PDGF, CSF-1) which mediate dimerisation of neighbouring 
receptors. In the case of the heterotetrameric receptors (class II) 
ligand binding is thought to induce a conformational change allowing 
interaction of the two ap  subunits within the disulphide linked 
stabilised receptor complex.

Receptor oligomerisation is followed by receptor autophosphorylation. 
Currently this is thought to occur by the transphosphorylation of 
adjacent tyrosine kinase domains within the activated receptor dimer 
[Honegger, et al. (1989)] [Ballotti, et al. (1989)]. Autophosphorylation of 
the receptors results in enhanced tyrosine kinase activity of the 
receptor for the phosphorylation of exogenous ligands and appears to 
be a prerequisite for signal transduction by these receptors [White, et
al. (1988)] [Tomquist, & Avruch, (1988)] [Williams, (1989)]. 
Autophosphorylation of the insulin receptor occurs at multiple sites and 
appears to result in the sustained activation of the tyrosine kinase in
the absence of exogenous ligands [Rosen, et al.(1983)].
Autophosphorylation appears to release an internal constraint by



Fig. 1.2.3 Families of r e c e p to r s  w i th  t y ro s in e  k in a se  act ivi ty .
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placing the receptor in a conformation in which it can act on 
endogenous cellular substrates.
Tyrosine kinase activity of the RTKs has been shown to be essential for 
biological function. The tyrosine kinase domain is the most highly 
conserved domain between the RTKs and contains, among other 
homologous sequences, whose function remains unclear, a 
GlyXGlyXXGlyX(15-20)Lys consensus, which forms part of the ATP 
binding site [Schlessinger. (1988)] [Yarden & Ullrich. (1988)]. Kinase 
inactive mutants are defective in signal transduction, as demonstrated 
by mutation of lysine 721 in the ATP binding site of the EGF receptor 
kinase [Moolenaar et al, (1988)] [Chen, et al. (1987)]. Similar mutations 
inactivating the kinase of insulin receptor [Ebina, et al. (1987)] [Chou, et 
al. (1987)] and PDGF receptor [Escobedo, et al. (1988)] result in a loss of 
fu n c tio n .

For many years the endogenous substrates of the RTK's remained 
elusive although many consequences of RTK activation had been 
characterised. Responses vary from RTK to RTK and between cell types. 
However, in general, the cellular responses to RTK activation display 
similar patterns and chronologies and, in most cell types, result in cell 
cycle progression. In addition non-proliferative metabolic and cellular 
effects such as maintenance and differentiation, as well as phagocytic 
and cytokinetic responses have been described as consequences of 
ligand activation of RTKs. Generally the effects of RTK activation 
include activation of ion transport, activation of protein kinases, 
pinocytosis, membrane ruffling and changes in the cytoskeleton, 
accompanied by activation of several cytoplasmic pathways including 
phosphoinositide metabolism, polyamine synthesis, glycolysis, 
activation of the calcium and phospholipid dependent protein kinase C 
(PKC) and ribosomal S6 phosphorylation eventually resulting in 
increased synthesis of protein, RNA and DNA. Currently, the precise 
mechanisms by which these responses are induced remain unclear. 
However much work has been focused on the activation of cytoplasmic 
signalling pathways leading to the enhanced expression of specific 
genes - most notably the nuclear protooncogenes, f o s , j u n  and myc.
Much of this work has focused on the receptor mediated activation of 
Ptdlns-PLC enzymes [Habenicht, et al. (1981)] and the resulting release 
of the second messengers Ins(l,4 ,5)P3 and DAG which in turn mediate 
the release of Ca2+ from internal stores and the activation of PKC, 
re sp ec tiv e ly .

Mechanistically the action of platelet-derived growth factor (PDGF) and 
colony stimulating factor (CSF-1) has been shown to vary from that of 
epidermal growth factor (EGF), insulin and insulin-like growth factor 
(IGF-1) as in BALBc/3T3 cells a short period of exposure of PDGF to its



receptor is sufficient for transition from Go to G i, subsequent treatment 
with EGF or insulin allows progression to S phase. Hence PDGF is termed 
a competance factor and factors such as EGF are termed progression 
factors. In Swiss 3T3 cells prolonged treatment with PDGF alone is 
sufficient for a potent mitogenic response [Rozengurt, (1986)]. The 
differences in signalling between factors such as PDGF and EGF are 
presumed to reflect differences in the in vivo substrates and the
resulting second messenger pathways which are stimulated following 
activation of the various RTKs. Specifically the differences in pathways 
activated following PDGF stimulation and EGF stimulation might be 
reflected in differences in the substrates of the two RTKs. An 85 kDa 
phosphoprotein, which was associated with Ptdlns 3-kinase activity, was 
the first in vivo substrate of PDGF-receptor to be identified [Kaplan, et 
al. (1987)] [Whitman, et al. (1988)]. Recently work from several groups 
has identified the Ptdlns 3-kinase, Ptdlns-PLCy, GTPase activating
protein of ras (p21rfl5.GAP) and the serine/threonine kinase p74c*rfl/  as 
components of a complex with the PDGF receptor. Of these proteins 
Ptdlns-PLC y, an 85 kDa protien which correlates with Ptdlns 3-kinase 
activity and p21rflJ.GAP appear to be phosphorylated on tyrosine in
response to PDGF stimulation. Ptdlns-PLCy and p21rfl*.GAP appear to 
associate with the activated PDGF receptor by interaction between
conserved sequence motifs (SH2 domains) within their structures and 
specific phosphotyrosine residues on the autophosphorylated receptor. 
The interactions involved in p74c~raf  association are less clearly defined 
as is the question of whether tyrosine phosphorylation of p74c-raf plays 
a role in growth factor mediated signal transduction by this protein.

The differences between the proteins which associate with different 
RTKs might explain differences in the cellular responses to particular 
growth factors eg. Ptdlns-PLCy and p21rflJ.GAP have been shown to 
associate with the EGF receptor, Ptdlns 3-kinase appears to associate
with this receptor in some but not all cell types. Ptdlns 3-kinase and
p21rflJ.GAP associate with the CSF-1 receptor. [Kazlauskas, & Cooper,
(1990)] [Shurtleff, et al. (1990)] [Escobedo, et al. (1991a)] [Kazlauskas, et 
al. (1990b)] [Margolis, et al. (1990a)]. Of these receptor associated
proteins, the importance of Ptdlns 3-kinase in receptor mediated signal
transduction has been emphasised by kinase insert domain mutants of 
PDGF receptor which induce all the normal functions following 
stimulation, with the exception of mitogenesis (which is reduced to 
approximately 20% of normal) and association with Ptdlns 3-kinase 
[Escobedo, & Williams, (1988)]. I will discuss the implications of these 
interactions further in Chapter 8.

The pivotal role of RTKs and their ligands in cellular signalling is 
exemplified by the identification of many retroviral oncogene products



as structurally modified RTKs or their ligands (see Fig 1.2.3) and more 
recently by the discovery that when RTKs are suitably mutated (or in 
some cases abnormally expressed) RTKs themselves can act as 
transforming proteins by the deregulated phosphorylation of diverse 
cellular substrates [Ullrich & Schlessinger, (1991)]. Transforming RTKs
serve as valuable models not only for the study of the mechanisms of 
oncogenesis but also for analysis of the structural and functional 
aspects of these signal transducing molecules. V-erb B and \ -k i t  the 
virally encoded oncogenes of avian erythoblastosis virus and Hardy- 
Zuckerman-4 strain of feline sarcoma virus, respectively, are truncated 
and slightly modified versions of host cell genes for the EGF receptor 
and c-kit which have been subverted by retroviruses. The virally 
encoded proteins resemble their cellular homologues in the cytoplasmic 
tyrosine kinase domain but much of the extracellular ligand binding 
domain has been deleted, resulting in constitutive tyrosine kinase
activity in the absence of ligand binding [Yarden, & Schlessinger.
(1987)] [Downward, et al. (1984)]. V-fms , the oncogene from McDonough 
strain of feline sarcoma virus, encodes a homologue of the CSF-1 
receptor which lacks 11 C-terminal amino acids [Sherr, et al. (1985)] 
[Coussens, et al. (1986)]. The HER 2/ neu gene product encodes a putative 
receptor, which is similar to the EGF receptor. This protein acquires 
transforming potential by replacement of a single amino acid in the 
transmembrane domain [Bargmann, et al. (1986)].

Activating mutations of RTKs, however, appear to play a minor role in 
human cancer. More frequently receptors are found to be 
overexpressed in conjunction with autocrine stimulation. In fact many
tumour cells have been found to coexpress growth factors and their 
receptors, examples include transforming growth factora (TGFa), PDGF- 
A, PDGF-B, acidic and basic FGF and their receptors. Autocrine receptor 
activation results in the inappropriate stimulation of RTKs and can lead 
to transformation.

In addition to the receptors with intrinsic catalytic activity, there are 
other receptors which lack intrinsic catalytic activity but for which 
ligand binding will result in activation of the catalytic activity of 
associated proteins. For example, the T-cell antigens CD4 and CD8 which 
form complexes with the lymphoid cell specific cytoplasmic protein 
tyrosine kinase p56*c*. Activation of CD4 and CD8 by antibody binding 
results in an increase of associated p56*c* activity. Association between 
CD8 and p56*c* appears to be required for normal immune response 
[Veilette, et al. (1988 a & b)].

p56*c* is a member of a large family of homologous cytoplasmic tyrosine 
kinases of which pp60c’jrc  is the prototype [reviewed in Hunter, &



Cooper J. (1985)]. The protooncogene product, pp60c' 5rc was initially 
characterised as the cellular homologue of the oncogene product of the 
Rous Sarcoma virus (p60v‘5rc). The cytoplasmic tyrosine kinases, like 
the RTKs, are thought to play a central role in signal transduction 
leading to mitogenesis, although the functions of the cytoplasmic 
tyrosine kinases are less well defined than those of the tyrosine kinase 
receptors. The src family has at least eight members which are highly 
homologous to one another, all have a glycine at position 2 which 
becomes myristoylated and is partly responsible for anchoring the 
molecules to the plasma membrane. They also share several regions of 
homology, referred to as src homology (SH) domains. SHI encodes the 
tyrosine kinase catalytic domain, of approximately 300 residues, which 
are homologous to the RTKs [Hanks, et al. (1988)]. Other regions of 
homology are also common to the src family tyrosine kinases but not to 
the RTKs including an SH2 domain (thought to be involved in 
proteinrprotein interactions) and an SH3 domain (thought to be 
involved in protein interactions with the cytoskeleton) [Pawson.
(1988)]. All the non-receptor tyrosine kinases of the src  family can be 
regulated by phosphorylation of a common carboxy-terminal tyrosine 
residue corresponding to Y527 of p60c‘jrc . The largest variations in 
structure occur in the 80 or so amino terminal amino acids distal to 
glycine 2. Of the src family, three members, p60c’jrc , p59c‘/y n and p62c* 
yes share the greatest homology and are universally expressed. Other 
members of the src  family share less homology with these proteins and 
show tissue specific patterns of expression, for example p56c"*c* is 
lymphoid specific while the product of c-/gr is expressed in monocytes. 
Despite the observation that transforming variants of several members
of the src  family exist, the possible role of the src tyrosine kinases in 
signal transduction remained elusive for many years, with the 
exception of p56c‘*c*. pp60c' jrc was shown to be activated following 
PDGF stimulation [Ralston & Bishop. (1985)]. It has since been shown 
that pp60c"jrc  and pp59c"/yn associate with the activated PDGF-receptor 
[Kypta, et al. (1990)] as do Ptdlns 3-kinase, p74 p21rfl5.GAP and 
P td lns-P L C yl (this will be discussed further in Chapter 8).

Further evidence supporting a role for the src  family in signal
transduction came from the discovery that p59c’f y n is associated with
activated T-cell receptor complex [reviewed in Klausner & Samelson.
(1991)]. Possible links between the role of the src family tyrosine 
kinases in signal transduction and transformation came from evidence 
that mutationally activated forms of pp60c‘jrc appeared to be 
transforming [O'Brien, et al. (1990)] [Chan, et al. (1990)]. In both studies 
it was found that the mutationally activated forms of c-src w ere  
associated with Ptdlns 3-kinase activity (see below). More historical 
evidence, implicating the src  family tyrosine kinases in cellular 
transformation, came from the observation that pp60c’jrc [Courtneidge



& Smith. (1983)], p62c->« [Kolnbluth, et al. (1987)] and p59c-/y« [Cheng, 
et al. (1988)] [Kypta, et al. (1988)] could all associate with middle T 
antigen from Polyoma virus.

Middle T antigen has been shown to be sufficient for transformation of
a variety of rodent cell lines but has no apparent intrinsic biochemical 
activity. Middle T antigen is a transmembrane protein which exists in 
two forms, a 56 and a 58 kDa form, which can both be phosphorylated on 
tyrosine and serine residues. Complex formation between middle T
antigen and the src  family kinases was shown to be a prerequisite for 
transformation, thus implying that activation of the src  kinase 
associated with the middle T antigen might be responsible for
triggering the signalling events required for transformation.
Mutational studies revealed that in addition to the regions of middle T 
antigen which associated with pp60c*Jrc , tyrosine - phenylalanine 
mutation of the tyrosine phosphorylation sites 315 and 250 resulted in 
impaired transformation ability. This suggested that although
association of the middle T antigen with the src family appears to be 
necessary for transformation it is not sufficient. It was found that in 
addition to its association with the src family kinases middle T antigen 
was associated with a Ptdlns kinase activity [Whitman, et al. (1985)]. 
Association of the Ptdlns kinase activity with polyoma middle T 
an tigen :pp60c"Jrc complexes appeared to coincide with the presence of
an 81-85 kDa phosphoprotein [Kaplan, et al. (1987)] [Courtneidge &
Heber. (1987)]. Investigations of the association of the middle T antigen 
with pp60c"Jrc, p81/85 and Ptdlns kinase activity for a series of middle T 
antigen mutants revealed a correlation between transforming ability of
the middle T antigen mutants and the association with p81/85 and Ptdlns
kinase activity [Courtneidge & Heber. (1987)]. Association of the middle 
T antigen:pp60c‘jrc complexes with Ptdlns 3-kinase appeared to be 
required for transformation by Polyoma virus suggesting that 
activation of Ptdlns 3-kinase might produce a cellular signal which
might mediate transformation.

The observations that not only mutationally activated forms of the 
cytoplasmic tyrosine kinases but also virally encoded, oncogenic forms 
of pp60v*5rc and activated pp60c' ,rrc in association with transformation 
competent middle T antigen of polyoma virus were all associated with a 
Ptdlns 3-kinase activity all implicated the importance of regulation of 
Ptdlns 3-kinase activity in signal transduction by the cytoplasmic 
tyrosine kinases. This coupled with the observation that members of 
the receptor tyrosine kinase family were also associated with a Ptdlns 3- 
kinase activity (see above) further emphasised the possible importance 
of Ptdlns 3-kinase in signal transduction by tyrosine kinases.



1 .3  Second M essenger System s.

The usefulness of second messengers in signal transduction requires 
that their steady state levels are tightly controlled i.e. both their
production and destruction must be regulated for cells to remain primed
to respond to agonist stimulation. A variety of second messenger 
systems are known to exist within cells.

The first second messenger system to be discovered was that involving 
the production of the second messenger cAMP, by receptor mediated 
activation of the enzyme adenylyl cyclase. Receptors capable of 
mediating this response are coupled to adenylyl cyclase by 
heterotrimeric G-proteins (see above). Receptor activation stimulates 
GDP.GTP exchange on the inactive asG D Ppy complex resulting in 
activation of the a$.GTP subunit and its dissociation from the 
subunits. Activated as.GTP interacts directly with the adenylyl cyclase,
an integral membrane protein. Interaction with the a s .GTP results in 
activation of the adenyl cyclase, which catalyses the direct formation of 
cAMP from ATP [reviewed in Stryer & Bourne. (1986)]. The cAMP is
known to act upon a cyclic-AMP dependent protein kinase (cA kinase, 
PKA), a holomeric heterotetramer, consisting of two regulatory and two 
catalytic subunits. Binding of cAMP to either of the regulatory subunits 
of the cA kinase results in its activation. The catalytic subunits are 
released and can then diffuse through the cytoplasm and nucleus, 
phosphorylating a wide variety of target proteins. The phosphorylation 
of a particular group of cA kinase substrates, along with the activation 
of ion channels by cAMP are thought to result in the phenotypic 
changes which are induced by cAMP elevation in cells.

Another signal transduction system involving the generation of cyclic 
nucleotides, involves the modulation of cGMP levels. A retinal specific 
signal transduction system for photoreception involves expression of a 
G-protein, named transducin in the rods (Gtr) and cones (Gtc). Light 
induces isomerisation of retinal which is pre-bound to rhodopsin (a 
seven transmembrane protein), which in turn catalyses GDP-GTP 
exchange on transducin, leading to dissociation of the active a t.G T P  
subunit from the |J.y subunits. Active transducin (a t.G T P ) interacts with 
cGM P-phosphodiesterase (a.|S.y2 ) resulting in activation of the * 
phosphodiesterase, apparently by association of the phosphodiesterase 
inhibitory y subunit with the at.GTP. The active phosphodiesterase (ap ) 
acts by reducing the levels of cGMP, which in turn leads to closing of 
the cGMP-regulated Na+/C a+ channel. Activation continues until GTP 
bound to the a t  becomes hydrolysed, at which time the inactive 
(at.GDP.py) transducin and (a.p.y2 ) cGMP-phosphodiesterase complexes 
are reformed [reviewed in Bimbaumer, et al, (1990)]



In addition to the retina specific cGMP dependent Na+/C a2+ channel, 
cGMP release may activate a cGMP-dependent protein kinase in other 
cell types. The cG-kinase holoenzyme is a dimer of subunits, each 
possessing catalytic and regulatory functions. This enzyme, like the cA-
kinase induces phosphorylation of a broad set of substrates within the
cell, some of these show tissue specific expression and are responsible 
for the characteristic cellular effects of elevated cGMP levels. One such 
example is in the relaxation of smooth muscle, where the effects of 
nitrovasodilators, atrial natiuretic factor and endothelium-derived 
relaxing factor are thought to be mediated by the action of cG-kinase 
and is accompanied by a decrease in the cytoplasmic Ca2+ concentration 
[Vrolix et al (1988)]. Phosphorylation of phospholamban by cG-kinase 
is reported to stimulate Ca2+ uptake by the sarcoplasmic reticulum of 
smooth muscle cells [Raemmaekers et al (1988)]. It has also been
suggested that cG-kinase stimulates the extrusion of Ca2+ by the ATP
dependent Ca2+ pump of the plasmalemma [Rashatwar et al. (1987)]. It 
has been suggested that cG-kinase stimulates the plasmalemmal Ca2 + 
pump indirectly by increasing PtdIns(4)P concentration, probably as a 
result of increasing the Ptdlns 4-kinase activity by phosphorylation of 
the enzyme [Vrolix et al. (1988)]. The Ptdlns kinase activity was 
reported to co-purify with the (Ca2+ + Mg2+)-ATPase of the purified Ca2 + 
pum p.

A second broad class of second messenger systems involves the 
stimulation of enzymes which! break down lipids, rather than result in 
the production of cyclic nucleotides. The clevage sites of several 
phospholipases (PLA i, PLA2 . PLC and PLD), which are implicated in 
signal transduction pathways are shown in Fig. 1.3.1.

It has been reported that agonists such as a  i -adrtnergic agents induce 
activation of phospholipase A2 (PLA2) in rat thyroid cells [Burch, et al,
(1986)]. This results in the generation of arachidonic acid, which is a 
precursor for a variety of potent biomolecules, including 
prostaglandins, thromboxins, leukotrienes and lipoxins, many of which 
are involved in inflammatory responses. Several of these molecules 
interact with specific cell surface receptors to activate signal 
transduction pathways, while others have been reported to act as second 
messengers within cells. The PLA2 enzymes responsible for coupled 
lipid hydrolysis are poorly characterised, but activation of PLA2 in 
bovine rod outer segment is thought to be driven by py subunits 
released from the activated G-protein transducin [Jeselma & Axelrod.
(1987)]. This contrasts with the cGMP-phosphodiesterase (mentioned 
above) which is stimulated by the transducin a  subunit. PLA2 activity is 
reported to be inhibited by lipocortins, a family of steroid-inducible
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Fig. 13.1 Representation of the clevage points of phospholipases.
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proteins which are associated with the anti-inflammatory activity of 
steroid hormones. Two in vivo substrates of the EGF receptor, namely 
p35 and p36 have been shown to be identical to lipocortin I and 
lipocortin II respectively, suggesting that some link might exist 
between growth factor mediated signal transduction and the regulation 
of PLA2 activity [Brugge (1986) Cell 46 149-150]. Phosphorylation of p36 
has also been observed in v-src  transformed fibroblasts, although there 
is no clear indication of whether any cellular responses are influenced 
by phosphorylation of p36 [reviewed in Brugge (1986)].

The stimulation of a phosphatidyl choline specific phospholipase D (PC- 
PLD) activity has been documented following PDGF stimulation of 3T3 
cells. PC-PLD activation appears to require PKC activation and results in 
the release of choline and phosphatidic acid [Price, et al. (1989)]. The 
possibility exists that the phosphatidic acid (PA) produced following PLD 
activation might be converted to a DAG for PKC activation. This appears 
to be the main route of DAG production following f-met-leu-phe 
stimulation of human neutrophils [Billah, et al. (1989)]. PC-PLD 
activation following f-met-leu-phe stimulation of human neutrophils is 
thought to play a role in mediating superoxide generation [Bonser, et al.
(1989)]. PA itself has also been proposed to have growth factor like 
action in certain cell types. [Moolenaar et al (1986)]. The possibility that 
PLD activation might produce PA, which itself could act as a mitogen is 
intriguing and remains to be investigated. Alternatively the PA 
generated could act as a precursor for the generation of new lipids 
within the cell e.g. PA can be converted to Ptdlns via a CMP-PA 
in te rm ed ia te .

The action of phospholipase C (PLC) enzymes following agonist 
stimulation has been extensively documented. The most well 
characterised of these is the phosphoinositide-specific PLC (Ptdlns-PLC) 
which mediates the receptor driven phosphodiesteric clevage of the 
phosphoinositides, most notably PtdIns(4,5)P2- In addition, a 
phosphatidylcholine specific PLC (PC-PLC) activity is observed in T cells 
following interleukin-1 (IL-1) stimulation [Besterman, et al. (1986)] 
[Irving, & Exton, J.H. (1987)] and following PDGF stimulation of Swiss- 
3T3 cells [Price, et al. (1989)]. PC-PLC activation results in the 
generation of DAG and phosphocholine, in Swiss 3T3 cells PC hydrolysis 
was found to be dependent on PKC [Price, et al. (1989)]. It has been 
speculated that PC-PLC generation of DAG could result in the selective 
activation of the PKC mediated signal transduction pathway without the 
concurrent Ca2+ release which is brought about by Ins(l,4 ,5)P3 
produced following Ptdlns-PLC activation (see below). It remains to be 
determined whether the DAG produced following PC hydrolysis results



in the selective activation of the isoforms of PKC which do not require 
C a2+ for activation (namely 6 , e and possibly £).

In addition to the activation of PKC following the release of DAG and 
C a2+, Ca2+ elevation may also induce the activation of a variety of 
cellular proteins. Calmodulin, one of the primary targets of Ca2+, forms 
a complex with Ca2+ and can then bind to and activate cellular 
regulatory proteins including Ca2+.calmodulin kinases (CaM kinases) I,
II and III, phosphorylase kinase and myosin light chain kinase which 
contribute to the cellular response. The effects include the 
phosphorylation of the translational elongation factor EF-2 by CaM 
kinase III which results in inhibition of protein synthesis. Other Ca2 + 
binding proteins include calcineurin and a subunit of troponin, which 
show structural similarities with CaM in the Ca2+ binding domain. The 
separation of the two halves of the bifurcating signalling pathway may 
represent an additional level of cellular control of events following 
agonist stimulation.

In recent years the search for second messengers capable of
generating a signal leading to mitogenesis following growth factor
stimulation has focused on the Ptdlns-PLC mediated generation of the
second messengers In s(l,4 ,5)P3 and DAG from phosphatidylinositol
(4,5)bisphosphate (PtdIns(4,5)P2) (see Figs 1.3.1 and 1.3.2, [Meldrum, et
al. (1991)] [Berridge, & Irvine, R.F. (1989)] for reviews). The first
evidence linking the inositol phospholipids to signal transduction came
from the work of Hokin and Hokin, who observed an increase in |ra d io -la b e llin g
of Ptdlns and PA accompanying secretion in agonist stimulated exocrine
pancreas [Hokin, & Hokin. (1958)]. This response, referred to as the
Ptdlns response, proved to be a more general phenomenon generated
by many agonists in different cellular systems. This was later shown to
be a secondary effect, due to the generation of phosphoinositides to
replace those which had been hydrolysed during the primary response,
ie. the Ptdlns-PLC hydrolysis of PtdIns(4,5)P2-

A second messenger role for both Ins(l,4,5)P3 and DAG has been 
proposed. In s(l,4 ,5)P3 has been found to cause the release of Ca2+ from 
intracellular stores. [Streb, et al. (1983)] [Berridge & Irvine. (1984)]. In 
addition to the Ca2+ release from the endoplasmic reticulum which is 
induced by In s(lt4 ,5)P3 this molecule is proposed to act in conjunction 
with In s (l,3,4 ,5)P4 to regulate Ca2+ release from a separate pool 
(reviewed in [Berridge & Irvine. (1989)]). The Ca2+ concentrations in 
cells appears to oscillate, these Ca2+ oscillations have been proposed to 
form a frequency-encoded second messenger system. DAG itself had 
previously been shown to activate PKC [Takai, et al. (1979)]. The



Fig 1.3.2. Summ ary of the known pathways of m etabolism  for the
phosphoinositides and inositol phosphates.

(From Berridge M. J. & Irvine R. F. (1989) Nature 341 197- 205).

£  E

£ 1

CMP-Pho*ph*tid«t« 
(COP-OAG)

Ptdln*(3)P

ATP

Ptd OH 
(Phosphatidic acid)

Ptdlns

InsdIP Ins 11:2 cyc)P

Vj.   © VS----- «• ©    .._____-
v * © ~  ^

lns(4)P ins(i.4)P, msn.4.5)P, _

Ptdlns(4,5)0.

m id :2 ey c .4 lP j lnsd:2cye.4,5IP

^  Lipids

St
2a
o3 E

I •
•  E

ms(i.3)P.

INOSITOL \ ®  ,

v \  \ \  -Jl' /.'r 'tX_
ms(3,4)P.

Giocos* -  6 -Pho sphs te

lns(L3.4,5)P4

Cyclic

InsP's

5̂11.4.5)?, 
Oaphosphor yla tion

lnsP./lnsP_|  "* ’*
▼ Pathway

5 = ^

lnsl1.3.4)P,

(LS.aiPj

® \^

■ § = 4 -
■nsd.3.4.6)£4

®lt
© i"L~ ,

s
ms(L3.4.S.«)P§

InsP- 4
Synthesis 

ot InsP.

er
lns(3.4,S.6)P4

FIG. • Summary of known (solid arrows) and suspected (dashed arrows) 
routes of metabolism of compounds containing inositol and phosphate. To 
avoid further complexity, the phosphatidylinositol glycans are not illustrated, 
myo-lnositol is represented in its chair configuration and all the inositol 
phosphates are numbered in the o-isomer configuration

• The enzymes are 1. Ptdlns synthetase (CMP-PA: inositol 
phosphatidyltransferaseh 2. Ptdlns-3-kinase (type I); 3. Ptdtns-4-kinase 
(type II); 4. Ptdlns(4)P phosphomonoesterase 5. Ptdlns(4)P-5-kinase; 6. 
Ptdlns(4.5)P2 phosphomonoesterase; 7. phosphoinositidase C; 8. diacyi-

glycerol kinase. 9. CMP-PA synthetase. 10. lns(1.4.5)P3/lns(13.4.5)P4- 
5-phosphatase; 11. lns(1.4.5)P3-5-phosphatase 12. lns(l:2cyc)P 
phosphodiesterase; 13. InsP phosphstase 14. inositolpoiyphosphate-1- 
phosphatase; 15. lns(l,4,5)P3-3-kinase 16. inositolpolyphosphate-4-phos- 
phatase; 17. lns(1.3)P2-3-phosphatase 18. lns(1.3.4)p3-6-kinase: 19. 
lns(1.3.4,6)P4-5-kinase 20, lnsd^,4.5.6)Pr 2-kinase (probably does not 
exist as lns(1.3.4.5.6)Ps is unlikely to be the precursor of InsP^. 21. 
Ins(3.4,5.6)p4-l-kinase, 22. lns(3)P-synthetase.



coordinated elevation of Ca2+ and production of DAG were proposed to 
act together to mediate PKC activation [Nishizuka. (1984)].

Recent work has concentrated on the mechanism of receptor stimulated 
activation of Ptdlns-PLC and has resulted in the discovery that multiple 
chromatographically distinct Ptdlns-PLC activities are present within a 
single tissue. The purified activities all appear to utilise PtdIns(4,5)P2 
and PtdIns(4)P in preference to Ptdlns at physiological Ca2 + 
concentrations and pH, but most are to some degree capable of 
hydrolysing Ptdlns. The Ptdlns-PLC activities appear to produce a low 
percentage of cyclic inositol phosphates in addition to the classic 
inositol phosphate product (see Fig 1.3.2). The role of the cyclic inositol 
phosphates in signal transduction is unclear. Of the distinct forms of 
Ptdlns-PLC, some appeared to be predominantly cytosolic in the resting 
state, while others appeared to be associated with the membrane
fraction, one Ptdlns-PLC was characterised from both the cytosolic and 
particulate fractions [Katan & Parker. (1987)] [Ryu et al. (1987)],
indicating that the membrane and cytosolic enzymes need not be 
distinct from one another.

Purification, immunological analysis of purified proteins, biochemical 
comparison and structural analysis following molecular cloning has 
allowed the Ptdlns-PLCs to be grouped into separate families (see Fig
1.3.3). The P family is represented by the 154 kDa protein, initially 
purified from bovine brain [Katan & Parker. (1987)], the y family is 
represented by the 145 kDa protein purified from bovine brain cytosol
[Ryu et al. (1986)]. The 6 family are typified by two 85 kDa proteins, 
purified from bovine brain [Meldrum et al. (1989)] [Ryu et al. (1987)]. 
Comparison of the predicted amino acid sequences of p i .y i ,  and 8 j 
Ptdlns-PLC revealed that the overall homology between the enzymes 
was low, but there are two regions of quite striking homology (Fig
1.3.3). The observation that two regions of homology were shared 
between the Ptdlns-PLC families, coupled with mutagenesis studies 
suggest that these regions form a catalytic domain in the native 
enzymes. The remainder of the protein might represent targets for 
regulatory influences directed specifically upon individual Ptdlns-PLC 
isoform s.

In the Ptdlns-PLCp and 6 families the region between the homology 
domains I and II is fairly short and contains many charged residues 
which would be expected to give rise to a random folding structure 
which might facilitate juxtapositioning of the sequences forming the 
proposed catalytic domain. These regions might also be expected to form 
the site of interaction with other proteins. In the Ptdlns-PLCy family 
the region between domains I and II is approximately 500 amino acids in



Fig. 1.3.3 Families of Ptdlns-PLC enzymes.

Ptdlns-PLCpl - 1216 amino acids

II

Ptdlns-PLCyl - 1291 amino acids

I SH2' SH2 SH3 II

Ptdlns-PLCSl - 756 amino acids

II

Domains of homology conserved between Ptdlns-PLCs.
Domains of homology conserved between the arc family 
tyrosine kinases and other proteins.

Adapted from a recent review , Meldrum. E., Parker P. J. and Carozzi A. 
(1991) Biochem. Biophys. Acta. 1092 (1 )4 9  -7 1 .



length and contains regions of homology with members of the src  
family of proteins, (SH) domains. Specifically they encode 2 SH2 
domains and one SH3 domain (see Fig 1.3.3) [Katan & Parker. (1988)] 
[Rodaway et al. (1989)] [Lehto et al. (1988)] [Pawson. (1988)]. The SH2 
domains are shared between the cytoplasmic tyrosine kinases and 
proteins known to associate with tyrosine kinase growth factor 
receptors (namely the GTPase activating protein of ras (p21ras.G A P).
The role of these domains in regulating protein:protein interactions 
will be discussed in more detail in chapter 8. The SH3 domains are 
conserved between the src family of tyrosine kinases, proteins 
associating with the tyrosine kinase growth factor receptors (namely 
p 21rflJ.GAP and Ptdlns-PLCyi) and a variety of cytoskeletal proteins.
Less is known about a possible function for these domains but they are 
implicated as having a role in cytoskeletal attachment, i.e. in protein 
localisa tion .

Following the identification of conserved homology regions I and II 
between the Ptdlns-PLC families, probes have been made encoding the 
conserved regions and used to screen cDNA libraries at low stringency 
in an attempt to identify novel putative Ptdlns-PLC enzymes. This 
strategy has resulted in the identification of novel members of the p, y 
and 8 Ptdlns-PLC families [Meldrum et. al, (1991)].

Studies of purified Ptdlns-PLC enzymes in vitro revealed that members 
of the p, y and 8 families all hydrolyse PtdIns(4 ,5)P2 in preference to 
Ptdlns yielding inositol phosphates and DAG as products. All the Ptdlns- 
PLC enzymes have been found to produce low levels of cyclic inositol 
phosphates (Fig 1.3.2). The rate of hydrolysis of the phosphoinositides 
in vitro is so high that if an equivalent rate was maintained within the 
cell, the cell would become depleted of phosphoinositides. This suggests 
the requirement for some regulation of Ptdlns-PLC activity in vivo, 
which could be explained by either the presence of endogenous 
inhibitors (which might be inactivated or released following agonist 
stimulation) or by regulation of substrate availability such that 
receptor activation might somehow alter the localisation or modify the 
Ptdlns-PLC such that it could use membrane phospholipids.

Although there is some circumstantial evidence for the existence of 
endogenous inhibitors for the Ptdlns-PLCs none have yet been 
characterised [Irvine & Dawson. (1983)]. It has recently been shown 
that the cytoskeletal protein, profilin, is able to bind PtdIns(4,5)P2 and 
that lipid bound to profilin is not hydrolysed by Ptdlns-PLCs 
[Goldschmidt-Clermont et al. (1990)]. This provided the first evidence 
for regulation of Ptdlns-PLC activity by substrate sequestration.
Further evidence that the cellular environment is not optimal for



Ptdlns-PLC activity came from the observations that 
phosphatidylcholine appears to inhibit Ptdlns-PLC hydrolysis of 
P td Ins(4 ,5 )P 2  in vitro and from in vitro biochemical characterisation 
of purified Ptdlns-PLC's suggesting that the cellular lipid and ionic 
environment is not optimal for activity.

Whatever the mechanism of suppression of Ptdlns-PLC activity in 
unstimulated cells, it is clear that some mechanism must exist by which 
agonist-stimulated receptors are coupled to the Ptdlns-PLC enzymes so 
that they are activated. Evidence exists for the coupling of Ptdlns-PLC 
activation to both G-protein linked receptors and to receptors with 
intrinsic tyrosine kinase activity. The use of GTPyS, GDPpS and AIF4 
have facilitated the identification of many cellular systems in which 
Ptdlns-PLCs appear to be coupled to activated receptor by G-proteins 
(Gps) however it remains to be determined which families of the 
Ptdlns-PLCs are coupled to G-proteins. The nature of the G-proteins 
involved in coupling Ptdlns-PLCs has been investigated by studies with 
pertussis toxin, which is known to cause ADP-ribosylation of some Got 
subunits resulting in a loss of coupling to effector systems. These 
studies implicate Ptdlns-PLC coupling via multiple "Gps" as both 
pertussis sensitive and insensitive Ptdlns-PLC responses have been 
characterised [Cockcroft. (1987)] [Brass et al. (1987)]. It is suggested that 
different "Gps" can selectively couple to different receptors within the 
same cell. Attempts have been made to co-purify "Gps" and Ptdlns-PLC 
activities in an attempt to identify both the Ptdlns-PLCs and the G- 
proteins [Wang et al. (1988)], however as yet it is not clear whether the 
co-purification of the G-proteins and Ptdlns-PLCs represents a real or 
artefactual association.

In addition to G-protein coupled agonist dependent Ptdlns-PLC 
activation it has been demonstrated that the Ptdlns-PLCy family can 
associate with and form substrates for a variety of receptor tyrosine 
kinases apparently in a G-protein independent fashion [Meisenhelder 
et al. (1989)] [Wahl et al. (1988)]. Stimulation of cells by PDGF and, in 
some cell types, EGF results in activation of RTKs and is accompanied by 
an increase in Ptdlns-PLC activity. In EGF treated A431 cells Ptdlns-PLC 
activity was found to immune precipitate with antiphosphotyrosine 
antibodies in an agonist dependent fashion, this Ptdlns-PLC was 
confirmed as being Ptdlns-PLCyi by the use of Ptdlns-PLC family 
specific antiserum [Margolis et al. (1989)] [Wahl et al. (1989b)]. Both 
agonist stimulated EGF-receptor from A431 cells and PDGF receptor from 
3T3 cells have been found to co-immunoprecipitate with Ptdlns-PLCyi 
using either antibodies raised against the receptor or against Ptdlns- 
PLCy [Meisenhelder et al. (1989)].



Stimulation of cells by EGF or PDGF has been shown to result in 
phosphorylation of Ptdlns-PLCyi on serine and tyrosine residues in  
vivo. In vitro kinase assays with receptors and purified Ptdlns-PLCy 
have resulted in phosphorylation of the same tyrosine sites as in vivo. 
Receptor mediated phosphorylation of Ptdlns-PLCy has been reported to 
correlate with increased Ptdlns-PLC activity [Nishibe et al. (1990)] 
[Sultzman et al. (1991)].

P td lns-P L C yi has been shown to associate with the carboxy terminal of 
EGF receptor in a manner which is dependent upon receptor 
autophosphorylation [Margolis et al. (1990b)], agonist stimulation 
appears to result in translocation of Ptdlns-PLCy from the cytoplasm to 
the plasma membrane. This association with both activated PDGF and 
EGF receptors has been found to be mediated by the SH2 domain, which 
is proposed to mediate binding to phosphotyrosine residues within 
specific sequences [Anderson et al.. (1990)]. It is currently unclear 
whether agonist dependent receptor association or phosphorylation 
might mediate the activation of Ptdlns-PLC in vivo. It has been 
demonstrated that phosphorylation of Ptdlns-PLCy results in an 
increase in the enzymes ability to hydrolyse PtdIns(4,5)P2 which is 
bound to profilin [Goldschmidt-Clermont, et al. (1990)], but does not alter 
the enzymes apparent activity in in vitro assays.

It is clear that the signals generated upon activation of Ptdlns-PLC are 
not sufficient for mitogenesis following growth factor stimulation by 
all receptors. For example it was found that deletion of the kinase insert 
domain of PDGF receptor resulted in a significant reduction of the 
mitogenic response following PDGF stimulation without any reduction 
in the observed Ptdlns-PLC response, measured as the release of inositol 
phosphates. The most striking alteration in cellular events following 
PDGF stimulation was an alteration in association of the mutant kinase 
insert deleted receptor with Ptdlns 3-kinase activity, suggesting that 
this enzyme might be required for mitogenic signalling in this system. 
Overexpression of Ptdlns-PLCyi in 3T3 cells did not appear to be 
sufficient for an increase in DNA synthesis despite observed increased 
in Ins(l,4,5)P3 production and Ca2+ release [Margolis et al. (1990c)] 
[Escobedo & Williams. (1988)]. Likewise the CSF-1 receptor, which is 
similar in structure to the PDGF receptor, does not appear to associate 
with, phosphorylate or activate Ptdlns-PLCy following growth factor 
stimulation, but a mitogenic signal can be generated following agonist 
stimulation [Whetton et al. (1986)] [Downing et al. (1989)].



1 .4  P td ln s  3 -k inase  ac tiv a tio n .

The insufficiency of the Ptdlns-PLC generated second messenger system 
to account for mitogenesis has been demonstrated in a variety of 
cellular systems. In A431 cells EGF stimulation results in an elevation of 
Ptdlns-PLC activity, measured as Ins(l,4 ,5)P3 release but EGF is not a 
mitogen in these cells [Pike & Eakes. (1987)] [Hepler et al. (1987)]. EGF 
treatment of 3T3 cells can result in a mitogenic response and, depending 
upon the clonal cell lines used and the growth state of the cell is not 
necessarily associated with Ptdlns-PLC response [Besterman et al.
(1986)] [ Olashaw & Pledger. (1988)]. This suggested that alternative 
signalling pathways might be activated following agonist stimulation of 
some growth factor receptors which could be sufficient to signal for 
m itogenesis.

Cellular transformation by oncogenes appears to act in part by 
reducing the cellular requirements for exogenous growth factors for 
mitogenesis. Oncogene products may mimic normal regulatory signals 
at any one of a number of steps in a mitogenic signal transduction 
pathway. [Whitman et al. (1986)]. Further evidence for a link between 
Ptdlns metabolism and cellular transformation has come from studies 
with a variety of oncogene products which are believed to act at early 
stages of a mitogenic signalling pathway. A variety of retroviral 
oncogenes were found to associate with a Ptdlns kinase activity, namely 
the products of \-src  [Sugimoto et al. (1984)] and \-ro s  [Macara et al.
(1984)]. This Ptdlns kinase activity was subsequently shown to be 
separable from the tyrosine kinase activity of the retrovirally encoded 
oncogene products [MacDonald et al. (1985)]. A Ptdlns kinase activity 
was also found to be associated with v-abl [Fry et al. (1985)] and with 
immunoprecipitates of middle T antigen and pp60c' jrc  from polyoma 
virus transformed cells [Whitman et al. (1985)]. There appeared to be an 
excellent correlation between transformation ability of mutants of 
middle T antigen and the association of middle T:pp60c",rc  complexes 
with an 81-85 kDa phosphoprotein and Ptdlns kinase activity (Fig 1.4.1) 
[Courtneidge & Heber. (1987)] [Kaplan et al. (1987)].

A suggestion that Ptdlns kinase may play a role in growth factor 
mediated signal transduction in normal cells as well as the proposed role 
in oncogenic transformation came from the observation that 
antiphosphotyrosine immune precipitates from PDGF stimulated 3T3 
cells contained elevated Ptdlns kinase activity. The observed Ptdlns 
kinase activity was found to correlate with the presence of an 81-85kDa 
phosphoprotein through several stages of purification [Kaplan et al.
(1987)]. Other workers have reported an association of Ptdlns kinase 
activity with other tyrosine kinase growth factor receptors including
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the EGF receptor [Thompson et al. (1985)] [Walker & Pike. (1987)] [Miller,
& Ascoli. (1990)] [Cochet et al. (1991)] [Bjorge et al. (1990)], the insulin
receptor [Sale et al. (1986)] [Endemenn et al. (1990)] [Rudermen et al. 
(1990)] and more recently the CSF-1 receptor [Varticovski et al. (1989)].

The observed correlation between Ptdlns kinase association with 
several viral oncogenes and cellular growth factor receptors and 
transformation competence/mitogenic signalling in cell lines, coupled 
with evidence that elevated Ptdlns kinase activity was observed in rat 
mammary tumours [Narayanan et al. (1988)] [Sharoni et al. (1986)] and 
hepatocarcinomas [Olson. (1985)] all implicated the importance of this 
enzyme in the regulation of intracellular signalling.

Examination of the Ptdlns kinase activity of 3T3 cells revealed the 
existence of two species of Ptdlns kinase on the basis of separation by
anion exchange chromatography. These were named type I and type II
Ptdlns kinase [Whitman et al. (1987)]. Biochemical characterisation of 
these two Ptdlns kinases revealed that the type I enzyme was inhibited 
by non-ionic detergents but not by adenosine and had an apparent Km 
for ATP of 10 pM. The type II enzyme activity was stimulated by non
ionic detergents and was competitively inhibited by adenosine, AMP and 
ADP. This enzyme had an apparent Km for ATP of 35 pM. Comparison of 
the fractionated Ptdlns kinase activities with those in immuno- 
precipitates with polyoma middle T antigen:pp60c"jrc  complexes and the 
PDGF receptor associated Ptdlns kinase suggested that the type I Ptdlns 
kinase was similar to the activity associated with both oncogene 
mediated transformation and growth factor signal transduction while 
the type II enzyme was supposed to be regulated by intracellular 
[ATP]/[ADP] ratios [Whitman et al. (1987)].

Sucrose density gradient centrifugation of bovind brain extracts 
revealed two Ptdlns kinase activities in this tissue [Endemann et al. 
(1987)] of which one resembled the fibroblast type II activity and 
appeared to be associated with an enzyme of apparent size of 55 kDa and 
a separate, novel enzyme with apparent size of 230 kDa termed type III 
Ptdlns kinase was stimulated by non-ionic detergents and moderately 
insensitive to inhibition by adenosine. The failure to observe a type I 
like activity in this tissue is thought to be due to the fact that Ptdlns 
kinase assays were performed in the presence of Triton X-100 
throughout this study, i.e under conditions which are known to inhibit 
type I Ptdlns kinase activity [Whitman et al. (1987)] and its presence in 
this tissue is not precluded. The properties of type I, type II and type III 
Ptdlns kinase are compared in Fig. 1.4.2.
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Comparison of the PtdlnsP region of TLC plates from Ptdlns kinase 
assays, performed in the absence of detergent, revealed heterogeneity 
of the lipid. The product of type I Ptdlns kinase migrated marginally 
more slowly than the product of the type II enzyme. The products of the 
type I and type II enzymes were compared for their abilities to act as 
substrates for purified PtdIns(4)P 5-kinase. A structural difference 
between the two lipids was indicated as the PtdlnsP product of the type I 
enzyme was a poor substrate for the PtdIns(4)P 5-kinase while that of 
the type II enzyme was a good substrate. Reverse phase HPLC of the 
PtdlnsP products of the type I versus the type II Ptdlns kinases using 
the same Ptdlns as a substrate showed no difference in fatty acid 
composition indicating that the difference must reside in the head 
group. The head group structure of the two PtdlnsP products was 
therefore subjected to rigorous biochemical analysis. The lipid products 
of these two enzymes were de-acylated, de-glycerated, the inositol ring
was oxidised with periodate, reduced with borohydride and
dephosphorylated with alkaline phosphatase to yield polyols 
characteristic of each inositol bisphophate. The type II Ptdlns kinase 
yielded two polyols which were expected from the cleavage of Ins(l,4)P2 
indicating that this enzyme was a Ptdlns 4-kinase. The InsP2 
deglyceration products of the type I Ptdlns kinase however were 
characteristic of derivatives from Ins(l,3)P2 indicating that the type I
Ptdlns kinase was a Ptdlns 3-kinase [Whitman et al. (1988)].

3'hydroxyl phosphorylated phosphoinositides had not been previously 
identified in cells. Characterisation of the phosphoinositides present in 
fibroblasts following [^HJinositol labelling revealed that approximately 
3% of the PtdlnsP pool was PtdIns(3)P, the remainder being PtdIns(4)P. 
[Whitman et al. (1988)]. Similar studies with astrocytoma cells revealed 
that PtdIns(3)P forms approximately 10% of the PtdlnsP pool in these 
cells [Stephens et al. (1989)]. PtdIns(3)P has been found as a minor 
component of the PtdlnsP in all cells which have been investigated to 
date, demonstrating that the production of PtdIns(3)P by the type I 
Ptdlns kinase in vitro was not artefactual.

In addition to a Ptdlns 3-kinase activity, immuneprecipitates of polyoma 
middle T antigen:pp60c’5rc also contained activities capable of 
phosphorylating PtdIns(4)P and PtdIns(4,5)P2 in vitro, the proposed 
products being PtdIns(3,4)P2 and PtdIns(3,4 ,5)P3 (see Fig 1.4.3). It was 
later demonstrated that both PtdIns(3,4)P2 and PtdIns(3,4 ,5)P3 appeared 
transiently in neutrophils stimulated with f-met-leu-phe [Traynor- 
Kaplan et al. (1988)] [Traynor-Kaplan et al. (1989)] and following PDGF 
stimulation of smooth muscle cells [Auger et al. (1989b)].
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In addition to the identification of the three novel phosphoinositides 
(PtdIns(3)P, Ptdins(3 ,4)P2 and PtdIns(3,4,5)P3) it was found that platelet 
PtdIns(4)P 5-kinases could phosphorylate PtdIns(3)P to some degree. A 
lipid was identified in smooth muscle cells which, when deglycerated, 
runs on HPLC in a position consistent with its having the structure 
PtdIns(3,5)P2 [Auger et al, (1989a)].

Characterisation of the novel 3'phosphorylated phosphoinositides 
within cells coupled with the observation that Ptdlns 3-kinase 
association with a variety of tyrosine kinase growth factor receptors 
and other oncogene products is apparently necessary for signal 
transduction leading to mitogenesis or transformation, suggested that 
these lipids might form part of a novel signal transduction mechanism 
within the cell. The mechanism by which these 3'phosphorylated lipids 
might form part of a signal transduction pathway, i.e. whether they 
themselves or further metabolites were able to act as second messengers 
within cells was unclear as nothing was known about their metabolism. 
The possibility remained that although these lipids did not fit into the 
classical Ptdlns pathway, they might form substrates for the Ptdlns-PLC 
enzymes, producing Ins(l,3)P2, In s(l,3,4)P3 and Ins(l,3,4,5)P4, all of 
which had been identified in cells (see Fig 1.3.2). This would result in 
the production of DAG in the absence of Ins(l,4,5)P3 and could have 
activated the PKC branch of the Ptdlns-PLC mediated pathway without 
inducing concurrent Ca2+ release (see above). Alternatively, it seemed 
possible that these 3'phosphorylated phosphoinositides might be 
involved in signalling for a totally different signal transduction 
pa th w ay .

The evidence that Ptdlns 3-kinase activation, which might result in the 
generation of previously uncharacterised second messengers, appeared 
to play a role in both growth factor induced mitogenesis and oncogenic 
transformation was irresistible. In order to reach an understanding of 
the role of Ptdlns 3-kinase in signal transduction an understanding of 
the factors involved in the regulation of this enzyme is required. In  
vitro  biochemical systems are often useful in the determination of 
enzyme regulatory mechanisms, although care must be taken in the 
interpretation of data to avoid artefacts. Ideally, therefore, an 
understanding of regulatory mechanisms is drawn from a comparison 
of in vitro and in vivo studies. Additionally, large amounts of the 
3'phosphorylated phosphoinositides would be useful for studies 
investigating the metabolism of these lipids. Structural analysis of 
proteins may often give insight into the regulation or activities of the 
protein. Proteins of a given type might be expected to share 
homologous regions e.g. the conserved I and II domains of the Ptdlns- 
PLC families or the GlyXGlyXXGly sequences from the ATP binding site of



kinases. Likewise proteins with a common regulatory mechanism 
might be expected to exhibit regions of homology corresponding to the 
regions of interactions with other proteins (e.g. the SH2 domains 
conserved between the non-receptor tyrosine kinases). All of these 
investigations require an identification of the protein(s) responsible 
for a given catalytic activity and ultimately purified protein.

Although a Ptdlns 3-kinase activity had been identified, which was 
apparently stimulated by PDGF treatment of cells and also appeared to 
be associated with middle T antigen: pp60c“jrc complexes from polyoma 
transformed cells, the enzyme responsible for the activity had not been 
isolated. Ptdlns 3-kinase activity in both systems appeared to coincide 
with the presence of an 85 kDa phosphoprotein but the biochemical 
function of this protein had not been identified. In order to 
characterise the Ptdlns 3-kinase we determined to purify the enzyme on 
the basis of activity from a readily available tissue source. The 
identification of a Ptdlns 3-kinase in bovine brain (see Chapter 3) its 
subsequent purification (Chapter 4 and Appendix I) and a biochemical 
characterisation of the activity (Chapters 5 and 7 and appendix I) form 
the basis of this work. A structural analysis of the polypeptide 
components of the enzyme was possible following purification (Chapter 
6 and Appendix II). The availability of both purified Ptdlns 3-kinase 
and cDNA clones of a component of the Ptdlns 3-kinase allowed a 
preliminary investigation of the regulation of enzyme activity and 
proteinrprotein interactions to be carried out (Chapter 7 and Appendix 
II). Structural analysis also revealed domains of homology with other 
proteins (SH2 and SH3 domains) which both gave insight into the 
possible interactions of the protein in signal transduction and the 
development of affinity purification matrices (Chapter 6 and 7,
Appendix II).



2 MATERIALS AND METHODS.

This section covers many published methods which have been used in 
the course of this thesis but not developed here alongside those methods 
which have been developed in the laboratory and used repeatedly 
during the course of this work.

2.1 M ATERIALS.

Sodium salts of soybean Ptdlns, bovine brain PtdIns(4)P, PtdIns(4,5)P2, 
phosphatidylserine (PtdSer), brain phosphoinositides, l-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide (EDAC), and ATP agarose (attached 
through the -amino group to 4% Agarose) were obtained from Sigma 
Chemical Company. Rainbow markers, Streptavidin B.H.P. complex, 
Ptd[3H]Ins, Ptd[3H]Ins(4)P, Ptd[3H]]ns(4,5)P2, Ins[3H ](l,4 )P2 ,
[ 125i]protein A and [y-3^P]ATP were from Amersham; Ins[l-3H ](1,3 ,4 )P3 
was obtained from NEN. Cellulose phosphate (PI 1), DEAE-cellulose (DE- 
52) and the Partisphere SAX HPLC cartridges were from Whatman. The 
Mono Q (HR 10/10) column, Mono S (HR 5/10) column, Superose 6 
(16/10) column, Superose 12 (16/10) column, Q Sepharose Hi-load 
column, Sepharose CL-4B, epoxy-activated Sepharose 6B, CNBr- 
Sepharose, Q Sepharose fast flow, EAH Sepharose 4B, Heparin Sepharose 
CL-6B, the K series and industrial column housings were all from 
Pharmacia. Keyhole limpet haemaglutinin was from Calbiochem.
Triton X-100, Tween 20, Nonidet P-40 and Silica gel 60 TLC plates were 
from BDH. Standard electrophoresis molecular weight markers, AG 50W 
200-400 mesh and Bio-Rad protein assay reagent were from Bio-Rad. 
Acrylamide and bismethyl acrylamide were from National Diagnostics. 
Sequencing grade trypsin was from Boehringer Mannheim. 
Achromobacter lyticus lysylendopeptidase was obtained from Wako 
Chemicals, Germany. Goat-anti rabbit-peroxidase was from Promega. 
Pro-sieve agarose was manufactured by F.M.C. and purchased from 
Flowgen. Trypsin and soybean trypsin inhibitor were from 
W orthington chemicals.

2 .2  PHOSPHATIDYLINOSITOL KINASE ASSAYS.

Initially an assay system for Ptdlns kinase activity was developed to 
favour type I Ptdlns kinase activity from the information available 
about the enzyme. Published evidence suggested that the enzyme might 
be activated by phosphorylation, so assays were performed in a buffer 
system containing phosphatase inhibitors, namely sodium 
orthovanadate, NaF and sodium ^-glycerophosphate. It was also known 
that the type I Ptdlns kinase was active against Ptdlns presented as the 
pure sonicated phospholipid but inhibited by non-ionic detergents,



while the type II and III Ptdlns kinases were known to be active both in 
the presence of pure sonicated phospholipid and in the presence of 
non-ionic detergents. As no Ptdlns 3-kinase preparations were 
available which did not contain contaminating Ptdlns 4-kinase 
activities an assay system was developed which allowed the Ptdlns 
kinases to be distinguished on the basis of differential detergent 
sensitivity. This method is described below in section 2.2.1. Once a 
substantial purification of the type I enzyme had been achieved (as 
described in section 4.1) so that no contaminating type II or type III 
activities were present the assay system could be optimised for the type 
I enzyme. The optimised assay system is described in section 2.2.2.

2.2.1 Ptdlns kinase assays - method 1.

Ptdlns kinase was assayed in a total volume of 40 pi in the following 
buffer: 50 mM HEPES pH 7.5, 20 mM p-glycerophosphate, 150 pM sodium 
orthovanadate, 7.5 mM NaF, 7.5 mM benzamidine, 520 pM 
phosphatidylinositol, 10 mM magnesium chloride and 50 pM ATP 
(containing [*y-32P]ATP at a specific activity of approximately 2000 
cpm/pmol). Reactions were started by the addition of ATP, incubated at 
37°C for 5 min and terminated by the addition of 100 pi IN HC1 followed 
by the addition of 200 pi chloroform:methanol (2:1, v/v.). Phase 
separation was accelerated by centrifugation, the aqueous phase was 
discarded and the organic phase was washed in 400 pi of methanol:IN 
HC1 (1:1, v/v.). The organic phase was retained and radioactivity was 
either quantified directly by Cerenkov counting of a 60 pi aliquot, or the 
lipids were dried down under nitrogen, redissolved in 
chloroform:methanol (2:1 v/v.), run on TLC and radioactivity visualised 
by autoradiography (as described in section 2.2.4.1.)

Ptdlns was presented either as pure sonicated phospholipid or as mixed 
micelles. Pure lipid micelles were prepared by drying down Ptdlns, 
from a chloroform:methanol (2:1 (v/v)) stock, under nitrogen, the 
lipids were then sonicated for 0.5 min at 4°C to form micelles, in a 
buffer containing 200 mM HEPES, 10 mM NaF, 200 pM sodium 
orthovanadate and 10 mM benzamidine. For mixed micelles Ptdlns was 
prepared as above but lipid was presented with 1% NP-40 or 0.5% sodium 
cholate included in the buffer.

2.2.2 Ptdlns kinase assays - method 2.

Following kinetic characterisation of purified Ptdlns kinase the assays 
were optimised for the bovine brain Ptdlns 3-kinase activity. Assays 
were performed as above in a buffer containing 50mM HEPES pH 7.5, 20 
mM p-glycerophosphate, 150 pM sodium orthovanadate, 7.5 mM NaF, 7.5



mM benzamidine, 260 pM Ptdlns, 2.5 mM magnesium chloride and 250 
pM ATP (containing [y-32P]ATP at a specific activity of aproximately 400 
cpm/pmol). The significant changes were a reduction in the 
concentration of Ptdlns and MgCl2 and an increase in the concentration 
of ATP.

2.2.3 A ssays using  p o lyphospho inositides as su b s tra te s .

Assays of PtdIns(4)P 3'kinase and PtdIns(4,5)P2 3'kinase were 
performed essentially as for Ptdlns, with lipids presented either in the 
pure sonicated form or in the presence of 0.5% sodium cholate. The 
lipid products were dried down under nitrogen and analysed by TLC as 
described in section 2.2.4.2.

2.2.4 TLC analysis of the lipid products.

Two TLC methods were routinely used during the course of this work.
The first was used in assays in which Ptdlns was the substrate as it gives 
good resolution of PtdlnsP from the origin and from Ptdlns, 
phosphatidic acid etc. The second method was used in assays where 
Ptdlns, PtdIns(4)P and PtdIns(4,5)P2 were used as the substrate as it 
gives improved resolution of polyphosphoinositides both from the
origin and from each other.

2 .2 .4 .1 . TLC analysis of lipid products when P td lns is the
s u b s t r a t e

Lipid samples for TLC analysis were taken to dryness under a stream of 
nitrogen, then redissolved in 10 pi of chloroformimethanol (2:1 (v/v)) 
for spotting onto TLC plates. Plastic backed silica gel 60 TLC plates were 
from BDH. TLC plates were dipped in 1% (w/v) potassium oxalate, 1 mM 
EDTA in water:methanol (60:40 v/v.) and activated at 120°C for 30 min 
TLC was run in chloroform:methanol:4M ammonium hydroxide (45:35:10 
(v/v)) [Whitman et al. (1985)], Plates were dried in air. Radioactivity 
was visualised by autoradiography and when necessary quantified by
scintillation counting. For scintillation counting the TLC plate was 
sprayed with water, the relevant region was cut out, placed in a 
scintillation vial and counted in 5 ml of scintillant (Ultima Gold 
(P ack a rd ))

2 .2 .4 .2  TLC  analysis  of po lyphospho inositides

TLC plates and lipid samples were prepared as described in section
2.2.4.1. The solvent was propan-l-ol: 2N acetic acid (65:35) [Varticovski



et al. (1989)]. Radioactivity was visualised by autoradiography and 
when necessary quantified by scintillation counting.

2 .3  ANALYSIS OF THE PRODUCTS OF PTDINS KINASE
ASSAYS.

In order to establish that the Ptdlns kinase under investigation was 
indeed a Ptdlns 3-kinase a more rigorous analysis of the products was 
undertaken involving deacylation, deglyceration and HPLC analysis of 
the InsP2 products as detailed below.

2.3 .1  Deacylation and deglyceration of
po lyphosphoinos i t ide s

Ptdlns kinase assays were performed as described in section 2.2.1 and 
the products separated by TLC as described in section 2.2.4.1. Lipid 
products of the Ptdlns kinase assays were deacylated essentially by the 
method of Clarke and Dawson [Clarke & Dawson. (1981)]. The region of 
the TLC plate corresponding to PtdlnsP was dampened with water and 
the silica scraped into a test tube. A 0.75 ml aliquot of 
monomethylamine (33% (v/v) in industrial methylated 
spirits):methanol:n-butanol (50:15:5) was added to the silica scrapings 
and the mixture was incubated at 53°C for 50 min Reactions were 
stopped on ice and the samples dried in vacuo prior to the addition of 1 
ml water and 1.2 ml n-butanol:light petroleum:ethyl formate (20:40:1). 
The lower phase was washed with a further 1.2 ml of the butanol 
mixture prior to the addition of 100 pi 50 mM mannitol and freeze- 
drying in vacuo.

Deglyceration and HPLC of InsP2 was performed by Dr A. D. Smith. For 
deglyceration of reaction products, standard Ptdlns kinase assays were 
incubated at room temperature overnight and the washed 
chloroform:methanol extracts pooled (100,000-300,000 c.p.m.). Following 
the procedure of Bird et al. (1989). 1 mg of brain phosphoinositides in 
chloroform'.methanol (4:1, v/v) was added and the mixture taken to 
dryness. Deacylation was carried out as described above, except that 
mannitol was not added prior to freeze drying. The lyophilized product 
was then dissolved in 900 pi of water and the pH checked to be in the 
range 6.5-7.0. Sodium periodate (100 pi of 100 mM) was added and the 
solution incubated for 20 min. Ethanediol (300 pi of 1% (w/v) was then 
added and the incubation continued for a further 20 min, when 60 pi of 
1% (w/v) dimethylhydrazine (pH adjusted to 4.5 with formic acid) was 
added and the incubation continued for 4 h. These incubations were 
carried out in the dark at 25°C. The product was passed over a 0.5 ml 
column of Bio-Rad AG 50W (200-400 mesh in water) and washed through
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with 2 X 4 ml of water. The eluates were pooled and neutralized with 
N H 4 OH, passed through a Sep-Pak C]8 cartridge washing with 2 ml of 
water, lyophilized and used for HPLC analysis.

A [^H ]Ins(l,3)P2 standard was prepared by Dr A. D. Smith according to
the method of Stephens et al. (1989).

2 .3 .2 . H PLC ch ro m a to g rap h y  of g lycerophospho inosito ls  
and inosito l ph o sp h ates .

HPLC was performed on a Beckman System Gold apparatus essentially as 
described by Auger et al. (1989b). Glycerophosphoinositols and inositol 
phosphates were eluted from a Parti sphere SAX column on a gradient of 
(NH4)2HP0 4 . Pump A (water), pump B (1 M (NH4)2HP0 4  taken to pH 3.8 
with orthophosphoric acid): time 0-10 min 0% B, followed by a gradient
to 25% B over 50 min, then to 100% B over 60 min at a flow rate of 0.5
ml/min. Tritiated standards of GroPIns, GroPIns(4)P and GroPIns(4,5)P2 
were prepared from Ptd[^H]Ins, Ptd[3H]Ins(4)P and Ptd[3H]Ins(4,5)P2 
respectively. These were run simultaneously with the 34 p . |abelled  
deacylated product resulting from phosphorylation by the purified 
Ptdlns kinase of Ptdlns. A standard [3H ]Ins(l,3 )P 2  was prepared 
according to the method of Stephens et al. (1989) and run 
simultaneously with the deacylated and deglycerated product as above.

2 .4  POLYACRYLAMIDE GEL ELECTROPHORESIS.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed essentially according to the method of Laemmli (1970) 
using Hoefer Sturdier vertical gel apparatus. All reagents used were 
electrophoresis grade. Acrylamide and bismethyl acrylamide solutions 
were from National Diagnostics. Gels were either run as 8% or 10% gels 
with 5% stacking gels or as 12.5% gels with 8% stacking gels. Protein 
samples were added in threefold excess (v/v) to a 4 x concentrated 
Laemmli sample buffer and boiled immediately for 5 min. Standard 
molecular weight markers (BioRad) were run in parallel and used for 
molecular weight determination. Protein was visualised either by 
staining in Coomassie blue or by silver staining.

For silver staining gels were shaken for 40 min in a solution of 50% 
methanol, 10% acetic acid (v/v), then twice for 20 min in 10% ethanol, 
5% acetic acid (v/v) before oxidising for 5 min in 0.1% potassium 
dichromate (w/v), 2.2 mM nitric acid. Oxidised gels were washed twice 
in distilled water, stained for 20 min in 0.2% silver nitrate, washed twice



in distilled water and the colour allowed to develop in a solution of 0.02% 
formaldehyde, 3% Na2HCC>3. Stained gels were stored in 5% acetic acid.

2 .5  PREPARATION OF PTDINS-SEPHAROSE.

Ptdlns-Sepharose was prepared essentially as described previously for 
the purification of Ptdlns 4-kinase [Walker et al. (1988)]. E poxy- 
activated Sepharose 6B (Pharmacia) was used to immobilise Ptdlns for 
affinity chromatography of Ptdlns 3-kinase. 3 g of epoxy-activated 
Sepharose 6B was allowed to swell in 50 ml of distilled water at room 
temperature for 15 min. The Sepharose was washed over a scintered 
glass funnel with 1 L of distilled water. The matrix was filtered to a 
"damp cake". 25 mg of Ptdlns was sonicated into 25 ml of distilled water 
to disperse the lipid. The epoxy-activated Sepharose was added to the 
Ptdlns in a falcon tube. The matrix was incubated in a shaking water 
bath at 30°C for 24 h. The beads were sedimented by low speed 
centrifugation, the supernatant was removed and centrifuged again to 
remove any remaining beads. The matrix was resuspended in 50 ml of 
distilled water and washed over a scintered glass funnel with 1 L of 
distilled water to remove any unbound Ptdlns. The matrix was washed 
with alternate 200 ml aliquots of pH 4.0 (0.1 M sodium acetate with 0.5 M 
NaCl) and pH 8.0 buffers (0.1 M sodium borate with 0.5 M NaCl) until 1 L 
of each had been used. The Ptdlns-Sepharose 6B was resuspended in 50
ml of 1 M ethanolamine and incubated at 40°C in a shaking waterbath 
for 5 h to block any unbound reactive groups. The matrix was finally 
washed in 0.1 M Tris (pH 7.5) with 0.02% sodium azide and stored at 4°C.

2 .6  COUPLING OF AMINO ACIDS USING CARBODIIMIDES.

Polypeptides consisting of a 5:1 molar ratio of glycine:phosphotyrosine, 
phosphoserine or tyrosine were synthesised by coupling with the
carbodiimide l-ethyl-3-(3-dim ethylam inopropyl)carbodiim ide (ED AC).
1 g of ED AC was dissolved in 40 ml of a solution containing 13.3 mM
glycine and 2.64 mM tyrosine, phosphotyrosine or phosphoserine. The
solution was stirred continuously at room temperature for 2 h, the pH
was monitored frequently and adjusted with HC1 so that it remained 
between 4 and 6 throughout, the peptides were tumbled overnight at 4°C 
and then freeze dried. The dried residues were resuspended in 1 ml of 1 
N sodium hydroxide at 4°C, diluted to 5 ml with 0.1 M Tris:HCl (pH 7.5) and 
dialysed against Tris:HCl (pH 7.5). The protein concentration in each of 
the peptide mixtures was measured by the method of Bradford (1976) and 
the polypeptides were diluted to give stocks at 30 pg/ml. The peptides 
were stored at 4°C.



2 .7  COUPLING OF PHOSPHOTYROSINE/GLYCINE-SEPHAROSE

Phosphotyrosine-glycine-sepharose was prepared as an affinity 
purification reagent for Ptdlns 3-kinase. Briefly, 50 ml of EAH- 
Sepharose 4B (Pharmacia) was washed over a scintered glass funnel 
with 4 L of 0.5 M NaCl (pH was adjusted to 4-5), the beads were washed 
with 1 L of water. The matrix was resuspended in 120 ml water and the 
pH adjusted to 4.5. 90 mg of glycine and 65 mg of phosphotyrosine
dissolved in 5 ml of water were added followed by 2.5 g of EDAC. The 
matrix was tumbled at room temperature for 2 h, the pH was monitored 
every 20 min and adjusted to between 4.0 and 6.0 when necessary. At 
the end of the incubation the pH was monitored and readjusted to 
between 4.0 and 6.0. The Sepharose matrix was then tumbled at 4°C 
overnight. The matrix was washed over a scintered glass funnel with 
alternating 600 ml aliquots of pH 8.0 buffer (0.1 M Tris and 0.5 M NaCl) 
and pH 4.0 buffer (0.1 M sodium acetate and 0.5 M NaCl) until 4 L of 
each wash buffer were used. The phosphotyrosine-glycine-Sepharose 
was washed in 2 L of water and then resuspended in 100 ml of 0.1 M Tris 
(pH 7.0) containing 0.5 M NaCl and 0.02% sodium azide and stored at 4°C.

2 .8  RENATURATION OF PTDINS KINASE ACTIVITY.

Gels were 0.75 mm thick SDS-PAGE minigels (Hoefer scientific 
instruments, mighty small slab gel electrophoresis apparatus) run 
according to the method of Laemmli with 8% running gels and 5% 
stacking gels. 40 pi aliquots of purified Ptdlns kinase preparations 
(containing approximately 100 units of activity) were mixed with 12 pi 
of Laemmli sample buffer and loaded directly onto gels without boiling. 
A smaller aliquot of enzyme preparation (10 pi) was loaded in a separate 
lane on the same gel between two lanes of high molecular weight 
markers (BioRad) for Coomassie staining. Electrophoresis was run with 
coo ling .

The gel was soaked for 5 min on a shaker in a wash buffer containing 
20 mM p-glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF,
10 mM benzamidine, 0.3% 2-mercaptoethanol and 0.5% sodium cholate. 
After washing, the gel was removed from the buffer, the length of the 
running gel was measured and the position of the bromophenol blue 
noted. The lane on which the 100 units of Ptdlns kinase activity had 
been loaded was cut into 2 mm slices and each gel slice was placed into a 
separate Eppendorf tube. 100 pi of the wash buffer was added to each 
tube, followed by 20 pi of pure sonicated Ptdlns (prepared as described 
in section 2.2.2). Care was taken to ensure that the buffer mixture 
covered the gel slices. The assay mixture was sonicated for 20 sec at full 
power using an MSE sonicator so that the gel slices were fragmented.
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After sonication the assays were initiated by the addition of 10 pi of 20 
mM magnesium chloride and 10 pi of 2 mM ATP (containing [y -^ P ]  at a 
specific activity of 2000 cpm/pmol) to each tube. The assays were 
incubated overnight at room temperature. The cholate was included in 
the assay buffer to dilute out the effects of any SDS which was carried 
over and to assist solubilisation of the protein following release from 
the acrylamide. The cholate concentration was selected as being high
enough to solubilise and stabilise the protein, while not being 
sufficiently high to significantly inhibit the Ptdlns kinase activity (see 
Fig 5.2.3.1b).

Assays were terminated by the addition of 200 |il of 1 N HC1 at 4°C. Lipids 
were extracted by the addition of 400 pi of chloroformrmethanol (2:1 
v/v) essentially as described in section 2.2. The aqueous phase was 
discarded and the organic phase was washed with 800 pi of methanol:1 N 
HC1 (1:1, v/v). Any remaining fragments of acrylamide were removed 
with forceps. The organic phase was retained, dried down under 
nitrogen and redissolved in 10 pi of chloroform:methanol (2 :1, (v/v)) 
for TLC analysis. TLC was run as described in section 2.2.1 in 
chloroform:methanol:4 M ammonium hydroxide (45:35:10, (v/v)).
Radioactivity was visualised by autoradiography and quantified by 
scintillation counting.

2 .9  PHOSPHORYLATION OF THE 85 kDa PROTEIN BY
ACTIVATED PLATELET-DERIVED GROWTH FACTOR 
RECEPTOR.

Purified porcine platelet-derived growth factor receptor (PDGF-R) 
(supplied as a gift from GLAXO Group Research) was in a buffer
containing 20 mM HEPES (pH 7.4), 10% glycerol, 0.5% Triton X-100, 1 mM
dithiothreitol (DTT) and 4 mM EGTA. Recombinant human platelet- 
derived growth factor (PDGF) (also supplied by GLAXO Group Research) 
was supplied as a stock of 0.75 mM PDGF in a buffer containing 5 mg/ml 
bovine serum albumin, 20 mM HEPES and 500 mM NaCl. Phosphorylation 
assays were performed with purified Ptdlns kinase in a buffer 
containing 10 mM p-glycerophosphate (pH 7.5), 20 mM NaF, 0.2 mM 
sodium orthovanadate, 2 mM EDTA, 10 mM benzamidine and 0.3% (v/v) 
2 -m ercap to e th an o l.

In each assay 10 pi of purified PDGF-R, 1 pi of PDGF, 20 pi of purified 
Ptdlns kinase, 9 pi of 100 mM HEPES (pH 7.5) were mixed together, assays 
were started by the addition of 5 pi of 10 mM manganese chloride and 5 
pi of 0.2 mM ATP (containing [y-32p]ATP at a specific activity of 2000 
cpm/pmol). Assays were incubated at 37°C for varying times (as 
indicated in the text and figures section). When Ptdlns kinase assays



followed the PDGF-R kinase assays 5 pi aliquots were taken and placed in 
Ptdlns kinase assay buffer on ice, tubes were then assayed as described 
in section 2.2.2. Otherwise PDGF-R assays were stopped by placing 
duplicate 20 pi aliquots into 10 pi of 4 X Laemmli sample buffer on ice.

PDGF-R kinase assay samples were boiled for 5 min and run on 8% SDS- 
PAGE gels. Electrophoresis was continued until the radioactive ATP had 
run off the bottom of the gel. The gels were stained with Coomassie 
blue, dried down and the radioactivity visualised by autoradiography.

2 .1 0  PREPARATION OF THE 85 kDa PROTEIN FOR PEPTIDE 
SEQUENCING.

Preparations for sequencing were concentrated by centrifugation 
under vacuum to a volume not exceeding 1.5 ml, 4 x Laemmli sample 
buffer was added. 1.5 mm thick 10% SDS-PAGE gels were run (as 
described in section 2.4). The Ptdlns kinase preparation was loaded into 
a single 11 cm wide lane between two lanes of molecular weight 
markers. After electrophoresis the protein was visualised by staining 
with 4 M ammonium acetate. The 85 kDa protein band was excised from 
the gel and placed in narrow dialysis tubing in a minimum volume of 
running buffer. Electroelution was performed in a flat bed 
electrophoresis unit at 100 mA overnight, the polarity was then 
reversed for 5 min to remove protein which may have adhered to the 
tubing. The gel slice was removed from the tubing prior to dialysis of 
the eluted protein against buffer containing 50 mM ammonium 
hydrogen carbonate and 20% methanol for 2 x 24 h. Dialysis was 
continued for 2 x 12 h in buffer containing 50 mM ammonium 
hydrogen carbonate and 5% acetonitrile.

Trypsin (Boehringer Mannheim sequencing grade) was added so that 
the dialysed protein was present in a 50-fold molar excess over the 
trypsin. The dialysis tubing was resealed and incubated at 4°C for 5 h. 
The protein was removed from the dialysis tubing, the calcium ion 
concentration was adjusted to 1 mM and trypsinisation allowed to 
continue at 37°C overnight. The tryptic peptides were separated by 
Nicholas Totty using reverse phase HPLC on a 0 - 60% acetonitrile 
gradient, in 0.08% triflouracetic acid (TFA).



2 .1 1  COUPLING OF SYNTHETIC PEPTIDE TO CARRIERS USING 
GLUTARALDEHYDE FOR ANTIBODY PRODUCTION.

2 .11 .1  P e p tid e  sy n th es is .

Peptide synthesis was performed at the Ludwig Institute by Oanh 
Nguyen. The peptide NH2-GDFPGTYVEYIG-COOH was synthesised on an 
ABI 430A peptide synthesiser using FMOC chemistry and an appropriate 
amino acid addition programme according to ABI's recommendations. 
The peptide was cleaved from the resin support and side-chain 
protecting groups removed in a mixture of 5% (v/v) phenol in TFA for 2 
h. The peptide was then isolated in aqueous soloution and the 
scavengers removed by ether extraction. The peptide was analysed by 
HPLC and amino acid analysis.

2 .1 1 .2  Coupling of peptide to ca rrie rs  using
g l u t a r a l d e h y d e .

Peptide was coupled to keyhole limpet haemaglutinin (KLH) for 
immunisation purposes. 5 mg of peptide in 330 pi PBSA were added to 5 
mg of dialysed KLH (Calbiochem) in 160 pi of PBSA, 5 pi of 25%
glutaraldehyde was added and the reaction allowed to proceed at room
temperature for 15 min. A further 2.5 pi of glutaraldehyde was added 
and the reaction was left to continue at room temperature for a further 
15 min before the addition of 100 pi of 1 M glycine (pH 6.0).

For the initial injections, 450 pi of the peptide conjugate was mixed with
3 ml of PBSA, then 3.4 ml of Freunds complete adjuvant was added 
dropwise to the tube while vortexing. The peptide conjugate was 
sonicated to thicken it before 2 ml was injected sub-cutaneously into 
each of three New Zealand white rabbits. The first bleeds were taken
after 4 weeks, the rabbits were then boosted. Peptide conjugates for
booster injections were prepared as above but with Freunds incomplete
adjuvant. The bleed samples obtained were spun at 1500 rpm in a 
Sorvall Technospin for 10 min to remove the clotted blood. Sodium azide 
was added to a final concentration of 0.02%. The antibody titre of the 
serum from each bleed was tested in an enzyme-linked immuno-sorbent
assay and the rabbits were each re-boosted 4 times in an attempt to
obtain higher levels of specific antiserum. Bleeds were taken 4 weeks
after each boost.



2 .1 2  PROTEIN IMMUNOBLOTTING.

Protein samples for Western blotting were separated on 8% SDS-PAGE 
gels and transferred to nitrocellulose in a BioRad electrophoresis tank 
in a buffer containing 3 L of 25 mM Tris, 192 mM glycine and 20% (v/v) 
methanol. Optimal transfer of the 85 kDa protein was at 400 mA constant 
current for 75 min. Non-specific interactions were blocked by washing 
in 5% Marvel, 0.05% (v/v) Triton X-100 in PBSA, the nitrocellulose was 
then washed in PBSA, 0.05% (v/v) Triton X-100 for 3 x 10 min. The 
niters were incubated with appropriate dilutions of antiserum in PBSA, 
0.05% (v/v) Triton X-100 (PBS:Triton) for 120 min at room temperature 
and then washed successively PBS.’Triton, PBS:Triton with 0.5 M NaCl and 
PBS:Triton for 10 min each. Washed filters were incubated with ^ 5 j] 
Protein A (Amersham) in sealed plastic bags for 40 min at room 
temperature. Unbound Protein A was removed by repeated washing in 
PBS:Triton. Radioactivity was visualised by autoradiography.

2 .1 3  ENZYME-LINKED IMMUNO-SORBENT ASSAY.

Antibody titres were determined by ELISA. 50 pl/well of 10 pg/m l 
peptide BSA conjugate in 200 mM sodium hydrogen carbonate (pH 9.2) 
was dispensed into 96 well plates. Plates were left at 4°C overnight, 
washed three times with PBSA, 0.05% (v/v) Tween 20 (PBS/Tween) then 
200 pi of 0.5% BSA (in PBS/Tween) was added and incubated at room 
temperature for 60 min. Plates were washed three times in PBS:Tween. 
Serum dilutions of 10"*-10"6 (prepared in PBS:Tween) were added as 50 
pi aliquots and plates incubated at room temperature for 120 min. Plates 
were washed three times in PBS:Tween. 50 pl/well of goat-anti Rabbit 
immunoglobulin-peroxidase (Promega), diluted 500 x in PBS:Tween, was 
added and incubated at room temperature for 120 min. Plates were 
washed three times in PBS:Tween. 50 pl/well of a 200 x dilution of 
Streptavidin B.H.P. complex (Amersham) was added and plates were 
incubated at room temperature for 30 min. Plates were washed again 
with PBS’.Tween before the addition of 100 pl/well of 2 mg/ml o- 
phenylenediamine in substrate buffer (156 mM disodium hydrogen 
orthophosphate, 0.1% (v/v) hydrogen peroxide) and 27 mM citric acid at 
pH 6.0). Colour was allowed to develop in the dark for 30 min. The OD450 
was measured using a plate reader. The absorbance (0-2.0 (max)) was 
plotted as a function of dilution in order to obtain a dilution giving half 
maximum coloration thus allowing the different test bleeds to be 
com pared .



2 .1 4 AFFINITY PURIFICATION OF ANTISERUM.

2 .1 4 .1  P re p a ra tio n  of serum  fo r pep tid e -S ep h aro se  colum n.

Serum was spun at 1500 rpm in a Sorvall Technospin to remove the 
blood. Sodium azide was added to a final concentration of 0.02 %. 
Ammonium sulphate was added slowly to 33% (w/v), the serum was then 
stirred at room temperature for 30 min before cooling on ice for 45 min. 
The pellet was brought down by centrifugation, resuspended in PBSA 
then dialysed for 2 x 24 h against PBSA containing 0.02% sodium azide. 
The dialysed serum was centrifuged at 10,000 rpm in a Sorvall SS34 rotor 
for 10 min. The supernatant was decanted and filtered through 
Whatman no. 3 paper and stored at 4°C.

2 .1 4 .2  C oupling of peptide to cyanogen b rom ide-activated  
S e p h a r o s e .

The peptide used to raise polyclonal antiserum was coupled to cyanogen 
bromide-activated Sepharose 4B (CNBr-Sepharose) for use in affinity 
purification of the serum. 3 g of CNBr-Sepharose was allowed to swell in 
50 ml of 1 mM HC1 for 15 min at room temperature. The Sepharose was 
washed over a scintered glass funnel with 600 ml of 1 mM HC1. The 
matrix was resuspended in 50 ml of 0.1 M NaHCC>3 and filtered to a "damp 
cake". 10 g of the CNBr-Sepharose was added to 20 ml of a 2 mg/ml 
solution of peptide in 0.1 M NaHC03. The matrix was tumbled at 4°C 
overnight. The beads were sedimented by low speed centrifugation, the 
supernatant was removed and centrifuged again to remove remaining 
beads. The absorbance of the supernatant was measured at 280 nm to 
estimate the quantity of uncoupled protein (using an extinction 
coefficient of 1.4 for a 1 mg/ml solution with a 1 cm path length). Three 
gel volumes of 0.1 M ethanol amine were added and the peptide- 
Sepharose 4B was tumbled at room temperature for 2 h. The matrix was 
washed over a scintered glass funnel through four cycles of alternating 
pH 4 (0.1 M sodium acetate with 0.5 M NaCl) and pH 8.8 (0.1M NaHCC>3 with 
0.5 M NaCl) buffers. The peptide-Sepharose matrix was finally washed 
in PBS with 0.02% sodium azide and stored at 4°C.

2 .1 4 .3  A ffinity  p u rifica tio n  of an tise ru m  on a pep tide- 
S epharose 4B colum n

Immediately prior to use the peptide-Sepharose was washed once with 
50 mM glycine-HCl (pH 2.0), then equilibrated with several washes in 
PBS:azide by repeatedly spinning the matrix down for 5 min at 1000 rpm 
in a Beckman J6 centrifuge. Washing was repeated until the pH was 7.



The ammonium sulphate fractionated dialysed serum was added to the 
washed matrix in a 50 ml Falcon tube and tumbled at 4°C overnight. The 
matrix was poured into a 60 ml syringe which had been plugged with 
glass wool and the supernatant was allowed to pass through the matrix. 
The beads were washed with 50 ml of PBS:azide followed by 50 ml of 
PBS:azide with 1M NaCl. The eluent OD28O was checked and washing was 
continued until the absorbance was near zero. The matrix was washed 
with 2 column volumes of 50 mM glycine HC1 (pH 3.0) with 20% ethylene 
glycol. Eluted protein was collected batchwise into 60 ml of 2 M Tris-HCl 
(pH 8.0) which was stirred continuously. The eluent was dialysed 
against PBS, 0.5 M NaCl, 0.02% sodium azide overnight with one change. 
The eluted protein was concentrated in an Amicon concentrator to give 
a final protein concentration (as determined by the method of Bradford 
(1976) of 2 mg/ml. Purified antiserum was stored in 0.02% sodium azide 
at 4°C.



3 IDENTIFICATION OF PTDINS 3-KINASE IN BOVINE 
BRAIN AND CHARACTERISATION OF PRODUCTS.

At the time of initiating this work Ptdlns kinase activity was known to 
be associated with the activated cytoplasmic protein tyrosine kinase, 
pp60c“J rc , in complexes with middle T antigen in polyoma virus 
transformed NIH 3T3 cells [Whitman et al. (1985)], [Courtneidge & Heber.
(1987)] and with protein-tyrosine kinase growth factor receptors 
including PDGF receptor [Kaplan et al. (1987)]. In order to investigate 
the possible role of Ptdlns kinase in signal transduction particularly in 
relation to regulation of cell growth we undertook a purification of the 
enzyme. Bovine brain was selected as a potentially rich source of Ptdlns 
kinase as it was known to be rich in many protein tyrosine kinases and 
in enzymes involved in the phosphoinositide signal transduction 
pathways (eg. the phospholipase C and protein kinase C families).
Shortly after the initiation of this work it became apparent that there 
were three types of Ptdlns kinase, of which the type 1 Ptdlns kinase, 
which phosphorylates Ptdlns in the novel 3' position, was the Ptdlns 
kinase which associates with both the PDGF receptor and Polyoma 
middle T antigen:pp60c",src [Whitman et al. (1988)].

3.1 IDENTIFICATION OF PTDINS KINASE IN BOVINE BRAIN.

Bovine brain extracts were prepared by homogenization for 3 x 5 sec in 
a Waring blender in a buffer of 20 mM Tris/HCl pH 7.7, 10 mM EGTA, 5 
mM EDTA, 0.3% 2-mercaptoethanol, 10 mM benzamidine and 50 pg/m l 
PMSF. The homogenate was centrifuged at 4000 rpm for 30 min in a 
Beckman J6 centrifuge to yield crude cytosolic and particulate fractions. 
Assays of these fractions were similar to those described by [Fry et al.
(1985)] in a volume of 40 pi in a buffer containing 50 mM HEPES (pH7.5),
2.5 mM Tris/HCl, 1.25 mM EGTA, 625 pM EDTA, 6 mM 2-mercaptoethanol, 1 
mM benzamidine, 10 mM MgCl2 and 520 pM Ptdlns. Assays were started 
by the addition of [y-32p]ATP to a final concentration of 50 pM  (specific 
activity of 2000 cpm/pmol). Ptdlns was prepared in a buffer of 200 mM 
HEPES pH 7.5 containing 1% NP-40. Assays were terminated by the 
addition of 100 pi 1 N HC1 and the lipids extracted as described in section
2.2.1. When assays were performed in these conditions the predominant 
Ptdlns kinase activity was found in the particulate fraction. Assays 
were found to be linear over a 7 min period (Fig. 3.1a) at dilutions of 
enzyme greater than 16 fold (Fig. 3.1b).

For kinetic evaluations of Ptdlns 3-kinase activity values for each
experiment represent the means of triplicate determinations, each
experiment was repeated at least twice.



Fig 3.1a Time dependence of Ptdlns kinase activity.

Ptdlns kinase assays were performed with Ptdlns presented with 1% NP- 
40 as described in section 2.2.1. The cytosolic ( □ )  and particulate 
fractions ( ♦ )  of bovine brain were assayed for varying times from 1 - 8 
min. The products were analysed by TLC in chloroform:methanol:4M 
ammonium hydroxide (45:35:10, (v/v)), radioactivity was visualised by 
autoradiography, the region corresponding to PtdlnsP was scraped and 
the radioactivitv Quantified bv scintillation counting.

Protein stocks were diluted 20-fold for assay, 
b Effect of enzyme dilution on P td ln s kinase 

a c t i v i t y .

Ptdlns kinase assays were performed with Ptdlns in the presence of 1% 
NP-40, with 1 - 6 4  fold dilutions of the cytosolic (□  ) and particulate 
fractions ( ♦ )  of bovine brain. The PtdlnsP formed in each assay was 
quantified as described above.
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3.2 IDENTIFICATION OF PTDINS 3-KINASE ACTIVITY IN
BOVINE BRAIN CYTOSOL.

After the preliminary studies had been completed in bovine brain,
Whitman and co-workers [Whitman et al. (1987)] demonstrated the 
presence of two distinct types of Ptdlns kinase activity in Balb/C 3T3 
cells on the basis of differential detergent sensitivities of two pools of 
activity following separation by anion exchange chromatography.
Type I Ptdlns kinase was found in immuno complexes and was shown to 
be inhibited by non-ionic detergents, resistant to inhibition by 
adenosine and to have an apparent Km for ATP of 10 pM while type II 
Ptdlns kinase was shown to be stimulated by non-ionic detergents, 
inhibited by adenosine and to have a Km for ATP of 38 pM. Preliminary 
investigation of Ptdlns kinase activities in bovine brain [Endemann et 
al. (1987)] demonstrated the presence of two types of Ptdlns kinase 
activity, one of these was apparently similar to the fibroblast type II 
enzyme while the other differed from the fibroblast enzymes (this was 
named as type III Ptdlns kinase). Type III Ptdlns kinase showed a 
marked stimulation of activity in the presence of either sodium cholate 
or of anionic detergents, was not inhibited by adenosine and had a Km 
for ATP of 44 pM. No type I Ptdlns kinase activity was detected in bovine 
brain in this study perhaps because the assays were performed under 
conditions in which type I Ptdlns kinase would not be active (i.e. in the 
presence of Triton X 100).

The type I Ptdlns kinase was subsequently shown to be a Ptdlns
3'hydroxyl kinase (Ptdlns 3-kinase) while the type II enzyme is a Ptdlns
4'hydroxyl kinase (Ptdlns 4-kinase) [Whitman et al. (1988)]. The type
III Ptdlns kinase also appears to be a Ptdlns 4-kinase. From these 
studies it was clear that the Ptdlns 3-kinase was most likely to be the 
Ptdlns kinase involved in signal transduction following growth factor 
stimulation and that in order to detect its activity the assays would have 
to be performed in the absence of non-ionic detergents. The assay 
system described in section 2.2.1 was developed to preferentially detect 
Ptdlns 3-kinase activity. Sodium orthovanadate and NaF were included 
in the buffers to act as phosphatase inhibitors since the association of 
Ptdlns 3-kinase activity with activated tyrosine kinases suggested that 
phosphorylation might be required for activation o f the Ptdlns 3- 
kinase. EDTA, benzamidine and PMSF were included as protease 
inhibitors; 2-mercaptoethanol was included to prevent oxidation.

For initial characterisation of bovine brain Ptdlns 3-kinase activity, 
one brain was homogenised, within 3 minutes of killing, in a buffer 
containing 50 mM p-glycerophosphate, 0.2 mM sodium orthovanadate, 20
mM NaF, 2 mM EDTA, 10 mM benzamidine, 5 mM sodium pyrophosphate,



5% (w/v) sucrose, 0.3% (v/v) 2-mercaptoethanol and 50 pg/ml PMSF.
The homogenate was centrifuged in a Beckman J6 centrifuge at 4,000 
rpm for 30 min, the particulate fraction was retained and a fraction of 
the supernatant was centrifuged in a Beckman ultracentrifuge in a Ti 
45 rotor at 40,000 rpm for 30 min. Ptdlns kinase assays were performed 
(as described in section 2.2.1) on the 4,000 rpm pellet and on the 
supernatants of the 4,000 and 40,000 rpm spins. Ptdlns was presented as 
pure sonicated phospholipid, in the presence of 0.5% sodium cholate or 
in the presence of 1% NP-40. The rationale for varying the lipid 
presentation was to distinguish between the Ptdlns kinase sub-types. 
Assays performed in pure sonicated phospholipid or in the presence of 
sodium cholate would allow the visualisation of all three types, while the 
Ptdlns 3-kinase would be inactive in assays performed in NP-40.
PtdlnsP products were visualised by autoradiography and quantified by 
scintillation counting.

Autoradiographs of Ptdlns kinase assays using unfractionated cytosolic 
fractions revealed 'doublets' migrating in the region of PtdlnsP on TLC
when assays were performed with Ptdlns presented either as the pure 
sonicated phospholipid or in the presence of sodium cholate but not 
when assays were performed in the presence of NP-40 (Fig.3.2.1).
PtdlnsP appeared to be a single spot in assays of the particulate
fractions regardless of the substrate presentation, however the Ptdlns
4-kinase was present in vast excess over the Ptdlns 3-kinase so if any 
PtdIns(3)P was produced it was masked by the excess of PtdIns(4)P. The 
presence of the slower migrating spot of the doublet in assays of the 
cytosolic fraction in which Ptdlns 3-kinase activity was favoured was
taken to indicate that the slower migrating spot of the doublet was 
P tdIns(3)P .

Cerenkov counting of the scraped TLC plates was used to quantify the
PtdlnsP produced in the assays. There was little activity observed in
assays of the particulate fractions performed in pure sonicated Ptdlns
or in the presence of cholate while this fraction contained the majority
of the NP-40 stimulated activity, as shown in Fig.3.2.2a. The supernatant 
from the 40,000 rpm spin however contained similar amounts of anionic 
detergent stimulatable and non-stimulatable Ptdlns kinase activities, 
this is shown in Fig.3.2.2b. The cytosolic fraction was therefore selected 
as the preferred source of Ptdlns 3-kinase on the basis of these 
observations and because the use of detergents for solubilisation would 
be necessary with the particulate fraction.



Fig 3.2.1 Effect of detergents on Ptdlns kinase activity.

Ptdlns kinase assays of the cytosolic fraction (the 4,000 rpm 
supernatant) of bovine brain were performed as described in section
2.2.1 with Ptdlns presented with 1% (v/v) NP-40, as the pure sonicated 
phospholipid or with 0.68% (w/v) sodium cholate. The cytosolic 
fraction was diluted 20 fold for assay. Assays were terminated after 5 
min. Lipid products were resolved by TLC in chloroform:methanol:4 M 
ammonium hydroxide (45:35:10, (v/v)) and radioactivity visualised by 
autoradiography. O - origin, P IP  - PtdIns(4)P standard, PA - 
phosphatidic acid.
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Fig. 3.2.2 Effect of detergents on P td ln s  kinase activ ity  
a t various enzyme d ilu tions.

Ptdlns kinase assays were performed as described in section 2.2.1 with 
Ptdlns presented as the pure sonicated phospholipid ( □ ), in the presence 
of 1% (v/v) NP-40 ( ♦ )  or with 0.68% (w/v) sodium cholate (■ ) . Dilutions 
from 8 - 6 4  fold of the particulate (a) and cytosolic (b) fractions of 
bovine brain were assayed. Assays were terminated after 5 min, the 
lipid products resolved by TLC, radioactivity visualised by 
autoradiography and the PtdlnsP produced quantified by scintillation 
c o u n tin g .
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3 .3  CHARACTERISATION OF THE PRODUCTS OF PTDINS 
KINASE ASSAYS.

Lipid products of the Ptdlns kinase assays were deacylated essentially by 
the method of Clarke and Dawson (1981) as described in section 2.3.1.
For deglyceration of reaction products, standard assays were allowed to 
run overnight and the washed chloroform/methanol extracts pooled. 
Deglyceration of the glycerophosphoinositol (GroPIns) products of 
deacylation was performed by Dr A. D. Smith as described in section 2.3.1 
following the method of Bird et al (1989).

3 .3 .1  In itia l ch arac te risa tio n  of the p roducts  of P td ln s  
k inase assays by deacylation and HPLC analysis.

Initial HPLC analysis of GroPIns products was performed on the 
products of partially purified enzyme pools which were thought, from 
autoradiographs of TLC of assay products, to contain a mixture of Ptdlns 
3-kinase and Ptdlns 4-kinase activities and compared to the products of 
enzyme pools thought to contain only a Ptdlns 3-kinase activity. Bovine 
brain was homogenised as described in section 3.2 and Ptdlns kinase 
partially purified as described in chapter 4. Briefly, protein from the 
cytosolic fraction was precipitated with 20% (w/v) ammonium sulphate, 
dialysed against a buffer containing 20 mM 0-glycerophosphate (as 
described in chapter 4), passed through a DE-52 column, loaded onto a 50 
ml phosphocellulose column and eluted with a 250 ml gradient of NaCl. 
TLC analysis of the products of assays revealed on autoradiography that 
the presumed Ptdlns 3-kinase appeared to elute ahead of the Ptdlns 4- 
kinase as determined by the sensitivity of the earlier peak to inhibition 
by NP-40 and by the observation that PtdlnsP produced in assays of 
fractions from the first peak appeared to migrate slightly slower on TLC 
than that produced in assays from the second peak. Fractions were 
pooled so that the presumed Ptdlns 3-kinase was in one pool while the 
other pool contained a mixture of Ptdlns kinases. Assays of 20 x the 
normal volume were performed with Ptdlns presented as the pure 
sonicated phospholipid (as described in section 2.2.1) except that 
incubation was overnight at room temperature. The extracted lipids 
were run on TLC, products were visualised by autoradiography, the 
PtdlnsP region of the plates was scraped and the lipids deacylated as 
described in section 2.3.1.

HPLC was performed on a Beckman System Gold apparatus essentially as 
described by Whitman et al. (1988). Briefly the sample was loaded in 
water, the column washed for 10 min in water and GroPIns eluted with 
0.42 M (NH4 )2H P0 4  pH 3.8 at 0.5 ml/min. A linear gradient was run as 
follows; 0-0.252 M over 60 min then 0.252-0.42 M over 10 min. Fractions



were collected for 15 seconds each and products quantified by 
scintillation counting. A sample of tritiated GroPIns(4)P (prepared by 
deacylation of [^H]PtdIns(4)P (Amersham)) was run internally.

The first enzyme pool produced only one type of PtdlnsP in Ptdlns 
kinase assays (Fig. 3.3.1a ). This [32p]GroPInsP was eluted approx. 2.5 
min ahead of the [^H]GroPIns(4)P standard which is consistent with the 
elution position of GroPIns(3)P. The second enzyme pool yielded mixed 
products on deacylation (Fig.3.3.1b ) one of which coeluted with the 
[3H]GroPIns(4)P while the other eluted approx. 2.5 min ahead of the 
standard. This is consistant with the second enzyme pool containing a 
mixture of Ptdlns 3>kinase and Ptdlns 4-kinase activities. These HPLC 
results were taken as a demonstration that there was a Ptdlns 3-kinase 
present in bovine brain which could be chromatographically separated 
from the Ptdlns 4-kinase activities.

3 .3 .2  D eacylation, deglyceration and HPLC analysis of the
products  of pu rified  P td ln s  3-k inase.

PtdlnsP produced in assays using the active pool from the final Mono Q 
column as an enzyme source (which had been purified as described in 
chapter 4) was produced as described in section 2.2.1 with Ptdlns 
presented as the pure sonicated phospholipid. Assays were incubated at
room temperature overnight, the extracted lipids were run on TLC, 
visualised by autoradiography, scraped and deacylated as described in 
section 2.3.1. Deacylated lipid products were separated by HPLC on a 
Beckman System Gol.d apparatus, as described in section 2.3.2, by the 
method of Auger et al. (1989b). Tritiated standards of GroPIns, 
GroPIns(4)P and GroPIns(4,5)P2 were run simultaneously with the 32p_ 
labelled deacylated product resulting from phosphorylation by the 
purified Ptdlns kinase of Ptdlns.

The tritiated GroPIns(4)P eluted approx. 2.5 min later than the [32p] 
GroPInsP produced by the purified Ptdlns kinase (Fig 3.3.2a) which is 
the expected elution position for the product of deacylation of 
PtdIns(3)P. The GroPInsP was deglycerated and the products were 
separated by HPLC by Dr A. D. Smith (as described in section 2.3.1).
Analysis of the deglycerated product showed that the InsP2 produced co
eluted with an Ins(l,3)P2 standard, 2 min prior to the position of
In s(l,4 )P 2  elution (Fig 3.3.2b). This indicates that the Ptdlns kinase is 
indeed a Ptdlns 3-kinase phosphorylating the 3'-hydroxy position of the 
inositol ring.

The cytosolic fraction was selected as the best potential source for 
Ptdlns 3-kinase as there appeared to be a Ptdlns 3-kinase in this



Fig. 3.3.1 C harac te risa tion  of the p roducts of P td ln s 
kinase assays by deacylation and HPLC.

Ptdlns kinase assays were performed, with Ptdlns presented as the pure
sonicated phospholipid, with enzyme which had been partially purified 
from the cytosolic fraction of bovine brain. Each of the peaks of Ptdlns 
kinase activity which were obtained following elution of protein from a
phosphocellulose column on a gradient of 0-0.4 M NaCl (section 4.1.4) 
were assayed in order that their PtdlnsP products might be 
characterised. Ptdlns kinase assays of 20 x the normal volume were 
performed separately with each of the enzyme pools. Assays were 
incubated at room temperature overnight. Reaction products were 
separated by TLC, radioactivity was visualised by autoradiography, the
PtdlnsP region of the plates was scraped and the lipids deacylated 
(section 2.3.1). [32p]QroPInsP ( □ )  products from the first (a) and second 
(b) enzyme pools were analysed by HPLC. A standard of [^H ]G roPIns(4)P 
was run internally ( ♦ ) .  The column was washed with water for 10 min 
and then with a linear gradient of (N H 4)2H P04 (pH 3.8) (0-0.252 M over 
60 min followed by 0.252-0.42 M over 10 min).
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Fig. 3.3.2 HPLC analysis of the deacylated and
deglycerated p roducts of the purified  P td ln s  
k i n a s e .

Ptdlns kinase assays were performed with Ptdlns kinase preparations 
which had been purified as described in section 4.1. Assays of 20 x 
normal volume were performed in the presence of pure sonicated 
phospholipid and incubated overnight at room temperature, 
a - The lipids were extracted, deacylated (as described in section 2.3.1). 

The deacylated lipid products were analysed by HPLC. The 
[32p]GroPInsP product ( ♦  ) was run with internal standards of 
[3H]GroPIns and [3H]GroPtdIns(4)P ( □ ).
b - The [32P]GroPInsP was deglycerated (as described in section 2.3.1) 
and the resulting InsP2 analysed by HPLC ( • ) .  A standard of 
[3 H ]Ins(l,3 )P 2  (O )  was run internally. The elution position of 
[3H ]Ins(l,4)P2 is also marked (-►).
HPLC of both the GroPIns and InsP2 moieties was performed on a 
Partisphere SAX column with a linear gradient of 0 - 1M (NH4 )2HPC>4 . 
Pump A - water, pump B - 1M (NH4)2HP04 (pH 3.8). Time 0 - 1 0  min 0% B, 
followed by a gradient of 0 - 25% B over 50 min and 25 - 100% B over a 
further 60 min at a flow rate of 0.5 ml/min. Fractions were collected 
and the radioactivity quantified by scintillation counting.
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fraction and the use of detergents for solubilisation was unnecessary. 
Purification was undertaken (as described in chapter 4) using 
differential detergent sensitivities and the difference in migration of 
the PtdlnsP products on TLC to distinguish between the Ptdlns 3-kinase 
and the Ptdlns 4-kinases. The nature of the Ptdlns 3-kinase was 
conclusively verified by deacylation, deglyceration and HPLC analysis 
of the product (section 3.3.1 and 3.3.2). The purification and 
characterisation of this activity are described in the following chapter.



4 PURIFICATION OF PTDINS 3-KINASE FROM BOVINE BRAIN.

A purification of Ptdlns 3-kinase from bovine brain was undertaken to 
allow identification of the components required for Ptdlns 3-kinase 
activity. Purified preparations were required for a detailed biochemical 
analysis of the activity and ultimately to characterise the structure of 
the protein. Ideally the protein responsible for a given enzyme activity 
should be identified by purification to homogeneity, however in some 
cases this is not possible, for example the protein may only be active in 
a complex.

Once the presence of Ptdlns 3-kinase activity in bovine brain cytosol 
had been established on the basis of differential detergent sensitivity 
(Chapter 3) a purification was undertaken. The purification described 
in section 4.1 provided a substantial purification from which a 
biochemical and structural analysis could be undertaken. The method 
described in section 4.2 was developed from the purification described 
in section 4.1. The second method was preferred as it required fewer 
manipulations and allowed a higher purification to be achieved over a 
shorter time. The method described in section 4.3 was developed from 
the method described in section 4.1 to allow the rapid purification of 
sufficient quantities of Ptdlns 3-kinase for structural analysis from a 
single preparation.

4 .1  PURIFICATION OF PTDINS 3-KINASE - PURIFICATION I

A standard purification was developed which yielded a 650 fold 
purification of the Ptdlns 3-kinase activity. This purification fold 
represents the purification of Ptdlns 3-kinase from a preparation 
which initially contained contaminating Ptdlns 4-kinases. The 
proportions of the PtdIns(3)P and PtdIns(4)P in these assays were not 
assessed as a method for HPLC separation of the glycerophosphoinositol 
monophosphates was not available to us at the time that the purification 
was developed, therefore the true purification fold of the Ptdlns 3- 
kinase could not be calculated; however the estimated purification for 
Ptdlns 3-kinase, on the basis of TLC analysis, would exceed 650 fold by 1 - 
2 orders of magnitude. Purification involved an ammonium sulphate 
precipitation of the cytosolic fraction, followed by chromatography on 
DEAE cellulose, phosphocellulose, Mono Q, Sepharose CL-4B and Mono Q 
in the presence of 1 mM MgCl2 and 1 mM ATP. All assays were 
performed as described in section 2.2.1. Lipid products were separated 
by TLC and visualised by autoradiography. Radioactive PtdlnsP spots 
were scraped from the TLC plates and the radioactivity quantified by 
scintillation counting. All buffers for chromatography on pre-packed



columns were passed through a 0.2 \i filter before use. In order to 
prevent oxidation, 2-mercaptoethanol was always added immediately 
before use. Similarly the protease inhibitor PMSF was added 
immediately prior to homogenisation as this compound is highly 
unstable in aqueous solution, becoming rapidly hydrolysed and 
ineffective as a protease inhibitor.

4.1.1 Preparation of cytosolic fraction.

All proceedures for the purification of Ptdlns 3-kinase were carried out 
at 4°C. In a standard preparation 3 bovine brains were taken within 3 
minutes of slaughter and homogenised at the abattoir in a Waring 
blender in 4 L of 50 mM p-glycerophosphate, 0.2 mM sodium 
orthovanadate, 20 mM NaF, 2 mM EDTA, 5 mM sodium pyrophosphate, 10 
mM benzamidine, 5% (w/v) sucrose, 0.3% (v/v) 2-mercaptoethanol and 
50 pg/ml PMSF at pH 7.5 (buffer A). The homogenate was transported 
on ice to the laboratory and then centrifuged in a Beckman J6 
centrifuge at 4,000 rpm for 30 min. The supernatant was centrifuged 
for 30 min at 12,000 rpm in a Sorvall GS 3 rotor. The supernatant was 
pooled and the Ptdlns kinase further purified as detailed below.

4.1.2 Ammonium sulphate precipitation.

Ammonium sulphate powder (20% (w/v)) was stirred slowly into the 
12,000 rpm supernatant (volume 2.5-3 L) and after 40 min the 
suspension was centrifuged at 4,000 rpm for 30 min in a Beckman J6 
centrifuge. The pellets were resuspended in 1 L of buffer containing 20 
mM p -glycerophosphate, 0.2 mM sodium ortho vanadate, 20 mM NaF, 2 
mM EDTA, 10 mM benzamidine and 0.3% (v/v) 2-mercaptoethanol at pH
7.5 (buffer B) and dialysed overnight against 2 x 10 L of buffer B prior 
to centrifugation for 30 min at 12,000 rpm in a Sorvall GS-A rotor. The 
supernatant was decanted and loaded directly onto a column of DEAE 
cellu lose.

4.1.3 Chromatography on DEAE cellulose.

DEAE cellulose is a strong anion exchange matrix. Preliminary 
chromatography on DEAE cellulose involved elution of protein on a 
gradient of 0-1 M NaCl. Fractions were collected and assayed for Ptdlns 
kinase activity (section 2.2.1). Ptdlns was presented as the pure 
sonicated phospholipid, in the presence of 1% NP-40 or with 0.68% 
sodium cholate. TLC plates were autoradiographed then scraped and the 
radioactivity quantified by scintillation counting. In assays of the 
breakthrough fraction, with Ptdlns presented as the pure sonicated



phospholipid, doublets of PtdlnsP were visualised on autoradiographs of 
TLC (Fig. 4.1.3). This fraction contained a high proportion of the non
ionic detergent sensitive activity indicating that the bulk of the Ptdlns 
3-kinase activity did not appear to bind to the DEAE cellulose under the 
conditions used. Although the bulk of the type I Ptdlns kinase activity 
did not appear to bind to DE 52 this step was retained in the purification 
as it was found that its exclusion resulted in a rapid loss of activity 
following direct chromatography on phosphocellulose. The reasons for 
this stabilisation are unclear, but since over 35% of total protein 
remained bound to the DEAE cellulose it seems possible that a protease or 
phosphatase, which could result in loss of Ptdlns 3-kinase activity, may 
be removed from the preparation.

In a standard preparation the supernatant from the 12,000 rpm spin was 
loaded under gravity onto a 300 ml DEAE cellulose column (packed into a 
glass column of 20 cm x 6 cm) which was connected in series to a 250 ml 
phosphocellulose column. Both columns were pre-equilibrated in 
buffer B (section 4.1.2). Once the protein had been loaded onto the DE 52 
column the DEAE cellulose and phosphocellulose columns were washed 
in series with 1 L of buffer B. Ptdlns kinase assays of the load and 
breakthrough from the DE 52 column, with Ptdlns presented as the pure 
sonicated phospholipid, revealed that chromatography on DEAE 
cellulose gave a 1.6 fold purification of Ptdlns kinase activity. The 
purification fold of Ptdlns 3-kinase activity remained hard to assess at 
this stage as there was contaminating Ptdlns 4-kinase activity in the 
breakthrough fraction.

4 .1 .4  C h ro m a to g ra p h y  on p h o sp h o ce llu lo se .

Cellulose phosphate is a weak cation exchange matrix. While 
developing a purification protocol for Ptdlns 3-kinase a small scale 
phosphocellulose column was run. 50 ml of breakthrough from the
DEAE cellulose column was loaded onto a 50 ml phosphocellulose column 
(dimensions 11 x 3 cm) which had been pre-equilibrated in buffer B 
(section 4.1.2). The column was washed with 150 ml of buffer B at a flow 
rate of 1.1 ml/min. Protein was eluted on a gradient of 0-0.4 M NaCl 
using a Pharmacia FPLC system. The A280 was taken as a measure of 
protein concentration. 5.7 ml fractions were collected and assayed for 
Ptdlns kinase activity with Ptdlns presented as pure sonicated 
phospholipid and in the presence of 1% NP-40 to determine the relative 
elution positions of the different Ptdlns kinase activities. The activity 
elution profile for this column is represented in Fig. 4.1.4.1 The 
detergent sensitive Ptdlns kinase activity was eluted at approximately 
200 mM NaCl, slightly ahead of the NP-40 stimulated activity, which 
eluted at approximately 250 mM NaCl. It was clear from quantification



Fig. 4.1.3 Effect of detergents on P td ln s  kinase activity
follow ing ch ro m ato g rap h y  on DEAE.

Bovine brain cytosolic fraction was precipitated with 20% (w/v) 
ammonium sulphate, the precipitate dialysed against buffer containing 
20 mM p-glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 
mM EDTA, 10 mM benzamidine and 0.3% (v/v) 2-mercaptoethanol at pH
7.5 (buffer B) and loaded onto a column of DE-52. The breakthrough was 
assayed for Ptdlns kinase activity with Ptdlns presented with 1% (v/v) 
NP-40 (a), in the presence of 0.68% sodium cholate (b) and as the pure 
sonicated phospholipid (c). Assays were terminated after 5 min, the 
lipids extracted and analysed by TLC in chloroform:methanol:4M NH4 O H 
(45:35:10, (v/v». Radioactivity was visualised by autoradiography. O - 
origin, PIP - PtdlnsP, PA - phosphatidic acid.



F ig .4.1.3



Fig. 4.1.4.1 Chromatography on phosphocel lulose,  gradient
e l u t i o n .

Protein from 50 ml of the breakthrough from a DEAE column was loaded 
onto a 50 ml phosphocellulose column, which had been pre-equilibrated 
with buffer containing 20 mM p-glycerophosphate, 0.2 mM sodium 
orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine and 0.3%
(v/v) 2-mercaptoethanol at pH 7.5 (buffer B). The column was washed 
with 150 ml of buffer and protein was eluted with a 250 ml gradient 
from 0-0.4M NaCl. Fractions of 5.7 ml were collected and assayed for 
Ptdlns kinase activity with Ptdlns presented with 1% NP-40 ( □ )  or as the 
pure sonicated phospholipid ( ♦ ) .  Assays were terminated after 5 min, 
the lipid products resolved by TLC, the radioactivity was visualised by 
autoradiography and the PtdlnsP region scraped allowing the product to 
be quantified by scintillation counting.
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of the assays, from autoradiographs of TLC analysis of the products and 
from deacylation followed by HPLC analysis of reaction products 
(section 3.3.1) that the first peak was the Ptdlns 3-kinase, while the 
second was a Ptdlns 4-kinase. Phosphocellulose chromatography was 
retained as part of the purification as it offered not only a good 
purification step but also a valuable means of separating the Ptdlns 3- 
kinase from contaminating Ptdlns 4-kinase(s).

For the routine purification of Ptdlns 3-kinase the breakthrough from 
the DEAE cellulose column (section 4.1.3) was loaded directly onto a 250 
ml column of phosphocellulose, which had been packed into an 18 cm x
5.5 cm glass column and equilibrated in buffer B. Once 1 L of buffer B 
had passed through the DEAE cellulose-phosphocellulose columns the 
two columns were disconnected and the phosphocellulosp column 
connected to a Pharmacia FPLC system. The protein concentration was 
monitored by the absorbance at 280 nm. The column was washed with 1 
L of buffer B, protein was then eluted stepwise with 800 ml of buffer B 
containing 0.1 M NaCl followed by 800 ml of buffer B containing 0.2 M 
NaCl at a flow rate of 2 ml/min. 16 ml fractions were collected. Assays 
of Ptdlns kinase activity were performed with Ptdlns presented as pure 
sonicated phospholipid and in the presence of 1% NP-40. The activity 
elution profile was as shown in Fig. 4.1.4.2. The bulk of the non-ionic 
detergent inhibited Ptdlns kinase eluted from the column in 0.2 M NaCl. 
In some preparations there was a second peak of Ptdlns kinase activity 
which was stimulated in the presence of non-ionic detergent, this was 
at best poorly resolved from the detergent inhibited Ptdlns kinase and 
in some preparations these two activities co-eluted. The active fractions 
from the first peak off the phosphocellulose column (300-500 ml 
containing 150-300 mg of protein) were pooled and dialysed into a 
different buffer for chromatography on Mono Q (see below).

Although higher levels of Ptdlns 4-kinase contamination were observed 
in the Ptdlns 3-kinase preparation following chromatography on 
phosphocellulose with a stepwise elution as opposed to a gradient 
elution, the stepped method was preferred as the protein was eluted 
from the column in a smaller volume. Much of the NP-40 stimulatable 
Ptdlns kinase activity remained bound to the column after the 0.2 M 
NaCl wash. Chromatography on phosphocellulose routinely gave a 10- 
15 fold purification of Ptdlns kinase activity (Table 4.1). The fold 
purification of the Ptdlns 3-kinase remains hard to assess as there is 
still some contaminating Ptdlns 4-kinase still present at this stage of the 
purification. Phosphocellulose appears to be acting as an “affinity*’ 
purification reagent due to an interaction between the Ptdlns 3-kinase 
and the phosphate groups rather than as a cation exchanger since the 
Ptdlns 3-kinase, which had been purified as described in this section,



Fig. 4.1.4.2 Chromatography on phosphocellulose,  step
e l u t i o n .

Protein from the breakthrough from a DEAE column was loaded directly 
onto a 250 ml phosphocellulose column, which had been pre
equilibrated with buffer containing 20 mM P-glycerophosphate, 0.2 mM 
sodium orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine and 
0.3% (v/v) 2-mercaptoethanol at pH 7.5 (buffer B). The column was 
washed with a total of 2 L of buffer B, protein was then eluted stepwise 
with 800 ml of buffer B containing 0.1M NaCl followed by a further 800 
ml of buffer containing 0.2M NaCl. Fractions of 16 ml were collected. 
Ptdlns kinase assays were performed as described in section 2.2.1. Lipid 
products were analysed by TLC, radioactivity visualised by 
autoradiography, the PtdlnsP region of the plates was scraped and the 
product quantified by scintillation counting.
a -Elution position of Ptdlns kinase activity (□  ), assays were for 5 min 
with Ptdlns presented as the pure sonicated phospholipid. The A280 was 
measured as an indication of protein concentration ( ■ ). 
b -Ptdlns kinase activity was assayed with Ptdlns presented as the pure 
sonicated phospholipid ( □ )  or in the presence of 1% (v/v) NP-40 ( ♦ ) .
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with the exception of the final Mono Q column, did not bind to Mono S, 
which is a strong cation exchanger, in a pH 6.5 buffer containing 10 
mM p-glycerophosphate (see section 7.1.4).

4 .1 .5  C hrom atography on Mono Q

Initial attempts to purify Ptdlns 3-kinase using Mono Q anion exchange 
columns had resulted in a total loss of activity so in subsequent 
preparations 0.02% Triton X-100 was added to the buffer in an attempt to 
stabilise the protein. This is not high enough to result in significant 
inhibition of Ptdlns 3-kinase activity but proved sufficient for 
stabilisation of the activity.

The active fractions from the phosphocellulose column (section 4.1.4) 
were pooled, Triton X-100 was added to a final concentration of 0.02%
(v/v) and the pool dialysed against 2 x 10 L buffer C (10 mM p -  
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol pH 7.5). The dialysed protein was centrifuged at 40,000 
rpm in a Beckman Ti 45 rotor for 30 min. The supernatant was loaded in 
two equal aliquots onto two separate Pharmacia Mono Q HR 10/10 anion 
exchange columns using a Pharmacia P500 pump. A Pharmacia pre
filter unit was connected between the pump and the column before 
loading. This served to adsorb contaminating non-proteinaceous 
material which was present in the preparation, thus increasing the 
purity of the load material thus prolonging the useful life of the 
columns. The Mono Q columns had been pre-equilibrated in buffer C. 
The columns were washed in 25 ml buffer C and each developed with a 
30 ml linear gradient of 0 - 0.2 M NaCl at a flow rate of 1.0 ml/min. The 
A 280 was measured as an indication of protein concentration. Fractions 
of 1 ml were collected.

Ptdlns kinase assays were performed on each fraction with Ptdlns 
presented as the pure sonicated phospholipid and in the presence of NP- 
40. Two peaks of activity were observed in assays performed with pure 
sonicated Ptdlns as the substrate, the first of these eluted ahead of the 
bulk of the protein (Fig. 4.1.5a). Comparison of the activity elution 
profiles of assays performed with pure sonicated Ptdlns and Ptdlns in 
NP-40 revealed that the first peak of Ptdlns kinase activity, observed 
with pure sonicated Ptdlns, was totally inhibited when assays were 
performed with Ptdlns in the presence of NP-40 (Fig. 4.1.5b). Ptdlns 
kinase assays of the first peak of activity were performed in the 
presence of pure sonicated Ptdlns yielding between 20,000 and 40,000 
cpm of PtdlnsP product. The PtdlnsP was deacylated and the GroPIns 
product analysed by HPLC as described in chapter 3, Fig. 3.3.1a.



Fig. 4.1.5 Chromatography on Mono Q.

The Ptdlns kinase pool from the phosphocellulose column (section 4.1.4) 
was dialysed against buffer containing 10 mM {3-glycerophosphate, 0.2 
mM sodium orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine, 
0.02% (v/v) Triton X-100 and 0.3% (v/v) 2-mercaptoethanol pH 7.5 
(buffer C), split into two halves and each half loaded onto a separate 
Mono Q HR 10/10 column which had been pre-equilibrated with buffer 
C. Each column was washed with 25 ml of buffer and protein eluted with 
a 30 ml gradient of 0-0.2 M NaCl. 1 ml fractions were collected. Aliquots 
of each fraction were taken, diluted 20 fold and assayed for Ptdlns 
kinase activity as described in section 2.2.1.
a - Ptdlns kinase activity was assayed with Ptdlns presented as the pure 
sonicated phospholipid ( ♦  ). The protein concentration was determined 
by the method of Bradford (1976) (□ ) .
b - Ptdlns kinase activity was measured with Ptdlns presented as the 
pure sonicated phospholipid ( □ )  and in the presence of 1% (v/v) NP-40

(♦)•
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GroPIns(3)P was the only product indicating that at this stage of the 
purification the Ptdlns 3-kinase was free from contaminating Ptdlns 4- 
kinase activity. The active fractions from the first peak of Ptdlns 
kinase activity were taken as the the Ptdlns 3-kinase pool. 
Chromatography on Mono Q gave a 6 fold purification of Ptdlns kinase. 
The Ptdlns 3-kinase pool (volume of 6-8 ml containing 15-25 mg of
protein) was loaded directly onto a Sepharose CL-4B column (section
4.1.6).

4 .1 .6  Gel p e rm ea tio n  c h ro m a to g ra p h y .

Previous work with immunocomplexes [Kaplan et al. (1987)]
[Courtneidge & Heber. (1987)] had suggested that Ptdlns 3-kinase 
activity might be associated with an 85 kDa protein. During the
development of the purification of Ptdlns 3-kinase, gel permeation
chromatography was used in an attempt to determine the molecular 
weight of the protein responsible for Ptdlns 3-kinase activity. Initially 
a sample of the active pool from the Mono Q was loaded onto a Superose 
12 FPLC column and protein eluted in buffer B (section 4.1.2) containing 
0.02% (v/v) Triton X-100 and 100 mM NaCl using a Pharmacia FPLC 
system. Superose 12 will resolve proteins of up to approximately 200 
kDa. The NaCl was added to stabilise the Ptdlns 3-kinase, as no activity 
was recovered without the NaCl addition. The Ptdlns 3-kinase activity 
eluted in the void volume.

The evidence from the Superose 12 suggested that either the Ptdlns 3-
kinase was larger than 200 kDa or the catalytic unit responsible for 
Ptdlns 3-kinase activity was in a complex with other proteins in this 
system. Gel permeation chromatography was repeated in buffer 
containing 100 mM NaCl using matrices with a higher molecular weight 
cut off range. Sephacryl S 200, Sephacryl S 400 and Sepharose CL-4B 
were all used. Even on Sepharose CL-4B the Ptdlns 3-kinase activity 
eluted in the void volume giving an apparent size of the complex in 
excess of 4 x 10^ Da.

Although little increase in purification was achieved by 
chromatography on Sepharose CL-4B this step was incorporated into the 
standard purification as SDS-PAGE analysis revealed that some low 
molecular weight contaminants, which might have an effect on the 
stability of the activity were removed at this stage.

In a standard purification the Ptdlns 3-kinase pool from the Mono Q HR 
10/10 (section 4.1.5) was loaded onto a 500 ml Sepharose CL-4B column
which had been pre-equilibrated in buffer D (20 mM |S-
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM



Fig. 4.1.6 Chromatography on Sepharose CL-4B.

The fractions containing detergent sensitive Ptdlns kinase activity 
from the two Mono Q columns (section 4.1.5) were pooled and loaded onto 
a 500 ml Sepharose CL-4B column, which had been pre-equillibrated in 
buffer D (20 mM p-glycerophosphate, 0.2 mM sodium orthovanadate, 20 
mM NaF, 2 mM EDTA, 100 mM NaCl, 10 mM benzamidine, 0.02% (v/v) 
Triton X-100 and 0.3% (v/v) 2-mercaptoethanol pH 7.5). Protein was 
eluted with buffer D. 10 ml fractions were collected and assayed for 
Ptdlns kinase activity, as described in section 2.2.1, with Ptdlns 
presented as pure sonicated phospholipid ( ♦ ) .  The protein 
concentration was determined by the method of Bradford (1976) ( □ ).
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EDTA, 100 mM NaCl, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 
0.3% (v/v) 2-mercaptoethanol pH 7.5). The sample was eluted in buffer 
D at a flow rate of 0.5 ml/min and 10 ml fractions were collected. Assays 
were performed in the presence of pure sonicated phospholipid. One 
peak of Ptdlns 3-kinase activity was observed which co-eluted with the 
only major protein peak as shown in Fig. 4.1.6. The Ptdlns 3-kinase 
activity eluted from the Sepharose CL-4B in a volume of approximately 
50 ml containing between 12 and 20 mg of protein (as determined by the 
method of Bradford (1976)).

4 .1 .7  M g ^ + -ATP Mono Q chrom atography

The active fractions from the Sepharose CL-4B were pooled and dialysed 
overnight against 2 L of buffer C (section 4.1.5) with one change. ATP 
and MgCl2 were each added to a final concentration of 1 mM. The 
dialysed pool was centrifuged in a Beckman Ti 45 rotor at 40,000 rpm for 
30 min and the supernatant loaded onto a Mono Q HR 10/10 column 
which had been pre-equilibrated in buffer C containing 1 mM ATP and 
1 mM MgCl2- The column was washed with 25 ml of buffer C containing 
Mg2+-ATP and developed with a 30 ml linear gradient of NaCl (0-0.2 M 
NaCl) at a flow rate of 1 ml/min. Fractions of 0.5 ml were collected and 
assayed for Ptdlns kinase activity with Ptdlns presented as the pure 
sonicated phospholipid (Fig. 4.1.7.1). The presence of the Mg2+-ATP in 
the buffer altered the elution profile of proteins on the Mono Q so that 
the Ptdlns 3-kinase eluted in approximately 100 mM NaCl in the 
presence of Mg^+ATP rather than at 50 mM NaCl in the absence of 
Mg2+_ATP. The active fractions from the Mg2+-ATP Mono Q were pooled 
and dialysed against a buffer containing 50 % glycerol for storage (as 
described below).

Chromatography on Mono Q in the presence of Mg2+_ATP gave a 
further 7 fold purification of Ptdlns 3-kinase activity taking the 
purification of Ptdlns 3-kinase from the total Ptdlns kinase activities 
present following ammonium sulphate precipitation to 650 fold. The 
Ptdlns 3-kinase eluted in a volume of 2 ml containing 1-2 mg of protein. 
The specific activity of the purified Ptdlns 3-kinase was 1-2 
nmol/min/mg when assays were performed as described in section 
2.2.1. with Ptdlns presented as the pure sonicated phospholipid. SDS- 
PAGE analysis of fractions across the peak of activity revealed that 
although the preparation was not homogeneous, only two proteins, of 
size 110 kDa and 85 kDa, consistently co-eluted with the Ptdlns kinase 
activity (Fig. 4.1.7.2). A modification of this purification was made 
involving elongation of the gradients on the two Mono Q columns (as 
described in section 7.1.1) in which the Ptdlns 3-kinase activity was 
resolved into two separate peaks. SDS-PAGE analysis of these two peaks



Fig. 4;1.7.1 C hrom atography on Mono Q in the presence of 
M g 2+ and ATP.

The active fractions following chromatography on Sepharose CL-4B 
(section 4.1.6) were dialysed against buffer containing 10 mM p -  
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 1 mM ATP, 1 mM MgCl2. 0.02% (v/v) Triton X- 
100 and 0.3% (v/v) 2-mercaptoethanol pH 7.5 and loaded onto a Mono Q 
HR 10/10 column which had been pre-equilibrated in the same buffer. 
The column was washed with 25 ml of buffer and protein eluted with a 
30 ml gradient of 0 - 0.2 M NaCl. Fractions of 0.5 ml were collected and 
assayed for Ptdlns kinase activity with Ptdlns presented as the pure 
sonicated phospholipid
( ♦ ) .  Protein concentration was determined by the method of Bradford 
(1976) (□).
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Fig. 4.1.7.2 SDS-PAGE analysis of purified  P td ln s kinase 
p r e p a r a t i o n s .

SDS-PAGE of fractions across the activity peak from the second Mono Q 
column. Positions of migration of molecular weight markers are shown 
( — ). Mr in ascending order are 42,000, 66,000, 97,000, 116,000 and 
200,000. The Ptdlns kinase activities of the fractions are lane a) 258, 
lane b ) 713, lane c) 953 and lane d) 145 pmol/min/ml. The intensity of 
the band of Mr 85,000 ( —► ) corresponds to the observed Ptdlns kinase 
activity in all preparations.
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revealed that both the 85 kDa protein and the 110 kDa protein co-eluted 
with the Ptdlns 3-kinase activity in both peaks.

HPLC analysis of the deacylated and deglycerated lipid products of the 
purified Ptdlns kinase was performed as described in section 3.3.2 and as 
shown in Fig. 3.3.2. This verified that the preparation contained a 
Ptdlns 3-kinase which was free from contaminating Ptdlns 4-kinase 
activity. Once the contaminating Ptdlns 4-kinase activities had been 
removed a kinetic characterisation of the Ptdlns 3-kinase was 
performed (as described in section 5.2) allowing the assays to be 
optimised for Ptdlns 3-kinase. When assays were performed with Ptdlns 
presented as pure sonicated phospholipid, as described in section 2.2.2, 
the final specific activity of Ptdlns 3-kinase purified by this method 
appeared to be 20-40 nmol/min/mg. A summary of the purification is 
presented in Table 4.1.

Attempts to further purify the Ptdlns kinase including chromatography 
on Mono S, heparin Sepharose, affinity chromatography on InsP- 
Sepharose, Ptdlns-Sepharose and ATP-agarose as well as gel permeation 
on Superose 6 in the presence of 0.5%(w/v) cholate were largely 
unsuccessful, either because they did not result in any further 
purification or because they resulted in a loss of activity. One method of 
interest however, was the resolution of Ptdlns 3-kinase activity, 
following chromatography on Mono Q, into two separate peaks resulting 
from elongation of the gradient from 30 ml to 40 ml (as discussed in 
section 7.1.1). The elongated gradients were retained for the rapid 
purification (section 4.2) and for the large scale purification (section 
4.3) of Ptdlns 3-kinase.

The purification described in this section was adopted as a standard 
protocol for preparation of Ptdlns 3-kinase so that further analysis of 
the catalytic subunit(s) (Chapter 7), initial protein sequence analysis 
(Chapter 6) and a kinetic evaluation of the purified Ptdlns 3-kinase 
could be undertaken (Chapter 5). It was however gradually modified 
and subsequently replaced by the more rapid purification method 
described in section 4.2, which produced Ptdlns 3-kinase of greater 
purity, in a shorter time and with less manual input. The failure to 
produce a homogeneously pure preparation necessitated the use of 
alternative methods to identify the catalytic subunit responsible for the 
Ptdlns 3-kinase activity principally so that preparative SDS-PAGE and 
peptide sequence analysis for cloning could be undertaken (Chapters 6 
& 7). These methods included phosphorylation of the 85 kDa protein in 
vitro  in the presence of activated PDGF receptor, renaturation of Ptdlns 
kinase activity from the 85 kDa region of SDS-PAGE gels, limited 
proteolytic-inactivation analysis as well as the development of



improved chromatographic separation techniques including both a 
phosphotyrosine/glycine-Sepharose affinity column and a 
phosphorylated PDGF receptor kinase insert domain peptide-Sepharose 
column. All of these methods are described under identification of the 
catalytic sub-unit in Chapter 7 and further discussed in Chapter 8.

4 .1 .8  S torage of pu rified  P td ln s  3-kinase.

The purified Ptdlns 3-kinase was found to be highly unstable in the low 
salt buffer used for chromatography on the final Mono Q column, with 
the loss of 50% of the activity per-day. It was also found that the 
activity could not be recovered after freezing. A variety of storage 
conditions were investigated which resulted in the development of the 
storage buffer described here. Purified Ptdlns kinase preparations 
were stored in a buffer containing 50 mM p-glycerophosphate, 20 mM 
NaF, 0.2 mM sodium orthovanadate, 2 mM EDTA, 5 mM sodium 
pyrophosphate, lOmM benzamidine, 2 mM dithiothreitol, 0.02% (v/v) 
Triton X-100 and 50% (v/v) glycerol. Ptdlns 3-kinase preparations in 
this buffer were stored at -20°C, the activity was stable for several 
m onths.

4 .2  RAPID PURIFICATION - PURIFICATION II.

In later preparations a more rapid method for yielding Ptdlns 3-kinase 
of equal purity was developed from the purification described above 
principally by the addition of chromatography on Q Sepharose Hi-load, 
by omitting the gel permeation chromatography and several of the 
dialysis steps and by the extension of the gradients used on both of the 
Mono Q steps. All assays were performed as described in section 2.2.2. 
Product from assays of column fractions was quantified directly by 
Cerenkov counting with the exception of the phosphocellulose column 
for which TLC analysis of the PtdlnsP was performed.

Routinely protein was purified from 3 bovine brains. The brains were 
homogenised, the cytosolic fraction obtained following centrifugation 
was ammonium sulphate precipitated and the resuspended pellet 
subjected to chromatography on DEAE cellulose and phosphocellulose as 
described (section 4.1). The active fractions following chromatography 
on the phosphocellulose were pooled and dialysed against 2 x 10 L of 
buffer C. The dialysed protein was centrifuged for 30 min at 40,000 rpm 
in a Ti 45 rotor in a Beckman ultracentrifuge. The supernatant was 
loaded (using a Pharmacia P 500 pump) onto a Q Sepharose Hi-load



column (Pharmacia), which had been pre-equilibrated in buffer C 
(section 4.1.5). The column was washed with 150 ml of buffer C, protein 
was then eluted using a Pharmacia FPLC system on a 250 ml gradient of 
0-0.2 M NaCl. Fractions of 5 ml were collected. The A28O was taken as a 
measure of protein concentration. Ptdlns kinase assays were 
performed with Ptdlns presented as pure sonicated phospholipid and in 
the presence of 1% NP-40. One peak of detergent sensitive Ptdlns kinase 
activity was eluted from the column (Fig. 4.2.1). The Q Sepharose Hi-load 
columns have sufficient capacity for the whole preparation to be loaded 
onto a single column (capacity l-1.5g of protein/50 ml column) 
however the resolution achieved using these columns is not comparable 
to that of a Mono Q column. The inclusion of the Q Sepharose step 
allowed a reasonable purification of the activity to be achieved very 
rapidly, without the loss of column lifespan of the Mono Q column 
described in section 4.1. The loss in resolution incurred by 
chromatography on Q Sepharose was compensated for by running a 
Mono Q HR 10/10 as the next column.

The fractions with detergent-inhibited Ptdlns kinase activity were 
pooled (volume 100-120 ml containing 30-40 mg of protein) and 
centrifuged as described for the Q Sepharose Hi-load column and diluted 
four fold with buffer C (section 4.1.5). The active protein pool was 
loaded directly onto a Mono Q HR 10/10 column which had been pre- 
equilibrated with buffer C, using a P 500 pump. The Mono Q column was 
connected to an FPLC system and washed with 25 ml of buffer C. Protein 
was eluted with a 40 ml linear gradient of 0-0.2 M NaCl at a flow rate of 1 
ml/min. Fractions of 1 ml were collected. Protein concentration was 
monitored by the A280- Ptdlns kinase assays were performed in pure 
sonicated Ptdlns and in the presence of NP-40. One peak of detergent-
inhibited Ptdlns kinase activity was observed which eluted in a volume
of 4-6 ml in 8-12 mg of protein at approximately 90 mM NaCl.

The fractions with Ptdlns 3-kinase activity following Mono Q 
chromatography were pooled and centrifuged at 40,000 rpm as described 
for the Q Sepharose Hi-load column. The supernatant was diluted four 
fold with buffer C and MgCl2 and ATP were each added to a final
concentration of 1 mM. The protein pool was then loaded directly onto a
Mono Q HR 10/10 column which had been pre-equilibrated in buffer 
containing 1 mM MgCl2 and ATP, the column was washed with 25 ml of 
buffer C containing 1 mM MgCl2 and ATP and proteins were eluted on a 
40 ml gradient of 0-0.2 M NaCl. Fractions of 0.5 ml were collected and 
assayed for Ptdlns kinase activity in the presence of pure sonicated 
phospholipid. Ptdlns 3-kinase activity eluted at approximately 150 mM 
NaCl in a volume of 3-4 ml. The active fractions were pooled and



Fig. 4.2.1 Chromatography on Q Sepharose Hi-load.

The active fractions following chromatography on phosphocellulose 
were pooled and dialysed against buffer containing 10 mM p -  
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol pH 7.5 (buffer C) and loaded onto a Q Sepharose Hi-load 
column which had been pre-equilibrated in the same buffer. The 
column was washed with 250 ml of buffer. Protein was eluted on a 250 
ml gradient of 0 - 0.2 M NaCl. Fracitons of 5 ml were collected and 
assayed for Ptdlns kinase activity with Ptdlns presented as the pure 
sonicated phospholipid ( ♦ ) .  Protein concentration was estimated by 
measuring the A280 (E).



A
ct

iv
it

y 
(p

m
ol

/m
ln

/m
l)

98
Fig. 4.2.1

2000

- 0.8

1000 0.6

-0 .4

- 0.2

0.0
20 3 010 4 00 50

Frac t i on

Pr
ot

ei
n 

(m
g/

m
l)



dialysed into buffer containing 50%(v/v) glycerol (as described in 
section 4.1.7) for storage at -20°C.

The final specific activity of the Ptdlns 3-kinase using this protocol was 
30-50 nmol/min/mg. This protocol resulted in a 1000-1500 fold 
purification of Ptdlns 3-kinase from the mixture of Ptdlns kinase 
activities present. The purification achieved in this way appears to be 
approximately two fold higher than that described in section 4.1. This is 
partly because the assay system described in section 2.2.2 favours the 
Ptdlns 3-kinase over the Ptdlns 4-kinase making the total Ptdlns kinase 
activity appear lower in samples in the early stages of the purification
as they contain a high proportion of Ptdlns 4-kinase. The purification
described here is more rapid due to the omission of gel permeation 
chromatography and dialysis so it would be expected that lower levels of 
degradation of Ptdlns 3-kinase would occur during the course of the 
purification. Omission of the gel permeation chromatography did not 
appear to alter the stability of the recovered protein despite the
presence of certain low molecular weight contaminants. In fact this
omission resulted in the purification of larger quantities of Ptdlns 3- 
kinase as the recovery from gel permeation had not exceeded 80%. The 
purification of Ptdlns 3-kinase by this method is represented in Table 
4.2. The apparently improved purification following chromatography 
on Mono Q in the presence of Mg^+ and ATP is presumed to be due to the 
rapidity with which this preparation protocol can be undertaken, 
resulting in a reduction in the losses due to instability in low salt 
b u ffe rs .

4 .3  LARGE SCALE PURIFICATION - PURIFICATION III.

A large scale purification of Ptdlns 3-kinase was developed in order to 
obtain sufficient protein for sequence analysis. The purification was 
essentially as described in section 4.1 with the omission of the gel 
permeation chromatography and the inclusion of chromatography on Q 
Sepharose Hi-load. The purification was undertaken jointly by myself 
and Fernanda Ruiz-Larrea from the Ludwig Institute.

In each preparation a total of 12 bovine brains were homogenised 3 at a 
time in 4 L of buffer B as described in section 4.1. The 16-18 L of crude 
homogenate was centrifuged at 4000 rpm for 30 min in a Beckman J6 
centrifuge, the supernatant was decanted and centrifuged at 9000 rpm 
for 30 min in a Sorvall GS 3 rotor. The pellets from the 4000 rpm spin 
were pooled and re-homogenised in 4 L of buffer B. The re- 
homogenised material was centrifuged at 4000 rpm and 9000 rpm as 
described for the crude homogenate. The supernatants from the 9000
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rpm spins were pooled and protein precipitated by the addition of 20 % 
(w/v) ammonium sulphate as described in section 4.1. The ammonium 
sulphate pellet was resuspended in 4 L of buffer B (section 4.1.2), re
homogenised using a Elvehem-Potter homogeniser and dialysed 
overnight against 2 x 40 L of buffer B. The dialysed protein was 
centrifuged at 12000 rpm for 30 min in a Sorvall GS A rotor.

The protein was loaded onto a 3 L column of DEAE cellulose 
which was linked in series to a 1 L phosphocellulose column, both 
matrices had been pre-equilibrated in buffer B. The matrices were 
packed into Pharmacia Bioprocess columns which have a 113 mm 
diameter. Protein was loaded using a Pharmacia P500 pump at 499 ml/h. 
Once the protein was loaded the columns were washed in series with 6 L 
of buffer B. The phosphocellulose column was then connected up to a 
FPLC system, washed with a further 2 L of buffer B, protein was then 
eluted stepwise with 3 L of buffer containing 0.1 M NaCl followed by 3 L 
of buffer containing 0.2 M NaCl. The flow rate for elution was 10 
ml/min. Fractions of 200 ml were collected using a Pharmacia Frac 300 
fraction collector. Ptdlns kinase activity was assayed with Ptdlns 
presented as pure sonicated phospholipid and in the presence of NP-40 
and quantified by Cerenkov counting. No detergent stimulated Ptdlns
kinase activity was detected. Detergent inhibited Ptdlns kinase activity 
was eluted off the column in 0.2 M NaCl in a volume of 1 - 1.2 L. The 
active fractions were pooled, Triton X-100 was added to a concentration 
of 0.02 % (v/v) and the protein was dialysed against 2 x 10 L of buffer C 
(section 4.1.5).

The dialysed protein pool from the phosphocellulose column was loaded 
onto a Q Sepharose Hi-load column which had been pre-equilibrated in
buffer C using a Pharmacia P500 pump. The column was connected to a 
Pharmacia FPLC system and washed with 150 ml of buffer C. Protein was 
eluted with a 250 ml gradient of 0 - 0.5 M NaCl at a flow rate of 2 ml/min. 
The A280 was measured as an indication of protein concentration. 
Fractions of 10 ml were collected and assayed for Ptdlns kinase activity 
with Ptdlns presented as the pure sonicated phospholipid. Ptdlns kinase 
activity was eluted as a single peak in a volume of 50 ml at 
approximately 0.2 M NaCl. The active fractions were pooled and dialysed 
against 2 x 2 L buffer C (section 4.1.5).

The dialysed protein was centrifuged at 40,000 rpm in a Ti 45 rotor in a 
Beckman ultracentrifuge for 30 min. The supernatant was loaded onto a 
Mono Q HR 10/10 column which had been pre-equilibrated in buffer C 
using a Pharmacia P500 pump. The column was connected to an FPLC 
system, washed with 25 ml of buffer C and the protein eluted on a 40 ml
gradient of 0 - 0.2 M NaCl at 1 ml/min. The A280 was measured as an



indication of protein concentration. Fractions of 1 ml were collected 
and assayed for Ptdlns kinase activity with Ptdlns presented as the pure
sonicated phospholipid. The Ptdlns 3-kinase activity was eluted in a 
volume of 4 -5 ml at approximately 150 mM NaCl.

The active fractions from the Mono Q HR 10/10 chromatography were 
pooled and dialysed against 2 x 500 ml of buffer C. MgCl2 and ATP were 
each added to a final concentration of 1 mM and protein was loaded onto 
a Mono Q HR 10/10 column which had been equilibrated in buffer C 
containing 1 mM MgCl2 and ATP. The column was washed with 25 ml of
buffer C containing MgCl2 and ATP and protein eluted on a 40 ml linear
gradient of 0 - 0.2 M NaCl at 1 ml/min. Protein concentration was 
monitored by measuring the A280- Fractions of 0.5 ml were collected 
and assayed for Ptdlns kinase activity with Ptdlns presented as the pure
sonicated phospholipid. Ptdlns 3-kinase activity was eluted from the 
column in a volume of 3 - 4 ml at approximately 150 mM NaCl. Proteins
in fractions across the peak of Ptdlns kinase activity were separated by
PAGE on 8 % SDS gels (section 2.4) and visualised by silver staining. 
Comparison of the activity profile with the proteins observed on SDS- 
PAGE gels revealed that only two proteins coincided with the Ptdlns
kinase activity, these had molecular weights of 110 and 85 kDa, as in the
standard and rapid purifications of Ptdlns 3-kinase described in sections
4.1 and 4.2.

The active fractions following chromatography on Mono Q in the 
presence of MgCl2 and ATP were pooled, dialysed against buffer 
containing 50% (v/v) glycerol and stored at -20°C as described in 
section 4.1.8. Purification by this method gave a 500 - 600 fold 
purification of Ptdlns 3-kinase, yielding protein at a specific activity 10 
- 20 nmol/min/mg (approximately half of that achieved in either of the 
smaller preparations). The purification is presented in Table 4.3. This
method provides a highly comparable purification to the smaller scale 
preparations described above yielding sufficient quantities of both the 
85 kDa and 110 kDa proteins for sequence analysis from a single 
preparation. Both the 85 and 110 kDa components of the preparation 
were later processed by Justin Hsuan at the Ludwig Institute for peptide 
sequencing, as described in Chapter 6.
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5 BIOCHEMICAL CHARACTERISATION OF PTDINS 3-KINASE.

A characterisation of the Ptdlns kinase activity, purified as described in
section 4.1, was undertaken to verify that the protein was indeed a 
Ptdlns 3-kinase and to evaluate the kinetic properties and substrate 
specificity of the purified protein. Investigation of the biochemical
properties of the enzyme required highly purified material in order 
that the characteristics identified could be attributed to the Ptdlns 3- 
kinase itself without contributing effects from other proteins present 
in the preparation. An assessment of the kinetic properties of the 
purified Ptdlns 3-kinase, involving an evaluation of the apparent Km 
values of the protein for ATP, Ptdlns and Mg^+ was undertaken and is 
described in section 5.2. The purified Ptdlns 3-kinase was found to be 
capable of utilising PtdIns(4)P and PtdIns(4,5)P2 as alternative 
substrates in place of Ptdlns, as described in section 5.3.

5.1 VERIFICATION THAT THE PURIFIED ENZYME IS A PTDINS
3-K IN A S E .

Once a substantial purification of Ptdlns kinase had been achieved the 
products of Ptdlns kinase assays were characterised by deacylation to 
the glycerophosphoinositol species, deglyceration to yield the 
corresponding inositol bisphosphate species followed by HPLC analysis. 
This characterisation of the product of the purified Ptdlns kinase 
demonstrated that the purified protein was indeed a Ptdlns 3-kinase and 
is described in Chapter 3.

5.2 KINETIC CHARACTERISATION OF THE PURIFIED PTDINS 
3-K IN A SE

Ptdlns kinase assays of enzyme preparations purified as described in
section 4.1 were carried out at a series of enzyme dilutions and for 
different times in order to determine conditions under which the assay 
would be linear. Assays were found to be linear at dilutions in excess of 
20 fold (Fig. 5.2.0a) for times not exceeding 10 min (Fig. 5.2.0b) ie, so that 
each assay contained not more than 5 units of activity (1 unit is 1 
nmol/min/ml). The purified enzyme was used to investigate the rates of 
phosphorylation of Ptdlns in assays (performed as described in section
2.2.1) with varying concentrations of ATP (section 5.2.1), MgCl2 (section
5.2.2) and Ptdlns (section 5.2.3). The data were expressed in terms of 
Michaelis-Menten kinetics to define the apparent Km and Vmax values 
for each substrate. The Vmax serves as an indication of the catalytic 
rate of an enzyme reaction for a particular substrate. The apparent Km 
value represents a crude indication of the affinity of an enzyme for a 
given substrate. Where the results followed Michaelis-Menten kinetics



Fig. 5.2.0 Investigation  of the lin ea rity  of P td ln s  kinase
a s s a y s .

Ptdlns kinase assays, of preparations which had been purified as 
described in section 4.1, were performed with Ptdlns presented as the 
pure sonicated phospholipid, 
a - Effect of enzyme d ilu tion .
Assays were for 5 min in the presence of increasing concentrations of 
Ptdlns kinase preparation, 
b - T im e course.
Assays were carried out with a 20 fold dilution of Ptdlns kinase 
preparation, and terminated after varying times.



A
ct

iv
it

y 
(n

m
ol

/m
in

/m
l)

Fig 5.2.0a
106

6000

5000

4000

3000

2000

1000

0.2 0.6 0.80.0 0.4 1.0

Protein conce nt ra t ion

i (Arbitary units).
b I

250

200

150

100

50

355 200 10 15 2 5 30

Time (min)



analysis was performed using the ENZFITTER programme (Elselvier- 
Biosoft, U.K.) to determine apparent Km values, these values are 
represented in Table 5.2.0. In each case the titrations were repeated 
and assays were performed in triplicate. The results of this kinetic 
analysis were later used to optimise the assays of Ptdlns 3-kinase 
activity resulting in the development of the assay system described in 
section 2.2.2.

5 .2 .1  D ependence on ATP.

The requirement of the purified Ptdlns 3-kinase for ATP was 
investigated in Ptdlns kinase assays with ATP concentrations ranging 
from 160 pM to ImM. Assays were for 7 min using a 20 x diluted enzyme 
stock with 540 pM pure sonicated Ptdlns and 2.5 mM MgCl2 (see below).
A representative set of data from these assays is presented in Fig. 5.2.1. 
The purified Ptdlns 3-kinase was found to have an apparent Km for ATP 
of 67 pM as determined using the ENZFITTER programme. From these 
assays it was clear that ATP concentration (ie., 50 pM final 
concentration) that had previously been used in assays was sub-optimal. 
In addition to the ATP requirements of the Ptdlns 3-kinase, other 
kinases (see section 7.3) or ATPases which might be present in the 
preparation would also utilise the ATP, thus increasing the 
concentration apparently required for maximal Ptdlns 3-kinase 
activity. From this kinetic evaluation the assay conditions were
optimised giving a final concentration of ATP of 250 pM. In order to 
save on the cost of radioisotopes [y32p]ATp was use(j at a specific activity 
of 400 cpm/pmol.

5.2.2 D ependence on m agnesium .

To investigate the effect of magnesium ion concentration on Ptdlns 
kinase activity a purified enzyme was assayed for phosphorylation of 
pure sonicated Ptdlns in the presence of concentrations of MgCl2 
between 2.5 pM and 10 mM. Inhibition of enzyme activity was observed 
at concentrations above 3 mM, as shown in Fig. 5.2.2a. An apparent Ka 
was calculated using the ENZFITTER programme by inputting rate data 
relating to Mg2+ concentrations below 2.5 mM (Fig 5.2.2b), ie., for 
concentrations below those at which inhibition was observed. The 
apparent Ka for Mg^+ was estimated to be 6.9 mM which does not 
compensate for the inhibition at high concentration. The finding that 
the apparent Ka for Mg^+ greatly exceeds the apparent Km for ATP (ie.,
6.9 mM as opposed to 67 pM) suggests that the Mg^+ is being utilised for 
something else in addition to chelating ATP, eg., in addition to the ATP 
binding site(s) there may be site(s) on the Ptdlns 3-kinase which bind 
magnesium or other divalent ions. MgCl2 was added to a final 
concentration of 2.5 mM for future Ptdlns kinase assays (section 2.2.2)



T able 5.2.0 K inetic analysis of pu rified  P td ln s  3-kinase.
The Ptdlns 3-kinase (purified as described in section 4.1) was assayed 
described in section 2.2.1 at varying concentrations of the substrates 
indicated. Apparent Km values were computed using the ENZFITTER
p ro g ram m e.

S u b s t r a t e  A pparen t K m

ATP 67 pM

Mg2+ 6.9 mM

Ptdlns (sonicated) 34 pM

Ptdlns (in 0.5% (w/v) cholate) 48 pM

Ptdlns (with 0.5 mg/mlPtdSer) 60 pM



Fig. 5.2.1 Effect of ATP concentration on Ptdlns 3-kinase
a c t i v i t y .

Ptdlns kinase assays were performed as described in section 2.2.1 with 
Ptdlns presented as the pure sonicated phospholipid in the presence of 
varying concentrations of ATP.
a - Michaelis-Menten kinetics. Plot of reaction rate against substrate 
c o n c e n tra tio n .
b - Lineweaver-Burke plot. Double reciprocal plot of substrate 
concentration against rate, allowing a determination of the apparent 
Km- The apparent Km for ATP was determined, using the ENZFITTER 
programme (Elsevier-Biosoft, UK) as 67 p M .
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Fig. 5.2.2 Effect of Mg2 + concen tra tion  on P td ln s  kinase 
a c t i v i t y .

Ptdlns kinase assays were performed as described in section 2.1.1 with 
Ptdlns presented as the pure sonicated phospholipid in the presence of 
varying concentrations of MgCl2-
a - Plot of reaction rate against Mg^+ concentration. Concentrations 
above 2.5 mM were found to be inhibitory for Ptdlns kinase activity, 
b - Double reciprocal plot of reaction rate against Mg^+ concentration. 
Data for Mg^+ concentrations below 2.5 mM were used to determine the 
apparent Ka. The apparent Ka , calculated using the ENZFITTER 
programme (Elsevier-Biosoft) was 6.9 mM.
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as this concentration was found to be optimal for the purified Ptdlns 3- 
k in ase .
The ability of manganese to replace magnesium in assays of purified 
Ptdlns 3-kinase was also assessed. Assays were performed in the 
presence of either 2.5 mM MgCl2 or 2.5 mM MnCl2 with Ptdlns presented 
either as the pure sonicated phospholipid or in the presence of 0.5% 
(w/v) cholate. Ptdlns 3-kinase activity in the presence of Mn^+ w as 
reduced to between 20 and 25% of the activity found in the presence of 
M g2+ irrespective of the substrate presentation (Table 5.2.2). The
inhibition of phosphorylation of PtdIns(4)P and PtdIns(4,5)P2 in the 
presence of Mn^+ is discussed in section 5.3.

5.2.3 Dependence on Ptdlns.

To examine the effect of substrate presentation on enzyme activity 
Ptdlns kinase assays were performed as described in section 2.2.2, with 
enzyme purified as described in section 4.1, either in the presence of 
increasing concentrations of sonicated PtdSer (Fig. 5.2.3.1a) or of 
sodium cholate (Fig 5.2.3.1b). In assays performed with mixed micelles 
of Ptdlns and PtdSer maximal activity was observed in the presence of 
290 pM PtdSer. Subsequent Ptdlns/PtdSer mixed micelle assays were 
performed by preparing PtdSer as a 0.5 mg/ml stock with Ptdlns, this is 
diluted four-fold in the assay. In the case of cholate, maximal activity 
was observed in the presence of a final concentration of 0.13% (w/v) 
cholate. Subsequent assays were therefore performed with Ptdlns 
stocks prepared in the presence of 0.5% (w/v) cholate, these stocks were 
diluted four fold in the assays.

To determine the effect of substrate presentation on the apparent 
affinity of Ptdlns kinase for Ptdlns, assays were performed in the 
presence of varying concentrations of Ptdlns which was presented as 
the pure sonicated phospholipid, in the presence of 0.5% sodium cholate 
or as mixed micelles containing 0.5 mg/ml PtdSer. The activites 
determined are presented in Fig. 5.2.3.2a and the Lineweaver Burke 
plots derived from them are shown in Fig 5.2.3.2b. The apparent Km 
values derived for the three methods of substrate presentation showed 
less than a two-fold variation (Table 5.2.0), the apparent Km for Ptdlns 
presented as the pure sonicated phospholipid was 34 pM, in the presence 
of 0.5% (w/v) cholate the value was 48 pM and in the presence of 0.5 
mg/ml PtdSer the apparent Km was 60 pM. The effect of performing 
titrations of Ptdlns, PtdIns(4)P and PtdIns(4,5)P2 with lipids presented 
as the pure sonicated phospholipid or in the presence of 0.5% (w/v) 
cholate is discussed in section 5.3.



Table 5.2.2 Effect of m anganese on P td ln s  3-kinase.
Ptdlns 3-kinase purified as described in section 4.1. was assayed in the 
presence of pure sonicated Ptdlns as described in section 2.2.2 with 
either MgCl2 or MnCl2 at a concentration of 2.5 mM. Assays were for 5 
m in .

S u b stra te  Activity (nmol/min/ml)
M agnesium  M anganese

P td ln s 4.6 1.2

Ptdlns in 0.5% (w/v) cholate 5.3 1.0

P td In s(4 )P 1.3 0.4

PtdIns(4)P in 0.5% (w/v) cholate 1.0 0.8

PtdIns(4 ,5)P2 1.1 0.3

PtdIns(4 ,5)P2 in 0.5% (w/v) cholate 1.1 0.7



Fig. 5.2.3.1 Effect of substrate presentation on Ptdlns
kinase activ ity .

a - Effect of P tdS er on P td lns kinase activity .
Ptdlns kinase assays were performed as described in section 2.1.1 with
Ptdlns presented in mixed micelles with varying concentrations of
PtdSer. The final concentration of PtdSer ranged from 0 - 3.5 mM.

b - Effect of cholate  concen tra tion  on P td ln s  k inase activ ity . 
Ptdlns kinase assays were performed as described in section 2.1.1 with
Ptdlns presented as mixed micelles with increasing concentrations of
sodium cholate. Cholate concentrations in the final assay ranged from 0 
- 5% (w/v).
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Fig 5.2.3.2 Effect of Ptdlns presentation on Ptdlns kinase
a c t i v i t y .

Ptdlns kinase assays were performed as described in section 2.1.1 with 
varying concentrations of Ptdlns presented as the pure sonicated 
phospholipid (□ ) ,  with 0.5 mg/ml PtdSer ( # )  or with 0.5% (w/v) sodium 
cholate ( ♦ ) .

a - Plot representing the effect of Ptdlns concentration on the rate of 
PtdlnsP formation with Ptdlns presented three different ways, 
b - Double reciprocal plot of Ptdlns concentration against rate of 
PtdlnsP formation for three different substrate presentations. An 
apparent Km for Ptdlns was determined, using the ENZFITTER 
programme (Elsevier-Biosoft), for concentrations of Ptdlns below 250 
pM for each method of substrate presentation. These values were; for 
pure sonicated phospholipid - 34 pM, for mixed micelles with sodium 
cholate - 48 pM and with PtdSer - 60 pM .
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5 . 2 . 4  Effect of Calcium.

Many of the enzymes involved in signal transduction including the 
phospholipase C and protein kinase C enzymes are regulated by calcium. 
Following nucleotide sequence analysis of the clone of the 85 kDa 
protein (Appendix II) a potential Ca^+ binding domain was found to be 
present in the protein. Assays were performed as described in section 
2.2.2., in the presence of 100 pM CaCl2 or in the presence of 2 mM EGTA 
to determine whether the purified Ptdlns 3-kinase was dependent upon 
C a2+ concentration. The activity of the purified Ptdlns 3-kinase was 
found to be independent of Ca^+ concentration regardless of the 
presentation of Ptdlns (Table 5.2.4).

5 .3  SUBSTRATE SPECIFICITY OF THE PURIFIED PTDINS 3- 
KINASE

It has previously been reported that PtdIns(4)P and PtdIns(4,5)P2 can 
be phosphorylated in the 3-hydroxyl position by an activity present in 
immunoprecipitates from polyoma virus transformed 3T3 cells 
[Courtneidge & Heber. (1987)] and that transients of PtdIns(3,4)P2 and 
P IP3 are observed following PDGF stimulation of smooth muscle cells 
[Auger et al. (1989b)], after stimulation of neutrophils [Traynor-Kaplan 
et al. (1987)] and following EGF stimulation of Leydig cells [Pignataro & 
Ascoli. (1990)]. However it was possible that the 3'hydroxyl 
phosphorylations of Ptdlns, PtdIns(4)P and PtdIns(4,5)P2 w ere  
attributable to different enzymes or that enzymes capable of 
phosphorylating the Ptdlns phospholipids in positions other than the 3' 
hydroxyl position were present, eg., PtdIns(3,4 ,5)P3 could theoretically 
be the product of either the 3' hydroxyl phosphorylation of 
P tdIns(4 ,5)P2 or of the 5'hydroxyl of PtdIns(3,4)P2.

Purified Ptdlns 3-kinase was therefore assayed for its ability to 
phosphorylate both PtdIns(4)P and PtdIns(4,5)P2. Ptdlns, PtdIns(4)P 
and PtdIns(4,5)P2 were presented in separate assays as either pure 
sonicated phospholipid or in sodium cholate (0.5% (w/v)). The lipid 
products were analysed on TLC as described in section 2.2.4.2 and 
visualized by autoradiography as shown in Fig. 5.3.1. Phosphorylation 
of PtdIns(4)P yielded a single product which migrated on TLC in the 
region of PtdInsP2 . TLC analysis of the products of PtdIns(4,5)P2 
phosphorylation yielded an inositol lipid that migrated slower than 
P tdInsP 2 and is presumed to be PtdIns(3,4,5)P3 based upon the 
specificity of the kinase described above. The products of separate 
assays performed with pure sonicated Ptdlns, PtdIns(4)P and 
PtdIns(4,5)P2 were deacylated and analysed by HPLC as shown in Fig. 
5.3.2. Tritiated standards were run internally. The product from assays



Table 5.2.4 Effect of CaCl2 concentration on Ptdlns
3-kinase activity.

Ptdlns 3-kinase which had been purified as described in section 4.1 was 
assayed as described in section 2.2.2 in the presence of pure sonicated 
Ptdlns either in a standard assay buffer, in the presence of 100 |iM CaCl2 
or in the presence of 2 mM EGTA.

S u bstra te Activity
-CaCl2

(nm ol/m in/m l)
+CaCl2 +EGTA

P td ln s 7.0 5.9 5.6

Ptdlns in 0.5% (w/v) cholate 14.0 15.0 13.0

P td In s(4 )P 2.7 2.7 2.3

PtdIns(4)P in 0.5% (w/v) cholate 2.5 1.9 1.0

PtdIns(4 ,5)P2 0.7 1.0 0.5

PtdIns(4 ,5)P2 in 0.5% (w/v) cholate 1.6 1.9 1.4



Fig. 5.3.1 Substrate specificity of purified Ptdlns kinase.

Ptdlns kinase assays of purified preparations were performed as 
described in section 2.2.2. Assays were for 5 min with either Ptdlns 
(lanes a & d), PtdIns(4)P (lanes b & e) or PtdIns(4,5)P2 (lanes c & f) as 
the substrate. Lipids were at a final concentration of 0.5 mg/ml and 
were presented either as the pure sonicated phospholipid (lanes a - c) 
or in the presence of 0.5% (w/v) sodium cholate (lanes d - f). The lipid 
products were extracted and resolved by TLC in propan-l-ol:2N acetic 
acid (65:35). Radioactivity was visualised by autoradiography. P IP  - 
PtdIns(4)P standard, P I P 2 - PtdIns(4,5)P2 standard, P I P 3 - proposed 
P tdInsP3 -
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Fig. 5.3.2 HPLC analysis of the products of P td ln s kinase 
assays perform ed w ith P td ln s , P tdIns(4)P  and 
P td Ins(4 ,5 )P 2  as su b s tra te s .

Ptdlns kinase assays were performed with Ptdlns kinase preparations 
which had been purified as described in section 4.1. Assays of 20 x 
normal volume were performed in the presence of pure sonicated 
Ptdlns (a), PtdIns(4)P (b) or PtdIns(4,5)P2 (c) and incubated overnight 
at room temperature. The lipids were extracted and deacylated (as 
described in section 2.3.1). The deacylated [^^P]lipid products ( ♦ )  were 
analysed by HPLC with internally run standards of [^H ]G roPIns, 
[^H]GroPIns(4)P and [^H]GroPIns(4,5)P2 (□)•• HPLC was performed on a 
Partisphere SAX column with a linear gradient of 0 - 1M (NH4 )2HPC>4 . 
Pump A - water, pump B - 1M (NH4)2HP0 4  (pH 3.8). Time 0 - 1 0  min 0% B, 
followed by a gradient of 0 - 25% B over 50 min and 25 - 100% B over a 
further 60 min at a flow rate of 0.5 ml/min. Fractions were collected 
and the radioactivity quantified by scintillation counting.
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with Ptdlns as a substrate was deacylated, deglycerated and run on HPLC 
(as described in section 3.3.2) and shown to be PtdIns(3)P on the basis of 
coelution of the InsP2 product with Ins(l,3)P2- The deacylated product 
of assays with PtdIns(4)P as the substrate was found to elute ahead of the 
G roPIns(4,5)P2 standard (Fig. 5.3.2b). The 3'phosphorylated products 
are the only forms reported to elute ahead of the 4'phosphorylated 
glycerophospholipids [Whitman et al. (1988)]. This product is therefore 
thought to be PtdIns(3,4)P2- The deacylation products of assays 
performed with PtdIns(4,5)P2 as the substrate were mixed (Fig. 5.3.2c) 
containing products migrating at the times reported for GroPIns(3)P, 
G roPIns(3,4)P2 as well as GroPInsP3. However, unlike the TLC shown in 
Fig.5.3.1 autoradiography following TLC analysis of the products of 
assays performed with the preparation which was deacylated revealed 
spots corresponding to PtdlnsP and PtdInsP2 in addition to the proposed 
P IP 3 . The mixed products could be attributed to either the lack of purity 
of the preparation, such that 4' or 5' phosphatase activities could be 
present with the Ptdlns 3-kinase or due to lack of purity of the 
particular batch of PtdIns(4,5)P2 used as a substrate in these assays. The 
latter possibility was confirmed by the observation that in assays 
performed with a fresh batch of PtdIns(4,5)P2 the only product was
PIP3 (as judged by TLC analysis, Fig. 5.3.1)

To examine the effect of substrate presentation on the rate of 
phosphorylation of Ptdlns, PtdIns(4)P and PtdIns(4,5)P2 experiments 
were carried out with substrates presented as the pure sonicated
phospholipid or in the presence of 0.5% (w/v) sodium cholate. The rates
of phosphorylation varied for the different substrates as shown in Fig.
5.3.3. |
The rates of phosphorylation of similar concentrations of Ptdlns, PtdIns(4)P and 
PtdIns(4,5)P2 are represented in Table 5.3.
Ptdlns was the preferred substrate under all conditions examined 
although it is evident that under optimal conditions activity towards all 
three inositol lipids is comparable.

The effect of Mn^+ on phosphorylation of PtdIns(4)P and PtdIns(4,5)P2 
was investigated as shown in Table 5.2.2. As with Ptdlns the 
replacement of Mg^+ by Mn^+ resulted in a reduction of the observed 
Ptdlns kinase activity. With PtdIns(4)P or PtdIns(4,5)P2 as substrates 
there was a marked difference in the degree of inhibition depending 
upon the substrate presentation. In assays performed with pure
sonicated phospholipid activity was reduced to 25 -30% while with those
performed in the presence of cholate 80% of the former activity was
observed for PtdIns(4)P and 65% with PtdIns(4,5)P2 as the substrate.
The reason for this difference remains unclear.



Fig. 5.3.3 Effect of su b stra te  concen tra tion  and
presen ta tion  on P td ln s  kinase activ ity  with 
P td ln s , P td Ins(4 )P  and  P td Ins(4 ,5 )P 2  as 
s u b s t r a t e s .

Ptdlns kinase assays were performed with Ptdlns kinase preparations, 
which had been purified as described in section 4.1. Assays were for 5 
min with varying concentrations of Ptdlns (a), PtdIns(4)P (b ) or 
P tdIns(4 ,5)P2  ',c). Lipids were presented either as the pure sonicated 
phospholipid ( □ )  or in the presence of 0.5% (w/v) sodium cholate ( ♦ ) .  
Radioactivity was quantified by Cerenkov counting.
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Table 5.3 S u b stra te  specificity  of pu rified  P td ln s  3-
k in a  s e .

Ptdlns 3-kinase purified as described in section 4.1 was assayed as
described in section 2.2.2 in the presence of 270 pM Ptdlns, 236 pM
PtdIns(4)P or 220 pM PtdIns(4,5)P2. Lipids were presented as either the 
pure sonicated phospholipid (S), in the presence of 0.5%(w/v) sodium
cholate (C) or as mixed micelles containing 1.2 mM PtdSer (PtdSer).

S ubstra te  A ctivity (nm ol/m in/m l)
P td lns-S  Ptdlns-C  P td ln s-P td -S er

P td ln s  20 26 33

P td Ins(4 )P  4.8 13 7.7

PtdIns(4,5P2 3.3 7.2 3.1
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The effect of Ca^+ was measured with Ptdlns, PtdIns(4)P and 
PtdIns(4,5)P2 as substrates (section 5.2.4 and Table 5.2.4). Ca^+ was 
found to have no effect on the kinase activity against any of these 
su bstra tes .

5.4 PTDINS(3)P AS A SUBSTRATE FOR PHOSPHOL1PASE C
ENZYMES.

Although there is good evidence that Ptdlns 3-kinase is involved both in 
transformation of fibroblasts by Polyoma virus from studies with middle 
T antigen mutants [Courtneidge & Heber. (1987)] [Kaplan et al. (1987)] 
and in signal transduction leading to mitogenesis following PDGF 
stimulation of fibroblasts [Coughlin et al. (1989)], the further 
metabolites of the 3'hydroxyl phosphorylated lipids remain elusive. The 
possibility that these lipids might be substrates for the purified Ptdlns- 
PLC enzymes was investigated.

Approximately 1 x 10^ cpm of Ptdlns(3)[32p] product of Ptdlns 3-kinase 
assays was resolved from unreacted Ptdlns by TLC. These preparations 
had previously been shown to be free from Ptdlns 4-kinase 
contamination, such that the only product of Ptdlns kinase assays 
performed with Ptdlns as the substrate was PtdIns(3)P (see section 3.3). 
The PtdlnsP region of the TLC plates was scraped and the lipids extracted 
in chloroform:methanol (2:1,(v/v)). The PtdIns(3)P was presented in 
mixed micelles with sodium cholate as a substrate for purified Ptdlns- 
PLCs 52 [Meldrum et al. (1989)] and fJl [Katan & Parker. (1987)]. 
A pproxim ately 1 x 10^ cpm of PtdIns(3)P were added to each reaction. 
Ptdlns-PLC assays were performed as previously described [Katan & 
Parker. (1987)]. Control assays were performed simultaneously with 
P td[3H]Ins(4)P and Ptd[3H]Ins(4,5)P2 as substrates. The Ptdlns-PLC 
assays were terminated and the inositol phosphate products resolved 
from the lipid substrates by phase separation in chloroform and 
methanol. Aliquots of each phase were taken and the radioactivity 
quantified by Cerenkov counting for the assays performed with 
P td In s(3 )[32P] as the substrate and by scintillation counting for the 
control assays. No hydrolysis of PtdIns(3)P was observed with either 
Ptdlns-PLC Pi or 52-

Other workers have reported that PtdIns(3)P is a very poor substrate for 
the Ptdlns specific PLCs [Serunian et al. (1989)] [Lips et al. (1989)], 
however in neither of these studies was the Ptdlns 3'phosphorylated 
lipid presented as a substrate in the absence of other Ptdlns lipids. The 
presence of other lipids in the assay might be expected to alter the 
extent of hydrolysis of a 3'phosphorylated Ptdlns lipid as the other 
Ptdlns lipids are also substrates for the Ptdlns-PLC enzymes and might 
be hydrolysed preferentially. However in this laboratory the Ptdlns-



PLC assays were performed only in the presence of PtdIns(3)P and 
yielded an identical result, demonstrating that PtdIns(3)P is not a 
substrate for two of the Ptdlns-PLC enzymes and supporting the 
evidence from other laboratories.



6 STRUCTURAL CHARACTERISATION OF 85 AND 110 kDa 
PROTEINS.

Examination of stained SDS-PAGE gels of preparations of Ptdlns 3-kinase 
which were purified by any of the methods described in Chapter 4 revealed 
that two proteins, of 85 and 110 kDa, consistently co-eluted with the Ptdlns 
3-kinase activity. It appeared likely that the Ptdlns 3-kinase might exist as 
a complex of these two proteins. A structural characterisation of the 85 kDa 
polypeptide was undertaken, involving protein sequencing and cloning. 
This polypeptide was initially selected as the proposed catalytic subunit 
based on its co-elution with Ptdlns 3-kinase activity on all 
chromatographic steps, its phosphorylation in the presence of activated 
PDGF receptor (see section 7.3) and renaturation of Ptdlns 3-kinase activity 
from this region of SDS-PAGE gels (section 7.2). The 85 kDa protein was 
prepared for peptide sequencing as described in section 6.1. A protein of 
110 kDa protein was also found to co-elute with Ptdlns 3-kinase activity in 
all preparations, on this basis the 110 kDa protein was also thought to be a 
component of the Ptdlns 3-kinase. The 110 kDa protein was sequenced as 
described in section 6.2.

6 .1  CHARACTERISATION OF THE 85 kDa PROTEIN

The 85 kDa protein was sequenced from several preparations of purified 
Ptdlns 3-kinase. Early characterisation involved preparative gel 
electrophoresis, excision of the 85 kDa band, electroelution, trypsinisation 
and peptide sequencing as described in section 6.1.1. Although this method 
yielded large amounts of sequence data, further preparations were 
dedicated to sequencing and the method described in section 6.1.2 was 
developed in order to reduce losses during preparation.

6 .1 .1  M ethod I.

Structural characterisation of the 85 kDa component of the Ptdlns 3-kinase 
from two separate preparations, each of 3 bovine brains, was initially 
performed as outlined in section 2.10. Protein was purified as described in 
section 4.1. Protein pools from the final Mono Q were each concentrated 
under vacuum into a volume of 1.5 ml and run on separate preparative 10% 
SDS-PAGE gels. Proteins were visualised by shadowing with 4M ammonium 
acetate. The 85 kDa band from each gel was excised, placed in narrow 
dialysis tubing with a minimum volume of running buffer and protein 
electroeluted at 100 mA overnight, the current was then reversed for 5 min 
before removal of the gel slice. The eluted protein was then dialysed 
against buffer containing 50 mM NH4 H CO 3 and 20% methanol for 2 x 24 h 
followed by 2 x 12 h dialysis against buffer containing 50 mM NH4H C O 3 and 
5% acetonitrile. The dialysis steps were required to remove the SDS from 
the samples as trypsin is inactive in SDS and SDS also interferes with the
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HPLC separations of the peptide fragments. The acetonitrile was added to 
the final dialysis buffer to ensure that hydrophobic peptides did not 
remain bound to the dialysis tubing following trypsinisation. Trypsin will
tolerate this concentration of acetonitrile.

Trypsinisation was carried out in the dialysis tubing such that the dialysed
protein was present at approximately a 50 fold molar excess over the 
trypsin. The concentration of trypsin was selected as being sufficient for
proteolysis of the 85 kDa protein but not high enough for the autocleaved 
fragments of trypsin to give an interfering signal on sequencing. A 
"trypsin only" control was incubated in parallel with the 85 kDa protein 
digest. After incubation at 4°C for 5 h in the presence of trypsin the 
protein was removed from the dialysis tubing. The protein from the two
preparations was mixed and the Ca^+ concentration adjusted to 1 mM.
Trypsinisation was allowed to continue at 37°C overnight.

The tryptic peptides were separated by Nicholas Totty at the Ludwig
Institute by reverse phase HPLC on a Cs column with a 14 ml gradient of 1 -
63% acetonitrile in 0.08% TFA (pH 2) at 40°C. The peptides were loaded in a 
volume of 5 ml by repetetive injections of 1 ml (using a 1 ml loading loop). 
200 pi fractions were collected. The control sample, which had contained 
only trypsin, was run on a separate chromatogram. The absorbance at 280 
nm and 214 nm was monitored throughout the elution. The absorbance at 
214 nm gives an indication of the peptide concentration as the peptide 
bonds absorb at this wavelength. The A214 trace is shown in Fig, 6.1.1.1.

Fractions from the HPLC were stored at 4°C until required. Peptide 
sequencing was carried out at the Ludwig Institute by Nicholas Totty on an 
Applied Biosystems 477 liquid pulse sequencer according to the 
manufacturers recomended specifications. Fractions corresponding to 
peaks on the A214 trace were selected for sequencing. It rapidly became 
clear that most fractions contained a mixture of peptides, these were often 
present in nearly equivalent amounts making the sequence identification 
of each impossible. Subsequent fractions were re-processed by HPLC on a 
C l 8 reverse phase column (100 mm x 1mm internal diameter) using a 
gradient of 0 - 32% acetonitrile in the presence of 30 mM sodium acetate 
(pH 5.5) at 40°C prior to sequencing. Reprocessing was carried out at pH 5.5 
at which any aspartic acid or glutamic acid residues would be charged 
(whereas they would not be charged at pH 2) such that any peptides 
containing these residues which had comigrated on the first run could be 
resolved due to the difference in charge. The use of a C ]g column in place 
of a Cs column (as used for the first HPLC) for the reprocessing would also 
alter the relative migration of peptides which had co-eluted following the 
first HPLC. The A214 was used as an indication of the elution position of the
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Fig. 6.1.1.1 HPLC separation of peptides from p85 (method I).

Ptdlns kinase was purified as described in section 4.1. The 85 kDa 
polypeptide was gel-purified from SDS-PAGE, the protein electroeluted and 
trypsinised. The resulting peptides were resolved by reverse phase HPLC 
on a C8 column on a 14 ml gradient of 0 - 63% acetonitrile in 0.08% TFA (pH 
2) over 90 min at 40°C. The A214 was measured as an indication of peptide 
concentration. Fractions of 200 pi were collected.



HP
LC

 
se

pa
ra

tio
n 

of 
pe

pt
id

es
 

fro
m 

p8
5 

(m
et

ho
d 

I)

ei>
b

J

o o c D ^ r c u Q o o c n ^ - o j

n y ^



Fig. 6.1.1.2 Peptide sequence of the 85 kDa protein -
method 1.

The 85 kDa protein from two, three brain, preparations of Ptdlns 3-kinase, 
purified as described in section 4.1, was processed for sequencing as 
described in section 6.1.1 Peptides were separated by reverse phase HPLC 
(Fig. 6.1.1.1). Several fractions contained multiple peptides and were
reprocessed, ie., run on a second reverse phase HPLC. Oligonucleotides with 
sequences encoding several of the peptides were synthesised for use as 
probes for cloning (Appendix), these are labelled A -E . Homology 
searching was performed using the EMBL Swiss protein database.

FRACTION SEQUENCE PROBE HOMOLOGY

2 7 - 1  ISEIV D SR  

2 7 - 3  VTMQNLNDR 

2 7 - 4  ALYDYK 

2 7 - 5  TFENIEA 

2 7 - 6  RGAGGLK 

3 6 LLEEQNQVLQTK 

4 2 - 1  IGDTADGTFR 

4 2 - 2  TAIEAFNETIQK 

4 2 - 3  VLDELTLTK

4 8 - 4  T-LNDLEDALQQA

4 9 - 7  GDFPGTYVEYIG-R

K eratin  type I 

C SH3

D

K eratin  type II 

K era tin  type II

E

K eratin  type I 

K era tin  type II 

B SH 3

5 0 - 7  -ELLQQVDTST

5 0 - 8  -DFPGTYVEYIG SH 3

6 7 TEADSEQQASTINNLR A

82/83 YDNEQQEIDQTTALYQ K eratin  type II



peptides. Fractions corresponding to peaks on the A214 trace were then 
sequenced .

A total of 229 residues of sequence were obtained from this preparation, 
these are shown in Fig. 6.1.1.2. The EMBL Swiss protein database was 
searched to determine which of the peptides, if any, were homologous to 
previously characterised proteins. Several of the peptides (27-3, 27-6, 36, 
42-3, 48-4 and 82/83) had homology to keratins (Fig. 6.1.1.2). The 
significance of homology to keratin was hard to assess in structural terms 
if it was assumed that these sequences formed part of the 85 kDa protein. 
The possibility that keratins were contaminants in the preparation could 
not be discounted, if this was the case contamination would probably have 
occurred subsequent to the SDS-PAGE as no keratins as large as 85 kDa have 
been reported. Peptides from three of the fractions (27-4, 49-7 and 50-8) 
were found to be homologous to src homology domain 3 (SH3). Of these the 
same peptide was sequenced from fraction 49-7 and 50-8. The SH3 domain 
corresponds to a non-catalytic region of pp60c ",src which is common to a 
variety of cytoplasmic tyrosine kinases, Ptdlns-PLC y, p21rfl5 GAP and 
several cytoskeletal proteins. The SH3 domain is thought to be involved in 
attachment to the cytoskeleton. The importance of SH domains is discussed 
further in Chapter 8. The remaining peptides were unique.

Five oligonucleotides which, according to the predicted bovine codon 
usage, would be expected to encode peptides equivalent to peptides 27-4, 27- 
5, 42-2, 49-7 and 67 sequenced from this preparation (Fig. 6.1.1.2), were 
synthesised for use as probes for cloning (see Appendix). The keratin-like 
sequences were not selected for use as probes as many proteins contain 
keratin-like sequences so probes coding for these sequences would not be 
expected to be specific enough to select the desired clone and because the 
possibility that these sequences were from contaminating proteins could 
not be discounted. Two of the oligonucleotides represented sequences from 
the SH3 domain, but these would not be expected to hybridise to all other 
proteins containing SH3 domains as this is a homologous domain rather 
than a continuous identical sequence.

The peptide GDFPGTYVEYIG, based on the tryptic sequence 49-1 shown in 
Fig. 6.1.1.2, was synthesised and used to raise polyclonal antiserum as 
described in sections 2.11 and Chapter 7.

6.1.2 M ethod II.

A large scale purification of Ptdlns 3-kinase (section 4.3) was developed to 
produce sufficient of the 85 kDa protein for further peptide sequencing 
from a single preparation. Purification was carried out jointly by myself 
and Fernanda Ruiz-Larrea at the Ludwig Institute. The protein was 
prepared for sequencing by Justin Hsuan at the Ludwig Institute. Briefly



the purified Ptdlns 3-kinase preparation was boiled in sample buffer and 
run on a preparative Agarose gel (Pro-sieve agarose (manufactured by 
F.M.C. from Flowgen)) which was equivalent to a 7% acrylamide gel.
Proteins were visualised by staining with Coomassie blue (G250). A doublet 
of proteins was observed at 110 - 120 kDa, single protein bands were 
observed at approximately 102 and 85 kDa. Each of the protein bands was 
excised and stored separately at -20°C for future processing. For 
processing, the 85 kDa gel slice was thawed, washed in 50% methanol and 
then washed twice in 62.5 mM TrisHCl (pH 6.8). The Tris buffer was 
removed by aspiration. 40 ml of 10% SDS and 10 ml of 10% dithiothreitol 
were added, the sample was then boiled for 10 min and mixed. The gel was 
diluted 7 fold with hot 62.5 mM TrisHCl and loaded into a HPEC capillary.
Once the gel was set a focusing gel of 0.8% agarose in 1 M Tris/HCl (pH 8.8) 
was added and allowed to set. The chromatography was run on an ABI 230A 
HPEC at 2.5 mA constant current. Fractions of approximately 30 |il were 
collected. 10% of each fraction was taken and analysed by SDS-PAGE.
Protein was visualised by silver staining. The 85 kDa protein appeared as a 
distinct single band on these gels. The remainder of the fractions 
containing the 85 kDa protein were pooled (vol. approx 100 pi). Protein was 
precipitated with TCA and the precipitate washed with acetone. 0.2 mg of 
trypsin in 0.1 M Tris/HCl (pH 8) was added and the digest incubated at 37°C 
overnight prior to the addition of a further 0.2 mg aliquot of trypsin and 
incubation at 37°C for 4 h. Solid guanidiniumhydrochloride was added to a 
final concentration of 6 M to prevent protein/peptide aggregation and 
adherence to the walls of the tube. The sample was incubated at 37°C for 1 
h. HPLC was then performed as described in section 6.1. 200 pi fractions
were collected and sequenced as above. The A214 was measured to indicate 
the elution position of peptides. The trace is shown in Fig. 6.1.2.1. Fraction 
27 was reprocessed prior to sequencing as described in section 6.1.1.

The peptide sequences obtained by method II are shown in Fig. 6.1.2.2. 
Although fewer peptides were sequenced by this method the peptide from 
fraction 13 of the second run was found to represent the peptide from 
fraction 42-2 from the first sequencing protocol, and the peptide from 
fraction 23 of the second run was found to be the same as the peptide from 
fraction 49-7 of the initial run. Finding the same peptides from two 
separate preparations of Ptdlns 3-kinase purified and processed by 
different means Aent credibility to these peptides coming from the same 
protein. No keratin-like sequences were found in the second preparation 
which was taken to suggest that the keratin sequences in the first 
preparation probably arose through contamination of the preparation 
during processing. This seems particularly likely as the reported keratins 
are less than 60 kDa and would therefore not co-migrate with the 85 kDa 
protein on SDS-PAGE. However the possibility that the 85 kDa contained 
keratin homology domains remained.



Fig. 6.1.2.1 HPLC separation of peptides from p85 (method II).

Ptdlns kinase was purified as described in section 4.2. The 85 kDa 
polypeptide was gel-purified from Agarose gels, run on HPEC, TCA 
precipitated, acetone washed and trypsinised. The resulting tryptic 
peptides were resolved by reverse phase HPLC on a C8 column. A 14 ml 
gradient from 0 - 63% acetonitrile in 0.08% TFA (pH 2) was run over 90 min 
at 40°C. The A214 was measured as an indication of peptide concentration 
(bold trace). The A28O w*s also measured (faint trace). Fractions of 200 pi 
were collected.
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Fig. 6.1.2.2 Peptide sequence of the 85 kDa protein -
m ethod II .

The 85 kDa protein from on 12 brain preparation of Ptdlns 3-kinase, 
purified as described in section 4.3 was processed for sequencing as 
described in section 6.1.2 by Justin Hsuan. The resulting peptides were 
separated by reverse phase HPLC (Fig. 6.1.2.1) and sequenced. Some 
fractions contained multiple peptides and were reprocessed.

FRACTION PEPTIDE SEQUENCE

14  -  G EY T LE L -

2 3 GDFPGTYVEYIG—

13 TAIEAFNETIK

2 7 -1  LLYPVSK

2 7 -2 DGTFLVR



6.2 CHARACTERISATION OF THE 110 kDa PROTEIN.

A large scale purification of Ptdlns 3-kinase (section 4.3) was carried out 
by myself and Fernanda Ruiz Larrea in order to provide sufficient of the 
110 kDa protein for peptide sequencing. The purified 110 kDa protein was 
processed for sequencing by Justin Hsuan at the Ludwig Institute. The 
preparation was boiled in sample buffer and run on an agarose gel, the 
Coomassie stained 110 kDa band was excised, washed in methanol then 
prepared for HPEC in exactly the same way as for the 85 kDa protein 
(section 6.1.2). 10% of each fractions from the HPEC was taken as an
aliquot, analysed by SDS-PAGE and protein visualised by silver staining.
The fractions containing the 110 kDa protein were pooled, the protein 
precipitated with TCA and precipitates washed with acetone. Precipitated 
protein was resuspended in 20 mM TrisHCl (pH 8.8) with 0.1% SDS. The 
addition of 0.1% SDS in this preparation is to disrupt protein aggregation 
and to reduce losses due to peptides sticking to the reaction tube.

Digestion was carried out with lysylendopeptidase from Achrom obac ter  
lyticus (WAKO chemicals) as described above for trypsin in section 6.1.2. 
Lysylendopeptidase was used in preference to trypsin in this case as the 
protease cleaves less frequently than trypsin so that longer continuous 
peptide sequences could be obtained. Oligonucleotide encoding longer 
peptides might be expected to form more specific probes for cloning 
purposes. Unlike trypsin this protease retains its activity in low 
concentrations of SDS. HPLC was performed on an AX 300 anion exchange 
column linked in series to an OD 300 C]8 reverse phase column. The AX 300 
column effectively binds all of the SDS present in the sample before it 
comes into contact with the C js  column, so that the SDS has a minimal 
effect on the HPLC profile. Peptides were eluted on a gradient of 1 - 63% 
acetonitrile as described above (section 6.1.1). The SDS remains bound to 
the anion exchange column throughout the acetonitrile gradient, the 
resolution of the peptides following HPLC is therefore unaffected and the 
resultant fractions for peptide sequencing do not contain SDS. The A214 
was monitored throughout the elution and is shown in Fig. 6.2.1. Fractions 
were stored at 4°C until required. All fractions from this preparation were 
sequenced without reprocessing.

The peptide sequence data obtained for the 110 kDa protein are shown in 
Fig. 6.2.2. 220 residues of sequence were obtained from the preparation
shown. The peptide sequences were screened against the EMBL Swiss 
protein database for possible homologies to previously characterised 
proteins. All of the peptides sequenced were found to be unique. Several 
oligonucleotides were synthesised which, according to the predicted bovine 
codon usage, would be expected to encode certain of the peptides. The 
selection of oligonucleotides for probes and attempts to clone the 110 kDa 
protein are discussed further in Chapter 8.



Fig. 6.2.1 HPLC separation of peptides from pllO.

Ptdlns kinase was purified as described in section 4.2. The 110 kDa 
polypeptide was gel-purified from Agarose gels, subjected to HPEC, TCA 
precipitated, acetone washed and digested with lysylendopeptidase. The 
resulting peptides were resolved by HPLC on an AX 300 anion exchange 
column linked in series to an OD 300 C ig  column. Peptides were eluted on a 
14 ml gradient of 0 - 63% acetonitrile in 0.08% TFA (pH 2) over 90 min. 
Fractions of 200 pi were collected. The A214 was measured as an indication 
of peptide concentration (feint trace). The A280 was als° measured (bold 
tra c e ) .
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Fig. 6.2.2 Peptide sequence of the 110 kDa pro tein .
The 110 kDa protein from a 12 brain preparation of Ptdlns 3-kinase,
purified as described in section 4.3, was processed for sequencing by Justin 
Hsuan as detailed in section 6.2. Peptides were resolved on reverse phase 
HPLC (Fig. 6.2.1) and sequenced by Nicholas Totty. The EMBL Swiss database 
was searched to identify proteins with which the peptides had homology.
All the peptide sequences found were unique.

FRACTION SEQUENCE

1 6  A -D M V Y L K

2 0 FIPTY K

3 0 EQEWSLAVEG
AFADFMEGGE

31  AFADFMEG
(NDLQRLLK)

3 9 AFADFMEGGE
SLLQMVPLE

4 1  DQDRYVR-VDRE-VGTGIMG

4 2 IELILILDLATGT

4 3 LIDLEEDSV

4 5 FVSEVLAAQEAQSQLLV

5 2 -IN Q SD LY -
LLQLQQ-G-

5 5 SLINKNDLQRLLKFDQLNIQRTQK

5 8 /5 9  DFSSVFSGLLLFEENF
VNEDNRIMY GM



7 CATALYTIC SUBUNIT ANALYSIS.

A structural characterisation of a protein exhibiting a given activity 
requires identification of the protein or protein sub-unit responsible 
for that activity. Conventionally this is achieved by effecting a 
purification to homogeneity of that protein on the basis of activity.
Some proteins however are present in an active state in complexes 
which may not be readily disrupted by conventional means. In some 
cases complexes may be dissociated without the loss of activity but in 
other cases disruption of the complexes may result in loss of activity.
The loss of activity may be attributed to a variety of factors, eg., the 
active protein may consist of several subunits all of which are required 
for activity but only one of which need be the catalytic sub-unit. 
Alternatively the protein may alter its conformation when complexed 
in such a way that it becomes activated, disruption of the complex could 
then result in loss of activity due to a conformational change.

Although a substantial purification of the Ptdlns 3-kinase activity was 
achieved (as outlined in Chapter 4) the protein was not homogeneously 
pure. SDS-PAGE analysis of fractions across peaks of activity from 
chromatographs of purified material revealed that only two proteins, of 
85 kDa and 110 kDa, coincided exactly with Ptdlns 3-kinase activity (Fig.
4.1.7.2). It remained unclear which of these proteins was responsible 
for the catalytic activity. Other workers had demonstrated the presence 
of an 85 kDa phosphoprotein which coincided with Ptdlns 3-kinase 
activity in immunoprecipitates with Middle T antigen from Polyoma 
transformed fibroblasts [Courtneidge & Heber. (1987)] [Kaplan et al. 
(1987)]. Although there was a suggested association between the 85 kDa 
protein and Ptdlns 3-kinase activity, the protein responsible for Ptdlns 
3-kinase activity had not been formally identified. Further studies were 
therefore required before any kind of structural analysis could be 
carried out to identify the catalytic unit. These included further 
chromatography (section 7.1), attempts to renature activity from SDS- 
PAGE gels (section 7.2), an examination of the effect of phosphorylation 
on activity (section 7.3), an investigation of the effect of expression of a 
clone of the 85 kDa (section 7.6) and antibody studies (section 7.5)

7 .1  CHROMATOGRAPHIC METHODS

Once a rapid and reproducible purification of Ptdlns 3-kinase had been 
developed (Chapter 4) relatively large amounts of substantially purified 
material could be obtained routinely. However the preparation was not 
homogeneously pure and SDS-PAGE analysis of fractions across the 
activity peak from the final Mono Q column revealed that two proteins,



of 85 kDa and 110 kDa conicided with the Ptdlns kinase activity (Fig.
4.1.7.2). In terms of purification it was unclear whether the proteins 
remaining at this stage were truly complexed together or aggregating 
non-specifically. If they were present in a complex the possibility 
remained that the 85/110 complex could be disrupted without loss of 
activity, in order to determine which of these was responsible for the 
catalytic activity.

A variety of chromatographic methods were utilised in an attempt to 
resolve the Ptdlns kinase from other contaminating proteins and to 
separate the 85 kDa and 110 kDa proteins to determine which of these 
proteins was responsible for the Ptdlns kinase activity. Further 
chromatographic analysis included elongating the gradients on the 
Mono Q columns (section 7.1.1), chromatography on Superose 6 in the 
presence of cholate (section 7.1.2), chromatography on Heparin- 
Sepharose (section 7.1.3), chromatography on Mono S (section 7.1.4)
and affinity chromatography (section 7.1.5). The affinity matrices 
tested included an InsP-Sepharose (section 7.1.5.1), Ptdlns-Sepharose 
(section 7.1.5.2), ATP-Agarose (section 7.1.5.3),
phosphotyrosine/glycine-Sepharose (section 7.1.5.4) and an affinity
matrix coupled to a phosphorylated peptide corresponding to a region of
the kinase insert domain of PDGF receptor which has been shown to be 
important for binding of Ptdlns kinase (section 7.1.5.5).

7 .1 .1  M odified C hrom atography on Mono Q.

To improve the purification of Ptdlns 3-kinase on Mono Q, 
chromatography was run with elongated gradients such that the 
gradient ran from 0 - 0.2 M over 40 ml rather than over 30 ml. A 20% 
ammonium sulphate cut of bovine brain cytosolic fraction was subjected 
to chromatography on DEAE cellulose and phosphocellulose and 
prepared for chromatography on Mono Q exactly as described in section
4.1. Half of the preparation was loaded onto a Mono Q HR 10/10 column 
which had been equilibrated in buffer containing 10 mM p -  
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol pH 7.5 (buffer C; section 4.1) using a P500 pump. The 
column was connected to a Pharmacia FPLC system and washed with 25 
ml of buffer C. Protein was eluted on a 40 ml gradient of 0 - 0.2 M NaCl. 
The A28O was measured as an indication of protein concentration. 
Fractions of 0.5 ml were collected and assayed with Ptdlns presented as 
the pure sonicated phospholipid and in the presence of 1% NP 40 as 
described in section 2.2.2.
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The activity elution profile for this column is shown in Fig. 7.1.1a. Two 
distinct peaks of detergent inhibited Ptdlns kinase activity were 
observed which eluted at approximately 75 mM and 135 mM NaCl. The 
active fractions from the twin peaks were pooled separately and each 
subjected to chromatography on Sepharose CL 4B followed by 
chromatography on Mono Q in the presence of 1 mM MgCl2 and ATP 
with a 40 ml gradient of 0 - 0.2 mM NaCl. Each of the protein pools from 
the first Mono Q resulted in a single peak of detergent inhibited Ptdlns 
kinase activity on the subsequent columns.

Fractions from the peak of activity from each of the final Mono Q 
columns were pooled and equal volumes of each pool were run on 
adjacent lanes of 8% SDS-PAGE gels and stained with Coomassie blue 
(Fig. 7.1.1b). Purification of Ptdlns 3-kinase with extended gradients on 
the Mono Q yielded protein of greater purity than had previously been 
obtained. Ptdlns 3-kinase from the first activity peak was purified 
approximately 10,000 fold, contained approximately 160 pg/ml of protein 
at a final specific activity of 170 nmol/min/mg and the protein from the 
second pool was purified approximately 2,000 fold, contained 
approximately 450 pg/ml of protein and had a final specific activity of 
25 nmol/min/mg, assays were performed in the presence of pure 
sonicated Ptdlns as described in section 2.2.1. Products of Ptdlns kinase 
assays performed with Ptdlns presented as the pure sonicated 
phospholipid using protein from each of the pools were deacylated and 
analysed by HPLC as described in section 2.3 and section 3.3. The 
enzyme was shown to be Ptdlns 3-kinase in both cases. Equal volumes 
of the two protein pools were found to be equally active at 
phosphorylating pure sonicated Ptdlns.

Comparison of the proteins present in the two pools following SDS-PAGE 
revealed that the 85 kDa and 110 kDa proteins were both present in 
equal amounts in each of the pools, while the major protein of 
approximately 105 kDa was only found in the second pool (lane 2). 
Chromatography on Mono Q with the extended gradients resulted in a 
greater purification of the Ptdlns 3-kinase. The observation that only 
the 85 kDa and 110 kDa were present in both of the pools in equal 
proportions was further evidence that one or both of these proteins was 
responsible for the catalytic activity of Ptdlns 3-kinase. The failure to 
separate these proteins from one another once the bulk of the other 
contaminating proteins had been removed suggested that they were 
tightly complexed together. Gel permeation chromatography on 
Superose 6 in the presence of 0.5% (w/v) cholate was used to determine 
the apparent size of this complex. It was still not clear whether the 
complex could be disrupted without loss of Ptdlns 3-kinase activity to 
allow identification of the protein responsible for the catalytic activity.



Fig. 7.1.1 Modified chromatography on Mono Q.

a - Protein from the first peak of Ptdlns kinase activity to elute from 
the phosphocellulose column of preparations purified as described in 
section 4.1 was dialysed against buffer containing 10 mM J$- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol pH 7.5 (buffer C). Half of the preparation was loaded 
onto a Mono Q HR 10/10 column which had been pre-equilibrated with 
buffer C. The column was washed with 25 ml of buffer, protein was then 
eluted on a 40 ml linear gradient of 0 - 0.2M NaCl. Fractions of 0.5 ml 
were collected and assayed for Ptdlns kinase activity with Ptdlns kinase 
presented as the pure sonicated phospholipid (□  ). The A280 was 
measured as an indication of protein concentration ( ♦ ) .

b - Fractions from the two peaks of Ptdlns kinase activity from the 
Mono Q column were pooled separately and subjected to 
chromatography on Sepharose CL-4B followed by chromatography on 
Mono Q in the presence of 1 mM MgCl2 and ATP. Protein was eluted from 
the Mg2+-ATP Mono Q column with a 40 ml linear gradient of 0 - 0.2 M 
NaCl. Each of the pools yielded a single peak of activity from the second 
Mono Q column. Proteins from the two pools were analysed by SDS-PAGE 
on 8% gels. Protein was visualised by staining with Coomassie blue.
Lane 1 - protein derived from the first peak to elute from the Mono Q. 
Lane 2 - protein derived from the second peak to elute from the Mono Q. 
The positions of standard molecular weight markers (Bio-Rad high 
molecular weight markers) are shown.
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The elongated gradients on the Mono Q columns were retained as part of 
the purifications described in sections 4.2 and 4.3. In most preparations 
two peaks of Ptdlns 3-kinase activity were obtained following
chromatography on Mono Q, however in certain preparations, in which
purification was performed using identical conditions, only one peak of
activity was observed. SDS-PAGE gels of the purified preparations in 
which only one peak of Ptdlns 3-kinase was found resembled lane 2 on 
Fig. 7.1.1b. The reason for this discrepancy is unclear but slight 
variations in the buffer composition or pH may be an important factor 
affecting resolution of these two activities. The speed with which the 
purification is achieved may also play a role, the longer the
purification took to complete the lower the yield. The loss of yield might
be due to a variety of factors eg. proteolysis of some of the Ptdlns 3- 
kinase during storage of relatively impure protein or due to instability 
of the protein in the buffer system used. The Ptdlns 3-kinase 
responsible for the first peak of activity could for example co-purify 
with a protease in some preparations and lose activity before it was 
assayed.

7 .1 .2  C hrom atography  on Superose 6.

During the development of a purification for Ptdlns 3-kinase, 
chromatography on a variety of gel-permeation matrices had been 
attempted (as described in section 4.1.6), in all cases the activity was
found to elute in the void volume. The evidence from the gel
permeation was that either the Ptdlns 3-kinase formed part of a large 
complex or that the proteins present at this stage of purification might 
be aggregating together non-specifically.

Further attempts were made to separate the proteins so that the size of 
the protein or complex of proteins responsible for Ptdlns 3-kinase 
activity could be determined whilst improving the purification of the 
enzyme. Initially active fractions, eluted from the first Mono Q column 
of a purification performed as described in section 4.1, were pooled and 
run on a Superose 12 column in buffer containing 20 mM (3- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol pH 7.5 in the presence of either 500 mM NaCl or 0.5% 
(w/v) sodium cholate. The NaCl would be expected to disrupt aggregates 
held together by ionic charge. Cholate would disrupt aggregates held 
together by hydrophobic interactions. The concentration of cholate 
was selected as being theoretically sufficient to disrupt protein 
aggregates but not high enough to inhibit Ptdlns 3-kinase activity once 
the dilution factor involved in the assays was taken into account (Fig. 
5.2.3.1b). When chromatography was performed on Superose 12 in the
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presence of either cholate or high salt the Ptdlns 3-kinase activity was 
found to elute in the void volume indicating that the Ptdlns 3-kinase 
protein was eluting in a complex which was larger than 200 kDa.

SDS-PAGE analysis of all preparations of purified Ptdlns 3-kinase 
revealed that Ptdlns kinase activity co-eluted with two proteins of 110 
kDa and 85 kDa (Fig. 4.1.7.2). If these proteins were strongly complexed 
together the complex might remain intact in the presence of either 
0.5% (w/v) cholate or of 500 mM NaCl, this complex might not be 
included on a Superose 12 column but might be included by a Superose 6 
column, which includes proteins up to approximately 750 kDa as opposed 
to 200 kDa for Superose 12.

Protein from the final Mono Q column of a Ptdlns 3-kinase preparation,
purified as described in section 4.1, was pooled. 100 pi of the protein
pool was diluted with 100 pi of column buffer and loaded onto a Superose 
6 (HR 16/10) column which had been equilibrated in buffer containing
20 mM ^-glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 
mM EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v)
2-mercaptoethanol and 0.5% (w/v) sodium cholate at pH 7.5. Protein was 
eluted at 200 pl/min. Fractions of 200 pi were collected and 5 pi of each 
was assayed for Ptdlns kinase activity with Ptdlns presented as the pure 
sonicated phospholipid (as described in section 2.2.2).

On five out of six of the occasions that this method was used a single 
peak of Ptdlns 3-kinase activity was observed, which eluted just after 
the void volume (Fig. 7.1.2a). On one occasion the activity eluted with 
the void volume. Fractions across the peak of activity were analysed on 
8% SDS-PAGE gels. Protein was visualised by silver staining (as 
described in section 2.4), gels are shown in Fig. 7.1.2b. Comparison of 
the activity and protein elution positions revealed that the Ptdlns 3- 
kinase activity coincided exactly with the 85 kDa and 110 kDa proteins 
but not with any of the other proteins present in the preparation.

The Superose 6 column was calibrated by determining the elution 
positions of blue dextran, myosin, E.coli p-galactosidase, phosphorylase 
b, bovine serum albumin and ovalbumin (Fig. 7.1.2a). The elution 
position of each of these proteins was monitored by measuring the A28O 
and by the analysis of the proteins in each fraction on SDS-PAGE 
followed by staining with Coomassie blue so that the elution volume of 
each standard could be determined. Under the conditions used 
phosphorylase b was found to elute as a tetramer. An approximate 
estimation of the size of the Ptdlns kinase complex was attempted by 
comparing the elution position of the activity with that of the molecular 
weight markers. It was not possible to accurately determine the size of



Fig. 7.1.2 Chromatography on Superose 6.

a - 100 jil of the Ptdlns kinase pool from the final Mono Q column of 
preparations, which had been purified as described in section 4.1, was 
diluted two fold with buffer containing 20 mM p-glycerophosphate, 0.2
mM sodium orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine,
0.02% (v/v) Triton X-100, 0.3% (v/v) 2-mercaptoethanol and 0.5% (w/v) 
sodium cholate at pH 7.5 and loaded onto a Superose 6 column which had 
been pre-equilibrated in the dilution buffer. Protein was eluted at a 
flow rate of 200 pl/min. 200 pi fractions were collected and assayed for 
Ptdlns kinase activity with Ptdlns presented as the pure sonicated 
phospholipid ( □ ). The column was calibrated with BioRad high 
molecular weight markers, these were run separately from the Ptdlns 
3-kinase preparation. The elution positions of E. coli p -galactosidase 
(116 kDa (1)), bovine serum albumin (67 kDa (2)) and ovalbumin (46
kDa (3)) are marked.

b - SDS-PAGE analysis of proteins eluting in fractions across the peak of 
Ptdlns kinase activity following chromatography on Superose 6 in the 
presence of cholate. Proteins from fractions 53 - 60 (lanes a - i) and 
from the load (lane j)  were analysed by SDS-PAGE on 8% gels and 
visualised by silver staining. The positions of standard molecular 
weight markers (Bio-Rad) are shown. Mr in ascending order are 
42,000, 66,000, 97,000, 116,000 and 200,000.
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the Ptdlns kinase complex by this method, however the activity eluted
from the column in a volume corresponding to a size of between 116 and
66 kDa. It seemed likely that the complex between the 85 and 110 kDa 
proteins had been disrupted without the loss of Ptdlns kinase activity, 
however a determination of the sub-unit responsible for the activity 
was not possible.

While chromatography on Superose 6 resulted in the removal of many 
of the contaminating proteins from the preparation, it was not adopted 
as a routine step because the recovery was very variable from 
preparation to preparation and never exceeded 50%.

7.1.3 Chromatography on Heparin-Sepharose.

Heparin-Sepharose is polyanionic in nature and binds many cationic 
biological compounds, its use as an affinity purification reagent has 
been reported for a wide variety of proteins including coagulation
factors and other plasma proteins, protein synthesis factors, steroid 
receptors, enzymes which act on nucleic acids, lipoproteins and lipases. 
Since Heparin-Sepharose was reported to bind to a variety of lipases 
and in particular the inositol-specific phospholipase C enzymes with 
high affinity e.g. [Katan & Parker. (1987)] it seemed possible that there 
might also be some specificity in the binding of Ptdlns 3-kinase. 
Additionally, elution of Heparin-Sepharose with Ptdlns had been 
reported as a stage in the purification of Ptdlns 4-kinase from A431 cells 
[Walker & Pike. (1987)].

40 ml of Heparin-Sepharose was packed into a Pharmacia XK16 column 
and equilibrated with buffer containing 20 mM ^-glycerophosphate, 0.2 
mM sodium orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine 
and 0.3% (v/v) 2-mercaptoethanol at pH 7.5 (buffer B, Chapter 4) using 
a Pharmacia FPLC system. Active fractions from the first Mono Q 
column of Ptdlns kinase preparations, purified as described in section
4.1, were pooled and dialysed against 2 x 10 volumes of buffer B. 15 ml of 
the Ptdlns kinase preparation was loaded onto the Heparin-Sepharose 
column using a 50 ml superloop. The column was washed with 150 ml of 
buffer and protein was eluted on a 400 ml linear gradient of 0 - 1 M NaCl 
at a flow rate of 1 ml/min. The A28O was measured as an indication of 
protein concentration. Fractions of 1 ml were collected and assayed for 
Ptdlns kinase activity by the method described in section 2.2.1.

The activity elution profile for this column is shown in Fig. 7.1.3. One 
major peak of Ptdlns kinase activity was observed which eluted with the 
bulk of the protein at approximately 340 mM NaCl. Approximately 85% 
of the activity which was loaded was recovered after elution. SDS-PAGE



Fig. 7.1.3 Chromatography on Heparin Sepharose.

The Ptdlns 3-kinase pool, from the first peak of activity to elute from 
the first Mono Q column (of purifications performed as described in 
section 4.1), was dialysed against buffer containing 20 mM (3- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol (pH 7.5) and 15 ml of the protein preparation was 
loaded onto a 40 ml Heparin-Sepharose column which had been pre
equilibrated in the same buffer. The column was washed with 150 ml of 
buffer and protein was eluted on a 400 ml gradient of 0 - 1 M NaCl. 
Fractions of 1 ml were collected and assayed for Ptdlns kinase activity 
with Ptdlns presented as the pure sonicated phospholipid ( □ ) .  The A28O
was measured as an indication of protein concentration ( ♦  ).



A
ct

iv
it

y 
(n

m
ol

/m
in

/m
l)

156

Fig 7.1.3

3 200

-150

2

-  100

1

-5 0

0
0 20 60 80 100 120 14040

F rac t i on



157

analysis revealed that little resolution of the proteins was achieved 
following chromatography on Heparin-Sepharose . The observation 
that the Ptdlns 3-kinase activity was eluted at relatively low salt 
concentrations suggested that the interaction was weak and likely to be 
due to the cation exchange properties of the matrix. The co-elution of 
the other proteins in the preparation supported this observation since 
the preparation had already passed through both a cation exchange 
matrix (the phosphocellulose) and anion exchange matrices (DE 52 and 
Mono Q). Chromatography on Heparin-Sepharose with the elution of 
proteins on a NaCl gradient was not adopted for future preparations
since it resulted in little increase in purification.

Chromatography on Heparin-Sepharose was repeated and an attempt 
was made to elute the Ptdlns kinase from the column using pure 
sonicated Ptdlns. The rationale was that Ptdlns kinase could bind to 
Heparin-Sepharose column with moderate affinity which might be 
altered, following the addition of Ptdlns, as a result of possible 
conformational changes in the Ptdlns kinase following Ptdlns binding. 
Only proteins which could bind Ptdlns would be expected to elute in this 
way, so the Ptdlns kinase could be selectively purified. A 2 ml column of 
Heparin-Sepharose was equilibrated with 20 ml of buffer B. 2 ml of the 
Ptdlns kinase preparation (purified as described above) was then loaded 
and allowed to bind for 20 min prior to washing with 10 ml of buffer 
containing 50 mM NaCl. 2 ml of buffer containing 50 mM NaCl and 2 
mg/ml of Ptdlns was then allowed to flow into the column and the flow
was stopped for 10 min. Protein was eluted with a further 4 ml of buffer
containing Ptdlns and NaCl. Fractions of 0.5 ml were collected and 
assayed for Ptdlns kinase activity in the presence of pure sonicated
Ptdlns. The Ptdlns kinase activity was not found to elute from the
column under these conditions, which suggested that either the Ptdlns 
binding site must have been inaccessible or that binding of Ptdlns did 
not alter the conformation of Ptdlns kinase sufficiently to alter the 
affinity for Heparin-Sepharose.

7 .1 .4  C hrom atography  on Mono S.

Mono S is a strong cation exchange matrix with sulphonate reactive 
groups. Many proteins will bind both to strong anion exchangers and 
to strong cation exchangers as the distribution of charges is often 
uneven over the length of the protein. The combination of strong 
anion and cation exchange chromatography in a preparation can result
in a high degree of purification over a short time.

Protein from a Ptdlns 3-kinase preparation which, with the exception 
of the final Mono Q column, had been purified as described in section
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4.1, was dialysed against 2 x 10 volumes of buffer containing 10 mM J3- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol at pH 6.5. 500 pi of the protein preparation was loaded 
onto a pre-equilibrated Mono S (HR 5/10) column. The column was 
washed with 10 ml of buffer and protein eluted on a 25 ml gradient of 0 - 
1 M NaCl. The A28O was measured as an indication of protein 
concentration. Fractions of 0.5 ml were collected, assayed for Ptdlns 
kinase activity (as described in section 2.1.1.) and analysed by SDS-PAGE. 
All of the protein which was loaded onto the column was found in the 
wash fraction, the Ptdlns kinase activity was also washed directly off 
the column. Given that the protein pool which was loaded onto the 
Mono S had all bound to a phosphocellulose column, which is a weak 
cation exchange column, in a buffer of higher ionic strength than that 
used here, it was surprising that no protein bound to the Mono S. The 
most likely explanation is that the proteins which had not been resolved 
following chromatography on Mono Q had bound to the 
phosphocellulose predominantly due to some weak specificity for 
phosphate rather than due to ionic interaction.

7 .1 .5  A ff in ity  c h ro m a to g ra p h y .

Chromatography on a series of affinity matrices was performed in an 
attempt to achieve a rapid purification of the Ptdlns 3-kinase activity 
and to enable identification of the polypeptide responsible for the 
catalytic activity. The matrices selected utilised either the affinity of 
the enzyme for its substrates, ie., InsP-Sepharose (section 7.1.5.1), 
Ptdlns-Sepharose (section 7.1.5.2) and ATP-Agarose (section 7.1.5.3) or, 
following the discovery that the 85 kDa protein contained SH2 domains 
(see Appendix and Chapter 8 for discussion), the affinity of SH2 domains 
for phosphotyrosines within specific polypeptide sequences, ie., 
phosphotyrosine/glycine-Sepharose (section 7.1.5.4) and 
phosphorylated PDGF receptor kinase insert domain peptide Sepharose 
(section 7.1.5.5).

7 .1 .5 .1  I n s P - S e p h a r o s e .

InsP-Sepharose was a gift from GLAXO Group Research. The matrix had 
been prepared by the coupling of Ins(l)P with a six carbon spacer 
attached via the phosphate group to cyanogen bromide-activated 
Sepharose. The rational being that if the specificity of Ptdlns 3-kinase 
binding Ptdlns was dependent upon recognition of the inositol group 
then the enzyme might bind to the Ins(l)P-Sepharose with a similar 
affinity. A 1 ml column of InsP-Sepharose was prepared in a pasteur 
pipette, the matrix was washed with 50 ml of double distilled water and
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then equilibrated with 50 ml of buffer containing 20 mM p- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine and 0.3% (v/v) 2-mercaptoethanol at pH 7.5 
(buffer B, Chapter 4). Ptdlns 3-kinase from the non-ionic detergent 
inhibited pool from a phosphocellulose column from which protein had 
been eluted using a gradient of NaCl (as described in section 4.1.4) was 
dialysed against 2 x 20 volumes of buffer B. 1 ml of the Ptdlns kinase 
preparation was allowed to flow onto the column, the flow was then 
stopped for 20 min to allow binding of the Ptdlns 3-kinase to the matrix. 
The column was washed with 5 ml of buffer B and then protein eluted 
stepwise with 5 volumes each of buffer B containing 0.1, 0.2, 0.3, 0.4, 0.7 
and 1.0 M NaCl. Fractions of 1 ml were collected.

Ptdlns kinase assays were performed as described in section 2.1.1 in the 
presence of pure sonicated Ptdlns and the products analysed by TLC. 
Autoradiography of the TLC plates revealed that approximately 95% of 
the activity was eluted in the wash, approximately 2.5% eluted in 0.2 M 
NaCl and the the remaining 2.5% eluted at 0.3 M NaCl. There was 
insufficient protein in the active fractions from the 0.2 M and 0.3 M 
NaCl elutions to be visualised on SDS-PAGE gels even after silver 
staining. It was not possible to increase the dimensions of the column 
and elute proteins on a gradient so that SDS-PAGE analysis of the 
proteins which had been retained could be carried out using more 
concentrated fractions due to the lack of availability of large amounts of 
the matrix. The capacity of the matrix was not sufficiently high for the 
method to be adopted for further use as the cost of producing the large 
quantities required would be unlikely to be justifiable in terms of the 
purification achieved.

7 .1 .5 .2  P t d l n s - S e p h a r o s e .

Ptdlns-Sepharose was prepared by coupling pure sonicated Ptdlns to 
epoxy-activated Sepharose by the method described in section 2.5. A 2 
ml column was prepared in a syringe and equilibrated with buffer 
containing 20 mM p-glycerophosphate, 0.2 mM sodium orthovanadate, 20 
mM NaF, 2 mM EDTA, 10 mM benzamidine and 0.3% (v/v) 2-
mercaptoethanol at pH 7.5 (buffer B). 1 ml of a Ptdlns kinase
preparation (which had eluted from a CL-4B column in a purification 
performed as described in section 4.1) was prepared for 
chromatography on Ptdlns-Sepharose as described in section 7.1.5.1 
and loaded onto the column. The column was then clamped off for 20 
min before washing with 10 ml of buffer. Protein was eluted batch wise, 
first with 10 ml of buffer containing 2 mg/ml pure sonicated Ptdlns and 
then with 10 ml of buffer containing 1 M NaCl. Fractions of 1 ml were
collected and assayed for Ptdlns kinase activity as described in section
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2.2.1. Aliquots (75 pi) of each fraction were analysed by SDS-PAGE and 
protein visualised by silver staining. The Ptdlns kinase activity was 
found to remain bound to the column throughout the Ptdlns wash and to 
be eluted by the NaCl wash. SDS-PAGE analysis demonstrated that most 
of the proteins present at this stage of the purification bound to the 
matrix and eluted together in the NaCl wash. This confirmed the 
suspicion that the proteins present at this stage of the purification were 
aggregated. Since the Ptdlns kinase activity did not pass straight 
through the column the failure to elute activity with Ptdlns might 
reflect the inaccessibility of the Ptdlns binding site on the enzyme to
competition. Alternatively the inability of the enzyme to recognise the
added Ptdlns might be explained by the failure of the Ptdlns micelles to
penetrate the matrix. Elution of the protein in the presence of NaCl
could be explained if a change in the conformation of the Ptdlns kinase 
occured in the altered ionic environment such that the affinity for the 
matrix was reduced. This might be similar to the elution of the Ptdlns 
kinase activity from phosphocellulose with NaCl, as the interaction 
between the Ptdlns kinase and the phosphocellulose appears to be due to 
the specific recognition of phosphate groups rather than due to ionic 
in te ra c tio n s .

7 .1 .5 .3  A T P -A g a ro se .

ATP-Agarose (with ATP attached through the N^-amino group) was 
purchased from Sigma. 85 mg of ATP-Agarose was swelled in water and 
packed as a 1 ml column in a pasteur pipette. The matrix was 
equilibrated with 25 ml of buffer containing 20 mM p- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine and 0.3% (v/v) 2-mercaptoethanol at pH 7.5 
(buffer B). 1 ml of Ptdlns kinase preparation which had been prepared 
as described in section 7.1.5.2 was loaded onto the column, the flow was 
then stopped for 20 min to allow protein binding. The column was 
washed with 5 ml of buffer and protein was eluted step wise with 3 ml of 
buffer containing 0.1 M NaCl followed by 3 ml of each of buffers 
containing 0.2 M, 0.4 M, 0.5 M, 0.75 M and 1 M NaCl. Fractions of 1 ml 
were collected, assayed for Ptdlns kinase activity (as described in 
section 2.1.1) and analysed by SDS-PAGE. All of the Ptdlns kinase 
activity was found to elute in the wash volume. The elution position of 
the proteins in the preparation was hard to assess by SDS-PAGE analysis 
even after silver staining as the protein concentration was too low but 
all the protein appeared to wash straight off the column. The failure of 
the Ptdlns kinase to bind to this particular ATP-Agarose may suggest 
that the adenine group of the molecule is recognised by the ATP 
binding site of this enzyme.



161

7 .1 .5 .4  P h o s p h o t y r o s i n e / g l y c i n e - S e p h a r o s e .

The 85 kDa component of Ptdlns 3-kinase preparations was identified as
a component of the Ptdlns 3-kinase on the basis of co-elution with
activity (Chapter 4), renaturation of activity from this region of SDS- 
PAGE gels (section 7.3) and phosphorylation in the presence of 
activated PDGF receptor (section 7.2). This protein was gel purified, 
subjected to trypsinisation and the resulting peptides were sequenced
(section 6.1), and a full length clone encoding this polypeptide was 
obtained (see Appendix II). The predicted protein sequence, as derived 
from DNA sequence analysis of the clone was found to contain 
homologies to the SH2 domain of pp60c’5rc(Appendix and Chapter 8).
The SH2 domain is common to a variety of cytoplasmic protein tyrosine 
kinases [Pawson. (1988)], the Ptdlns-PLCy enzymes, the crk oncogene 
product, p21rflJ.GAP and the 85 kDa proteins. This domain is thought to 
be involved in proteinrprotein interactions by binding to
phosphorylated tyrosine residues within specific peptide sequences (as 
discussed in Chapter 8) [Moran et al. (1990)]. The Ptdlns 3-kinase is 
thought to associate specifically with the phosphorylated kinase insert 
domains of PDGF receptor and CSF-1 receptor .

If the SH2 domains determine the specificity of binding to 
phosphotyrosine-containing sequences then proteins containing SH2 
domains might also be able to bind, with a lower affinity, to
phosphotyrosine containing peptides other than those with which they
specifically interact. The Ptdlns 3-kinase for example has been 
reported to bind preferentially to the kinase insert domains of PDGF 
receptor [Coughlin et al. (1989)] CSF-1 receptor, but it can bind to 
alternative phosphotyrosine containing sites on CSF-1 receptors in
which the kinase insert domain has been partially deleted [Roussel et al. 
(1990)] [Shurtleff et al. (1990)]. It was also not clear whether binding to 
phosphotyrosine containing peptides would result in a change in
activity of any of the SH2 domain containing proteins.

Initial studies involved the addition the free amino acids to Ptdlns 
kinase assays. Triplicate assays were performed as described in (section
2.2.2) either with no additions or in the presence of 1 mM 
phosphotyrosine or 1 mM phosphoserine. Five separate pools of Ptdlns 
3-kinase (which had been purified as described in sections 4.2 and 4.3) 
were assayed. No change in Ptdlns 3-kinase activity was observed 
under any of the conditions used. This suggested that either 
phosphotyrosine binding had no effect on Ptdlns kinase activity or that 
the enzyme was unable to recognise the free amino acid. Polymers of 
phosphotyrosine/glycine were synthesised to determine whether the 
Ptdlns 3-kinase could recognise and be activated by non-specific
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phosphotyrosine containing polypeptides. The phosphoserine/glycine 
polymer was included to determine whether any effect observed in the 
presence of phosphotyrosine/glycine may be due to the recognition of 
phosphate groups. The tyrosine/glycine polymer was included to 
determine whether any effect with phosphotyrosine/glycine was 
specific for the phosphorylated form.

Ptdlns kinase assays were performed (as described in section 2.2.2) with 
Ptdlns presented as the pure sonicated phospholipid in the presence of
increasing concentrations of phosphotyrosine/glycine polymer. 
Phosphotyrosine/glycine polypeptide was found to stimulate Ptdlns 3- 
kinase activity at all the concentrations tested. The stimulation was 
consistently observed but never exceeded a two fold activation. Maximal 
stimulation was observed in the presence of 75 ng/ml of added peptide 
(as shown in Fig. 7.1.5.4.1). At higher concentrations a reduction in the 
activation was observed. There was an activation plateau at 
concentrations between 1 pg/ml and 8 pg/ml in which the same degree
of activation was observed at each concentration. The reason for the 
reduction in the degree of activation observed at higher concentrations 
is unclear but it could be due to some carry over of an inhibitor from 
the coupling process which interferes with the activation. Control 
assays were performed in the presence of phosphoserine/glycine and
tyrosine/glycine each at a final concentration of 1.5 pg/ml. At this
concentration the activity observed in the presence of 
phosphotyrosine/glycine was 120 - 200% of that found in a control 
assay, while in the presence of phosphoserine/glycine the activity was 
40 - 50% of control and in the presence of tyrosine/glycine the activity 
was 80 - 90 % of that found in control assays.

In an attempt to determine whether the binding of the 85 kDa protein to 
phosphotyrosine/glycine polymers was strong enough to effect an 
improvement in the purification of Ptdlns 3-kinase following 
chromatography on immobilised polymer, a phosphotyrosine/glycine- 
Sepharose affinity matrix was prepared by EDAC coupling of 
phosphotyrosine, glycine and EAH-Sepharose (as described in section 
2.7). The affinities p85£ (obtained by partial purification of protein, 
w hich had been expressed from the p85|J clone in Sf9 cells (see section 
7.6.1)), and the p85a/p mixture (from purified preparations of bovine 
brain Ptdlns 3-kinase (purified as described in section 4.2)) for the 
phosphotyrosine/glycine-Sepharose was also tested in a batch 
experiment. The p85p protein had been subjected to chromatography on 
Q Sepharose Hi-load and Mono Q. In separate tubes, 50 pi of the 85p 
protein and 50 pi of the bovine brain Ptdlns 3-kinase preparation were 
each mixed with 50 pi of phosphotyrosine/glycine-Sepharose and 
tumbled at 4°C for 1 h. The samples were then centrifuged in a Starstedt
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Fig. 7.1.5.4.1 E ffect of p h o sp h o ty ro s in e /g ly c in e  po lym ers on
P td ln s  k inase  ac tiv ity .

Ptdlns kinase assays were performed, essentially as described in section
2.2.2, in the presence of increasing concentrations of
phosphotyrosine/glycine polymer, with Ptdlns 3-kinase preparations 
which had been purified as described in sections 4.2 and 4.3. Assays
were terminated after 5 min, the lipids extracted and the PtdIns(3)P 
formed quantified by Cerenkov counting.
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MH 2-K centrifuge at 4°C for 10 min. The supernatant was decanted, 2 x 
5 pi aliquots were retained at 4°C and the remaining 40 pi was boiled for 
5 min in sample buffer for SDS-PAGE analysis. The matrix was 
sequentially washed with 3 x 50 pi of buffer containing 20 mM p~ 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM 
EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v) 2- 
mercaptoethanol at pH 7.5. For each wash the matrix was sedimented by 
centrifugation and the supernatant retained for Ptdlns kinase assays 
and SDS-PAGE analysis. 50 pi of buffer containing 1 M NaCl was added to 
each tube, the samples were mixed, the matrix sedimented by 
centrifugation and the eluted proteins were assayed for Ptdlns kinase 
activity and analysed by SDS-PAGE . The matrix was washed with a 
further 50 pi of buffer, the supernatant was removed and the remaining 
pellet was assayed for Ptdlns kinase activity and analysed by SDS-PAGE .

Ptdlns kinase assays were performed as described in section 2.2.2. For 
assays with the bovine brain preparation it was found that, under the 
conditions used, 56% of the Ptdlns kinase activity did not bind to the 
matrix, a further 16% was removed by washing with buffer, 15% was 
removed by washing with 1 M NaCl and a final 13% remained bound to 
the matrix after salt elution. SDS-PAGE analysis of these fractions is 
represented in Fig. 7.1.5.4.2a. There appeared to be little or no 
specificity in which of the proteins bound to the column, however it 
was clear that at least some of the Ptdlns 3-kinase activity could bind to 
the column and be eluted by relatively low NaCl concentrations. This 
method is too imprecise to allow detailed determination of the relative 
affinities of the proteins as the supernatant following each spin 
invariably contains some of the matrix and the matrix fraction contains 
some of the supernatant. It did however provide a good basis for the 
column chromatography on this matrix which is described below. In 
the case of p85p no activity was observed in any fraction, this 
demonstrated that if the p85 sub-unit of the Ptdlns 3-kinase was 
sufficient for Ptdlns 3-kinase activity then binding to phosphotyrosine 
was insufficient for activation. SDS-PAGE analysis (Fig. 7.1.5.4.2b) 
revealed that several of the proteins present in this relatively impure 
preparation bound to the phosphotyrosine/glycine-Sepharose even 
after washing in 1M NaCl. It did however appear that the p85p w as 
enriched amongst the proteins which remained bound after washing in 
1 M NaCl. This suggested that p85j3 bound to the matrix with relatively 
high affinity, which was probably higher than the binding affinity of 
p 8 5 a  from the bovine brain preparations.

A 5 ml column of phosphotyrosine/glycine-Sepharose was prepared 
and equilibrated with 250 ml of buffer containing 20 mM p- 
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 mM



Fig. 7.1.5.4.2 B inding of purified  P td ln s  kinase and p85(3 to a 
p h o s p h o t y  r o s i n e / g l y c i n e - S e p h a r o s e  m a t r i x .

The binding of proteins to phosphotyrosine/glycine Sepharose from 
purified preparations of Ptdlns kinase (section 4.2) or from partially
purified preparations of p85p (section 7.6) was investigated. Duplicate
aliquots of 50 pi of protein from the bovine brain preparation (a) or
from the p85|3 preparation (b) were mixed with 50 pi of 
phosphotyrosine/glycine matrix, which had been pre-equilibrated in
buffer containing 20 mM ^-glycerophosphate, 0.2 mM sodium 
orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine, 0.02% (v/v) 
Triton X-100 and 0.3% (v/v) 2-mercaptoethanol at pH 7.5. Reactions 
were tumbled at 4°C for 1 hour, the matrix was spun down, the 
supernatant retained and the matrix washed with three volumes of 
buffer. The matrix was then washed with 1 M NaCl. The matrix was 
spun down after each stage and the supernatant analysed by SDS-PAGE 
and assayed for Ptdlns kinase activity. Lanes a & b - loaded protein, c & 
d - unbound protein, e & f - 1 M NaCl wash and g & h - protein bound to 
the matrix after washing with 1 M NaCl.

Mr in ascending order are 42,000, 66,000, 97,000, 116,000 and 200,000.
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EDTA, 10 mM benzamidine and 0.3% (v/v) 2-mercaptoethanol at pH 7.5. 
During equilibration of the column material which absorbed at 280 nm 
was found to elute from the column, this had all been eluted before 250 
ml of buffer had passed through the column. It was not clear what the 
material eluting from the column was, as any uncoupled 
phosphotyrosine/glycine should have been removed during the 
rigorous washing process described in section 2.7. 250 pi of a Ptdlns 3-
kinase preparation (purified as described in section 4.2 with the 
exception of the second Mono Q column which was omitted) was loaded 
onto the column, the column was washed with 1 ml of buffer and left 
overnight at 4°C. The column was washed with 25 ml of buffer and 
protein eluted on a Pharmacia FPLC system with a 25 ml linear gradient 
of 0-1 M NaCl. The A28O was measured as an estimation of protein 
concentration. Fractions of 250 pi were collected and assayed for Ptdlns
3-kinase activity (as described in section 2.2.2) in the presence of pure 
sonicated Ptdlns. Assays were performed both as standard assays and in 
the presence of 1.5 pg/ml of the phosphotyrosine/glycine polymer. The 
phosphotyrosine/glycine assays were included as it was thought that 
binding of the complex containing Ptdlns kinase to the column might 
disrupt the complex, the eluted Ptdlns 3-kinase protein might then be 
inactive until binding to the phosphotyrosine/glycine polymer had 
o ccu rred .

The activity elution profile for assays performed in the presence of 
phosphotyrosine/glycine polymer is represented in Fig. 7.1.5.4.3a.
Assays performed in the presence and absence of the polymer gave the 
same activity elution profiles but a 2 - 4  fold stimulation of activity was 
observed in assays of peak fractions performed in the presence of the 
polymer. The elution profile was complex, two peaks of activity were 
observed which eluted at approximately 20 mM NaCl and at 390 mM NaCl. 
SDS-PAGE analysis followed by silver staining of the fractions across 
the first peak of activity (Fig. 7.1.5.4.3b) revealed that few proteins were 
eluted at this point of the gradient. The total recovery from the column 
was poor, never exceeding 10%. The reason for the loss of activity 
following chromatography is unclear as no activity was observed in 
assays of the wash. It is possible that, in contrast to the batch type 
experiment described above, the bulk of the Ptdlns kinase remained 
bound to the column after washing with 1 M NaCl. The increase in the 
proportion of activity bound could be due to a vast increase in the 
volume of the matrix relative to the loaded protein. It seems more 
likely, however that the poor recovery was due to loss of Ptdlns 3-kinase 
activity due to the instability of the protein in the buffer used in this 
experiment. The chromatography did however give a good purification 
of Ptdlns 3-kinase activity as determined by a comparison of the 
proteins present in the load and in the active fractions.



Fig. 7.1.5.4.3 Chromatography on phosphotyrosine/g lycine
S e p h a r o s e .

a - 250 pi of a Ptdlns kinase preparation (purified as described in 
section 4.2) was loaded onto a 5 ml column of phosphotyrosine/glycine 
Sepharose which had been pre-equilibrated in buffer containing 20 
mM {S-glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 
mM EDTA, 10 mM benzamidine, 0.02% (v/v) Triton X-100 and 0.3% (v/v)
2-mercaptoethanol at pH 7.5. The column was washed with 25 ml of 
buffer and protein eluted with a 25 ml linear gradient of 0 - 1 M NaCl. 
Fractions of 250 pi were collected and assayed for Ptdlns kinase activity 
with Ptdlns presented as the pure sonicated phospholipid and with 1.5 
pg/m l of phosphotyrosine/glycine.

b - Fractions across the first peak of Ptdlns kinase activity to elute from 
the phosphotyrosine/glycine Sepharose column were analysed by SDS- 
PAGE on 8% gels. Protein was visualised by silver staining. The 
positions of standard molecular weight markers (Bio-Rad) are shown, 
these are in ascending order 42,000, 66,000, 97,000, 116,000 and 200,000.
L - loaded protein.

The load material had been purified as described in section 4.2, with the 
exception of chromatography on the final Mono Q column, which was 
om itted.
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Fractions across the second activity peak were also analysed by SDS- 
PAGE. Silver staining of gels revealed that the protein concentration in 
these fractions was too low to determine which proteins were present. 
The observation that the Ptdlns 3-kinase could bind to the matrix and 
was co-eluted with both the 85 kDa and 110 kDa proteins suggested that 
the activity was strongly associated with these proteins. Interaction 
with the column is assumed to occur via the SH2 domain of the 85 kDa 
protein (this is discussed further in Chapter 8).

Chromatography on the phosphotyrosine/glycine-Sepharose affinity
matrix appeared to support the theory that proteins containing SH2 
domains might bind to non-specific phosphotyrosine-containing 
peptides. It was also found that chromatography of a Ptdlns 3-kinase 
preparation on this matrix resulted in a purification of the activity 
presumably due to the interaction of the 85 kDa protein, with which the 
Ptdlns 3-kinase is associated, with the phosphotyrosine residues. In 
addition to the phosphotyrosine/glycine-Sepharose, a phosphorylated 
PDGF receptor kinase insert domain peptide affinity matrix was 
prepared. The Ptdlns 3-kinase has been reported to associate 
specifically with this region of the PDGF receptor [Coughlin et al.
(1989)] [Kaslauskas & Cooper. (1990)], presumably by binding of the 85 
kDa SH2 domain to the peptide. The Ptdlns 3-kinase activity would be 
expected to bind more strongly to this peptide than to the 
phosphotyrosine/glycine polymer since the phosphotyrosine is 
surrounded by sequences which are thought to be specifically 
recognised for Ptdlns 3-kinase binding. The chromatography on the 
phosphorylated PDGF receptor kinase insert domain peptide is described 
in section 7.1.5.5.

7 .1 .5 .5  Phosphorylated PDGF-R kinase in sert dom ain affin ity  
m a t r ix .

Following reports that the Ptdlns 3-kinase was associated specifically 
with the kinase insert domain of PDGF receptor [Kaslauskas & Cooper.
(1990)] the ability of this domain to bind to both the purified Ptdlns 3- 
kinase from bovine brain and p85a and p85f) which had been expressed 
in COS-1 cells was tested. The development and use of a phosphorylated 
PDGF receptor kinase insert domain peptide affinity matrix is described 
in greater detail in Appendix II. The 17 residue peptide, - 
DMSKDESVDYVPMLDMK-, corresponding to the region around tyrosine 
751 of human PDGF receptor, was synthesised by Oahn Nguyen by 
conventional FMOC chemistry, purified by HPLC and phosphorylated in 
vitro by Dr G. Panayotou on tyrosine by EGF receptor from purified A431 
membranes (as described in the Appendix). The phosphorylated and 
non-phosphorylated forms of the peptide were separated by reverse
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phase HPLC (C i8) and coupled separately to Actigel-ALD resin 
(Sterogene, CA, USA) according to the manufacturers recommendations 
as described by Fry, Panayotou and Waterfield (manuscript in 
preparation). The affinity matrix was used as a final stage in the 
purification of bovine brain 85 kDa and 110 kDa proteins for peptide 
sequencing as described below.

Ptdlns 3-kinase preparations, which had been purified by myself and 
Fernanda Ruiz-Larrea (as described in section 4.3), were loaded onto the 
matrix and the binding of proteins examined by SDS-PAGE . Ptdlns 
kinase assays were also performed on the the unbound and bound 
fractions following a series of washes. Ptdlns 3-kinase activity was 
found to bind to matrix containing the phosphorylated form of the 
peptide but not to matrix containing the non phosphorylated peptide. 
SDS-PAGE analysis of the bound proteins revealed that a protein doublet 
of approximately 110 kDa and a broad band of approximately 85 kDa 
bound to the matrix (see Appendix for Fig.), the presence of these 
proteins was found to coincide with Ptdlns 3-kinase activity. An 
additional protein of approximately 150 kDa was also found to bind to the 
matrix, however this protein was not observed in all preparations of 
Ptdlns 3-kinase and is therefore not thought to play a role in the 
phosphorylation of Ptdlns.

The affinity of binding of Ptdlns 3-kinase, the 85 kDa and 110 kDa 
proteins to the matrix was found to be high, such that the association 
was stable to washes of 2 M NaCl. These proteins could be eluted from 
the matrix in the presence of the elution buffer supplied with the 
matrix, as determined by SDS-PAGE analysis, however this resulted in a 
loss of Ptdlns 3-kinase activity which could not be recovered following 
dialysis against any of the buffers used for the purification of Ptdlns 3- 
kinase (as described in Chapter 4). The failure to recover Ptdlns 3- 
kinase activity from the affinity purified material may have been due to 
instability of the enzyme at the very low concentrations of protein used 
in these studies. The high specificity of binding did however result in a 
substantial purification of both the 85 kDa and 110 kDa proteins, this 
matrix was therefore incorporated as a final purification step in the 
preparation of these two proteins for peptide sequencing for which 
Ptdlns kinase activity was not required. The active pool from the final 
Mono Q column (section 4.3) of large scale purifications were loaded 
onto the matrix which had been equilibrated in binding buffer (50 mM 
phosphate buffer (pH 7.2), 150 mM NaCl, 0.02% Triton X 100, 2 mM EDTA 
and 500 pM sodium orthovanadate). Protein was allowed to bind for 2 h at 
4°C, the matrix was washed three times with the binding buffer and 
once with binding buffer containing 2 M NaCl to remove unbound 
proteins. The matrix was boiled in sample buffer and the proteins



resolved by preparative SDS-PAGE. The 85 kDa and 110 kDa proteins 
were excised from the gel and processed for sequencing as described in 
sections 6.2 and 6.3 respectively.

Binding of Ptdlns 3-kinase activity purified from bovine brain to both 
the phosphotyrosine/glycine-Sepharose and the phosphorylated PDGF 
receptor kinase insert peptide affinity column suggests that the 
binding of this protein to PDGF receptor may be mediated by association 
with an SH2 domain containing protein. It appears likely from the co
elution of Ptdlns 3-kinase activity with proteins of 85 kDa and 110 kDa 
following chromatography on all other columns tested, from the 
observation that the sequences for p85a and p85j3 do not encode an ATP 
binding site (see Appendix II and Chapter 8 for discussion) and from the 
failure to obtain Ptdlns 3-kinase activity following expression of high 
levels of p85a and p in either COS-1 cells or Sf9 cells (see Appendix and 
Chapter 8) that the 110 kDa protein(s) might be the catalytic subunit of 
Ptdlns 3-kinase and that the association of this protein with tyrosine 
kinases is mediated through the 85 kDa protein(s).

The matrix was also tested for its ability to bind p85a and p85p which had 
been expressed in COS 1 cells. Both of these proteins were found to bind 
to matrix containing the phosphorylated peptide but not to the non- 
phosphorylated peptide (see Appendix). The binding of each of the 
proteins was found to be stable to washes with 2 M NaCl, 0.2% SDS, or 1 M
urea, as described previously for the binding of Ptdlns 3-kinase to PDGF
receptor [Kaslauskas & Cooper. (1990)]. The high affinity binding of
both p85a and p85p to the matrix is consistent with the SH2 domains of
these proteins playing a role in the recognition of and binding to 
specific sequences around phosphorylated tyrosine residues. The fact
that p85p was able to bind to both the phosphotyrosine/glycine- 
Sepharose column (section 7.1.5.4) and to the phosphorylated PDGF
receptor kinase insert domain affinity column supports evidence that 
the SH2 domain is involved in protein:protein binding at
phosphorylated tyrosine residues. The higher affinity of p85p for the
PDGF receptor peptide affinity column than the
phosphotyrosine/glycine-Sepharose suggests that recognition of 
specific sequences around phosphotyrosine residues is important in
determining the SH2 domain mediated binding. However additional
factors probably regulate the binding affinity, as both p85a and p85p,
which have been expressed in COS-1 cells, bind to activated EGF
receptors but neither the p85/l 10 complex nor Ptdlns 3-kinase activity 
from bovine brain preparations do not (see Appendix II and Chapter 8).
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7 .2  RENATURATION OF ACTIVITY FROM SDS-PAGE GELS.

Following the failure to determine whether the 85 or 110 kDa protein 
might be responsible for the Ptdlns 3-kinase activity by column 
chromatography an alternative approach involving attempts to 
renature activity from SDS-PAGE gels was undertaken.

The protocol for renaturation is described in detail in section 2.8. Ptdlns 
3-kinase preparations which had been purified as described in sections 
4.1. 4.2 and 4.3 were used in these experiments. The lipid products of the 
renaturation assays were separated by TLC. visualised by
autoradiography and quantified by scintillation counting (as described 
in section 2.2.2). In all cases one peak of Ptdlns kinase activity was 
observed. Approximately 0.3% of the activity loaded onto the gel was 
recovered. The low recovery might be in part due to the concentration 
of cholate in which the assays were performed. Maximal Ptdlns 3- 
kinase activity is observed in a final concentration of 0.13% (w/v) 
cholate (Fig. 5.2.3.2b). These assays were carried out in a final 
concentration of 0.36% cholate at which Ptdlns 3-kinase would be 
expected to show approximately 25% maximal activity in this
concentration of cholate. The substrate concentrations in which the 
assays were performed were also far from ideal. Ptdlns was present at a 
final concentration of 37 pM while the optimum concentration is 260 pM 
(Fig. 5.2.3.2a), this would be expected to reduce the observed activity to 
approximately 35% of the optimal activity. The reduced concentration 
of Ptdlns was used to reduce the expense of the lipids purchased. The
final concentration of ATP in these assays was 18 pM while the optimal
concentration for ATP exceeds 250 pM (Fig. 5.2.1a), the observed Ptdlns 
kinase activity would be expected to be approximately 20% of the 
maximal activity under these conditions. Again the concentration of 
the ATP was reduced to maintain a high specific activity of [y32P]A TP. 
Overall the predicted % renaturation under these conditions would be 
approximately 0.02% for an assay performed under linear conditions, 
however these assay conditions cannot be readily compared with 
standard assays as assays were incubated overnight in addition to 
containing altered concentrations of substrates.

The Rf value corresponding to this activity was calculated and the size 
of the protein calculated by determining the size of protein that this Rf 
represented on a lane of the same gel on which molecular weight 
markers had been run. The Ptdlns kinase activity was renatured from 
a protein of approximately 90 kDa. The correlation between the size of 
the renatured protein and the proteins present in the preparation is 
shown in Fig. 7.2. Although this method does not allow a totally accurate 
determination of size the data suggested surprisingly that the 85 kDa



Fig. 7.2 R en atu ra tion  of P td ln s  3-kinase activ ity  from
SDS-PAGE gels.

Protein from purified preparations of Ptdlns kinase was loaded onto 
duplicate lanes of 8% SDS-PAGE mini-gels without boiling, 
a - Coomassie stained gel showing the proteins present in the purified 
Ptdlns kinase preparation. The positions of molecular weight markers 
(Bio-Rad) are shown.
b - One lane was cut into 2 mm slices. The gel slices were washed and 
sonicated in assay buffer. Assays were started by the addition of 
[y32P]ATP and run overnight. The lipids were extracted and analysed by 
TLC. Radioactivity was visualised by autoradiography. The PtdlnsP 
region of the TLC plates was scraped and radioactivity quantified by 
scintillation counting.
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protein was most likely to be the protein responsible for the Ptdlns 3- 
kinase activity. A definite identification of the catalytic sub-unit could 
not be made as 90 kDa is intermediate between the 85 kDa and 110 kDa 
po lypep tides.

7.3 EFFECT OF PHOSPHORYLATION OF THE 85 kDa PROTEIN
ON PTDINS KINASE ACTIVITY.

An association between Ptdlns 3-kinase, which coincides with the 
presence of an 81/85 kDa protein, and activated PDGF receptor has been 
demonstrated in fibroblasts. A time dependent PDGF dependent 
phosphorylation of the 81/85 kDa protein has been demonstrated in 
these cells. [Kaplan et al. (1987)]. PDGF stimulation of smooth muscle 
cells has been shown to result in an apparent increase of Ptdlns 3- 
kinase activity and to result in a transient increase of PtdIns(3,4)P2 and 
P IP 3 [Auger et al. (1989b)]. These data indicated that the 85 kDa protein 
was associated with Ptdlns kinase activity, was probably a substrate for 
PDGF receptor and suggested that phosphorylation of the 85 kDa protein 
by the PDGF receptor may play a role in the activation of Ptdlns 3- 
k in ase .

On the premise that non-phosphorylated Ptdlns 3-kinase might exhibit 
only basal activity, purification of Ptdlns 3-kinase was routinely 
performed in the presence of the phosphatase inhibitors sodium 
orthovanadate and NaF. The effect of phosphorylation of Ptdlns 3- 
kinase in the presence of purified, activated PDGF receptor and cloned 
expressed p43v' fl̂ * protein was investigated as described in section 7.3.1. 
Additionally the effect of phosphatase treatment on Ptdlns 3-kinase 
activity was investigated as described in section 7.3.2.

7.3.1 Phosphorylation of the 85 kDa protein in the 
presence of activated PDGF receptor.

The effect of incubation of the purified Ptdlns 3-kinase preparation 
(purified as described in section 4.1) with purified activated PDGF-R was 
investigated. PDGF receptor kinase assays were performed in duplicate 
with purified porcine PDGF receptor as described in section 2.9. Control 
assays which contained either no PDGF receptor or no Ptdlns kinase 
preparation were performed in parallel with those in which PDGF 
receptor and purified Ptdlns kinase were incubated together for 
varying times (0 - 120 min). 2 x 5 pi aliquots from each PDGF receptor 
kinase assay were removed at the appropriate time and assayed for 
Ptdlns kinase activity (as described in section 2.2.1). The remainder of 
each assay was boiled in SDS sample buffer, the proteins separated by 
SDS-PAGE and visualised by staining in Coomassie blue. The stained gels
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were dried down and the radioactive proteins visualised following 
au to rad io g rap h y .

It was found following autoradigraphy of SDS-PAGE gels from control 
assays, in which no Ptdlns kinase was added, that PDGF receptor 
autophosphorylation was maximal after 10 min. SDS-PAGE analysis and 
autoradiography of control assays, in which no PDGF receptor was 
added, revealed that there was some phosphorylation of the 85 kDa 
protein. However an additional time dependent, PDGF receptor 
dependent increase in phosphorylation of the 85 kDa protein was
observed in assays in which Ptdlns kinase and PDGF receptor were
incubated together (Fig. 7.3). The 85 kDa protein was the only protein 
present in the Ptdlns kinase preparation which was phosphorylated in
the presence of PDGF receptor. Ptdlns kinase assays were performed in
order to determine whether the phosphorylation of the 85 kDa protein 
resulted in a change of Ptdlns kinase activity. The Ptdlns kinase 
activity was found to remain unaltered following phosphorylation of 
the 85 kDa protein.

The increase in phosphorylation of the 85 kDa in the presence of 
activated PDGF receptor lent support to the 85 kDa protein in the Ptdlns
kinase preparation being the same 81/85 kDa protein which had been
reported to correspond to the presence of Ptdlns kinase activity in 
immunocomplexes with polyoma middle T antigen:pp60c' ,r;’c complexes 
[Courtneidge & Heber. (1987)] and with activated PDGF receptor [Kaplan 
et al. (1987)]. However, the fact that no change in Ptdlns kinase activity 
was observed following PDGF receptor induced phosphorylation of the 
85 kDa protein added no further information as to whether the 85 kDa 
protein was responsible for, or regulated, the Ptdlns kinase activity.
The phosphorylation state of the purified Ptdlns kinase had not been 
investigated at this stage so the possibility remained that if the Ptdlns 
kinase was activated by phosphorylation then the purified protein 
might be sufficiently phosphorylated to be maximally active. Western 
blotting analysis of preparations of purified Ptdlns 3-kinase with anti- 
phosphotyrosine antiserum (performed by Mike Fry at the Ludwig 
Institute (unpublished observations)) revealed that, within the
limitations of such an analysis, the 85 kDa protein in these preparations 
was not phosphorylated on tyrosine. The possibility that the Ptdlns 
kinase might be partially phosphorylated and fully active was also 
investigated, purified Ptdlns 3-kinase preparations were incubated with 
potato acid phosphatase and assayed for Ptdlns kinase activity (section
7.3.2). These experiments did not discount the possibility that serine 
phosphorylation might activate the Ptdlns 3-kinase.
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Fig. 7.3 PDGF receptor kinase assays.

PDGF receptor kinase assays were performed as described in section 2.9 
with Ptdlns kinase preparations which had been purified as described 
in section 4.1. In vitro phosphorylation assays were carried out with 
Ptdlns 3-kinase in the absence of PDGF receptor (lanes a - d), with 
Ptdlns 3-kinase and PDGF receptor (lanes e - h) and with PDGF receptor 
alone (lane i). Assays were terminated by the addition of sample buffer 
after 0 min (lanes a & e), 2 min (lanes b & f), 5 min (lanes c & g) or 10 
min (lanes d, h & i). Samples were boiled for 5 min and the proteins 
resolved by SDS-PAGE on 8% gels. Gels were stained with Coomassie blue 
and then dried down. R adioactiv ity  was visualised by autoradiography. 
Autoradiograms were exposed over night. The positions of standard 
molecular weight markers (Bio-Rad) are shown, these are of Mr in 
ascending order 42,000, 66,000, 97,000, 116,000 and 200,000.
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PDGF receptor is generally found to exhibit low in vitro kinase activity,
and the levels of both autophosphorylation and phosphorylation of the
p85 protein found in this study were low. Abel son kinase however is a 
highly active tyrosine kinase, capable of phosphorylating a wide 
variety of substrates to high stoichiometry in vitro. Proteins in the 
Ptdlns kinase preparations (purified as described in section 4.1) were 
tested as potential substrates for the Abelson kinase. p43v*a^  was 
purchased from Oncogene Science. Assays were performed in buffer 
containing 10 mM MgCl2, 50 mM HEPES, 0.1 mM EDTA, 0.015% Triton X-
100, 10 units of p43v' fl^  kinase were added to each assay (1 unit is 1 pmol
phosphate transferred/min). 0.005 units of purified Ptdlns kinase was 
included in each assay (1 unit = 1 nmol PIP formed/min/ml). Assays 
were started by the addition of [y^2P]ATP (specific activity 250 
cpm/pmol) to a final concentration of 100 mM. Control assays were set
up, containing no Ptdlns kinase or no p43v ' a^ .  Reactions were
incubated for 20, 30 and 60 min and stopped by the addition of SDS
sample buffer. Time zero controls were also included. The samples were 
boiled for 5 min and the proteins resolved on 8% SDS-PAGE gels.
Proteins were visualised by staining with Coomassie blue, the gels were 
then dried down and radioactivity detected by autoradiography.

A time dependent autophosphorylation of p43v*fl^/ was detected in all 
assays in which the protein was present. No proteins from the Ptdlns 
kinase preparation appeared to be substrates for the Abelson kinase. It 
was clear from the observed autophosphorylation of the p43v‘fl^  that 
the Abelson kinase used in these assays was active. In view of the 
promiscuity of p43v' fl^  as a tyrosine kinase it was surprising that none 
of the proteins in the Ptdlns kinase preparation appeared to be 
substrates for p43v*a^ ,  however it was clear that this did not represent a 
good system for examining the effect of tyrosine phosphorylation on 
Ptdlns kinase activity.

7.3.2 Phosphatase treatments.

Incubation of preparations of purified Ptdlns 3-kinase with activated 
PDGF receptor resulted in a time dependent PDGF dependent increase in 
the phosphorylation of the 85 kDa protein (section 7.3.1). However no 
change in Ptdlns 3-kinase activity was observed following 
phosphorylation of the 85 kDa protein. The possibility remained that 
the 85 kDa in the preparation might be partially phosphorylated before 
incubation with PDGF receptor and that this phosphorylation might be 
sufficient for activation of the Ptdlns kinase. This was supported by the 
fact that all of the buffers used throughout the purification contained 
phosphatase inhibitors and the observation that the stoichiometry of 
phosphorylation of the 85 kDa protein in the presence of activated PDGF
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receptor was always low. However Western blotting in the presence of 
anti-phosphotyrosine antiserum revealed that the 85 kDa protein was 
not phosphorylated on tyrosine in these preparations (Mike Fry, 
unpublished observations).

Preparations of Ptdlns 3-kinase (purified as described in section 4.1) 
were incubated with potato acid phosphatase (Sigma type VII) in an 
attempt to determine whether removal of phosphate from the proteins 
in the preparation would result in an alteration of Ptdlns kinase 
activity. The acid phosphatase was used at a concentration at which it 
had been found to dephosphorylate protein kinase C at pH 5.5 in the 
absence of added phosphate. The acid phosphatase had been found to be 
totally inhibited at pH 7.0. Control assays were performed in the 
presence of 10 mM sodium phosphate at pH 5.5, at which concentration 
the dephosphorylation of protein kinase C was totally inhibited. 
Phosphatase assays were performed in a final volume of 20 pi consisting
of 10 pi of Ptdlns kinase preparation (purified as described in section
4.1), 5 pi of potato acid phosphatase suspension and 5 pi of 100 mM MES 
(pH 5.5), assays were performed in the presence and in the absence of 
added phosphate. Phosphate was added to a final concentration of 10 
mM and prepared by titrating 0.5 M Na2P 04  against 0.5 M NaH2PC>4 until 
the pH reached 5.5. Assays were buffered with MES (pH 5.5) at a final 
concentration of 50 mM. Control assays, in which no phosphatase was 
added were set up in the same buffer both in the presence and in the
absence of added phosphate.

Assays were incubated at 30°C for 10 min and then terminated by the 
addition of 20 pi of ice-cold 100 mM fi-glycerophosphate (pH 7.0) 
containing 10 mM sodium phosphate for assays performed in the 
presence of phosphate and for assays performed in the absence of 
phosphate 20 pi of 100 mM p-glycerophosphate containing 20 mM 
sodium phosphate (pH 7.0), thus bringing the phosphate concentration 
to 10 mM in all assays. 4 pi of each assay was removed, diluted 5 fold in 
buffer containing 10 mM sodium phosphate (pH 7.5) and triplicate 5 pi
aliquots of each assayed for Ptdlns 3-kinase activity (as described in
section 2.2.1). All Ptdlns kinase assays were performed in the presence 
of 10 mM phosphate to inhibit the phosphatase and prevent
dephosphorylation of the PtdIns(3)P produced in the assays. The
remaining 30 pi of each assay was boiled in sample buffer and analysed 
by SDS-PAGE . The Ptdlns 3-kinase activity was not found to be 
significantly altered by prior treatment with phosphatase either in the 
presence or in the absence of sodium phosphate. No alteration in the 
apparent size of any of the components of the preparation was observed 
following phosphatase treatment.
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7 .4  EFFECT OF TRYPSINISATION ON PTDINS KINASE 
A CTIVITY.

An attempt was made to identify the protein responsible for the Ptdlns
3-kinase activity by proteolytic inactivation studies, correlating 
changes of Ptdlns 3-kinase activity with alterations in the proteins 
visualised on Coomassie stained SDS-PAGE gels. Trypsin and soybean 
trypsin inhibitor were purchased from Worthington. Initially 
trypsinisation was for 5 min on both pools of Ptdlns 3-kinase activity 
from a Mono Q eluted over an extended gradient (section 7.1.1) in the 
presence of varying concentrations of trypsin. Trypsinisations were 
performed in a volume of 20 jil as follows; 5 pi of Ptdlns kinase 
preparation, 5 pi of 0.4% 2-mercaptoethanol in water, 5 pi of 0.1 M Tris 
(pH 8.0) and 5 pi of trypsin at the appropriate concentration. Trypsin 
stocks were prepared (from a 10 mg/ml stock in 1 mM HC1) in water as a 
series of 10 fold dilutions giving final concentrations of 10 ng/ml to 100 
pg/ml. Trypsinisation was carried out at 30°C for 5 min and then 
terminated by the addition of 10 pi of a 0.4 mg/ml solution of soybean 
trypsin inhibitor. The samples were mixed, 10 pi aliquots of each were 
added to 10 pi of buffer containing 20 mM ^-glycerophosphate, 0.2 mM 
sodium orthovanadate, 20 mM NaF and 10 mM benzamidine pH 7.5 for 
Ptdlns kinase assays. Ptdlns kinase assays were performed with Ptdlns 
presented as the pure sonicated phospholipid (as described in section
2.2.1). 15 pi of each trypsinisation reaction was boiled in sample buffer
and analysed on SDS-PAGE . Proteins were visualised by Coomassie 
s ta in in g .

No change in Ptdlns kinase activity was observed at any of the trypsin 
concentrations tested. SDS-PAGE analysis demonstrated that of all the 
proteins present in each of the two enzyme pools, only the 85 kDa 
protein appeared to be resistant to trypsinisation (Fig. 7.4.1). It would 
be expected that trypsinisation of the Ptdlns 3-kinase enzyme would 
result in some change in activity, either resulting in inactivation due to
clevage in a catalytic domain or possibly in activation, eg due to the
proteolytic removal of a regulatory region of the protein which might
yield a constituitively active protein as occurs for protein kinase C in 
which limited trypsinisation yields a constitutively active fragment 
(protein kinase M). There was another protein, of approximately 116 
kDa, in the preparation which appeared to be relatively resistant to 
proteolysis, this was however degraded at concentrations of trypsin 
exceeding 10 jig/ml without an accompanying change in Ptdlns 3-
kinase activity. This preliminary evidence again suggested that the 85 
kDa protein appeared to be the most likely candidate for the catalytic 
unit of the Ptdlns 3-kinase.
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Fig. 7.4.1 Effect of vary ing  try p sin  con cen tra tio n  on the 
p ro te ins in a P td ln s  k inase p re p a ra tio n .

Ptdlns kinase from preparations following chromatography on Mono Q 
in the presence of Mg^+ and ATP which had been further purified from 
the first (lanes 10 - 16) and second (lanes 2 - 8 )  peaks of Ptdlns kinase 
activity to elute from a Mono Q column run with an elongated NaCl 
gradient (section 7.1.1), were incubated with increasing concentrations 
of trypsin. Lane 1 is a control to which no Ptdlns kinase was added, 
lane 9 is a Ptdlns kinase alone control. Trypsin concentrations were; 
100 pg/ml trypsin with 0.4 mg/ml soyean trypsin inhibitor (lanes 2 &
10), water control with 0.4 mg/ml soybean trypsin inhibitor (lanes 3 &
11), 10 ng/ml trypsin (lanes 4 & 12), 100 ng/ml trypsin (lanes 5 & 13),
1 pg/ml trypsin (lanes 6 & 14), 10 pg/ml trypsin (lanes 7 & 15) and 100 
pg/ml trypsin (lanes 8 & 16). Trypsinisation was carried out in a 
volume of 20 pi at 30°C for 5 min and then terminated by the addition of 
10 pi of 0.4 mg/ml soybean trypsin inhibitor. 15 pi aliquots of each 
assay were taken and the proteins analysed by SDS-PAGE on 8% gels. 
Proteins were visualised by staining with Coomassie blue. The positions 
of standard molecular weight markers (Bio-Rad) are shown. Mr in 
ascending order are 42,000, 66,000, 97,000, 116,000 and 200,000.
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Further experiments were undertaken in which the time course for 
inactivation of the Ptdlns kinase in the presence of 100 ng/ml trypsin 
was investigated. Parallel reactions were set up for each time point 
from both enzyme pools in which trypsin was excluded. Trypsinisation 
reactions were set up in triplicate as described above and incubated at 
30°C for 5 min, 10 min, 20 min or 30 min before reactions were 
terminated by the addition of 20 p.1 of a 0.4 mg/ml solution of soy bean 
trypsin inhibitor. Aliquots were taken and either assayed for Ptdlns 
kinase activity or analysed by SDS-PAGE as described above. Ptdlns 3- 
kinase activity in the presence of trypsin was expressed as a percentage 
of the activity found in control assays performed in the absence of 
trypsin as shown in Fig. 7.4.2a. Ptdlns 3-kinase activity was found to 
decrease gradually over the time period tested such that after 30 min the 
activity in the first pool was 25% of control and that of the second pool 
was 12% of control. A comparison of the activity at each time point with 
the proteins visualised on Coomassie stained SDS-PAGE gels (Fig. 7.4.2b) 
was made in an attempt to determine any coincidence between the 
altered activity and the pattern of proteins on SDS-PAGE .

There appeared to be substantial differences between proteins present 
in the control samples and the trypsinised samples for all times tested, 
there did not however appear to be a progressive degradation of any 
particular protein(s) which could coincide with the observed changes 
in Ptdlns 3-kinase activity. The 85 kDa protein appeared to remain 
intact for all times tested from the second pool, while this protein was 
not observed on stained gels of the first pool after 5 min. The 110 kDa 
protein was degraded within 5 min in both of the enzyme pools tested. It 
remained possible that the protein responsible for Ptdlns 3-kinase 
activity could be partially proteolysed and retain activity (eg., within 5 
min) and then the active fragment could be gradually proteolysed to a 
smaller inactive polypeptide (ie., from 5 - 3 0  min). In this case the 
disappearance of one polypeptide would be expected to coincide with the 
appearance of another, no alteration in the proteins was observed 
between 5 min and 30 min for either enzyme pool. Ideally this 
experiment should be repeated with more highly purified material, eg. 
Ptdlns 3-kinase preparations which had been affinity purified (see 
Appendix) so that fewer contaminating proteins were present allowing 
a more precise correlation between changes in activity and the proteins 
visualised following SDS-PAGE analysis. The levels of protein used in 
this assay were low, such that subtle changes in minor components of 
the preparation, which might be important for Ptdlns 3-kinase activity, 
would not be apparent. The results might therefore be more 
meaningful if the experiment was repeated with more concentrated 
preparations of more highly purified Ptdlns 3-kinase preparations if 
these could for example be eluted from the PDGF receptor kinase insert 
domain phosphopeptide affinity column in an active form.
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Fig. 7.4.2 Time course for trypsinisation of Ptdlns
k i n a s e .

Ptdlns kinase preparations from the final Mono Q column of 
preparations in which the Ptdlns 3-kinase had been resolved into two 
peaks following chromatography on the first Mono Q column were 
incubated with 100 pg/ml trypsin for varying times. Trypsinisation was 
carried out in a volume of 20 pi at 30°C and terminated by the addition of 
20 pi of 0.4 mg/ml soybean tiypsin inhibitor.

a - Effect of trypsinisation on Ptdlns kinase activity. After 
trypsinisation had been terminated, 10 pi aliquots of each reaction were 
taken and diluted two fold with buffer containing 20 mM p -  
glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF and 10 mM 
benzamidine (pH 7.5). Ptdlns 3-kinase assays were performed as 
described in section 2.2.1 with Ptdlns presented as the pure sonicated 
phospholipid. Ptdlns 3-kinase activity was expressed as a percentage of 
the activity in control assays in which no trypsin was added. Ptdlns 3- 
kinase preparations corresponding to the first ( ♦ )  and second ( □  ) peaks 
of Ptdlns 3-kinase to elute from a Mono Q column with an elongated NaCl 
gradient (section 7.1.1) were assayed.

b - Effect of trypsinisation on the proteins in purified Ptdlns kinase 
preparations. Trypsinisation reactions were carried out for varying 
times in the presence of 100 pg/ml trypsin (lanes 9 - 16). Control assays 
were incubated for the same times with trypsin in the presence of 
soybean trypsin inhibitor (lanes 1 - 8 ) .  Purified Ptdlns 3-kinase 
preparations corresponding to the first (lanes 6 - 8 & 13 - 16)  and 
second (lanes 2 - 4 & 9 - 1 2 )  peaks of activity to elute from a Mono Q 
column run under modified conditions (section 7.1.1). Control assays 
were included in which no Ptdlns 3-kinase was added (lanes 1 & 5). 
Trypsinisation was for 5 min (lanes 9 & 13), 10 min (lanes 2, 6, 10 &
14), 20 min (lanes 3, 7, 11 & 15) and 30 min (lanes 5, 8,12 & 16). 
Proteolysis was terminated by the addition of 20 pi of 0.4 mg/ml soybean 
trypsin inhibitor. 15 pi of each sample was removed, boiled in sample 
buffer and the proteins analysed by electrophoresis on 8% SDS-PAGE. 
Proteins were visualised by staining with Coomassie Blue. The positions 
of standard molecular weight markers (Bio-Rad) are shown. Mr in 
ascending order are 42,000, 66,000, 97,000, 116,000 and 200,000.
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7 .5  ANTIBODY STUDIES.

The use of antiserum in Western blotting allows a determination of the 
relative levels of expression of proteins containing their specific 
epitope. This is of use for example in the determination of the tissue 
distribution of a particular protein, or of the levels of protein resulting 
from the expression of clones encoding that protein in a given cell line. 
Additionally antiserum which can recognise native proteins may be 
used to immunoprecipitate the protein(s) containing the epitope which 
they recognise. Immunoprecipitation has proved a particularly 
powerful tool in the examination of protein complexes. For example 
Ptdlns 3-kinase activity was first identified by co-immunoprecipitation 
with Polyoma middle T: pp60c*,rc  complexes in 3T3 cells [Whitman et al. 
(1985)]. Activated PDGF receptors have been shown to associate with 
variety of proteins involved in signal transduction, these include 
pp60c"*rc [Kypta et al. (1990)], Ptdlns-PLCy [Margolis B et al (1989)], 
[Meisenhelder et al. (1989)], p74c‘rfl/  [Morrison et al. (1989)], p21rflJ.G A P 
[Kazlauskas et al. (1990a)], [Kaplan et al. (1990)] and the Ptdlns 3-kinase 
[Escobedo & Williams (1988)], [Kazlauskas & Cooper. (1989)]. The CSF-1 
receptor has similarly been shown to associate with the Ptdlns 3-kinase 
and p21ras*GAP but not with Ptdlns-PLCy [Reedijk et al. (1990) ]. No 
report had been made at the time of this work of antiserum which was 
specific for the 85 kDa protein or the associated Ptdlns 3-kinase activity 
such that a determination of which of these proteins was present in 
complexes with which other PDGF receptor associated protein(s).

An attempt was made to raise antiserum against the 85 kDa protein 
present in purified preparations of Ptdlns 3-kinase to allow Western 
blotting analysis, and in the hope that immuneprecipitating antiserum 
might be raised which would for example allow a determination of 
whether the 85 kDa protein was responsible for the Ptdlns 3-kinase 
activity and determine whether the purified 85 kDa protein was indeed 
the same as the 85 kDa protein reported in immunocomplexes.

Once initial protein sequence determination had been carried out for 
the 85 kDa protein associated with Ptdlns 3-kinase activity (as described 
in section 6.1.1) a peptide corresponding to the sequence GDFPGTYVEYIG 
obtained as the sequence of peptide 49 - 7 in the preparation (Fig.
6.1.1.2) was synthesised and polyclonal anti-peptide antisera was raised 
in rabbits (as described in section 2.11). The peptide was recognised as 
being from an SH3 homology domain and it was not clear whether the 
resulting antiserum would specifically recognise the 85 kDa protein or 
whether it might also recognise other SH3 domain containing proteins 
in which the SH3 domain was particularly similar to the sequence found 
in p85a.
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The binding of the antiserum to a peptide-BSA conjugate was tested in 
an ELISA assay as described in section 2.13. ELISA assays were 
performed with peptide coupled to BSA rather than KLH to eliminate 
detection of antiserum which might recognise the KLH moiety rather 
than those which recognised epitopes on the peptide. Dilutions of 
serum from 10"1 -10"^ were tested in quadruplet. Control wells were 
coated with BSA. The titrations for the final bleeds (after 4 boosts) of 
each of the three rabbits are shown in Fig. 7.5.1. The filled squares 
represent the non-specific binding to BSA, while the open squares 
represent the total binding in the presence of the specific peptide. The 
specific antisera is therefore equivalent to the difference between the 
test values and the control values. It was clear from the ELISA assays 
that the antiserum, particularly from the first two rabbits (Fig. 7.5.1a & 
b) gave a large non-specific response. The antiserum from the third 
rabbit (Fig. 7.5.1c) however appeared to be more specific at dilutions 
exceeding 1000 fold.

The serum was also tested for its ability to recognise the denatured 85 
kDa protein by Western blotting. Western analysis was performed as 
detailed in section 2.12. Initial Western analysis was performed using 
Ptdlns 3-kinase preparations from the final Mono Q column (of 
purifications performed as described in section 4.1) with a series of 
dilutions of serum (from 100 x to 500 x) from each of the three final 
bleeds. It was found that a 200 x dilution of each serum gave the clearest 
identification of the 85 kDa protein from these preparations. This 
concentration was adopted for all subsequent Western analysis. The 
antiserum was used to investigate the presence of the 85 kDa protein in 
fractions across the peaks of Ptdlns 3-kinase activity following various 
chromatographic steps. Fig. 7.5.2 demonstrates the presence of the p85 
protein in fractions across the activity peak from the final Mono Q 
column of a Ptdlns 3-kinase preparation. The 85 kDa protein could only 
be visualised following Western analysis when the protein was present 
at high enough levels to be detected by Coomassie staining. It was also 
observed that the antiserum was highly non-specific, recognising 
many proteins in impure preparations. This obviously limits the 
conclusions that can be drawn.

Once p85f) had been cloned (see Appendix) the protein was expressed in 
bacteria, COS-1 cells and in insect cells using the baculovirus system.
The expression of the protein was monitored on Coomassie stained SDS- 
PAGE gels and by Western analysis using the antipeptide antiserum.
The sequence in p85p (GDFPGTYVEFLG) is not identical to the 
corresponding region of p85a (GDFPGTYVEYIG), ie., the peptide 
sequence obtained from 85 kDa component of the purified Ptdlns 3-
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kinase preparation against which the antiserum was raised. The 
antiserum clearly recognised the p85a protein expressed, from the p85a 
clone which was obtained later than the p85$ clone, in bacteria, C0S>1 
cells and insect cells. Although the antiserum clearly recognised the 
expressed p85a protein, the protein could only be visualised following 
Western analysis if the protein levels were sufficiently high for the 85 
kDa protein to be visualised by Coomassie staining. The antiserum 
recognised many proteins in these preparations other than the p85 
protein and was also found to recognise the EGF receptor with the same 
affinity as the recognition of p85 (George Panayotou personal 
communication) despite the fact that the EGF receptor shows no 
homology with the peptide against which the serum was raised. It was 
clear that the serum was not sufficiently specific and that Western 
analysis with this serum was not sensitive enough for meaningful 
analysis of tissue distribution etc.

Immunoprecipitation assays were performed with this antiserum (as 
described in the Appendix) using purified preparations of Ptdlns 3- 
kinase. None of the proteins in the preparation was found to 
immunoprecipitate with the antiserum, likewise the Ptdlns 3-kinase 
activity did not precipitate. The failure to immunoprecipitate could 
either have been due to the low titre of specific antibodies or 
alternatively, the epitope against which the antiserum was raised might 
be inaccessible in the native protein. Following the failure of the 
antiserum to immunoprecipitate and the low sensitivity observed on 
Western blotting an affinity purification of 50 ml of the serum was 
attempted (as described in section 2.14). The affinity purified antiserum 
was tested for its ability to recognise p85 by Western analysis and 
compared to the non-purified antiserum. It was clear that the non
purified antiserum gave a clearer signal than the purified serum on 
this assay. This result was surprising; the most likely explanation 
appeared to be that the high affinity antibodies had remained bound to 
the peptide-Sepharose 4B column following the wash with 50 mM 
glycine.HCl (pH 3.0) and 30% ethylene glycol. It is possible that a wash 
with the same buffer at pH 2.0 would have been more effective at 
recovering the specific antibodies.

Further attempts to raise antisera against the 85 kDa protein(s) 
including polyclonals against 85$ protein which had been expressed in 
insect cells (performed by Ivan Goot), and antipeptide polyclonals to the 
C-terminal residues of p85a and p85$ (performed by Dr Sara 
Courtneidge) are discussed in Chapter 8.



Fig. 7.5.1 Determination of antibody titre by ELISA.

Polyclonal anti-serum was raised, in three rabbits (a, b & c), against 
peptide GDFPGTYVEYIG coupled to KLH. The antibody titre of the final 
bleeds (after four boosts) was determined in an ELISA assay (section 
2.13). Dilutions of each serum were tested for their ability to bind to a 
BSA-peptide conjugate ( □ )  (ie. specific & non specific antibody titre) or 
to BSA alone ( ♦ )  (ie non specific antibody titre).
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Fig. 7.5.2 Western blotting analysis.

Proteins from fractions across the final Mono Q column of Ptdlns kinase 
preparations (purified as described in section 4.1) were resolved by SDS- 
PAGE and blotted with antipeptide antiserum (as described in section 
2.12). A 100 fold dilution of antiserum was used. Radioactivity was 
visualised by autoradiography. Autoradiographs were exposed over 
night. The positons of standard molecular weight markers (Amersham
rainbow markers) are shown. The activity of the fractions shown was;
lane a - 16 nmol/min/ml, b - 39 nmol/min/ml, c - 62 nmol/min/ml, d - 
55 nmol/min/ml and e - 5 nmol/min/ml.
Mr in ascending order are 42,000, 66,000, 97,000| and 200,000.
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7 .6  PURIFICATION OF p850 EXPRESSED IN INSECT CELLS.

Crude cell extracts of insect cells, COS-1 cells or bacteria in which the 
p85p protein had been expressed did not show any elevation of Ptdlns 3- 
kinase activity (see Appendix II and Chapter 8 for discussion). Proteins 
expressed in bacteria often lack post translational modifications which 
may be required for catalytic activity, eg., myristolation and 
phosphorylation for pp60c' ,yrc. COS-1 cells however are mammalian in 
origin and have been found to post-translationally modify most 
mammalian proteins correctly. Likewise proteins expressed in insect 
cells are generally modified correctly. Although it remained possible 
that the p85j3 was inactive in all three systems due to incorrect 
processing of the protein, it appeared more likely that the lack of 
activity was due to other factors, eg., the presence of inhibitors in the 
cell systems used. It remained possible that the p85p was responsible for 
the Ptdlns 3-kinase activity and was correctly modified but was 
displaying basal activity due to the absence of activating signals. C O S-1 
cells and insect cells themselves possess high levels of intrinsic Ptdlns 
kinase activity which could have masked subtle changes in Ptdlns 3- 
kinase activity due to the expressed protein would not be apparent. A 
purification of the p85p was undertaken from insect cells, as the 
expressed protein might be chromatographically separable from the 
endogenous Ptdlns 3-kinase and from any inhibitor molecules. The 
progress of the purification was monitored by SDS-PAGE analysis.

The p85p clone (obtained as described in the Appendix) was transfected 
into insect cells using the baculovirus system. Viral stocks were grown 
up in 150 cm3 flasks using standard methods. Large scale infections 
were carried out in large Techne flasks. Cells were incubated at 27°C as 
spinner cultures. The cells were harvested after 3 days. Cells were 
sedimented by centrifugation at 1,000 rpm for 10 min in a Beckman J6 
centrifuge. The supernatant was retained for future viral stocks. The 
cells in the pellet were homogenised in 50 ml of buffer containing 20 
mM p-glycerophosphate, 0.2 mM sodium orthovanadate, 20 mM NaF, 2 
mM EDTA, 10 mM benzamidine and 0.3% (v/v) 2-mercaptoethanol at pH
7.5 (buffer B section 4.1) by sonication. The homogenate was 
centrifuged at 40,000 ipm for 30 min using a Ti 45 rotor in a Beckman 
ultracentrifuge. The supernatant was loaded onto a Pharmacia Q 
Sepharose Hi-load column, which had been pre-equilibrated with 
buffer B, using a P500 pump. The column was washed with 150 ml of 
buffer, protein was then eluted with a 250 ml gradient of 0 - 1 M NaCl at 
a flow rate of 2 ml/min. The A280 was measured as an indication of 
protein concentration. Fractions of 5 ml were collected. 25 pi aliquots 
of each fraction were taken, pooled in pairs (eg., 1 and 2 together), 
boiled for 5 min in sample buffer and run on 8% SDS-PAGE gels.
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Protein was visualised by staining with Coomassie blue. The 85 kDa 
protein appeared as a broad peak, eluting at approximately 220 mM NaCl.

Fractions 1 4 - 2 8  from the Q Sepharose Hi-load column were pooled and 
dialysed against 2 x 2 L of buffer B. The dialysed protein was 
centrifuged at 40,000 rpm for 30 min in a Ti 45 rotor and loaded onto a 
Mono Q HR 10/10 column which had been pre-equilibrated with buffer 
B using a Pharmacia P500 pump. Protein was eluted on a gradient of 0 - 
1 M NaCl at 1 ml/min using a Pharmacia FPLC system. The A280 was 
measured as an indication of protein concentration. Fractions of 500 pi 
were collected. Aliquots of 25 pi of each fraction were taken, pooled in 
pairs and analysed by SDS-PAGE as described above. Protein was 
visualised by Coomassie staining. The 85 kDa protein eluted in a sharp 
peak in fractions 25 and 26 (Fig. 7.6.1a).

Fractions 25 and 26 from the Mono Q column were pooled, centrifuged at 
12,000 rpm at 4°C in a Starstedt MH 2-K centrifuge for 15 min, and 500 pi 
loaded onto two Superose 12 HR 16/10 columns, which were linked in 
series. The Superose 12 columns had been pre-equilibrated in buffer B. 
Protein was eluted at a flow rate of 250 pl/min. The A280 was measured 
as an indication of protein concentration. Fractions of 500 pi were 
collected. Aliquots of 25 pi of each fraction were taken, pooled in pairs 
and run on 8% SDS-PAGE gels. Proteins were visualised by Coomassie 
blue staining. The p85 protein eluted as a sharp peak in fractions 35 - 
38 (Fig. 7.6.1b). These fractions were pooled and stored at 4°C for future 
use.

The purified p85p was assayed for phosphorylation of Ptdlns, PtdIns(4)P 
and PtdIns(4,5)P2, assays were performed in duplicate and parallel 
assays were performed with Ptdlns 3-kinase which had been purified 
from bovine brain. Lipid products were analysed by TLC as described in 
section 2.2.4.2. No activity was observed with p85J3 against any of the 
substrates tested.
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Fig. 7.6.1 Purification of p85|3 from insect cells.

The 85(3 clone was expressed in Sf9 cells using the baculovirus system 
(see Appendix). After 3 days the cells were harvested and homogenised 
in buffer containing 20 mM (3-glycerophosphate, 0.2 mM sodium 
orthovanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine and 0.3%
(v/v) 2-mercaptoethanol at pH 7.5 (buffer B) by sonication. Protein was 
loaded onto a Q Sepharose Hi-load column, which had been pre- 
equilibrated with buffer B. After washing, protein was eluted from the 
column with a 250 ml linear gradient of 0 - 1 M NaCl. The elution 
position of proteins was monitored by electrophoresis on 8% SDS-PAGE 
gels, followed by Coomassie Blue staining. 85(3 protein was found to elute 
in a volume of 70 ml, at approximately 220 mM NaCl.

a - The p85|3 pool was dialysed against 2 x 2 L of buffer B and loaded onto 
a Mono Q HR 10/10 column which had been pre-equilibrated with buffer 
B. The column was washed with 25 ml of buffer and protein eluted on a 
40 ml linear gradient of 0 -1 M NaCl. Fractions of 500 pi were collected. 
The elution position of the 85(3 protein was determined by SDS-PAGE 
analysis on 8% gels. 25 pi aliquots of each fraction were taken and 
pooled in pairs for SDS-PAGE analysis. Protein was visualised by 
Staining with Coomassie Blue. The positions of standard molecular 
weight markers (Bio-Rad) are shown (— ). Mr in ascending order are 
42,000, 66,000, 97,000, 116,000 and 200,000.

b - Fractions 25 & 26, following chromatography on Mono Q, were pooled 
and 500 pi of the protein loaded onto two Superose 12 columns connected 
in series which had been pre-equilibrated with buffer B. Fractions of 
500 pi were collected. 25 pi aliquots of each fraction were taken, pooled 
in pairs and the proteins analysed by electrophoresis on 8% SDS-PAGE 
gels. Protein was visualised by staining with Coomassie Blue. The 
positions of standard molecular weight markers are shown.
I Mr in ascending order are 42,000, 66,000, 97,000, 116,000 and 200,000.
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8 DISCUSSION

It is hard to evaluate the significance of many studies of Ptdlns kinase 
activity which were undertaken prior to the discovery that at least 
three classes of Ptdlns kinase activity exist [Endemann et al. (1987)] 
[Whitman et al. (1987)] . Of the Ptdlns kinase types the type I activity 
appeared to be associated with PDGF receptors and polyoma middle T 
antigen: pp60c*jrc complexes and produced the novel lipid PtdIns(3)P 
[Whitman et al. (1988)]. Several reports were published, both before 
and during the course of this work, of Ptdlns kinases in a variety of cell 
types and tissues. In the more recent studies workers have 
distinguished between Ptdlns 4-kinase and Ptdlns 3-kinase activities. 
From earlier reports it is possible at least to determine that assays 
performed in the presence of non-ionic detergent (NP-40 or Triton X- 
100) do not measure the type I (Ptdlns 3-kinase) activity as this enzyme 
is inhibited in the presence of non-ionic detergents. Ptdlns 4-kinase 
activities, which appear similar to the 55 kDa type II Ptdlns kinase of 
bovine brain and fibroblasts [Endemann et al. (1987)] [Whitman et al. 
(1987)] have also been characterised from human and cell plasma 
membranes [Endemann et al. (1987)], porcine liver [Hou et al. (1988)], 
bovine uterus [Porter et al.. (1988)], murine liver [Suarez-Quinn, et al.
(1987)], bovine brain myelin [Saltiel et al. (1987)] and from A431 cells 
[Thompson et al. (1985)] [Walker et al. (1988)]. These membrane bound 
enzymes have been shown to coincide with a protein of approximately 
55kDa. The activity is stimulated in the presence of non-ionic 
detergents and inhibited in the presence of adenosine. Km values for 
ATP of between 20 and 60 pM have been reported (reviewed in 
[Carpenter & Cantley. (1990)].

Type III Ptdlns kinase has been characterised as a Ptdlns 4-kinase, 
which is membrane associated, its activity is stimulated by non-ionic 
detergents and the enzyme is resistant to inhibition by adenosine 
[Endemann et al. (1987)]. Type III Ptdlns kinase from bovine brain and 
bovine uterus [Li et al. (1989)] appears to have a native size of 200- 
230kDa and a Km for ATP of 200-700 pM. An activity which resembles 
type III Ptdlns kinase in its detergent sensitivity and resistance to 
adenosine inhibition has been purified from rat brain [Yamakawa & 
Takenawa, T. (1988)]. This activity appears to be associated with a 
protein of 76 kDa, the nature of enzyme products have not been 
v e rified .

In addition to the mammalian type II and type III Ptdlns kinases a 
membrane associated Ptdlns 4-kinase activity has been purified from 
Saccharomyces cerevisiae [Belunis et al. (1988)], this enzyme has an 
apparent size of 35 kDa and its activity is stimulated in the presence of 
non-ionic detergents and inhibited in the presence of Ca^+ .
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The precise mechanism of regulation of Ptdlns 4-kinases remains 
elusive but there is a suggestion that Ptdlns 4-kinase activity is elevated 
in response to EGF stimulation of A431 cells [Walker & Pike. (1987)] 
[Cochet et al (1991)] and following GTPyS treatment [Chahwala et 
al.(1987)], suggesting that Ptdlns 4-kinases may be regulated by both 
tyrosine kinase receptors and G-protein coupled receptors. None of 
these studies has differentiated between the type II and type III like 
enzymes, so the possibility that these activities are differentially 
regulated cannot be discounted.

I undertook to purify the type I (Ptdlns 3-kinase) enzyme, for which no 
purification had been published, in order that the factors involved in 
the regulation of the enzyme activity might be characterised and in the 
hope that ultimately the metabolic consequences of Ptdlns3-kinase 
activation, including a role for the 3 phosphorylated phosphoinositides 
might be investigated. Following evidence that Ptdlns 3-kinase activity 
was associated with an 85 kDa protein in antiphosphotyrosine 
immunoprecipitates of PDGF stimulated 3T3cells or in association with 
middle T antigen:pp60c‘jrc complexes from Polyoma virus transformed 
fibroblasts, [Kaplan et al. (1987)] it appeared likely that the Ptdlns 3- 
kinase activity might be regulated by tyrosine phosphorylation. A 
buffer system containing phosphatase inhibitors (sodium fluoride, 
sodium orthovanadate, p -glycerophosphate and in some cases sodium 
pyrophosphate), the antioxidant 2-mercaptoethanol and protease 
inhibitors (benzamidine, EDTA and for homogenisation, PMSF) was 
designed to reduce loss of activity as a result of either proteolysis or 
phosphatase action (see section 4.1).

Armed with the knowledge that the Ptdlns 3-kinase activity was 
sensitive to inhibition by non-ionic detergents (Triton X-100 and NP-40) 
while Ptdlns 4-kinase activity was stimulated under the same conditions 
[Whitman et al. (1987)] [Whitman et al. (1988)], bovine brain was 
selected as a potential source of Ptdlns 3-kinase as this is a readily 
available tissue source which was known to be rich in many of the 
enzymes involved in signal transduction pathways (e.g. tyrosine kinase 
enzymes, the Ptdlns-PLC's and the PKC isozymes. Analysis of a previous 
report which identified type II and type III Ptdlns kinase in bovine 
brain but not type I [Endemann et al. (1987)] suggested that the type I 
activity might not have been identified because the assays were 
performed in the presence of Triton X-100, which is known to inhibit 
the type I enzyme.

Bovine brain cytosolic fraction was selected as the preferred source as 
detergent solubilisation would not be necessary, thus obviating the 
problems associated with detergent effects on activity. In addition, 
while non-ionic detergents were known to inhibit the Ptdlns 3-kinase, 
the use of ionic detergents, such as sodium cholate would preclude the
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use of ion exchange resins during the course of the purification. TLC 
analysis of the products of Ptdlns kinase assays performed with Ptdlns 
presented as the pure sonicated phospholipid, in the presence of sodium 
cholate or with NP-40 revealed that the PtdlnsP products of assays 
performed with pure sonicated Ptdlns were heterogeneous (Fig 3.2.1). 
The observation that PtdlnsP produced in assays in which type I Ptdlns 
kinase was expected to be active appeared as a "doublet" was taken to 
indicate the presence of both PtdIns(3)P and PtdIns(4)P by the mixture 
of Ptdlns kinases present in the assay. The presumed PtdIns(3)P
appeared to migrate slightly behind the Ptdlns(4)P product. It was not
possible to resolve the two products sufficiently using the TLC method 
described to allow the Ptdlns 3-kinase and Ptdlns 4-kinase activities to 
be quantified separately. The presence of Ptdlns 4-kinases was
confirmed by the observed increase in PtdlnsP in assays performed in
the presence of NP-40.

A purification of the cytosolic Ptdlns 3-kinase was developed, the 
activity was measured by assaying with Ptdlns presented as the pure 
sonicated phospholipid and in the presence of NP-40, the fractions 
possessing detergent inhibited Ptdlns kinase activity, as judged from 
autoradiographs following TLC separation, were pooled in each case 
(e.g. Fig 4.1.5). SDS-PAGE separation of the proteins across the active 
fractions followed by staining with Coomassie Blue (Fig. 4..1.7.2) 
revealed that two proteins of 85 kDa and 110 kDa always correlated with 
the Ptdlns kinase activity. It was clear from the fact that Ptdlns 3- 
kinase activity eluted in the void volume following chromatography on 
Sepharose CL-4B that either the Ptdlns 3-kinase formed part of a large 
complex or that the proteins in the preparation were aggregating non- 
specifically. Chromatography on this matrix did not result in any 
purification of the activity, this column was therefore omitted from the 
later purifications (section 4.2 and 4.3).

Chromatography of the series of other matrices including Heparin- 
Sepharose (Section 7.1.5), Mono S (Section 7.1.4), InsP-Sepharose 
(Section 7.1.5.1), Ptdlns-Sepharose (7.1.5.2) and ATP-Agarose (7.1.5.3) 
were tried and found not to result in an increase in the purification of 
the Ptdlns 3-kinase activity. Chromatography on Mono Q with an 
elongated gradient (Section 7.1.1) however did result in increased 
purification and was adopted for subsequent preparations (Sections 4.2 
and 4.3).

The purifications presented here (Sections 4.1 - 4.3) are largely similar 
to one another, yielding a 500-1000 fold purification of Ptdlns 3-kinase 
activity from the Ptdlns kinases present following ammonium sulphate 
precipitation of the bovine brain cytosol, at a final specific activity of 
15-50 nmol/min/mg. When assays were performed as described in 
Section 2.2 HPLC analysis of the deacylated and deglycerated PtdlnsP
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products of the purified Ptdlns kinase revealed that the enzyme was 
indeed a Ptdlns 3-kinase (Section 3.3).

Shortly after this work was published [Morgan et al. (1990)] (see 
Appendix I) a purification of Ptdlns 3-kinase from rat liver cytosol was 
published by other workers [Carpenter et al. (1990)] . The Ptdlns 3- 
kinase activity from rat liver also showed a complete correlation 
between the presence of proteins of 85 kDa and 110 kDa suggesting that 
the Ptdlns 3-kinase might exist as a complex between these two proteins. 
The rat liver and bovine brain enzymes show very similar biochemical 
properties with Km 's for ATP of 60 pM and 67 pM respectively, for Ptdlns 
of 60 pM and 34-60 pM respectively depending upon the substrate 
presentation (Table 5.2.0). Both the rat liver and bovine brain enzymes 
were Ca2+ independent (Table 5.2.4) and were inhibited by high 
concentrations of MgCl2 (Fig. 5.2.2), showing optimal activities at 5 mM 
and 2.5 mM respectively. Both studies demonstrated that substitution of 
M g2+ by Mn2+ resulted in a reduction of Ptdlns kinase activity (Table
5.2.2), the extent of the inhibition depended upon the substrate (i.e. 
Ptdlns, Ptdlns (4)P, or Ptdlns (4,5)P2 and upon the method of substrate 
presentation (i.e. pure sonicated phospholipid or in mixed micelles with 
sodium cholate).

Immunoprecipitates of transformation competent middle T 
an tigen :pp60c*jrc  from polyom a virus infected 3T3 cells had been 
shown to contain activities capable of phosphorylating PtdIns(4)P and 
P tdIns(4 ,5)P2 in addition to the Ptdlns kinase activity [Courtneidge & 
Heber. (1987)]. Transient increases of lipids, thought to be PtdIns(3,4)P2 
and PtdIns(3,4,5)P3, have been observed following PDGF stimulation of 
smooth muscle cells [Auger et al. (1989b)] after stimulation of 
neutrophils with f-met-leu-phe [Traynor-Kaplan et al. (1987)] and 
following EGF stimulation of Leydig tumour cells [Pignataro & Ascoli, M., 
(1990)]. Verification that the 3 phosphorylations of Ptdlns, PtdIns(4)P 
and PtdIns(4,5)P2 were catalysed by the Ptdlns 3-kinase came from the 
observation that Ptdlns, PtdIns(4)P and Ptdlns (4,5)P2 could all act as 
substrates for both the Ptdlns 3-kinase puriifed from bovine brain (Fig 
5.3.1, 5.3.2, and 5.3.3 and Table 5.3) and the rat liver enzyme [Carpenter
et al. (1990)]. Ptdlns was the preferred substrate and PtdIns(4,5)P2 was
the poorest substrate for the bovine brain enzyme under all conditions 
tested (see Fig 5.3.1, 5.3.3 and Table 5.3) while for the rat liver enzyme 
P tdIns(4 ,5 )P 2  was the preferred substrate and PtdIns(4)P was the least 
preferred. The reason for this difference is not clear as the two
enzymes show very similar biochemical characteristics otherwise, but
they could be due to differences in the assay conditions, differences in 
the substrate presentation or they might reflect differences in the 
lipids supplied by two different companies. The latter possibility 
appears the most likely as differences in the relative ability of the rat
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liver Ptdlns 3-kinase to phosphorylate the three substrates have been 
reported to vary between batches of lipid [Carpenter et al. (1990)].

Purified Ptdlns 3-kinase from bovine brain appeared to consist of two 
proteins of 110 kDa and 85 kDa, it was not clear whether these proteins 
were tightly complexed together, or whether they might be resolved 
from one another chromatographically so that the subunit responsible 
for the catalytic activity might be identified. A variety of 
chromatographic methods had been tested (see above) in an attempt to 
resolve these two proteins. One interesting development was the 
observation that chromatography on Mono Q with a gradient of 0-0.2M 
NaCl over 40 ml resolved the detergent inhibited Ptdlns kinase activity 
into two peaks, both of which appeared to correlate with the presence of
110 kDa and 85 kDa proteins (Fig 7.1.1.).

The 85 kDa and 110 kDa proteins from each of the peaks appeared to 
show identical mobilities on SDS-PAGE (Fig 7.1.1b). Interestingly the rat 
liver Ptdlns 3-kinase preparation also showed some heterogeneity in 
both the 85 and 110 kDa proteins [Carpenter et al. (1990)]. Both of the 
peaks of activity from the bovine brain preparation were found to be 
Ptdlns 3-kinase by HPLC examination of the deacylated lipid products. 
Resolution of Ptdlns 3-kinase into two peaks suggested that either 
multiple forms of Ptdlns 3-kinase might exist in bovine brain or that 
the purified Ptdlns 3-kinase was present in different modification states 
which were chromatographically separable. Protein sequencing of 
peptides from the 85 kDa polypeptide from the two peaks has revealed 
similar sequences (Nick Totty personal communication) which both 
appear to come from p85a (see below) suggesting that at least the 85 kDa 
component in the two peaks is identical in primary structure , although 
different modification states may exist. If the two forms of p85 are 
differentially modified this modification is not tyrosine
phosphorylation, as neither of the proteins from either peak was
recognised by Western blotting with antiphosphotyrosine antisera 
(Mike Fry unpublished results). The 110 kDa protein has often appeared 
heterogeneous following SDS-PAGE analysis and the possibility remains 
that there may be multiple forms of pi 10. Heterogeneity of the 110 kDa 
protein has also been reported by other workers [Carpenter et al.
(1990)].

An attempt was made to determine the size of the enzyme/complex 
responsible for Ptdlns 3-kinase activity following gel permeation 
chromatography in a modified buffer system containing 0.5% (w/v) 
sodium cholate. A poor recovery of Ptdlns 3-kinase activity was 
observed following chromatography on Superose 6 (7.1.2), which eluted 
in a volume corresponding to a size of between 66 and 116 kDa. This 
suggested that the complex has been disrupted without loss of activity, 
however SDS-PAGE analysis of proteins in fractions eluting across the
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peak of activity (Fig 7.1.2.b) did not allow a distinction to be made 
between the elution positions of the 110 kDa and 85 kDa proteins so the 
polypeptide responsible for Ptdlns 3-kinase activity could not be 
identified. Ptdlns 3-kinase from rat liver has been reported to have an 
apparent size by gel filtration of 190kDa [Carpenter et al. (1990)] 
suggesting that the rat liver enzyme exists as a complex of the 85 kDa 
and 110 kDa polypeptides.

Following the failure of conventional chromatographic means to 
identify the polypeptide responsible for Ptdlns 3-kinase activity a 
variety of less direct approaches were attempted including: 
renaturation from SDS-PAGE gels (Section 7.2), proteolytic inactivation 
studies (Section 7.4), attempts to correlate changes in phosphorylation 
state with changes in Ptdlns 3-kinase activity (Section 7.3) and attempts 
to raise antiserum against the 85 kDa component (Section 7.5). After 
repeated attempts a method for renaturing Ptdlns 3-kinase from SDS- 
PAGE gels was developed. Comparison of the Rf value of the renatured 
activity with that of stained molecular weight markers revealed that a 
protein of approximately 90 kDa appeared to be responsible for Ptdlns 
kinase activity, suggesting that the 85 kDa polypeptide might be the 
catalytic subunit of Ptdlns 3-kinase. However as the predicted size of 
the Ptdlns 3-kinase falls between the 85 kDa and 110 kDa proteins and 
since the difference in size of these proteins is relatively small a 
definitive identification of the catalytic sub-unit could not be made 
from the renaturation data.

An investigation of the effect of trypsin concentration on Ptdlns kinase 
activity and proteins observed following SDS-PAGE analysis (Fig. 7.4.1) 
for two different pools of Ptdlns 3-kinase revealed that both the Ptdlns 
3-kinase activity and the 85 kDa protein were resistant to trypsinolysis 
while the other major proteins including p i 10 in the preparations 
appeared to be degraded. An investigation of the time course for 
inactivation of Ptdlns 3-kinase in high concentrations of trypsin (Fig
7.4.2) produced more confusing results, none of the proteins observed 
following SDS-PAGE analysis appeared to correlate with the observed 
changes in Ptdlns 3-kinase activity suggesting that either a minor 
component of the preparation was responsible for the activity or that 
the enzyme might retain catalytic activity in a partially proteolysed 
form. Examination of stained SDS-PAGE gels of proteins in purified 
preparations of Ptdlns 3-kinase revealed that, while the activity always 
coeluted with the 85 kDa and 110 kDa proteins, the proportions of the 
two proteins varied. Some preparations appeared to contain relatively 
little p i 10. Since chromatographic data suggests that these two proteins 
are tightly complexed together, the reduction in the observed levels of 
the p i 10 might be due to protein degradation. This supports the 
observation that the 110 kDa protein is far more sensitive to 
trypsinisation than the 85 kDa protein.



Attempts to correlate the effects of phosphorylation of proteins in the 
Ptdlns 3-kinase preparation with changes in Ptdlns 3-kinase activity 
failed to show any correlation between phosphorylation and alterations 
in Ptdlns 3-kinase activity. Western blotting analysis with 
antiphosphotyrosine antiserum revealed that none of the proteins in 
the preparation was phosphorylated on tyrosine (Dr M Fry unpublished 
work). Treatment of purified preparations of Ptdlns 3-kinase with 
potato acid phosphatase did not result in an alteration of Ptdlns 3-kinase 
activity (Section 7.3.2). None of the proteins in the purified Ptdlns 3- 
kinase preparation appeared to be substrates for bacterially expressed 
Abelson kinase, although autophosphorylation of p43v"fl^  was observed, 
suggesting that the tyrosine kinase itself was active (Section 7.3.1). 
Purified preparations of Ptdlns 3-kinase were incubated with activated 
porcine PDGF receptor, resulting in a PDGF dependent increase in 
phosphorylation of the 85 kDa polypeptide, but not in an accompanying 
change in Ptdlns 3-kinase activity. The observation that p85 showed 
PDGF dependent phosphorylation suggested that this was the same 85 
kDa protein which was observed in antiphophotyrosine immune 
precipitates following PDGF stimulation [Kaplan et al. (1987)] and co- 
immunoprecipitates with complexes of polyoma middle T antigen:pp60c ' 
src [Courtneidge & Heber. (1987)].

The stoichiometry of phosphorylation of p85 from bovine brain in the 
presence of activated PDGF receptor was low, which could account for 
the failure to observe changes in Ptdlns 3-kinase activity as a result of 
phosphorylation. However the failure to observe changes in Ptdlns 3- 
kinase activity following phosphatase treatment or phosphorylation of 
p85 in the presence of activated PDGF receptor coupled with the 
observation that the purified Ptdlns 3-kinase preparation did not 
contain any tyrosine phosphorylated proteins suggested that tyrosine 
phosphorylation was not essential for the observed Ptdlns 3-kinase
activity and might not account for the apparent elevation of Ptdlns 3- 
kinase activity following stimulation of cells [Auger et al. (1989b)] 
[Pignataro & Ascoli. (1990)] [Endemann et al. (1990)] [Bjorge et al.
(1990)] [Ruderman et al. (1990)] [Varticovski et al. (1989)] [Lev et al.
(1991)]. However, the specific activity of the purified Ptdlns 3-kinase 
was low, suggesting that the purified protein might be only basally
active and that some mechanism of activation might exist in the 
cellular environment. It seems likely that either phosphorylation of 
the Ptdlns kinase or its association with other proteins might be 
responsible for its activation, although a combination of the two events 
may in fact be required. The conditions used in this experiment were 
poorly suited to addressing these questions as the recognition of bovine 
brain Ptdlns 3-kinase by purified porcine PDGF receptor might be poor. 
The PDGF receptor, like the Ptdlns kinase, was not homogeneous and the
observed activity varied vastly from preparation to preparation making
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comparison between preparations difficult. In addition, association 
between the PDGF receptor and Ptdlns 3-kinase was hard to evaluate as 
at the time neither antiserum to Ptdlns 3-kinase or PDGF receptor was 
available. Instead of placing too much weight on this system, attention
was focused on an investigation of Ptdlns 3-kinase association with 
PDGF receptor in cell lines which express high levels of these receptors 
(see Appendix II Fig 6).

In addition to the problems described above it was clear that the 85 kDa 
protein from purified preparations was phosphorylated in the presence 
of Mg2+ and ATP in the absence of PDGF receptor. This was taken to 
indicate the presence of a contaminating protein kinase in the 
preparations of Ptdlns 3-kinase used in these experiments. It was 
therefore decided that further purification of the Ptdlns 3-kinase was
necessary before the phosphorylation experiments were repeated. The
residues on which the p85 protein was phosphorylated were not 
examined in this study. The Ptdlns kinase associated 85 kDa protein 
from PDGF stimulated cells appears to be phosphorylated on serine and 
tyrosine residues [Kaplan et al. (1987)], similarly the rat liver Ptdlns 3- 
kinase preparation, which consists primarily of proteins of 85 and 110 
kDa [Carpenter et al. (1990)], contains a serine kinase activity in 
addition to the Ptdlns 3-kinase [Lewis Cantley, Oncogene and Growth 
Factor Signal Transduction conference, Steamboat Springs 1991]. It 
remains possible that the protein kinase activity observed in our 
preparations might be tightly associated with the Ptdlns kinase
com plex.

Ptdlns 3-kinase appears to exist as a heterodiameric complex of proteins 
of 110 kDa and 85 kDa. Preliminary data from renaturation and 
trypsinisation studies did not definitively prove which of the two 
proteins, if either, was responsible for the activity. Phosphorylation of 
the 85 kDa polypeptide in the presence of activated PDGF receptor 
suggested that the purified protein might be the same 85 kDa protein 
which was phosphorylated in PDGF treated 3T3 cells and associated with 
Polyoma middle T antigen:pp60c' ,frc complexes [Courtneidge & Heber
(1987)] [Kaplan et al. (1987)]. In this study the nature of the residues on 
p85 which were phosphorylated was not determined, so it remained 
possible that the 85 kDa protein might not be a direct substrate of the 
PDGF receptor, ie., if phosphorylation occured only on serine residues, 
the PDGF receptor might be presumed to activate a serine kinase for 
which the 85 kDa protein was a substrate. In the absence of more 
conclusive proof of the identity of the catalytic subunit of Ptdlns 3- 
kinase the 85kDa polypeptide was gel-purified from large scale 
preparations, trypsinised and the resulting peptides sequenced (see 
Section 6.1 and 6.2).
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Approximately 200 residues of peptide sequence were obtained from the 
initial preparation of p85 which was sequenced (Fig 6.1.1.2). Homology 
searching, performed using the EMBL Swiss protein database, revealed 
that many of the peptides sequenced showed high level homology to 
keratins of both human and bovine origin. Six of the peptides showed 
no homology to proteins in the database and two, one of which was 
sequenced twice showed homology to the SH3 domain of pp60c_irrc. The 
significance of the keratin like sequences was hard to assess at the time, 
particularly as some showed homology ( 100% in some cases) to bovine 
keratins, while others were homologous to human keratins. It seemed 
likely that these sequences had arisen from contamination of the 
preparation after gel purification, (none of the keratins sequenced to 
date is as large as 85 kDa), particularly since the sensitivity at which the 
peptides were sequenced was very high. However the possibility that 
the p85 might contain a substantial region of keratin homology could 
not be discounted. The observation that the preparation contained 
peptides with homology to the SH3 domain of pp60c"Jrc was tantalising 
since the SH3 domain is shared between a variety of cytoplasmic 
tyrosine kinases, cytoskeletal proteins, Ptdlns-PLCy and p21ra,y.G A P.
This domain is thought to play a role in proteinrcytoskeletal interactions 
[Pawson. (1988)]. The observation that p85 appeared to share homology 
with Ptdlns-PLCy and p21rflJ.GAP was of particular interest since p85, 
Ptdlns kinase, pp60c*Jrc, Ptdlns-PLCy and p21rflI.GAP are all known to 
form complexes with PDGF receptors. Ptdlns-PLCy, p21rflJ.GAP and p85 
have all been demonstrated to be substrates of the PDGF receptor 
[Kaplan et al. (1987)] [Kazlauskas & Cooper. (1990)] [Escobedo et al. 
(1991a)] [Molloy et al. (1989)] [Kazlauskas et al. (1990a)] [Ralston & 
Bishop.(1985)] [Kypta et al. (1990)] [Morrison et al. (1990)] [Wahl et al. 
(1989a)].

Despite the observation that many of the sequences in the first 
preparation of p85 appeared to be keratin contaminants, the SH3 
domains containing sequences suggested that the protein which had 
been sequenced was a good candidate for a receptor associated protein. 
Oligonucleotides encoding five of the non-keratin like peptides were 
synthesised for use as primers for cDNA cloning (Fig 6.1.1.2). At the 
same time as attempts were being made to clone p85, from the existing 
sequences, further preparations of Ptdlns 3-kinase were made so that 
additional protein sequence from p85 could be obtained. Large scale 
preparations of Ptdlns 3-kinase were used for later rounds of 
sequencing (Section 4.3). To date five rounds of sequencing have been 
performed with p85. Additional rounds of sequencing revealed some 
peptides which were sequenced from the first preparation, with the 
exception of the keratin like sequences, and many new sequences, 
which showed no homology to proteins in the EMBL Swiss protein 
database.
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Bovine cortex libraries were screened with probes A, B and E (Fig.
6.1.1.2) and several overlapping clones were obtained, which were 
found to code for a highly homologous, but distinct, protein (p85P) from 
the p85 (p85a) which had been sequenced. The bovine brain cortex 
library failed to yield a clone encoding 85a. Eventually 85a was cloned 
from an oligo-dT primed cDNA library made from total bovine brain 
mRNA [See Otsu et al, (1991) appendix II]. The existence of more than 
one gene coding for the p85 proteins was confirmed by Southern 
blotting analysis of bovine genomic DNA (see Otsu et al, (1991) Appendix 
II Fig 2).

Our discovery that two forms of the Ptdlns 3-kinase associated 85 kDa 
protein existed in bovine brain came at about the same time as other 
workers identified at least 10 forms of the p85/PtdIns 3-kinase 
associated protein in complexes with middle T antigen:pp60c"5rc in 
polyoma transformed 3T3 cells and following PDGF treatment of 3T3 cells 
[Cohen et al. (1990a)]. Isoelectric focusing of the 85 kDa protein 
revealed that two proteins of molecular weight 85 kDa and 86 kDa each 
existed in five separate phosphorylation states of which the mono- 
phosphorylated form was the most abundant. The p85 and p86 were 
identified as distinct proteins. On the basis of peptide mapping of these 
proteins p85 appeared to be the most abundant both in 3T3 cell lysates 
and in polyoma middle T antigen:pp60c_src complex from 3T3 cells while 
a primary cell line (turkey embryo fibroblasts) was found to contain 
equivalent levels of p85 and p86. It is tempting to speculate that p85 and 
p86 might in fact have been p85a and p85(3 respectively. pp85 and pp86 
certainly showed high levels of expression in brain, as determined by 
blotting with 32p labelled middle T antigen [Cohen et al. (1990a)].

Comparison of the predicted amino acid sequence of p85a and p revealed 
that both proteins contain 724 amino acid residues, with 62% homology 
at the amino acid level. Screening of the EMBL Swiss data base revealed 
that p85a and {3 showed no obvious homology to other, previously 
sequenced proteins over their entire lengths, but both proteins did 
contain striking domains of homology with other proteins, namely SH2 
domains, an SH3 domain [Pawson (1988)] and homology to the carboxyl
terminal of the bcr  gene product. p85a and p did not contain any
sequence motifs which are normally conserved in kinases [Hanks et al.
(1988)] or any apparent nucleotide binding site [Saraste et al. (1990)]
(see Otsu et al, (1991) appendix II Fig 1 for sequence comparison of p85a 
and P). The structure of the p85 proteins is represented in Fig. 8.1.

Two other groups have also obtained cDNA clones encoding an 85 kDa 
Ptdlns 3-kinase associated protein. These were from a A.GT11 expression
library of human cDNA screened for proteins which bind to the
autophosphorylated C-terminus of EGF receptor [Skolnik et al (1991)]
and by conventional means following affinity purification of Ptdlns 3-
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kinase from 3T3 cells on immobilised baculovirus expressed PDGF 
receptor [Escobedo et al (1991b)]. Comparison of the predicted amino 
acid sequences with those of p85a and p85p revealed that both the 
murine and the human clone showed far higher homology to p85a
(approximately 80%) than to p85p. The sequence differences between 
bovine p85a, the murine clone and the human clone probably reflect 
differences in p85a between the different species.

The proteins encoded by the cDNAs for p85a and p85p have been 
expressed in vitro using the reticulocyte lysate system, analysed by SDS- 
PAGE and found to have apparent sizes of 85 kDa (a) and 87kDa (P) (Otsu 
et al, (1991) Appendix II Fig 5). The expressed proteins were not found 
to possess any Ptdlns 3>kinase activity, this was not surprising however, 
as many proteins may require modifications for activity which are not 
carried out by the reticulocyte lysates. In addition to the in vitro 
translation p85a and P were subcloned into PMT-2 vectors and expressed 
in COS-1 cells, these cells are of monkey origin and would be expected to 
correctly modify expressed proteins of mammalian origin. Both p85a 
and p were efficiently expressed (Otsu et al, (1991) Appendix II Fig 5), 
had the same apparent sizes as proteins expressed using the reticulocyte
lysate system and again expression was not accompanied by an 
alteration in Ptdlns 3-kinase activity even after p85a and P had been 
affinity purified. Similarly, high level expression of p85P was obtained 
but did not result in an increase in Ptdlns 3-kinase activity. Expression 
of the murine p85a in SF9 cells or COS-7 cells also yielded high levels of 
a protein of the correct size but no accompanying change in the level 
of Ptdlns 3-kinase activity [Escobedo et al (1991b)].

Although most studies investigating the association of Ptdlns 3-kinase 
with activated tyrosine kinase and transforming oncogenes had 
reported a correlation between the presence of an 81-85 kDa protein
and Ptdlns 3-kinase in immunoprecipitates, there was one report in 
which Ptdlns 3-kinases activity, associated with a variety of oncogene 
products was found to correlate with a protein of larger than 81 kDa on 
sucrose density gradient centrifugation [Fukui et al. (1989)]. The size of 
the Ptdlns 3-kinase enzyme was not determined but it would appear to 
correlate with a protein of between 100 and 200 kDa. In addition these 
workers failed to observe consistent phosphorylation of the 85 kDa 
protein, although it has not been demonstrated that tyrosine 
phosphorylation is required for Ptdlns 3-kinase activity. In retrospect 
this appears to be consistent with our findings that p85a and p85(3 are 
not sufficient for Ptdlns 3-kinase activity. The inference is that the 85 
kDa protein might regulate association of Ptdlns 3-kinase with other 
signalling molecules while the 110 kDa protein in the bovine brain 
preparations might be responsible for the catalytic activity. This is also 
consistent with previous work with co-immunoprecipitates in which 
Ptdlns 3-kinase activity correlates with the presence of an 81-85 kDa
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Fig. 8.1 Structure  of p85 .
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phosphoprotein [Courtneidge & Heber. (1987)] [Kaplan et al. (1987)] as
the 110 kDa protein would not have been detected in the
immunoprecipitates if it is not phosphorylated.

The 110 kDa proteins from bovine brain preparations were processed 
and peptides sequenced as described in section 6.2. More recently 
improved methods, developed by Dr J. Hsu an, allow the resolution of the
110 kDa proteins from one another so that they can be sequenced
separately. Peptide sequence data from the 110 kDa protein have 
revealed that this protein is distinct from the 85 kDa component of 
Ptdlns 3-kinase (Fig 6.2.1.2). This is also confirmed by the fact that 
neither the antipeptide antiserum originally raised against p85 (Section
7.5) nor the anti p85j3 antiserum recognises the 110 kDa protein on 
Western blots. Attempts are currently underway to obtain a clone
encoding the 110 kDa protein so that it can be biochemically
characterised and the conditions for complex formation with p85ot/p can
be investigated and ultimately in the hope that either cloned expressed 
p i 10 or a p85/pl 10 complex might have intrinsic Ptdlns 3-kinase 
activity, allowing investigation of the parameters regulating Ptdlns 3-
kinase activity to be investigated. High level expression of Ptdlns 3- 
kinase would also allow an investigation of the effects of unregulated 
Ptdlns 3 phosphorylated lipid production to be determined.

Interestingly attempts to raise immune precipitating antiserum against 
the proteins which become phosphorylated on tyrosine as a result of 
pp60v"jrc  transformation of Chick embryo fibroblasts (namely p210, 
pl30, pl25, pl20, pi 18, p i 10 and p85) have revealed that antisera raised 
against pi 10 will immune precipitate p85, suggesting that if these are 
the same 85 and 110 kDa proteins associated with Ptdlns 3-kinase 
activity then they are complexed together [Kanner et al. (1990)].

Following the failure to obtain Ptdlns 3-kinase activity from the p85 
clones, the possibility remained that despite the obvious homologies 
with other receptor associated proteins (see above), the p85 proteins 
were not associated with Ptdlns 3-kinase activity or alternatively, that 
while p85 did not appear to be sufficient for Ptdlns 3-kinase activity, 
the 85 kDa protein(s) might be tightly associated with Ptdlns 3-kinase, 
regulating its association with tyrosine kinase growth factor receptors 
and polyoma middle T antigen:pp60c‘jrc  complexes. p85a and p which 
had been expressed in COS-1 and the 85 kDa protein from bovine brain 
preparations were found to associate with, and become phosphorylated 
in in vitro kinase assays with immunoprecipitated PDGF receptor (Otsu 
et al, (1991) Appendix II, Fig. 6a). Additionally Ptdlns 3-kinase activity 
associated with the PDGF receptor in assays with purified bovine brain 
Ptdlns 3-kinase preparations. The murine p85a, expressed in COS-7 cells 
or SF9 cells, has been shown to compete with Ptdlns 3-kinase for 
binding to the PDGF receptor [Escobedo et al (1991b)] , adding further
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support to the 85 kDa protein being the mediator for binding of Ptdlns 
3 -k inase.

Interestingly, when similar assays were performed with EGF receptor 
from A431 cells, both p85a and p were found to become associated with, 
and phosphorylated by the receptor but the p85 from bovine brain 
preparations was not a substrate for EGF receptor tyrosine kinase and 
Ptdlns 3-kinase activity was not found to be associated with this 
receptor (Otsu et al (1991) Appendix II Fig 6b). The data suggests that 
the 110 kDa component of Ptdlns 3-kinase somehow mediates the 
binding affinity of the 85 kDa protein.

The autophosphorylated C-terminus of EGF receptor has been shown to 
be the site of association of Ptdlns-PLCy and p21rflJ.GAP [Margolis et al. 
(1990b)]. When this region was used as a probe to detect clones 
encoding novel proteins which bind to the EGF receptor, a clone 
encoding the first SH2 domain of p85a was obtained [Skolnik et al
(1991)]. The coding sequence for the human p85a was put together 
from a series of overlapping clones from the same library. While this 
remains a highly sophisticated experimental approach care must be 
taken to determine the binding specificities of the native proteins 
encoded by clones obtained in this way, eg as mentioned above both 
p85a and p85p which had been expressed in COS-1 cells [Otsu et al (1991)] 
bind to autophosphorylated EGF receptor, while neither Ptdlns 3-kinase 
activity, the 85 kDa nor the 110 kDa proteins from bovine brain 
preparations appear to bind. Both co-immunoprecipitation and the 
method for cloning receptor associated proteins from expression 
libraries are powerful methods for the identification of proteins which 
form stable complexes with growth factor receptors etc. However 
binding affinity and stability of complex formation do not necessarily 
reflect the importance of these proteins as effectors in agonist mediated 
signal transduction. Effector molecules which might be activated 
following a short enzyme-substrate type interaction with receptors 
following agonist stimulation might not be detected by either of these 
methods. Consequently signal transduction pathways, which might be 
necessary for the cellular responses, could be overlooked.

Both p85a and p85p expressed in COS-1 cells and p85p expressed in SF9 
cells, were found to associate with and become phosphorylated by 
immune precipitated polyoma middle T antigen:pp60c-,rrc com plexes 
(Otsu et al Fig 7). The endogenous Simian p85’s could be observed in 
complexes with both PDGF receptor and middle T antigen :pp60c’Jrc 
complexes. The simian proteins appear as a doublet, p85a migrates 
between the simian proteins and p85|3 migrates with the larger of the 
two simian proteins.
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The observation that p85a and p are both phosphorylated in complexes 
with PDGF receptor and polyoma middle T antigen:pp60c_,y,'c complex 
suggests that the cloned 85 kDa protein(s) are the same protein(s) 
which were previously reported in antiphosphotyrosine 
immunoprecipitates with PDGF receptor and polyoma middle T 
antigen:pp60c' Jrc complexes [Kaplan et al. (1987)] [Courtneidge &
Heber. (1987)]. The correlation between the phosphorylation of the 85 
kDa protein from bovine brain preparations and the association of 
Ptdlns 3-kinase with the PDGF-receptor confirms that the 85 kDa 
protein is tightly associated with Ptdlns 3-kinase activity, as had been 
previously suggested from work examining the correlation between 
transforming ability of middle T antigen mutants and association with 
an 81-85 kDa protein and Ptdlns kinase activity [Courtneidge & Heber.
(1987)].

The Ptdlns 3-kinase purified from rat liver [Carpenter et al. (1990)] has 
also been shown to associate with immuneprecipitated polyoma middle T 
anti gen :pp60c_jrc complexes, again the 85 kDa component of these 
preparations is phosphorylated in complexes with polyoma middle T 
an tig en :p p 6 0 c“Jrc . It was also shown that when proteins from rat liver 
homogenates or purified Ptdlns 3-kinase preparations from rat liver 
are resolved by SDS-PAGE, transferred to nitrocellulose and probed with 
32p labelled polyoma middle T antigen, only the 85 kDa protein is 
recognised in either case [Carpenter et al. (1990)] , thus the high 
affinity of interaction between the 85 kDa component of Ptdlns 3-kinase 
and phosphorylated middle T antigen is demonstrated. Similary, 
radiolabelled PDGF receptor has been shown to bind specifically to the 
85 kDa protein from cell lysates of unstimulated 3T3 cells from which 
the proteins have been resolved by SDS-PAGE and transferred to 
nitrocellulose [Escobedo et al. (1991a)]. The interaction of the p85 with 
activated PDGF receptor and middle T antigen is thought to be mediated 
by the SH2 domain(s) of p85. The data from blotting experiments 
suggest that if the SH2 domain does mediate these interactions then 
either the interaction is specific for the primary sequence of the SH2 
domain or, more likely, that this region of the p85 is capable of 
refolding following SDS-PAGE and transfer to nitrocellulose. These 
experiments demonstrate both the high affinity and specificity of the 
interaction between the 85 kDa protein(s) and PDGF receptor/Polyoma 
middle T antigen, as in both studies the 85 kDa protein was the only 
protein which could bind to the PDGF receptor or middle T antigen from 
crude lysates.

Further evidence that the 85 kDa protein(s) were associated with Ptdlns 
3-kinase enzyme came from the observation that polyclonal antisera 
raised against gel purified p85J3 which had been expressed in SF9 cells, 
could immune precipitate Ptdlns 3-kinase activity from bovine brain 
preparations. The same antiserum was shown to precipitate not only
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the 85 kDa protein from these preparations but also the 110 kDa protein 
(Otsu et al, (1991) Appendix II Fig 8 panels C and D). This finding was 
interesting in two respects; firstly it appeared to suggest that although 
p85 alone was not sufficient for Ptdlns 3-kinase activity, it did appear to 
associate tightly with the 110 kDa protein and the presence of the 85 and 
110 kDa proteins together appeared to be sufficient for Ptdlns 3-kinase 
activity. This suggests that either the 85 kDa protein might be the 
regulatory subunit regulating receptor interactions etc. while the 110 
kDa subunit might be responsible for the catalytic activity or that the 85 
kDa subunit was involved in regulating protein: protein interactions 
and that both the 85 kDa and 110 kDa subunits together might be 
responsible for the catalytic activity. This might be an over 
simplification however, as p85a and p alone were found to bind to EGF 
receptor while the 85 and 110 kDa protein associated with Ptdlns 3- 
kinase activity from bovine brain preparations did not (see above), 
presumably because interaction with the 110 kDa subunit somehow 
alters the binding specificity of the 85 kDa subunit. This emphasises 
that while the SH2 domain of proteins may regulate the protein:protein 
interactions, other factors are also important in regulation of the SH2 
domain mediated proteinrprotein interactions in vivo. This is of 
particular importance when evaluating data from experiments 
performed with isolated SH2 domains from other proteins, including 
Ptdlns-PLCy and p21rflJ.GAP [Anderson et al. (1990)], as the in vitro 
binding affinities and specificities of isolated SH2 domains may not 
reflect the in vivo specificity of intact proteins.

The second point of interest from the immune precipitation 
experiments with the p85 antiserum was that the antiserum appeared to 
show specificity for p85p over p85a (see Otsu et al, (1991) Appendix II 
Fig 5 panel B) but the antiserum immune precipitated Ptdlns 3-kinase 
activity, the 85 and 110 kDa proteins from purified bovine brain 
preparations of Ptdlns 3-kinase. Protein sequence analysis of bovine 
brain p85 has only ever yielded peptides corresponding to p85a yet the 
anti-p antiserum recognised p85 from bovine brain preparations. The 
suggestion is that the bovine brain preparation contains mostly p85a 
with some p85p, e.g. 10% which might not be detected during peptide 
sequencing at the sensitivity used to detect peptides from p85a. 
Additionally the antiserum is not totally specific but shows 
approximately 10-fold greater sensitivity for detecting p than a ,  as 
determined by Western analysis (Ivan Goot personal communication). 
The possible presence of both a  and p in the Ptdlns kinase preparation 
combined with the specificity of the antiserum could explain why only 
a small proportion of the Ptdlns kinase activity is immune precipitated 
from bovine brain preparations. The polyclonal antipeptide antiserum, 
raised against the peptide GDFPGTYVEYIG from p85a (Section 7.5) was 
found to recognise the 85 kDa protein(s) in bovine brain preparations 
and p85a and p which had been expressed in COS-1 cells by Western
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analysis (data not shown). The anti serum did not however immune 
precipitate either the 85 kDa proteins or Ptdlns 3-kinase activity and 
was therefore of little use in identifying the nature of the Ptdlns 3- 
kinase complex.

The discovery that 85a and p encoded proteins containing two SH2 
domains (see above) which are believed to regulate protein: protein 
interactions, e.g. the binding of Ptdlns-PLCyl and p21rfl*.GAP to growth 
factor receptors [Moran et al. (1990)] [Anderson et al. (1990)] was 
consistent with p85 being able to form complexes with activated PDGF 
receptor and phosphorylated Polyoma middle T antigen. Examination of 
the binding affinities of the two SH2 domains of both Ptdlns-PLCyl and 
p21rflJ.GAP to phosphorylated EGF receptor and PDGF receptor has 
revealed that in both of these proteins the N-terminal SH2 domain binds 
to receptors with higher affinity than does the C-terminal SH2 domain 
[Anderson et al. (1990)], i.e. these proteins appear to have one high 
affinity and one low affinity SH2 domain. Bacterially expressed fusion 
proteins containing both SH2 domains of PKCy or p21rflJ.GAP have a 
higher affinity of interaction with receptors than do constructs 
containing either of the two SH2 domains singly, suggesting that both 
domains are involved in receptor association [Anderson et al. (1990)]. 
Comparison of the sequences from the SH2 domains of p85a and p with 
the SH2 domains of other proteins suggests that both of the SH2 domains 
of p85 would be high affinity binding domains (Mike Fry personal 
communication). The suggestion that p85 might form more stable 
complexes with specific phosphotyrosine containing sequences on RTKs 
than do p21rflJ.GAP and Ptdlns-PLCyl is supported by the observation 
that only p85 is recognised by PDGF receptor in blotting experiments 
[Escobedo et al. (1991a)].

Ptdlns 3-kinase activity has been shown to associate with 
autophosphorylated PDGF receptors (Table 8.1). This association appears 
to be mediated by the interaction of the SH2 domain(s) of p85 with 
specific phosphotyrosine containing sequences on the PDGF receptor.
In addition to binding to activated PDGF receptors the p85 protein also 
associates with the 110 kDa protein, p85 and p i 10 together foim the 
Ptdlns 3-kinase enzyme. Mutational analysis of the PDGF receptor has 
demonstrated that the Ptdlns 3-kinase binds specifically to tyrosine 751 
in the kinase insert domain of the human PDGF-receptor, but only when 
the receptor has been autophosphorylated [Coughlin et al. (1989)] 
[Escobedo et al. (1991a)] [Kazlauskas & Cooper. (1989)] [Kazlauskas & 
Cooper. (1990)]. In order to investigate the binding of Ptdlns 3-kinase 
and the p85 proteins to both non-specific phosphotyrosine residues and 
to the region around tyrosine 751 of PDGF receptor, two separate 
affinity matrices were prepared. Ptdlns 3-kinase, the 85kDa and 110 kDa 
proteins (from bovine brain preparations) and p85p (which had been 
expressed in SF9 cells and partially purified (Section 7.6)) were all
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found to bind to a phosphotyrosine/glycine-Sepharose matrix (Section
7.1.5.4). Ptdlns 3-kinase activity was eluted from the the matrix in 
relatively low concentrations of NaCl (approximately 20 mM). Very few 
of the proteins present in an impure preparation were found to bind to 
the matrix (Fig 7.1.5.4.3b) suggesting that there was some low affinity of 
binding between p85 and the matrix, presumably between the SH2 
domains of p85 and the phosphotyrosine residues. The possibility 
remains, however that the binding was not mediated by the SH2 domains 
and could have been less specific, e.g. due to ionic interactions with the 
phosphate groups.

Ptdlns 3-kinase activity was found to bind to an immobilised 17 residue 
peptide corresponding to the region around tyrosine 751 of the PDGF 
receptor, but only when the peptide had been previously 
phosphorylated on tyrosine (See Otsu et al, (1991); Appendix II, Fig 8 
panel a & b). Only the 85 kDa and 110 kDa proteins from a relatively 
impure preparation of Ptdlns 3-kinase from bovine brain were found to 
bind to the matrix. A 150 kDa protein was also found to bind to the 
matrix in some but not all preparations. The use of this matrix (Section
7.1.5.5) not only verified the 85 kDa and 110 kDa proteins as components 
of the Ptdlns 3-kinase enzyme, but also the binding of Ptdlns 3-kinase to 
the region around tyrosine 751 of PDGF receptor. The binding is 
assumed to be mediated by the SH2 domains of the 85 kDa protein(s), this 
is supported by the observation that both p85 a  and p which have been 
expressed in COS-1 cells bind to the matrix with high affinity (see Otsu et 
al, (1991); Appendix II Fig 5 panel C). Protein is not eluted in 2 M NaCl, 
0.2% (w/v) SDS or in 1 M urea. This has made biochemical studies of the 
affinity purified material difficult as, although the Ptdlns 3-kinase 
from bovine brain preparations is active while bound to the matrix, the 
enzyme has not yet been eluted from the matrix in an active form.

Further evidence for the binding of Ptdlns 3-kinase to tyrosine 751 of 
human PDGF receptor (which is equivalent to tyrosine 719 of the 
murine PDGF receptor) came from the observation that binding of the 
85 kDa protein to immobilised autophosphorylated murine PDGF 
receptor could be competed with 20 residue synthetic phosphorylated 
peptides corresponding to the region around tyrosine 719 of the murine 
PDGF receptor. This competition was specific for phosphorylated 
peptide [Escobedo et al. (1991a)]. Interestingly, in these studies both the 
110 kDa and 85 kDa proteins associated with Ptdlns 3-kinase activity 
were phosphorylated in the presence of activated PDGF receptor.
Peptides were also synthesised in which tyrosine 708 or 719 was 
substituted with phenylalanine, in this case it was found that peptides 
containing phosphotyrosine at either residue 708 or 719 could compete 
for binding of Ptdlns 3-kinase to full length autophosphorylated PDGF 
receptor. This result was confirmed with shorter peptides containing 
phosphotyrosine at residue 708 or 719. Tyrosine 708 has not been



2 1 9

mapped as an autophosphorylation site of the PDGF receptor, but the 
possibility remains that this site is an autophosphorylation site and that 
both the phosphotyrosines at positions 719 and 708 are important in the 
regulation of Ptdlns 3-kinase binding to the PDGF receptor.

These experiments were performed by passing the lysates of 
unstimulated 3T3 cells over immobilised PDGF receptor, investigating 
the proteins which bound to the receptor and measuring the Ptdlns 3- 
kinase activity. When the same experiments were performed with 
lysates from cells which had been pre-treated with PDGF neither p85 
nor Ptdlns 3-kinase was found to bind to the receptor. Treatment of the 
PDGF treated cell lysates with potato acid phosphatase restores the 
ability of p85 and Ptdlns 3-kinase to bind to activated PDGF receptors 
[Escobedo et al. (1991a)] suggesting that PDGF treatment results in a co
valent modification of Ptdlns 3-kinase, probably phosphorylation, 
which prevents the p85 mediated binding of Ptdlns 3-kinase to activated 
PDGF receptors. A model for the interaction of p85 and activated 
tyrosine kinase receptors can therefore be proposed. Following agonist 
stimulation Ptdlns 3-kinase binds to the autophosphorylated receptor, 
presumably by the interaction of the SH2 domain(s) of p85 with specific 
phosphotyrosine residues on the receptor. The p85 itself becomes 
phosphorylated on tyrosine and serine residues [Kaplan et al. (1987)]. If 
the Ptdlns 3-kinase is released from the receptor it can not bind to 
another activated receptor without the removal of phosphate from p85 
[Escobedo et al. (1991a)]. It is not clear whether the serine or tyrosine 
phosphorylation or both prevents the reassociation of Ptdlns 3-kinase 
with activated growth factor receptors.

Examination of the data for Ptdlns 3-kinase, Ptdlns-PLCy.and p21rfl5.GAP 
allows a model to be put together for the association of signalling 
molecules with PDGF receptor (see Fig 8.2). Ligand binding to the 
receptor results in receptor dimerisation and autophosphorylation. The 
autophosphorylated receptor exhibits elevated tyrosine kinase activity. 
Signalling molecules can interact with the autophosphorylated 
receptor. In the case of Ptdlns 3-kinase, Ptdlns-PLCyl and p21rflJ.G A P 
this is thought to occur by interaction between the SH2 domains of the 
signalling molecules and specific phosphotyrosine residues on the 
receptor. The mechanism of interaction of p74 c~raf  and the role of this 
molecule in signal transduction remains unclear. Ptdlns 3-kinase has 
been shown to associate specifically with phosphorylated tyrosine 
residue 751 of the human PDGF receptor while Ptdlns-PLCyl and 
p21rfl5.GAP interact at different sites of the molecule [Escobedo et al. 
(1991a)] [Morrison et al. (1990)] [Kazlauskas et al. (1990a)].

Association of Ptdlns-PLCyl, p21rflJ.GAP and the 85 kDa component of 
Ptdlns 3-kinase with the PDGF receptor results in phosphorylation of 
these molecules [Kaplan et al. (1987)] [ Kazlauskas & Cooper. (1990)]



[Wahl et al. (1989a)] [Molloy et al. (1989)]. p74c~raf  may also become 
phosphorylated although this phosphorylation appears to be 
predominantly on serine residues and it is not clear what role, if any, 
tyrosine phosphorylation has on p74c_rfl/  activity [Morrison et al.
(1989)]. An increase in the activity of Ptdlns-PLGyl, p21rflJ.GAP, Ptdlns
3-kinase and p74c_rfl/  has been observed following PDGF stimulation 
[Sultzman et al. (1991)] [Auger et al. (1989b)] [Morrison et al. (1989)]. It 
is not clear whether the observed increase in activity is due to an 
increase in tyrosine phosphorylation of these proteins, due to 
association of the molecules with the receptors or a combination of 
both. Alternatively association, with activated receptor may not alter 
the activity of these enzymes but greater activity may be observed in 
cell extracts due to alterations in enzyme location making the substrates 
accessible. Phosphorylation of these proteins could play another role, 
for example it might regulate their release from the activated receptor. 
The p85 component of Ptdlns 3-kinase, Ptdlns-PLCyl, p21rflJ.GAP and 
p 74c-raf are aiso phosphorylated on serine residues, the role of serine 
phosphorylation on the activity of these molecules, with the exception
of p74c"rfl/ ,  is unclear. Treatment of cells with insulin [Blackshear et al.
(1990)] or EGF [App et al. (1991)] has been shown to result in an increase 
of serine phosphorylation of p74c' rfl/  which, in turn activates the p74c ' 
raf  serine/threonine kinase.

In the case of signalling by PDGF receptor it is not clear which of these 
molecules are required for signalling to mitogenesis. Antibodies to 
P tdIns(4,5)P2 have been found to block the mitogenic response to PDGF 
[Matuoka et al. (1988)] suggesting that activation of a Ptdlns-PLC, 
presumably Ptdlns-PLCyi is necessary for the mitogenic response. 
Likewise a mitogenic response to PDGF is significantly reduced in 
mutants which fail to associate with Ptdlns 3-kinase [Coughlin et al.
(1989)]. It therefore appears that while several of these components 
might be necessary for the mitogenic response to PDGF, activation of a 
combination of signalling pathways might be required for a full 
mitogenic response, but not all of the pathways need be essential i.e. 
there may be some redundancy in the signalling machinery.

Different growth factor receptors appear to associate with different 
signalling molecules. For example agonist stimulated EGF receptor has 
been found to associate with Ptdlns-PLCyl (in some cell lines but not 
others), p21rfl>.GAP and p74c' rt f  [App et al. (1991)] [Wahl et al. (1988)] 
[Margolis et al. (1990b)] [ Margolis et al. (1990a)]. As for the PDGF 
receptor, EGF receptor autophosphorylation is required for association
of these molecules. Ptdlns-PLCyl and p21rfl5.GAP have been shown to 
associate with the autophosphorylated C-terminus of the EGF receptor
[Margolis et al. (1990b)]. Although Ptdlns 3-kinase is not strongly 
associated with the EGF receptor, Ptdlns 3-kinase activity has been 
demonstrated in antiphosphotyrosine immune precipitates from EGF
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Fig. 8.2 Association of signalling molecules w ith  the PDGF receptor.
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stimulated A431 cells and MA-10 cells [Miller & Ascoli. (1990)]. Similarly 
transient increases of PtdIns(3,4)P2 and PtdInsP3 have been reported in 
Leydig tumour cells (MA-10 cells) [Pignataro & Ascoli. (1990)]. Other 
workers have reported immune precipitation of Ptdlns 3-kinase with 
activated EGF receptor from a mouse fibroblast cell line expressing
human EGF receptors [Bjorge et al. (1990)] but in this study bovine brain 
Ptdlns 3-kinase was not found to associate with A431 cell EGF receptor. 
This evidence suggests that while Ptdlns 3-kinase may play a role in EGF 
mediated signal tranduction, the interaction of the enzyme with EGF 
receptor is weaker than that with other tyrosine kinase receptors e.g. 
the PDGF receptor.

Although there is evidence for a role of Ptdlns 3-kinase in signal 
transduction by the EGF receptor in certain cells, the bulk of Ptdlns 
kinase associated with this receptor appears to be Ptdlns 4-kinase 
[Walker & Pike. (1987)] [Walker et al.(1988)]. The Ptdlns 4-kinase is the 
type II Ptdlns kinase enzyme, which has a size of 55 kDa [Cochet et al.
(1991)]. The 55 kDa protein is found to be phosphorylated on tyrosine in 
anti-EGF receptor immunoprecipitates, infering that this Ptdlns 4-
kinase activity may be regulated by tyrosine phosphorylation in EGF 
stimulated A431 cells.

In addition to its association with Ptdins 4-kinase the EGF receptor also 
associates with a PtdIns(4)P 5-kinase activity. Like Ptdlns 4-kinase this 
enzyme also appears in anti-phosphotyrosine immunoprecipitates
following EGF stimulation [Cochet et al. (1991)]. Thus in normal tissues 
EGF stimulation probably stimulates the association of p21rflJ.GAP, Ptdlns
4-kinase and Ptdlns (4)P 5-kinase, and in some specific instances Ptdlns 
3-kinase and Ptdlns-PLCy with the receptor.

Ptdlns 3-kinase, p21r<2J.GAP and p74c_rfl/h av e  been found to associate 
with the CSF-1 receptor [Baccarini et al. (1990)] [Varticovsk et al.
(1989)] [Reedjik et al. (1990)]. CSF-1 receptor has not been demonstrated 
to associate with PLCy [Downing et al. (1989)] nor has a Ptdlns-PLC 
mediated PtdIns(4,5)P2 hydrolysis been demonstrated in response to 
CSF-1 stimulation. Association of Ptdlns 3-kinase and p21rflJ.GAP with 
CSF-1 receptor require receptor autophosphorylation [Reedjik et al.
(1990)] [Shurtleff et al. (1990)]. Ptdlns 3-kinase appears to associate 
with phosphorylated tyrosine 699 and 708 of the kinase insert domain of 
CSF-1 receptor, while p21rflJ.GAP appears to interact at a distinct site 
[Reedjik et al. (1990)]. The binding of Ptdlns 3-kinase to CSF-1 receptors 
can be reduced by competition from phosphorylated peptides 
corresponding to tyr 719 of murine PDGF receptors [Escobedo et al. 
(1991a)] suggesting that the same site of p85 is involved in binding 
Ptdlns 3-kinase to CSF-1 receptors and PDGF receptors, although the 
sequences of PDGF receptor and CSF-1 receptor show little similarity 
over these regions. It has been found that CSF-1 receptors in which the
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kinase insert domain is deleted show a reduction in both association 
with Ptdlns 3-kinase and mitogenic ability [Shurtleff et al. (1990)]. 
However, it has been suggested that association of CSF-1 receptor with 
Ptdlns 3-kinase is not sufficient to signal for a mitogenic response, as 
transfected mutant CSF-1 receptors with a tyr-phe substitution at 
position 809 induce an impaired mitogenic response in NIH 3T3 cells, 
compared to wild type receptors, yet Ptdlns 3-kinase activity is 
associated with these receptors [Roussel et al. (1990)]. This work either 
suggests that Ptdlns 3-kinase association is not sufficient for mitogenic 
signalling or that the Ptdlns 3-kinase associated with the tyr-phe 809 
receptor might not be correctly localised to recognise the Ptdlns lipids 
in the membrane as substrates.

In addition to the PDGF and CSF-1 receptors Ptdlns 3-kinase activity has 
been found to associate with the product of the proto-oncogene c-kit 
[Lev et al. (1991)]. This gene encodes a receptor tyrosine kinase which 
is similar to PDGF receptor and CSF- receptor having a cytoplasmic 
kinase insert domain. In studies with chimaeric receptors consisting of 
the extracellular portion of the EGF receptor and the cytoplasmic 
domain of the c-kit protein, transfected into EGF receptor deficient NIH 
3T3 cells (EKR cells), addition of EGF results in a mitogenic response. 
Examination of the signalling molecules associated with the activated 
chimaeric receptors revealed that the receptor interacts strongly with 
the 85 kDa protein associated with Ptdlns 3-kinase activity and far less 
strongly with Ptdlns-PLCy. Stimulation of the receptor did not result in 
elevated inositol lipid hydrolysis, suggesting that Ptdlns-PLCy activation 
does not play a role in signalling by this receptor. The chimaeric 
receptor was also shown to induce a modification of the p74c_n2/, 
although it was not clear whether p74c"rfl/  interacted directly with the 
receptor or whether the modification of the p74c’rfl/  protein was 
brought about directly by the receptor.

In addition to the Class III tyrosine kinase growth factor receptors 
(PDGF-R, CSF-1R and c-kit R) Ptdlns 3-kinase has also been shown to 
associate with activated insulin receptor (a class II tyrosine kinase 
receptor) [Carrascosa et al. (1991)]. The insulin receptor association
appears to require receptor autophosphorylation [Ruderman et al.
(1990)]. Conflicting reports have been published stating that Ptdlns 3- 
kinase activity is found in anti-phosphotyrosine immunoprecipitates 
following insulin stimulation of CHO cells but not in anti-insulin 
receptor immunoprecipitates [Endemann et al. (1990)] and that the
Ptdlns 3-kinase activity does coimmune precipitate with insulin 
receptor using either antiphosphotyrosine antibodies or anti-insulin 
receptor antibodies in the same cell line [Ruderman et al. (1990)]. This 
discrepancy is likely to be due either to the stringency with which
immunoprecipitates were washed (the wash buffers used in both studies 
were similar except that those used in the second study did not contain
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DTT) or due to differences in the antiserum used in each study (the first 
study used purified insulin receptor as the antigen while the antiserum 
used in the second study was anti-peptide antiserum raised against the 
region around tyr 960 of the insulin receptor. The sequence around tyr 
960 of the insulin receptor does not resemble the consensus sequence 
for Ptdlns 3-kinase binding (see Table 8.2) [Hsuan et al. (1989)]. The 
suggestion is that Ptdlns 3-kinase does associate with the insulin 
receptor but that the binding affinity is lower than for the interaction
with PDGF receptor. Only a small proportion of the antiphosphotyrosine
precipitable Ptdlns 3-kinase activity appears to be associated with the
insulin receptor [Ruderman et al. (1990)]. In addition to an increase in 
Ptdlns 3-kinase activity, activation of insulin receptor has been shown 
to result in activation of p74c’raf  . This is thought to be mediated by an 
increase of serine phosphorylation, however this activation does not 
appear sufficient for mitogenesis. [Blackshear et al. (1990)] [Kovacina et 
al. (1990)]. No effect of insulin receptor on p21rfl*.GAP has been 
reported. Insulin stimulation of cells has not been found to affect
P td lns-P L C y or to result in a Ptdlns response, but insulin stimulation 
does appear to activate a Ptdlns-PLC activity capable of hydrolysing 
Ptdlns-glycan molecules [Low (1987)].

Ptdlns 3-kinase activity has been found to associate with all of the 
tyrosine kinase growth factor receptors investigated to date (see Table 
8.1), association with Ptdlns 3-kinase appears to be necessary for 
mitogenic signalling by these receptors, however it may not be
sufficient for signalling by all of these receptors.

In addition to the growth factor receptors, Ptdlns 3-kinase activity has 
been found to associate with polyoma middle T antigen:pp60c‘Jrc 
complexes. A small proportion of the middle T antigen molecules in 
polyoma transformed cells form a complex with pp60c‘,yrc. A portion of 
the middle T antigen in cells is phosphorylated on serine residues, by 
protein kinase C and another protein serine kinase; the serine
phosphorylated middle T antigen appears to be the form which binds to
pp60c"5rc [Raptis et al. (1986)]. Association with pp60c' jrc  appears to 
occur proximal to tyrosine 527 of pp60c’Jrc , this tyrosine residue 
appears not to be phosphorylated in the middle T antigen:pp60c’5rc 
complexes resulting in activation of the pp60c' Jrc kinase [Cheng et al.
(1988)] [Cartwright et al. (1986)]. The activated pp60c‘jrc in these 
complexes phosphorylates middle T antigen primarily on tyrosine 315 
but also, to a lesser extent, on tyrosine 250 and 322 [Schaffhausen & 
Benjamin. (1981)] [Schaffhausen et al. (1985)] [reviewed in Kaplan et al
(1988)]. Correlation between the transforming ability of mutants of 
middle T antigen and their association with pp60c‘5rc and the 81-85 kDa 
Ptdlns 3-kinase associated protein revealed that association with both 
p p 6 0 c"5rc and Ptdlns 3-kinase appeared to be necessary for 
transformation of fibroblasts by middle T antigen [Courtneidge &



Table. 8.2 Consensus sequences for ty rosine  k inase
au tophosphory lation  sites w hich bind P td ln s  
k i n a s e .

PROTEIN SEQUENCE PHOSPHORYLATED
IN  VIVO?

POLYOMA MIDDLE T (TYR 315) EEEEEYMPMED YES

HUMAN PDGF R-0 £TYR 751) DESVDYVPMLD YES

HUMAN PDGF R-a (TYR 742) ADTTQYVPMLE ?

HUMAN PDGF R-j3 (TYR 740) ESDGGYMDMSK ?

HUMAN PDGF R-a (TYR 731) ENNGDYMDMKQ ?

HUMAN C-KIT (TYR 721) DSTNEYMDMKQ ?

HUMAN CSF-1 R (TYR 721) QGVDTYVEMRP ?

HUMAN MET (TYR1331) CPDPLYEVMLK ?

MURINE MET (TYR 1311) CPDALYEVMLK ?

HUMAN INSULIN R (TYR1322) EEHIPYTHMNG YES

HUMAN IGF-1 R (TYR1346) DERQPYAHMNG ?

RAT IGF-1 R (TYR 1362) DEHIPYTHMNG ?

CONSENSUS SEQUENCE FFFFK M
DDDDDYVPMXX

X represents a hydrophobic amino acid.

From Cantley, L.C., Auger, K.R., Carpenter, C., Duckworth, B., Graziani, A., 
Kapeller, R. and Soltoff, S. (1991) Cell 64 281-302.



Heber.(1987)]. Mutants of middle T antigen which had a tyr 315-phe 
substitution (pyll78T) showed a greatly reduced ability to transform rat 
fibroblasts [Carmichael et al. (1984)] suggesting that phosphorylation of 
this residue was important for transformation in vivo. Pyll78T  appears 
to associate with and activate pp60c_<src as efficiently as wild type middle 
T antigen, it is however defective in its association with Ptdlns 3-kinase 
[Courtneidge & Heber. (1987)], presumably due to the lack of 
phosphorylation on residue 315. It has been proposed that Ptdlns 3- 
kinase might interact with middle T antigen by binding of the SH2 
domains of the 85 kDa component of the Ptdlns 3-kinase to the 
phosphorylated tyrosine 315 of middle T antigen [Cantley et al. (1991)]. 
This evidence is contradicted by the observation that a phosphorylated 
nonapeptide corresponding to the region around tyrosine 315 of middle 
T antigen failed to compete for binding of Ptdlns 3-kinase to polyoma 
middle T antigen:pp60c"Jrc complexes [Talmage et al. (1989)] . Although 
the failure of peptides to compete for Ptdlns 3-kinase binding might be 
explained by differences in the folding of this region of middle T 
antigen, this seems unlikely as phosphorylated pentapeptides 
corresponding to the region around tyr 719 of murine PDGF receptor 
efficiently compete for the binding of Ptdlns 3-kinase to PDGF receptor. 
The possibility remains that phosphorylation of tyrosine 315 of middle T 
antigen might result in a conformational change in the middle T 
antigen :pp60c‘jrc  complex, allowing Ptdlns 3-kinase to bind to a 
different site on cither middle T antigen or pp60c"src [Talmage et al.
(1989)]

The 85 kDa protein, associated with Ptdlns 3-kinase activity, appears to 
exist mainly as a cytoplasmic protein in fibroblasts, which is not 
phosphorylated on tyrosine. A portion of the p85 protein appears to 
associate with middle T antigen:pp60c"‘rrc complexes. The p85 associated 
with middle T antigen:pp60c-jrc complexes is largely phosphorylated on 
tyrosine residues, possibly by the activated pp60c“,rrc. Phosphorylation 
of middle T antigen was required for its association with the 85 kDa 
protein [Cohen et al. (1990b)]. As for association of the 85 kDa protein 
with PDGF receptor (see above), the non-phosphorylated form of p85 
was found to reassociate with middle T antigen preferentially over the 
phosphorylated form (although both the modified and unmodified p85 
did reassociate) suggesting that phosphorylation of p85 was more likely 
to be a consequence of complex formation than a prerequisite. 
Interestingly higher levels of p85 were found to immunoprecipitate 
with antiserum raised against middle T antigen than with anti-pp60c~5rc 
antiserum, suggesting that p85 associated with middle T antigen rather 
than with pp60c",rc  in the polyoma middle T antigen:pp60c’,5rc 
com plexes.

All of this evidence supports a model in which the SH2 domain of the 85 
kDa component of Ptdlns 3-kinase recognises and binds to the region
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around the phosphorylated tyrosine 315 residue of middle T antigen. 
Indeed a comparison of the peptide sequences around tyr 315 of middle T 
antigen, tyr 751 of PDGF B receptor and the proposed sites of interaction 
of Ptdlns 3-kinase with human c-kit, human c-met , human CSF-1 
receptor, human insulin receptor and human IGF-1 receptor has 
resulted in the identification of a binding consensus for Ptdlns 3-kinase 
(Table 8.2). Not all of the sequences used in the determination have 
been mapped as autophosphorylation sites. The proposed binding 
consensus for the SH2 domain of the 85 kDa component of Ptdlns 3- 
kinase appears to be E/DE/DE/DE/DE/DYM/VPMXX where X is a 
hydrophobic amino acid [Cantley et al. (1991)] .

Apart from the immediate event of association with pp60c_Jrc and Ptdlns 
3-kinase the mechanism of transformation by polyoma virus middle T 
antigen is unclear; Ptdlns 3-kinase and pp60c’5rc are thought to mediate 
or contribute to the signals necessary for transformation. Middle T 
antigen has been shown to mediate the activation of ribosomal S6 kinase 
by both pp60c_,yrc dependent and independent means [Talmage et al.
(1988)]. The correlation between transformation competance and 
Ptdlns 3-kinase association for middle T antigen mutants suggests that 
the 3 phosphorylated inositol lipids, or second messenger molecules 
which are derived from them, play a role in mediating cellular 
tra n s fo rm a tio n .

The correlation between Ptdlns 3-kinase association and transformation 
competence for polyoma middle T antigen mutants is not as tight as it 
first appears. For example a Pro 248-leu mutation in middle T antigen 
results in loss of transformation ability without a loss of association 
with pp60c~src activation of pp60c'*rc , phosphorylation of middle T 
antigen or association with Ptdlns 3-kinase [Druker et al. (1990)]. This 
evidence suggests that either the mutant middle T antigen:pp60c " 
j r c :PtdIns 3-kinase complex is incorrectly localized within the cell or 
that association with pp60c*J/T and Ptdlns 3-kinase is not sufficient for 
middle T antigen mediated transformation. The sequence around Pro 
248 resembles that of a coated vesicle localisation signal, suggesting that 
the middle T antigen:pp60c' src:
Ptdlns 3-kinase ternary complex may need to be internalised or 
associated with a coated pit to produce a transforming signal [Cantley et 
al. (1991)].

Examples exist of non-transforming mutants of other proteins (namely 
v -src  and v-abl) which appear to be non transforming due to incorrect 
cellular localisation; pp60v"Jrc and pl60v"a^  proteins are both 
membrane associated enzymes, due to myristoylation at their amino 
terminii. Ptdlns 3-kinase associates with both p l60v“a^  and pp60v‘jrc  
proteins [Fry et al. (1985)] [reviewed in Whitman & Cantley (1988)]. 
Chronic myelogenous leukaemia cells exhibit the Philadelphia
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chromosome, arising from a chromosome translocation which results in 
the fusion of genes for bcr and abl. Myelogenous leukaemic cells 
contain the p210 hcr/aft/ fusi0n protein. p210bcr/fl^  itself does not 
appear to transform NIH 3T3 cells but pl60v"a^  does [Daley et al. (1987)]. 
A variant of bcr/abl  encoded fusion protein which has an 
aminoterminal retroviral gag sequence does transform NIH 3T3 cells, 
this fusion protein, unlike the bcrlabl fusion protein has an N-terminal 
myristoylation site and associates with the plasma membrane 
[Varticovski et al. (1991)]. High level expression of normal c-abl type IV 
protein does not result in fibroblast transformation irrespective of the 
myristoylation state. Amino terminal deletions however, can render c- 
abl protein transforming [Jackson & Baltimore. (1989)]. The region of
the p85a and p which shares homology with the bcr protein is 
homologous to a region of the bcr protein which is lost in bcrI a b l  
fusions.

Ptdlns 3-kinase activity has been found to co-immunoprecipitate with 
v-abl protein, the N-terminal activated deletion mutant of c-abl, the 
bcr I abl  fusion protein and ga giber I abl fusion protein but not with the 
normal c-abl type IV protein or in NIH 3T3 cells with monoclonal 
antiserum raised against either phosphotyrosine or p43v"fl^ .  An 85 kDa 
phosphoprotein was detected in immunoprecipitates in which Ptdlns 3- 
kinase activity was observed. HPLC analysis revealed elevated levels of 
P tdIns(3 ,4)P2 and PtdInsP3 in cells expressing the transforming mutant 
of c-abl and gag/bcrlab l  protein. Levels in cells expressing bcr/abl 
protein were not significantly higher than those found in 
untransformed NIH 3T3 cells [Varticovski et al. (1991)]. The inference is 
that in addition to association with Ptdlns 3-kinase correct localisation 
of the abl protein is required for transformation phenotype, possibly 
due to substrate availability for the Ptdlns 3-kinase. The c-abl protein is 
thought to be non-transforming due to its lack of autophosphorylation 
in vivo, this could explain its failure to associate with Ptdlns 3-kinase. A 
mutant of p60c"Jrc has been identified which, like the bcrIabl product, 
associates with Ptdlns 3-kinase activity but is rendered non
transforming by mutation of the amino-terminal myristoylation site 
[Kamps et al. (1985)].

In addition to being associated with complexes of transformation 
competent middle T antigen:pp60c"Jrc and with transforming variants 
of pp60v"5rc Ptdlns 3-kinase activity associates with mutationally 
activated forms of pp60c‘jrc [O’Brien et al. (1990)] [Chan et al. (1990)] but 
not with normal pp60c”,r c . In the latter study mentioned, Ptdlns 3- 
kinase activity did not consistently correlate with the presence of an 
81-85 kDa phosphoprotein in immunoprecipitates; the Ptdlns 3-kinase 
activity sedimented on sucrose gradients with a size of between 158 and 
232 kDa, consistent with Ptdlns 3-kinase existing as a complex between 
the 85 kDa and 110 kDa proteins. In the study of O'Brien et al. (1990) a



single amino acid substitution in the conserved SH2 domain of pp60c*Jrc 
resulted in activation of the src  tyrosine kinase, increased association 
with Ptdlns 3-kinase and increased transformation without altering the 
phosphorylation states of either tyr 417 or tyr 527 on pp60c_5rc. Other 
workers have reported that pp60c'-rrc associates with and 
phosphorylates proteins of 110 kDa and 130 kDa in transformed chick 
embryo fibroblasts and that a short deletion in the SH2 domain reduces 
the kinase activity of pp60v’,rrc, its association with the 110 kDa and 130 
kDa proteins and transformation competence [Reynolds et al. (1989)]. 
These findings need not be contradictory as the mutations were not in 
the same residues of pp60c*Jrc and pp60v"Jrc SH2 domain and may 
merely emphasise the importance of the src SH2 domain in cellular 
tra n s fo rm a tio n .

Several workers have reported a correlation between transformation of 
cells by pp60c‘Jrc, its kinase activity and association with Ptdlns 3- 
kinase [O'Brien et al. (1990)] [Chan et al. (1990)] while other workers 
have reported that binding of Ptdlns 3-kinase to pp60v"Jrc was 
independent of the kinase activity of pp60v_jrc but that Ptdlns 3-kinase 
or an associated protein was phosphorylated on tyrosine prior to 
association with pp60v”Jrc [Fukui & Hanafusa. (1991)]. The same workers 
also demonstrated that mutations in the amino terminal SH2 domain of 
p60v_jrc affected Ptdlns 3-kinase association, while mutations in the 
carboxy terminal region did not. In this study proteins of 130 kDa, 110 
kDa, 80-90 kDa and 70 kDa were found to associate with p60v_jrc. It has 
been proposed from these studies that as in the case of interactions 
between Ptdlns 3-kinase and activated growth factor receptors or
polyoma middle T antigen :pp60c_5rc complexes, association of Ptdlns 3- 
kinase and other proteins requires interaction between the SH2 
domains of one protein and a specific phosphotyrosine residues on
another protein. In the case of Ptdlns 3-kinase association with p60v ~
src the SH2 domain of p60v*5rc appears to interact with a specific 
phosphotyrosine residue on the Ptdlns 3-kinase or an associated protein 
[Fukui & Hanafusa. (1991)] [[Cantley et al. (1991)] while association 
between Ptdlns 3-kinase and activated growth factor receptors, or
polyoma middle T antigen:pp60c“src complexes, appears to be mediated 
by interaction of the SH2 domain of the 85 kDa component of Ptdlns 3- 
kinase and specific phosphotyrosine residues on the 
autophosphorylated growth factor receptor (see above).

In addition it has been proposed that p60c' 5rc may be inactive, and fail 
to associate with Ptdlns 3-kinase due to the interaction of the 
phosphorylated tyrosine residue 527 on p60c"Jrc with the p60c' Jrc SH2 
domain [Fukui & Hanafusa. (1991)] [Cantley et al. (1991)] , thus 
rendering the SH2 domain inaccessible to phosphorylated Ptdlns 3- 
kinase and the kinase domain inaccessible for substrate interaction.
This is analogous to the proposed negative regulation of protein kinase
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C by interaction of the catalytic domains with their pseudosubstrate 
domains [Pears et al. (1990)]. According to this model association of 
pp60c‘jrc  with middle T antigen in polyoma transformed cells might 
activate the pp60c’5rc kinase, as middle T antigen also appears to 
associate with the region around tyr 527 of pp60c' jrc  thus the P-tyr 527 
might be released from the pp60c' jrc catalytic site, dephosphorylated 
and the kinase activated. Interaction with middle T antigen would then 
occur, this would hold pp60c’jrc  in an active conformation.

In addition to association of Ptdlns 3-kinase with middle T 
an tigen :pp60c‘jrc  complexes transforming pp60c"jrc  and activated 
mutants of pp60c“5rc, Ptdlns 3-kinase activity has been reported to 
associate with pp60c"jrc  and pp59c‘/>’n following thrombin stimulation 
of platelets [Gutkind et al. (1990)]. Thrombin stimulation results in an 
increase in Ptdlns 3-kinase association with p60c_Jrc and p59c‘/y n and 
an increase in tyrosine phosphorylated proteins in cells without any 
apparent increase in the in vitro kinase activity of immunoprecipitated 
pp60c"jrc or p59c‘/>n within 1 sec. of thrombin stimulation. Ptdlns 3- 
kinase activity was also found in anti-phosphotyrosine 
immunoprecipitates following thrombin stimulation, suggesting that 
either Ptdlns 3-kinase or an associated protein, was phosphorylated on 
tyrsoine. This study proposed a role for p60c”Jrc and p59c~fyn in signal 
transduction in normal cells mediated by Ptdlns 3-kinase [Gutkind et al.
(1990)].

While much is now known about the interactions of Ptdlns 3-kinases 
with various tyrosine kinases associated with mitogenic signalling and 
proteins involved in cellular transformation, both providing evidence 
for a link between signalling and demonstrating the importance of 
Ptdlns 3-kinase localisation for efficient substrate utilisation, far less is 
known about the mechanisms involved in regulation of the enzymes 
activity and the pathways by which the 3 phosphorylated inositol lipids 
might be metabolised. For example the role of tyrosine phosphorylation 
of the 85 kDa component of Ptdlns 3-kinase is not clear. It was thought 
that tyrosine phosphorylation might activate the enzyme but studies 
performed during the course of this work (Chapter 7 and Otsu et al,
(1991) Appendix II) suggest that tyrosine phosphorylation has no effect 
on the activity of Ptdlns 3-kinase purified from bovine brain. This may 
be because these are in vitro studies in which the purified protein is 
removed from the normal cellular constraints which regulate its 
activity. Alternatively phosphorylation may play a role distinct from 
regulation of the enzyme’s intrinsic activity e.g. phosphorylation might 
alter the conformation of the Ptdlns 3-kinase in such a way that 
existing complexes are disrupted (e.g. with polyoma middle T 
an tig en :p p 6 0 c‘jrc ) or phosphorylation may allow the formation of 
separate complexes (e.g. activated pp60c*5rc). Alternatively 
phosphorylation of the 85 kDa protein might signal to proteins



involved in its degradation, thus regulating the level of receptor 
associated Ptdlns 3-kinase in cells. More detailed analysis of this 
question will be possible when the in vivo phosphorylation sites have 
been mapped, allowing site directed mutagenesis to be performed. These 
studies will obviously be more meaningful if co-expression of p85 and 
p i 10 can yield active Ptdlns 3-kinase complexes.

In addition to the tyrosine phosphorylation sites on p85 the protein is 
phosphorylated primarily on serine residue(s) [Kaplan et al. (1987)],
The role of serine phosphorylation regulation of Ptdlns 3-kinase 
activity remains elusive, but both pi 10 and p85 components of rat liver 
Ptdlns 3-kinase appear to be phosphorylated on serine [Carpenter et al. 
(1990)]. The rat liver Ptdlns 3-kinase has been reported to co-purify 
with a serine kinase activity, it appears that the 110 kd protein might 
contribute to the serine kinase activity (Lewis Cantley unpublished 
observations). In addition it has been demonstrated that phorbol 12,13 
dibutyrate (a phorbol ester known to activate protein kinase C) 
treatment of platelets results in enhanced production of PtdIns(3,4)P2 
and PtdIns(4)P [Yamamoto & Lapetina. (1991)]. This enhanced 
production of PtdIns(3,4)P2 was proposed to be due to the activation of a 
Ptdlns 4-kinase which is able to phosphorylate PtdIns(3)P in addition to 
Ptdlns. Other workers have proposed a more direct link between Ptdlns
3-kinase activity and protein kinase C activity, for example phorbol 
ester treatment has been suggested to result in increased Ptdlns(3) 
kinase activity in immune precipitates with polyoma middle T 
antigen:pp60c"jrc  [Raptis et al. (1988)].

In addition to phosphorylation, Ptdlns 3-kinase activity might be 
regulated by association with other proteins. Preliminary evidence 
suggests that this might be the case. Preincubation of purified Ptdlns 3- 
kinase with glycinerphosphotyrosine polymers resulted in a two-fold 
increase of Ptdlns 3-kinase activity in vitro (see Section 7.1.5.4). It 
seems possible that further activation might be observed with a specific 
peptide, such as the phosphorylated 17 residue peptide corresponding to 
tyrosine 751 of human PDGF receptor. However no increase of Ptdlns 3- 
kinase activity was observed on binding to the phosphorylated PDGF 
receptor kinase insert domain peptide affinity matrix (Section 7.1.5 and 
Mike Fry personal communication). It seems likely that in a cellular 
environment both proteinrprotein interactions and phosphorylation 
might regulate the observed Ptdlns 3-kinase activity if only by placing 
the enzyme close to the membrane where the lipid substrates are 
accessible.

The significance of the multiple p85 and p i 10 proteins remains obscure 
at this time. Initially it seemed likely that p85a and p850 might mediate 
interaction of Ptdlns 3-kinase with different cellular proteins, but any 
such differences have yet to be identified. Both p85a and p85J3 associate



with PDGF receptor and polyoma middle T antigen:pp60c_Jrc complexes. 
The observation that p i 10 appears to regulate the association of p85 
proteins with EGF receptor may indicate that the specificity of 
interaction of p85 with other proteins requires the p85:pl 10 complex. 
Differences in the association of p85's with other proteins may only 
become apparent when the specificity of the 85/110 heterodiameric 
complex is tested. In addition to the existence of multiple p85 proteins it 
has been suggested that there are multiple forms of p i 10; it remains to 
be determined whether particular p85 proteins interact with particular 
p i 10 proteins. It remains to be determined whether the observed 
heterogeneity in the p i 10 represents modification states of a single 
gene product or distinct gene products. Again determination of the 
specificity of the p85/p ll0  interactions must wait until either clones 
encoding p i 10 have been obtained or until p85 and p i 10 can be 
separated by conventional means and antiserum can be raised against 
the 110 kDa component(s) of the Ptdlns 3-kinase.

Apart from the associations of Ptdlns 3-kinase with a variety of growth 
factor receptors, cellular tyrosine kinases and viral oncoproteins, it has 
been suggested that Ptdlns 3-kinase activity may also be regulated by 
certain G protein coupled receptors. GTPyS stimulation of neutrophils 
has been shown to result in the elevated production of PtdIns(3,4)P2 and 
a PtdInsP3, presumably PtdIns(3,4,5)P3. The rise in PtdIns(3,4)P2 and 
P td In sP 3 following formyl peptide stimulation of human neutrophils 
was shown to be inhibited by pretreatment with pertussis toxin 
[Traynor-Kaplan et al. (1989)]. To date few other G-protein linked 
receptors have been suggested to activate Ptdlns 3-kinase, but it may be 
that as more G-protein linked signalling pathways are investigated the 
activation of Ptdlns 3-kinase may prove to be a more universal 
signalling event, rather than being restricted to signalling by tyrosine 
kinase growth factor receptors, thrombin stimulation of platelets and f- 
met-leu-phe stimulation of neutrophils.

Despite the increasing evidence for the association of Ptdlns 3-kinase 
with a variety of growth factor receptors, viral and cellular oncogenes 
little is known about the metabolism of the 3 phosphorylated inositol 
lipids. In normal unstimulated cells PtdIns(3)P appears to constitute 
approximately 3-5% of the total cellular PtdlnsP [Whitman et al. (1988)]. 
P td Ins(3 ,4)P2 and PtdIns(3,4,5)P3 are not present of detectable levels in 
normal unstimulated cells. Interestingly the yeast S a cch a ro m yces  
cerevisiae  appears to have levels of PtdIns(3)P which are equivalent to 
the levels of PtdIns(4)P [Auger et al. (1989a)]. Stimulation of fibroblasts 
with PDGF results in transient increases of PtdIns(3,4)P2 and PtdInsP3 
without appreciably changing the level of PtdIns(3)P [Auger et al. 
(1989b)]. Similarly Polyoma virus transformed 3T3 cells have elevated 
levels of PtdIns(3)P, PtdIns(3,4)P2 and PtdInsP3 [Serunian et al. (1990)] 
[Ulug et al. (1990)]. This, and evidence that stimulation with growth
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factors other than PDGF causes transient increases in PtdIns(3,4)P2 and
Ptdlns P3t suggests that the higher phosphorylated forms of the 3 
phosphorylated inostiol lipids are involved in signal transduction 
[Traynor-Kaplan et al. (1989)] [Pignataro & Ascoli. (1990)].

In addition to the observed changes in 3 phosphorylated inositol lipids, 
Polyoma transformed cells showed reduced levels of PtdIns(4)P and 
increased levels of GroPIns (presumably due to the activation of a 
P L A i/2 , enzyme acting on Ptdlns). Increased levels of Ins(3,4)P2 , 
I n s ( l ,3 ,4 )P3 and Ins(l,3,4 ,5)P4 but not of Ins(l,4 ,5)P3 or Ins(l,4)P2 were
observed in Polyoma transformed 3T3 cells [Ulug et al. (1990)]. Levels of
In s ( l ,4 ,5)P3 and Ins(l,4)P2 are increased in cells following Ptdlns-PLC
hydrolysis of PtdIns(4 ,5)P2 in normal cells. Ins(3,4)P2, Ins(3,4 ,5)P3 and 
I n s ( l ,3 ,4 ,5)P4 can be generated in cells as further metabolites of 
In s ( l ,4 ,5 )P3 generated by Ptdlns-PLC activation. It remains possible 
that the production of these metabolites in polyoma transformed 
fibroblasts is due to activation of the classical Ptdlns pathway, 
alternatively it seemed possible that the 3 phosphorylated lipid might 
be hydrolysed by Ptdlns-PLC activities to produce the unusual inositol 
phosphate moieties. However the 3 phosphorylated inositol lipids do not 
appear to act as substrates for any of the Ptdlns-PLC activities purified 
to date (Section 5.4) [Lips et al. (1989)] [Serunian et al. (1989)] indicating 
that the 3 phosphorylated inositol lipids do not form part of the well 
characterised Ptdlns metabolic pathway. The possibility that the 
observed increase in Ins(3,4)P2 and Ins(3,4 ,5)P3 might alternatively be 
explained by the action of phospholipase D on PtdIns(3,4)P2 and 
P tdIns(3 ,4 ,5)P3 respectively remains to be tested. Ins(3,4 ,5)P3 can be 
converted to Ins(3,4 ,5,6)P4 in cells (see Fig 1.6). An increase in an IP4 
of this apparent structure has been reported in v -jrc  transformed cells 
[Ulug et al. (1990)] [Johnson et al. (1989)]. The possibility that a 
phospholipase D enzyme might regulate levels of 3 phosphorylated 
inositol lipids remains to be investigated. The observation that 
transients of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 are observed following 
stimulation of cells raises the possibility that these molecules 
themselves might be the cellular signals rather than the precursor to 
s ig n a ls .

The metabolic pathways for the Ptdlns 3 phosphorylated lipids are 
being elucidated gradually. PtdIns(3,4)P2 might be produced in 
platelets either by the action of Ptdlns 3-kinase on PtdIns(4)P or by the 
action of a PtdIns(3)P 4-kinase on PtdIns(3)P. [Yamamoto & Lapetina. 
(1990)]. The Ptdlns 4-kinase enzyme from human platelets or bovine 
brain does not phosphorylate PtdIns(3)P [Carpenter & Cantley. (1990)]. 
This route of PtdIns(3,4)P2 production might be cell specific however as 
these cells show similar levels of PtdIns(3,4)P2 and PtdInsP3 production 
following stimulation, while other cells produce higher levels of 
P td InsP 3 relative to PtdIns(3,4)P2. This might suggest that Ptdlns 3-



kinase alone might be responsible for the production of PtdIns(3,4)P2 
and PtdInsP3 from PtdIns(4)P and PtdIns(4,5)P2 respectively. Other 
workers report that Ptdlns 3-kinase utilises PtdIns(4,5)P2 in preference 
to PtdIns(4)P [Carpenter et al. (1990)], although in this study Ptdlns 3- 
kinase from bovine brains showed the reversed specificity (Section 
5.3). These differences probably represent differences in the assay 
conditions used rather than the true in vivo specificity of the enzyme 
but this has not been determined. PtdIns(3)P 4-kinase activation might 
also account for the observed transient of PtdIns(3,4)P2 in Ley dig 
tumour cells [Pignataro & Ascoli. (1990)] as a large PtdIns(3,4)P2 
response is observed while the PtdIns(3,4,5)P3 response is negligible. 
Similarly, the reported PtdIns(3,4)P2 response to GTPyS stimulation of 
neutrophils [Traynor-Kaplan et al. (1989)] and the phorbol ester 
stimulated production of PtdIns(3,4)P2 in platelets [Yamamoto &
Lapetina. (1990)] could be explained either by the action of a PtdIns(4)P
3-kinase or a PtdIns(3)P 4-kinase. Metabolic labelling studies with 
neutrophils [Stephens et al. (1991)] suggest that the principal 3-
phosphorylated phosphoinositide product, following stimulation with f- 
met-leu-phe, is PtdIns(3,4,5)P3. These studies suggest that the 
PtdIns(3 ,4)P2 and PtdIns(3)P may be produced as a result of phosphatase 
action on the PtdIns(3,4,5)P3.

In addition to PtdIns(3)P, PtdIns(3,4)P2 and PtdInsP3 another novel 
phosphoinositide, thought to be PtdIns(3,5)P2 has been identified 
following stimulation of smooth muscle cells [Auger et al. (1989b)] and 
in platelets given PtdIns(3)P as a substrate [Auger et al. (1989)]. The 
levels of PtdIns(3,5)P2 in smooth muscle cells did not appear to change 
following PDGF stimulation. This compound could be produced by the 5-
phosphorylation of PtdIns(3)P, in fact PtdIns(4)P 5-kinase purified 
from human red cells does appear to phosphorylate PtdIns(3)P in the 5-
position to some degree, [Ling et al. (1989)]. Alternatively PtdIns(3,5)P2 
could be produced by the 3 phosphorylation of PtdIns(5)P, or by the 
action of a 4' phosphatase on PtdIns(3,4,5)P3. Neither a PtdIns(5)P nor a
4-phosphatase capable of acting on PtdIns(3,4,5)P3 has been reported.

It seems possible that in addition to the 3 -phosphorylation of 
P tdIns(4 ,5)P2, PtdIns(3,4,5)P3 might be produced by the action of a 
P td Ins(3 ,5 )P 2  4-kinase although such an activity has not been 
id en tified .

During the next few years the metabolism of the 3 phosphorylated
lipids will no doubt become more clearly understood. This will
presumably result in the identificaiton of additional phosphoinositide 
kinases. The role of these lipids in signal transduction will hopefully 
be elucidated, answering such questions as whether the lipids 
themselves or further, as yet unidentified metabolites of them are the 
second messengers in Ptdlns 3-kinase mediated signal transduction.



While the importance of the role of Ptdlns 3-kinase in signal 
transduction is indicated by the observation that this enzyme associates 
with virtually every tyrosine kinase oncoprotein and tyrosine kinase 
growth factor receptor examined to date, the role of other proteins 
involved in signal transduction must not be ignored. Returning to the 
model for PDGF receptor (see above), the receptor associates not only 
with Ptdlns 3-kinase but also with Ptdlns-PLCy p21rflJ.GAP, p74c_raf and 
also pp60c‘src (see above). Of these proteins the second messenger 
systems activated by Ptdlns-PLCy are the best characterised (see Chapter 
1). Ptdlns-PLCy mediated hydrolysis of PtdIns(4,5)P2 results in the 
release in Ins(l,4,5)P3 and DAG which, in turn bring about the 
elevation of cytosolic Ca2+ and activation of PKC. The conseqeunces are 
multitudinous, including changes in cytosolic pH, potassium level, and 
the activation of transcription of many genes. While few in vivo 
substrates of PKC have been identified. One PKC substrate which has 
been identified is the inhibitory subunit of NF-KB. Phosphorylation of 
the inhibitory subunit of NF-KB results in the release of NF-KB and its 
migration to the nucleus where the protein binds to a DNA element, 
which, in lymphocytes alters expression of IL-2, the IL-2 receptor, p -  
interferon and the k light chain of immunoglobulin (reviewed in 
Leonardo, M.J. and Baltimore, D. (1989) Cell 58 227-229). Activation of 
PKC also results in dephosphorylation of the c-jun protein, which 
allows c‘jun to form the AP-1 complex and associate with the TPA 
response element. The mechanism by which this occurs is likely to be
very indirect [reviewed in Cantley et al. (1991)].
Recently a connection between the PKC mediated signal transduction 
pathway and the p21c”ra j signalling pathway became apparent
[Downward et al. (1990)]. Antibodies directed against p21c_rflJ have been
found to block the action of both normal and oncogenic tyrosine 
kinases [Smith et al. (1986)] suggesting that p21c"rfl* has a pivotal role 
in signal transduction. Yet the biological function of p 2 lc‘ras has long 
remained elusive. The discovery that p21rflJ.GAP was associated with a 
variety of cellular tyrosine kinase growth factor receptors, and 
phosphorylated in response to cellular transformation by cytoplasmic 
tyrosine kinases [Ellis et al. (1990)] appeared to provide a link between 
the growth factor-mediated signal transduction pathways and p21c~ras 
activity [Moran et al. (1991)]. p21ras.GAP has also been shown to 
associate with tyrosine phosphorylated proteins of 62 kDa and 190 kDa 
in cells transformed by pp60v‘*rc. The p21rflJ-GAP:pp62 complex appears 
to be membrane associated while the p21rflJ.GAP:ppl90 complex is 
predominantly cytosolic and p21rflJ.GAP displays reduced GTPase 
stimulating activity in complexes with p i90. Although these proteins 
are also obvious candidates as targets for tyrosine kinase they have 
been shown not to be pp60v' jrc or PDGF receptor [Kazlauskas et al. 
(1990a)]. The clear suggestion is that p21rflJ.GAP is associated not only



with signalling by tyrosine kinase growth factor receptors but also in 
transformation by cytoplasmic tyrosine kinases.

As stated above the relevance of recruitment and tyrosine 
phosphorylation of p21ra<y.GAP is unclear. It has been suggested that 
phosphorylation of p21r<2J.GAP might activate p21rfl* by blocking the 
ability of p21rflJ.GAP to down-regulate p21rflJ. Stimulation of cells has 
been shown to result in the association of p21raJ.GAP with p i90 proteins 
resulting in a reduction of p21rflJ.GAP activity [Moran et al. (1991)]. 
Alternatively phosphorylated p21rflJ.GAP might associate with p62 and 
p 2 1 rflJ at the plasma membrane and serve as a transducer of the p21rflJ 
signal. Excess un-phosphorylated un-complexed p21rflJ.GAP could
terminate the signal by competing for p21rflJ. Thus p21ra j .GAP could act 
as both an effector and an inhibitor of p21rflJ activity. A weakness in 
this theory is that association of p21rflJ.GAP with pl90 and p62 has never 
been demonstrated in \-ra s  transformed cells.

The suggested link between p21rflJ.GAP and the PKC pathway came from 
the observation that activation of T-cell antigen receptor is 
accompanied by a conversion of p21c"rfl5 from the predominantly
inactive GDP bound state to the active GTP bound state. Phorbol ester 
treatment or T-antigen stimulation resulted in a reduction of the 
observed GTPase activity of p21c*ra j indicating that PKC activation 
inactivates p21rflJ.GAP and therefore results in the activation of the 
p2 ic-ror GTPase activity [Downward et al. (1990)]. Despite the apparent 
PKC mediation of p21raJ.GAP activity and the observation that 
p21 rfl*.GAP is phosphorylated predominantly on serine residues the 120 
kDa p21rflJ.GAP has not been reported to be a direct substrate for PKC.
The inference is however that PKC acts upstream of p21c"rflJ in
lymphocytes. In support of this, PDGF stimulation of fibroblasts results 
in small but detectable increase in the proportion of GTP.p21c’rflJ 
suggesting a possible role for regulation of p21rflJ.GAP in these cells 
[Satoh et al. (1990)] [Yu et al. (1988)].

In addition to cross-talk between the PKC pathway and other pathways,
feedback within the PKC pathway is also known to occur. PKC has been 
shown to phosphorylate EGF receptors on serine residues resulting in 
their inactivation [Downward et al. (1985)] [Davis & Czech. (1985)] and 
more recently, has been shown to result in a reduction of Ptdlns-PLCy 
tyrosine phosphorylation, which is accompanied by a reduction of 
PtdIns(4,5)P2 hydrolysis [Huckle et al. (1990)]. In addition to its 
interactions with other signalling pathways PKC therefore seems to
regulate its own activity by a negative feedback mechanism.

Evidence for a role of p21rfl*.GAP in suppression of cell growth has come 
from the observation that deletion of the Saccharomyces cerevisiae 
IRA1 and IRA2 genes (the yeast homologues of p21rflJ.GAP) results in a



phenotype similar to that induced by introduction of v-ras  [reviewed in 
Wigler. (1990)]. Similarly the neurofibromatosis gene product NF-1 ( a 
homolgoue of p21ra j .GAP) appears to suppress growth, as homozygous 
mutations or deletions within this gene result in enhanced growth of 
Schwann cells [Xu et al. (1990)].

p 2 1 r a j .GAP has been suggested to have functions other than the 
negative regulation of p21rflJ, for example exogenously added 
p21 rflJ.GAP has been found to block a muscarinic receptor regulated 
potassium channel [Yatani et al. (1990)].

The function of p21c‘rflJ itself remains unclear. A number of 
physiological responses to p21rflJ activation have been reported, 
including membrane ruffling [Bar-Sagi & Feramisco. (1985)], induction 
of c-fos transcription [Stacey et al. (1987)], activation of phospholipase 
A2 [Bar-Sagi et al. (1988)], S6 kinase activation [Barrett et al. (1990) 
activation of p34cdc2 [Barrett et al. (1990)] and elevation of 
diacylglycerol [Fleischman et al. (1986)] apparently as a result of 
phosphatidylcholine breakdown [Lopez-Barahona et al. (1990)]. Thus 
there is evidence for the action of p21rflJ both downstream [Downward 
et al. (1990)] and upstream of PKC. The identification of the primary 
functions of p21rflJ requires the identification of the ra s -e ffe c to r .

It has recently been suggested that p21c"rflJ may play a role in actin 
filament rearrangement in untransformed cells. The model proposes 
that growth factor stimulation would activate p21c‘rflJ resulting in actin 
filament rearrangement and receptor patching and eventually 
internalisation. Transformation by p21c-rflJ would be expected to result 
in receptor oligomerisation and activation in the absence of exogenous 
growth factors. p21rflJ transformed cells have been found to display 
patterns of tyrosine phosphorylated proteins analogous to those found 
as a result of persistent growth factor stimulation [Cuadrado. (1990)]. 
Also consistent with a role for p21rflJ in receptor patching is the 
observation that p21c*rflJ co-localised with capped surface 
immunoglobulins in B lymphocytes, this patching was found to be 
inhibited by cytochalasin D, which is known to inhibit actin 
polymerisation [Graziadei et al. (1990)]. It is hard to establish without 
identification of the effector of p21rflJ whether p21raj causes the 
capping or is co-localised with receptors as a consequence of receptor 
c ap p in g .

As with p21rflJ.GAP the consequence of p74c' rfl/  activation is poorly 
characterised. pp74c’rfl/  has been implicated in the activation of c-fos 
transcription by a PKC independent mechanism [Jamal & Ziff. (1990)]. 
Activation of p74c"ra/  could therefore result in the enhanced formation 
of the fos-jun  AP-1 complex which is known to bind to specific DNA
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sequences resulting in the enhanced expression of a specific set of 
gen es .

Despite the large amount of information that has become available 
regarding the immediate events following agonist stimulation, namely 
the identification of Ptdlns-PLCyl. p21ra j.GAP, Ptdlns 3-kinase, pp60c " 
src and p74c‘rfl/  as tyrosine kinase growth factor receptor associated 
proteins which may each serve to regulate a distinct intracellular 
signalling pathway, little is understood of the downstream events 
following activation of these proteins although many of the cellular 
consequences have been characterised. A greater understanding of the 
intermediate events in each of these cellular pathways will allow a 
determination of the importance both of each pathway and of the 
consequences of activation of different combinations of the second 
messengers pathways by the various receptors. Of the various receptor 
associated proteins only the pathway activated as a consequence of 
Ptdlns-PLC activation has been characterised to any degree, yet even 
here a large 'black box' remains between the activation of PKC and the 
nuclear events which are a consequence of its activation.

In addition to the importance of characterising the various signalling 
pathways which are activated by tyrosine kinase growth factor 
receptors in the determination of their individual contributions to a 
mitogenic response, characterisation of the signalling pathways 
activated by non tyrosine kinase receptors will allow an assessment of 
the universality of the various signalling pathways. For example Ptdlns 
3-kinase is associated with most of the receptor tyrosine kinases and 
activated oncoproteins characterised to date but it remains to be 
determined whether Ptdlns 3-kinase activity is elevated following 
agonist stimulation of many of the G-protein coupled receptors.
Currently Ptdlns-PLC activation appears to be the most universal 
consequence of receptor activation i.e. activation has been reported to 
be mediated by both G-protein linked receptors and tyrosine kinase 
growth factor receptors, yet there are instances (see above) where 
activation of Ptdlns-PLC is neither necessary not sufficient for a 
mitogenic response. A determination of which of the pathways which 
are activated by tyrosine kinase receptors are shared by other receptors 
which are capable of eliciting a mitogenic response might also answer 
fundamental questions concerning the importance of these pathways. 
However it is possible that the G-protein coupled receptors and tyrosine 
kinase receptors might signal by totally distinct pathways in vivo.



REFERENCES

Anderson, D.C., Koch, C.A., Grey, L., Ellis, C., Moran, M.F. & Pawson, T. 
(1990) Science 250 979-982.

App, H., Hazan, R., Zilberstein.A., Ullrich,A., Schlessinger, J. &
Rapp, U. (1991) Mol.Cell.Biol.il (2) 913-919.

Auger, K.R., Carptemter, C.L., Cantley, L.C. & Varticovski, L.
(1989a) J. Biol.Chem. 264 (34) 20181-20184.

Auger, K.R., Serunian, L.A., Soltoff, S.P., Libby, P. & Cantley, L.C. (1989b) 
Cell 57 167-175.

Baccarini, M., Sabatini, D.M., App, H., Rapp, U.R., & Stanley, E.R.
(1990) EMBO J. 9 (11) 3649-3657.

Ballotti, R. Lammers, R., Scimeca, I-C., Dull, T., Schlessinger, J., Ullrich, 
A. & Van Obberghen, E., (1989) EMBO J. 8 (11) 3303-3309.

Banno, Y., Yada, Y. & Nozawa, Y (1988) J. Biol.Chem. 263 (23) 11459-11465.

Bar-Sagi, D. & Feramisco, T.R. (1985) Cell 42 841-848.

Bar-Sagi, D., Suhan, J.P., McCormick, F. & Feramisco J.R. (1988) J.
Cell.Biol. 106 1649-1658.

Bargmann, C.I, Hung, M-C. & Weinberg, R.A, (1986) Cell 45 649-657.

Barrett, C.B., Schroetke, R.M., Van der Hoorn, F.A., Nordeen, S.K.
& Mailer, J.L. (1990) Mol.Cell.Biol. 10 310-315.

Belunis, C.J., Bae-Lee, M., Kelley, M.J. & Carmen, G.M. (1988) J.
Biol.Chem. 263 18897-18903.

Bennet C.F. & Crooke, S.T. (1987) J. Biol. Chem. 263 11459-11465,

Berridge, M.J. & Irvine, R.F. (1984) Nature 312 315-321.

Berridge, M.J. & Irvine, R.F.(1989) Nature 341 197-205.



Besterman, J.M., Watson, S.P. & Cuatrecases, P. (1986) J. Biol. Chem. 261 
(2) 723-727.

Billah, M.M., Eckel, S., Mullman, T.J., Egan, R.W. & Siegel, M.I. (1989) J. 
Biol.Chem. 264 (29) 17069-17077.

Bird I. M., Sadler I. H., Williams B. C. & Walker S. W. (1989) Mol. Cell 
Endocrinol. 66 215-229.

Bimbaumer, L., Abramowitz, J. & Brown A. M. (1990) Biochem. Biophys. 
Acta 1031 163-224.

Bjorge, J.D., Chan, T-O., Antczak, M., Kung, H-J., & Fujita, D.J.
(1990) PNAS 87 3816-3820.

Blackshear, P.J., Haupt, D.M., App, H. & Rapp, U.R. (1990) J.
Biol.Chem. 265 12131-12134.

Bonser, R.W., Thompson, N.T., Randall, R.W. & Garland, L.G. (1989) 
Biochem. J. 264 617-620.

Bradford M. M. (1976) Anal. Biochem. 72 248-254.

Brass, L.F., Shaller, C.C. & Belmonte, E.J. (1987) J. Clin. Invest. 79 1269- 
1275.

Brugge, J.S. (1986) Cell 46 149-150.

Burch, R.M., Luini, A. & Axelrod, J. (1986) PNAS 83 7201-7205.

Cantley, L.C., Auger, K.R., Carpenter, C., Duckworth, B., Graziani,
A., Kapeller, R. & Soltoff, S. (1991) Cell 64 281-302.

Carmichael, G., Schaffhausen, B.S., Mandel, G., Liang, T.J. &
Benjamin, T.L. (1984) PNAS 81 679-683.

Carpenter, C.L. & Cantley, L.C. (1990a) Biochemistry 29 (51)
11147-11160.

Carpenter, C.L., Duckworth, B.C., Auger, K.R., Cohen, B.,
Schaffhausen, B.S. & Cantley, L.C. (1990b) J. Biol.Chem. 265 (32) 
19704-19711.



Carrascosa, J.M., Vogt, B., Ullrich, A. & Haring, H.U. (1991)
Biochem.Biophys.Res.Comm. 174 (1) 123-127.

Cartwright, C.A., Kaplan, P.L., Cooper, J.A., Hunter, T. & Eckhart,
W. (1986) Mol.Cell.Biol. 6 1562-1570.

Chahwala, S.B., Fleischman, L.F. & Cantley, L. (1987) Biochemistry 
26 612-622.

Chan, T-O., Tanaka, A,. Bjorge, J.D., & Fujita, D.J. (1990) Mol.Cell.Biol. 10
(6) 3280-3283.

Charbonneau, H., Tonks, N.K., Kumar, S., Diltz, C.D., Harrylock, M., Cool, 
D.E., Krebs, E.G., Fischer, E.H. & Walsh, K.A. (1989) PNAS 86 5252-5256

Chen, W.S., Lazar, C.S., Peonie, M., Tsien, R.Y., Gill, R.N. & Rosenfeld, M.G.
(1987) Nature 328 820-823.

Cheng, S.H., Harvey, R., Espino, P.C., Semba, K., Yamamoto, T., Toyoshima, 
K. & Smith, A.E. (1988) EMBO J. 7 (12) 3845-3855.

Chinkers, M., Garbers, D.L., Chang, M-S., Lowe, D.G., Chin, H., Goeddel, 
D.V. & Schulz, S. (1989) Nature 338 78-83.

Chou, C.K., Dull, T.J., Russell, D.S., Gherzi, R., Lebwohl, D., Ullrich, A & 
Rosen, O.M. (1987) J. Biol. Chem. 262 (4) 1842-1847.

Clarke N.G. & Dawson R.M.C. (1981) Biochem. J. 195 301-306.

Cochet, C., Filhol, O., Payrastre, B., Hunter, T. & Gill, T. (1991) J. Biol.
Chem. 266 (1) 637-644.

Cockcroft, S. (1987) Trends Biochem.Sci. 12 75-78.

Cohen, B., Liu, Y., Druker, B., Roberts, T.M. & Schaffhausen, B.S.
(1990a) Mol.Cell.Biol 10 (6) 2909-2913.

Cohen, B., Yoakim, M., Piwnica-Worms, H., Roberts, T.M.&
Schaffhausen, B.S. (1990b) PNAS 87 4458-4462.



Coughlin, S.R., Escobedo, J.A. & Williams, L.T. (1989) Science 243 1191- 
1194.

Courtneidge, S.A. & Smith, A.E. (1983) Nature 303 435-439.

Courtneidge, S.A. & Heber, A. (1987) Cell 50 1031-1037.

Coussens, L., Van Beveren, C., Smith, D., Chen, E., Mitchell, R.L., Isacke,
C.M., Verma, I,.M. & Ullrich, A. (1986) Nature 320 277-280.

Cuadrado, A. (1990) Biochem.Biophys.Res.Comm. 170 526-532.

Daley, G.Q., McLaughlin, J., Witte, O.N. & Baltimore, D. (1987)
Science 237 532-535.

Davis, R.J. & Czech, M.P. (1985) PNAS 82 1974-1978.

Dohlman, H.G., Caron, M.G. & Lefkowitz, R.J. (1987) Biochemistry 26 (10) 
2657-2664.

Downing, J.R., Margolis, B.L., Zilberstein, A., Ashmun, R.A., Ullrich, A., 
Sherr, C.J. & Schlessinger, J. (1989) EMBO. J. 8 (11) 3345-3350.

Downward, J., Yarden, Y„ Mayes, E., Scrace, G., Totty, N., Stockwell, P., 
Ullrich, A., Schlessinger, J., Waterfield, M.D. & Seeburg, P.H. (1984) 
Nature 307 521-527.

Downward, J., Waterfield, M.D. & Parker, P.J. (1985) J. Biol.Chem.
260 14538-14546.

Downward, J., Graves, J.D., Wame, P.H., Rayter, S. & Cantrell, D.A 
(1990a) Nature 346 719-723.

Downward, J. Receptors, Chapter 5 in Molecular Biology 
of oncogenes and cell control mechanisms (1990b) Ed. P.J. Parker &
M. Katan. Published Ellis Horwood series in molecular Biology.

Druker, B.J., Ling, L.E., Cohen, B., Roberts, T.M., & Schaffhausen,
B.S. (1990) J. Virol. 64 4454-4461.

Ebina, Y., Araki, E., Taine, M., Shimada, F., Mori, M., Craik, C.S., Siddle, K., 
Pierce, S.B., Roth, R.A. & Rutter, W.T. (1987) PNAS 84 704-708.



Ellis, C., Moran, M., McCormick, F. & Pawson, T. (1990) Nature 343 
377-381.

Endemann, G., Dunn, S.N. & Cantley, L.C. (1987) Biochemistry 26 6845- 
6852.

Endemenn, G., Yonezawa, K., & Roth, R.A. (1990) J. Biol. Chem. 265 (1) 
396-400.

Escobedo J A, Barr, P J & Williams, L.T. (1988) Mol. Cell. Biol. 8 5126-5131

Escobedo, J.A. & Williams, L.T. (1988) Nature 335 85-87.

Escobedo, J.A., Kaplan, D.R., Kavanaugh, M., Turck, C.W. &
Williams, L.T. (1991a) Mol.Cell.Biol. 11 (2) 1125-1132.

Escobedo, J.A., Navankasattusas, S., Kavanaugh, W.M., Milfray, D., Fried, 
V.A. & Williams, L.T. (1991b) Cell 65 75-82.

Fischer J. B. & Schonbnmn, A. (1988) J. Biol. Chem. 263 (6) 2808 - 2816.

Fleischman, L.F., Chahwala, S.B. & Cantley, L.C. (1986) Science 231 
407-410.

Fry, M.T., Gebhardt, A., Parker, P.J., & Foulkes, J.G. (1985) EMBO J. 4 3173- 
3178.

Fukui, Y. & Hanafusa, H. (1989) Mol.Cell.Biol. 9 (4) 1651-1658.

Fukui, Y., Kombluth, S., Jong, S.-M., Wang, L-H. & Hanafusa, H.
(1989) Oncogene Research 4 283-292.

Fukui, Y. & Hanafusa, H. (1991) Mol.Cell.Biol. 11 (4) 1972-1979.

Goldschmidt-Clermont, P.J., Machesky, L.M., Baldassare, J.J. & Pollard, 
T.D. (1990) Science 247 1575-1578.

Gould, K.L., Moreno, S., Tonks, N.K. & Nurse, P. (1990) Science 250 1573- 
1576.



Graziadei, L., Riabowol, K. & Bar-Sagi, D. (1990) Nature 347 396- 
400.

Gutkind, J.S., Lacal, P.M., & Robbins, K.C. (1990) Mol.Cell.Biol. 10
(7) 3806-3809.

Habenicht, A.J.R., Glomset J.A., King, W.C., Nist, C., Mitchell, C.D. & Ross,
D. (1981) J. Biol. Chem. 256 12329-12335.

Hanks, S.K., Quinn, A.M. & Hunter, T. (1988) Science 241 42-52.

Hausdorf, W.P., Bouvier, M., O'Dowd, B.F., Irons, G.P., Caron, M.G. & 
Lefkowitz, R.J. (1989) J. Biol. Chem. 264 (21) 12657-12665.

Hepler, J.R., Nakahata, N., Lovenberg, T.W., DisGuiseppi, J., Herman, B., 
Eaip, H.S. & Harden, T.K. (1987) J.Biol.Chem. 262 (7) 2951-2956.

Hokin, L.E. & Hokin, M.R. (1958) J. Biol.Chem. 233 805-817.

Honegger, A.M., Kris, R.M., Ullrich, A. & Schlessinger, J. (1989) PNAS 86 
925-929

Hou, W-M., Zhang, Z-L., & Tai, H-H., (1988) Biochem.Biophys.Acta.
959 67-75.

Hsuan, J.J., Downward, J., Clark, S. and Waterfield, M.D. (1989)
Biochem. J. 519-527.

Huckle, W.R., Hepler, J.R., Rhee, S.G., Harden, T.K. & Earp, H.S.
(1990) Endocrinology 127 (4) 1697-1705.

Hunter, T. & Cooper, J. (1985) Ann.Rev.Biochem. 54 897-930.

Irvine, R.F. & Dawson, M.M.C. (1983) Biochem. J. 215 431-433.

Irving, H.R. & Exton, J.H. (1987) J. Biol. Chem. 263 3440-3443.

Jackson, P. & Baltimore, D. (1989) EMBO J 8 449-456.

Jackson, T.R., Blair, L.A.C., Marshall, J., Goedert, M. & Hanley, M.R. (1988) 
Nature 335 437-440.



Jamal, S. & Ziff, E. (1990) Nature 344 463-466

Jeselma, C.L. & Axelrod, J. (1987) PNAS. 84 3623-3627.

Johnson, R.M., Wasilenko, W.J., Mattingly, R.R., Weber, M.J. &
Garrison, J.C. (1989) Science 246 121-124.

Kamps, M.P., Buss, J.E. & Sefton, B.M. (1985) PNAS 82 4625-4628.

Kanner, S.B., Reynolds, A.B., Vines, R.R. & Parsons, J.T. (1990)
PNAS 87 3328-3332.

Kaplan, D.R., Whitman, M., Schaffhausen, B., Pallas, D.C., White,
M., Cantley, L. & Roberts, T.M. (1987) Cell 50 1021-1029.

Kaplan, D.R., Pallas,D.C, Morgan, W., Schaffhausen, B. & Roberts, T.M. 
(1988) Biochem.Biophys.Acta 948 345-364.

Kaplan, D.R., Morrison, D.K., Wong, G., McCormick, F. & Williams, L.T.
(1990) Cell 61 125 -133.

Katan, M. & Parker, P.J. (1987) Eur J. Biochem. 168 413-418.

Katan, M. & Parker, P.J., (1988) Nature, 332 203.

Kazlauskas, A. & Cooper, J.A. (1989) Cell 58 1121-1133.

Kazlauskas, A. & Cooper, J.A. (1990) EMBO J. 9 (10) 3279-3286.

Kazlauskas, A, Ellis, C., Pawson, T. & Cooper, J.A. (1990a) Science 247 1578- 
1581.

Kazlauskas, A,., Ellis, C., Pawson, T. & Cooper, J.A. (1990b) EMBO J. 9 4375- 
4380.

Klausner R. D. & Samelson L. E. (1991) Cell 64 875-878.

Kombluth, S., Sudol, M. & Hanafusa, H. (1987) Nature 325 171-173.

Kovacina, K.S., Yonezawa, K., Brautigan, D.L., Tonks, N.K., Rapp,
U.R., & Roth, R.A. (1990) J. Biol.Chem. 265 12115-12118.



Kreuger, N.X., Streuli, M. & Saito, H. (1990) EMBO J. 9 (10) 3241-3252.

Kypta, R.M., Hemming, A. & Courtneidge, S.A. (1988) EMBO J. 7 (12) 3837- 
3844.

Kypta, R.M., Goldberg, Y., Ulug, E.T. & Courtneidge, S.A. (1990) Cell 62 481 
- 492.

Laemmli U. K. (1970) Nature 227 680-685.

Lefkowitz, R.J. & Caron, M.G. (1988) J.Biol.Chem. 263 (11) 4993-4996.

Lehto, V-P., Wasenius, V-M., Salven, P. & Saraste, M. (1988) Nature 334 
388.

Leonardo, M.J. & Baltimore, D. (1989) Cell 58 227-229.

Lev, S., Givol, D. & Yarden, Y. (1991) EMBO J. 10 (3) 647-654.

Li, Y.S., Porter, F.D., Hoffman, R.M. & Deuel, T.F. (1989)
Biochem.Biophys.Res.Comm. 160 202-209.

Ling, L.E., Schultz, J.T. & Cantley, L.C. (1989) J. Biol.Chem. 264 
5080-5088.

Lips, D.L., Majerus, P.W., Gonga, F.R., Young, A.T. & Benjamin,
T.L. (1989) J. Biol.Chem. 264 (15) 8759-8763.

Lopez-Barahona, M., Kaplan, P.L., Comet, M.E., Diaz-Meco, M.T.,
Larrodera, P., Diaz-Laviada, I., Municio, A.M. & Moscat, J. (1990) J. 
Biol.Chem. 265 9022-9026.

Low, M.G. (1987) Biochem. J. 244 1-13.

Macara, I.G., Marinetti, G.V. & Balduzzi, P.C. (1984) PNAS. 81 2728-2732.

MacDonald, M.L., Mack, K.F. & Glomset, J.A. (1987) J. Biol.Chem. 262 (3) 
1105-1110.

MacDonald, M.L., Kuenzel, E.A., Glomset, J.A. & Krebs, E.G. (1985) PNAS. 82 
3993-3997.



247

Margolis, B., Rhee, S.G., Felder, S. Mervic, M., Lyall, R., Levitzki, A., 
Ullrich, A., Zilberstein, A. & Schelssinger, J. (1989) Cell 57 1101-1107.

Margolis, B, Bellot, F., Honegger, A.M., Ullrich, A., Schlessinger,
J. & Zilberstein, A. (1990a) Mol.Cell.Biol. 10 (2) 435-441.

Margolis, B., Li, N., Koch, A., Mohammadi, M., Hurwitz, D.R., Zilberstein, 
A., Ullrich, A., Pawson, T. & Schlessinger, J. (1990b) EMBO 9 (13) 4375- 
4380.

Margolis, B., Zilberstein, A., Franks, C., Felder, S., Kremer, S., Ullrich, A., 
Rhee, S.G., Skorecki, K. & Schlessinger J. (1990c) Science 248 607-610.

Matuoka, K., Fukami, K., Nakanishi, O., Kawai, S. & Takenawa, T.
(1988) Science 239 640-643.

Meisenhelder, J., Suh, P-G., Rhee, S.G. & Hunter, T. (1989) Cell 57 1109- 
1122.

Meldrum, E., Katan, M. & Parker P. (1989) EurJ.Biochem. 182 673-677.

Meldrum, E., Parker, P.J. & Carozzi, A. (1991) Biochem. Biophys. Acta. 
1092 49 -71.

Miller, E.S. & Ascoli, M. (1990) Biochem.Biophys.Res.Comm. 173 (1) 289- 
295

Molloy, C.J., Bottaro, D.P., Fleming, T.P., Marshall, M.S., Gibbs, J.B.
& Aaronson, S.A. (1989) Nature 342 711-714.

Moolenaar, W.H., Kruijer, W., Tilly, B.C., Verlaan, I., Bierman, A.J. & de
Laat, S.W. (1986) Nature 323 171-173.

Moolenaar, W.H., Bierman, A.J., Tilly, B.C., Verlaan, I., Defize, L.H.K.,
Honegger, A.M., Ullrich, A. & Schlessinger, J. (1988) EMBO J. 7 (3) 707-
710.

Moran, M.F., Koch, C.A., Anderson, D., Ellis, C., England, L., Martin, G.S. & 
Pawson, T. (1990) PNAS. 87 8622-8626.



Moran, M., Polakis, P., McCormick, F., Pawson, T. & Ellis, C. (1991) 
Mol.Cell.Biol. 11 (4) 1804-1812.

Morgan, S.J., Smith, A.D. & Parker, P.J. (1990) Eur.J. Biochem. 191 
761-767.

Morrison, D.K., Kaplan, D.R., Escobedo, J.A., Rapp, U.R., Roberts, T.M. & 
Williams, L.T. (1989) Cell 58 649 -657.

Morrison, D.K., Kaplan, D.R., Rhee, S.G. & Williams, L.T. (1990)
Mol.Cell Biol. 10 (5) 2359-2366.

Narayanan, U., Keuker, C. & Hilf, R. (1988) Cancer Research 48 6727- 
6732.

Neer, E.J. & Clapham, D.E. (1988) Nature 333 129-134.

Nishibe, S., Wahl, M.I., Hemedez-Sotomayor, S.M.T., Tonks, N.K., Rhee, 
S.G, & Carpenter, G. (1990) Science 250 1253-1256.

Nishizuka, Y. (1984) Science 225 1365-1370.

O'Brien, M.C., Fukui, Y. & Hanafusa, H. (1990) Mol.Cell.Biol. 10 (6) 2855- 
2862.

Olashaw, N.E. & Pledger, W.J. (1988) J.Biol.Chem. 263 (3) 1111-1114.

Olson, J.W. (1985) Biochem.Biophys.Res.Comm. 132 (3) 969-975.

Otsu, M., Hiles, I., Gout, I., Fry, M., Ruiz-Larrea, F., Panayotou, G., 
Thompson, A., Dhand, R., Hsuan, J., Totty, N., Smith, A.D., Morgan,
S.J., Courtneidge, S.A., Parker, P.J. & Waterfield, M.D.(1991) Cell 65 
91-104.

Pawson, T. (1988) Oncogene 3 491-495.

Payrastre, B., Plantavid, M., Breton, M. & Chambaz, E. (1990)
Biochem. J. 272 665-670.

Pears, C.J., Kour, G., House, C., Kemp, B.E. & Parker, P.J. (1990) Eur.
J. Biochem. 194 89-94.



Pignataro, O.P. & Ascoli, M. (1990) J.Biol.Chem. 265 (3) 1718-1723.

Pike, I. & Eakes, A.T. (1987) J.Biol.Chem. 262 1644-1651.

Pingel, J.T. & Thomas, M.L. (1989) Cell 58 1055-1065.

Porter, F.D., Li, Y-S. & Deuel, T.F. (1988) J. Biol.Chem. 263 (18)
8989-8995.

Price, B.D., Morris, J.D.H. and Hall, A. (1989) Biochem. J. 264 509- 
515.

Raeymaekers, L., Hofmann, F. and Casteels, R. (1988) Biochem J.
269-273.

Ralston, R. & Bishop, J.M. (1985) PNAS 82 7845-7849.

Raptis, L. Boynton, A.L. & Whitfield (1986)
Biochem.Biophys.Res.Comm. 136 995-1000.

Raptis, L., Bell, J. & Whitfield, J. (1988)
Biochem.Biophys.Res.Comm. 154 8989-8995.

Rashatwar, S., Cornwell, T.L. & Lincoln, T.M. (1987) PNAS 84 5685- 
5689.

Reedijk, M., Liu, X. & Pawson, T. (1990) Mol.Cell.Biol. 10 (11) 5601-5608.

Reynolds, A.B., Kanner, S.B., Wang, H-C.R., & Parsons, J.T. (1989) 
Mol.Cell.Biol. 9 (9) 3951-3958.

Rodaway, A.R., Sternberg, M.J.E. & Bentley, D.L. (1989) Nature 342 624. 

Rodbell, M. (1980) Nature 284 17-24.

Rosen, O.M., Herrera, R., Olowe, Y., Petruzelli, L.M. & Cobb, M.H. (1983) 
PNAS 80 3237-3240.

Roussel, M.F., Shurtleff, S.A., Downing, J.R. & Sherr, C.J. (1990) PNAS. 87 
6738-6742.

Rozengurt, E. (1986) Science 234 161-166.



250

Ruderman, N.B., Kapeller, R., White, M.F., & Cantley, L.C. (1990)
PNAS 87 1411-1415.

Ryu, S.H., Cho, K.S., Lee, K-Y., Suh, P.G., & Rhee, S.G. (1986) 
Biochem.Biophys.Res.Comm. 141 137-144.

Ryu, S. H., Suh, P.G., Cho, K.S., Lee, K-Y. & Rhee, S.G. (1987) PNAS 84 6649- 
6653.

Sale, G.J., Fujita-Yamaguchi, Y & Kahn, C.R. (1986) Eur. J. Biochem. 155 
345-351.

Saltiel, A.R., Fox, J.A., Sherline, P., Sahyoun, N. & Cuatrecases, P.
(1987) Biochem J. 241 759-763.

Saraste, M., Sibbard, P.R., & Wittinghofer, A. (1990) TIBS 15 430- 
434.

Satoh.T., Endo, M., Nakafuku, M„ Nakamura, S. & Kazino, Y. (1990)
PNAS 87 5993-5997.

Schaffhausen, B.S. & Benjamin, T.L. (1981) J. Virol. 40 184-196.

Schaffhausen, B.S., Liang, T.J., Carmichael, G.G. & Benjamin, T.L.
(1985) Virology 143 671-675.

Schlessinger, J. (1988) Trends in Biochem. Sci 13 443-453.

Serunian, L.A., Haber, M.T., Fukui, T., Kim, J.W., Rhee, S.G.,
Lowenstien, J.M. & Cantley, L.C. (1989) J. Biol.Chem. 264 (30)
17809-17815.

Serunian, L.A., Auger, K.R., Roberts, T.M. & Cantley, L.C. (1990) J.
Virol. 64 (10) 4718-4725.

Sharoni, Y., Teuerstein, I. & Levy, J. (1986) Biochem.Biophys.Res.Comm. 
134 (2) 876-882.

Sherr, C.J., Rattenmeier, C.W., Sacca, R., Roussel, M.F., Look. A.T. &
Stanley, R. (1985) Cell 41 665-676.



Shurtleff, S.A., Downing, J.R., Rock, C.O., Hawkins, S.A., Roussel,
M.F. & Sherr, C.J. (1990) EMBO J 9 (8) 2415-2421.

Skolnik, E.Y., Margolis, B., Mohammadi, M., Lowenstein, E.,
Fischer, R., Drepps, A., Ullrich, A. & Schlessinger, J. (1991) Cell 65 
83-90.

Smith, M.R., DeGudicibus, S.J. & Stacey, D.W. (1986) Nature 320 
540-543.

Spiegel, A.M. (1987) Mol.Cell.Endocrinol. 49 1-16.

Stacey, D.W., Watson, T., Kung, H-F. & Curran, T. (1987)
Mol.Cell.Biol. 7 523-527.

Stephens, L, Hawkins, P.T. & Downes, C.P. (1989) Biochem. J. 259 267-276.

Stephens, L.R., Hughes, K.T. & Irvine, R.F. (1991) Nature 351 33- 
39.

Streb, H., Irvine, R.F., Berridge, M.J. & Schulz,I. (1983) Nature 306 67-69.

Streuli, M., Krueger, N.X., Hall, L.R., Schlossman, S.F. & Saito, H. (1988) J. 
Exp. Med. 168 1523-1530.

Streuli, M., Krueger, N.X., Tsai, A.Y.M. & Saito, H. (1989) PNAS 86 8698 - 
8702.

Stryer, L. & Bourne, H.R. (1986) Ann.Rev.Cell.Biol. 2 391-419.

Suarez-Quian, C.A., O'Shea, J.T. & Klausner, R.D. (1987) 
Biochem.Biophys.Res.Comm. 143 (2) 512-516.

Sugimoto, Y., Whitman, M., Cantley, L.C. & Erikson, R.L. (1984) PNAS. 81 
2117-2121.

Sultzman, L, Ellis, C., Lin, L-L., Pawson, T. & Knopf, J. (1991)
Mol.Cell.Biol. 11 (4) 2018-2025.

Takai, Y., Kishimoto, A., Kikkawa, U., Mori, T. & Nishizuka, Y. (1979) 
Biochem.Biophys.Res.Comm. 91 1218-1224.



252

Talmage, D.A., Blenis, J. & Benjamin, T.L. (1988) Mol.Cell.Biol. 8 
2309-2315.

Talmage, D.A., Freud, T., Young, A.L., Dahl, J., Dawe, C.J. &
Benjamin, T.L. (1989) Cell 59 55-65.

Thomas, M.L. (1989) Ann.Rev.Immunol. 7 339-369.

Thompson, D.M., Cochet, C., Chambaz, E.M. & Gill, G.N. (1985) J. Biol. Chem. 
260 (15) 8824-8830.

Tonks, N.K., Charbonneau, H., Diltz, C.D., Fischer, E.H. & Walsh, K.A.
(1988) Biochemistry 27 8695-8701.

Tonks, N. K. & Charbonneau, H. (1989) TIBS 14 497 - 500.

Tomquist, H.E. & Avruch, J. (1988) J.Biol.Chem. 263 4593-4601.

Traynor-Kaplan, A.E., Harris, A.L., Thompson, B.L., Taylor, P., &
Sklar, L.A. (1987) Nature 334 353-356.

Traynor-Kaplan, A.E., Thompson, B.L., Harris, A.L., Taylor, P.,
Omann, G.M. & Sklar, L.A. (1989) J. Biol.Chem. 264 (26) 15668-
15673.

Ueda, H., Harada, H., Nozaki, M., Katada, T., Ui, M., Satoh, M. & Takagi, H.
(1988) PNAS. 85 7013-7017.

Ullrich, A. & Schlessinger, J. (1990) Cell 61 203-212

Ullrich, A., Coussens, L., Hayflick, J.S., Dull, T.J., Gray, A., Tau, A.W., Lee, 
J., Yarden, Y., Liberman, T.A., Schlessinger, J., Downward, J., Mayes,
E.L.V., Whittle, N., Waterfield, M,D. & Seeburg P.H. (1984) Nature 309 418- 
425.

Ulug, E.T., Hawkins, P.T, Hanley, M.R. & Courtneidge, S.A. (1990) J.
Virol. 64 (8) 3895-3904.

Van Etten, R.A., Jackson, P. & Baltimore, (1989) Cell 58 669-678.

Varticovski, L, Drucker, B., Morrison, D.M., Cantley, L.C. &
Roberts, T. (1989) Nature 342 699-702.



253

Varticovski, L., Daley, G.Q., Jackson, P., Baltimore, D. & Cantely,
L.C. (1991) Mol.Cell.Biol.il (2) 1107-1113.

Veilette, A., Bookman, M.A., Horak, E.M. & Bolen, J.B. (1988) Cell 55 301 -
308.

Veilette, A., Bookman, M.A., Horak, E.M., Samelson, L.E. & Bolen, J.B.
(1988) Nature 338 257-259.

Vrolix, M., Raeymaekers, L., Wuytack, F., Hofmann, F. and 
Casteels, R. (1988) Biochem. J. 255 855-863.

Wahl, M.I., Daniel, T.O. & Carptenter, G., (1988) Science 241 968-971.

Wahl, M.I., Olashaw, N.E., Nishibe, S., Rhee, S.G., Pledger, W.J. &
Carpenter, G. (1989a) Mol.Cell.Biol.9 (7) 2934-3943.

Wahl, M.I., Nishibe, S., Suh, P-G., Rhee, S.G., & Carpenter, G. (1989b) 
PNAS. 86 1568-1572.

Walker, D.H. & Pike, L.J. (1987) PNAS. 84 7513-7517.

Walker, D.H., Dougherty, N. & Pike, L.J .(1988) Biochemistry 27 
6504-6511.

Wang, P., Toyoshima, S & Osawa, T (1988) Biochem. J. 103 137-142.

Whetton, A.D., Monk, P.N., Consalvey, S.D. & Downes, C.P. (1986) EMBO. J. 5 
(12) 3281-3286.

White, M.F., Shoelson, S.E., Keutmann, H & Kahn, C.R. (1988) J. Biol.Chem. 
263 2969-2980.

Whitman, M. & Cantley, L. (1988) Biochem. Biophys. Acta. 948 
327-344.

Whitman, M., Kaplan, D.R., Schaffhausen, B., Cantley, L. & Roberts, T.M.
(1985) Nature 315 239-242.



Whitman, M. Fleischman, L., Chahwala, S.B., Cantley, L.C. & Rosoff, P.
(1986) in Phosphoinositides & receptor mechanisms (ed. Putney J.) 
ppl97-217, Alan. R. Liss New York.

Whitman, M., Kaplan, D., Roberts, T. & Cantley, L (1987) Biochem. J. 247 
165-174.

Whitman, M., Downes, C.P., Keeler, M., Keller, T. & Cantley, L. (1988) 
Nature 332 644-646.

Wigler, M.H. (1990) Nature 346 696-697.

Williams, L.T. (1989) Science 243 1564-1570.

Xu, G., O’Connell, P., Viskochil.P., Cawthom, R., Robertson, M.,
Culver, M., Dunn, D., Stevens, J., Gesteland, R., White, R. & Weiss,
R. (1990) Cell 62 599-608.

Yamakawa, A. & Takenawa, T. (1988) J. Biol.Chem. 263 (33) 17555-
17560.

Yamamoto, K. & Lapetina , E. (1990) Biochem.Biophys.Res.Comm.
168 (2) 466-472.

Yarden, Y. & Schlessinger, J. (1987) Biochemistry 26 1443-1451.

Yarden, Y. & Ullrich, A. (1988) Ann. Rev. Biochem. 57 443-478.

Yatani, A., Okabe, K., Polakis, P., Hasenbeck, R., McCormick, F. &
Brown, A.M. (1990) Cell 61 769-776.

Yu, C-L., Tsai, M-H. & Stacey, D.W. (1988) Cell 52 63-71.



Characterization of Two 85 kd Proteins That 
Associate with Receptor Tyrosine Kinases, 
Middle-T/pp60csrc Complexes, and PI3-Kinase
Masayuki Otsu,* Ian Hiles,* Ivan Gout,*
Michael J. Fry,* Fernanda Ruiz-Larrea,*
George Panayotou,* Andrew Thompson,*
Ritu Dhand,* Justin Hsuan,* Nicholas Totty,* 
Anthony D. Smith,t Sarah J. Morgan,t 
Sara A. Courtneidge,* Peter J. Parker,*§ 
and Michael D. Waterfield*
* Ludwig Institute for Cancer Research
91 Riding House Street
London
England
tDepartment of Chemical Pathology
University College and Middlesex School of Medicine
London
England
^Differentiation Programme
European Molecular Biology Laboratory
Meyerhofstrasse 1
6900 Heidelberg
Germany

Summary

Affinity-purified bovine brain phosphatidylinositol 
3-kinase (PI3-kinase) contains two major proteins of 85 
and 110 kd. Amino acid sequence analysis and cDNA 
cloning reveals two related 85 kd proteins (p85a and 
p85f}), which both contain one SH3 and two SH2 re
gions (src homology regions). When expressed, these 
85 kd proteins bind to and are substrates for tyrosine- 
phosphorylated receptor kinases and the polyoma vi
rus middle-T antigen/pp60c,re complex, but lack PI3- 
kinase activity. However, an antiserum raised against 
p85p immunoprecipitates PI3-kinase activity. The ac
tive PI3-kinase complex containing p85a or p85(3 and 
the 110 kd protein binds to PDGF but not EGF recep
tors. p85a and p85P may mediate specific PI3-kinase 
Interactions with a subset of tyrosine kinases.

Introduction

The search for the second m essenger systems linked to 
protein-tyrosine kinases remains an elusive goal. A num
ber of studies have suggested possible links between 
protein-tyrosine kinases and the second messengers of 
the phosphatidylinositol (PI) cycle. PI kinase activities, 
originally shown to be associated with the transforming 
protein-tyrosine kinases v-ros (Macara et al., 1984) and 
v-src (Sugimoto et al.,1984), were subsequently demon
strated not to be an intrinsic property of the receptors or 
the transforming proteins, but due to associated enzymes 
(Fry et al., 1985; MacDonald et al., 1985; Sugano and

§ Present address: Imperial Cancer Research Fund, Lincoln’s Inn 
Reids, London, England.

Hanafusa, 1985; Sugimoto and Erikson, 1985; Thompson 
et al., 1985).

Fibroblasts contain at least two PI kinases distinguish
able on the basis of their kinetic properties and their sensi
tivity to inhibition by detergents and adenosine (Whitman 
et al., 1987). These two activities were named type I and 
type II PI kinase. The type I activity is the major species 
associated with receptors and oncogene products and this 
activity has been shown to consist of the novel enzyme 
PI3-kinase, which catalyzes the formation of a  minor mem
brane lipid, PI3-phosphate (Whitman et al., 1988). PI3- 
phosphate has been detected in various ceil types 
(Stephens et al., 1989) including Saccharomyces cerevis- 
iae (Auger et al., 1989a), platelet-derived growth factor 
(PDGF)-treated smooth muscle cells (Auger et al., 1989b), 
and polyoma mT-transformed fibroblasts (Ulug et al., 
1990). The function of PI3-phosphate and its relatives 
(PI3,4P2 and PI3,4,5P3) is currently unknown (reviewed in 
Majerus etal., 1990). Interestingly, these inositol lipids do 
not appear to be substrates for phospholipase Cy (PLCy) 
(Lips et al., 1989; Serunian et al., 1989), a  PLC that associ
ates with and can be phosphoryiated by the epidermal 
growth factor (EGF) and PDGF receptors (Wahl et al., 
1988; Margolis et al., 1989; Meisenhelder et al., 1989; 
Margolis et al., 1990).

Ligand activation and autophosphorylation of certain ty
rosine kinase receptors can lead to the formation of multi
enzyme complexes (reviewed in Ullrich and Schlessinger,
1990) whose assembly may be mediated by tyrosine phos
phorylation of some of their components (Kazlauskas and 
Cooper, 1989,1990; Mayer and Hanafusa, 1990). PLCy 
(Meisenhelder et al., 1989), GTPase activating protein 
(GAP) (Kaplan et al., 1990), raf (Morrison et al., 1989), src 
family protein-tyrosine kinases (Kypta et al., 1990), and a 
PI3-kinase activity (Whitman et al., 1985; Kaplan et al., 
1987) are potential complex components. PI3-kinase ac
tivity has been shown to coimmunoprecipitate with acti
vated PDGF receptors (Whitman et al., 1987; Kaplan et al., 
1987) and also with the polyoma virus middle-T antigen/ 
pp60Mrc (mTippSO0*0) complex (Whitman et al., 1985; 
Courtneidge and Heber, 1987). An association between 
the PI3-kinase and the insulin receptor (Endemann et al., 
1990; Ruderman et al., 1990), the CSF-1 receptor (Varti- 
covski et al., 1989; Reedijk et al., 1990; Shurtleff et al., 
1990), and overexpressed EGF receptors (Bjorge et al., 
1990) have also been described.

The subunit composition of the active PI3-kinase has 
remained elusive. PI3-kinase activity has been closely 
linked with proteins variously named p81 /p85. For simplic
ity all such proteins will be referred to hereafter as 85 kd. 
These proteins can be phosphoryiated on tyrosine resi
dues by associated protein-tyrosine kinases both in vitro 
and in vivo (Kaplan et al., 1987; Courtneidge and Heber, 
1987). In the case of polyoma mT-mediated transforma
tion the association of PI3-kinase activity and an 85 kd 
phosphoprotein with the mT:pp60c‘*n; complex also pro
vides the best correlate with the transforming ability of



mT mutants (Kaplan et al., 1986; Courtneidge and Heber, 
1987). PDGF receptor mutants that fail to associate with 
p85 and PI3-kinase activity have a  reduced mitogenic re
sponse to PDGF (Escobedo and Williams, 1988; Coughlin 
et al., 1989; Kazlauskas and Cooper, 1989,1990). Tyro
sine phosphorylation of the PDGF receptor or polyoma mT 
is probably essential for this association (Kazlauskas and 
Cooper, 1989; Talmage et al., 1989). The precise tyrosine 
residue required for binding of PI3-kinase activity (and an 
85 kd protein) to the PDGF receptor is tyrosine 751, which 
lies within the kinase insert region of the protein-tyrosine 
kinase domain (Kazlauskas and Cooper, 1989,1990). For 
interaction with polyoma mT, tyrosine 315 of this protein 
seem s to be the important residue (Talmage et al., 1989; 
Cohen et al., 1990b). In some cases PI3-kinase activity is 
observed in association with protein-tyrosine kinases in 
the absence of detectable 85 kd phosphoprotein (Fukui et 
al., 1989), so the requirement of phosphoryiated 85 kd 
protein for PI3-kinase activity remains to be demonstrated.

A partial purification of PI3-kinase from bovine brain has 
been described (Morgan et al., 1990) and the most active 
fractions have been shown to contain major proteins of 
85 kd and 110 kd. A similar enzymatic activity has been 
purified from rat liver and also contains major proteins of 
85 kd and 110 kd (Carpenter et al., 1990). In the present 
study the amino acid sequence of tryptic peptides gener
ated from the 85 kd bovine protein has been determined 
and used to generate oligonucleotide probes, making it 
possible to isolate clones from bovine brain cDNA libraries 
that can encode two closely related proteins termed p85a 
and p85p. These proteins both contain one SH3 and two 
SH2 regions that are homologous to the nonkinase regions 
of pp60^°. These regions have been previously found in 
other proteins, such as PLCy and GAP, that associate 
with tyrosine kinases. Both p85a and p85p lack sequence 
motifs common to kinases and neither can be demon
strated to possess PI3-kinase activity in any expression 
system tested. Using antibodies raised against p85P and 
a phosphopeptide affinity column based on the sequence 
around tyrosine 751 of the PDGF receptor kinase insert 
region, a  tight association between the 85 kd protein(s) 
in the bovine brain PI3-kinase preparation and a  110 kd 
protein is demonstrated. The expressed p85a and p85P 
are in vivo and in vitro substrates of, and bind with high 
affinity to, receptor protein-tyrosine kinases and mT: 
pp60°'*c. However, when p85a and p85P are in a  complex 
with the 110 kd protein a restricted specificity in receptor 
binding is observed. It seems likely that p85a and p85P 
are subunits of the PI3-kinase complex and mediate the 
specificity of its association with protein-tyrosine kinases 
of both the receptor and nonreceptor classes and that the 
110 kd protein may be the catalytic component of the ac
tive PI3-kinase.

Results

Purification of PI3-Kinase and Amino Acid Sequence 
Analysis of Associated 85 kd Protein
PI3-kinase was purified as described previously (Morgan 
et al., 1990). The pool of active PI3-kinase from the final

MonoQ column was either subjected to preparative SDS- 
PAGE and the 85 kd protein electroeluted from the gel or, 
alternatively, proteins were fractionated on SDS-agarose 
gels by electrophoresis and the gel fragment containing 
the 85 kd protein purified by HPEC. Purified 85 kd protein 
was then digested with trypsin and the liberated peptides 
resolved by high pressure liquid chromatography (HPLC) 
were sequenced. Twelve distinct peptide sequences (A-L) 
were obtained from three independent bovine brain prepa
rations (Figure 1). In the preliminary analysis of the pep
tides, the sequences of peptides A and E were deduced 
from mixtures and the sequence used to generate oligonu
cleotide probes. Subsequent analysis of samples from 
other preparations gave more accurate tryptic peptide se
quences. Thus, peptide A was corrected to the sequence 
TEADSEQQAST from TEADSEQQASTINNLR and peptide 
E to TA1EAFNETIK from TAIEAFNETIQK. The sequence of 
peptide B (GDFPGTYVEYIG) was also used to generate 
oligonucleotide probes.

Cloning of cDNAs Encoding Two Related 
85 kd Proteins
Initially, bovine brain cortex libraries were screened with 
a  mixture of oligonucleotides based on the first established 
sequence of peptides A, B, and E (see Experimental Pro
cedures and Figure 1), and several overlapping clones 
were isolated. Several of these clones were sequenced in 
both directions. By comparing the deduced amino acid 
sequence with that of the tryptic peptides obtained from 
sequencing the purified 85 kd protein, it was dear that 
these cDNAs could encode a  closely related, yet distinct, 
85 kd protein. This putative protein was termed p85P and 
the purified protein present in bovine brain, from which the 
tryptic peptides were obtained, termed p85a. The pres
ence of another closely related gene to that encoding p85P 
was confirmed by Southern blot analysis of bovine geno
mic DNA made using a  p sequence probe and employing 
lower stringency washes of the blots (Figure 2). To isolate 
a  cDNA that could encode the p85a protein, the bovine 
brain cortex libraries were rescreened at this reduced 
stringency with a p85p cDNA fragment containing the en
tire coding region. This approach proved unsuccessful 
and it was necessary to construct a  new, oligo(dT)-primed 
cDNA library from total bovine brain mRNA. Screening of 
this new library with the p85p probe led to the isolation of 
several overlapping clones, and DNA sequence analysis 
of these clones showed that the deduced amino acid se
quence included the sequences of all the tryptic peptides 
obtained in the sequence analysis of the bovine brain 85 
kd protein. a-Specific probes were then shown to recog
nize the same band identified only at reduced stringency 
with the p-specific probe in the Southern analysis (Figure 2).

Analysis of p85a and p85P cDNAs and Deduced 
Amino Acid Sequences
The nucleotide and deduced amino acid sequences for 
p85a and p85p are shown in Figure 1 together with the 
sequences of the peptides derived from analysis of the 
85 kd protein(s). Both clones contain long open reading 
frames that can encode proteins of 724 amino acids in
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ATOCCTtXCCCTCAWXCTTtXAATACarroCATTCTAiXCATTCCGC JC -C r SGA ̂AC C T ̂JL>TT 1̂-TTTT. J*:-TI-A nrrrr-l rv-.Trr.Tni.-a- %r-r-rr
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Figure 1. Nucleotide and D educed Amino Acid Sequences of p85a and p85P

In the case  of the nucleotide sequence, only the coding regions of p85a (top) and  p85p (bottom) are shown. The th ree  letter code is used to indicate 
amino acid residues. Peptide seq u en ces  determ ined from bovine brain preparations are labeled A-L and are boxed with a solid outline. SH3 (long 
dashes) and SH2 (short dash es) dom ains a re  boxed with the dashed outlines indicated.

length. The two cDNAs show 58% overall identity at the 
nucleotide and 62% at the amino acid level over this re
gion. Both open reading frames commence with an ATG 
that falls within the consensus for translation initiation site 
proposed by Kozak (1984). The predicted molecular sizes

1 2  3  4

Figure 2. Southern Blot Analysis

High molecular weight DNA from a  bovine cell line was size fraction
ated  after digestion with Bam HI and  transferred to a  nitrocellulose 
m em brane. Hybridization w as carried out with a  (5-sequence probe 
(lanes 3 and 4). The filter w as w ashed  at low stringency (0.5 x SSC/ 
0.1%  SDS, at 50°C) (lane 3), then a t higher stringency (0.1 x SSC/ 
0.1%  SDS at 65°C) (lane 4). After washing off the p-probe, the filter 
w as rehybridized with an a -seq u en ce  probe (lanes 1 and 2). The filter 
w as w ashed at the sam e  stringency a s  used  for the P-probe: lane 2 at 
low stringency and lane 1 a t high stringency. The migration of XHindlll 
m arkers are shown down the left-hand side.

for p85a and p85|5 are 83 and 81 kd, respectively. A search 
of the EMBL Swissprot data base did not reveal any se
quences significantly homologous to the predicted amino 
acid sequences of p85a and p85|3 other than those noted 
below. Neither of the predicted amino acid sequences (see 
Figure 1) exhibits any recognizable motifs related to ki
nases (Hanks et al., 1988) or to ATP- or GTP-binding do
mains (Saraste et al., 1990), and there is no homology with 
the recently cloned inositol 1,4,5-trisphosphate 3-kinase 
(Choi et al., 1990).

p85a and p85(i Contain Sequences Related to src 
Homology Regions 2 and 3 and to bcr
Analysis of the predicted amino acid sequences using the 
Compare program of the UWGCG (Figure 3; Devereux et 
al., 1984) shows that the sequences of p85a and p85(i are 
analogous throughout most of their length and empha
sizes the colinearity of the two sequences. Both proteins 
contain an N-terminal SH3 region (src homology region; 
Pawson, 1988 and see below) and two SH2 regions (see 
Figures 4A and 4B). Comparing the p85a and p85p protein 
sequences within the SH3 domains, 52% amino acid se
quence identity is observed, while the first (more N-termi- 
nal) SH2 domain shows 85% and the C-terminal SH2 do
main 78% sequence identity. Interestingly, comparing the 
two SH2 domains within either p85a or p85P gives a much 
lower figure of only 37% amino acid sequence identity. 
The region between the two SH2 domains also shows 74% 
amino acid sequence identity (see Figure 3). The se
quence of p85a and p85|3 that lies between the SH3 and 
first SH2 region, the region of least sequence identity at the 
amino acid level (42%), shows homology to the C-terminal 
region of the bcr protein (see Figure 4C; Heisterkamp et
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Figure 3. Dot Plot to C om pare the  Amino Acid Homology betw een 
p85a and p85|J

This com parison w as perform ed using the  UWGCG C om pare program  
with window 15 and stringency 11. The num bers on the  horizontal 
and vertical axes  show the  am ino acid residues of p85a and  p85|3, 
respectively.

al., 1985). In this region, the sequences of p85a and p85P 
are as closely related to the sequence of the bcr protein 
as they are to one another. The significance of this homol
ogy is at present unclear.

Expressed p85a and p85(3 Proteins Lack 
PI3-Kinase Activity
To confirm that the cDNAs for p85a and p85(5 encode 85 
kd proteins, and also to examine whether they possess

intrinsic PI3-kinase activity, three expression systems 
were employed. cDNA fragments including the entire cod
ing regions of the p85a and p85p cDNAs were subcloned 
into the pSP64T vector and the transcribed mRNA was 
translated in reticulocyte lysates (Krieg and Melton, 1984). 
The expressed proteins, when analyzed by SDS-PAGE, 
had apparent molecular sizes of 85 kd (a) and 87 kd (P), 
which agree well with the molecular sizes of the predicted 
p85a and p85P proteins (Figure 5A, lanes 1 and 2). How
ever, no increase in PI3-kinase activity was detected (data 
not shown).

The same fragments of p85a and p85P used for the 
reticulocyte lysate expression were subcloned into the 
vector pMT-2 (Kaufman et al., 1989). These constructs 
were then transfected into COS-1 cells using Lipofectin, 
and 48 to 72 hr later the cells were analyzed for the pres
ence of p85a and p85P proteins and for changes in PI3- 
kinase activity. Both constructs were efficiently expressed 
as determined by SDS-PAGE analysis of “ S-labeled 
transfected cells (Figure 5C), but no increase in PI3-kinase 
activity was detected in cell lysates (data not shown). A 
phosphopeptide affinity column, derived from the se 
quence of the PDGF receptor to which PI3-kinase has 
been demonstrated to bind (Kazlauskas and Cooper, 
1990; see later for details), was used in an attempt to 
increase the sensitivity of our assay. Figure 8B demon
strates the ability of this column to bind active PI3-kinase 
from bovine brain material. However, although this column 
clearly bound and concentrated p85a and p85P expressed 
in COS-1 cells (Figure 5C), no increase in bound PI3-
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src Homology Region 2

Src Homology Region 3 Figure 4. Com parison of S equence  Homolo
gies betw een p85a and p85|5 with SH2 and 
SH3 Domains and the  bcr Protein

(A) Com parison of SH3 domain seq u en ces  be
tween p85a, p85(5, PLCy (Stahl et al.. 1988), 
GAP (Vogel et a]., 1988), ppSO0̂ 1 (Takeya and 
Hanafusa, 1983), and a-spectrin (W asenius et 
al., 1989). A consensus sequence  is a lso 
shown and identities to it are in reverse  type. 
This is derived from all protein seq u en ces  p res
ently known to contain SH3 dom ains, including 
those cited in the text. Sequences w ere for
m ated, and the consensus was calculated u s
ing the HOMED program (Stockwell and  P e t
e rsen , 1987).
(B) Com parison of SH2 domain seq u en c es  be
tween p85a, p85(3, PLCy (Stahl et al., 1988), 
GAP (Vogel et al., 1988), and pp60c~*'c (Takeya 
and H anafusa, 1983). A consensus seq u en ce  
is also shown and the identities to it a re  in re
verse  type. This is derived from all proteins 
presently known to contain SH2 dom ains, in
cluding those cited in the text. S eq u en ces  were 
formated and the consensus w as calculated 
using the HOMED program (Stockwell and  P e t
ersen , 1987).
(C) Com parison of bcr-related seq u en c es  of 
p85a and p850 with bcr. The homology with bcr 
w as first identified using the FastA program  of

the UWGCG package  (Devereux e t al., 1984) while searching  the EMBL Swissprot data base, bcr sequence  and  residue num bers are taken from 
H eisterkam p et al. (1985) and  Hariharan and Adams (1987). Identical residues are  shown in reverse type and conserved residues are highlighted 
by asterisks.

To prepare  th ese  com parisons the  CLUSTAL program  w as used  (Higgins and  Sharp, 1989). The num bers in paren theses  show the first (left) 
and last (right) amino acid residues in each  sequence.
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Figure 5. Expression of p85a and p85|3

(A) Rabbit reticulocyte lysates containing [“ SJmethionine were allowed 
to translate in vitro transcribed mRNA from p85f5 (lane 1), p85a (lane 
2), or a  w ater control (lane 3). The in vitro translated proteins were 
resolved on a  12.5%  SD S-PA G E gel and detected by fluorography (3 
hr, -  70°C).
(B) The specificity of the polyclonal rabbit serum raised against p85P 
expressed  in insect cells was exam ined. Immunoprecipitations with 
this antiserum  of in vitro translated, “ S-labeled p85a (lane 2) and p85{3 
(lane 4) a re  shown. For com parison, “ S-labeled, in vitro translated 
p85a (lane 1) and p85p (lane 3) prior to immunoprecipitation are  also 
shown.
(C) Expression of p85a and p85P in COS-1 cells. COS-1 cells were 
transfected with pMT-2 vector alone (lanes 1 and 5), pMT-2a (lanes 2 
and 6), or pMT-2p (lanes 3 and 7); 48 hr after transfection 60 pCi/ml 
[“ Sjm ethionine in methionine-free DMEM was added for 6 hr. At the 
end of this labeling period, com plete DMEM containing 10% FCS w as 
added for a  further 4 hr before the cells were washed and lysed in EB 
buffer. Lysates were bound to the phosphopeptide affinity column and 
eluted a s  described in the Experimental Procedures. Lanes 1-4  show 
silver stain analysis of bound proteins eluted with SDS sam ple buffer. 
Lane 4 show s silver-stained bovine brain PI3-kinase material eluted 
from the phosphopeptide affinity column. Lanes 5 -7  show the sam e 
sam ples a s  shown in lanes 1 -3  detected by fluorography. Molecular 
weignt m arkers a re  shown down the right side of the figure.

kinase activity was observed (data not shown). The appar
ent molecular weights observed for p85a and p853 ex
pressed in COS-1 cells were indistinguishable from those 
observed in the reticulocyte lysate system and are similar 
to the molecular weight of the protein(s) observed in the 
bovine brain preparations (Figure 5). The bovine p85|3 
clone was also expressed in insect cells using the baculo- 
virus system of Summers and Smith (1987), but as ob-
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Figure 6. Association of p85a, p85(5, and PI3-Kinase with Tyrosine 
Kinase Receptors

(A) Confluent, quiescent bovine adrenal cortex cells (lanes 1 and 2) or 
porcine aortic endothelial cells expressing the human PDGF ^-recep
tor (lanes 3-10) w ere stimulated with 40 ng/ml PDGF BB for 7 min (lane
2) or left unstimulated (lane 1 and lanes 3-10). Lysates were prepared 
and PDGF receptor w as then immunoprecipitated with the PR4 antise
rum. To form in vitro receptor com plexes, receptors from resting cells 
were incubated with nonradiolabeled ATP (lanes 4, 6, 8, and 10) or 
buffer (lanes 3, 5, 7, and 9) and then exposed to COS-1 cell lysates 
containing pMT-2 vector alone (lanes 3 and 4), p85a (lanes 5 and 6), 
p85(J (lanes 7 and 8), or highly purified bovine brain PI3-kinase diluted 
in lysis buffer (lanes 9 and 10) for 2 hr. Sam ples in lanes 1 and 2 
received no treatm ent with either nonradiolabeled ATP or second ly
sates.
(B) EGF receptor w as immunoprecipitated from A431 cells using the 
R1 monoclonal antibody. To form in vitro receptor complexes, recep
tors were incubated with nonradiolabeled ATP (lanes 2 ,4 ,6 ,  and 8) or 
buffer (lanes 1, 3, 5, and 7) and then exposed to COS cell lysates 
containing pMT-2 alone (lanes 1 and 2), p85a (lanes 3 and 4), p85p 
(lanes 5 and 6), or highly purified bovine brain PI3-kinase diluted in 
lysis buffer (lanes 7 and 8) for 2 hr. To visualize the associated proteins 
in (A) and (B), the sam ples were divided in two. Half was then radiola
beled by incubation with 0.5 pCi (for EGF receptor) or 5 nCi (for PDGF 
receptor) of [y-“ P]ATP, resolved on 7.5%  SDS-PAGE gels, and finally 
subjected to autoradiography (upper half of panel). The other half of 
the sample w as used  in a  PI3-kinase assay  (lower portion of panel). 
Molecular weight m arkers are shown to the right of each panel. Ori 
and PIP markers indicate the positions of the TLC origin and migration 
of a PI4P standard, respectively.

served in the COS-1 cell system, no change in the level of 
PI3-kinase activity in these cells was detected.

p85a and p853 Bind to Tyrosine Kinase Receptors
One property of the cellular p85 protein is its ability to 
associate with activated protein-tyrosine kinase receptors 
of which the PDGF receptor is the best-studied case 
(Kaplan et al., 1987; Escobedo and Williams, 1988; Cough
lin et al., 1989; Kazlauskas and Cooper, 1989,1990). The 
ability of p85a and p853 to associate with both EGF and 
PDGF receptors was investigated using an in vitro assay 
recently described by Kazlauskas and Cooper (1990). Hu
man EGF and PDGF receptors were immunoprecipitated 
from A431 cells and a porcine cell line overexpressing the 
human PDGF receptor, respectively. Figure 6 shows that 
both p85a and p85|3 expressed in COS-1 cells associate 
tightly with these immunoprecipitated, phosphoryiated re
ceptors and can then be phosphoryiated by them in vitro.
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Figure 7. p85a  and p85p A ssociate with the  mTippSO0** Complex 

Lysates of Sf9 cells coinfected with ppeo®*® and mT antigen expressing  
baculoviruses w ere im munoprecipitated with an anti-peptide antibody 
specific for mT antigen (anti-mt.c) without (odd num bered lanes) or 
with (even num bered lanes) cognate  peptide. After extensive washing 
these  im m unoprecipitates were further incubated with either lysis 
buffer (lanes 1 and  2) or 25 pg of lysate protein of COS-1 cells (lanes 
3 and 4), COS-1 cells transfected with the p85a clone (lanes 5 and 6), 
COS-1 cells transfected with the  p85(3 clone (lanes 7 and 8), or Sf9 
cells expressing  the p85(l clone (lanes 9 and 10) for 30 min a t 4°C . 
After further washing, kinase a ssay s  w ere performed. The positions of 
mT antigen (mT), pp60°*' (pp60), and p85a (closed arrowhead) and 
p85f} (open arrowhead) proteins a re  shown.

The data showing tyrosine phosphorylation cannot be 
used to estimate the relative affinity of p85 proteins for 
the receptors because the extent of phosphorylation is 
unknown. However, the stoichiometry of p853 binding to 
the EGF receptor appears to be 1:1 from Coomassie blue- 
stained gels (data not shown). Neither of the p85 proteins 
showed any PI3-kinase activity when bound to these re
ceptors (Figure 6, lower panels). A doublet of PDGF recep
tor-associated phosphoproteins can be observed in the 
control COS-1 lysate, owing to the association of the en
dogenous p85 proteins (Figure 6, lane 4). On longer expo
sures bound endogenous PI3-kinase activity could also be 
detected in this complex (data not shown). In contrast, 
both PI3-kinase activity and an 85 kd protein purified from 
bovine brain can be shown to associate with immunopuri- 
fied PDGF receptor in this assay (Figure 6A, lane 10). 
However, neither association of PI3-kinase activity or an 
85 kd protein was observed when immunopurified EGF 
receptor was used in the assays (Figure 6B, lane 8), de
spite the fact that approximately similar amounts of puri
fied bovine brain p85 were used as for the COS-1 cell 
assay.

p85a and p853 Bind to the Polyoma 
mT:pp60*,rc Complex
The other criteria by which p85 has been defined is in 
terms of its ability to interact with the mT:pp60c_*nc complex 
where it is a substrate for the pp60c'*,c tyrosine kinase 
(Whitman et al., 1985; Courtneidge and Heber, 1987). The 
ability of the expressed p85a and p853 to associate with 
this complex in vitro was investigated. Figure 7 clearly 
shows that both p85a and p853 expressed in COS-1 cells

are able to complex with immunoprecipitated mT:pp60c-s'c 
from insect cells infected with baculoviruses containing 
the polyoma virus mT antigen (Forstova et al., 1989) and 
pp60c'src proteins (Figure 7, lanes 5 and 7). The correct 
expression of polyoma mT (Forstova et al., 1989) and the 
formation of mT:pp60c'src complexes (Piwnica-Worms et 
al., 1990 and S. A. C., unpublished data) in insect cells 
has been previously demonstrated. No PI3-kinase activity 
was associated with such complexes containing p85a or 
p85(J although PI3-kinase activity from NIH 3T3 cell lysates 
could be readily introduced into an mT:pp60°-,rc complex 
prepared in insect cells (S. A. C., unpublished data). The 
p85:mT:pp60°‘*c complex has also been reconstituted in 
vitro using p853 expressed in insect cells with immunopre
cipitated mT:pp60c'*re complex formed by coinfection of 
insect cells (Figure 7, lane 9). As with the receptor experi
ments using COS-1 cell lysates (Figure 6A, lane 4), the 
endogenous simian p85(s) can be observed as a doublet, 
with the recombinant p85a migrating between these two 
bands and the recombinant p85(3 migrating with the upper 
of the two (Figure 7, lane 3).

Affinity Purification of PI3-Kinase Activity from 
Bovine Brain Preparations
Since neither p85a or p853 possessed PI3-kinase activity 
when expressed in several cell or cell-free systems, further 
fractionation of the purest bovine brain preparations was 
attempted to determine what other proteins might be nec
essary components of an active PI3-kinase complex. To 
achieve this end a phosphopeptide affinity column was 
constructed using the 17 amino acid residue sequence 
around tyrosine 751 in the kinase insert domain of the 
human PDGF 3-receptor. Phosphorylation of this residue 
has been shown to mediate the association of both 85 kd 
proteins and PI3-kinase activity with this receptor (Kaz
lauskas and Cooper, 1989, 1990). The synthetic peptide 
was phosphoryiated using the EGF receptor from A431 
cells, purified by HPLC and the phosphopeptide bound to 
an affinity matrix (M. J. F., G. P., and M. D. W., unpublished 
data). Binding of p85a and p853 expressed in COS-1 cells 
was demonstrated (see Figure 5C), which was stable to 
washes containing 2 M NaCI, 0.2% SDS, or 1 M urea as 
previously described by Kazlauskas and Cooper (1990) for 
the association of PI3-kinase with the PDGF receptor.

Purified bovine brain PI3-kinase activity was found to 
bind to the phosphopeptide column but not to a similar 
column prepared using unphosphorylated peptide (Figure 
8B). Analysis of bound proteins, which were eluted with 
1% SDS-containing buffer, revealed proteins having ap
parent molecular sizes of 110 kd and 85 kd (see Figure 8A, 
lane 1). None of these proteins bound to a nonphosphory- 
lated peptide column (data not shown). These proteins 
are likely to be the same proteins recently reported by 
Carpenter et al. (1990) in a highly purified preparation of 
PI3-kinase from rat liver. PI3-kinase activity can also be 
measured when bound to this column (Figure 8B) and 
depletion of PI3-kinase activity by the column correlates 
with the depletion of the 85/110 kd proteins from the prepa
ration.
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Figure 8. Association of the 85 kd and 110 kd Proteins with PI3-Kinase 
Activity

(A) Silver stain analysis of proteins from the final MonoQ fraction of a 
bovine brain PI3-kinase preparation that associated  with a  17 amino 
acid, tyrosine-phosphorylated peptide derived from the sequence 
around tyrosine 751 of the hum an PDGF [3-receptor. Binding and re
lease  of the bovine brain proteins are  described in the  Experimental 
Procedures. Bound proteins (lane 1), 30%  of unbound proteins (lane
2), and a  control of the sam ple before application to the  column (lane
3) are shown. M olecular weight m arkers are  indicated down the right 
side of the panel.
(B) PI3-kinase a ssay s  were performed on active fractions from the final 
MonoQ step  of a  bovine brain PI3-kinase preparation after binding to 
a nonphosphorylated peptide affinity column (lane 1) or to the phos
phoryiated form of the tyrosine 751 peptide affinity column (lane 2).
(C) Immunoprecipitation of 85 kd and 110 kd proteins together with 
PI3-kinase activity from an ,25l-labeled bovine brain PI3-kinase prepa
ration. Active fractions of 125l-labeled bovine brain PI3-kinase were 
immunoprecipitated with preimmune (lane 1) or immune serum  (lane 
2) raised against p85(3 expressed  in insect cells. Immunoprecipitated 
proteins were analyzed by SDS-PAGE on a 10% polyacrylamide gel 
and visualized by autoradiography.
(D) Immunoprecipitated material shown in (A), preim m une serum  (lane 
1) and immune serum  (lane 2), w as tested  for PI3-kinase activity. Lane 
3 shows a  control for PI3-kinase activity in the iodinated bovine brain 
preparation and was not subjected to immunoprecipitation before PI3- 
kinase assay.

In (B) and (D), the origin (Ori) and the migration position of a PI4P 
standard (PIP) are  shown.

Antibodies to Baculovirus-Expressed p853 
Immunoprecipitate PI3-Kinase Activity 
from Bovine Brain Preparations
The p853 protein expressed in insect cells using baculovi- 
rus vectors was purified by preparative SDS-PAGE and

the eluted protein used as an antigen to raise polyclonal 
antisera in rabbits. The antiserum was found to immuno
precipitate the p853 translated from mRNA in reticulocyte 
lysates or when it was present in transfected COS-1 cells 
or in lysates of infected insect cells (see Figure 5B, lane 
4). The antiserum also recognized purified native p85P 
from infected insect cells (I. G., G. P., M. J. F., and M. D. 
W., unpublished data) but not the p85a protein translated 
in reticulocyte lysates, expressed in transfected COS-1 
cells or insect cells (see Figure 5B, lane 2 and data not 
shown). It thus appeared to be a specific probe for the 
p85P protein. Analysis of protein and PI3-kinase activity 
from samples taken at various stages of the bovine brain 
preparation showed that the antiserum, but not pre
immune serum, could immunoprecipitate a proportion 
(~10%) of the PI3-kinase activity from these fractions (Fig
ure 8D). In the most purified fraction from the last MonoQ 
column, SDS-PAGE analysis revealed polypeptides of 
110 kd and 85 kd in the immunoprecipitates (see Figure 
8C). Preliminary studies with polyclonal anti-C-terminal 
peptide sera specific for p85a and p853 demonstrate that 
both immunoprecipitate PI3-kinase activity from a bovine 
brain preparation (data not shown).

Discussion

A protein of molecular size 81-85 kd has been considered 
to be a component of the PI3-kinase based on its frequent 
association with PI3-kinase activity in both receptor and 
polyoma mTippeO0̂  complexes as a common substrate 
for tyrosine phosphorylation (Courtneidge and Heber, 
1987; Kaplan et al., 1987). In some cases, however, the 
correlation between the presence of phosphoryiated 81/ 
85 kd proteins and PI3-kinase activity is not observed (Fu- 
kui et al., 1989). A detailed characterization of this enzyme 
has been hampered by the low abundance of this protein 
(Whitman et al., 1988; Lips et al., 1989). However, this 
enzyme has now been substantially purified from bovine 
brain and characterized enzymologically (Morgan et al., 
1990). In the purest fractions obtained, a protein of approx
imately 85 kd consistently correlated with PI3-kinase activ
ity. Another protein of approximately 110 kd was also con
sistently observed, although its abundance relative to p85 
varied between preparations. Considering data from other 
laboratories as well as our own, it was originally believed 
that the 85 kd protein was the best candidate to be the 
PI3-kinase.

Sequencing of tryptic peptides of the 85 kd protein in the 
bovine brain PI3-kinase preparation led to the isolation of 
two closely related cDNAs: p85a and p85p. Clones for 
p85a can encode the amino acid sequence of all the pep
tides found in the tryptic digests of the bovine brain 85 kd 
protein. The second clone, p853, can encode the amino 
acid sequence of two tryptic peptides (E and K) and se
quences homologous to most of the other tryptic peptides 
in the p85a protein. These two molecules are encoded 
by two different genes that show extensive amino acid 
sequence similarity but possess quite divergent sequences 
at the nucleotide level. The p85a cDNA is A/T rich (46% 
G/C), while the p85p cDNA is G/C rich (65% G/C).



p85a and p85P are colinear in their structure. Both are 
composed of 724 amino acid residues, including a  src 
homology region 3 (SH3) at the N-terminus and src homol
ogy region 2 (SH2) at the C-terminus, the remainder of the 
molecule being split into two parts of nearly identical length 
by a  second SH2 sequence. SH2 domains were first identi
fied in v-fjps and v-src because their mutagenesis altered 
kinase activity and substrate specificity. The role of the 
SH3 region is less clear (reviewed in Pawson, 1988). Such 
domains have since been identified in several groups of 
otherwise unrelated proteins. One group includes the cyto
plasmic protein-tyrosine kinase oncogenes fps/fes (Sa- 
dowski et al., 1986) and src (Takeya and Hanafusa, 1983) 
together with yes (Sukegawa et al., 1987), Ick (Marth et al., 
1985), fyn (Kawakami et al., 1986), hck(Qu\n\re\\ et al., 1987), 
lyn (Yamanashi et al., 1987), blk (Dymecki et al., 1990), fgr 
(Katamine et al., 1988), aJb/(Shtivelman et al., 1986), and fer 
(Hao et al., 1989).

A second group includes molecules involved in signal 
transduction pathways such as PLCy (Stahl et al., 1988; 
Suh et al., 1988) and GAP (Vogel et al., 1988) and a third 
group includes the oncogene crk (Mayer et al., 1988). The 
majority of these three groups of proteins contain both 
SH2 and SH3 domains. Another distinct group is made up 
of cytoskeletal proteins that contain only SH3 regions and 
includes a-spectrin (Wasenius et al., 1989), myosin 1B 
(Jung et al., 1987), and actin-binding protein (ABP1p) 
(Drubin et al., 1990). Other proteins that contain SH3 re
gions are cdc25 (Broek et al., 1987), ste6 (Hughes et al., 
1990), and fus-1 (Trueheart et al., 1987), which are mole
cules involved in cell growth and cell fusion; putative tran
scription factors, like HS-1 (Kitamura et al., 1989) and vav 
(Katzav et al., 1989); the enzyme cofactor NCF-47k (Lo
max et al., 1989) and the neutrophil oxidase factor-67 kd 
(Leto et al., 1990); and finally, an uncharacterized protein, 
nek (Lehmann et al., 1990). vav and nek also contain SH2 
domains.

The functions of the SH2 and SH3 domains have not yet 
been fully characterized. Variation is found first in their 
relative positions within the primary sequence of proteins, 
suggesting that they form modular independently folding 
domains, second in the number of these domains pres
ent—sometimes only SH2 or SH3, sometimes both—and 
last they may be found in proteins with no known intrinsic 
enzymatic activity. It is interesting to note that of the pro
teins that have been shown to form complexes with the 
PDGF receptor, PLCy (Kumjian etal., 1989; Meisenhelder 
et al., 1989), src family protein-tyrosine kinases (Kypta et 
al., 1990), GAP (Molley et al., 1989; Kaplan et al., 1990; 
Kazlauskas et al., 1990), and now p85a/853, all share SH2 
domains. To date, raf is the only protein that associates 
with this receptor and lacks an SH2 domain (Morrison et 
al., 1989). Recent data suggest that the SH2 domains may 
play a major role in the formation of complexes (Anderson 
et al., 1990; Mayer and Hanafusa, 1990; Moran et al., 
1990), specifically in the recognition of sequences con
taining phosphoryiated tyrosine residues (Matsuda et al., 
1990). If p85a or p853 is a  subunit of the PI3-kinase, then 
its SH2 domain may also be involved in complex formation. 
The presence of two SH2 domains has been suggested to

augment binding to receptors (Anderson et al., 1990). 
p85a and p850 have both been demonstrated to associate 
tightly with tyrosine-phosphorylated receptors and also 
with the phosphopeptide affinity column, which is exclu
sively phosphoryiated on tyrosine. It seems likely that the 
SH2 domains are involved in this interaction. SH3 domains 
have been identified in cytoskeletal proteins, and SH3 mu
tations in the src gene result in morphological changes 
(reviewed in Pawson, 1988). Therefore, this domain may 
be involved in associations with cytoskeletal proteins.

The sequences that lie between the two SH2 domains 
of p85a and p85p are very similar (74%) at the amino acid 
level and are rich in tyrosine. Between the SH3 and the 
first SH2, the sequences of p85a and p85p show less 
similarity (42%). In p85(3, but not in p85a, this region is rich 
in proline. It is possible that this sequence may account 
for any functional differences between p85a and p85p. 
Interestingly, this region also includes bcr-related se
quences. bcr was originally identified as a gene on human 
chromosome 22 that is a site of frequent breakpoints in 
chronic myelogenous leukemias and some acute lympho
cytic leukemias, resulting in the generation of chromo
somal translocations (Ph1) and a  fusion protein between 
bcr and c-abl sequences from chromosome 9 (Heister- 
kamp et al., 1985). However, the regions of homology ob
served here are from the C-terminal region of bcr, which 
is not found in the bcr-abl fusion protein and is to date only 
poorly characterized with respect to its function. The role 
of these bcr-related regions in p85a/p853 is unclear at the 
moment.

Recent data from other laboratories, based on compara
tive peptide maps, have also suggested that more than 
one species of p85 may exist (Cohen et al., 1990a, 1990b). 
The present study shows that some of the observed heter
ogeneity of the p85 proteins is due to at least two distinct 
gene products, p85a and p85p. The phosphorylation state 
of these proteins may further contribute to their heteroge
neity, since after interaction with activated receptors they 
become phosphoryiated on tyrosine residues. Species- 
and tissue-specific heterogeneity would also account for 
differences in molecular weights observed in different lab
oratories. Our studies show that the p85 molecule that 
associates with the PDGF receptor shows a  slight increase 
in size between species going from murine to porcine to 
bovine cell lines (M. J. F., unpublished data). Also, the 
simian COS-1 cell line used here for expression of p85a 
and p85P contains two such proteins. The presence of the 
a  cDNA in whole brain but not in cortex libraries could 
indicate that the genes are differentially expressed in dis
tinct areas of the brain.

Both p85a and p85P form a  high affinity complex with, 
and are phosphoryiated by, activated PDGF and EGF re
ceptors and by the mT:pp60o-<,re complex. However, unlike 
the PDGF receptor, the EGF receptor does not bind signifi
cant PI3-kinase activity, nor does it associate with the p85 
protein(s) in the bovine brain enzyme preparation. It is 
possible that when already complexed with the 110 kd 
protein, p85 shows a much reduced affinity for the EGF, 
but not PDGF receptors. These data correlate with the 
known differences between the two receptors in stimulat



ing, and associating with, PI3-kinase activity in various cell 
types; the PDGF receptor does so when present at low 
physiological levels (10-100 x KF/cell) in a large variety 
of PDGF responding cell types (Kaplan et al., 1987; Auger 
etal., 1989b; Coughlin etal., 1989). In contrast, stimulation 
by EGF has been observed in a  few cell lines with the 
common feature of highly overexpressed EGF receptors 
(>106/cell) (Bjorge et al., 1990), perhaps suggesting a low- 
affinity interaction. The difference in binding specificity 
that is apparent when p85a and p85p are in a  complex 
suggests that caution should be used in interpretation of 
results of the in vitro complex assembly studies involving 
other proteins that associate with protein-tyrosine kinase 
receptors.

PI3-kinase activity was not detected following expres
sion of p85a and p85fJ cDNAs in several systems. From 
our own and other laboratories’ recent data, it is likely 
that these p85 proteins are subunits of or molecules that 
mediate the association of PI3-kinase activity with other 
proteins. It is unclear at the moment exactly how many 
proteins are required for PI3-kinase activity. Our data sug
gest that we have cloned the protein(s) variously called 
p81/85. p85a and p85(3 both associate with, and are phos
phoryiated by, receptors and the mT-.ppSO0̂  complex, as 
has been reported for the endogenous p81/85 proteins. 
However, p85a and p85p do not appear to be sufficient for 
a functional PI3-kinase. When an antiserum generated 
against p85p is used to immunoprecipitate an iodinated 
fraction from bovine brain, both p85 as well as 110 kd 
proteins are seen to coprecipitate with PI3-kinase activity. 
Such preliminary analysis shows that a low level of p85p 
is present in the bovine brain material. This suggests that 
the failure to detect p85P by sequence analysis of the 
purified bovine brain protein was due to the presence of 
less than 10% p85P, a level below the sensitivity of our 
analytical systems in the predominantly p85a preparation. 
When a phosphopeptide affinity column is employed in the 
purification of the PI3-kinase, the 85 kd and 110 kd proteins 
are once again found to be associated with PI3-kinase 
activity. While this manuscript was in preparation, L. C. 
Cantley’s laboratory purified PI3-kinase from rat liver and 
they have reached the conclusion that PI3-kinase is a  het
erodimer of 110 and 85 kd proteins (Carpenter et al., 1990). 
Our data support this hypothesis and suggest that the 110 
kd protein may be the catalytic subunit. We are currently 
isolating cDNA clones for this molecule in order to verify 
this hypothesis, further characterize the association of this 
protein with p85a/p85p, and to allow us to probe the role 
of this enzyme in the diverse processes of signal transduc
tion and transformation.

Experimental Procedures 

Cells and Antibodies
Cell lines: A porcine aortic endothelial cell line stably expressing the 
human PDGF [J-receptor(Claesson-Welsh etal., 1988; Westermarket 
al., 1990), bovine adrenal cortex cells, NIH 3T3 cells, A431 cells, and 
COS-1 cells were all maintained in Dulbecco's modified Eagle's me
dium (DMEM) containing 10% fetal calf serum (FCS). The porcine 
aortic endothelial cells containing PDGF receptor were also grown in 
the presence of 100 )ig/ml G418. If cells were to be stimulated, they 
were starved in DMEM/0.5% FCS for 36-48 hr prior to lysis. Stimula

tion with growth factors was for 7 min, following which the cells were 
immediately washed and lysed.

Maintenance of insect cell culture, transfection of Spodoptera frugi- 
perda (Sf9) cells, identification and purification of recombinant viral 
clones were carried out as described (Summers and Smith, 1987).

The PR4 antiserum against the C-terminal 13 amino acids of the 
PDGF receptor was raised as described in Kypta et al. (1990). The R1 
monoclonal antibody against the human EGF receptor has also been 
described elsewhere (Waterfield et al., 1982). The anti-mT.c antibody 
is described in Courtneidge and Smith (1984).

Purification and Assay of PI3-KInase
Purification of this enzyme was carried out by a  scaled-up version of 
the protocol described in Morgan et al. (1990) starting with 12 bovine 
brains. The assay of PI3-kinase activity was performed essentially as 
described by Whitman et al. (1985), except that protein phosphatase 
inhibitors (7.5 mM 8-glycerophosphate and 100 pM sodium orthovana
date) were included.

Amino Acid Sequence Determination
The methods used for the final purification of p85 for amino acid se
quence analysis will be described in detail elsewhere (J. H., N. T., and 
M. D. W., unpublished data). In brief, samples were fractionated by 
agarose gel electrophoresis and stained with Coomassie blue G250. 
The p85 band was excised and electroeluted on an Applied Biosystems 
230A HPEC apparatus. Protein was precipitated from fractions con
taining p85 by treatment with trichloroacetic acid and then washed 
in acetone. The pellet was resuspended, digested with trypsin, and 
applied to an RP300 (2.1 x 100 mm) reverse-phase column on a 
Hewlett-Packard 1090M HPLC system. The column was developed 
with a  linear gradient of acetonitrile in trifluoroacetic acid. Peptide 
sequences were determined using an Applied Biosystems 477A auto
mated pulse-liquid sequencer.

Construction and Screening of cDNA Libraries and 
DNA Sequence Analysis
Random and oligo(dT)-primed bovine brain cortex libraries con
structed in XZAPI were a gift from R. Dixon (Merck, Sharp and Dohme, 
PA; Vogel et al., 1988). RNA was prepared by the method of Chirgwin 
et al. (1979). Poly(A)+ RNA was purified using oligo(dT)-cellulose 
(Collaborative Research) column chromatography (Aviv and Leder, 
1972). An oiigo(dT)-primed library of 106 independent recombinants 
was constructed in XZAP II from 5 jig of whole bovine brain mRNA, 
using the Uni-ZAP cDNA synthesis kit (Stratagene). Libraries were 
plated at a density of 2 x 10s plaques per 15 cm dish and lifts taken 
in duplicate onto nitrocellulose membranes. The oligonucleotides to 
screen the cDNA libraries were prepared by using Applied Biosystems 
Model 380B DNA synthesizer. Employing the codon usage observed in 
cDNA clones isolated from bovine pituitary and adrenal gland libraries 
(Nakanishi et al., 1979; Noda et al., 1982), the following three sets of 
oligonucleotides were synthesized for each probe: 5 -AC(C/G)GAGG- 
CCGAC(A/TXC/GXC/G)GAGCAGCAGGCC(/VTXC/GXC/G)AqC/G)ATC 
and 5'-CGCAGGTTGTTGAT(G/C)GT(C/G)(C/G)(A/T)GGCCTGCTGC- 
TC(C/G)(C/G)(A/T)G based on the sequence of peptide A, NHrTEA- 
DSEQQASTINNLR; 5'-GG(C/G)GACTTCCC(C/G)GG(C/G)AC(C/G)- 
TA(C/T)GTGGAG and 5'-CCGAT(A/G)TACTCCAC(A/G)TA(C/G)GT(C/ 
G)CC(C/G)GGG based on the sequence of peptide B, NHrGDFP- 
GTYVEYIG; and 5'-AC(C/G)GC(C/G)ATCGAGGC(C/G)TTCAACGAG- 
AC(C/G)A and 5'-CTTCTGGAT(C/G)GTCTCGTTGAA(C/G)GCCT based 
on the sequence of peptide E, NHj-TAIEAFNETIOK.

Each pair of redundant oligonucleotides were annealed together, 
labeled with f“P]dCTP and/or dATP (Amersham) by extension with 
Klenow enzyme (Amersham), and purified. For screening with oligonu
cleotide probes, filters were prehybridized at 42°C in 5 x SSC, 5 x 
Denhardfs solution, 50 mM sodium phosphate (pH 6.8), 1 mM sodium 
pyrophosphate, 20% formamide, 50 pg/ml sonicated salmon sperm 
DNA. Filters were hybridized for 48 hr in the same solution containing 
30 ng/ml radiolabeled oligonucleotide mixture (Ullrich et al., 1984). 
Filters were washed at room temperature in 2 x SSC, 0.1% SDS four 
times for 5 min each time. For screening for the p85a cDNA, filters 
were prehybridized at65°C in 1 M NaCI, 10 x Denhardfs solution, 50 
mMTris-HCI (pH 7.4), 10 mM EDTA, 0.1% SDS, 100 ng/ml sonicated 
salmon sperm DNA. Hybridization was performed overnight in the



same solution containing 107 cpm/ml random-primed probe (Feinberg 
and Volgenstein, 1983). Rlters were washed initially in 0.5 x SSC, 
0.1% SDS at 50°C twice for 15 min each time and then at 65°C in 
0.2 x SSC, 0.1% SDS.

Hybridizing cDNA clones were rescued as Bluescript plasmids by 
in vivo excision (Stratagene), and inserts were analyzed by restriction 
mapping. Clones for sequencing were obtained by subcloning specific 
restriction fragments into M13mp18 and mpl9 vectors (Yanisch- 
Perron et al., 1985) and by the use of exonuclease III to create ordered, 
unidirectional deletions (Henikoff, 1984). DNA sequence analysis was 
carried out by the dideoxy chain termination method using [*S]dATP. 
To resolve ambiguous sequences, the Maxam-Gilbert method (Maxam 
and Gilbert, 1980) and the Taq DNA polymerase sequencing system 
(Innis et al., 1988) were used. DNA sequences were analyzed on a  
MicroVAX computer using Staden (Staden, 1984) and Wisconsin 
(UWGCG: Devereux et al., 1984) sequence analysis packages.

Southern Blot Analysis
High molecular weight DNAs were isolated from cell lines by standard 
methods (Maniatis et al., 1982) or using an Applied Biosystems Model 
340A Nucleic Acid Extractor. DNAs were digested with various restric
tion enzymes (Amersham, Pharmacia, or Boehringer), size-frac
tionated through 0.5% agarose gels, and transferred to nitrocellulose 
membrane (S & S, BA85) (Southern, 1975). The probes used for the 
detection of the p85a and p858 DNA were as follows: a  fragment 
starting at nucleotide 1302 and finishing 71 bp downstream of the stop 
codon for a  and a  fragment starting at nucleotide 1441 and ending at 
nucleotide 2013 for 8 (see Rgure 1 for nucleotide numbering). These 
were labeled by nick translation (Amersham) (Rigby et al., 1977). Hy
bridization was carried out in 1 M NaCI, 10 x Denhardfs solution, 
50 mM Tris-HCI (pH 7.4), 10 mM EDTA, 0.1% SDS, and 100 pg/ml 
denatured herring sperm DNA at 65°C for 16 hr. Membranes were 
washed at 0.1 x SSC, 0.1 % SDS at 65°C, or at 0.5 x SSC, 0.1% SDS 
at 50°C to identify related sequences.

Expression of cDNAs and Translation In Reticulocyte Lysates
To transcribe mRNA in vitro both cDNA clones were subcloned into 
the pSP64T vector (Krieg and Melton, 1984). To construct pSP64T-a, 
the unique Stul site in the p85a cDNA (43 bp downstream of the stop 
codon) was modified by the addition of EcoRI adaptors (Promega). 
Using the native EcoRI site 81 bp upstream of the ATG, a 2.3 kb EcoRI- 
EcoRI containing the entire coding region for p85a was isolated and 
then cloned into the Bglll site of the pSP64T vector by blunt-end liga
tion. To construct pSP64T-8, a 2.5 kb Ncol (1 bp upstream of the ATG)- 
EcoRI (linker site, 324 bp downstream of the stop codon) fragment 
containing the p858 coding sequence was subcloned into the Bglll site 
of pSP64T vector by blunt-end ligation. Transcription was carried out 
using the Promega in vitro transcription kit in the presence of 
m7GpppG (Pharmacia). Transcription products were analyzed on 1% 
agarose gel, visualized by ethidium bromide staining, and quantitated 
by spectrophotometric measurements. Approximately 100 ng of each 
in vitro synthesized RNA was used for translation in vitro using rabbit 
reticulocyte lysate (Promega) in the presence of 0.5 mCi/ml L-{“ S]- 
methionine (Amersham, 1200 Ci/mmol).

Expression of p85a and p858 In COS-1 Cells
For transient expression in COS-1 cells the coding regions for p85a 
and p858 were transferred into the adenovirus late promoter-based 
expression vector pMT-2 (Genetics Institute; Kaufman et al., 1989). To 
construct pMT-2a, the same EcoRI-EcoRI fragment as used in the 
construction of the pSP64T vector (see above) was inserted into the 
EcoRI site of pMT-2. Toconstruct pMT-28, the same 2.5 kb blunt-ended 
Ncol-EcoRI fragment as used in the construction of pSP64T-8 was 
ligated to the blunt-ended EcoRI site of the pMT-2 vector.

Five micrograms of each DNA was transfected into 10 cm dishes of 
80% confluent COS-1 cells using Lipofectin (BRL) under conditions 
suggested by the manufacturers. Lysates were prepared 48 to 72 hr 
after transfection using EB buffer (20 mM Tris [pH 7.4], 50 mM NaCI, 
50 mM NaF, 1% NP-40,1 mM EDTA, 500 uM sodium orthovanadate, 
2 mM PMSF, 100 kallikrein inhibitor units of aprotinin/ml) (Kazlauskas 
and Cooper, 1988). Lysates were analyzed by immunoprecipitation, 
association with receptors, or by phosphopeptide affinity chromatog
raphy.

Expression of p858 cDNA In Insect Cells Using 
Baculovlrus Vectors
To express the p858 cDNA clone in insect cells using the baculovirus 
expression system, the 2.5 kb Ncol-EcoRI fragment of the p858 cDNA 
as described above was subcloned into the pAcC4 transfer vector. 
Infection of insect cells with the recombinant virus was performed 
in IPL-41 medium supplemented with 10% FCS. The time course of 
expression of recombinant protein was monitored by Coomassie blue 
staining of cell lysates. Full purification details and characterization of 
recombinant protein are described elsewhere (I. G., G. P., M. J. F., 
and M. D. W., unpublished data).

For producing specific antiserum, p858 was purified from Sf9 cells 
and infected with the recombinant virus, using preparative SDS- 
PAGE. Two rabbits were injected subcutaneously with 100 pg of puri
fied protein mixed with Freund’s adjuvant The animals were boosted 
every 4 weeks and serum collected after 7 days. Antiserum was tested 
for its ability to precipitate lodinated proteins or PI3-kinase activity. 
PI3-kinase from bovine brain preparations and recombinant p858 were 
labeled with 129l using the chloramine T method (Greenwood et al., 
1963).

Association of p85a, p858, and Bovine Brain PI3-Klnase 
with Receptors
This assay was performed essentially as described by Kazlauskas and 
Cooper (1990). Cells were lysed in EB buffer. PDGF receptor from a 
porcine cell line overexpressing the human receptor or EGF receptor 
from A431 cells was immunoprecipitated from unstimulated quiescent 
cells using the PR4 or R1 antibodies, respectively. After collecting 
the immunocomplexes on protein A-Sepharose beads and extensive 
washing (three times with lysis buffer, once with kinase buffer [for 
PDGF receptor, 20 mM HEPES (pH 7.4), 10 mM MnCI2; for EGF recep
tor, 50 mM HEPES (pH 7.4), 150 mM NaCI, 0.02% Triton X-100,12 
mM MgCI2, 1 mM MnCI2, 10% glycerol, 500 |iM sodium orthovana
date]), the receptors were phosphoryiated for 15 min at 20°C with 
nonlabeled ATP. The precipitates were then washed again to remove 
free ATP and then incubated with either cell lysates containing p85a or 
p858 or purified bovine brain PI3-kinase for 2 hr at 4°C. The complexes 
were then washed again and then either subjected to phosphorylation 
in the presence of [y-KP]ATP or assayed for associated PI3-kinase 
activity. Phosphoryiated proteins were analyzed by SDS-PAGE, and 
phospholipids were analyzed by thin layer chromatography (TLC) 
(Whitman et al., 1985).

Association of p85a and p858 with mT:pp60M"' Complex 
Cell lysates of Sf9 or COS-1 cells were prepared as described pre
viously (Courtneidge and Heber, 1987). mT:pp60M": complex formed 
in coinfected Sf9 cells was precipitated with the anti-mT-specific anti
serum, anti-mT.c. The precipitated complex was then incubated with 
a second lysate containing p85a expressed in COS-1 cells, or p858 
expressed in either COS-1 Or Sf9 cells, for 30 min at 4°C. At the 
end of this incubation the complexes were washed extensively as 
described above and then subjected to either in vitro phosphorylation 
or PI3-kinase assays as described previously (Courtneidge and Heber, 
1987).

Preparation of Phosphopeptide Affinity Column
The preparation and characterization of this column will be described 
in detail elsewhere (M. J. F., G. P., and M. D. W., unpublished data). 
In brief, a 17 amino acid peptide corresponding to the sequence around 
tyrosine 751 of the PDGF 8-receptor, DMSKDESVDYVPMLDMK, was 
synthesized on an ABI430A peptide synthesizer using FMOC chemis
try. The peptide was then purified to a single species as determined 
by analytical HPLC and peptide sequencing. The peptide was phos
phoryiated overnight (2 mg of peptide, 1 mg of A431 membranes, 10 
mM ATP, 50 mM HEPES [pH 7.4], 150 mM NaCI, 0.02% Triton X-100, 
12 mM MgCI2, 1 mM MnCI2. 10% glycerol, 500 pM sodium orthovana
date), exclusively on tyrosine residues, using A431 membranes pre
pared by the method of Thom et al. (1977). The phosphoryiated form 
of the peptide was separated from the nonphosphorylated peptide 
by reverse-phase HPLC (C18) and then coupled to Actigel-ALD resin 
(Sterogene, CA) at a concentration of 2 mg of phosphopeptide per ml 
of resin under conditions recommended by the manufacturers. This 
was stored at 4°C in binding buffer (50 mM phosphate buffer [pH 7.2],



150 mM NaCI, 0.02% Triton X-100, 2 mM EDTA, 500 pM sodium 
orthovanadate) containing 0.02% azide.

Affinity Analysis of p85a, p85P, and PI3-Klnase
Purified bovine brain PI3-kinase, or cell lysates in EB buffer containing 
p85a or p850, was applied to 5 pi of packed phosphopeptide affinity 
beads in 200 pi of lysis buffer diluted with binding buffer. This was 
incubated for 2 hr at 4°C with rotation. At the end of this incubation the 
supernatant was collected and the beads were washed three times 
with binding buffer and once with binding buffer containing 2 M NaCI. 
The bound proteins were then either assayed for associated PI3-kinase 
activity (Whitman et al., 1985) or were released from the beads in SDS 
sample buffer for SDS-PAGE analysis.
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Investigation into the phosphatidylinositol kinase activities in bovine brain has revealed the presence of a 
type I Ptdlns kinase activity. This classification is based upon potent inhibition by neutral detergent and the 
production of a phosphatidylinositol phosphate that can be distinguished from phosphatidyl-inositol 4-phosphate 
[PtdIns(4)P] by thin-layer chromatography. The enzyme has been substantially purified and the activity is associ
ated with an 85-kDa polypeptide on SDS/polyacrylamide gel electrophoresis. Analysis of the product confirms 
the identification of the enzyme as a type I Ptdlns kinase. The purified kinase has been characterized with respect 
to substrate dependence (Mg2 + , ATP, Ptdlns), substrate presentation (pure lipid versus mixed micelle) and 
specificity [Ptdlns versus PtdIns(4)P and phosphatidylinositol 4,5-bisphosphate].

A burst of inositol phospholipid metabolism, often re
ferred to as the inositol phospholipid response, is associated 
with signal transduction in many systems (reviewed in [1, 2]). 
The response originates in the activation by receptor occu
pation of inositol-phospholipid-specific phospholipase C, re
sulting in hydrolysis of phosphatidylinositol 4,5-bisphosphate 
[PtdIns(4,5)P2] to diacylglycerol and inositol 1,4,5-trisphos- 
phate [Ins(l ,4,5)P3]; the latter compound is then further 
metabolized to numerous other inositol phosphate products 
(reviewed in [1]). Diacylglycerol activates protein kinase C [3] 
and Ins(l,4,5)JP3 releases Ca2+ from intracellular stores [4]. 
Both protein kinase C activation and release of Ca2+ are held 
to be key events in the initiation of mitogenesis, and several 
mitogenic agents are known to evoke this inositol 
phospholipid response, including platelet-derived growth 
factor (PDGF), which has been shown to enhance inositol 
phospholipid metabolism in human diploid [5], Balb/c 3T3 [6] 
and Swiss 3T3 [7 ,8] fibroblasts.

In the light of the above, the synthesis of inositol 
phospholipids has also been investigated with respect to 
mitogens. Thus it has been shown recently that a Ptdlns kinase 
activity coimmunoprecipitates with activated PDGF receptors 
[9] and that this activity plays a role distinct from the classical 
Ptdlns response [10]. Similarly a Ptdlns kinase is found associ
ated with middleT-c-sre complexes from polyoma transfor
med cells [9,11] but not if non-transforming middleT mutants 
are employed [11]. Previously two Ptdlns kinases were ident-

Correspondence to P. J. Parker, Ludwig Institute for Cancer Re
search, 91 Riding House Street, London W1P 8BT, England

Abbreviations. PtdIns(4)P, phosphatidylinositol 4-phosphate; 
PtdIns(3)P, phosphatidylinositol 3-phosphate; PtdIns(4,5)P2, phos
phatidylinositol 4,5-bisphosphate; PtdIns(3,4)P2, phospha
tidylinositol 3,4-bisphosphate; PtdIns(3,4,5)P3, phosphatidylinositol 
3,4,5-trisphosphate; GroPIns, glycerophosphoinositol; GroPIns(4)P, 
glycerophosphoinositol 4-phosphate; GroPIns(3)P, glycerophospho
inositol 3-phosphate; GroPIns(4,5)P2, glycerophosphoinositol 4,5- 
bisphosphate; GroPIns(3,4)P2, glycerophosphoinositol 3,4-bisphos
phate; GroPIns(3,4,5)P3, glycerophosphoinositol 3,4,5-trisphos
phate; Ins(l,4,5)P3, inositol 1,4,5-trisphosphate; Ins(l,3).P, inositol 
1,3-bisphosphate; Ins(l,4)P2, inositol 1,4-bisphosphate.

Enzyme. Ptdlns kinase (EC 2.7.1.67).

ified in fibroblasts [12], a type I (3'-hydroxy kinase) and a type 
II (4'-hydroxy kinase) with a third activity being identified in 
brain [13]. It appears from detergent sensitivity and product 
analysis that the activities associated with PDGF receptors 
and middleT-c-src are type I kinases [11, 14]. This contrasts 
with activities previously found to be associated with 
oncogene products which are active in neutral detergent [15 — 
17].

Phosphatidylinositol 3-phosphate [PtdIns(3)P] has been 
identified in vivo [18] as well as a PtdInsP3 [19]; there is 
evidence that in immunocomplexes a smooth muscle type I 
Ptdlns kinase will produce a PtdInsP3 from PtdIns(4,5)P2 
[20], Despite this interest in the type I Ptdlns kinase and its 
lipid products, the role of these inositol phospholipids remains 
obscure. In order to address the control of the type I Ptdlns 
kinase and ultimately the function of PtdIns(3)P and related 
phospholipids, we have undertaken the purification of the 
enzyme. Previously purifications of type II Ptdlns kinases 
have been reported from bovine brain myelin [21], porcine 
liver [22], bovine uterus [23], A431 cells [24] and rat brain [25]. 
We report here a partial but substantial purification of type I 
activity from the soluble fraction of bovine brain, describing 
a method for obtaining type I activity free from both type II 
and type III. The properties of this enzyme are described.

MATERIALS AND METHODS

Materials

Sodium salts of soybean Ptdlns, bovine brain PtdIns(4)P, 
PtdIns(4,5)P2 and phosphatidylserine and brain inositol 
phospholipids were obtained from Sigma Chemical Company. 
Ptd[3H]Ins, Ptd[3H]Ins(4)P, Ptd[3H]Ins(4,5)P2, [2-3H]inositol 
1,4-bisphosphate {Ins[2-3H](1,4)P2} and [y-32P]ATP were 
from Amersham; [l-3H]inositol 1,3,4-trisphosphate (Ins[l- 
3H](1,3,4)P3} was obtained from NEN. Silica gel 60 TLC 
plates were from BDH. Cellulose phosphate (P ll), DEAE- 
cellulose (DE-52) and the Partisphere SAX HPLC cartridges 
were from Whatman. The Mono Q (HR 10/10) column and 
the Sepharose CL-4B were from Pharmacia.



A ssay o f  P td ln s kinase activ ity

For chromatographic steps the standard assay allowed the 
activity of all Ptdlns kinases to be observed. Assays were 
performed in a total volume of 40 pi, the buffer contained 
19 mM sodium 2-phosphoglycerol, 0.13 mM sodium ortho
vanadate, 12.5 mM NaF, 3.8 mM benzamidine and 0.11% 
(by vol.) 2-mercaptoethanol, pH 7.5. Ptdlns was prepared 
as a stock at 2 mg/ml in 200 mM Hepes, 0.2 mM sodium 
orthovanadate, and 20 mM NaF pH 7.5 and sonicated with 
a Kontes sonicator for 0.5 min at 4°C. For type II Ptdlns 
kinase assays 1 % (by vol.) Nonidet P40 was included in the 
Ptdlns buffer.

In experiments to determine the effect of substrate presen
tation 0.68% (mass/vol.) sodium cholate was included in the 
Ptdlns buffer. The final concentration of Ptdlns in the assays 
was 520 pM. Other substrates, PtdIns(4)P and PtdIns(4,5)P2 
were prepared and added to the reaction as described for 
Ptdlns. Reactions were started by the addition of MgCl2 and 
[y-32P]ATP (specific activity 2000 cpm/pmol) at final concen
trations of 10 mM and 50 pM respectively. The assay mixture 
was incubated at 37 °C for 5 min and the reaction stopped by 
the addition of 100 pi 1 M HC1 followed by the addition of 
200 pi chloroform/methanol (2:1, by vol.). Phase separation 
was accelerated by centrifugation and the upper phase discard
ed; the lower phase was washed in 400 pi methanol/1 M HC1 
(1:1, by vol.). The organic phase was retained and either dried 
down under nitrogen and lipids dissolved in chloroform for 
TLC, or a 60-pl aliquot was taken and radioactivity quantified 
directly by Cerenkov counting. TLC plates were sprayed in 
1% (mass/vol.) potassium oxalate, 1 mM EDTA in methanol/ 
water (40:60) and activated at 120 °C for 30 min. TLC was 
run in chloroform/methanol/4 M ammonium hydroxide (45: 
35:10) and radioactivity was visualized by autoradiography 
and quantified by scintillation counting. For TLC separation 
of PtdIns(4)P and PtdIns(4,5)P2 phosphoryiated products the 
solvent was propan-l-ol/2 M acetic acid (65:35) [26].

For kinetic evaluation of the enzyme activity the assays 
were performed essentially as above except the final substrate 
concentrations were optimized for type I Ptdlns kinase ac
tivity; ATP at 125 pM, MgCl2 at 2.5 mM and Ptdlns at 
520 pM.

Purification o f bovine brain type I Ptdlns kinase

In a standard preparation, three bovine brains were taken 
within 3 min of slaughter and homogenized in a Waring 
blender in 41 50 mM 2-phosphoglycerol, 0.2 mM sodium 
orthovanadate, 20 mM NaF, 2 mM EDTA, 5 mM sodium 
pyrophosphate, 10 mM benzamidine, 5% (mass/vol.) sucrose, 
0.3% (by vol.) 2-mercaptoethanol and 50 pg/ml phenylmeth- 
ylsulfonyl fluoride, pH 7.5 (buffer A). The homogenate was 
centrifuged in a Beckmann J6 centrifuge at 4000 rpm for 
30 min. The supernatant was centrifuged at 12000 rpm in a 
Sorvall GS A rotor.

Ammonium sulphate (20%, mass/vol.) was added to the 
12000-rpm supernatant (volume, 2.5 — 3 1) and after 40 min 
the suspension was centrifuged at 4000 rpm for 30 min in a 
Beckman J6 centrifuge. The pellets were resuspended in 11 
buffer B [20 mM 2-phosphoglycerol, 0.2 mM sodium ortho
vanadate, 20 mM NaF, 2 mM EDTA, 10 mM benzamidine 
and 0.3% (by vol.) 2-mercaptoethanol, pH 7.5] and dialysed 
overnight against 2 x 1 0 1  buffer B prior to centrifugation for 
30 min at 12000 rpm in a Sorvall GS-A rotor.

The supernatant from the 12000 rpm spin was loaded onto 
a 300-ml DEAE-cellulose column which had been equilibrated 
in buffer B. The breakthrough and wash from the DE-52 
column were loaded directly on to a 250-ml phosphocellulose 
column which had been equilibrated in buffer B. The column 
was washed with 11 buffer B and protein was step-eluted with 
800 ml buffer B containing 0.1 M NaCI, followed by 800 ml 
buffer B containing 0.2 M NaCI using a Pharmacia FPLC 
system at a flow rate of 2 ml/min; 16 ml fractions were col
lected.

The active fractions from the first peak off the phospho
cellulose column (300 — 500 ml containing 150 —300 mg pro
tein) were pooled, Triton X-100 was added to a final concen
tration of 0.02% (by vol.) and the pool dialysed against 
101 buffer C (10 mM 2-phosphoglycerol, 0.2 mM sodium 
orthovanadate, 20 mM NaF, 2m M  EDTA, 10 mM 
benzamidine, 0.02% (by vol.) Triton X-100 and 0.3% (by vol.) 
2-mercaptoethanol, pH 7.5) with one change. The protein 
pool was centrifuged at 40000 rpm in a Beckman Ti 45 rotor 
for 30 min before loading in two equal aliquots on to two 
separate Pharmacia Mono Q HR10/10 columns which had 
been preequilibrated in buffer C. The columns were washed 
in 25 ml buffer C and each developed with a 30-ml linear 
gradient of 0 — 0.2 M NaCI at a flow rate of 0.5 ml/min.

The peak fractions from the Mono Q columns were pooled 
(volume 6 — 8 ml, total protein 15—25 mg) and loaded directly 
on to a 500-ml column of Sepharose CL-4B which had been 
equilibrated in buffer D [20 mM 2-phosphoglycerol, 0.2 mM 
sodium orthovanadate, 20 mM NaF, 2 mM EDTA, 100 mM 
NaCI, 20 mM benzamidine, 0.02% (by vol.) Triton X-100 and 
0.3% (by vol.) 2-mercaptoethanol, pH 7.5]. The sample was 
eluted in buffer D at a flow rate of 0.5 ml/min and 10-ml 
fractions were collected.

The active fractions from the Sepharose CL-4B (volume 
approximately 50 ml, total protein 12—20 mg) were pooled 
and dialysed overnight against 2 1 buffer C with one change. 
ATP and MgCl2 were each added to a final concentration of 
1 mM. The dialysed pool was centrifuged in a Beckman Ti 45 
rotor at 40000 rpm for 30 min and loaded on to a Mono Q 
HR 10/10 column which had been equilibrated in buffer C 
containing 1 mM ATP and 1 mM MgCl2. The column was 
washed with 25 ml buffer C containing Mg2+-ATP and de
veloped with a linear gradient of NaCI (0 — 0.2 M NaCI) at a 
flow rate of 1 ml/min.

Deacylation and deglyceration o f lipid products

Lipid products of the type I Ptdlns kinase were deacylated 
essentially by the method of Clarke and Dawson [27]. A  
0.75-ml aliquot of methylamine [33% (by vol.) in industrial 
methylated spirits]/methanol/«-butanol (50:15:5) was added 
to silica scrapings of lipids from TLC plates and the mixture 
was incubated at 53 °C for 50 min. Reactions were stopped on 
ice and the samples dried in vacuo prior to the addition of 1 ml 
water and 1.2 ml «-butanol/light petroleum/ethyl formate 
(20:40:1). The lower phase was washed with a further 1.2 ml 
of the butanol mixture prior to the addition of 100 (xl 50 mM 
mannitol and freeze-drying in vacuo.

For deglyceration of reaction products, standard assays 
were allowed to run overnight and the washed chloroform/ 
methanol extracts pooled (345000 cpm.). Following the pro
cedure of Bird et al. [28], 1 mg brain inositol phospholipid in 
chloroform/methanol (4:1 by vol.) was added and the mixture 
taken to dryness. Deacylation was carried out as described 
above, except that mannitol was not added prior to freeze



water and the pH checked to be in the range 6.5 -  7.0. Sodium 
periodate (100 pi 100 m M ) was added and the solution incu
bated for 20 min. Ethanediol (300 pi 1 % , m ass/vol.) was then 
added and the incubation continued for a further 20 min, 
when 60 ml 1% (mass/vol.) dim ethylhydrazine (pH adjusted 
to 4.5 with formic acid) was added and the incubation con
tinued for 4 h. These incubations were carried out in the dark 
at 25 C. The product was passed over a 0.5-ml colum n of 
Bio-Rad AG 50W (200—400 pm mesh in water) and washed 
through with 2 x 4 ml water. The eluates were pooled and 
neutralized with N H 4OH, passed through a SepPak C 18 car
tridge washing with 2 ml water, lyophilized and used for 
HPLC analysis.

HPLC chromatography o f  glycerophosphoinositols 
and inositol phosphates

HPLC was perform ed on a Beckman System G old appa
ratus essentially as previously described [20]. G lycerophos
phoinositols and inositol phosphates were eluted from  a 
Partisphere SAX column on a gradient o f (N H 4)2H P 0 4. 
Pump A (water), pum p B [1 M (N H 4)2H P 0 4 taken to pH 3.8 
with phosphoric acid]; time 0 —10 min, 0%  B, followed by a 
gradient to  25% B over 50 min, then to 100% B over 60 min 
at a flow rate o f 0.5 ml/min. G ro P [3H]Ins, G ro P [3H]Ins(4)P 
and G roP [3H ]Ins(4,5)P2 standards were prepared from 
Ptd[3H]Ins, P td[3H]Ins(4)P and Ptd[3H]Ins(4,5)P2, respec
tively. These were run sim ultaneously with the 32P-labelled 
deacylated product resulting from  phosphorylation  by the 
purified P td lns kinase o f P td lns. A standard  [3H ]Ins(l,3 )P 2 
was prepared according to the m ethod o f Stephens et al. [18] 
and run sim ultaneously with the deacylated and deglycerated 
product as above.

Other methods

Polyacrylamide gel electrophoresis was perform ed accord
ing to Laemmli [29], Protein concentration was determ ined by 
the m ethod o f Bradford using bovine serum album in as a 
standard [30].

RESULTS

Identification o f a type I Ptdlns kinase in bovine brain cytosol

Type 1 P tdlns kinase has been shown to be associated with 
the activated cytoplasm ic protein tyrosine kinase pp60c' src [9, 
11] and protein-tyrosine kinase growth factor receptors (e.g., 
PD G F  receptor [9,10]). Bovine brain was selected as a po ten
tial source o f the enzyme as it was know n to be rich in many 
protein-tyrosine kinases and in enzymes involved in the ino
sitol phospholipid signal-transduction pathways (e.g. the 
phospholipase C [31] and protein kinase C [2] families). Ini
tially assays were perform ed under conditions where all P td lns 
kinase subtypes would be active (i.e. in pure sonicated phos
pholipid) [11]. This activity was com pared to tha t found under 
conditions in which the type I P td lns kinase was known to be 
inhibited but the type II and type III P td lns kinases were 
known to be stim ulated [i.e. with P td lns presented as mixed 
micelles w ith 1 % (by vol.) N onidet P40] [12], Activity was also 
measured under conditions in which the type II P td lns kinase 
was inhibited but the type I and III P td lns kinases were active 
[i.e. P td lns was presented in the presence o f 0.68%  (mass/ 
vol.) sodium cholate] [13].
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Fig. 1. Autoradiography o f  TLC  analysis o f  the products o f  P tdlns 
kinase. Extracted lipids from assays o f  the cytosolic fraction o f bovine 
brain perform ed with P td lns presented either as the pure sonicated 
phospholipid (lane a) or in 1 % N onidet P40 (lane b). O, origin; PIP, 
P tdIns(4)P  s tan d ard ; PA, phosphatidic acid

A utoradiographs o f P td lns kinase assays using unfrac
tionated cytosolic fractions revealed doublets m igrating in the 
region o f P td ln sP  on TLC when assays were perform ed with 
P td lns presented either as the pure sonicated phospholipid 
(Fig. 1) or in the presence o f sodium cholate (not shown), but 
not when assays were perform ed in the presence o f N onidet 
P40 (Fig. 1). HPLC analysis o f the deacylated lipids from  TLC 
o f assays perform ed using the pure sonicated phospholipid 
was perform ed as described below. This revealed the presence 
o f a gylcerophosphoinositol species which co-eluted with 
glycerophosphoinositol 4-phosphate [G roPIns(4)P] (the 
product o f the P td lns kinase types II and III present) and 
another species which eluted ahead o f the G roP Ins(4 )/> and 
is presum ed to be glycerophosphoinositol 3-phosphate 
[G roPIns(3)P] (data not shown). HPLC analysis o f deacylated 
products o f assays perform ed with P td lns in the presence of 
N onidet P40 only showed the presence o f G roPIns(4)P . TLC 
analysis was subsequently used to determ ine the P td lns kinase 
subtype present following the various chrom atographic steps.

Purification o f type /  Ptdlns kinase

A soluble extract from bovine brain was precipitated with 
20%  (mass/vol.) am m onium  sulphate. Following dialysis, m a
terial from the 20%  am m onium  sulphate pellet was loaded 
on to  a DEAE-cellulose colum n and the breakthrough col
lected (profile not shown). This step removes a substantial 
am ount o f protein representing a 1.6-fold purification and 
also increases the stability o f the type I P td lns kinase, presum 
ably by the removal o f either a protease or phosphatase. The 
observed increase in activity suggests tha t some inhibitory 
molecule may also have been removed at this stage. The 
DEAE-cellulose step also removes m uch o f the rem aining type 
II and type III P td lns kinases, as these remain bound to the 
colum n (data not shown).

The P td lns kinase activity from the breakthrough o f the 
DEAE-cellulose colum n was loaded onto  a phosphocellulose 
colum n (Fig. 2). The activity eluted as two peaks in 0.2 M
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Fig. 2. Ptdlns kinase chromatography on phosphocellulose. The break
through from the DEAE-cellulose colum n was subjected to chrom ato
graphy on phosphocellulose, 16-ml fractions were collected. Aliquots 
(5 pi) o f the colum n fractions were assayed for P tdlns kinase activity 
using pure sonicated P tdlns ( □ )  or P tdlns in 1% N onidet P40 (data 
not shown) as a substrate. The absorbance o f the column fractions at 
280 nm was used as a measure o f protein concentration ( ■ )
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Fig. 3. First Mono Q chromatography o f  Ptdlns kinase. The dialysed 
pool from the phosphocellulose colum n was split into two equal 
aliquots and each loaded onto a M ono Q HR 10/10 column. Aliquots 
o f  the colum n fractions (volume, 1 ml) were taken, diluted 10-fold 
and 5-gl aliquots assayed for P tdlns kinase activity with P tdlns as a 
substrate presented either as pure sonicated phospholipid ( □ )  or 
in N onidet P40 (data not shown). The absorbance at 280 nm was 
m onitored ( ■ )

NaCI, the first o f these activities being inhibited when assays 
were performed in the presence o f N onidet P40 (representing 
the type I P tdlns kinase pool) while the later peak was stim u
lated under the same conditions, representing type I I/I 11 
P tdlns kinase. Employing the step elution described here (as 
opposed to a gradient elution) there is still some contam i
nation o f the first pool with type II P tdlns kinase activity; this 
is completely resolved on the M ono Q column (see below).

The type I P tdlns kinase pool from the phosphocellulose 
was dialysed, split into two, and each half was run separately 
on a M ono Q H R 10/10 column (Fig. 3). Triton X-100 (0.02%, 
by vol.) was added to the preparation to stabilize the activity. 
The activity observed when assays were perform ed in pure 
sonicated phospholipid as opposed to P tdlns in Nonidet P40 
eluted at about 50 mM NaCI, in a total volume o f 6 —7 ml.

The pool from the M ono Q columns was loaded onto a 
Sepharose CL-4B column and the activity eluted with the bulk 
of the protein in the void volume (not shown). Since the 
molecular mass cut off for Sepharose CL-4B is * 2  M Da, 
the apparent molecular mass may be due to aggreagation of 
proteins present at this stage o f the purification. A ttem pts to 
dissociate this aggregate either in high salt or with cholate 
followed by gel permeation on a Pharm acia Superose 12 FPLC
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Fig. 4. SDS/polyacrylamide gel electrophoresis o f  the purified Ptdlns 
kinase. SD S/PA GE of fractions across the activity peak from the 
second M ono Q column. Positions o f m igration o f molecular mass 
m arkers are shown (-^). M olecular mass in ascending order: 42, 66, 
97, 116 and 200 kDa. P tdlns kinase activities o f the fractions: lane a, 
258; lane b, 713; lane c, 953; lane d, 145 pmol • m in -1 • m l-1 . The 
intensity o f the 85-kDa band (!>) corresponds to the observed P tdlns 
kinase activity in all preparations

column have also yielded only one m ajor protein peak which 
co-elutes with the activity in the void volume.

The activity peak from the Sepharose CF-4B column (vol
ume «  50 ml) was dialysed and loaded onto a M ono Q HR 
10/10 column equilibrated and run in the presence of 1 mM 
M gCl2 and 1 mM ATP; the activity eluted at «  0.1 M NaCI 
(not shown). Analysis o f the P tdlns kinase preparation follow
ing the final M ono Q column by SDS/PAGE (Fig. 4) revealed 
that an 85 kD a band was a m ajor protein present in the 
preparation. This is the only protein to consistently coincide 
with this activity peak from the M ono Q column.

The purification is summarized in Table 1. The protocol 
yields a 650-fold purification relative to the total Ptdlns kinase 
activity present in the cytosolic fraction with a 1.1% yield for 
the type I P tdlns kinase. A lthough there is a slight decrease 
in specific activity on gel filtration, this step is retained since 
low-molecular-mass contam inants are removed. The apparent 
specific activity of the enzyme following purification was
1.7 nmol • m in-1 • m g-1 . However optim ization o f the assays 
for the type I P tdlns kinase gave a 20 -3 0 -fo ld  increase 
in observed activity and a final specific activity of 
43 nmol ■ m in -1 • m g-1 . The activity data presented in 
Table 1 represent the activity o f all P tdlns kinase subtypes 
present at a given stage of the purification, and therefore the 
degree of purification actually achieved for the type I Ptdlns 
kinase is considerably higher than that shown.

Identification o f  the enzyme product 
by deacylation, deglyceration and H PLC

P td lnsP  produced in assays using the active pool from the 
final M ono Q column as an enzyme source was deacylated, 
deglycerated and run on HPFC as described in M aterials and 
M ethods. G ro P p H jln s , G roP [3H]Ins(4)P, G roP [3H]Ins- 
(4,5)P2 and [3H ]Ins(l,3)P2 standards were run internally. The 
tritiated G ro f>Ins(4)/> eluted 2 min later than the



The purification of bovine brain cytosolic type I Ptdlns kinase was as detailed in the text. The table is derived from a single purification and 
is representative of several separate preparations by the same protocol. Protein was determined by the method of Bradford [30], Ptdlns kinase 
activity was determined using pure sonicated Ptdlns as a substrate

Purification step Total Protein Total activity Specific activity Purification

mg pmol ■ min 1 pmol • min 1 • mg 1 -fold

DE-52 load 6800 18000 2.6 1
DE-52 breakthrough 4600 19000 4.2 1.6
Phosphocellulose pool 180 11000 60 23
Mono Q pool 19 6700 360 138
Sepharose CL-4B pool 15 3900 260 100
Mg2+-ATP Mono Q 1.2 2000 1700 654
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Fig. 5. HPLC analysis o f the deacylated and deglyceratedproducts of 
the purified Ptdlns kinase, (a) The [32P]PtdInsP products ( ♦ )  of 
purified Ptdlns kinase assayed with pure sonicated Ptdlns as the 
substrate were deacylated and subjected to HPLC on Partisphere SAX 
columns and glycerophosphoinositols were eluted on a gradient of 
(NH4)2H P 04. GroP[3H]Ins and GroP[3H]Ins(4)P standards were 
run internally (□ ). (b) Deacylated products were deglycerated as 
described in Materials and Methods and run on a Partisphere SAX 
column as described in Materials and Methods. Product labelled with 
[32P]phosphate ( • )  and a [3H]Ins(l,3)P2 standard (O ) were detected 
by scintillation counting. The position of the Ins(l,4)P2 standard is 
shown by the arrow; this elutes 2 min later than Ins(l,3)P2

GroPIns[32P]P produced by the purified Ptdlns kinase 
(Fig. 5 a). Analysis o f the deglycerated product showed that 
the InsP2 produced co-eluted with an Ins(l,3)P2 standard, 
2 min prior to the position of Ins(l,4)P2 elution (Fig. 5 b). This 
indicates that the Ptdlns kinase is indeed a type I kinase 
phosphorylating the 3'-hydroxy position on the inositol ring.

Characterization o f the purified Ptdlns kinase

The rates of phosphorylation of Ptdlns with varying con
centrations of Ptdlns, MgCl2 and ATP were examined. Where

Table 2. Kinetic analysis o f purified type I  Ptdlns kinase 
The purified Ptdlns kinase was assayed as described in the Materials 
and Methods section at varying concentrations of the substrates indi
cated. Apparent Km values were computed using the ENZFITTER 
programme

Substrate Apparent Km

\iM

ATP 67
Mg2 + 6900
Ptdlns (sonicated) 34
Ptdlns [in 0.68% (mass/vol.) cholate] 48
Ptdlns [with 0.5 mg • m l-1 PtdSer] 60

the results followed Michaelis-Menten kinetics the data were 
fitted using the ENZFITTER programme (Elsevier-Biosoft, 
UK) to determine Km values. The values obtained are shown 
in Table 2. In the case of Mg2+, inhibition of enzyme activity 
was observed at concentrations above 2.5 mM (Fig. 6); an 
apparent Ka was therefore calculated for Mg2 + concentrations 
below 2.5 mM.

In order to examine the effect of substrate presentation on 
enzyme activity Ptdlns was presented as the pure sonicated 
phospholipid, in the presence of 0.68% sodium cholate or as 
mixed micelles with 0.5 mg/ml PtdSer. The apparent Km values 
derived for the three methods of substrate presentation 
showed less than a twofold variation (Table 2).

Substrate specificity o f the purified type I  Ptdlns kinase

It has previously been reported that PtdIns(4)P and 
PtdIns(4,5)P2 can be phosphoryiated in the 3'-hydroxy po
sition by a Ptdlns 3-kinase activity [11, 19, 20]. In order 
to investigate this with purified enzyme, PtdIns(4)P and 
PtdIns(4,5)P2 were presented in separate assays as either pure 
sonicated phospholipid or in sodium cholate 0.5% (mass/vol). 
The lipid products were analysed on TLC and visualized by 
autoradiography (Fig. 6). Phosphorylation of PtdIns(4)P 
yielded a single product which migrated on TLC in the region 
of PtdInsP2. The PtdInsP2 produced on phosphorylation of 
PtdIns(4)P is presumed to be PtdIns(3,4)P2. TLC analysis 
of the products of PtdIns(4,5)P2 phosphorylation yielded an 
inositol phospholipid that migrated slower than PtdInsP2 and 
is presumed to be PtdIns(3,4,5)P3 based upon the specificity 
of the kinase described above.
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Fig. 6. Effect o f  magnesium ion concentration o f  P tdlns kinase activity. 
A p reparation  o f purified P td lns kinase was assayed for phosphory la
tion o f pure sonicated P td lns in the presence o f varying concentrations 
o f M gC l2. Assays were perform ed essentially as described in M aterials 
and M ethods
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Fig. 7. TLC  analysis o f  the type 1 P tdlns kinase products. The type I 
P td lns kinase was incubated with either P td lns (PIP ; a, d), P tdIns(4)/> 
(P IP 2; b, e) o r P tdIns(4 ,5)P2 (P1P3; c, f) either in the absence (a —c) 
or presence (d —f) o f 0.5%  (m ass/vol.) cholate as described in the 
M aterials and M ethods. Extracted lipids were subjected to TLC using 
the m odified solvent in order to im prove resolution (see M aterials 
and M ethods)

To examine the effect o f substrate presentation on the rate 
o f phosphorylation o f P tdIns(4)P  and P tdIns(4,5)/>2, exper
iments were carried out with substrates presented as the pure 
sonicated phospholipid or in the presence o f 0.68%  sodium 
cholate. The rates o f phosphorylation varied for the different 
substrates as shown in Fig. 7. P td lns was the preferred sub
strate under all conditions examined although it is evident that 
under optim al conditions activity tow ards all three inositol 
phospholipids is com parable.

D ISCU SSIO N

The results presented here describe for the first time the 
substantial purification o f a type I P td lns kinase. The enzyme
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Fig. 8. Substrate dependence and presentation fo r  inositol phospho
lipids. Inositol phospholipid substrates were presented either as pure 
sonicated phospholipids ( □ )  or in the presence o f 0.5%  (mass/vol.) 
cholate ( ♦ ) .  Substrate were (a) P td lns (PI), (b) P tdIns(4)P  (PIP) and 
(c) P tdIns(4 ,5)P2 (P IP 2). Assays were as described in M aterials and 
M ethods

can be classified as a type I activity on the basis o f its phos
phorylation o f the 3' hydroxyl group o f P tdlns. The final 
p reparation is not hom ogeneous but contains an 85-kDa pro
tein that correlates with the activity on the final M ono Q 
elution. This identification is consistent with the correlation of 
a type I activity with an 85-kDa phosphotyrosine-containing 
protein present in im m unoprecipitates from  cells infected with 
polyom a virus [9, 11] and from cells stim ulated with PD G F 
[9, 10]. F urtherm ore we have found that the purified type I 
P td lns kinase preparation  contains a substrate for the PD G F 
receptor showing phosphorylation exclusively on the 85-kDa 
polypeptide (unpublished results).

The purification o f the type I P td lns kinase was facilitated 
by the previously described potent inhibition of its activity by 
neutral detergents in contrast to the activities o f the 4'-hydroxy 
kinases [11, 12]. This perm itted a rapid procedure for follow



ing the separation of these activities; this was complemented 
by TLC analysis which provided a means of separating the 
PtdIns(3)R product from PtdIns(4)P. Following chromato
graphy on the first Mono Q column the type II and type 
III Ptdlns kinases were completely resolved from the type I 
enzyme. Attempts to further purify the type I activity beyond 
the second Mono Q step have been hampered by protein- 
protein interactions that prevent resolution of the 85-kDa 
polypeptide for example on gel filtration (conditions compat
ible with activity have not been found that will allow the 
85-kDa polypeptide to be included in any gel-filtration media).

The purified activity is related in properties to that de
scribed for the NIH 3T3 fibroblast type I activity; the purified 
enzyme is inhibited by neutral detergents and shows a similar 
apparent Km for ATP [12]. The purified type I activity depen
dence on Mg2+ is biphasic, being inhibited at concentrations 
above 2.5 mM. The enzyme will act on Ptdlns, PtdIns(4)P 
and PtdIns(4,5)P2. With Ptdlns as substrate, a single product 
is detected on TLC and this yields a single peak when the 
deacylated/deglycerated compound is chromatographed using 
HPLC. The deacylated product elutes before GroPIns(4)P, in 
a position comparable to that reported by Auger et al. [20] 
for the deacylated product of the enzyme present in anti- 
phosphotyrosine antibody immunoprecipitates from PDGF- 
stimulated smooth muscle cells. Analysis o f the deglycerated 
product shows clearly that it comigrates with an Ins(l,3)P2 
standard. Action of the enzyme on PtdIns(4)P and 
PtdIns(4,5)P2 also yielded single products (see Fig. 7) with 
chromatographic properties consistent with the structures 
PtdIns(3,4)P2 and PtdIns(3,4,5)P3 respectively. We have 
noted that certain preparations of the kinase yield more com
plex patterns of products with PtdIns(4,5)P2 as substrate and 
this seems to be due to the presence of a contaminating 5'- 
phosphatase; this contamination can be excluded by taking 
narrow cuts of activity from the CL4B and Mono Q columns.

It is of interest that this purified enzyme preparation will 
also phosphorylate the polyphosphoinositol phospholipids in 
vitro, providing evidence that these activities reside in the same 
polypeptide. Optimum activities towards each of the three 
inositol phospholipids tested were found to be comparable, 
suggesting that the phosphorylation of the phosphoinositol 
phospholipids is not a trivial activity of the type I Ptdlns 
kinase. This may also prove to be a useful means of assaying 
the type I Ptdlns kinase in crude preparations contaminated 
with 4'-hydroxy kinases which would not be expected to phos
phorylate these phosphoinositol phospholipids.

The purification and properties of this Ptdlns kinase 
clearly distinguish it from other activities that have been 
purified from bovine brain [21], A431 cells [24], porcine liver 
[22], bovine uterus [23] and rat brain [25]. All these activities 
function in neutral detergents and phosphorylate the 4'- 
hydroxy position of Ptdlns. Their molecular masses are also 
distinct: 55 kDa (A431 cells, bovine uterus, porcine liver) or 
75 kDa and 80 kDa (rat brain). In contrast to these 4/-hydroxy 
kinases the physiological role of the type I 3'-hydroxy kinase 
is still unknown. However, the availability of the purified 
enzyme will permit an investigation into its regulation and a 
means of generating substantial quantities of PtdIns(3)P 
lipids. This will be greatly facilitated by cDNA cloning and 
expression of this enzyme which is currently in progress.
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