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Abstract

Protein phosphorylation plays an essential role in a diverse array of
signalling cascades and regulates many cellular processes. Protein kinase
Cs (PKCs) constitute one of the families of kinases involved in
phosphorylating substrates on serine or threonine residues. These kinases
were initially identified as being receptors for tumour promoters (phorbol
esters) and the conditions required to activate different isoforms determine
the subgroup classification of the 10 isoforms.

Classical PKCs (o.BI, BII and ) depend upon Ca2+ and lipids (DAG, PS-
phospholipids.) Novel PKCs ( §,e,n, u and 6 ) are insensitive to Ca2* but are
activated by lipids, DAG and phospholipids. The atypical PKCs ({1 and A.)
differ greatly. These proteins are insensitive to Ca2+ and phorbol ester
binding. The lack of knowledge on the control of the atypical PKCs has made
the role of the atypical PKCs more elusive. Nevertheless, PKC { has been
implicated in cell growth and differentiation. Moreover, PKC ( is thought to be
involved in a plethora of signal transduction pathways, including the Ras and
MEK/MAPK pathways. The related atypical PKC 1 may be involved in UV
induced apoptosis and insulin signalling.

The aims of this thesis are to define the control and biological role of the
atypical PKCs - primarily focusing on PKC {. As one approach, the project
attempted to create a knockout mouse. This would help define a biological
end point and therefore permit elucidation of the inputs. This study led to the
identification of a pseudogene and its origin is described.

As a second approach to investigate PKC ¢ control, various direct paths were
followed - ranging from searching for potential binding proteins and cellular

localisation, to analysis of activation by lipids and phosphorylation. These
studies have provided evidence for the dynamic control of PKC  (and PKC 1)

through a kinase cascade involving the lipid kinase PI3-kinase, the lipid
responsive PDK1 and finally phosphorylation of PKC { at a site defined as
threonine 410. The operation of this pathway and its influence on PKC {

autophosphorylation (in vivo) and activity (in vitro) are presented.
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Chapter 1

1.1 General concepts in signalling pathways

Our understanding and enjoyment of life arises due to interpretation of
complex sensory inputs:- visual images, thermal changes, noise, touch,
smells. All data is processed and analysed in a highly controlled manner to
elicit an appropriate response. Given a stimulus, we can respond. On the
cellular level, the same phenomenon occurs. Extracellular stimuli, for
example growth factors, hormones, neurotransmitters, temperature, light or
chemical gradients affect cells by activating or inhibiting trans-membrane
receptor coupled signalling systems which in turn mediate the production of
second messengers and/or secondary responses. Second messengers
proceed to activate or inhibit the activities of various cellular control proteins,
including protein kinases and phosphatases. The consequential activation of
distinct intracellular signalling pathways can then effect different cytoplasmic
machineries or elicit a specific nuclear response, resulting in gene
expression. Proliferation, differentiation or modification of the cell morphology
to name but a few responses may then occur.

1.2  Signalling Cell Surface Receptors

There are several classes of signalling cell surface receptors. Receptors differ
in their mechanism of transducing extracellular signals. Ligand-induced
receptor activation may elicit tyrosine phosphorylation of cytoplasmic
proteins, directly, via receptors with an intracellular tyrosine kinase domain or
indirectly, if the receptor has no enzymatic activity, by association of non-
receptor tyrosine kinases to the trans-membrane receptor, as is seen for the
cytokine or haematopoetic agonist receptor. Alternatively, signalling may
occur through protein Ser/Thr kinase receptors, the first to be identified in
mammals was the receptor for activins, in the transforming growth factor, TGF
B, superfamily (Mathews and Vale, 1991). Phosphorylation independent
transfer of extracellular stimuli can occur through G proteins, which are seven
transmembrane receptors with a specific and well characterised structure
(Dixon et al., 1986; Maguire et al., 1976; Northup et al., 1980). G protein
receptors are coupled to three membrane associated subunits (c,B,y)
(Gutkind, 1998; Leurs et al., 1998). Signal propagation requires GTP, where
the guanine nucleotide binds specifically to the o subunit. G protein receptors
can integrate i'nputs from several stimuli, for example, several hormones can




elicit cAMP release via Gs (Liu and Northup, 1998). G protein mediated
signalling results in signal amplification and specific activation of PKCs by G
protein-mediated pathways, as will be outlined below.

A few pathways exist that are not directly channelled through cell surface
receptors (Evans, 1988). Lipid soluble ligands e.g. steroid hormones, readily
diffuse into cells and interact with cytoplasmic or nuclear receptors. Growth
factors may also elicit their responses by internalisation of growth factor
bound receptors, which enter the endosomal pathway. Signalling cascades
have been shown to be initiated in endosomal pathways and may play a role
in mitogenic pathways (Beguinot et al., 1984; Smythe, 1996; Smythe and
Warren, 1991). Ligands are not the only stimuli triggering the activation of
signalling pathways. Others include stress alterations in membrane structure
or oxidative radical species activating signalling components (Finkel, 1998).

Cell surface receptors consist of an extracellular domain, which binds
ligands; a transmembrane domain and an intracellular domain, which
determines how the receptor mediates intracellular signalling pathways. The
membrane spanning region was found to be more than just a passive lipid
anchor. For cErbB2, if Val 659 (a transmembrane amino acid) is converted to
a glutamic acid, the receptor is oncogenic (Garnier et al., 1994). Furthermore,
the seven transmembrane region of G proteins undergoes a shift in structure
on stimulation, first discovered in the crystal structure of rhodopsin, mediating
the effects of light activation (Henderson et al., 1990).

The initial event in the activation of cell surface receptors involves ligand
binding to the extracellular domain. Ligands are often dimeric (e.g. platelet
derived growth factor, PDGF A and B chains are joined by disulphide
bridges), which specifies binding to dimerised receptors (Lemmon et al.,
1997). One ligand may bind exclusively to a single receptor type, for example,
ligands activating tumour necrosis factor (TNF) family receptors (with the
exception of lymphotoxin o) or a large diversity of ligands can bind a single
receptor, exemplified by the antigen receptors. Ligand binding induces either
direct conformational changes of the receptor (transformation), resulting in
_ receptor activation (for example, steroid hormones, which can then bind DNA
directly), or receptor dimerisation or oligomerisation (Lemmon and
Schlessinger, 1998) This causes autophosphorylation within the intracellular
domain resulting in receptor activation. For receptor tyrosine kinases,
autophosphorylation exposes either the catalytic site (as depicted by the
insulin receptor activation from structural data (Hubbard et al., 1994) or




binding sites which then enable recruitment of cytosolic components.
Downstream effector binding and more specifically, crucial protein-protein
interactions via specific modules organise cytosolic proteins in the proximity
of stimulated receptors, enabling signal transduction (Heldin et al., 1998).

Specific binding modules have been identified (Pawson and Scott, 1997). For
receptor tyrosine kinases, cytosolic components bind either SH2 or PTB
domains (specifically recognising phospho-tyrosine residues (Pawson and
Gish, 1992). SH2 (src homology region 2) domains were first discovered in
Src (Pawson and Gish, 1992; Songyang et al., 1993). The regulatory domain
of phosphatidylinositol 3-kinase, PI3K, p85, binds via an SH2 domain to the
C-terminal to the phospho-tyrosine residue (YpXXM) of the PDGF receptor
(Escobedo et al., 1991; Klippel et al,, 1992). SH2 domains are found in
several different proteins, for example, enzymes, PLC y, Ras GAP and SH-
PTP2 (Welham et al., 1994), or transcription factors, signal transducers and
activators of transcription, STATs (Hibi and Hirano, 1998), or other adaptor
proteins, for example, Grb 2 or Nck. Alternatively, cytosolic proteins bind to a
slightly larger (by 86 amino acids) phospho-tyrosine binding (PTB) domain
(Kavanaugh et al.,, 1995; Kavanaugh and Williams, 1994). The PTB
recognition sequence is N-terminal of the phospho-tyrosine residue, NXXYp.
PTB domains are found in adaptor proteins, for example, Shc (Cutler et al.,
1993) or in the insulin receptor substrate binding protein (IRS1) (Gustafson et
al., 1995). Other structural domains important in receptor recruitment include
SH3 domains (a proline-rich binding motif, found in several SH2 receptor
tyrosine kinase-binding proteins) and pleckstrin homology (PH) domains,
which confer the ability to bind phosphoinositol lipids (Haslam et al., 1993;
Lemmon et al., 1995). For TNF receptor-mediated signalling, adaptor proteins
are required to link the TNFR 1 and 2 (via TRADD and TRAF 1 and 2
respectively), binding by death domains (Baker and Reddy, 1998; Hsu et al.,
1996).

How Ser/Thr kinase receptors transduce TGF [ signals is unclear. However,
recent evidence has deciphered more of the downstream pathway. TGF B
receptor family comprises three classes, types |, Il and lll, for example,
betaglycan (Lopez-Casillas et al., 1991). Genetic approaches in Drosophila
and C.elegans have resulted in the characterisation of Mad (mothers against
dpp, decapentaplegic) and Smad 2-4 (Newfeld et al., 1996; Raftery et al,,
1995; Sekelsky et al., 1995) and more recently, vertebrate homologues,
Smad 1-6 (Derynck and Zhang, 1996). There are three groups of Smads:-
those that bind directly and are a substrate for TGF B receptors (Chen et al.,




1996; Kretzschmar et al., 1997; Zhang et al., 1997); those that associate with
receptor activated Smads, and proteins that inhibit Smads, anti-Smads, for
example Smad 6 or 7 (Imamura et al., 1997; Nakao et al., 1997). Smad 2 and
3 bind the TGF B receptor directly and subsequent C-terminal association and
phosphorylation of Smad 4 results in its nuclear translocation and activation
of transcription (Derynck et al., 1998; Kretzschmar and Massague, 1998; Liu
et al.,, 1997). TGF B mediated pathways regulate growth and cell cycle
progression.

Receptors are themselves regulated and switched off by internalisation and
downregulation (Mellman, 1996) or dephosphorylation, by receptor
associated phosphatases. This was initially discovered in Drosophila for
receptor tyrosine kinase regulation (corkscrew and torso (Perkins et al., 1996)
or more recently, SHP (Lanier, 1998; Myers et al., 1998; Roach et al., 1998;
Stein et al.,, 1998; Yu et al., 1998). Phosphatases are thought to associate
with plant (Arabidopsis) Ser/Thr kinase receptors (Stone et al., 1994), but this
has yet to be established for vertebrate TGF f receptors.

Direct recruitment of cytosolic components to activated receptors, results in
the activation of certain responses. Lipid metabolism may be stimulated to
elicit second messengers, for example calcium and InsP,, mediated by PLC v
or PI(3,4,5)P,, via PI3K. Alternatively, adaptor proteins will then recruit other
signalling molecules, for example Sos binding to Ras to initiate activation of
the MAPK cascade and gene expression. Specific signalling pathways
involved in PKC activation will be discussed below.

1.3  Eukaryotic Protein Kinases

Signal transduction is a generalised concept and encompasses several
signalling pathways. The complexity and need for high degrees of regulation
arises due to cross-talk between signalling molecules and kinases. It is the
delicate balance between kinase and phosphatase activity which can
modulate the cell’s response. Eukaryotic protein kinases are a large
superfamily of homologous proteins. Predictions made from sequencing the
mammalian genome are that around 1 or 2% of all genes encode protein
kinases. Post-translational modifications of proteins by phosphorylation has
been well established as a principal mechanism of regulation of cellular
functions in eukaryotes (Hunter, 1995). Phosphorylation (commonly, by
transfer of y-phosphate groups from ATP onto hydroxyl groups) of serine,
threonine or tyrosine residues in the substrate protein trigger conformational




changes which alter the properties of the protein leading to the physiological
response appropriate to the particular agonist. Therefore understanding the
role and regulation of kinases and phosphatases (their specific effectors,
agonists or substrates) will lead to the unravelling of many cellular processes.

1.4 PKC introduction

Protein kinase C (PKC) was originally identified in 1977 as a cyclic nucleotide
independent protein kinase (PKM), which was proteolytically activated by a
calcium sensitive protease. When assayed in a cell free system, PKC was
found to be activated by calcium in a phospholipid-dependent manner (Inoue
et al, 1977; Takai et al, 1977). Moreover, at physiologically low
concentrations of calcium (107 M range), PKC required diacylglycerol (DAG)
in addition to phospholipids for activation (Kishimoto et al., 1980; Takai et al.,
1979).

Studies carried out in platelets initially demonstrated that activation by
thrombin, collagen or platelet activation factor, PAF (Kawahara et al., 1980;
Sano et al., 1983) resulted in a concomitant phosphorylation of two proteins,
a 20kD and 40kD protein, together with the subsequent release of platelet
granules (leyasu et al., 1982). The 40kD protein was found to be an in vitro
PKC substrate. The disappearance of inositol phospholipids from the
membrane (Bell and Majerus, 1980; Kawahara et al., 1980; Rittenhouse,
1979) was always linked to the release of platelet granules and
phosphorylation of a 40kD protein, suggesting that PKC physiologically
mediated the response. Moreover, on stimulation, platelets rapidly and
transiently produced DAG (which has a 1-stearoyl-2-arachidonyl backbone
(Holub et al, 1970). Synthetic DAG added to platelets induced
phosphorylation of the 40kD protein (used as an indicator of PKC activity) and
it was shown that there was no change in intracellular calcium (using quin2, a
calcium indicator (Rink et al., 1983). Therefore, it was concluded that PKC
becomes activated in response to extracellular stimuli by transiently induced
DAG. This reversible activation of PKC by DAG was a turning point in signal
transduction, linking protein phosphorylation and inositol phospholipid
turnover.

After this discovery, the connection was made between PKC and a synthetic
DAG-mimicking compound, phorbol esters (TPA). Phorbol esters are tumour
promoters. Several kinetic studies suggest they act at the cell surface
membrane (Blumberg, 1980; Weinstein et al., 1979) and can mimic the action




of hormones and neurotransmitters and stimulate cell proliferation. This led to
the classification of PKCs as receptors for phorbol ester (in vivo and in vitro
(Castagna et al., 1982; Yamanishi et al., 1983). Phorbol esters are able to
intercalate into the phospholipid bilayer for prolonged time periods, since
they are only metabolised very slowly, which explains the prolonged
proliferative effects on cells. Experiments using *H-PDBu (a *H- labelled
phorbol derivative, less hydrophobic than TPA) demonstrated that only in the
presence of phospholipids and calcium could phorbol esters bind to purified
PKCs (Kikkawa et al., 1983). PDBu bound to PKC in a 1:1 relationship in the
presence of phospholipids. The question of whether PDBu bound directly to
PKCs or not was raised after experiments using a photoaffinity-labelled probe
of phorbol esters (Delclos) was found to interact primarily with phospholipids
(Delclos et al., 1983). The elucidation of the structures and cloning of the PKC
family members helped to resolve this issue.

1.5 The PKC Family

PKCs are serine/ threonine protein kinases, which fall into the AGC
superfamily of kinases. The AGC kinase classification includes kinases
activated by cAMP (PKA), cGMP (PKG), of course DAG/phospholipids (PKC),
related kinases (PKB, which was identified as being related to the A and C
kinases (RACs) and will be discussed later) and kinases which phosphorylate
G protein-coupled receptors (BARKs). The CaMK (family of kinases regulated
by calcium and calmodulin) and CMGC (a family of cyclin-dependent kinases
and MAPK) kinases are other related Ser/Thr and dual specificity kinases.

The first PKCs to be identified (PKC a, PKC B, PKC v) were isolated from
brain cDNA libraries by low stringency screens (Coussens et al., 1986; Parker
et al.,, 1986). PKC isoforms are abundant in the brain and further screens
yielded three additional PKCs - PKC §, PKC &, PKC £ (Ono et al., 1987; Ono et
al., 1989). Screening of cDNA libraries from other tissues has led to the
identification of the other PKC isoforms, known to date - PKC 1 (Osada et al.,
1990), PKC 6 (Osada et al., 1992), PKC 1 (Selbie et al.,, 1993), PKC A
(Akimoto et al., 1994) - and the PKC-related kinases, the PRKs (Mukai and
Ono, 1994; Palmer and Parker, 1995) and PKD (Van Lint et al., 1995), PKC n
(Johannes et al., 1994). Based on their amino acid sequence similarity and
enzymatic properties, the PKC isoforms have been classified into three
subgroups.




The classical PKCs (cPKCs) are the best characterised, possibly due to
having been identified first. This subgroup consists of isoforms PKC o, PKC
Bl, PKC BII and PKC v. The B gene undergoes alternative splicing, resulting in
two isoforms differing in their 50 C-terminal amino acid residues (Coussens et
al., 1987). cPKCs are activated by calcium, phospholipids,
phosphatidylserine (PS) and DAG (or phorbol esters experimentally).

The second subgroup is the novel PKCs (nPKCs), comprising PKC 3, PKC 7,
PKC ¢ and PKC 6. These isoforms are insensitive to calcium but are still
activated by DAG or TPA in the presence of PS. The use of phorbol esters as
an experimental tool to manipulate PKC function in vivo has greatly
enhanced our understanding of the role of the cPKCs and nPKCs.

The third subgroup is the atypical PKCs (aPKCs):- PKC { and PKC 1 ( PKC 2,
the murine PKC 1 isoform). These are the most diverged of all PKC family
members since they are insensitive to calcium and DAG, but are activated to
some extent by phospholipids, for example, PS (Ono et al., 1989).

The PKC related kinases (PRKs) are similar to the aPKCs in that they are
insensitive to calcium and DAG/phorbol esters but have a unique regulatory
domain containing, homology regions (HR), which interact with Rho A
(Amano et al., 1996; Flynn et al., 1997; Watanabe et al., 1996). PKD is also
unusual due to its being activated by DAG and phorbol esters and yet it has a
very different kinase domain. PKD also has a putative PH domain (Gibson et
al.,, 1994). It is questionable as to whether PKD is a PKC family member
(Rozengurt et al., 1997).

The alignment of the PKCs allows the identification of various conserved
regions. The catalytic domains show a high degree of homology but the N-
terminal regulatory domains are much more diverse and provide the main
basis for PKC subgroup classification (Figure 1.1). Within the regulatory
domain are motifs which define a distinct localisation or confer specific
activation properties to the individual isotypes. The different PKC domains
(conserved and variable regions) will be discussed in more detail.

1.6 C1 Domain

The C1 domain was initially identified in the classical and novel PKCs and
consists of a conserved motif of cysteine and histidine residues. The C1
domains are capable of chelating zinc ions (Hubbard et al., 1991) in a zinc
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finger structure (chelating two zinc atoms per C1 domain (Quest et al.,
1992).The two metal binding sites are crucial in maintaining the fold of the
structure and pulling together otherwise far apart residues (Hommel et al.,
1994). The zinc finger is made up of two B sheets on the top half of the
domain, which form a cavity filled with water molecules. These molecules are
displaced by DAG or phorbol esters and the B strands are “unzipped”. This
Cys-rich motif (HX,,C-X,CX,.14-C-X,-C-X,-H-X,-C-X;-C) is duplicated in what
has been classified “typical” C1 domains, to give C1A and C1B motifs (Hurley
et al., 1997).

C1 regions in PKCs were found to bind phorbol esters (by mutational analysis
of GST-fusion protein and crystallisation of the second zinc finger motif-PMA
complex of PKC 8 (Zhang et al., 1995). The C1A and B domains of PKC v bind
phorbol esters with similar affinities (Quest et al., 1994) However, in vivo there
is a difference in affinity of the C1 domains of GFP tagged PKC y for
membrane translocation (Oancea et al., 1998). Moreover, the C1B domain of
PKC & was found to bind phorbol esters much tighter than C1A (Hunn and
Quest, 1997). Therefore for PKC §, the two domains are not equivalent and
the C1B domain confers increased phorbol ester binding affinity and if the
domain is deleted, decreased membrane translocation is seen (Szallasi et
al,, 1996). There is a possibility that in vivo, the two C1 domains have high
and low (C1B and C1A, respectively) affinities for DAG or that in the full length
protein the domains are orientated in such a way as to block access to the
ligand for one of the C1 subdomains. Interestingly, phorbol ester binding
does not alter the overall conformation of the domain but completes the top
surface of hydrophobic residues, allowing deeper penetration into the
membrane (Newton, 1995).

What determines the ability to bind DAG is unclear. A single “typical” C1
domain is sufficient to bind DAG/phorbol esters, however, the zinc finger in
the aPKCs (having higher similarity to the C1A domain) does not bind DAG
(Ways et al., 1992). There are certain consensus sites distinct from Cys/His
residues which may determine phorbol ester sensitivity (Figure 1.2). Initially, a
conserved proline (at position 11) was thought to determine binding by
restricting the angle between 3 sheets and maintaining the pocket in an open
conformation. Atypical PKCs do not have two consensus residues in positions
11 (Pro) or 20 (a hydrophobic residue). Mutating the residue in position 11 to
Pro does not confer phorbol ester sensitivity (Kazanietz et al., 1994). Whether
mutation of the other site would be sufficient to confer phorbol ester binding is
not known. Consensus residues (Pro 11, Gly 23, GIn 27) are important in











































































































































































































































































































































































































































































































































