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Abstract

The work in this thesis describes the identification, cloning and
characterisation of the PRK (PKC-related kinase) family of kinases. Initially
this project was intended to clone a novel PKC isoform which had previously
been biochemically identified in cell extracts. This objective led to the design of
a degenerate PCR approach which exploited highly conserved regions within
the PKC kinase domain which were not preserved throughout other
serine/threonine kinases. Two PCR based screens were then carried out, the
first from a U937 cDNA library and the second from a human fetal brain cDNA
library. Analysis of the PCR products produced identified several novel
sequences. Among these were three sequences - PRKl, 2 and 3 - which
appeared to define a novel family of kinases, which while highly related to PKC
seemed to be distinct.
The full length cDNA sequences for PRKl and PRK2 were then cloned
and sequenced. Both encoded proteins in the 120-130 kDa range, with kinase
domains closely related to the kinase domain of PKC and large amino-terminal
'putative' regulatory domains. On transient transfection both PRKl and PRK2
expressed protein products of the expected size, which were capable of kinase
activity (as measured by autophosphorylation) in anti-PRKl/2 immune
precipitates.
PRKl protein was then overexpressed in COS 7 cells and purified to
apparent homogeneity in order to carry out basic characterisation. The purified
PRKl protein migrated as a single polypeptide of mass 120 kDa on sodium
dodecyl sulphate-polyacrylamide gel electrophoresis. PRKl has a substrate
specificity that in part resembles that of protein kinase C (PKC), however unlike
PKC, PRKl was not activated by any combinations of phorbol esters,
diacylglycerol and Ca^+.

Nevertheless PRKl was activated by limited

proteolysis indicating a negative regulatory role for the amino-terminal
domain(s) and suggesting that PRKl may be regulated in vivo by an allosteric

2

effector. Subsequent analysis revealed that PRKl could be activated in vitro by
various phosphoinositides, and more potently by the polyphosphoinositides
PtdIns(4,5)P2 and PtdIns(3,4,5)P3. Whether such activation actually occurs in
vivo remains to be determined.
The phosphorylation of substrates by PRKl was also investigated,
revealing that both the lipid kinase PtdIns-3-kinase and the cytoskeletal protein
MARCKS (myristoylated alanine rich C kinase substrate)were phosphorylated
in vitro by PRK l.

Two-dimensional mapping of PRKl phosphorylated

MARCKS identified these sites as identical to the previously reported sites in
MARCKS phosphorylated by PKC-p.
To try and assess the function of PRKl in the intact cell stable selected
cell lines were developed by transfection of a myc tagged PRKl into NIH3T3
cells.

By electron microscopy overexpression of PRKl^^y^ in NIH3T3

fibroblasts results in the formation of vesicles of as yet undefined nature close to
the plasma membrane.
These results and the potential implications are discussed throughout this
thesis.
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Fibroblast Growth Factor

FISH

Fluoresence In Situ Hybridisation

FSBA

5'-p-Fluorosulphonyl-Benzoyladenosine

g
GAP

gramme or gravitational field strength

GDP

Guanosine 5'-diphosphate

GEF

Guanine Nucleotide Exchange Factor

GST

Glutatione S-Transferase

GSK

Glycogen Synthase Kinase

GTC

Guanidine Isothiocyanate

GTP
GTP7S

Guanosine 5'-triphosphate
Guanosine 5'-0-(3-thiotriphosphate)

HEPES
IFN-aR

N-(hydroxyethyl)piperazine-N'-(2-ethanesulphonic acid)
Interferon-a Receptor

InsPg

Inositol (1, 4, 5) trisphosphate

IPTG

Isopropyl-p-D-thiogalactopyranoside

GTPase Activating Protein

19

IS

Inositolpolysulphate

IP

Inositolpolyphosphate

kD

kilodalton

LPA

Lysophosphatidic acid

LTP

Long-Term Potentiation

M

Molar

mA

Milliamperes

MAP-kinase

Mitogen Activated Protein Kinase

MAPKK

Mitogen Activated Protein Kinase Kinase

MAPKKK

Mitogen Activated Protein Kinase Kinase Kinase

MARCKS

Myristolated Alanine Rich C-Kinase Substrate

MBP

Myelin Basic Protein

mg

milligramme

ml

millilitre

mm

millimeter

mM

millimolar

mRNA

messenger Ribonucleic acid

m

micro

nM

nanomolar

nmol

nanomole

OAG

1-oleoyl-2-acetyl-jM-glycerol

PAGE

Polyacrylamide Gel Electrophoresis

PAK-I

Proteolytically Activated Kinase (equilalent to
PRK 1 and PKN)

PBS

Phosphate Buffered Saline

PtdCh

Phosphatidylcholine

PDGF

Platelet Derived Growth Factor

PH

Pleckstrin Homology (domain)

PTB

Phosphotyrosine-binding (domain)

Ptdlns 3-kinase

Phosphatidylinositol 3'-kinase
Phosphatidylinositol (4,5) bisphosphate

PtdIns(4,5)P2
PtdIns(3,4,5)Pg

Phosphatidylinositol (3,4,5) trisphosphate

PKC

Protein Kinase C

PKN

Protein Kinase N (equilalent to PRKl and PAK-I)

PLC

Phospholipase C

PLD

PLA2

Phospholipase D
Phospholipase A2

pmol

picomole

PMSF

Phenylmethylsulphonylfluoride

PRKl

Protein kinase C Related Kinase 1 (equilalent to PKN
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and PAK-I)
PRK2

Protein kinase C Related Kinase 2

PRKS

Protein kinase C Related Kinase 3

PtdSer

Phosphatidyl serine

PTK

Protein Tyrosine Kinase

PTPase

Phosphotyrosyl phosphatase

PVDF

Polyvinylidenedifluoride

Rac

Related to A and C Kinase (also known as Akt and PKB)

RACK

Receptors for Activated C Kinase

Rho

Ras homology protein

rpm

revolutions per minute

RTK

Receptor Tyrosine Kinase

SDS

Sodium Dodecyl Sulphate

SH2/3

Src Homology (domain) 2/3

TCR

T-Cell Receptor

TLC

Thin layer chromatography

TMAC

Tetramethylammoniumchloride

TPA

12-O-tetradecanoylphorbol-13-acetate

Tris

Tris (hydroxyniethyl) amino methane

(v/v)

(volume/volume)

WMN

Wortmannin

(w/v)

(weight/volume)
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Chapter 1.

1:1

Introduction.

Cascades in signalling transduction.

Much evidence has been presented in the last decade for the fundamental
role of signal transduction cascades in the transmission of cellular signals from
the membrane to the nucleus. The crucial role of protein phosphorylation and
the turnover of ATP has long been appreciated in such processes. More
recently regulatory cascades involving GTP hydrolysis and the family of small
G proteins have begun to be unravelled. These advances together with the
wealth of information on the domain structure and interaction abilities of
signalling component molecules afforded by crystallography studies have
allowed significant progress in our understanding. In addition to basic kinase
cascades many more layers of control are being unravelled, with many of the
core components conserved across vast evolutionary distances. Such signal
transduction pathways must be exquisitely controlled in order for cellular
growth to proceed in a regulated manner. Having briefly discussed some
principles, some of the key players on the road from the membrane to the
nucleus and their means of regulation will be discussed in this chapter.

1:2

The role of protein phosphorylation.

Protein phosphorylation is one of the principal methods of signal
transduction in cells. This process is operated in the forward direction by
protein kinases and in the reverse by protein phosphatases (Figure 1:1). The
level of involvement of phosphorylation in signal transduction can be gleaned
from the sheer numbers of protein kinases and phosphatases which exist. The
number of protein kinases in mammals has been estimated at 2,000 along with
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about 1,000 phosphatases (Hunter, 1995). Protein kinase cascades in signal
transduction offer various advantages, allowing for signal amplification, as well
as feedback through protein phosphatase activity. As the phosphorylation
reaction is rapid and transient a high degree of amplification can be achieved, the
more enzymes in the cascade, the higher the degree of amplification. Such
cascades also offer the opportunity for feedback regulation and cross talk
between different pathways.

protein kinases
serine/
threonine/
tyrosine

protein phosphatases

Figure 1:1.

The phosphorylation cycle.

Phosphorylation by protein

kinases of target molecules generally results in modification of serine, threonine
and tyrosine amino acid residues. The other half of the cycle is carried out by
protein phosphatases which remove the phosphate group, therefore returning
the substrate to its unmodified state. The regulation of this cycle is finely
balanced and the phosphorylation state of the target protein is dependent on the
activities of the kinases and phosphatases involved.

Many other elements further refine the process of signal transduction by
protein kinase cascades leading to the complex and finely tuned pathways
required in multicellular organisms. In this introduction some of the key
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components of signalling transduction cascades from the membrane to the
nucleus will be discussed, along with a more detailed look at the role of the
Protein kinase C family in these processes.

1:3

Receptor triggering.

Polypeptide growth factors and cytokines are essential factors in the
regulation of cellular processes. The hydrophobicity of the cell membrane
prevents their direct passage into the cell, and the pathways they trigger are
controlled by cell surface receptors. The activation of cell surface receptors
transduces a signal leading to the direct (via tyrosine phosphorylation) and
indirect (e.g. via second messenger systems) activation of intracellular signal
transduction components. Here the major cell surface receptors: the seventransmembrane and protein tyrosine kinase receptors will be described briefly.

1:3:1

Seven-transmembrane receptors.
One class of cell surface receptors are known as the seven-

transmembrane receptors, spanning the membrane seven times in a structure
first described for the bacterial rhodopsin (Unwin and Henderson, 1975;
Engelman et al., 1980). Stimulation of these receptors results in the activation
of a group of coupling proteins - the heterotrimeric G proteins - which regulate a
number of effectors ultimately leading to a cellular response.
Heterotrimeric G proteins are made up of three polypeptides: an a
subunit that binds and hydrolyses GTP, a P subunit and a y subunit. The p and
y subunits form a dimer that is only dissociated on dénaturation and is therefore
considered to be a functional monomer. The heterotrimeric G proteins cycle in
response to receptor activation and deactivation, with both activated a and py
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subunits involved in transmitting the signal from receptor to effector (Figure
1:2; reviewed by Neer, 1995).

^

Receptor

ligand
binding

effector

effector

Figure 1:2. The heterotrimeric G protein cycle. In the inactive state
the a subunit of heterotrimeric G proteins are GDP-bound and associated with
the Py subunit to form an inactive heterotrimer that binds to the receptor. When
a chemical or physical signal stimulates the receptor, the receptor becomes
activated and changes its conformation. The GDP-bound a subunit responds
with a conformational change that decreases GDP affinity and exchanges for
GTP, hence assuming an activated conformation and dissociating from both the
receptor and the py. The free a and Py subunits each activate target effectors.
Activation lasts until the intrinsic GTPase of the a subunit hydrolyses the bound
GTP to GDP, at which point the a and py subunits reassociate, become inactive
and return to the receptor allowing the system to respond again.
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The heterotrimeric G proteins comprise a large family of which many
different subunits have been identified, including four defined subfamilies of G
protein a subunits (a§ - modified by Cholera toxin, a[ - modified by Pertussis
toxin, a q and a 12). Such a selection of heterotrimeric G proteins with which a
receptor may couple allows for specificity in the cellular response to an
extracellular stimulus.

1:3:2

Protein tyrosine kinase receptors.
Protein tyrosine kinase receptors (PTK receptors) consist of single

transmembrane domains separating the intracellular kinase domains from
extracellular ligand binding domains. These PTK receptors can be classified
into families according to their structural characteristics and include the cell
surface receptors for many of the traditional growth factors, e.g. the PDGF,
EGF and FGF receptor families (Heldin, 1995). Such receptors are often
activated by ligand-induced dimérisation or oligomerisation. Such dimérisation
of PTK receptors is followed by receptor autophosphorylation, which generally
occurs by one receptor molecule phosphorylating the other (Ullrich and
Schlessinger, 1990).
Autophosphorylation involves (i) tyrosine phosphorylations leading to
an increase in the tyrosine kinase activity of the receptor as well as (ii) tyrosine
phosphorylations which serve to create important docking sites for downstream
signal transduction molecules containing SH2 domains as will be discussed
further in the following section (1:4).

1:4

SH2. PTB. SH3 and PH domains in signal transducing components.

Many signal transduction proteins contain defined binding domains, one
of the most well characterised of these is the SH2 domain, a domain contained
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within a number of signalling components. The Src homology domains were
identified from the Rous sarcoma virus oncogene, src, which contains two such
domains - the SH2 and SH3 domains - in addition to its tyrosine kinase activity
(encoded by the SHI domain). In addition to the SH2 and SH3 domains more
recent additions have been the pleckstin homology, or PH domain, and the PTB
(phosphotyrosine-binding) domain. The SH2, SH3 and PH domains have
several properties in common. There seems to be little pattern in either the
number or the location of these domains within proteins. They appear to be real
protein domains in that they have the capacity to maintain their structure in
isolation and are seen in a wide variety of signal transduction proteins including
protein kinases, lipid kinases, protein phosphatases, phospholipases, adaptors
and transcription factors.

1:4:1

SH2 domains
The SH2 domain has been the most intensively studied domain in signal

transduction proteins. SH2 domains are involved in the majority of “docking”
events observed on the stimulation of receptor tyrosine kinases, e.g. the EGF
receptor. All SH2 domains structures solved so far follow a general pattern of
P -a -p -P -p -P -p -a -P

protein structure which bind specifically to

phosphotyrosine containing sequences and show little or no affinity for
phosphoserine/threonine sequences. SH2 domains themselves stably associate
with tyrosine-phosphorylated, but not unphosphorylated RTKs (Mayer and
Baltimore, 1993). Detailed mapping of the binding sites of different SH2
domains has revealed that SH2 specificity is largely determined by the three
residues immediately carboxyl to the phosphotyrosine residue: Y^-X-X-X,
where X varies for different SH2 domains, thus allowing the various SH2
domains to bind to distinct phosphotyrosine containing regions of the RTK.
The in vivo significance of the specificity of different SH2 domains has
been elegantly examined. By changing a single residue in the Src SH2 domain,
its selectivity was switched toward that of a SEM-5 (the C.elegans ORB 2
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homologue) SH2 domain (Marengere et al, 1994). When the altered SH2
domain was spliced into the sem-5 gene it was more able to provide SEM-5-like
activity in C.elegans than a construct containing the Src SH2, thus correlating
binding activity with biological activity.
While SH2 domains display specificity and are not promiscuous there
may be more than one SH2 domain with a high affinity for a particular binding
site. Therefore the in vivo ability of an SH2 domain to bind and engage a
particular phosphoprotein may depend in part on the local concentration of
proteins and on the modulatory effect of other domains found on interacting
proteins. The RTK-mediated Ras activation pathway (see Section 1:5) is an
example where localisation plays a key role in activation (Egan and Weinberg,
1993). The plasma membrane associated small GTPase Ras is activated by the
guanine nucleotide exchange factor SOS. SOS is present engaged with the
adaptor molecule Grb2 (a protein comprised of an SH2 domain flanked by two
SH3 domains) via interaction with the Grb2 SH3 domains. Activation of the
epidermal growth factor receptor (EGER) creates a binding site for the SH2
domain of Grb2 and recruits the Grb2-SOS complex to the membrane, bringing
SOS into proximity with its substrate, Ras. Thus, in EGF treated cells Ras
activation is due to an increased local concentration of SOS in close proximity to
its effector. This localisation is also important in the activation of PLC-y,
Ptdlns 3-kinase and RasGAP, like SOS these molecules are cytosolic and their
substrates, phospholipids and Ras are membrane bound.
The JAK/STAT pathway is another example of the importance of SH2
domains in signal transduction (Darnell et al., 1994). On receptor activation,
e.g. PDGFR and IFN-aR, the JAK non-receptor tyrosine kinases are activated
and phosphorylate members of the ST AT transcription factor family. The
phosphorylated STATs form homo- and heterodimers binding through a
reciprocal SH2 interaction with the opposing phosphorylated tyrosine. Prior to
phosphorylation the STATs are cytosolic, but after phosphorylation and
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dimérisation they translocate to the nucleus and activate transcription at specific
sites (Figure 1:4).

IFN-7

I

SH2

Jak2

____
SH2

GAS

Figure 1:3.
a ctivation .

The role of SH2 domains in the Jak/Stat pathway
In both the IF N -a and the IFN-y (show n above) signal

transduction pathways SH2 dom ains are utilised.

The JAK kinases are

phosphorylated on tyrosine in response to ligand, this leads to the tyrosine
phosphorylation of the STATs which then bind each other via phosphotyrosineSH2 interactions. The activated STATs are translocated to the nucleus where
they, by themselves or in com bination with otherw ise weak DNA binding
proteins , bind to specific sequences and stimulate transcription.

In addition to the localisation benefits afforded by SH2 dom ains
allosteric activation on phosphopeptide binding has been reported. Very little
structural alteration is observed upon ligand binding of the SH2 domain (Lee et
al., 1994), however several proteins, including both the Syp phosphatase and
the Ptdlns 3-kinase, show enhanced activity on binding of phosphopeptides.
This has lead to the idea that although the SH2 dom ain may be largely
unaffected, the relation of this domain to the rest of the protein may be altered.
E vidence for this com es from the w ork on the Src fam ily, where a
phosphotyrosine residue in the carboxyterminal tail interacts with the Src SH2
domain to negatively regulate the kinase (Superti-Furga et al., 1993).

29

In addition to SH2 domains, another domain has recently been identified
in signalling proteins which is able to recognise tyrosine phosphorylated forms
of target proteins - the PTB (phosphotyrosine-binding) domain. The PTB
domain sequence differs from that of the SH2 domain and was initially
described in the SHC (a protein which also contains an SH2 domain) and SCK
(SHC-like) proteins. The PTB domain of SHC binds specifically to a 145kDa
tyrosine phosphorylated protein in PDGF and FGF simulated cells, an
interaction which is dependent on phosphotyrosine, and can be competitively
disrupted in an overlay assay by high concentrations of phosphotyrosine
(Kavanaugh and Williams, 1994).

While the exact significance of this

interaction and whether and cooperativity with SH2 interactions exists remains
to be seen, the role of the PTB domain in protein-protein interaction and signal
transduction looks set to be an important one.

1:4:2

SH3 domains.
The SH3 domain is involved in the recognition and binding of proline

rich sequences in the target protein. All high affinity SH3 ligands identified so
far i.e. in 3BP1, 3BP2, SOS, Ptdlns 3-kinase and p47P^°^ contain a core P-XX-P motif. As in the case of the SH2 domains, different SH3 domain have
different binding specificities, for example, the Abl SH3 does not bind well to
Src-specific ligands, and Src in turn binds poorly to Abl-specific peptides
(Rickies et al., 1994). The structures for several SH3 domains have been
elucidated, several of these together with their peptide ligands, i.e. Ptdlns 3kinase, Abl, Fyn and Src (Feng et al., 1994; Musacchio et al., 1993; Yu et al.,
1994). Among these structures there is an overall conserved topology which
consists of five antiparallel p strands that pack together to form perpendicular p
sheets.
There is evidence that in proteins containing both SH2 and SH3
domains that their activities are coordinated, i.e. for Src the inhibition imposed
by the carboxyterminal interaction with the SH2 domain is dependent upon a
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functional SH3 domain, indeed mutagenesis of the SH3 domain results in an
activation of the kinase (Superti-Furga et al., 1995). In addition a synergistic
effect in binding of the p68 protein, which associates with Src during mitosis, is
observed. The p68 phosphoprotein is able to interact with either the isolated
SH2 or SH3 domains of Src, however neither domain is able to compete for the
binding of p68 as well as both the SH2 and SH3 domains together (Fumagalli et
al., 1994; Taylor and Shalloway, 1994).
The importance of SH3 domains in signal transduction has been
highlighted in C.elegans, where mutation of either of the SH3 domains in the
SEM-5 adaptor molecule is able to block vulval development (Mayer and
Baltimore, 1993). As with the SH2 domain the SH3 domain appears to play a
critical role in cellular localisation. Many proteins localised to the plasma
membrane or to the cytoskeleton contain SH3 domains, indeed microinjection
studies have shown that it is the SH3 domains of Grb2 and not the SH2 domain
that is responsible for the localisation of Grb2 to membrane ruffles (Bar-Sagi et
al., 1993).

In addition, a complex network of regulated SH3 domain

interactions is required for the assembly and function of the phagocyte NADPH
oxidase system (Sumimoto et al., 1994; Finan et al., 1994). SH3 domains have
also been implicated in the regulation of enzymatic activities, e.g. in the
activation of the microtubule-activated GTPase, dynamin (Gout et al., 1993).
The GTPase activity of dynamin is activated by the binding of SH3 domains
from Grb2, Src, Fgr and Fyn, suggesting that the association of SH3containing proteins with dynamin may be involved in the regulation of
endocytosis.

1:4:3

PH domains.
The PH domain is a region of approximately 100 amino acids found in a

wide variety of signalling and cytoskeletal proteins (Mayer et al., 1993; Haslam
et al., 1993; Musacchio et al., 1993; Shaw, 1993; Parker et al., 1994; Gibson et
al., 1994). The sequence homology between PH domains is generally low,
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with only one residue being conserved throughout - a tryptophan residue at the
carboxyterminus of the domain. The PH domain is named after the pleckstrin
protein - a major PKC substrate - which contains two PH domains.
The structure of the PH domain has been solved for several proteins,
e.g. spectrin and dynamin, and despite low amino acid homology the peptide
folding is virtually the same, comprising two antiparallel (3 sheets and a long
carboxyterminal a helix, lending evidence to the PH domain as a functional unit
(Yoon et al., 1994; Macias et al., 1994; Musacchio et al., 1993; Ferguson et al.,
1994). On one side of the PH domain there is a narrow cleft with clusters of
positively charged residues which has been hypothesised to be the site of ligand
binding (Gibson et al., 1994).
While the function of the PH domain is still unclear it has been
suggested to be a mediator of lipid-protein interactions, and indeed a number of
PH domains have been reported to associate with lipid vesicles containing
PtdInsP2 (Harlan et al., 1994). Other evidence has implicated the PH domain in
protein-protein interactions. Several PH domains bind to the py subunits of the
heterotrimeric G proteins, for example the p-adrenergic receptor kinase
(pARK), but these interactions require only the carboxy terminal portion of the
PH domain and also residues lying outside of the PH domain; for the pARK
PH domain alone half-maximal binding of Py subunits is observed at 45nM
whereas when the additional carboxyterminal 33 residues are included halfmaximal binding is seen at 30nM (Touhara et al., 1994; Mahadevan et al.,
1995). At present it is unclear whether these interactions with py subunits are
true for PH domains in general. In addition, the PH domain of Btk (Bruton
tyrosine kinase) has been shown to associate with Ca^+-dependent and
-independent isoforms of PKC leading to the phosphorylation of Btk and its
downregulation (Yao et al., 1994); further data has implicated the PH domain of
the small G protein Rac in binding the atypical PKC-Ç isoform (Konishi et al.,
1994).
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1:5

Signalling via protein kinase cascades.

One of the better known protein kinase signalling cascades under the
control of tyrosine kinase receptors is the epidermal growth factor receptor
(EGFR) pathway. Significant advances have been made in the elucidation of
this pathway during the last several years (Marshall, 1995). This pathway
utilises a conserved eukaryotic signalling module, the MAP kinase pathway;
similar modules are extensively used for signalling to the nucleus. MAP
kinases are activated through threonine/tyrosine phosphorylation by a dual
specificity kinase MAP kinase kinase (MAPKK), which in turn is activated by
serine phosphorylation by a third protein kinase, known as MAP kinase kinase
kinase (MAPKKK). Currently five of these pathways involving MAP kinases
are known of in the budding yeast Saccharomyces cerevisiae (Figure 1:4; Elion,
1995).
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kinase cascades regulate growth and differentiation in S.cerevisiae. Mating, the
invasive response, the high osmolarity response, m aintenance of cell wall
integrity and sporulation are each regulated by structurally sim ilar, but
functionally distinct, M AP kinase cascades that are activated by various
upstream signals, but have in common at least three different kinds of kinases: a
M AP kinase kinase kinase, a MAP kinase kinase and a MAP kinase (the last
three members in the pathways illustrated above).

In mammalian cells there are three known pathways utilising M AP
kinase pathways, the best known of which is the pathway leading to the
activation of the ERK1/ERK2 MAP kinases. This pathway is coupled to both
receptor tyrosine kinase (RTK) pathways and G -protein-coupled serpentine
receptors. One established mechanism of RTK coupling involves activation of
Ras by translocation of the GRB2-SOS complex to the plasm a membrane, a
process that is conserved from C.elegans through to Drosophila and to humans,
as a consequence of its binding to an autophosphorylation site in the RTK itself,
or to a substrate or docking protein phosphorylated by the RTK (Simon et al.,
1991; Bonfini et al., 1992; Botwell et al., 1992; Buday and Downward, 1993;
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Egan et al., 1993; Chardin et al, 1993; Clark et al., 1992; Lowenstein et al.,
1992). Juxtaposition of SOS and Ras at the plasma membrane results in the
exchange of GDP for GTP on Ras.

GTP-bound Ras binds to the

aminoterminus of Raf family members, which are MAPKKKs, thus bringing
Raf to the membrane and initiating the MAPK cascade (Moodie et al., 1992;
Van Aelst et al., 1993; Vojtek et al., 1993; Zhang et al., 1993; Wame et al.,
1993).
While the Ras and Raf can be coimmunoprecipitated from ligandstimulated cells (Finney et al., 1993; Hallberg et al., 1994), Ras-GTP is not
sufficient to stimulate the kinase activity of Raf in vitro. That the membrane
localisation of Raf is important for its activity has been illustrated by the addition
of the CAAX box membrane localisation signal of K-ras(4B) to the carboxy
terminus of Raf. This fusion results in membrane localisation and constitutive
activation of Raf^^^AX The events which then occur at the membrane leading
to the autophosphorylation and activation of Raf are not fully understood. Once
Raf^AAX is localised at the plasma membrane , Raf^AAX activation seems to be
independent of Ras as an N 17 dominant-negative Ras inhibits EGF-stimulated
Raf activation but has no effect on Raf^AAX activity. The activity of Raf^"^^^
is further enhanced in COS-1 cells by EGF stimulation in a Ras independent
manner, thus implying another growth factor stimulated Raf activator exists
(Leevers et al., 1994).
In addition to regulation by tyrosine kinase receptors there is now
considerable evidence for the signalling from G-protein coupled receptors to the
MAP kinase pathway. The py subunits of the heterotrimeric G proteins are able
to mediate Ras-dependent MAP kinase activation (Crespo et al., 1994; Koch et
al., 1994; Faure et al., 1994). Furthermore, the activation of MAP kinase by
Gi-coupled receptors, i.e. via the stimulation of LPA or tt2Aadrenergic
receptors, operates by the Py subunit mediated tyrosine phosphorylation of the
She adaptor protein resulting in an increased association between She, Grb2 and
Sos (van Biesen et al, 1995). Further modulation of this pathway can be seen
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in response to cAMP, which results in an inhibition of Raf activation, most
likely through PKA (Wu et ah, 1993; Cook and McCormick, 1993). This
inhibition is thought to occur at a level lower than Ras, as activation of the Raf1/ ERK2 cascade by TP A (presumably mediated by PKC; discussed in section
1:11) is independent of Ras in fibroblasts and yet is inhibited by cAMP
(Burgering et al., 1993).

1:6

The role of lipids in signal transduction.

The role of lipids as signalling messengers is currently a topic of intense
interest. The phospholipid PtdIns(4,5)P2 is well characterised as the precursor
of Ptdlns-PLC mediated diacylglycerol generation, which is formed as a result
of Ptdlns-PLC hydrolysis. The role of the polyphosphoinositides generated
through the action of lipid kinases is less clear with both PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 speculated as second messengers with intracellular target
molecules, for example, evidence exists for the activation of PLD by
PtdIns(4,5)P2 (Liscovitch et al., 1994) and more recently the PH domain has
been proposed as a phosphoinositide binding unit (see section 1:4:3). The
following section will review briefly those enzymes involved in lipid messenger
production in response to mitogenic signals.

1:7

Phosphoinositides and lipid kinases.

As well as the more characterised Ptdlns-PLC phosphoinositide
pathway resulting in the generation of the second messengers InsP] and
diacylglycerol, another phosphoinositide pathway has been a subject of much
progress in recent years. This pathway involves the generation of 3-OH

36

phosphorylated inositol lipids in response to mitogenic signals (Parker and
Waterfield, 1992; Kapeller and Cantley; 1994).
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Figure 1:5.

PLC

Ins(4,5)R
DAG

Generation of 3-OH phosphoinositides. Shown here are

the lipid products synthesised by the 3-phosphoinositide pathway. The solid
arrows indicate pathways which are known to occur in vivo. The dashed arrows
indicate activities that can be detected in cell lysates or with purified enzymes.

The role of PtdIns(3)P, PtdIns(3,4)P2 and PtdIns(3,4,5)P3 as second
m essengers in signal transduction is an area of intense discussion and
controversy. These lipids are generated through the activation of the Ptdlns 3kinase family. Certainly evidence exists for accumulation of PtdIns(3,4,5)P3 in
vivo in response to mitogenic stimuli (Stephens et al., 1991). The targets of
such a second m essenger are not clear although in vitro evidence for the
activation of some PKC isotypes has been presented (Singh et al., 1993; Toker
et al., 1994; Nakanishi et al., 1993). More recently Rac (related to A and C
kinase; also known as Akt and PKB) - a serine/threonine kinase (Jones et al.,
1995; Coffer and W oodget, 1995) - has been identified as a Ptdlns 3-kinase
effector which is activated by PtdIns(3)P. These results have lead to Rac being
placed downstream of Ptdlns 3-kinase in the wortmannin sensitive p7056kmase
activation pathway (Franke et al., 1995; Burgering and Coffer, 1995).
The Ptdlns 3-kinase family catalyses the addition of phosphate to the D3 position of the inositol ring. In vitro Ptdlns3-kinases are able to use Ptdlns,
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PtdIns(4)P as well as PtdIns(4,5)P2 as substrates, in vivo however mitogenic
stimuli result in PtdIns(3,4,5)P3 as the major product indicating that
PtdIns(4,5)P2 is the major substrate in the cell (Stephens et a l, 1991). The first
described Ptdlns 3-kinase exists as a heterodimer comprised of two subunits, a
p85 regulatory subunit which serves as a regulatory adaptor molecule and the
catalytic pi 10 subunit (Figure 1:6). The p i 10 subunit of Ptdlns 3-kinase is
homologous to the S.cerevisiae protein Vps34, a protein involved in vacuolar
protein sorting (Schu et al., 1993) and which has been shown to contain
intrinsic Ptdlns 3-kinase activity (Stack and Emr, 1994; Kodaki et al., 1994a).
The p i 10 subunit of the Ptdlns 3-kinase contains not only lipid kinase activity
but also an intrinsic protein serine threonine kinase activity and as such is a dual
specificity kinase (Dhand et al., 1994; Woscholski et al., 1994). The Ptdlns 3kinase family is one which is rapidly expanding - several p85 and pi 10 subunits
having been identified to date (Stoyanov et al., 1995). The Ptdlns 3-kinase
(p85/110 types) associates with and is activated by various growth factor
receptors, i.e. PDGF-p, CSF-1, HGF and KIT as well as non-receptor tyrosine
phosphorylated proteins such as IRS-1. In addition to the tyrosine kinase
receptor coupled Ptdlns3-kinases an additional family member which is
stimulated by G protein py subunits has been described (Stephens et al., 1994;
Thomason et al., 1994). This novel Ptdlns 3-kinase, pllOy, has recently been
cloned and is activated in vitro by both a and Py subunits (Stoyanov et al.,
1995). Further, this pi lOy isoform contains a potential PH domain and does
not interact with a p85 regulatory subunit and as such has been proposed to link
signalling through G protein coupled receptors to generation of
phosphoinositides second messengers phosphorylated in the D3 position
(Stoyanov et al., 1995).
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HSH2

BH3H

p85

pllO

Figure 1:6.

Schematic diagram of the Ptdlns 3-kinase family. The

originally identified Ptdlns 3-kinase consists of a p85 adaptor subunit (p85a or
p8SP) and a catalytic p i 10 subunit (pi 10a or p i lOp). Recently a py activated
p i lOy has been described (see text) which does not bind p85.

The p i 10

subunits share homology with the catalytic domain of Vps34p, and contains
sites for p85 and Ras binding in the amino-terminus. The p85 subunit binds to
p i 10 via the inter-SH 2 dom ain, a region w hich also co n tain s the
phosphorylation site for the p i 10 protein kinase on p85. The p85 subunit also
contains proline-rich regions (?) as well a Bcr homology region.

The elucidation of signal transduction pathways involving Ptdlns 3kinase have been aided by the discovery of the antifungal com pounds
wortmannin (WMN) and demethoxyviridin (DMV) which are potent inhibitors
(low nanomolar) targeting Ptdlns 3-kinase both in vitro and in vivo (Kanai et
al., 1993; A rcaro and W ym ann, 1993; W oscholski et al., 1994).

Such

compounds have been employed in studies implicating Ptdlns 3-kinase in the
regulation of the cytoskeleton (Kotani et al., 1994; W ymann and Arcaro, 1994),
in neutrophil activation (Arcaro and Wymann, 1993) as well as the binding and
activation of Ptdlns3-kinase by the small G protein ras (Kodaki et al., 1994b;
Rodriguez-Viciana et al., 1994). The accum ulating evidence highlights the
im portant role for this family of lipid kinases and the phospholipids they
produce in signal transduction processes within the cell.
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1:8

The phospholipase families.

Several phospholipases are responsible for the hydrolysis of
phospholipids in. the production of signalling molecules, these include
phospholipase A2, sphingomyelinase, phospholipase D and phospholipase C.
Ptdlns-PLCs are responsible for agonist stimulated PtdIns(4,5)P2
hydrolysis, and PLC isoforms have been cloned from a number of sources
(reviewed in Meldrum et ah, 1991). These enzymes range between 55 and 155
kDa can be subdivided into three major classes: PLCp, y and Ô (Figure 1:7) and
show a generally conserved structural make-up, consisting of an X and Y
domain and an amino terminal PH domain (see Section 1:4:3). Deletion of
either or both of these domains, or introduction of even a particular point
mutation into domain X of PLCy, inactivates the enzyme, suggesting that the
conserved domains encode the catalytic activity (Bristol et al., 1988; Meldrum et
al., 1991). In addition to an X and Y domain the members of the PLCy class
contain two SH2 domains and an SH3 domain as well as a split PH domain.
Different classes of ligand receptor activate different classes of PLC.
The serpentine receptors activate the PLCp class through G proteins and the
RTKs activate the PLCy class by complex formation and tyrosine
phosphorylation. For example, phosphorylation and activation of PLCy by a Tcell receptor (TCR) associated tyrosine kinase is responsible for TCR stimulated
PtdIns(4,5)P2 hydrolysis (Cockroft and Thomas, 1992).
Many mitogens and growth factors result in a biphasic production of
diacylglycerol (Leach et al., 1991). This was initially noted in the response of
fibroblasts to a-thrombin (Wright et al., 1988). An initial rapid production of
diacylglycerol is coincident with the production of inositol phosphates unlike the
second sustained phase of production.

Further analysis of the biphasic

diacylglycerol response supported production of the initial phase from Ptdlns
hydrolysis and the second through hydrolysis of PtdCh (Pessin et al., 1989).
Data from bombesin treated Swiss3T3 cells has shown that the sustained
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diaclyglycerol production (up to 30 minutes) observed in this case is due to the
action of phospholipase D (PLD), as the headgroup released was choline and
not choline phosphate (Cook and Wakelam, 1989).

PLC-p

JZH - PLC Y
X

— I

Y . 1—

PLC-Ô

Figure 1:7. The Ptdlns-PLC family. All three classes of Ptdlns-PLC s
share two regions of homology - an X and a Y domain, with approximately 50
and 40% identity respectively. The Ptdlns-PLCy class is alone in containing
Src homology domains: two SH2 domains (black boxes) and one SH3 domain
(grey box). In addition, all of the known mammalian Ptdlns-PLCs contain an
aminoterminal PH domain, which has been identified recently.

1:9

The small G proteins.

The small G proteins include the Ras, Rho, Rab and ARF families.
These proteins function in the cell like a binary switch. In the "off" position
they bind the nucleoside diphosphate GDP in anticipation of an activating
signal. When such a signal is received i.e. after EGF receptor activation, the
GDP is exchanged for GTP and the G protein is "on". The "on" GTP-bound
state is transient, GTP rapidly being converted back to GDP by the intrinsic
GTPase activity (Figure 1:8). This "on'Voff" switch is further regulated by the
guanine nucleotide exchange factors (GEFs) which promote the exchange GDP
for GTP.

Such factors are required to bypass the slow intrinsic rate of
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dissociation of GDP, accelerating the rate of GDP dissociation and therefore
GTP binding. Also involved in G protein control are the GTPase activating
proteins (GAPs) which bind the effector binding sites in a GTP-dependent
manner.

GDP
ft

OFF ft

GAPs

GEFs

GTP
ft

ON ft
1

downstream
effectors
Figure 1:8.

The small G-protein switch.

In its sim plest form the

GTPase switch has two conformations: a GTP-bound form and a GDP-bound
form. In the case of Ras, the GTP-bound form is active, sending a signal, while
the GDP-bound form is inactive. For almost all Ras-related GTPase switches,
the rate of conversion between the GDP-bound and GTP-bound conformations
is modulated by regulators such as guanine nucleotide exchange factors (GEFs),
which stim ulate the replacem ent of GDP by GTP, and G TPase-activating
proteins (GAPs), which stimulate the intrinsic GTPase activity of the GTPase.
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1:10

The small G proteins in regulation of cvtoskeletal structures.
The Ras superfamily of small GTP binding proteins comprises the Ras

and Rho (Ras homologous! subfamilies. Intense study on the function of the
Ras protein has resulted in the delineation of the EGF receptor signalling
pathway (see section 1:5). In recent years much attention has been focused on
the role of the Rho family in the regulation of cytoskeletal structures. The Rho
family is divided into the Rho, Rac and Cdc42 subfamilies.
Imm unofluoresence experiments in Swiss3T3 involving the
microinjection of dominant negative as well as constitutively active Rho proteins
combined with the use of various tools such as wortmannin (a Ptdlns3-kinase
inhibitor), C3 toxin (Rho inhibitor), staurosporine (a broad specificity
serine/threonine kinase inhibitor), genistein (tyrosine kinase inhibitor) have
greatly increased our understanding of the cytoskeleton (Ridley and Hall, 1992;
Ridley et al., 1992; Nobes and Hall, 1995). These studies have implicated the
Rho family of G proteins in cytoskeletal control with stress fibre and focal
adhesion formation, membrane mffling and cell motility all regulated.

Table 1:1.

Signalling via smal GTPases in Swiss3T3 ceils.

G protein

Stim ulus

Ras

PDGF, EGF, LPA
?

cdc42

Rac

Effect

Focal adhesion assembly, actin
stress fibre formation, filopodia
(Nobes and Hall, 1995)

PDGF, EGF,
Insulin, Bombesin

Rho

Cell growth

LPA, Bombesin

Membrane ruffles, focal adhesion
assembly, actin stress fibre formation,
lam ellipodia
(Ridley et al., 1992,
Nobes and Hall, 1995)
Focal adhesion assembly, actin
stress fibre formation, adhesion and
stress fibres
(Ridley and Hall, 1992;
Nobes and Hall, 1995)
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These data have allowed a basic understanding of the G protein
heirarchy which exists in this system.

A sequential relationship exists in

fibroblasts where activation of Cdc42 leads to activation of Rac and then to Rho
(Figure 1:9):

PDGF/insulin

LPA

(PI3-kinase)

(tyrosine
kinase)

rac
(kinase)
(PIP 5-kinase)

FILOPODIA

Figure 1:9.

LAMELLIPODIA

ADHESION and
STRESS FIBRES

G protein regulation in Swiss3T3 cells.

U pstream

regulation of Rho, Rac, and Cdc42 activity in m ammalian cells is poorly
characterised. There is evidence that stimulation of Rac by PDGF and Insulin
(but not by oncogenic Ras) is mediated by Ptdlns 3-kinase, w hile LPA
regulation of Rho is mediated by a tyrosine kinase . Although oncogenic Ras
activates Rac it does not activate Cdc42. Downstream of Rho there is evidence
for a serine/threonine kinase and a PtdIns(4)P 5-kinase.

Such a pattern is not dissimilar to the "small G protein cascade" which
has been worked out for the coordination of the budding process in
S.cerevisiae. Here R S R l/B U D l determines the budding site, CDC42 regulates
the initiation step and RHO 1 and R H 03 are required for enlargement of the bud
(Figure 1:10).

44

budding signals

BUD5
pheromone response
pathway

m m im m

BUD2

STE20
RHOl
RH02
RH03
RH04
I
I

T♦

Cytoskeletal polarisation
Figure 1:10.
S .c e re v isia e .

G protein cascades in the control of budding in
The position of bud form ation is controlled by the B U D l

GTPase cycle in response to a program of intracellular spatial signals. Based on
genetic studies, the B U D l GTPase is predicted to guide the action of the
CDC42 GTPase, which organises the cytoskeleton, probably via Rho proteins,
to direct growth. CDC42 is also involved in the pheromone response pathway.
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In mammalian systems, there is currently much interest in identifying the
downstream pathways from Cdc42, Rac and Rho. In vitro Rac and Cdc42 can
interact with the regulatory domain of

a novel and ubiquitous serine

threonine kinase, resulting in the induction of PAK autophosphorylation activity
(Manser et al., 1994). High sequence conservation between PAK and the
STE20 kinase of yeast lends strength to the idea that they may well be important
targets of Cdc42 in the intact cell, however, evidence for a role for PAK is yet
to be demonstrated in vivo. In addition other candidate targets are ACK, a
nonreceptor tyrosine kinase that binds to Cdc42 (Manser et al., 1993), and a
PtdIns(4)P 5-kinase, the activity of which is reported to be regulated by Rho
(Chong et al., 1994). An elucidation of the signalling and interactions between
kinases (protein and lipid), GTPases and the cytoskeleton will be essential in
our understanding of how the cytoskeleton is regulated.

1:11

Protein kinase C: A serine/threonine superfamilv.

The Protein kinase C (PKC) superfamily contains four separate
subfamilies (Figure 1:12). These are the classical PKC isotypes (comprising
a,p,and y), the novel PKC isotypes (0,e,rj,0), the atypical isotypes (Ç,i) and
the fourth class containing PKC-p (also known as PKD).

These four

subfamilies are separated on the basis of structural and activation
considerations. The classical PKCs are activated in response to Ca^+ and
diacylglycerol production, the novel isotypes are activated by diacylglycerol and
are Ca^+-independent. The method of activation for the atypical PKCs (Ç and i)
is currently an area of controversy, while not activated in response to
diacylglycerol some evidence exists for the activation of the zeta isoform of
PKC by PtdIns(3,4,5)Pg (Figure 1:11). In addition to displaying different
biochemical properties in vitro the different PKC subtypes show varying tissue
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specific expression patterns, subcellular distributions and behaviour in vivo
(Dekker and Parker, 1994).

AGONIST

AGONIST
PHORBOL
ESTERS
FtdlnsF,

DAG

Ptdlns?^ Ptdlns
p l i o p85

Ptdlns3-kinase

Cytosolic Ca

Figure 1:11. PKC activation. PKC isotypes are activated via agoniststimulated receptor which lead to the production of second messengers. The
classical PKC activation pathway is illustrated on the left with activation of
phospholipase C (PLC) leading to the hydrolysis of PtdIns(4,5)P2 to give the
second messengers diacylglycerol and inositol trisphosphate. The right hand
side depicts the potential pathw ay o f activation

production o f the

polyphosphoinositol lipids as a result of Ptdlns 3-kinase activation.

Structurally the PKCs comprise a carboxy-term inal catalytic domain
under the control of an amino terminal regulatory domain. A model of the
catalytic domain of PKC is predicted to have a three-dim ensional structural
activation loop or “hot lip” similar to that seen in PKA and MAP kinase (Taylor
and Radzio-Andzelm, 1994). In the PKCs this loop contains the sequence
motif: TFCGTP, where the phosphorylation of the first threonine residue has
been shown by site-directed mutagenesis to be essential for catalytic activity

47

(Orr and Newton, 1994; Cazaubon and Parker, 1993; Cazaubon et al., 1994;
Dutil et al,, 1994). The PKC kinase domain is highly homologous within the
entire superfamily with just one exception in the case of the recently identified
PKC-|i/PKD. The catalytic domain of PKC-p/PKD is significantly different to
that of the other PKCs, several motifs conserved throughout PKCs are not
present in PKC-|i/PKD and the kinase domain of this PKC is in fact more
related to that of the calmodulin-dependent kinases (Johannes et al., 1994;
Valverde et al., 1994; Dekker et al., 1995).
The subfamilies of the PKC superfamily are classified on the features of
their regulatory domains (C1-C4). The Cl domain provides the site of binding
for diacylglycerol and also for the tumour promoting phorbol esters, the
competition observed between diacylglycerol and phorbol esters supports a
single binding site which is able to bind both activators (Sharkey and Blumberg,
1985). This binding site is comprised of conserved cysteine and histidine
residues which make up the “Zn2+ finger” and are responsible for binding two
Zn^+ ions. In all of the PKCs bar the atypical Ç and i the "Zn^+ finger” is
duplicated (see dotted boxes; Figure 1:12), and in these isoforms activation by
diacylglycerol and phorbol esters is not observed.
The C2 domain is observed only in the classical PKC isotypes (a ,(3,7).
Several proteins contain regions homologous to the C2 domain of PKCs, these
include synaptotagmin, rabphilin 3A, D0C2, PLA2 and PLC-y. The fact that the
classical PKCs require Ca^+ for activation appears to be due to a selective
requirement for Ca^+ in the metal ion dependent binding of phorbol esters by
the C l domain enforced by the C2 domain (Luo and Weinstein, 1993).
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REGULATORY

CATALYTIC
3" oc,p,Y

3“ 8,e,n,8

h |i/PKD

Figure 1:12. The PKC superfamily. The Protein kinase C superfam ily
can be divided into four subfamilies; (i) the cPKCs (a,(3,y), (ii) the nPKCs
(ô,e,ri,0), (hi) the aPKCs (Ç,i) and (iv) PKC-p/PKD. These enzymes contain
an amino-terminal regulatory domain and a carboxyterminal regulatory domain.
In all the PKC isoforms, apart from PK C -p/PK D , the kinase dom ains are
highly related. The structural composition of the regulatory domain determines
the PKC subfamily classification, the cPKCs contain both C l (dotted) and C2
(hatched) domains. The nPKCs contain a C l domain and an aminoterminal
extension known as the Vo domain; both the cPKCs and the nPKCs are able to
bind diacylglycerol and phorbol esters through cysteine rich repeats in the C l
domain. The atypical PKCs contain a C l domain of ju st one cysteine rich
repeat which is unable to bind diacylglycerol and phorbol esters. PKC-p/PKD
is slightly different in that it contains a C 1 domain in which the two cysteine rich
repeats are slightly separated, yet this C l dom ain is quite able to bind
diacylglycerol and phorbol esters. In addition, PKC-p/PKD contains a putative
transmembrane domain (oval). All the PKCs contain a pseudosubstrate site in
their aminoterminus, in close proximity to the C l domain (black box, marked
by arrow) which is essential for the regulation of the catalytic activity. Such a
sequence however has not been identified in the case of PKC-p/PKD.

The proteolytic activation of the PKC isotypes implies a kinase domain
which is regulated by means of an intram olecular inhibitory element. This
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subdomain in PKC is referred to as the pseudosubstrate site and is seen in all of
the PKC isotypes, except in the ease of PK C -p.

The pseudosubstrate site

closely resem bles a "good" PKC substrate, varying slightly betw een the
different PKC isotypes, but rather than a serine/threonine phosphate acceptor
residue the pseudosubstrate site contains an alanine residue.

Prior to the

activation of the enzyme the pseudosubstrate site suppresses kinase activity by
occupying the substrate binding pocket on the catalytic domain, thus preventing
the binding and phosphorylation of substrates (Soderling, 1990). On activation
and binding of cofactors the pseudosubstrate site inhibition is relieved and the
kinase becomes active (Figure 1:13). The mutation of the alanine residue within
the pseudosubstrate site and its replacement with a charged glutamate residue
results in a PKC molecule which displays an increase in effector-independent
activity as well as an increased sensitivity to proteolytic degradation (Pears et
al., 1990).

lipids
DAG
(Calcium)

'inactive'

'active'

Figure 1:13. PKC activation. The activation of PKC involves a shift in
the equilibrium between states in which the pseudosubstrate domain (PS) is
bound or unbound to the catalytic site (black spot in the kinase domain). On
activation the enzyme opens and interaction of the regulatory domain with the
membrane and other activating com ponents allow substrate access to the
catalytic site.
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Recently the tyrosine phosphorylation of some PKC isotypes was
reported by several groups.

TP A stimulation in 3 2D and NIH3T3 cells

transfected with PKC-ô results in tyrosine phosphorylation of PKC-Ô (Li et al.,
1994a). Further experiments studying the effect of PDGF signalling found that
when the PDGFR (Platelet-derived growth factor receptor) was transfected into
32D cells together with PKC-5 then stimulation with PDGF-BB resulted in the
tyrosine phosphorylation of PKC-Ô (Li et al., 1994b).

The tyrosine

phosphorylated PKC-Ô was found to be membrane associated and to have an
increased activity, in agreement with a noted increase in the specific activity of
PKC-Ô after tyrosine phosphorylation (Olivier and Parker, unpublished
observations).

The tyrosine kinase directly responsible for this tyrosine

phosphorylation of PKC-ô has not yet been reported although the in vitro
phosphorylation of PKC-5 by the non-receptor tyrosine kinase Src makes it an
attractive candidate (Gschwendt et al., 1994). In addition to the tyrosine
phosphorylation of PKC-5, there is now evidence for the phosphorylation of
PK C-a on tyrosine residues in response to insulin stimulation (Liu and Roth,
1994). Indeed a recent report from Seedorf et al. has demonstrated that PKCa , when overexpressed, is present in stable complexes with several PTK
receptors on receptor stimulation and PM A treatment (Seedorf et al., 1995). In
this study the tyrosine phosphorylation state of PKC-a itself was not addressed
and it will be of interest to determine whether the PTK receptor-PKC-a
complexes reported here do in fact involve PKC-a tyrosine phosphorylation
events, and if so if they are correlated with an increased enzyme activity.
There is limited information of the selective roles of the different PKC
isotypes in vivo. The Swiss3T3 cell system is one which has been extensively
studied and is known to contain PKC-a, -5, -e and -Ç. These enzymes are
differentially downregulated in response to phorbol esters, and the role of the
different isotypes in response to the agonists bombesin, platelet derived growth
factor (PDGF), and DAG has been examined (Olivier and Parker, 1994). In
this system the neuropeptide bombesin, which binds and exerts its mitogenic
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effects through a G-protein coupled receptor, and PDGF, acting through its
tyrosine kinase receptor, induce the production of second messengers such as
Ca^+ and DAG which activate PKC. Both bombesin and PDGF result in rapid
translocation of PKC-ô and -E, together with the appearance of slower migrating
forms due to phosphorylation. In this system PKC-a does not translocate in
the presence of either bombesin (there appears to be a slight induction of PKCa after long-term bombesin treatment) or PDGF, although translocation of
PKC-a is observed in response to phorbol esters and in the presence of elevated
Ca^+ (Olivier and Parker, 1992; Kiley et al., 1990). In a separate study,
mitogens were found to cause PKC-a translocation when extracellular [Ca^+j
was elevated. In this case, the addition of chelating agents in order to inhibit the
rise in intracellular Ca^+ largely blocks PKC-a translocation, while having no
effect on PKC-e translocation, thus suggesting the rise in intracellular Ca^+ is
important for the PKC-a response (Ha and Exton, 1993). In addition, at longer
times the downregulation of PKC-6 and -e was seen, and this downregulation
could be mimicked by the repeated addition of cell permeable synthetic DAGs,
e.g. GAG (l-oleoyl-2-acetyl-j«-glycerol), suggesting prolonged DAG
production is important in the activation (and downregulation) of PKC-Ô and -e
in SwissBTB cells.
In blood platelets stimulation with a-thrombin results in the rapid and
transient membrane association of PKC-a, -P and -Ç. When the a-thrombin
stimulus is applied in the presence of Ca^+ then a similar pattern is observed and
under these conditions the membrane association observed appears to be more
sustained (Baldassare et al., 1992). Various other cell types have been analysed
using PKC isoform specific antiserum, including IIC9 fibroblasts (Leach et al.,
1992; Ha and Exton, 199B), GH4C1 pituitary cells (Kiley et al., 1991).
While these studies provide valuable information on the responses of
different PKC isotypes to physiological stimuli, more detailed information has
been provided by immunofluoresence studies. One such study has been carried
out in U9B7 human promonocytes, which differentiate in response to prolonged
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phorbol ester stimulation (Kiley et al., 1995). At least four PKC isoforms are
known to be expressed in this system - PK C-pl, -p2, -e and

- and their

subcellular localisations were investigated in response to phorbol ester
treatment:
Table 1:2.

PKC isotype localisation in U937 cells^

Cell type

Stimulus

Effect

U 937

Unstimulated

P K C -p i: cytoplasmic and associated with vesicles
containing p2-integrins
PKC PZ: cytoskeletal microtubule associated; co
localisation with tubulin
P K C -e: associated with filamentous structure distinct from PKC-p2
PKC-Ç: diffuse cytoplasmic staining

TPA
15 mins

PK C -pl: redistribution to plasma membrane
PKC-P2: co-localises with MTOC*
PKC-e: redistribution to plasma membrane and to
perinuclear region
PKC-Ç: diffuse cytoplasmic staining

TPA
72 hrs

PK C -pl: cytoplasmic staining downmodulated; but
vesicle associated pi not downmodulated
PKC-p2: downmodulated; some residual MTOC*
staining
PKC-e: redistribution to plasma membrane and to
perinuclear region
P K C- Ç: detected in nucleus; concentrated in
perinuclear space

*MTOC: microtubule organising centre
f Kiley and Parker, 1995
Such data provides very detailed information on the behaviour of
individual PKC isotypes, not only showing redistribution of PKCs to the
plasma membrane but also to the cytoskeleton, a cellular structure known to
contain a variety of in vitro PKC substrates, for example, MARCKS, tubulin
and vinculin (Litchfield and Ball, 1986).
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Further information on the function of the different PKC isotypes comes
from the generation of knock-out mice. Such experiments have been carried out
in the case of PKC-y (Abeliovich et al., 1993a and b). PKC-y is brain specific
and appears to be present primarily in the dendrites and cell body of neurones
(Huang et al., 1988). While PKC-y knockout mice are viable and synaptic
transmission appears normal the process of Long Term Potentiation (LTP) is
greatly diminished, thus suggesting a role for PKC-y in the regulation of LTP in
specific neurones. The lack of a strong phenotype for PKC-y knock-out mice
may be due to a compensatory effect of other PKC isotypes, given the rich
abundance of PKC isotypes in brain. Currently knock-out mice are being
constructed for other PKC-isotypes and it is likely that much information will
result from these mice and the results of crossbreeding mice deficient in
different PKCs.

1:12

PKC substrates.

In vitro the kinase activities of the cPKCs (a, pi, pil and y) towards
histone IIIS, protamine and myelin basic protein are very similar (Marais and
Parker, 1989; Burns et al., 1990). Members of the nPKC group differ in that
they exhibit poorer kinase activity towards these in vitro substrates (Ono et al.,
1989; Schaap and Parker, 1990; Oliver and Parker, 1991; Saido et al., 1992;
Dekker et al., 1992). These kinases are easily able to phosphorylate synthetic
peptides corresponding to their respective pseudosubstrate site sequences (see
Section 1:4). Substrate specificity seems to be influenced in part by the
regulatory domain, in particular the pseudosubstrate sequence. Mutation or
removal of the pseudosubstrate site of PKC-rj leads to an increased histone
phosphorylation when compared with cofactor activated wild-type PKC-T),
implying that in the wild-type enzyme histone is unable to compete effectively
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with the pseudosubstrate site to gain access to the catalytic domain (Dekker et
ah, 1993).
Many physiological PKC substrates have been described, some of
which will be described here:

Raf.

The Raf serine/threonine kinases are essential components in

signalling transduction pathways from tyrosine kinase receptors and seventransmembrane domain receptors (Section 1:5). The Raf-1 kinase can be
activated by treatment of cells with mitogens and by the PKC activating phorbol
ester TPA resulting in the activation of the MAP kinase cascade. In T and B
cells the action of PKC seems to result in the activation of Ras, as measured by
increased loading of Ras with GTP (Downward et ah, 1990). Thus in these cell
types PKC is able to modulate the activation of Raf through Ras. In fibroblasts
TPA treatment induces activation of Raf, yet Ras does not seem to be essential
for activation in this cell type. There is no evidence that PKC activation in
fibroblasts results in increased GTP loading of Ras, and expression of a
dominant-negative Ras(Asnl7) does not inhibit activation of ERK2 by TPA (de
Vries-Smits, 1992) implying that the TPA mediated signal feeds into the MAP
kinase pathway at a level lower than Ras in these cells. Raf-1 has been shown
to be a substrate for a variety of PKC isoforms in particular the cPKCs-a, -P
and - y , which are able to activate Raf-1 in vitro (Sozeri et ah, 1992). PKC-a
has been shown to phosphorylate Raf-1 in vitro and in vivo on serine 499
leading to Raf-1 activation, in addition it has been shown that the serine 499
phosphorylation site is required for the cooperative transformation of NIH3T3
cells by PKC-a and Raf-1 (Kolch et ah, 1993).

GAP-43

Much evidence exists for a crucial role of PKC in synaptic

transmitter release and long-term potentiation. An important substrate of PKC
in brain is the GAP-43 (also known as B-50/F1) protein which is implicated in
the regulation of the mechanisms of neurite outgrowth, long-term potentiation
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and transmitter release. Studies on streptolysin-O permeabilised synaptosomes
have shown that release of [3H] noradrenalin requires GAP-43 activity and is
inhibited by specific antibodies (Dekker et al., 1989).

In rat brain

synaptosomes the phorbol ester PDBu results in enhanced depolarisationinduced GAP-43 phosphorylation and noradrenalin release (Dekker et al.,
1990). Interestingly, recent data suggests that the cis-unsaturated fatty acid
arachidonic acid is able to modestly increase GAP-43 phosphorylation in nerve
terminals, this effect was significantly increased in a synergistic manner when
arachidonic acid was applied in conjunction with Ca^+ or PDBu (Schaechter and
Benowitz, 1993). Further, these effects were blocked by a pseudosubstrate site
peptide of PKC implicating an arachidonic acid stimulated pathway mediated by
PKC in the phosphorylation of GAP-43.
PKC phosphorylates GAP-43 on serine 41 (in the mammalian isoform)
in vitro and in vivo and mutagenesis of this phosphorylation site indicates that
phosphorylation by PKC is able to modulate activity in vivo. Wild-type GAP43 introduced into non-neuronal L6 cells results in dramatic effects on surface
morphology i.e. irregular cell outlines with prominent and numerous filopodia.
Mutation of serine 41 to aspartate (GAP-43^^p4l) resulted in extensively
spreading cells displaying large and irregular membranous extensions, whereas
introduction of G A P - 4 3 p r o d u c e d small, poorly spreading cells with short
filopodia (Widmer and Caroni, 1993). A Drosophila homologue of GAP-43,
Igloo, has been identified in which the PKC phosphorylation sites are
conserved with the mammalian GAP-43, and which is also able to be
phosphorylated in vitro by purified PKC (Neel and Young, 1994). The genetic
advantage offered by studying GAP-43 function in the Drosophila system may
further enlighten us as to the PKC-mediated pathways involved in its regulation.

MARCKS

The myristoylated alanine-rich C-kinase substrate (MARCKS)

has been described as a PKC substrate which is phosphorylated during
neurosecretion, phagocyte activation and growth factor-dependent mitogenesis
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(Wu et al., 1982; Rozengurt et al., 1983; Kligman and Patel, 1986; Blackshear
et al., 1986; Wolfman et al., 1987; Aderem et al., 1988; Simek et al., 1989;
Thelen et al., 1990). MARCKS binds calcium/calmodulin and crosslinks Factin, and both of these activities are regulated by phosphorylation at PKC sites
(Graff et al., 1989; Hartwig et al., 1992). Recent evidence has implicated PKC
in the regulation of cycling of MARCKS between the plasma membrane and
Lam p-1-positive lysosomes (Allen and Aderem, 1995).

MARCKS

phosphorylation is required for its translocation to lysosomes as shown by the
mutation of serine residues phosphorylated by PKC which prevents MARCKS
phosphorylation, its release from the plasma membrane and its subsequent
association with lysosomes.

GSK-3p.

GSK-3p was originally described as a cytoplasmic kinase

involved in glycogen metabolism (Hemmings et al., 1982). In vivo, stimulation
of PKC by phorbol esters results in the decreased phosphorylation of sites
proximal to the DNA-binding domain of c-Jun (Boyle et al., 1991). PKC is
able to phosphorylate GSK-3P in vitro, with PKC-a, -Pl and y better able to
do so than -p2; and PKC-e unable to, whereas the related enzyme GSK-3a is
not a PKC substrate. The phosphorylation of GSK-3p by PKC results in a
specific inactivation suggesting a role for PKC in the activation of the AP-1
transcription factor complex by the inhibition of c-Jun phosphorylation by
GSK-3P (Goode et al., 1992).
It is important to note that PKCs are not the only kinases able to
modulate GSK-3p activity. In vitro both p70 S6 kinase and MAPKAP kinase 1
phosphorylate GSK-3, on an identical serine residue (serine 9), in the aminoterminal region of the protein resulting in inactivation (Sutherland et al., 1993).
Indeed in vivo the effects of insulin on GSK-3P (inhibitory) are blocked by
wortmannin, which is a potent Ptdlns 3-kinase inhibitor (Welsh et al., 1994;
Cross et al., 1994). Further, studies employing both the inhibitors rapamycin
and wortmannin indicate that the inhibition of GSK-3 in skeletal muscle may
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well operate through the phosphorylation of GSK-3 by MAPKAP kinase 1. In
the light of such results the role for PKCs in the regulation of GSK-3p in vivo
remains to be clarified.
Recent data on the Drosophila homologue of GSK-3P - shaggy or zestew hiteS - implicate shaggy in the signalling pathway from the N o tc h
transmembrane receptor to the nuclear events leading to cell fate. This pathway
requires the activity of shaggy, and indeed the mammalian homologue, GSK3p, is able to substitute for shaggy (Ruel et al., 1993). Genetic epistasis
experiments in D rosophila indicate that wingless (wg) - the D rosophila
homologue of the proto-oncogene Wnt-1 - operates via an as yet undefined
pathway (perhaps involving a Drosophila PKC) resulting in the inactivation of
shaggy {zeste-white3IGSK^-l>^). Shaggy, which is believed to be constitutively
active, represses engrailed activation, and the inactivation of shaggy leads to the
alleviation of engrailed repression (Siegfried et al., 1992). It would be of
interest to assess whether GSK-3p mutated at PKC phosphorylation sites
would be able to substitute for shaggy in Drosophila and whether they produce
a particular phenotype, as a means of elucidating the importance of PKC
phosphorylations of GSK-3 P in vivo.

p53

The p53 tumour suppressor protein is a transcription factor with

sequence-specific DNA binding activity which is thought to be important for the
growth-inhibition function of p53. Indeed most oncogenic p53 mutants have
lost their ability to function effectively as transcription factors, suggesting that
this is the case (Hupp and Lane, 1994). Evidence exists that p53 is regulated in
vivo by phosphorylation (Milne et al., 1992). Murine p53 has been shown to
be phosphorylated by PKC (Baudier et al., 1992), indeed the serine residues
ta rg e te d

resid e

w ith in

the

n eg ativ e

re g u la to ry

dom ain

within the carboxy-terminal basic region of p53 and the phosphorylation of
these sites is associated with activation of sequence-specific DNA binding
(Takenaka et al., 1995).

58

Receptors.

PKC activation has been shown to increase the rate of

internalisation of the transferrin receptor (Eichholtz et al., 1992) and to increase
the formation of clathrin coated vesicles in Schizosaccharomyces pombe (Goode
et al., 1994) suggesting that PKC is involved in the up-regulation of the
endocytic process. Additionally, PMA has been shown to alter the binding
properties of several integrins for their ligands, suggesting that PKC may be a
component of the "inside out " signalling pathways which affect the interaction
of integrins with their ligands; PMA-dependent affinity modulation of the a 5 p l
(Danilov et al.,1989), a ô p l (Shaw et al., 1990), a 2 p l (Chan et al., 1993) has
been described.

pARK.

The p-adrenergic receptor kinases (pARKs) are a family of

serine/threonine kinases involved in the desensitisation of G-protein coupled
receptors (Inglese et al., 1993). In the case of the P2-adrenergic receptors
(PAR) P a r k phosphorylates the agonist-occupied form of the receptor,
enabling the binding of its cofactor P-arrestin (Wilson and Applebury., 1993) to
the receptor to result in the uncoupling of the receptor from G-proteins and
hence effector second messengers. Rhodopsin kinase is found in the retina
where it regulates phototransduction.

PARK and receptor interaction is

favoured by binding of pARK to py subunits of heterotrimeric G proteins (see
PH domain; section 1:4:3). PARK can be phosphorylated by purified PKC in
vitro (with a Km for PARK of 6nM). This phosphorylation leads to the
increase of in vitro activity of pARK towards rhodopsin. This increase is of a
similar magnitude to that seen in vivo on PMA stimulation in MNL cells
suggesting this effect may have biological relevance (Chuang et al., 1995).

Dynamin

Dynamin was originally characterised as a microtubule binding

protein with a microtubule-activated GTPase activity (Obar et al., 1990;
Shpetner and Vallee, 1992; Maeda et al., 1992), recent data have shown that
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dynamin adopts a helical structure which allows it to wrap around the neck of
membrane vesicles and help pinch them off from the plasma membrane
(Hinshaw and Schmid, 1995; Takai et ah, 1995). In Drosophila the gene
encoding dynamin is mutated in the shibire strain resulting in defects in
endocytosis in nerve terminals and other cells (Bliek and Meyerowitz, 1991;
Chen et ah, 1991; Kosaka and Ikeda, 1983).

Phosphorylation and

dephosphorylation of dynamin activates its intrinsic GTPase activity in parallel
with synaptic vesicle recycling. On nerve terminal depolarisation dynamin is
dephosphorylated and rephosphorylated at rest (Robinson, 1991). Further, in
vitro dynamin is a good substrate for purified PKC and this phosphorylation
results in a 12-fold increase in the GTPase activity suggesting that the PKC
phosphorylation observed in synaptosomes directly regulates dynamin activity
(Robinson et al., 1993). These results have led to the hypothesis that the
downregulation of GTPase activity seen during stimulation-induced
dephosphorylation may be important for the rapid endocytosis of vesicles after
neurotransmitter release.

Lamin B.

The phosphorylation of the nuclear lamins is thought to regulate

the process of mitotic nuclear envelope breakdown in vivo (Gerace and Blobel,
1980). The nuclear lamina is comprised of the nuclear lamins, giving integrity
to the nucleus and providing an attachment site for interphase chromatin.
Human lamin pi is phosphorylated in vitro by PKC (Fields et al., 1988; Fields
et al., 1989; Hocevar and Fields 1991; Hocevar et al., 1993), and one of these
sites (serine 405) has been shown to be an in vivo mitotic phosphorylation site
in lamin B (Goss et al., 1994). In addition an association of PKC-pII with the
nucleus was reported during the G2/M phase of the cell cycle in K562 and H160
cells (Goss et al., 1994; Murray et al., 1994), providing evidence for an in vivo
role of PKC-pn in the mitotic nuclear envelope breakdown process.
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The classic case of PKC substrate modulation is that described for the
EGFR (epidermal growth factor receptor) which exhibits a reduction in affinity
for its ligand on TPA treatment. EGFR phosphorylation at threonine 654 by
activated PKC has been suggested to account for inhibition of tyrosine kinase
activity, supported by the observation that PMA fails to modulate receptor
autophosphorylation in cells expressing EGFR lacking threonine 654
(Countaway, 1990; Countaway, 1992). However, Morrison et al. have shown
phorbol ester stimulated inhibition of a threonine 654 EGFR mutant expressed
in Chinese hamster ovary cells, suggesting this residue is not sufficient to
negatively regulate the EGFR (Morrison et al., 1993).

Serine residues

1046/1047 are also phosphorylated in response to PMA treatment, although not
directly by PKC. Phosphorylation of these residues, which leads to inhibition
of PTK receptor activity is important, although the precise role for PKC here
remains to be elucidated. Presently the phosphorylation of the EGFR by PKC
is able to desensitise the receptor in vitro and in vivo in response to phorbol
esters, but the importance of these phosphorylation events in the response to
stimulation by physiological ligands is unclear.
While many PKC in vitro substrates have been reported, the relevance
of many has not yet been worked out in vivo. PKCs are a highly promiscuous
enzyme family and as such presumably capable of phosphorylating many
protein substrates which the enzyme itself may never encounter within the
cellular context. It is therefore of great importance that initial phosphorylation
observations in vitro are followed up by in vivo studies in order to understand
which "in vitro" PKC substrates are relevant in the in vivo context.

1:13

PKC binding proteins.

Several types of proteins can be envisioned which would bind to PKCs
in vivo: (1) PKC substrates, (2) inhibitors of PKC and (3) proteins involved in
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the localisation PKC isotypes. The targeting of the different PKC isotypes is
poorly understood at present, but such events have been suggested to involve
specific proteins at subcellular sites that recognise and bind the PKCs.
"Receptors for activated C kinase" - RACKS - have been described as
proteins binding activated PKCs in an overlay assay (Mochly-Rosen et al.,
1991).

One such RACK, RACKl, has been cloned and found to have

homology with G protein P-subunits (Ron et al., 1994). In addition, the
overlay approach has been used to isolate two other PKC-binding proteins, the
MARCKS-related protein F52, and a novel protein with homology to the
carboxyl-terminus of p-adducin (Chapline et al., 1993).
Recently the two-hybrid system has resulted in the cloning of a
perinuclear protein, PICKl, which binds PKC and is also a substrate for PKC
in vivo (Staudinger et al., 1995). Interestingly, this binding is not sensitive to
competition with psuedosubstrate sequence peptides, indicating that binding is
not simple due to enzyme-substrate interactions. While PICKl does not contain
any homology with the catalytic domains of known protein kinases it has been
noted to contain an ATP/GTP binding motif of the type seen in the members of
the Ras family of small G-proteins. Whether PICKl binds any particular PKC
isoform with specificity, and if it plays a role in localising PKC to the
perinuclear region or simply interacts after PKC has been translocation remains
to be seen.

1:14.

Assigning roles for the PKC gene familv.

The PKC family of kinases has been extensively characterised in vitro.
However there remain little data on the role of the individual PKC isotypes in
vivo. Such investigations are plagued with difficulties as no specific activators
or inhibitors of the individual PKC isotypes exist. Different cell types contain
different complements of PKC isotyes which are required for their functional
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needs. Since the role of PKCs was being studied utilising U937s as a model
cell system, it was considered of importance to attempt to define the complement
of PKC isotypes which are endogenously expressed in this cell line. One
problem in studying the role of PKC in specific cell functions is that the effects
observed may be due to the presence of an unidentified PKC, therefore there is
a need to identify the cell complement of PKCs in order to be able to make
conclusions. This project was initiated with the aim of defining the complement
of PKCs present in the human promonocytic U937 cell.
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The aim of this thesis was to further our understanding of Protein
Kinase C in signal transduction mechanisms.

The work presented here

describes the identification, cloning and characterisation of the PRK family: a
novel family of Protein Kinase C- Related kinases.
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2.

Materials and Methods

2:1

Materials.

Tetramethylammoniumchloride (TMAC), ethanediol, ethanol, methanol,
Tween-20 and Triton X-100 were obtained from BDH Limited. Taq XL DNA
Polymerase and restriction enzymes were obtained from NBL gene sciences.
DNA marker standards were from Gibco. Sequenase and other sequencing
reagents were from United States Biochemical Corporation. Radioisotopes,
Hyperfilm MP, the ECL Western blotting kit and donkey anti-rabbit IgG
coupled to horseradish peroxidase were obtained from Amersham International.
TLC plates were from MERCK. Standard SDS-PAGE markers were from BioRad and Amersham (Rainbow Markers). Bradford protein assay reagent was
from Bio-Rad. Acrylamide and bis-methyl-acrylamide were from National
Diagnostics. Trypsin and soybean trypsin inhibitor were from Worthington
chemicals. PVDF was from Millipore. Sterile plasticware for tissue culture
was obtained from Falcon. Milk powder was from Boots Company Ltd. In
vitro Translation kit was from Promega. All other chemicals and biochemicals
were obtained from Sigma Chemical Company.

2:2

Methods.

2:2:1

Molecular biology.

Standard methods such as restriction digests, ethanol precipitation,
phenol-chloroform extraction and electrophoresis (using TAE for mnning buffer
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and gels) were carried out in accordance with the enzyme manufacturers
instructions and as described by Maniatis et al, 1989.

2:2:2

DNA purification.

Small scale purification (mini prep) of DNA from colonies of
transformed E.coli were performed by alkaline lysis as described by Maniatis.
Large scale purification (maxi prep) was again performed by alkaline lysis,
followed by double banding on a CsCl gradient as described by Maniatis.

2:2:3

Polymerase Chain Reaction (PGR).

PGR reactions were performed using either Vent or TAQ polymerase
with the supplied buffers at Ix final concentration. A stock mixture of dATP,
dTTP, dGTP and dOTP was made at lOmM with respect to each
deoxynucleoside triphosphate (dNTP). The dNTPs were diluted to a final
concentration of 800 |iM in the PGR reactions. Purified oligonucleotide primers
were used at approximately 110-120 pmol per reaction and template (as
specified in the text) was incubated with 1 unit of Vent/TAQ polymerase in a 50
|il reaction. A basic programme of 30 cycles was used for PGR reactions, each
cycle including dénaturation at 94°G, followed by annealing between 45-65®G
and extention at 72-74°G. The times and temperatures of annealing and
extention varied depending on the primers used, template employed and whether
Vent or TAQ polymerase was used; such variations are mentioned in the Results
chapters where relevant.

66

2:2:4

Klenow blunt ending.

The DNA to be blunt ended was incubated at 37®C for 45 minutes with
Ix Klenow buffer, a mixture of dATP, dTTP, dGTP and dCTP each at
0.04mM and 0.2U/ml Klenow. The final volume of the incubation was varied
according to the amount of DNA to be treated.

2:2:5

Mung-bean nuclease blunt ending.

The digested DNA was incubated at 30°C for 30 minutes with Ix Mung
bean buffer (supplied with enzyme) and Mung bean nuclease at 0.2U/ml,
diluted in the supplied Mung bean dilution buffer. In a standard 60|xl reaction
5|ig of digested DNA would be treated with lOU of Mung bean nuclease.

2:2:6

Kinasing oligonucloetides prior to ligation.

Bateriophage T4 polynucleotide kinase catalyses the transfer of the yphosphate of ATP to a 5’ terminus of DNA or RNA. Oligonucleotides for
kinasing were incubated in ImM ATP with a minimun 2:1 ratio of ATP to DNA
5 prime ends. Incubations were carried out at 30°C for 30 minutes followed by
heat inactivation of the T4 polynucleotide kinase at 65°C for 20 minutes.

2:2:7

Phosphatase treating digested vector DNA prior to ligation.

The digested vector DNA was treated with alkaline phosphatase to
reduce the background of vector self ligation and recircularisation, particularly
during symmetrical sticky ended ligations or in double blunt-ended ligations. 5
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jig DNA was incubated with 1 unit alkaline phosphatase for 10 minutes at 37®C
prior to use in ligations.

2:2:8

Transformation of E.coli by Electroporation.

The BioRad electroporator was used for transform ation of
electrocompetent E.coli which were prepared as suggested by the manufacturer.
E.coli strains prepared in this way could be transformed with an efficiency of
10^ cells/mg. The electrocompetent bacteria were thawed at room temperature
and 40ml mixed on ice with l|il of DNA (ligation mix or pure plasmid). The
mix was then pipetted into a pre-cooled 0.1cm cuvette which was loaded into
the pre-cooled cuvette holder and electroporated with a pulse of 1.65 kV at a
capacitance of 25mF. The time constant for the pulse was generally between 4
and 5 ms. The electroporated bacteria were then mixed with 1ml of SOC
medium (pre-warmed to 37°C) and incubated for 1 hour at 37°C with light
shaking (225rpm). 100 to 500(xl of the transformed bacterial cells were plated
into 15cm LB plates (lOOmg/ml ampicillin) and grown at 37°C overnight.

2:2:9

Blue/white selection of positive clones.

Blue/white selection of positive clones was carried out by plating on
LB/am picillin plates spread with 4 0|il of lOOmM Isopropyl-^-D thiogalactopyranoside (IPTG) and lOOjil of 2% X-gal (in sterile dimethyl
formamide).

Colonies without inserts are blue in colour whereas those

containing inserts are white after incubation for 12-18 hours at 37°C.
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2:2:10 Double-stranded DNA sequencing.

Double-stranded plasmids were prepared for sequencing by alkaline
dénaturation. The DNA was incubated with 0.2M NaOH and 0.2mM EDTA for
5 minutes at room temperature. The denatured DNA was then recovered using
an ethanol precipitation with 0.3M sodium acetate. The dried pellet of DNA
was then resuspended in water for the annealing step. The template DNA was
incubated with the primer and Ix reaction buffer at 37°C for 15 minutes and the
sequencing reactions performed using the method described in the kit. The
sequencing reactions were separated on a 5% acrylamide gel (Ix TBE) using the
BioRad gel apparatus at a constant power of 50W. To read sequence near to the
primer the reactions were performed using the manganese buffer provided in the
kit and the gel run was terminated when the first dye front had moved off the
bottom of the gel. This generally took about 2 hours. To read sequence further
away from the primer, longer gel runs of up to 5 hours were used and the
manganese buffer was omitted from the reactions.

2:2:11 Random prime labelling of a cDNA probe.

In order to generate a ^^P-labelled probe 50-100 p-g template DNA was
mixed with 1 pg random primers in a total volume of 15 pl. This was heated to
95°C for 3 minutes and then cooled on ice. After 5 minutes 3 ml of lOx random
prime buffer (900mM Hepes pH6.6, lOOmM MgCl2), 2pl each of 0.4mM
dATP, dGTP, dTTP and 5pl of [y-^^PJ-dCTP were added and the reaction
started with the addition of 1 ml of Klenow (5 U/ml). The reaction was carried
out at 30°C for 1 hour after which unincorporated nucleotides were removed by
passing the sample through a 050 spin column. Prior to use in hybridisation
the probe was denatured by heating to 95°C for 5 minutes as before. Probes
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were generally labelled to the order of 5-10 x 10^ cpm/|Xg and used in the
hybridisation at approximately 10^ cpm/ml hybridisation buffer.

2:2:12 Filter hybridisation of cDNA libraries.

Phage or plasmid cDNA clones (0.5 x 10^) were routinely screened as
follows. Hybond-N+ membranes were placed carefully over the agar surface
and allowed to sit for 1 minute. During this time orientation marks were made
using a sharp needle dipped in Ponceau Red. The membrane was then removed
and placed colony side up on a pad of absorbent filter paper soaked in
Denaturing solution (1.5 M NaCl; 0.5 M NaOH) for 5 minutes. After this time
the membrane moved to absorbent filter paper soaked in Neutralising solution
(1.5 M NaCl; 0.5 M Tris-HCl, pH7.2; 0.001 M EDTA) for three minutes. This
was repeated for a further three minutes and the membrane was then washed for
10 minutes in 2 x SSC (0.3 M NaCl; 0.03 M sodium citrate), prior to drying.
This process was carried out in duplicate in order to decrease the chances of
cloning artifacts.
DNA fixation was carried by UV crosslinking for 1 minute at 0.12J in a
Statagene UV Stratalinker. Hybridisation was then carried out overnight
according to the conditions stated in the text.

2:2:13 Northern and Southern transfer.

RNA was transferred onto Hybond N+ nylon membranes by capillary
transfer. Buffer (20xSCC) was drawn from a reservoir and passed through the
gel into a stack of paper thereby transferring the nucleic acids onto the nylon
membrane. Northern transfers were generally carried out overnight at room
temperature. In order to ensure a tight connection between the layers in the
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transfer system a weight was applied to the top of the transfer stack. A similar
process was employed for the transfer of DNA onto Hybond N+ nylon
membranes. As this involves double stranded DNA, as opposed to single
stranded RNA, it was necessary to denature the DNA in the agarose gel prior to
transfer. This was achieved by soaking the gel in 0.5M NaOH, 1.5M NaCl for
30 minutes at room temperature with gentle shaking. After rinsing in distilled
water the gel was then neutralised by two incubations in 1.5M NaCl, 0.5M
Tris-HCl pH7.2, 0.00IM EDTA for 15 minutes each. The gel was then
transferred for between 4 - 2 0 hours as described above for a Northern transfer.

2:2:14 Preparation of total cellular RNA.

RNA isolation was carried out by the guanidine isothiocyanate (GTC)
method. This method allows lysis of the cell to occur in a chemical enviroment
that results in the dénaturation of ribonuclease.

Cell or tissue were

homogenised at a ratio of Ig in approximately 10ml of 4M guanidine
isothiocyanate (GTC) solution (4M GTC, 50mM Tris/HCl pH7.4, lOmM
EDTA, lOOmM 2-mercaptoethanol. The homogenate was then transferred to a
50ml Falcon tube and spun at low speed (3,000 rpm) to clarify.

The

supernatant was then transferred to a fresh 50ml Falcon tube and one tenth
volume of 2M NaOAc pH4.0, one volume phenol saturated with DEPC-H2O
together with one fifth volume of chloroform added. This mixture was then
shaken and incubated on ice for 15 minutes before centrifugation at 5,000 g for
40 minutes. The resulting upper aqueous phase was then transferred to a 15ml
Falcon tube and precipitated at -20°C for 1 hour in an equal volume of
isopropanol. After centrifugation at 12,000 g for 20 minutes the pellet was
resuspended in 5 ml of 4M GTC solution and reprecipitated with one volume of
isopropanol again at -20°C for 1 hour. After centrifugation, at 12,000g for 20
minutes as before, the pellet was washed with 75% ethanol, air dried and
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resuspended in 25mM EDTA and 0.1% SDS (w/v). The RNA concentration
was then determined by measuring the OD260 (an OD260 of 1.0 is equivalent to
an RNA concentration of 40 mg/ml). All buffers used during the purification of
RNA were made with Diethyl pyrocarbonate (DBPC) treated water and then
autoclaved.

2:2:15 Purification of poly(A+) mRNA

Previously prepared total cellular RNA (as described in 2:2:11) was
resuspended in 20mM Tris/HCl pH7.5, ImM EDTA, 0.5% SDS and incubated
at 65°C for 5 minutes in order to break up secondary structure. After cooling
on ice 5M NaCl was added to a final concentration of 0.5M. A 1ml oligo-d(T)
column was prepared and equilibrated in binding buffer (lOmM Tris/HCl
pH7.5, ImM EDTA, 0.5% (w/v) SDS, 0.5M NaCl). The total cellular RNA
was applied to the column and washed with 10 ml of binding buffer. Binding
efficiency was further enhanced by reloading three times before a final wash in
10 ml of binding buffer. The column was then washed in DEPC-H2O and the
eluate collected in 1 ml fractions. The collected fractions were then precipitated
with 1/10 volume 2M NaOAc and 2.5 volumes ethanol at -20°C. Pellets were
resuspended in 1.0 ml DEPC-H2O and phenol/chloroform extracted, prior to a
final precipitation and resuspension in 50
concentration.
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|Lil

of TE and determination of RNA

2:2:16 Synthesis of cDNA from poly(A+) RNA

Synthesis of the first strand of cDNA is carried out by incubating 10|ig
of poly(A)+ RNA together with lO^ig oligo(dT) primers for 1 hour at 37°C in
the presence of RNAase inhibitor, 1.5mM each dNTP and 40 units of murine
reverse transcriptase as according to Maniatis, 1989. The second cDNA strand
is then synthesised directly by the addition of RNAase H and DNA polymerase
I to the First Strand synthesis reaction and incubation for 4 hours at 16°C. At
this point 5 units of DNA ligase are added in order to repair nicks in the DNA,
and a further incubation carried out at room temperature for 10 minutes.

2:2:17 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR).

Total cellular RNAs were extracted from various adult rat tissues by the
guanidinium thiocyanate-CsCl method (as described in 2:2:14). First strand
cDNA was then prepared from l.Omg of total tissue RNA at 42°C for 60
minutes and PCR was carried out on these products. In order to allow for
differences that may exist between the corresponding human and rat PRK
sequences, PCR was carried out using sets of two or three primers per PCR
reaction.

PRK

1 message was detected using the prim ers

5'

AAGGGCTGTTTCTTCAC 3', 5' CCTCAGAGGGCTGCACA 3' and 5'
GGGACCCCGGAGTTCCTGGCC

3 '.

T he

p r im e r s

G G G G C CG C CA TG G G A TC C A A C C C C G A A C G G G G

3'

and

5'
5'

GGGAATTCGGTACCCGCTTTTACTTTTAC 3' were used to amplify PRK2.
PRK3

m essage

was

detected

using

the

follow ing

prim ers,

5'

CCGCTGACTTGTCCAATG 3', 5' GGATGTGTCTGTGAGCACTTCTGGC
3' and 5' CCTCCATGAACACAAGACACT 3’.

110-120pmol of each

oligonucleotide was used per reaction in the presence of 10 |uig/ml
tetramethylammoniumchloride (Me^NCl). PCR amplification was done using
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Taq DNA Polymerase and a DNA thermal cycler (TECHNE PHC-2). 30 cycles
at 94°C for 1 min, 50°C for 2 min and 74°C for 2 min were performed after an
initial 94°C for 10 min followed by 72°C for 5 min during which time Taq
DNA Polymerase was added. The resulting PCR products were then run on a
1.0% agarose gel and transferred to nylon membranes which were further
analysed by Southern hybridisation using the relevant ^^P-labelled PRK cDNA
as a probe (2:2:11).

2:2:18 7n VzYra Translation.

1 \ig pcDNA3;PRKl or pcDNA3;PRK2 cDNA template was in vitro
transcribed and translated in rabbit reticulocyte lysates (Promega) according to
the manufacturers instructions. Incubations were carried out at 30®C for 120
mins in the presence of P^S]-methionine.

2:2:19 Growing and transfecting COS-7 cells.

COS 7 cells were routinely grown in Dulbecco's modified Eagle's
medium supplemented with 10% (v/v) fetal bovine serum and penicillin
streptomycin (50|Xg/ml) at 37°C in a humidified atmosphere of air/C02 (9:1).
Cells were split every 2-3 days when they reached 80-100% confluence, by
removal of the old medium, treatment with 0.25% trypsin-versene for 5
minutes, resuspension in fresh growth medium and centrifugation for 4 minutes
at 100 rpm. The pellet was then resuspended in more fresh growth medium to
allow the cells to be plated at 1/4 of the density they had been growing at.
Generally for one electroporation two to three 150mm dishes of COS-7 were
required.
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2:2:20 Transfection of COS cells by Electroporation.

COSl cells were transfected by electroporation using a Gene Puiser
(Bio-Rad Laboratories) as follows. Actively growing cells were washed three
times in PBS and counted using a heamocytometer. The cells were resuspended
in PBS at a density of 6.25 x 10^ cells per ml ready for electroporation. The
cell suspension (800ml) was mixed with 40|ig of plasmid DNA in a 0.4mm
Gene Puiser cuvette (Bio-Rad) and placed on ice for 10 min. The Gene Puiser
apparatus was set to 450V and 250mF. The cells were pulsed once and placed
again on ice for 10 min. Cells were then seeded onto 150 mm diameter dishes
and incubated at 37°C in 30ml of Dulbecco's modified Eagle's medium
supplemented with 10% (v/v) fetal bovine serum. After approximately four to
five hours incubation at 37°C the living cells had adhered to the dish and the
medium was replaced in order to replace the mass of floating dead cells and
debris.

2:2:21 Preparation of Cell Extracts.

Whole cell extracts for Western analysis were added in 3-fold excess
(v/v) to 4 X concentrated Laemmli sample buffer (250mM Tris-HCl (pH 6.8),
8% (w/v) SDS, 10% (v/v) glycerol, lOOmM DTT, 0.01% (w/v) bromophenol
blue) and heated to 95°C for 5 minutes.
Cell extracts for PRK purifications were prepared by lysis into 500ml of
lysis buffer per plate (60 mM Tris/HCl pH 7.5, 100 mM NaCl, 5 mM EDTA,
0.3% (v/v) P-mercaptoethanol, 100 mM NagVO^, 50 mM NaF, 1% (v/v) Triton
X-100, 50mg/ml phenylmethylsulfonyl fluoride (PMSF), 10 mM benzamidine,
125mg/ml aprotinin, 250mg/ml leupeptin).
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2:2:22 Polyacrylamide Gel Electrophoresis.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDSPAGE) was performed essentially according to the method of Laemmli, 1970
using Hoeffer Sturdier gel apparatus. Gels run to observe PRKl and PRK2
were routinely run with 8 or 7% aery 1amide running gels and 5 or 3%
acrylamide stacking gels. Gels run to observe GST fusion proteins were run on
10 or 12 % acrylamide running gels together with 6 or 8% acrylamide stacking
gels. Protein samples were added in 3-fold excess (v/v) to 4x concentrated
Laemmli sample buffer (250mM Tris-HCl (pH 6.8), 8% (w/v) SDS, 10% (v/v)
glycerol, lOOmM DTT, 0.01% (w/v) bromophenol blue) and heated to 95®C for
5 minutes. Molecular weight standards were run in parallel and used for
molecular weight determination. Protein was visualised by Coomassie blue
staining and, where indicated, by Silver staining. Gels were then either further
processed by Western blotting or, where appropriate, autoradiographed at
-70°C with a double intensifying screen.

2:2:23 Western Blotting.

Proteins

were

subjected

to

SDS-PAGE

and

transferred

electrophoretically to polyvinylidene difluoride membranes. The membranes
were incubated for 1 hour at room temperature in PBS containing 5% (w/v)
skimmed milk and 0.1% (v/v) Tween-20. Membranes were then incubated with
rabbit antiserum against PRK2 for 1 hour at room temperature. After being
washed in PBS containing 1% (w/v) skimmed milk, 0.1% (v/v) Tween-20, the
membranes were then incubated with anti-rabbit IgG-horseradishperoxidase,
applied as a 1/500 dilution. After another 5 rinses in PBS containing 1% (w/v)
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skimmed milk, 0.1% (v/v) Tween-20 the Western blot was developed using
ECL reagents according to the manufacturers instructions.

2:2:24 Generation of PRKl and PRK2 Antiserum.

Carboxy terminal peptides corresponding to amino acid residues
APHSAEQAAFLDFDFVAGGC of PRK l and amino acid residues
EEQEMFRDFDYIADWC of PRK2 were synthesised by the Peptide Synthesis
laboratory, ICRF, Clare Hall. These peptides were coupled to keyhole limpet
hemocyanin with glutaraldehyde and used for the immunisation of rabbits.

2:2:25 Immunoprécipitation of PRKl and PRK2.

COS 7 cells were transfected with 40|Xg PRK2 or PRKl (as detailed in
Section 2:2:19); 2 x 15 cm plates per sample were washed 3 times in ice cold
PBS and subsequently lysed into 300|l i 1 lysis buffer per plate (60 mM Tris-HCl
pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.3% (v/v) p-mercaptoethanol, 100 mM
NagVO^, 50 mM NaF, 1% (v/v) Triton X-100, 50 |ig/ml phenylmethylsulfonyl
fluoride (PMSF), 10 mM benzamidine, 125|Lig/ml aprotinin, 250|ig/m l
leupeptin). Lysates were clarified by centrifugation for 10 ruins at 70,000g and
precleared by tumbling with lOOpl protein A-Sepharose (Sigma) equilibrated in
lysis buffer + 150mM NaCl at 4°C for 1 hour. Supernatant, 1ml, was then
added to 140pl of protein A-Sepharose cross-linked to PRK2 COOH terminal
antiserum, which due to sequence conservation recognises both PRKl and
PRK2, and incubated for 4 hours at 4°C.

Immunoprecipitates were then

washed 3 x 15 mins in lysis buffer containing 200 mM NaCl and 1 x 1 5 min in
PBS. Beads were then taken up in 140)l i 1 of enzyme dilution buffer (20 mM
Hepes pH 7.5, 2mM EGTA, 0.02% (v/v) Triton X-100, 0.2 mM dithiothreitol.
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2:2:26 Purification of PRKl.

Buffers for chromatography were: (A) 20mM Tris/HCl, pH 7.5, 0.5M
NaCl, 2mM EDTA, 0.3% (v/v) p-mercaptoethanol, 0.05% (v/v) Triton X-100,
lOmM benzamidine; (B) 20mM Tris/HCl, pH 7.5, 2mM EDTA, 0.3% (v/v) bmercaptoethanol, 0.05% (v/v) Triton X-100, lOmM benzamidine. For PRKl
purification COS 7 cells were transfected with PRKl (as detailed in Section
2:2:23); 10 x 15 cm plates were washed 3 times in ice cold PBS and
subsequently lysed into 500ml of lysis buffer per plate (60 mM Tris/HCl pH
7.5, 100 mM NaCl, 5 mM EDTA, 0.3% (v/v) p-mercaptoethanol, 100 mM
Na3V0 4 , 50 mM NaF, 1% (v/v) Triton X-100, 50mg/ml phenylmethylsulfonyl
fluoride (PMSF), 10 mM benzamidine, 125mg/ml aprotinin, 250mg/ml
leupeptin). Lysates were clarified by centrifugation at 70,000g for 10 min at
4°C. All subsequent procedures were carried out at 4°C. The supernatant was
loaded onto a 250ml S-300 column (Pharmacia), equilibrated and developed in
buffer A (see above). Eluted fractions (4ml) were then assayed for PRKl
kinase activity (as detailed below) and peak fractions pooled. The S-300 pool
was then diluted in buffer B (see above) to a final concentration of less than
O.IM NaCl.

This was chromatographed on a 5ml HiTrapSP column

(Pharmacia) and then eluted with a linear salt gradient from 0 to 2M NaCl in
buffer B. After assaying for activity, peak fractions were again diluted to less
than O.IM NaCl and subsequently loaded onto a 5ml HiTrap Heparin column
(Pharmacia). The column was again eluted with a linear salt gradient from 0 to
2M NaCl in buffer B and fractions assayed for PRKl activity. Peak fractions
were diluted to less than O.IM NaCl, loaded onto a 1ml HiTrapQ column
(Pharmacia) and eluted in a 0 to IM NaCl gradient in buffer B. Peak fractions
of PRKl activity were stored at -20°C in 50% (v/v) ethanediol.
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2:2:27 Standard assay for PRKl activity.

PRKl activity was assayed routinely as follows. A 40jil assay mixture
typically contained 6.25mM MgCl2, 50mM Hepes pH 7.5, 0.25% (v/v) Triton
X-100,

10|xg protamine sulphate (unless another substrate is specified),

125|liM

ATP. PRKl was diluted into enzyme dilution buffer (20mM

Hepes pH 7.5, 2mM EGTA, 0.02% Triton X-100, 0.2mM dithiothreitol
(DTT)) at 4°C prior to addition into the assay. Reactions were carried out for
20 minutes, which was determined to be within the linear range for PRKl, and
stopped by spotting onto Whatman P81 paper and placing in 10% acetic acid.
The filters were washed 3 x 1 0 minutes in 30% acetic acid and then Cherenkov
radiation determined.

2:2:28 Proteolytic activation of PRKl.

Proteolytic activation of PRKl was achieved by the following method.
Purified PRKl was cleaved in lOmM Tris pH8.0, lOmM p-mercaptoethanol (in
a final volume of 40|il) by addition of Trypsin (Worthington) to the final
concentrations as specified in the text. Trypsinisation was allowed to proceed
for 4 minutes at 30°C. The reactions were then stopped by the addition of 20|il
of 400)Lig/ml Trypsin Inhibitor (Sigma).

2:2:29 Preparation of GST-fusion MARCKS.

Recombinant GST-MARCKS protein (in the vector pGEX-2T) was
kindly given to us by T. Herget. The GST-MARCKS fusion protein was
purified as described from XL-1 Blue {Escherichia coli cells; Stratagene)
according to the protocol of Herget and Rozengurt, 1994.
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2:2:30 Two dimensional electrophoresis.

Phosphorylated GST-MARCKS protein was digested overnight at room
temperature with 20 |Xg/ml trypsin (Worthington).

The resulting tryptic

phosphopeptides were dried under vacuum and resuspended on 20 |xl of
Electrophoresis buffer (pH 3.5; pyridine:acetic acid:water (1:10:189)). The
samples containing 0.1-1.0 x 10^ cpm were spotted on Thin layer
chromatography plates (MERCK) and electrophoresed at 50mA for 20 minutes.
After drying, the TLC plate was chromatographed in the second dimension in
chromatography buffer (n-butanol :pyridine :acetic acid:water (75:50:15:60)).
The plate was then dried and phosphorylated peptides detected by
autoradiography at -70°C.

2:2:31 Immunofluorescence microscopy.

Cells grown on coverslips were rinsed in PBS before being fixed at
room temperature for 10 minutes at room temperature in a freshly prepared
solution of 4% formaldehyde/PBS. Coverslips were then rinsed in PBS, and
the cells permeabilised by exposure to 0.2% Triton X-100/PBS at room
temperature for 5 minutes. Cells were then labelled as follows. Cells were
incubated in the presence of primary antibody for 60 minutes in PBS/1 % BSA.
Coverslips were then washed in PBS/1 % BSA and transferred to second
antibody (FITC-conjugated) for 30 minutes. After washing in PBS/1 % BSA,
the coverslips were drained of excess liquid and mounted on slides.
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2:2:32 Determination of Protein Concentration.

Protein concentration was determined by the method of Bradford
(1976). A volume of sample (l-20|Lil) or IgG standard (1 mg/ml) was added to
700|il of Bradford reagent (diluted 5-fold from stock supplied by Biorad) and
the volume made up to 720|il with water. The samples were mixed, left to
stand at room-temperature for five minutes and the absorbance at 595nm was
read. Protein concentration of the sample was then calculated from the standard
curve.

2:3

Commonly Used Buffers.

TBE IPX:

TAE 50X:

20 X SSC:

0.9 M

Tris-borate

0.02 M

EDTA (pH8.0)

2.0 M

Tris-acetate

0.05 M

EDTA (pH8.0)

3M

NaCl

0.3 M

Sodium citrate

Denaturing Solution:

1.5 M

NaCl

0.5 M

NaOH

Neutralising Solution:
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1.5 M

NaCl

0.5 M

Tris-HCl (pH7.2)

0.001 M

EDTA

Alkaline Ivsis buffers: Solution I:

50 mM

glucose

25 mM

Tris-HCl (pHS.O)

10 mM

EDTA (pHS.O)

Solution II: 0.2 M
1%

Solution ni: 5 M
11.5% (v/v)

Semi-drv transfer buffers: Anode I: 0.3 M

20%
Anode H: 25 mM

20%
Cathdode: 25 mM

Harvesting buffer:

NaOH
SDS
potassium acetate
glacial acetic acid

Tris-HCl (pHS.O)
methanol
Tris-HCl (pHS.O)
methanol
Tris-HCl (pH8.0)

40 mM

6-amino-n-hexanoic acid

20%

methanol

20 mM

Tris-HCl (pH7.5)

10 mM

EGTA

5 mM

EDTA

0.3% (v/v)

p-mercaptoethanol

250 |Xg/ml

leupeptin

10 mM

benzamidine

50 pg/ml

PMSF

20 mM

NaF

1% (v/v)

Triton X-100
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FPLC basic column buffer:

20 mM

Tris-HCl (pH7.5)

2mM

EDTA

10 mM

benzamidine

0.3 % (v/v)

P-mercaptoethanol

0.05% (v/v) Triton X-100
*Other FPLC buffers were simply buffer A with the addition of salt as
stated in the text.

Enzyme dilution buffer:

20 mM
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Hepes pH 7.5

2 mM

EGTA

0.02% (v/v)

Triton X-100

0.2 mM

dithiothreitol

Chapter 3:

Identification of multiple, novel, protein kinase C - related gene
products by degenerate PGR.

3:1

Introduction

PKC is an area of intense investigation, however in spite of the attention
provoked by the involvement of PKCs in many cell signalling processes, the
actual extent of this kinase gene family remains poorly defined. Extensive
screening of cDNA libraries from the CNS has led to the identification of six
distinct PKC gene products (a-Ç) and subsequent cloning from peripheral
tissues has added significantly to this number (rj, 0, i, p) as shown below

Table 3:1.

cDNA sources of PKC isotypes.

PKC isoform

cDNA source

Reference

PKC-alpha (a)

brain

PKC-beta (p)

brain

PKC-gamma (y)

brain

PKC-delta (Ô)

brain

Ono et al. 1988

PKC-epsilon (e)

brain

Ono et al, 1988

PKC-eta (Tj)

skin
lung

Osada et al, 1990
Dekker et al, 1992

PKC-theta (0)

Jurkat cells
Brythroleukemia cells

Baier et al, 1993
Chang et al, 1993

PKC-zeta (Ç)

brain

PKC-iota (i)
also known as:
PKC-lambda (^)
PKC-mu (p)
also known as:
PKD

Parker et al., 1986
Coussons et al., 1986
Parker et al., 1986
Knopf et al., 1986
Coussons et al., 1986
Parker et al., 1986
Knopf et al., 1986

Ono et al, 1988

kidney
brain

Akimoto et al, 1994

placenta
lung/Swiss3T3 cells hybrid

Johannes et al, 1994
Valverde et al, 1994
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Selbie et al, 1993

Analysis at the genomic level would be one approach to the problem of
defining the PKC gene family. In principle this should permit an exhaustive
survey, yet attempts to use PGR with redundant oligonucleotide probes from
within conserved exons have so far been fruitless, perhaps due to the exon
constraints imposed by genomic analysis. The lack of such constraints does
permit a PGR approach from cDNA libraries employing oligonucleotide probes
covering highly conserved motifs present in known PKG gene products. This
type of approach has previously revealed recently two PKG-related genes in
Schizosaccharomyces pombe (Toda et al, 1993). We therefore decided to
undertake a degenerate PGR based screen of two human cDNA libraries in order
to search for known as well as novel PKG-related cDNA sequences.

3:2

Results

3:2:1

Design of degenerate PGR primers.

In order to carry out a broad screen, redundant oligonucleotides were
designed to two regions of the PKG kinase domain that are invariant between all
the members of the PKG superfamily - GGDLM and DWWA - as shown in
Figure 3:2:1. Gare was taken to select a region of the kinase domain, highly
conserved throughout all serine/threonine protein kinases, which would create a
bias for PKG related species and against other kinases. The degenerate
oligonucleotides incorporating flanking restriction sites for use in subcloning
(underlined) used for PGR were the following :-
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00
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PKC-a
PKC-P
PKC-y
PKC-Ô
PKC-e
PKC-ti
PKC-e
PKC-i
PKC-C

GGDLMYHIQQVGKFKEPQAVFYAAEISIGLFFLHKRGIIYRDLKLDNVMLDSEGHIKIADFGMCKEHMMDGVTTRTFCGTPDYIAPEIIAYQPYGKSVDWWA
GGDLMYHIQQVGKFKEPHAVFYAAEIAIGLFFLQSKGIIYRDLKLDNVMLDSEGHIKIADFGMCKENIWDGVTTKTFCGTPDYIAPEIIAYQPYGKSVDWWA
g g dlm yh iq q lg k fkepha afyaa eiaig lfflh nq g iiyrd lkld nvm lda eg h ik itdfg m ck envfpg tttr tfc g tpdyia peiia yq pyg ksvdw w a

GGDLMYHIQDKGRFELYRATFYAAEIMCGLQFLHSKGIIYRDLKLDNVLLDRDGHIKIADFGMCKENIFGESRASTFCGTPDYIAPEILQGLKYTFSVDWWA
GGDLMFQIQRSRKFDEPRSRFYAAEVTSALMFLHQHGVIYRDLKLDNILLDAEGHCKLADFGMCKEGILNGVTTTTFCGTPDYIAPEILQELEYGPSVDWWA
gg dlm fhiq ksrrfdeararfyaaeiisalm flhdkgiiyrdlkldnvlldheghckladfgmckegicngvttatfcgtpdyiapeilqem lygpavdw w a

GGDLMYHIQSCHKFDLSRATFYAAEIILGLQFLHSKGIVYRDLKLDNILLDKDGHIKIADFGMCKENMLGDAKTNTFCGTPDYIAPEILLGQKYNHSVDWWA
GGDLMFHMQRQRKLPEEHARFYSAEISLALNYLHERGIIYRDLKLDNVLLDSEGHIKLTDYGMCKEGLRPGDTTSTFCGTPNYIAPEILRGEDYGFSVDWWA
GGDLMFHMQRQRKLPEEHARFYAAEICIALNFLHERGIIYRDLKLDNVLLDADGHIKLTDYGMCKEGLGPGDTTSTFCGTPNYIAPEILRGEEYGFSVDWWA
* * * * *

*

**

**

*

*

*

********

**

**

*

*

*****

***** *

******

Figure 3:2:1. Rationale behind the design of the degenerate primers used. Amino acid sequences for PKC-a-Ç are aligned
within the C4 region of the kinase domain. The high degree of identity within this region can easily be seen (* denotes identity
between all 9 PKC sequences. Residues used in the degenerate primer design (GGDLM and DWWA) are indicated in bold.

*** **

5' oligonucleotide:
5'-GCG A ATTCA M IG G IGG IG AY YTIATG-3’

(Kin5'EcoR/)

3' oligonucleotide:
5-G C G C G G C C G C ISY C C A C C A R T C IA C -3'

where:

{Kiny Notl)

I = inosine
R=A+G
Y=T+C
M=A+C
S=G+C

K in S 'E co RI corresponds to the consensus peptide Gly-Gly-Asp-

Leu-Met within the kinase domain of PKC family members. The Kin3W o//
oligonucleotide corresponds to the consensus peptide of Trp-Trp-Asp-Val
also within the PKC kinase domain. Together these primers would be expected
to direct the synthesis of a PCR product of approximately 340bp:-

V4

1

3’

cPKC
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3:2:2

Optimising PCR conditions to pick up all PKC isoforms.

The main criterion required from the PCR reaction was that conditions
should be optimised so that PCR products from each of the known PKC
cDNAs should be synthesised. Under such conditions these primers should
direct the synthesis of a specific 340bp PCR fragment. The production of the
340bp fragment was essential and was achieved for each of six distinct PKC
cDNAs (a-Q. Optimisation of this reaction resulted in the following conditions
under which PCR using this set of degenerate oligonucleotides was carried out:-

Dénaturation:

940c

1 min

Annealing:

500C

2 min

Extension:

72°C

1 min

30 cycles were performed after an initial cycle at 94°C for 10 min
followed by 72®C for 5 min during which time Taq XL DNA polymerase was
added. 120 pmol of each oligonucleotide were used in each reaction and 1 ng of
the relevant cDNA was used for PCR. PCR reactions were carried out in the
presence of 10 |Xg/ml TMAC. This was an important component within the
reaction and PCR in the absence of TMAC resulted in a loss of PCR product
synthesis from some of the PKC isoforms.

3:2:3

Degenerate PCR from U937 cell and human fetal brain derived cDNA
source.

Using cDNA derived from a human fetal brain library and in parallel
from the human monoblastoid U937 cell, PCR was carried out with these
redundant oligonucleotides as detailed in 3:2:1. In these reactions typically l|xg
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of cDNA was used in an attempt to provide a large complement of template
cDNA representative of the genes expressed in the tissue or cell type
investigated. Degenerate PCR resulted in ethidium bromide stained 340bp
fragments which could be detected in both the U937 and human fetal brain
cDNA library situations (U937 results are shown in Figure 3:2:2). These PCR
products were judged to be specific as they were absent when only one primer
was used in the reaction (see lanes 2 and 3 in Figure 3:2:2).

Ikb

Figure 3:2:2.

1

2

3

Degenerate PCR from the U937 cDNA library

source. 30 cycles of PCR were carried out (denaturation-94°C-1min ;
annealing-5Q0C-2min; extension-72°C- Imin) on 1 jig cDNA template material
per PCR reaction. Reactions were carried out in the presence of (1) 120 pmol
each of 5 prime and 3 prime degenerate primers, (2) 120 pmol 5 prime
degenerate primer alone and (3) 120 pmol 3 prime degenerate primer alone. All
PCR was carried out in the presence of liig/ml TMAC. Cycling resulted in the
production of a PCR product of the predicted size - 340 bp (arrow above). Ikb
DNA markers were run as standards (Ikb).
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3:2:4

Subcloning of degenerate PCR fragments into pBluescript.

The 340bp PCR products were chloroform extracted from the PCR
reaction components and ethanol precipitated. They were then subjected to
digestion with the restriction enzymes EcoRI and N otl and gel-purified over a
1.0% agarose gel. The recovered DNA fragment was subcloned into the
purified vector, pBluescript (Stratagene, CA, USA), which had previously been
digested with E co R I and N o tl and treated with alkaline phosphatase.
Recombinant clones were then identified by blue/white selection (Chapter 2:2:9)
and positive clones (which were white in colour) initially checked by restriction
analysis. Typically >95% of white or 'positive' clones contained the 340bp
insert therefore for the following sequence analysis a restriction digest was not
carried out to verify the presence of insert.

3:2:5

Recombinant clones screened by T-tracking.

Positive (white) colonies were randomly picked and plasmid inserts
sequenced. As data accumulated, certain sequences were frequently observed.
In order to screen larger numbers of clones analysis was continued by
employing T-tracking. This involved the full sequencing of positive inserts,
and simply running one of the lanes (G/A/T or C) to allow faster processing of
the data. Running the T-track data together with T-tracks corresponding to
previously identified PKC and PKC-related sequences (i.e. PRK l) allowed
those frequently occurring sequences to be discarded rapidly as shown in Figure
3:2:3. Those novel sequences that were identified were then analysed more
fully by running the complete sequence data (G/A/T and C) on a subsequent 5%
sequencing gel.
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*

Figure 3:2:3.

Large scale sequence analysis performed by T-

tracking. Approximately 100 positive clones were sequenced from each of
the two cDNA library screens (U937 cell line and human fetal brain) by running
the T lane of the sequence on a 5% sequencing gel. Typical results (these are
obtained from the U937 cDNA library derived clones) are shown in this figure,
where the presence of frequently repeated sequences (* is PRKl in this case)
can easily be seen. N denotes novel sequences which were then taken for
further analysis.
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3:2:6

Further sequence analysis of U937 cell and Human fetal brain derived
clones.

Approximately 100 insert containing clones were analysed by
sequencing for each screen. All novel sequences were fully sequenced over the
entire insert size in both directions. The results of this sequence analysis are
displayed in Figure 3:2:4:-

A: U937 results

B: Human fetal brain results

80.

30

o
6 40

20 -

20

10 -

Figure 3:2:4.

mm

Sequence analysis of U937 cell and Human fetal

brain derived clones. The results of sequence analysis of approximately
100 positive PCR clones are shown for the U937 cell line cDNA library screen
(A) and for the human fetal brain derived cDNA library screen (B).

There are several features to note, one of the most striking is the fact that
the number of different PCR species picked up as a result of the U937 cDNA
screen is far less than that observed in the human fetal brain situation. This is
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perhaps not surprising as examination of the U937 cDNA restricts examination
to a single cell type, whereas the situation in the human fetal brain cDNA screen
is that of a tissue comprising many cell types and which is already well
characterised as a rich source of many of the existing PKC isotypes. Western
analysis of U937 lysates shows the following PKC isotypes to be present:
PK C -pI, PKC-pII, PKC-e and PKC-Ç (Kiley et ah, 1995). The above
degenerate PCR results are not incompatible with this data and in addition
identify other PKC related species present in this cell line. A similar situation is
seen with the results from the human fetal brain library.

3:2:7

Further sequence analysis of U937 and Human fetal brain clones.

The U937 cell cDNA library screen yielded three novel sequences PKC-rjb, PKC-related-kinase 1 (PRKl) and PRK2. These sequences were in
addition to previously known sequences (PKC-p, and PKC-Ô). From the
human fetal brain screen several novel sequences - PKC-rjb, PRKl and PRK3 were obtained as well as previously existing sequences.
The PKC-6 sequence obtained (PKC-ô' in the figure below) from both
cDNA library screens and was consistently different from the existing human
PKC-Ô sequence (Aris et al, 1993) in just one nucleotide, resulting in a single
amino acid difference (M->V) (Figure 3:2:5). This was seen in 10/10 cases for
the U937 screen and 2/2 cases in the human fetal brain screen. In view of this
frequency it was decided that this difference was likely to represent a
polymorphism rather than a PCR error.
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PKC-Ô
PKC-Ô'

GGDLMYHIQDKGRFELYRATFYAAEIMCGLQFLHSKGIIYRDLKLDNVLLD
GGDLMYHIQDKGRFELYRATFYAAEIMCGLQFLHSKGIIYRDLKLDNVLLD
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PKC-Ô
PKC-Ô'

RDGHIKIADFGMCKENIFGESRASTFCGTPDYIAPEILQGLKYTFSVDWWA
RDGHIKIADFGVCKENIFGESRASTFCGTPDYIAPEILQGLKYTFSVDWWA
******* ****

Figure 3:2:5.

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Amino acid sequence of PKC-ô PCR product. The

amino acid sequence of the PKC-Ô PCR product (identical in both the U937 and
human fetal brain PCR screens) is shown aligned with that of the existing clone
human PKC-Ô sequence. * denotes identity, the one amino acid difference is
underlined.

One of the novel sequences obtained from both cDNA library screens
was PKC-T|b, which was highly related to human PKC-r) (referred to as PKCT|a). This sequence (PKC-Tib), which was identical at the nucleic acid level for
both the U937 and human fetal brain screens, was 92% identical (only 26
nucleic acid changes) at the nucleic acid level to PKC-r|a (Figure 3:2:6). These
26 nucleotide differences however resulted in just one amino acid difference,
due to the location of most of these differences in the third base or 'wobble'
position. That PKC-rib is not a cloning/PCR artefact is demonstrated by the
fact it was isolated on multiple occasions from two distinct cDNA libraries. It is
interesting that two loci have recently been described for PKC-ri (Chida et al,
1994). It is likely that the PKC-ria and PKC-rib described here are transcripts
from these two loci, although this is a rationalisation at present and awaits
further work.
In addition to the PKC-rib sequence obtained several other novel
sequences were observed - PRKl (from both the U937 and human fetal brain
screens), PRK2 (U937 only) and PRK3 (human fetal brain only). The PRK
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PKC-tja
PKC-Tib

G
ggg ggt
ggg ggg
*** **

D
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gac t t g atg
gac t t g atg
*** *** * * *

H
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t t e eae ate eaa aag tec ggg
*
*** *** ** ** *** * *
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***
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***
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***
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***
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**
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***
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Figure 3:2:6. Nucleic acid sequence of human PKC-T|a compared with that of human PKC-T|b. The nucleic acid sequence is shown
(below the amino acid sequence) of human FKC-Tja aligned with that of PKC-rjb. Identical residues are marked with a * and those that are
different are underlined. Note that the majority of the differences observed between PKC-rja and PKC-rjb are located at position 3 of the
codon - the wobble' base.
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Figure 3:2:7. Alignment of PKC-a-Ç and PRKl, 2 and 3 at the amino acid level. The amino acid sequences of PKC-a-Ç are
shown (upper) together with an alignment of PRKl, 2 and 3 (lower). Identity between firstly the PKC family and secondly the PRK
family is shown by *. The conservation between PKCs and PRKs is denoted by I.

(1,2 and 3) sequences are very highly related to the PKC superfamily (Figure
3:2:7), however there are two features that seem to distinguish PRK from PKC
within this region. Firstly, in all cases to date PKC retains a methionine within
the sequence FGMCK while the PRKs have a leucine at this position.
Secondly, the PRKs uniformly contain the sequence LDNLLLD where in PKC
the three underlined leucines are variably replaced by one or other residue with a
hydrophobic sidechain. With the sequence information available at this stage
these features seem to distinguish PRK and PKC. When PRKl, 2 and 3 are
aligned together at the amino acid level they are obviously very similar, in fact
most differences observed are conservative changes (Figure 3:2:7).

3:3

Discussion

The results from the degenerate PCR based screens of the two cDNA
libraries - U937 and human fetal brain- suggest the presence of a novel family
of PKC-related kinase (PRK) sequences. In total three novel PRK PCR
products were cloned and sequenced over the 340bp kinase derived region PRK l, 2 and 3. PRKl was present at very high levels - 78% of the U937
screen, 20% of the human fetal brain cDNA screen - in the PCR products
analysed. This may result from one of several factors, (1) a high level of
expression of PRKl mRNA transcript which is reflected in the cDNA or also
(2) a bias towards PRKl dictated by the degenerate primers used for this PCR
analysis.

The other PRK sequences (PRKl and 2) were not nearly as

repetitive. PRK2 was generated solely from the U937 cDNA screen, and was
observed four times (from approximately 100 clones analysed). It may be that
the reason PRK2 was not found in the human fetal brain screen is due to a
lower percentage of representation, as may perhaps be expected in a complex
tissue such as this, and that with this in mind insufficient clones were analysed
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to permit identification of rarer transcripts. However, later data (Chapter 4)
suggests that the reason PRK2 was not found in the human fetal brain screen
was due to the fact that it is highly restricted in its expression.
That PRKl, 2 and 3 are related yet different to the PKC superfamily is
backed up by the evolutionary tree below

PKA

rac

PRK2

PKC-Ô

PKC-p
PKC-a
PKC-y

PKC-i
PKC-C
VPKC-rjb
PKC-rja
PKC-e

Included for comparison are the equvalent 340bp region of the kinase
domain of the PKCs, PRKs, PKA and rac (related to A and C kinase). As can
clearly be seen PRKl, 2 and 3 are on a different branch from that of the PKCs.
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In addition to PRKl, 2 and 3 a novel PKC sequence - PKC-rjb - was
isolated. As the name suggests PKC-rjb is highly similar to the human PKC-rj
(PKC-rja) throughout this region and in spite of numerous differences at the
nucleotide level there is just one difference at the amino acid level.
Nethertheless the fact that this sequence was isolated many times from both
U937 and human fetal brain sources, together with evidence for more that one
PKC-rj loci, seem to confirm that PKC-rjb may indeed be different.
While there are clearly similarities between the PRKs and the PKCs, the
information gleaned from a short sequence within what is a highly conserved
domain in all serine/threonine kinases is minimal. In order to truly understand
the relationship between PRKs and PKCs it is necessary to know the nature of
the rest of the PRK polypeptide sequence. These sequence would presumably
encode the regulatory domains of the PRKs, and to this end the cloning of full
length cDNAs encoding the PRKs was embarked upon.
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Chapter 4:

4:1

Cloning and expression patterns of PRKL 2 and 3.

Introduction.

In order to understand how the entire PRK nucleotide and predicted
protein sequences compare with that of the members of the PKC superfamily it
was necessary to clone full length cDNAs encoding PRKl, 2 and/or 3. In
addition, the cloning of the PRKs would be of great use in allowing a more
detailed characterisation - i.e. via the expression of the cDNAs in relevant cell
systems - of the role of the PRK family in signalling transduction pathways.
The simplest approach to this task was the screening of cDNA libraries
by means of plaque (phage libraries) and colony (plasmid libraries)
hybridisation (Chapter 2:2:12). As the partial PCR products encoding PRKl, 2
and 3 were cloned from human sources, screening for full length cDNA clones
was performed on human cDNA libraries.

4:2

Cloning of a full length cDNA encoding PRKl.

4:2:1

Testing if the 315 bp PRKl probe cross hybridises to PKC-Ô.

The closest related species to the PRKl PCR product is the DNA
sequence encoding PKC-6 (Palmer et al., 1994; see Chapter 3) which is 64.8%
identical over the 340 bp region (58% at the amino acid level).

Before

embarking with the process of screening for a full length PRKl clone
hybridisation conditions were optimised in order to minimise the chances of
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picking up false positives. To do this equal molar quantités of PRKl and PKCÔ were loaded and run on a 1.0% agarose gel. The DNA was then transferred
by Southern blotting (Chapter 2:2:13) to a nylon membrane and prehybridised
for 1 hour at 68°C in the presence of 50 pg/ml salmon sperm DNA. The probe
was prepared by random prime labelling with [y^^PJ-dCTP using Klenow
fragment of DNA polymerase and unincorporated nucleotides removed by
passing the probe over a G-50 spun column (Chapter 2:2:11). The labelled
PRKl probe was then denatured by heating to 95°C for 3 minutes and was then
added to the hybridisation solution at approximately 10^ cpm/ml. After
hybridisation overnight at 68°C the membrane was washed as follows:-

Wash 1:

2 xS C C ; 0.1% SDS

- room temperature; 15 minutes

Wash 2:

lx S C C ;0 .1 % S D S

- 68°C; 15 minutes

Wash 3:

0.1 xSCC; 0.1% SDS

- 68°C; 15 minutes

Wash 4:

As wash 3.

Wash 5:

As wash 3.

The membrane was then autoradiographed and the result is shown in
Figure 4:2:1. While the PRKl probe bound strongly to the 340 bp PRKl
fragment, there was no cross reaction observed with PKC-Ô under these
conditions. The subsequent screening for full length PRKl was done under
these hydridisation conditions.
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315 bp PRKl
PCR fragment

1
Figure 4:2:1.

PRKl does not cross-hybridise with PKC-ô. Equal

molar ratios of PRK l and FKC-Ô were electrophoresed on 1.0% agarose. The
DNA was then transferred by Southern blotting onto a nylon membrane and
hybridised with a random prime labelled probe. PR K l is indicated by an arrow;
the upper weakly hybridising band corresponds to a slight contam ination of
incompletely digested PRK l in the pBluescript cloning vector. The membrane
was then washed and autoradiographed at -80°C for 4 hours.

4:2:2

Screening the U937 library for PR K l.

PRK l was isolated originally as a PCR fragment from both a human
fetal brain cDNA library and a U937 cell cD N .\ library (see Chapter 3; Palmer et
al., 1994). In order to identify full length clones for P R K l, the 340 bp PCR
fragment was employed in screening both cDNA library types. The first clone
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to be identified was Clone 1 from the U937 cell plasmid cDNA library. This
clone was 1.5 kb in length and when sequenced was found to contain an open
reading frame (ORF) encoding a putative kinase domain very similar to that of
the PKC family. However, the upstream region did not appear to contain an
ATG start codon with a suitable Kozak sequence. The sequence analysis of this
clone however facilitated later analysis of PRKl and PRK2 candidate cDNAs
(see later) and allowed us to design peptides with which to raise antibodies
against PRKl.

4:2:3

Screening the HFB library for PRKl.

Further screening from a human fetal brain (HFB) cDNA phage library
resulted in three additional positive clones: HFB clones 1.1, 1.5 and 1.7. Once
again the screening was performed using the 340 bp PRKl PCR fragment
which was labelled with [^^P]Pi using the random priming method (Chapter
2:2:11). In order to analyse these clones further the cDNA insert was excised
from the ^zapll phage vector and converted into the plasmid vector pBluescript
(Figure 4:2:2). Once the positive clones had been excised the size of the insert
was further assessed by digestion with several restriction enzymes including
EcoRI which cut out the insert from the 3.0 kb pBluescript vector (see Figure
4:2:3). Clone 1.1 was found to be the largest clone containing an insert of
approximately 4.4 kb in size by restriction analysis. Clone 1.5 contained an
insert of approximately 2.4 kb and clone 1.7 was the smallest with an insert of
around 2.3 kb. As clone 1.1 was the largest clone obtained it was then taken
for further analysis.
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pBluescript SK
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LambdaZapII vector
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cDNA insert

c o lE l

lacZ ^
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,T7

initiator
terminator

pBluescript SK

Amp.

Figure 4:2:2.

excised pBluescript SK

Outline of the LambdaZAPII vector excision. A fter

screening, positive lambda plaques are isolated and allowed to infect bacterial
cells, which are co-infected with filamentous helper phage. Inside the cell,
trans-acting proteins from the helper phage recognise two separate domains
(initiator and terminator) positioned within the LambdaZAPII vector arms. Both
of these signals are recognised by the helper phage gene II protein and a new
DNA strand is synthesised, displacing the existing strand. The displaced strand
is circularised and packaged as a filam entous phage by the helper phage
proteins, then packaged and secreted from the cell. pBluescript phagemids are
recovered by infecting an F' bacterial strain and subsequently plating on
ampicillin plates, giving bacterial colonies.
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EcoRI
Ikb Clone
MW 1.1 1.5 1.7

#- pBluescript vector
PRKl insert
fragments

HFB clone 1.1

4,350 bp
HFB clone 1.5
HFB clone 1.7

2,500 bp
2,300 bp

Figure 4:2:3. Restriction analysis of HFB PR K l positive clones
1:1, 1:5 and 1:7. 2pg of DNA from clones 1:1, 1:5 and 1:7 were digested
for 1 hour at 37®C with EcoRI. The digested DNA was then analysed by
running out on a 1.0% agarose gel.

4:2:4

Sequencing and analysis of PRKl cDNA clone 1.1.

The largest positive PRKl clone, clone 1.1, contained a 4.4 kb insert.
In order to sequence PRKl more effectively EcoRI restriction sites throughout
the PRKl sequence were exploited (Figure 4:2:4). PRKl (HFB clone 1.1)
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cDNA was digested with the EcoRI restriction enzyme to give the following
fragments:-

EcoRI
(0 )

EcoRI
(1,246)
EcoRI
(1,341)

EcoRI
(3,346)

EcoRI
(4,367)

pBluescript (SK+)
HFB clone 1.1

EcoRI series (Figure 4:4)

- 1,246 bp
95 bp
- 2,005 bp
- 1,021 bp

All PRKl derived fragments were gel purified and ligated into
pBluescript vector plasmid which had been prepared by prior restriction with the
EcoRI, followed by alkaline phosphatase treatment and gel purification (Figure
4:2:4). These new constructs were all then sequenced using the sequencing
primer sites flanking the pBluescript multiple cloning site, providing a large
amount of PRKl sequence information.
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EcoRI series
EcoRI
EcoRI

EcoRI

(1,246) (1,341)

EcoRI
EcoRI

(3,346)

(0) L

J(4,367)

pBluescript (SK +
L HFB clon e 1.1

EcoRI

EcoRI

EcoRI

EcoRI

(1,246)

(1,246)

(1,341)

pBluescript(K S)
P R K l;£ co R /A

EcoRI

341)

pB luescript(K S)
P R K \ :EcoRIB

EcoRI

EcoRI

EcoRI

(3,346)

(3,346)1

(4,367)

pBluescript(K S)
PRK\-.EcoRIC

pB luescript(K S)
P R K l :EcoRID

Figure 4:2:4. Schematic representation of the PRKl(HFB)4.4kb
E c o R I series. lOpg PRKl (HFB)4.4kb was digested using the restriction
enzyme EcoRI and the resulting digest run on a 2.0% agarose gel. The
PRKl(HFB)4.4kb insert derived fragments were then gel purified and
subcloned into pBluescript(KS) for further sequence analysis.
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TGAGTAAATCGATACATCATACGCGCGCTCCTCTGGCCGCCCCTCCCTCCGACGATCGGGGACCCTGGCGGGCGGCAGGAGGACATGGCCAGCGACGCCGTGCAGAGTGAGCCTCGCAGC
M

A

S

D

A

V

Q

S

E

P

R

S

120
12

TGGTCCCTGCTAGAGCAGCTGGGCCTGGCCGGGGCAGACCTGGCGGCCCCCGGGGTACAGCAGCAGCTGGAGCTGGAGCGGGAGCGGCTGCGGCGGGAAATCCGCAAGGAGCTGAAGCTG
W S L L E Q L G L A G A D L A A P G V Q Q Q L E L E R E R L R R E I R K E L K L

240
52

AAGGAGGGTGCTGAGAACCTGCGGCGGGCCACCACTGACCTGGGCCGCAGCCTGGGCCCCGTAGAGCTGCTGCTGCGGGGCTCCTCGCGCCGCCTCGACCTGCTGCACCAGCAGCTGCAG
K E G A E N L R R A T T D L G R S L G P V E L L L R G S S R R L D L L H Q Q L Q

360
92

GAGCTGCACGCCCACGTGGTGCTTCCCGACCCGGCGGCCACCCACGATGGCCCCCAGTCCCCTGGTGCGGGTGGCCCCACCTGCTCGGCCACCAACCTGAGCCGCGTGGCGGGCCTGGAG
E L H A H V V L P D P A A T H D G P Q S P G A G G P T C S A T N L S R V A G L E

480
132

AAGCAGTTGGCCATTGAGCTGAAGGTGAAGCAGGGGGCGGAGAACATGATCCAGACCTACAGCAATGGCAGCACCAAGGACCGGAAGCTGCTGCTGACAGCCCAGCAGATGTTGCAGGAC
K Q L A I E L K V K Q G A E N M I Q T Y S N G S T K D R K L L L T A Q Q M L Q D

600
172

AGTAAGACCAAGATTGACATCATCCGCATGCAACTCCGCCGGGCGCTGCAGGCCGACCAGCTGGAGAACCAGGCAGCCCCGGATGACACCCAAGGGAGTCCTGACCTGGGGGCTGTGGAG
S K T K I D I I R M Q L R R A L Q A D Q L E N Q A A P D D T Q G S P D L G A V E

720
212

CTGCGCATCGAAGAGCTGCGGCACCACTTCCGAGTGGAGCACGCGGTGGCCGAGGGTGCCAAGAACGTACTGCGCCTGCTCAGCGCTGCCAAGGCCCCGGACCGCAAGGCAGTCAGCGAG
L R I E E L R H H F R V E H A V A E G A K N V L R L L S A A K A P D R K A V S E

840
252

GCCCAGGAGAAATTGACAGAATCCAACCAGAAGCTGGGGCTGCTGCGGGAGGCTCTGGAGCGGAGACTTGGGGAGCTGCCCGCCGACCACCCCAAGGGGCGGCTGCTGCGAGAAGAGCTC
A Q E K L T E S N Q K L G L L R E A L E R R L G E L P A D H P K G R L L R E E L

960
292

GCTGCGGCCTCCTCCGCTGCCTTCAGCACCCGCCTGGCCGGGCCCTTTCCCGCCACGCACTACAGCACCaGTGCAAGCCCGCGCCGCTCACAGGGACCCTGGAGGTACGAGTGGTGGGC
A A A S S A A F S T R L A G P F P A T H Y S T L C K P A P L T G T L E V R V V G

1080
332

TGCAGAGACCTCCCAGAGACCATCCCGTGGAACCCTACCCCCTCAATGGGGGGACCTGGGACCCCAGACAGCCGCCCCCCCTTCCTGAGCCGCCCAGCCCGGGGCCTTTACAGCCGAAGC
C R D L P E T I P W N P T P S M G G P G T P D S R P P F L S R P A R G L Y S R S

1200
372

GGAAGCCTCAGTGGCCGGAGCAGCCTCAAAGCAGAAGCCGAGAACACCAGTGAAGTCAGCACTGTGCTTAAGCTGGATAACACAGTGGTGGGGCAGACGTCTTGGAAGCCATGTGGCCCC
G S L S G R S S L K A E A E N T S E V S T V L K L D N T V V G Q T S W K P C G P

1320
412

AATGCCTGGGACCAGAGCTTCACTCTGGAGCTGGAAAGGGCACGGGAACTGGAGTTGGCTGTGTTCTGGCGGGACCAGCGGGGCCTGTGTGCCCTCAAATTCCTGAAGTTGGAGGATTTC
N A W D Q S F T L E L E R A R E L E L A V F W R D Q R G L C A L K F L K L E D F

1440
452

TTGGACAATGAGAGGCATGAGGTGCAGCTGGACATGGAACCCCAGGGCTGCCTGGTGGCTGAGGTCACCTTCCGCAACCCTGTCATTGAGAGGATTCCTCGGCTCCGACGGCAGAAGAAA
L D N E R H E V Q L D M E P Q G C L V A E V T F R N P V I E R I P R L R R Q K K

1560
492

ATTTTCTCCAAGCAGCAAGGGAAGGCGTTCCAGCGTGCTAGGCAGATGAACATCGATGTCGCCACGTGGGTGCGGCTGCTCCGGAGGCTCATCCCCAATGCCACGGGCACAGGCACCTTT
I F S K Q Q G K A F Q R A R Q M N I D V A T W V R L L R R L I P N A T G T G T F

1680
532

AGCCCTGGGGCTTCTCCAGGATCCGAGGCCCGGACCACGGGTGACATATCGGTGGAGAAGCTGAACCTCGGCACTGACTCGGACAGCTCACCTCAGAAGAGCTCGCGGGATCCTCCTTCC
S P G A S P G S E A R T T G D I S V E K L N L G T D S D S S P Q K S S R D P P S

1800
572

AGCCCATCGAGCCTGAGCTCCCCCATCCAGGAATCCACTGCTCCCGAGCTGCCTTCGGAGACCCAGGAGACCCCAGGCCCCGCCCTGTGCAGCCCTCTGAGGAAGTCACCTCTGACCCTC
S P S S L S S P I Q E S T A P E L P S E T Q E T P G P A L C S P L R K S P L T L

1920
612

GAAGATTTCAAGTTCCTGGCGGTGCTGGGCCGGGGTCATTTTGGGAAGGTGCTCCTCTCCGAATTCCGGCCCAGTGGGGAGCTGTTCGCCATCAAGGCTCTGAAGAAAGGGGACATTGTG
E D F K F L A V L G R G H F Q
K V L L S E F R P S G E L F A I K
A L K K G D I V

2040
652

GCCCGAGACGAGGTGGAGAGCCTGATGTGTGAGAAGCGGATATTGGCGGCAGTGACCAGTGCGGGACACCCCTTCCTGGTGAACCTCTTCGGCTGTTTCCAGACACCGGAGCACGTGTGC
A R D E V E S L M C E K R I L A A V T S A G H P F L V N L F G C F Q T P E H V C

2160
692

TTCGTGATGGAGTACTCGGCCGGTGGGGACCTGATGCTGCACATCCACAGCGACGTGTTCTCTGAGCCCCGTGCCATCTTTTATTCCGCCTGCGTGGTGCTGGGCCTACAGTTTCTTCAC
F V M E Y S A G G D L M L H I H S D V F S E P R A I F Y S A C V V L G L Q F L H

2280
732

GAACACAAGATCGTCTACAGGGACCTGAAGTTGGACAATTTGCTCCTGGACACCGAGGGCTACGTCAAGATCGCAGACTTTGGCCTCTGCAAGGAGGGGATGGGCTATGGGGACCGGACC
E H K I V Y R D L K L D N L L L D T E G Y V K I A D F G L C K E G M G Y G D R T

2400
772

AGCACATTCTGTGGGACCCCGGAGTTCCTGGCCCCTGAGGTGCTGACGGACACGTCGTACACGCGAGCTGTGGACTGGTGGGGACTGGGTGTGCTGCTCTACGAGATGCTGGTTGGCGAG
S T F C G T P E F L A P E V L T D T S Y T R A V D W W G L G V L L Y E M L V G E

2520
812

TCCCCATTCCCAGGGGATGATGAGGAGGAGGTCTTCGACAGCATCGTCAACGACGAGGTTCGCTACCCCCGCTTCCTGTCGGCCGAAGCCATCGGCATCATGAGAAGGCTGCTTCGGAGG
S P F P G D D E E E V F D S I V N D E V R Y P R F L S A E A I G I M R R L L R R

2640
852

AACCCAGAGCGGAGGCTGGGATCTAGCGAGAGAGATGCAGAAGATGTGAAGAAACAGCCCTTCTTCAGGACTCTGGGCTGGGAAGCCCTGTTGGCCCGGCGCCTGCCACCGCCCTTTGTG
N P E R R L G S S E R D A E D V K K Q P F F R T L G W E A L L A R R L P P P F V

2760
892

CCCACGCTGTCCGGCCGCACCGACGTCAGCAACTTCGACGAGGAGTTCACCGGGGAGGCCCCCACACTGAGCCCGCCCCGCGACGCGCGGCCCCTCACAGCCGCGGAGCAGGCAGCCTTC
P T L S G R T D V S N F D E E F T G E A P T L S P P R D A R P L T A A E Q A A F

2880
932

CTGGACTTCGACTTCGTGGCCGGGGGCTGCTAGCCCCCTCCCCTGCCCCTGCCCCTGCCCCTGCCCGAGAGCTCTTAGTTTTTAAAAAGGCCTTTGGGATTTGCCGGAAAAAAAAAAAAAA 3 0 0 1
L D F D F V A G G C *
942

Figure 4:2:5. Nucleotide sequence and deduced amino acid sequence of PR K l HFB
clonel.l. The predicted amino acid sequence of PRKl is expressed in single-letter code. The
region containing the conserved glycine residues and lysine that are involved in ATP binding is
underlined. The asterisk indicates a termination codon. Nucleic and amino acid residue (in
codons 191 & 924) differences observed between PRKl and PKN are in bold.

108

The remaining PRKl sequence analysis was completed using PRKl
specific primers in order to cover the sequence completely in both directions.
This clone (HFB clone 1.1) was sequenced in its entirety and found to contain a
2,952 bp open reading frame (ORF) as seen in frame 1 below

PRKl: HFB clone 1.1 (4.4 kb)
Frame 1
Frame 2
Frame 3
2000

1000

3000

4000 bp

The nucleotide sequence and predicted amino acid seqence of PRKl is
shown in Figure 4:2:5. The long ORF displayed an ATG preceded by a suitable
Kozak sequence (Kozak et al, 1987) and was also found to have an in frame
stop 84 residues 5' to the ATG. The predicted sequence defines a protein of
117 kDa that includes a typical kinase domain at its carboxy terminus. By
inference, the first 600 amino acids represent the regulatory domain(s) of this
protein.

A clearer picture of the amino-terminal domain is provided by

comparison with PRK2 (see Section 4:4).
The sequence data obtained for PRKl (HFB clone 1.1) is in agreement
with that published by Mukai and Ono, 1994 except for the following
differences:-

PR K l
codon

(Palmer et al,
1995a)

codon 191

(Mukai & Ono,
1994)

PKN (rat)

DBK

(Mukai & Ono,

(Chu et al,

1994)

1994)

GGC

d.n.a.

glycine (G)

glycine (G)

CTÇ

CTT

d.n.a.

CTÇ*

leucine (L)

leucine (L)

leucine (L)

leucine (L)

GAG
aspartate (D)

codon 924

PKN (human)

d.n.a.: data not available
n.a.: not applicable
* codon 460 in DBK (see Chapter 4; Discussion)
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n.a.

The 2 nucleic acid differences between PRKl and PKN result in a single
amino acid change: aspartate (PRKl) to glycine (PKN) at amino acid residue
191. The second difference, in codon 924 of the ORF, is silent. The effect of
the predicted amino acid difference, if any, on the function of PRKl/PKN is not
known and may well represent a polymorphism in the sequence.

4:2:5

A 120 kDa protein is produced when PRKl is translated in vitro.

In order to express the predicted PRKl protein in mammalian systems
4.4 kb insert of PRKl clone 1.1 was subcloned into the mammalian expression
vector pcDNA3.

This vector utilises a human cytomegalovirus (CMV)

promoter/enhancer region to drive expression of inserted genes as well as
carrying a neomycin resistance marker for the selection of stable transformants
in the presence of the drug G418. PRKl was excised from pBluescript using
the restriction enzyme Notl (at the 5 prime) and Xhol (at the 3 prime) and the
resulting 4.4 kb insert gel purified. The prepared insert was then ligated into
pcDNA3 vector which had been cut with Notl and Xhol prior to treatment with
alkaline phosphatase and gel purification. Positive clones were then identified
and analysed by restriction digest. The scheme of this subcloning is shown in
Figure 4:2:6a.
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EcoRI

Notl

HFB Clone 1.1 (4,367bp)

L

EcoRI
(4,367)

Xhol

pBluescript (KS+)
HFB clone 1.1

EcoRI
HFB Clone 1.1 (4,367bp)

N o t iL

EcoRI
(4,367)

Xhol

T7

pcDNA3:PRKl(4.4)
Amp.

Figure 4:2:6a.

Neomycin

Schematic diagram illustrating the subcloning of

PRKl(HFB)4.4kb into the mammalian expression vector pcDNA3.
PRKl(HFB)4.4kb was cut NotllXhoI and inserted into the expression vector
pcDNA3 that had previously been prepared by NotllXhoI restriction followed
by alkaline phosphatase treatment.

Ill

The expression of PRKl from this construct (pcDNA3:PRKl(4.4kb))
was then tested. This was done using in vitro transcription and translation in
the rabbit reticulocyte lysate system (Chapter 2:2:18). The results of this
analysis are shown in Figure 4:2:6b. DNA (1 p.g) of pcDNA3:PRKl(4.4kb)
was transcribed and translated from the T7 promoter for 2 hours at 32°C. The
resulting translated proteins were run on 8% SDS-PAGE and analysed by
autoradiography. PRKl was seen to be expressed as a ^^S-methionine labelled
protein product of 120 kDa in reticulocyte lysates in agreement with the protein
size of 117 kDa predicted by the ORF of PRKl (HFB clone 1.1).

200

116
97

66

45
2

Figure 4:2:6b.
In vitro translation of PR K l results in the
p ro d u ctio n
of a
120 kDa
p rotein
p rod u ct. l.Op g
pcDNA3:PRKl(4.4kb) cDNA (Lane 1) together with l.Opg luciferase control
cDNA (Lane 2) were translated in rabbit reticulocyte lysates for 120 minutes in
the presence of [^^SJmethionine. [^^SJMethionine-labelled products were then
analysed by 8% SDS-PAGE, followed by autoradiography.
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4:2:6

An increased efficiency of in vitro translation is observed when the
5 prime untranslated region of the PRKl cDNA clone is discarded.

While PRKl clearly was expressed from the T7 promoter, what can also
be seen is that the expression level of the PRKl protein does not appear to be
very great (Figure 4:2:6b). This was especially clear when PRKl was in vitro
translated alongside PRK2 which was also expressed in the pcDNA3 vector
(see later; Section 4:3:6). As the PRKl cDNA insert in pcDNA3 contained the
entire 4.4 kb clone, including the 1.5 kb untranslated region, it was proposed
that the removal of this 5 prime 1.5 kb untranslated region may result in an
increased level of expression of PRKl protein. In order to create this new
construct a unique BssHI restriction site in pcDNA3:PRKl(4.4kb), just 60 bp
upstream of the ATG start codon was exploited (Figure 4:2:7a). The original
pcDN A3 :PRK 1(4. 4kb) construct was cut with BssHI (within the insert) and
EcoRV in the pcDNA3 vector 5 prime to the PRKl insert). The resulting
fragment was then blunt ended using the Klenow fragment of DNA polymerase
and gel purified. The purified DNA fragment of approximately 8.5 kb was then
religated and positive clones identified by restriction analysis. This clone,
pcDNA3:APRKl, was then tested for efficiency of expression of PRKl protein
in the rabbit reticulocyte lysate system. As before 1 jig of DNA was translated
and the expression of [^^Sj-methionine labelled PRKl assessed by running on
8% SDS-PAGE and autoradiography (Figure 4:2:7b). In agreement with the
previous construct (pcDNA3:PRK1 (4.4kb); Figure 4:2:6b) a protein product of
120 kDa was produced. In contrast, however, the new construct showed a far
greater level of expression of PRKl - approximately 100-fold greater than had
been achieved previously. This construct, pcDNA3:APRKl, was then used in
the subsequent expression analyses of PRKl.
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BssHII

(1,387)

EcoRI

EcoRI

HFB Clone 1.1 (4,367bp)

Notl

Xhol

T7

pcDNA3:PRKl(4.4)
Amp.

Neomycin

HindIII
Kpnl
V
^'àm m EcoRV^^^^j
BstXI
(0)
EcoRI
^ HFBClone I.l (2,980bp)

Apal
Xbal
^Xhol

pcDNA3:APRKI (2.9)1
■Neomycin

Figure 4:2:7a.

Schematic diagram illustrating the modification of

pcD N A 3:P R K l(H F B )4.4k b

to

give

pcDNA3: A P R K l(H F B ).

pcDNA3:PRKl(HFB)4.4kb was cut Eco/?V((ierived from the pcDNA
poIylinker)/555///(5 prime to the PRKl ATG start codon) and the resulting 8.5
kb linear fragment blunt ended and religated to create pcDN A3 :APRK1(HFB ).
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200

116
97
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Figure 4:2:7b. In vitro translation of PRKl is more efficient after
removal of the 5 prime untranslated region. l.Opg pcDNA3:APRKl
cDNA (Lane 1) together with l.Opg luciferase control cDNA (Lane 2) were
translated in rabbit reticulocyte lysates for 120 minutes in the presence of
[3^S]methionine. [^^S]Methionine-labelled products were then analysed by 8%
SDS-PAGE, followed by autoradiography.

4:2:7

Expression and immunoprécipitation of PRKl kinase activity from
COS 7 cells.

To analyse PRKl expression and activity further, PRKl was transfected
into COS 7 cells (Chapter 2:2:20). DNA (40 pg) of pcDNA3:APRKl was
transfected into COS 7 cells harvested at 70% confluence. These transfections
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were harvested at 24, 48 and 72 hours after transfection by lysis into 400 |xl 4x
SDS sample buffer and subsequently boiling for 5 minutes. Sample (50 jig)
was then loaded onto an 8% SDS-PAGE gel and then transferred onto a PVDF
membrane. Western analysis was then done using a peptide antisera directed
towards the carboxy terminus of PRKl. The results are shown in Figure
4:2:8:Panel A. A protein of 120 kDa is expressed, a high level of expression
being observed at 24 hours post transfection, as determined by recognition by
the PRKl antisera. This signal would seem to be specific as the signal can be
competed out in the presence of the competing peptide antigen. As PRKl is
strongly expressed at 24 hours after transfection, and by 72 hours a number of
smaller immunoreactive species can be seen implying degradation at later times,
the harvesting of PRKl from transient transfections was generally performed at
between 24 and 36 hours.
The preliminary evidence to show that PRKl was indeed an active
protein kinase came from initial immunoprécipitation experiments. In these
experiments 40|ig of pcDNA3:APRKl was transfected into COS 7 cells
harvested at 70% confluence. These transfections were harvested at 36 hours
after transfection by lysis into 300 jil lysis buffer per plate (60 mM TrisHCl,
pH7.5, 100 mM NaCl, 5 mM EDTA, 0.3% 2-mercaptoetbanol, 100 jiM
N ag V O 4, 50 mM NaF, 1% Triton X-100, 50 jig/ml PMSF, 10 mM
benzamidine, 125 jig/ml aprotinin and 250 jLig/ml leupeptin) and the resulting
lysate clarified by centrifugation for 10 minutes at 70,000g. The resulting
supernatant was then precleared by a 30 minute incubation with protein-ASepbarose at 4°C followed by a 10 min spin at 16,000g. 1 ml volume of
precleared lysate was then incubated with 140 jil protein-A-Sepbarose crosslinked to PRK2 carboxy-terminal antiserum which, due to sequence
conservation, recognises both PRKl and PRK2, and incubated for 4 hours at
4°C (immunoprécipitations were carried out both in the presence and absence of
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Figure 4:2:8.
Expression and immunoprécipitation of PR K l
kinase activity from COS 7 cells. (A) 40pg pcDNA3:APRKl cDNA was
transfected into COS 7 cells by electroporation and cells harvested 24 (2), 48 (3)
and 72 (4) hours post-transfection. 40pg pcDNA3 vector was transfected as a
control (1). 50 pg lysate was then run on 8% SDS-PAGE and analysed by
Western blotting using a PRKl carboxyterminal antibody. (B) COS 7 cells
were transfected as above and harvested at 48 hours post-transfection. PRKl
protein was then immunoprecipitated in the presence ( 1) and absence (2) of
competing peptide and assayed for autophosphorylation activity in the presence
of [y32p]ATP for 10 minutes at 30°C. Reactions were stopped in 4 x SDS
sample buffer and run on 8% SDS-PAGE followed by autoradiography.
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competing peptide). Immunoprecipitates were then washed 3 x 1 5 minutes in
lysis buffer containing 200mM NaCl, then beads were resuspended in 140 pi
enzyme dilution buffer (Chapter 2:3). Aliquots of 30 pi were then incubated in
MgATP in the presence of [y^^PJATP for 10 minutes. Reactions were stopped
by the addition of 30 pi 4 x SDS sample buffer and subsequent boiling for 5
minutes.

Samples were then run on 8% SDS-PAGE and analysed by

autoradiography (Figure 4:2:8:Panel B). The phosphorylated protein at 120kDa
comigrates with PRKl and likely represents the autophosphorylated protein.
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4:3:

Cloning of a full length cDNA encoding PRK2.

4:3:1

Testing if the 315 bp PRK2 probe cross hybridises to to PR K l.

The PRK2 PCR product is highly related to PRKl, 70.8% at the nucleic
acid and 91.0% at the amino acid level. Before screening for a full length
PRK2 cDNA clone hybridisation conditions were optimised to prevent the
chances of picking up PRKl contaminating positives. This was of particular
relevance given the high representation of PRKl PCR products obtained in both
the human fetal brain and U937 cDNA library screens (Palmer et al., 1994;
Chapter 3). In order to do this equal molar quantités of the PRKl and PRK2
340 bp fragments were loaded and run on a 2.0% agarose gel. The membrane
was then Southern transferred to a nylon membrane and prehybridised for 1
hour at 68®C in the presence of 50 |xg/ml salmon sperm DNA. A PRK2 probe
was prepared by random prime labelling with [y^^P]-dCTP using Klenow
fragment of DNA polymerase and unincorporated nucleotides removed by
passing the probe over a G-50 spun column. The labelled probe was then
denatured by heating to 95°C for 3 minutes and was then added to the
hybridisation solution at approximately 10^ cpm/ml. After hybridisation
overnight the membrane was washed as previously described for PRKl in
4:2:1.
The nylon membrane was then autoradiographed and the result is shown
in Figure 4:3:1. While the PRK2 probe gave a strong clear signal with the 340
bp PRK2 fragment, there was no cross reaction observed with the PRKl
fragment under these conditions. Consequently, the screening process for full
length PRK2 was carried out using these hydridisation conditions.
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315 bp PRK2
PCR fragment

Figure 4:3:1.

PRK2 does not cross-hybridise with PR K l.

Equal

molar amounts of PRKl (1) and PRK2 (2) were electrophoresed on 1.0%
agarose. The DNA was then transferred by Southern blotting onto a nylon
membrane and hybridised with a random prime labelled probe. The membrane
was then washed and autoradiographed at -80°C for 4 hours._______________

4:3:2

Screening the U937 library for PRK2.

The PRK2 PCR fragment was only seen in the degenerate PCR screen
from the U937 cell cDNA library (see Chapter 3). In order to identify full
length clones for PRK2, the 340 bp PCR fragment was employed in screening
the same U937 cDNA library which was constructed in the plasmid pcDMS.
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Repeated attempts to obtain positives from this library - 3 primary screens were
performed in all - resulted in the identification of only one positive clone: PRK2
U937 clone 1, which was approximately 2.85 kb in length (Figure 4:3:2).
At this stage the 1.5 kb PRKl clone from the same U937 cDNA library
(see Section 4:2:2) had been obtained and sequenced and this data was
available. The PRK2 U937 clone 1 sequence was found to contain an open
reading frame (frame 1 below) encoding a putative kinase domain. However,
despite containing a suitable initiation codon together with a Kozak sequence,
the PRK2 clone (U937 clone 1) did not contain an in frame stop codon at the 3
prime end:-

PRK2: U937 clone 1 (2.85 kb)

,

1

1

1

1

JlL Jl

1^1

1
1

1

1

1

1

1

1 1 1 1

1
I

II

II

4II X\ Jl
1

ill

11 1 1 1

1

Frame 1

I

1 Frame 2
Frame 3

- 4 -

2000 bp

1000

By inference from the existing PRKl sequence data (from the 1.5 kb
U937 clone) if PRKl and PRK2 did, as suspected, contain similar catalytic
domains then PRK2 U937 clone 1 would be approximately 300 bp short and
therefore was in fact a partial and not complete PRK2 cDNA (Figure 4:3:2).
Further concern about this clone (PRK2 U937 clone 1) arose when the presence
of an in frame stop codon (as seen above in frame 1; see also Figure 4:3:2) was
discovered at nucleic acid residue 1,110 into the ORF (equivalent to amino acid
codon 370; TGA > stop (OPA)). With the information available it was decided
to use PRK2 U937 clone 1 to rescreen the U937 cDNA library for a complete
PRK2 cDNA. This was done twice, with both primary screening attempts
resulting in no positive clones being obtained and at this point it was decided to
undertake a different approach.
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STOP
= = = = = = --

PRKl U937 1.5kb
(partial)

Kozak/ATG

STOP

PC Red region
kinase domain

cp

=*= =
4 500bp
X hol

Figure 4:3:2.

PRK2 U937 2.85kb
(partial)

Schematic diagram of PRK2 U937 2.85kb clone.

Sequencing of the PRK2 U937 2.85kb clone highlighted the presence of a 5
prime Kozak and ATG start codon (flag above) as well as the original PCR
kinase region (black; see Chapter 3). Lack of an in frame stop at the 3 prime
end of PRK2 U937 2.85kb together with comparison of homology with the
PRKl U937 1.5kb clone predicts an additional 250-300bp are missing from the
3 prime end of clone PRK2 U937 2.85kb (depicted by dashed lines and ?).
Note also the presence of a STOP codon within the PRK2 U937 2.85kb ORF.

4:3:3

Screening a library southern filter to identify a library source rich for
PRK2.

In order to find a cDNA source enriched for PRK2 a Southern filter was
screened. This comprised 5 different cDNA libraries which were digested with
several enzymes and run on 1.0% agarose which were kindly given by Dr.
Amanda Jackson (Human Immunogenetics Laboratory, I.C.R.F.). A Southern
filter derived from Pstl/Hindlll and Xhol digests of 40p,g of each library DNA
were used (both of which should result in the excision of the cDNA insert). As
all the libraries tested were inserted in the library vector at Xhol sites restriction
analysis with Xhol should give rise to the predicted 3 prime PRK2 fragment of
750-800 bp in length.
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The library filter was analysed by hybridisation with both the 5 prime
2,350bp as well as the 3 prime 500bp PRK2 Xhol-Xhol fragments (below).
Hybridisation using the 3 prime Xhol-Xhol fragment (500bp in length) should
result in a signal corresponding to the predicted 750-800 bp Xhol fragment
expected in a full length PRK2 clone.

|2,350 |2,850

|0
2,350 bp

500 bp

PRK2 U937 2.85kb
(partial)

lOOng 5 or 3 prime Xhol-Xhol fragment derived from the partial PRK2
U937 2.85kb clone (above) was random prime [y32p]_(icTP labelled using
Klenow for 3 hours at 37°C (Chapter 2:2:11). Labelled probe was then cleaned
by passing over a G-50 column (Chapter 2:2:11) and after heat dénaturation
used for hybridisation overnight at 68°C. After washing, the Southern filter
was analysed by autoradiography.
Hybridisation with the 500bp 3 prime Xhol-Xhol fragment highlighted
the presence of a strongly hybridising band of 750-800bp present in one of the
cDNA library sources examined - the DX3 (a human cell line derived from a B
cell myelloma) library (Figure 4:3:3a). The same Southern filter was then
screened using the 2,350bp Xhol-Xhol fragment (Figure 4:3:3b). This second
analysis was more difficult to interpret. This is illustrated by the presence of
strongly hybridising species in the HFB lanes of much smaller than predicted
size. However, in lanes 1 and 2 of the DX3 library this screen did reveal the
presence of a larger PRK2 hybridising insert species of the expected size (>
2.0kb in size).
The information from the library Southern approach enabled the
identification of a potential enriched source of PRK2, and therefore screening of
the DX3 human cell line cDNA library was considered to be the most likely
approach for the cloning of a full length PRK2 cDNA.
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Figure 4:3:3a. Southern hybridisation with 3 prime X h o l- X h o l
fragment from the partial PRK2 U937 2.85kb clone. 40pg cDNA
library DNA was digested (1) PsîI/HindIII and (2) Xhol and electrophoresed on
1.0% agarose. The DNA was then transferred by Southern blotting onto a
nylon membrane and hybridised at 68®C overnight with a random prime labelled
500bp 3 prime Xhol-Xhol probe from the partial PRK2 U937 2.85kb clone.
The membrane was then washed and autoradiographed at -8QQC.____________
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Figure 4:3:3b. Southern hybridisation with 5 prime X h o l - X h o l
fragment from the partial PRK2 U937 2.85kh clone. 40|ig cDNA
library DNA was digested (1) Pstl/HindIII and (2) Xhol and electrophoresed on
1.0% agarose. Letters indicate the different cell types analysed. The DNA was
then transferred by Southern blotting onto a nylon membrane and hybridised at
68°C overnight with a random prime labelled 3,250bp 5 prime X hol-Xhol
probe from the partial PRK2 U937 2.85kb clone. The membrane was then
washed and autoradiographed at -80°C.________________________________
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4:3:4

Screening the DX3 library for PRK2.

Screening of the DX3 cDNA plasmid library resulted in the immediate
identification of 18 additional positive clones from the first primary screen. The
screening procedure was performed using the 3 prime Xhol-Xhol fragment
from the previously identified partial PRK2 U937 2.85kb clone which was
labelled with [^^y]Pi using the random priming method (Chapter 2:2:11). After
purification through secondary and tertiary screens 4 clones (PRK2:DX3:3, 8,
12 and 17) were taken for further analysis. These positive clones were maxipreped and then digested with Xhol - which excises the cDNA insert from the
pcDM8 vector plasmid - to analyse (1) insert size and (2) the presence of a 750800bp (i.e. full length) Xhol-Xhol fragment at the 3 prime end of the clones
(Figure 4:3:4;Panel A).
By restriction analysis the PRK2 positive clones were found to contain
inserts of the following sizes :PRK2:DX3:3

-3,260 bp

PRK2:DX3:8

-1,600 bp

PRK2:DX3:12

- 700 bp

PRK2:DX3:17

-3,360 bp

The presence of an Xhol-Xhol fragment of -750-800bp (i.e. full length)
at the 3 prime end of the clones was measured by Southern analysis of the Xhol
restriction digests (Figure 4:3:4;Panel B). The Southern was hybridised once
again using the 3 prime Xhol-Xhol fragment from the previously identified
partial PRK2 U937 2.85kb clone which was labelled with [^2p]Pi using the
random priming method (Chapter 2:2:11).

After washing the filter was

analysed using autoradiography. Two clones PRK2:DX3:3 and PRK2:DX3:17
contained a positively hybridising Xhol-Xhol fragment of -750-800bp, and
these clones were then taken for further analysis.
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Figure 4:3:4.

Restriction and Southern hybridisation analysis of

PRK2:DX3 positives 3, 8, 12 and 17. 4 positive clones from the DX3
cDNA library screen for PRK2 were analysed. (A) Ipg of DX3 clones 3, 8, 12
and 17 were digested with Xhol and run on 1% agarose gel. (B) Southern blot
hybridisation was performed using [32p]Pi labelled 3 prime X ho l-X h o l
fragment from the previously identified partial PRK2 U937 2.85kb clone and
results analysed by autoradiography.

4:3:5

Sequencing and analysis of PRK2 clones.

As for the sequencing of PRKl, sequencing of both PRK2 positive
clones (3 and 17) from the DX3 library was undertaken. This was done using a
combination of both (i) creating Xhol fragment subclones (see Figure 4:3:5) and
(ii) PRK2 specific primers in order to completely sequence in both directions.

127

Xhol
(2,092)

PRK2:DX3:3 ■Xhol digest
-> 2,091

pcDM8
PRK2:DX3:3

Xhol
(2,244)

Xhol Xhol
(3,039)(3,408)

PRK2;DX3;17 - X hol digest:
->:^243
-> 795
-> 369

pcDM8
PRK2:DX3:17

Figure 4:3:5.

Xhol Xhol
(2,887) (3,255)

Schematic diagram of PRK2:DX3 positives 3 and

17. PRK2:DX3:clone3 and PRK2:DX3:clonel7 are shown from 5 prime (left)
to 3 prime (right) with their internal Xhol sites depicted. Xhol construct series
were set up for both PRK2:DX3:clone3 and PRK2 :DX3 :clone 17 1(3 constructs
in each case) in pBluescript in order to facilitate sequence analysis.

As PRK2:DX3;clonel7 was the slightly larger clone of the two
(3,408bp compared with 3,255bp) it was sequenced first. PRK2:DX3:clonel7
contained an in frame stop 5 prime to the Kozak/ATG followed by an in frame
stop 2,835bp downstream (Frame 3 below).
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PRK2; DX3 clone 17 (3.4 kb)
Frame 1
Frame 2
Frame 3
1000

2000

3000 bp

On closer inspection, however PRK2:DX3:clonel7 was found to
contain an arginine residue rather than a glycine in kinase domain I (Figure
4:3:6). In the partial PRK2 clone from the U937 cDNA library screen this

G x G x x G x V x x motif was conserved leading to the concern that the arginine
residue (R x G x x G x V x x ) observed in PRK2:DX3:clonel7 may have arisen
due to a cloning artefact. As a result PRK2:DX3:clone3 was then fully
sequenced (Figure 4:3:7). This PRK2 clone was found to contain the same
Kozak/ATG followed by an in frame stop 2,835bp downstream (Frame 1
below).

PRK2: DX3 clone 3 (3.25 kb)
Frame 1
Frame 2
Frame 3
1000

2000

3000 bp

While not containing an in frame stop 5 prime to the Kozak/ATG the
nucleotide sequence (apart from the R/G amino acid difference discussed above
which was in fact a glycine in PRK2:DX3:clone3) was identical to that of
PRK2:DX3:clonel7, inplying that the 5 prime Kozak/ATG was indeed the
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(g)* <- a

t > (c)*

PRK2:DX3:17
primer: 2C
3' to 5' sequence

Kinase domain I
G X G XXXX V XX

T

R R G HFGK V LL

Figure 4:3:6.

PRK2:DX3:17
primer: 2F
5’ to 3' sequence

Kinase domain II
__ K

consensus

"-K

PRK2:DX3:clonel7

_____

—

PRK2: DX3:cione 17 contains an Arginine ->

Glycine mutation within the conserved glycines of kinase domain
I. Sequence data in both directions are shown illustrating the gga -> aga
mutation observed in PRK2: DX3:clone 17. * indicates the nucleotide observed
in both PRK2: DX3:17 and the initial partial PRK2 clone 1 from the U937
screen (see 4:3:2). In both cases the codon sequence was gga (not aga as in
PRK2: DX3:17; above) encoding the expected Glycine (not Arginine; above).
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GGAGCGCAAATGGCGTCCAACCCCGAACGGGGGGAGATTCTGCTCACGGAACTGCAGGGGGATTCCCGAAGTCTTCCGTTTTCTGAGAATGTGAGTGCTGTTCAAAAATTAGACTTTTCA
M A S N P E R G E I L L T E L Q G D S R S L P F S E N V S A V Q K L D F S

120
37

GATACAATGGTGCAGCAGAAATTGGATGATATCAAGGATCGAATTAAGAGAGAAATAAGGAAAGAACTGAAAATCAAAGAAGGAGCTGAAAATCTGAGGAAAGTCACAACAGATAAAAAA
D T M V Q Q K L D D I K D R I K R E I R K E L K I K E G A E N L R K V T T D K K

240
77

AGTTTGGGTATGTAGACAACATTTTGAAAAAATCAAATAAAAAATTAGAAGAACTACATCACAAGCTGCAGGAATTAAATGCACATATTGTTGTATCAGATCCAGAAGATATTACAGAT
S L A Y V D N I L K K S N K K L E E L H H K L Q E L N A H I V V S D P E D I T D

360
117

TGCCCAAGGACTCCAGATAaCCAAATAATGACCCTCGTTGTTCTACTAGCAACAATAGATTGAAGGCCTTACAAAAACAATTGGATATAGAACTTAAAGTAAAACAAGGTGCAGAGAAT
C P R T P D T P N N D P R C S T S N N R L K A L Q K Q L D I E L K V K Q G A E N

480

ATGATACAGATGTATTCAAATGGATCTTCAAAGGATCGGAAACTCCATGGTACAGCTCAGCAACTGCTCCAGGACAGCAAGACAAAAATAGAAGTCATACGAATGCAGATTCTTCAGGCA
M I Q M Y S N G S S K D R K L H G T A Q Q L L Q D S K T K I E V I R M Q I L Q A

600
197

GTCCAGACTAATGAATTGGCTTTTGATAATGCAAAACCTGTGATAAGTCaCTTGAACTTCGGATGGAAGAATTAAGGCATCATTTTAGGATAGAGTTTGCAGTAGCAGAAGGTGCAAAG
V . Q T N E L A F D N A K P V I S P L E L R M E E L R H H F R I E F A V A E G A K

720
237

AATGTAATGAAATTACTTGGCTCAGGAAAAGTAACAGACAGAAAAGCACTTTCAGAAGCTCAAGCAAGATTTAATGAATCAAGTCAGAAGTTGGACCTTTTAAAGTATTCATTAGAGCAA
N V M K L L G S G K V T D R K A L S E A Q A R F N E S S Q K L D L L K Y S L E Q

840
277

AGATTAAACGAAGTCCCCAAGAATCATCCCAAAAGCAGGATTATTATTGAAGAACTTTCACTTGTTGCTGCATCACCAACAaAAGTCCACGTCAAAGTATGATATCTACGCAAAATCAA
R L N E V P K N H P K S R I I I E E L S L V A A S P T L S P R Q S M I S T Q N Q

960

TATAGTACACTATCCAAACCAGCAGCACTAACAGGTACTTTGGAAGTTCGTCTTATGGGCTGCCAAGATATCCTAGAGAATGTCCCTGGACGGTCAAAAGCAACATCAGTTGCACTGCCT
Y S T L S K P A A L T G T L E V R L M G C Q D I L E N V P G R S K A T S V A L P

1080
357

GGTTGGAGTCCAAGTGAAACCAGATCATCnTCATGAGCAGAACGAGTAAAAGTAAAAGCGGAAGTAGTCGAAATCTTCTAAAAACCGATGACTTGTCCAATGATGTCTGTGCTGTTTTG
G W S P S E T R S S F M S R T S K S K S G S S R N L L K T D D L S N D V C A V L

1200
397

AAGaCGATAATACTGTGGTTGGCCAAACTAGCTGGAAACCCATTTCCAATCAGTCATGGGACCAGAAGTTTACACTGGAACTGGACAGGTCACGTGAACTGGAAATTTCAGTTTATTGG
K L D N T V V G Q T S W K P I S N Q S W D Q K F T L E L D R S R E L E I S V Y W

1320
437

CGTGATTGGCGGTaCTGTGTGaGTAAAATTTCTGAGGTTAGAAGATTTTTTAGACAACCAACGGCATGGCATGTGTCTCTATTTGGAACCACAGGGTACTTTATTTGCAGAGGTTACC
R D W R S L C A V K F L R L E D F L D N Q R H G M
C L Y L E P Q G T L F A E V T

1440

TTTTTTAATCCAGTTATTGAAAGAAGACCAAAACTTCAAAGACAAAAGAAAATTTTTTCAAAGCAACAAGGCAAAACATTTCTCAGAGCTCCTCAAATGAATATTAATATTGCCACTTGG
F F N P V I E R R P K L Q R Q K K I F S K Q Q G K T F L R A P Q M N I N I A T W

1560
517

GGAAGGCTAGTAAGAAGAGCTATTCCTACAGTAAATCATTCTGGCACCTTCAGCCCTCAAGCTCCTGTGCCTACTACAGTGCCAGTGGTTGATGTACGCATCCCTCAACTAGCACCTCCA
G R L V R R A I P T V N H S G T F S P Q A P V P T T V P V V D V R I P Q L A P P

1680
557

GCTAGTGATTCTACAGTAACCAAATTGGACTTTGATCTTGAGCCTGAACCTCCTCCAGCCCCACCACGAGCTTCTTCTCTTGGAGAAATAGATGAATCTTCTGAATTAAGAGTTTTGGAT
A S D S T V T K L D F D L E P E P P P A P P R A S S L G E I D E S S E L R V L D

1800
597

ATACCAGGACAGGATTCAGAGACTGTTTTTGATATTCAGAATGACAGAAATAGTATACTTCCAAAATCTCAATCTGAATACAAGCCTGATACTCCTCAGTCAGGCCTAGAATATAGTGGT
I P G Q D S E T V F D I Q N D R N S I L P K S Q S E Y K P D T P Q S G L E Y S G

1920
637

ATTCAAGAACTTGAGGACAGAAGATCTCAGCAAAGGTTTCAGTTTAATCTACAAGATTTCAGGTGTTGTGCTGTCTTGGGAAGAGGACATTTTGGAAAGGTGCTTTTAGCTGAATATAAA
I Q E L E D R R S Q Q R F Q F N L Q D F R C C A V L
G R G H F G K V L L A E Y K

2040
677

AACACAAATGAGATGTTTGCTATAAAAGCCTTAAAGAAAGGAGATATTGTGGCTCGAGATGAAGTAGACAGCCTGATGTGTGAAAAAAGAATTTTTGAAACTGTGAATAGTGTAAGGCAT
N T N E M F A I K
A L K K G D I V A R D E V D S L M C E K R I F E T V N S V R H

2160
717

CCC11 TTl GGTGAACCTTTTTGCATGTTTCCAAACCAAAGAGCATGTTTGCnTGTAATGGAATATGCTGCCGGTGGGGACCTAATGATGCACATTCATACTGATGTCTnTCTGAACCA
P F L V N L F A C F Q T K E H V C F V M E Y A A G G D L M M H I H T D V F S E P

2280

AGAGCTGTATTTTATGCTGCTTGTGTAGTTCTTGGGTTGCAGTATTTACATGAACACAAAATTGTTTATAGAGArrTGAAATrGGATAACTTATTGCTAGATACAGAGGGCTTTGTGAAA
R A V F Y A A C V V L G L Q Y L H E H K I V Y R D L K L D N L L L D T E G F V K

2400
797

ATTGCTGATTTTGGTCTTTGCAAAGAAGGAATGGGATATGGAGATAGAACAAGCACATTTTGTGGCACTCaGAATTTCTTGCCCCAGAAGTATTAACAGAAACTTCTTATACAAGGGCT
l A D F G L C K E G M G Y G D R T S T F C G T P E F L A P E V L T E T S Y T R A

2520

GTAGATTGGTGGGGCCTTGGCGTGCTTATATATGAAATGCTTGTTGGTGAGTCTCCCTTTCCTGGTGATGATGAAGAGGAAGTTTTTGACAGTATTGTAAATGATGAAGTAAGGTATCCA
V D W W G L G V L I Y E M L V G E S P F P G D D E E E V F D S I V N D E V R Y P

2640
877

AGGTTCTTATCTACAGAAGCCATTTCTATAATGAGAAGGCTGTTAAGAAGAAATCCTGAACGGCGCCTTGGGGCTAGCGAGAAAGATGCAGAGGATGTAAAAAAGCACCCATTTTTCCGG
R F L S T E A I S I M R R L L R R N P E R R L G A S E K D A E D V K K H P F F R

2760
917

CTAATTGATTGGAGCGCTaGATGGACAAAAAAGTAAAGCCACCATTTATACCTACCATAAGAGGACGAGAAGATGTTAGTAATTTTGATGATGAATTTACCTCAGAAGCACCTATTCTG
L I D W S A L M D K K V K P P F I P T I R G R E D V S N F D D E F T S E A P I L

2880
957

AaCCACCTCGAGAACCAAGGATACTTTCGGAAGAGGAGCAGGAAATGTTCAGAGATTTTGACTACATTGCTGATTGGTGTTAAGTTGCTAGACACTGCGAAACCAAGCTGACTCACAAG
T P P R E P R I L S E E E Q E M F R D F D Y I A D W C *

3000
984

AAGACCTCTTAAAAATAGCAACCCTTCATTTGCTCTCTGTGCCACCAATAGCTTCTGAGTTTTTTGTTGTTGTTGTTTTTATTGAAACACGTGAAGATTTGTTTAAAAGTACCATTCTAA
TACTTCTTCAAAAGTGGCTCCTCATTGTACTTCAGCGTAAATATGAGCACTGGAAACAGTTTCATGGAGTTTAAGTTGAGTGAACATCGGCCATGAAAATCCATCACGAATACTTTTGGA
TCAATAGTCTATTTT

3120
3240
3255

157

317

477

757

837

Figure 4:3:7. Nucleotide sequence and deduced amino acid sequence of PRK2 DX3 clone 3.
The predicted amino acid sequence of PRK2 is expressed in single-letter code. The region
containing the conserved glycine residues and lysine that are involved in ATP binding is
underlined. The asterisk indicates a termination codon.
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correct PRK2 methionine start codon. This clone, PRK2:DX3:clone3, was
then taken as the correct and complete PRK2 cDNA clone and used in further
experiments.

4:3:6

PRK2 expresses a 130 kDa protein on in vitro translation.

As before for PRKl (Section 4:2:5 and 4:2:6) the 3.25 kb insert of
pcDM8:PRK2:DX3:3 was subcloned into the mammalian expression vector
pcDNA3, under the control of the human cytomegalovirus (CMV)
promoter/enhancer region, in order to express the predicted PRK2 protein in
mammalian systems. PRK2 was excised from pcDM8 using the restriction
enzyme H indlll (at the 5 prime) and Xhol (at the 3 prime) and the resulting 3.25
kb insert gel purified. The prepared insert was then ligated into pcDNA3 vector
which had been cut with H in d lll and X hol prior to treatment with alkaline
phosphatase and gel purification. Positive clones were then identified and
analysed by restriction digest. The scheme of this subcloning is shown in
Figure 4:3:8a.
Expression of PRKl from this construct, pcDNA3:PRK2:DX3:3 was
then analysed by in vitro transcription and translation in the rabbit reticulocyte
lysate system. The results of this analysis are shown in Figure 4:2:8b. 1 (Xg of
pcDNA3:PRK2:DX3:3 DNA was transcribed and translated from the T7
promoter for 2 hours at 32°C. The resulting translated proteins were run on 8%
SDS-PAGE and analysed by autoradiography. PRK2 migrates as a [^^S]methionine labelled protein product of 130 kDa, at slightly larger than the
estimated protein size of 118 kDa predicted by the ORE.
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H in dlll
Xbal

/ ^

'^P stl

PRK2;DX3:Clone3 (3,255bp)

T7

pcDM8:PRK2:DX3;3
Neomycin

Amp.

HindIII/Notl

Apal
Xbal
Xhol
H in dlll
Xbal

/ '

PRK2:DX3:Clone3 (3,255bp)

^

, p s ti

T7

pcDNA3:PRK2:DX3:3
Amp.

Figure 4:3:8a.

Neomycin

Schematic diagram illustrating the subcloning of

PRK2:DX3:3 into the mammalian expression vector pcDNA3.
PRK2:DX3:3 was cut H indlll/Notl and inserted into the expression vector
pcDNA3 that had previously been prepared by Hindlll/Notl restriction followed
by alkaline phosphatase treatment._____________________________________
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Figure 4:3:8b.
In vitro translation of PRK 2 results in the
p ro d u ctio n
o f a 130
kDa
p ro tein
p ro d u ct.
l.Op g
pcDNA3:PRK2:DX3:3 cDNA was translated in rabbit reticulocyte lysates for
120 minutes in the presence of [^^Slmethionine. [^^SJMethionine-labelled
products were then analysed by 8% SDS-PAGE, followed by autoradiography.

4:3:7

Expression and immunoprécipitation of PRK2 activity from COS 7
cells.

To analyse PRK2 expression and activity further, 40 pg of
pcDNA3:PRK2:DX3:3 was transfected into COS 7 cells. Transfections were
harvested at 24, 48 and 72 hours after transfection by lysis into 400 pi 4x SDS
sample buffer and subsequently boiling for 5 minutes. 50 pg of sample was
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then loaded onto an 8% SDS-PAGE gel and then transferred onto a PVDF
membrane. A protein of 130 kDa was detected by Western analysis with an
antibody directed to the carboxyterminal of PRK2, in agreement with the results
obtained from the reticulocyte lysate experiment (above) and expression was
found to gradually increase over 72 hours (Figure 4:3:9(i):Panel A).

This

signal was specific as the signal could be competed out in the presence of PRK2
carboxyterminal competing peptide (Figure 4:3:9(i):Panel B). As PRK2 is well
expressed at 48 hours after transfection, and by 72 hours more smaller
inununoreactive species can be seen implying degradation at later times, the
harvesting of PRK2 from transient transfections was generally performed at 36
hours.
Immunoprécipitation experiments produced the evidence to show that
PRK2 was indeed an active protein kinase. In these experiments 40 jig of
pcDNA3:PRK2:DX3:3 was transfected into COS 7 cells harvested at 70%
confluence. These transfections were harvested at 36 hours after transfection by
lysis into 300 |xl lysis buffer per plate (60 mM TrisHCl, pH7.5, 100 mM NaCl,
5 mM EDTA, 0.3% 2-mercaptoethanol, 100 )lIM NagVO^, 50 mM NaF, 1%
Triton X-100, 50 |ig/ml PMSF, 10 mM benzamidine, 125 |ig/ml aprotinin and
250 |Xg/ml leupeptin) and the resulting lysate clarified by centrifugation for 10
minutes at 70,000g. The resulting supernatant was then precleared by a 30
minute incubation with protein-A-S epharose at 4°C followed by a 10 min spin
at 16,000g. Volumes of precleared lysate (1ml) were then incubated with 140
|il protein-A-Sepharose cross-linked to PRK2 carboxy-terminal antiserum, and
incubated for 4 hours at 4°C (immunoprécipitations were carried out both in the
presence and absence of competing peptide). Immunoprecipitates were then
washed 3 x 15 minutes in lysis buffer containing 200mM NaCl, then beads
were resuspended in 140 |xl enzyme dilution buffer (Chapter 2:2:25). Aliquots
of 30p,l were then incubated in MgATP in the presence of [y^^pjATP for 10
minutes. Reactions were stopped by the addition of 30 |xl 4 x SDS sample
buffer and subsequent boiling for 5 minutes. Samples were then run on 8%
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SDS-PAGE and analysed by autoradiography (Figure 4:3:9(ii)).

The

phosphorylated protein at 130kDa comigrates with PRK2 and likely represents
the autophosphorylated protein.

^

1

2

3

4

®

1

2
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4

200
PRK2
» 116

116
97

66

47
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+

PRK2

PRK2

peptide

peptide

Figure 4:3:9(i). Expression of PRK2 in COS 7 cells by transient
transfection. (Panel A) 40pg pcDNA3:PRK2:DX3:3 cDNA was transfected
into COS 7 cells by electroporation and cells harvested 24 (2), 48 (3) and 72 (4)
hours post-transfection. 40pg pcDNA3 vector was transfected as a control (1).
50 pg lysate was then run on 8% SDS-PAGE and analysed by Western blotting
using a PRK2 carboxyterminal antibody. (Panel B) As (A) except in the
presence of competing peptide.
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Figure 4:3:9(ii).
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PRK2
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Immunoprécipitation of PRK2 kinase activity

from transiently transfected COS 7 cells. COS 7 cells were transfected
with either pcDNA3 alone (1 and 2) or pcDNA3:PRK2:DX3:3 (3 and 4) and
harvested at 48 hours post-transfection.

PRK2 protein was then

immunoprecipitated in the absence (1 and 3) and presence (2 and 4) of
competing peptide and assayed for autophosphorylation activity in the presence
of [y^^P]ATP for 10 minutes at 30°C. Reactions were stopped in 4 x SDS
sample buffer and run on 8% SDS-PAGE followed by autoradiography.
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4:4

Expression patterns of PRKl, 2 and 3.

4:4:1

Northern analysis of PRKl and PRK2.

The patterns of mRNA expression for PRKl and PRK2 were initially
investigated by Northern analysis of 20|Lig poly(A+) mRNA, prepared from a
number of human cell lines (including U937 and DX3 cell lines). Hybridisation
was carried out overnight at 68°C using [y^^PjdCTP-labelled probes, full length
PRKl (Figure 4:4:1a) and full length PRK2 (Figure 4:4:1b). PRKl displayed
a broadly expressed 3.5 kb message and PRK2 mRNA was detected as a 4.2 kb
transcript.

1 2

— 5.3kb
PRKl
2.4kb

Figure 4:4:1a.

Northern analysis of PRKl.

20|ig poly(A+) mRNA

was run on 1.0% agarose containing 50% agarose. Lane (1) mRNA derived
from U937 and (2) DX3 human cell lines. Hybridisation was carried out using
[y^^P]dCTP-labelled full length PRKl as a probe and analysed by
autoradiography.
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1

2

— 5.3kb

^^PR K 2
— 2.4kb

Figure 4:4:1b.

Northern analysis of PRK2. 20|Lig poly(A+) mRNA

was run on 1.0% agarose containing 50% agarose. Lane (1) mRNA derived
from U937 and (2) DX3 human cell lines. Hybridisation was carried out using
[y^^PJdCTP-labelled full length PRK2 as a probe and analysed by
autoradiography.

4:4:2

Expression patterns of PRKl,2 and 3 as examined by RT-PCR.

In order to permit analysis of PRK3 mRNA expression, Reverse
Transcriptase-Polymerase Chain Reaction (RT-PCR) was employed with
oligonucleotides specific for each PRK species (Chapter 2:2:17). This analysis
was performed on a variety of adult rat tissue types and showed different
patterns of expression for each PRK investigated (Figure 4:4:2). Examination
of PRKl levels revealed ubiquitous expression by RT-PCR in agreement with
previous Northern data. In contrast, PRK2 expression was not observed in any
of the tissues tested, despite using a variety of oligonucleotide pairs.
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Nevertheless mRNA could be detected in several cell lines including that of the
DX3 cell line from which full length PRK2 was cloned. RT-PCR results with
oligonucleotides specific to PRK3 allowed discrimination between PRK3 and
PRKl and these results indicated that expression of PRK3 message is limited to
certain tissue types (Figure 4:2:4c).

4:4:3

Chromosomal localisation of PR K l.

Fluorescence in situ hybridisation (FISH) was used to map the position
of the PRKl gene within the human genome. This analysis was kindly
performed for us by Tanya Jones M.Sc. of the ICRF Human Cytogenetics
Laboratory. Full length PRKl was used as the FISH probe and a chromosomal
localisation on 16pl 1-12 was obtained (Figure 4:4:3).
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Figure 4:4:2. Analysis of PRK mRNA levels by RT-PCR. l.Opg total cellular RNA exracted from adult rat tissues was analysed
by RT-PCR (Chapter 2:2:x) for the presence of PRKl, PRK2 and PRK3. RT-PCR products were analysed by separation on agarose
gels followed by Southern blotting, (a) PRKl, (b) PRK2 and (c) PRK3.

Panel A

Panel B

Panel C

Figure 4:4:3.

Chromosomal localisation of PR K l by FISH.

analysis was carried out using PRKl as a probe.

FISH

Panel (A) Red spots

highlighted by arrows denote position of PRKl hybridising signal. Panel (B)
General DAPI DNA stain of chromosomal spread. Panel (C) BrdU stain
revealing chromosome banding patterns allowing a more accurate localisation to
be determined.

This data is courtesy of Tanya Jones, ICRF, Human

Cytogenetics Laboratory.
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4:5

Discussion

The work described in this chapter establishes the existence of a family
of protein kinases that while retaining kinase domains closely related to those of
the PKC gene family nevertheless possess divergent aminoterminal sequences.
This PKC related kinase (PRK) family does not retain C; (effector binding
domain) or C] domains typical of members of the PKC gene family and
regulation of their activity is thus likely to be quite distinct. A dot plot alignment
of PRKl and PRK2 (Figure 4:5: la) identifies a number of regions conserved in
the aminoterminal domains as well as extensive identity within the kinase
domain (Figure 4:5:1b).

-

200

-

400

-

600

-

0

200

400

600

PRK2

800

800

PR K l

Figure 4:5:1a.

Dot plot alignment of PRKl versus PRK2 amino

acid sequences. Dot plot analysis of the amino acid sequences of PRKl
(horizontal) and PRK2 (vertical). When equal or greater than 8 out of 11
residues are conserved then a dot is placed on the central axis.
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H R l (a,b,c)

HR2

HR3

PRK 1/2

N-C=}CmC3-----Mm™—
I______________________ I
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Figure 4:5:1b.

I_____________I

I_____________________________ I
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83%

PRK overall domain structure. The overall domain

structure and localised identity between PRKl and PRK2 is illustrated.

The C-termini of PRKl and 2 are clearly identifiable as protein kinase
domains, and are highly related to the kinase domains of PKCs. By inference
the aminotermini are regulatory although no specific clues as to their function
have been obtained through comparison of these to sequences in the protein
database. This amino-terminal regulatory domain is comprised of several
homologous regions. The first of these, HRl, can be subdivided into three
shorter stretches (a-c) defined by contiguous stretches of identity. That these
subdomains (HRla-HRlc) can be considered as such derives from further
inspection of the sequence which reveals that these represent a repeated motif
(Figure 4:5:2).

PRKl
PRK2
PRKl
PRK2
PRKl
PRK2

Hla
Hla
Hlb
Hlb
Hlc
Hlc

ERLRREIRKELKLKEGAENLRRATT.... DLGRSLGP.VELLLRGSSRRLDLLHQQLQEL..H AHWL
DRIKREIRKELKIKEGAENLRKVTT.... D .KKSLAY.VDNILKKSNKKLEELHHKLQEL..N A H I W
AGLEKQLAIELKVKQGAENMIQTYSNGSTKD.RK.LLLTAQQMLQDSKTKIDIIRMQLRRALQADQLEN
KALQKQLDIELKVKQGAENMIQMYSNGSSKD.RK.LHGTAQQLLQDSKTKIEVIRMQILQAVQTNELAF
EELRHHFRVEHAVAEGAKNVLRLLSAAKAPD.RKAVSE.AQEKLTESNQKLGLLREALERRL. .GELPA
EELRHHFRIEFAVAEGAKNVMKLLGSGKVTD.RKALSE.AQARFNESSQKLDLLKYSLEQRL. .NEVPK
h
h E h pGApNh
bh
p h S b h h h
h

Figure 4:5:2.

Alignment of the repeated sequences (a, b and c)

within the HRl domain of PRKl and PRK2. h = hydrophobic, p =
polar, b = basic and L = leucine or conserved residue.
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This motif comprises a core GAXN sequence (where X is a charged
residue) which is then followed in all three cases by a stretch of sequence
containing five repeated leucine or conserved amino acids similar to the
consensus seen in leucine zipper containing proteins (Baxevanis and Vinson,
1993). Whether these repeats represent individual domains or whether they
form part of a tripartite structure remains to be determined. Searching of
sequences in the OW1_20 database does not identify any closely related
sequences. Similarly searching with the repeat consensus motif does not
identify any closely related sequences. In addition to this data, a report from
Mukai and Ono described the isolation of a novel protein kinase, PKN, which is
in fact identical to PRKl (Mukai and Ono, 1994). The size of the expressed
protein and broad pattern of tissue expression is entirely consistent with that
observed for PRKl and, consistent with the more detailed domain structure
afforded by comparision of PRKl and PRK2, PKN was noted to retain a
potential zipper motif (Mukai and Ono, 1994).

The HR2 domain is found to show significant similarity to the
aminotermini of PKC-e and PKC-r| encompassing the Vo and pseudosubstrate
sites of these PKCs (Figure 4:5:3). This may be of significance for although no
clear pseudosubstrate site sequence can be discerned for PRKl and PRK2, it
may transpire that this region of homology (Vo/HR2) defines a common domain
involved in the activation of these protein kinase molecules and by inference
alleviation of the inhibition of the active kinase domain by the pseudosubstrate
site. No further sequences of close similarity to this region were identified in
the database.

145

PRKl
PRK2
PKCe
PKCt)

LKLDNTWGQTSWKP-CGPNA.MX3SFTLELERARELELAVF------ WRDQRGLCALKFLKLEDF
LKLDNTWGQTSWKP- ISNQSWDQKFTLELDRSRELEISVY------ WRDWRSLCAVKFLRLEDF
LNVDDSRIGQTATKQKTNSPAWHDEFVTDVCNGRKIELAVFHDAPIGYDDFVANCTIQFEELLQN
VSVDQVRVGQTSTKQKTNKPTYNEEFCANVTDGGHLELAVFHETPLGY-DFVANCTLQFQELVGT
*

PRKl
PRK2
PKCe
PKCT)

* * *

*

*

*

*

*

*

*

*

LDNERH-EVQLDMEPQGCLVAEVTFRNPVIERIPRLRRQKKIFS------ KQQGKAFQRARQMN
LDNQRH-GMCLYLEPQGTLFAEVTFFNPVIERRPKLQRQKKIFS------ KQQGKTFLRAPQMN
--GSRHFEDWIDLEPEGRVYVIIDLSGSSGE- -APKDNEERVFRERMRPRKRQGAVRRRVHQVN
TGASDTFEGWVDLEPEGKVFWITLTGSFTE- -ATLQRD-RIFKHF- -TRKRQRAMRRRVHQIN
* *

*

*

*

*

*

*

Figure 4:5:3. Comparison of the HR2 domiains of PR K l and
PRK2 and the Vo domains/pseudosubstrate sites of PKC-e and
PKC-T|. Conserved residues are marked with (.) and identical amino acids are
denoted (*).

The relationship between the PKC gene family and the PRK family is of
interest both with respect to the modular nature of the proteins as discussed
above for the Vo/HR2 domains, but also in respect of their evolution. The very
close kinase domain similarity and the distinct putative regulatory domains
would suggest that these genes have arisen by fusion of primordial, distinct
regulatory domains and a common catalytic domain. Such a view would
account for PKC-p which has, when compared to PRKs an inverted
relationship to other PKC isotypes, sharing conserved motifs in the regulatory
domain while retaining a C-terminal kinase domain most closely related to the
Ca^+'Calmodulin- dependent kinase domain family (Johannes et al., 1994). In
this light it will be of interest to determine whether PRKs, like PKCs, are
present in lower eukaryotes.

The predicted open reading frames for PRKl and PRK2 encode proteins
of 117 and 118 kDa respectively; PRKl translates to yield a primary translation
product of 120 kDa, while PRK2 migrates somewhat anomolously at 130 kDa,
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*

*

whether translated in vitro or following expression in COS cells. Expression
studies with PRKl and 2 have shown that they can be extracted in neutral
detergent and immunoprecipitates of PRKl and 2 from transfected cells show
apparent autophosphorylation activity. This indicates that there is minimally a
basal kinase activity associated with PRKl and 2.

PRKl shows a broad pattern of expression and is detectable in all
tissues and cell lines tested to date. By contrast PRK2 is barely detectable by
Northern analysis even in DX3 cells from which it was cloned. PRK2 can be
detected readily by RT-PCR in the B-cell line DX3; it has not however been
possible to detect PRK2 in RNA from any rodent tissues tested including whole
leukocyte populations. While this may reflect sequence differences between the
human and rodent, various combinations of oligonucleotides were tested
without success. Thus it is entirely possible that PRK2 is very much restricted
in its expression, perhaps to particular (immature) compartments in the
monocytic (U937) and lymphoid (DX3) lineages. However recently protein
sequence from a liver purified protease-activated kinase indicates that it may
well be identical to PRK2, suggesting that PRK2 expression is not as restricted
as the RT-PCR results would indicate, and that perhaps the human
oligonucleotides used were unable to cross species from human to rat. Such
results highlight the care required in the analysis of message expression levels,
especially when there are cross-species considerations.
Through the use of RT-PCR it has also been possible to establish the
pattern of expression of PRK3, for which no full length cDNAs have been
isolated. This has shown that PRK3 mRNA is detectable in a number of adult
rodent tissues but not in all ie. the pattern of expression is restricted compared to
that of PR K l. It should be noted that while these whole tissue analyses can not
provide evidence for co-expression, both PRKl and PRK2 were identified in a
U937 cell cDNA library (Palmer et al., 1994), and thus expression does not
appear to be mutually exclusive.
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In summary, two full length cDNAs and one partial cDNA encoding
members of a novel family of protein kinases - the PRK (Protein kinase-C Related Kinase) family - are described in this chapter. In addition to an intrinsic
kinase activity these proteins display conserved motifs outside the kinase
domain itself that are likely to play critical roles in their regulation.
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Chapter 5:

5:1

Expression, purification and characteristion of PRKl.

Introduction

The predicted structure of the PRK family of kinases suggests a
situation in which the carboxy-terminal region of the enzyme which encodes a
typical kinase catalytic domain is subject to control by a large amino-terminal
regulatory region comprised of two readily defined domains, HRl and HR2
(Palmer et al., 1995a). This would be analogous to the situation seen with the
various isotypes of the Protein kinase C (PKC) family in which regulation of
the carboxy-terminal catalytic domain is exerted through the amino-terminal
regulatory portion of the molecule (Dekker et al., 1994). While a similar
structural arrangement can be seen with the PRK family of kinases, homology
between the various PRK isotypes and the PKC family seems to be restricted to
their highly homologous kinase domains and not the putative regulatory
domains (Palmer et. al., 1995a; Mukai et al., 1994).
In order to understand the potential mechanisms of PRK regulation and
its capacity for activation, this Chapter describes the purification and
characterisation of the PRKl isotype. The purification is achieved for PRKl
over-expressed in COS 7 cells and the kinetic properties of the activity
disscussed. Purified PRKl is shown to be activated by limited proteolysis, a
property that is important with consideration to the potential physiological
regulation of PR K l.
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5:2

Results

5:2:1

Transient transfection of pcDNA3:APRKl in COS 7 cells.

Transfection of COS 7 cells with 40)ig recombinant cDNA encoding
human PRKl (see Chapter 4) leads to a time dependent increase in PRKl
protein levels that accumulates from day 1 and reaches a plateau between 2 and
3 days post transfection (Figure 5:2:1).
As expression of PRKl protein does not increase substantially between
24 and 48 hours and given the appearance of smaller molecular weight
immunoreactive species at 72 hours after transfection (possibly due to
degradation of overexpressed PR K l), harvesting was performed at
approximately 36 hours after transfection. At this time point substantial PRKl
is expressed and minimal degradation is observed.

5:2:2

Purification of recombinant PRKl from COS 7 cells.

In order to purify PRKl, 10 x 15cm plates of COS 7 cells were
transfected by electroporation with 40(Xg pcDNA3:APRKl and harvested 36
hours post transfection as follows. Plates were washed 3 times in ice cold PBS
and subsequently each lysed into 500)il of lysis buffer (60 mM Tris/HCl pH
7.5, 100 mM NaCl, 5 mM EDTA, 0.3% (v/v)
N a 3 V O 4 , 50

mM

NaF,

1%

(v/v)

-mereaptoethanol, 100 mM
Triton

X-100,

5 0 |X g /m l

phenylmethylsulfonylfluoride (PMSF), 10 mM benzamidine, 125|ig/ml
aprotinin, 250|ig/ml leupeptin) per plate. The pooled lysate was then clarified
by centrifugation at 70,000g for 10 minutes at 4°C. The resulting supernatant
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Figure 5:2:1. Time-course of expression of PRKl in COS 7 cells.
40|ig of pcDNA3:PRKl was transiently transfected into COS 7 cells by
electroporation. Transfected cells were washed in fresh medium 4-5 hours after
transfection in order to remove cellular debris. Harvesting (into 500)il SDSsample buffer per 15cm plate) was carried out 24 (Lane 2), 48 (Lane 3) and 72
(Lane 4) hours post-transfection. Lane 1 contains C0S7 cells transfected with
40pg of empty pcDNA vector. 50|ig lysate was analysed on 8% SDS-PAGE
followed by immunoblotting with a carboxy-terminal PRKl antibody.
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was chromatographed on an S-300 column in buffer 20mM Tris/HCl, pH 7.5,
0.5M NaCl, 2mM EDTA, 0.3% (v/v) |3-mercaptoethanol, 0.05% (v/v) Triton
X-100, lOmM benzamidine (Figure 5:2:2A).
For each chromatography step 5|il per column fraction was assayed for
PRKl activity as follows. A 40pl assay mixture typically contained 6.25mM
MgCl2, 50mM Hepes pH 7.5, 0.25% (v/v) Triton X-100, lOpg protamine
sulphate , 125|iM [y^^P] ATP. Reactions were carried out for 20 minutes,
which was within the linear range for PRKl (not shown) and stopped by
spotting onto Whatman P81 paper and placing in 10% acetic acid. The filters
were washed 3 x 10 minutes in 30% acetic acid and then Cherenkov radiation
determined.
The activity peak from the S-300 column, which eluted at greater than
lOOkDa, was pooled and loaded onto a 5ml HiTrapSP column equilibrated in
20mM Tris/HCl, pH 7.5, 2mM EDTA, 0.3% (v/v) p-mercaptoethanol, 0.05%
(v/v) Triton X-100, lOmM benzamidine. Protein was then eluted in a linear
NaCl gradient from 0 to 2M and fractions assayed for PRKl activity. PRKl
eluted at 0.8M NaCl (Figure 5:2:2B); the peak of activity was pooled and
diluted to a final concentration of less than O.IM NaCl prior to loading onto a
5ml HiTrap Heparin column (Figure 5:2:2C). This column was then developed
in 20mM Tris/HCl, pH 7.5, 2mM EDTA, 0.3% (v/v) P-mercaptoethanol,
0.05% (v/v) Triton X-100, lOmM benzamidine and protein eluted on a 0 to 2M
linear NaCl gradient; peak fractions were then reloaded onto a 1ml HiTrapQ
column (Figure 5:2:2D). PRKl eluted at 0.8M NaCl on a 0 to 2M NaCl
gradient and was apparently homogeneous as analysed by Coomassie stained
SDS-PAGE (Figure 5:2:3).
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Figure 5:2:2.

Sequential chromatography steps in the purification

of PRKl. The activity of PRKl (•) is shown for the four chromatography
steps employed for purification. (A) Sephacryl S-300 column, (B) HiTrapSP
column, (C) HiTrap Heparin column, (D) HiTrapQ column. PRKl activities
were assayed with protamine sulphate. Units of PRKl activity are defined as 1
nmol of [32p]pi incorporated into protamine sulphate per min. Bar indicates
fractions taken for further purification. Dashed line indicates NaCl gradient (A
and D) or total protein elution profile (B and C).
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Figure 5:2:3.
SDS-PAGE and Coom assie stain of P R K l
purification. lOOpl peak fractions at each step of the purification process
were run on 8% SDS-PAGE and stained with Coomassie ; Lane 1: Cell extract,
2: Sephacryl S-300 pool, 3: HiTrapSP pool, 4: HiTrap Heparin pool, 5:
HiTrapQ pool. PRKl is marked by an arrow and molecular weight markers are
indicated in kDa.
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PRKl was stored at -20®C in 50% ethanediol and activity was stable for
greater than one month. The purification of PRKl is summarised in Table 5:1.
The low purification factor and low yield achieved probably reflect the high
level of functional PRKl expression achieved in this system and that in the
interests of producing a pure preparation of PRKl only peak fractions were
further processed. Western blot analysis of the peak pools of activity confirmed
the presence of PRKl polypeptide coinciding with the peak of activity (utilising
protamine sulphate as substrate) throughout the purification process (Figure
5:2:4).

1
200

2

3

4

5

►

10 11 12 13 14 15 16 17

B
200

PRKl

116 ►

Figure 5:2:4. PRK l protein copurifies with activity by Western
analysis. 5pl of peak fractions:- crude supernatant (1), S-300 pool (2),
HiTrapSP pool (3), HiTrap Heparin pool (4) and HiTrap Q pool (5).were
Western blotted for the presence of PRKl protein (A). 5pl of the final
HiTrapQ column fractions were Western blotted through fractions 10-17 to
demonstrate coelution of PRKl with activity (B). PRKl is marked by an
arrow and molecular weight markers are indicated in kDa.
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%

Cell extract
S-300 pool
HiTrap SP pool
Heparin pool
Mono Q pool

Total
protein

Volume

Total
activity

Recovery

mg

ml

units

10
6
2.7
2.7
1.5

58.3
22.4
12.2
4.47
1.60

%
100
38.4
20.9
7.7
2.7

13.7
1.55 .
0.30
0.27
0.063

Specific activity

Purification
factor

units/mg

4.25
14.4
40.9
36.4
25.29

1
3.4
9.6
8.6
6.0

Table 5.1. Purification of PRKl from COS 7 cells. COS 7 cells were transfected with pcDNA3:PRKl and harvested two
days post transfection. The cell extract was chromatographed through the indicated steps. At each stage the protein content
and protamine sulphate kinase activity were measured. One unit of PRKl activity is defined as 1 nmol of 32 p incorporated
into protamine sulphate per min under the conditions described in the materials and methods section (2:2:27). Data is shown
for one of four similar purifications.

5:2:3

Purified PRKl is not contaminated by PKC-a.

Protein kinase C (PKC)-a, the major PKC isoform in COS 7 cells
(Pears et al., 1991), is also capable of phosphorylating protamine sulphate in
the assay used during the PRKl purification.
Western blotting using an antibody directed against the carboxyterminus of PRKl through the S-300 column profile confirmed the presence of
PRKl in fractions 22 to 30, correlating with the peak of activity observed
(Figure 5:2:5; upper panel). Blotting the S-300 profile for the presence of
P K C -a revealed it to be present in fractions 28 to 31, coincident with the
shoulder of activity observed in the S-300 activity profile (Figure 5:2:5; lower
panel); these latter fractions were not included in the PRKl pool (see bar in
5:2:2A). Further Western blotting analysis confirmed that PKC-a was present
only in the original cell extract and was not in any of the subsequent pools.

PRKl
116
PKC-a

H
#

Figure 5:2:5.

PRK l is not contaminated by PKC-a by Western

analysis. The initial Sephacryl S-300 column profile through fractions 22-33
were blotted for PRKl (upper panel) and subsequently for the presence of
PK C -a (lower panel). As controls, the Sephacryl S-300 column load was
included (C). PRKl is marked by an arrow and molecular weight markers are
indicated in kDa.
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5:2:4

Purified PRKl results in a single (auto)phosphoiylated band of 120 kDa
on SDS-PAGE.

In order to confirm that PR K l was homogeneous 1.0|ig of the
preparation was run on 8% SDS-PAGE and Silver stained for protein (Figure
5:2:6;Panel A). This resulted in the staining of a single band of 120 kDa PR K l.
In addition to Silver stain analysis an autophosphorylation of the PRKl
preparation was performed to assess whether PRKl was likely to be the only
kinase present (Figure 5:2:6;Panel B). lOjil of purified PRKl was incubated in
the presence of 6.25mM MgCl2, 50mM Hepes pH7.5, 0.25% (v/v) Triton X100 and 125|iM [y^^P]ATP for 20 minutes at 30°C. Reactions were then
stopped by the addition of lOjil 4 x SDS sample buffer and run on 8% SDSPAGE and analysed by autoradiography. This results in the [^^P]Pi labelling of
a single 120 kDa protein.

While the presence of trace amounts of a

contaminating kinase cannot formally be discounted, the fact that PRKl is the
only radiolabelled species together with the Silver staining data can be
considered strong evidence for PRKl being the only protein kinase present in
the preparation.

5:2:5

Properties of purified PR K l.

Kinetic properties of PRKl were determined using protamine sulphate
as a substrate (see experimental procedures). The apparent Km values for ATP
and Mg2+ were determined to be 11.8 ± 2 .9 |iM and 1.70 ± 0.2mM (Figure
5:2:7) respectively. The dependence of PRKl on Ca^+ is shown in the bottom
panel of Figure 5:2:7. No activation of PRKl by Ca^+ is observed; the only
effect of Ca^+ is at high concentrations where it is inhibitory.
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B

200

PRKl
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Figure 5:2:6.

PRKl

Purified PRKl appears as a single band of 120 kDa

by Silver stain and Autophosphorylation. Panel A. purified PRKl
(l.Opg) was run on 8% SDS-PAGE prior to Silver staining. Panel B. Assays
+/- PRKl were carried out in the presence of 6.25mM MgCh, 50mM Hepes
pH7.5, 0.25% (v/v) Triton X-100 and 125|iM [y-^^PJATP. Incubations were
at 30°C for 20 minutes and stopped by spotting onto PS 1 paper. Filters were
then washed 3 x 1 0 minutes in 30% acetic acid and counted by Cerenkov.
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10

Figure 5:2:7.

Effect of ATP, Mg2+

100

and Ca^+on PRKl activity.

Graphs show PRKl activity versus varying (A) ATP, (B) Mg^+ and (C) Ca^+
concentrations at 1.25mg/ml protamine sulphate. Apparent Km values for ATP
and Mg2+ are 11.8 ± 2.9 pM and 1.7 ± 0.2 mM respectively. The IC50 for
Ca^+ was 1 mM. Values were determined using the programme Enzfitter. All
data points were determined in duplicate and were carried out two (Ca^+) or
three times (ATP and Mg2+).
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5:2:6

Activation of PRKl by limited proteolysis.

The regulatory potential of PRKl was investigated by means of limited
proteolysis. Trypsin treatment of the full length purified PRKl resulted in a
dose dependent increase in kinase activity towards the substrate MBP (Figure
5:2:8). At the optimum concentration tested, PRKl was activated 4-fold and the
effect on MBP phosphorylation was essentially an effect on Vmax with only a
moderate effect on apparent Km- The Vmax values determined by Enzfitter are
7.4 ± 0.2 Units/mg and 31.6 ± 1.3 Units/mg for intact and proteolysed PRKl
respectively; the apparent Km values are 87 ± 7 pg/ml and 60 ± 10 pg/ml for
these preparations (Figure 5:2:9). Associated with the trypsin treatment was a
dose-dependent cleavage of PRKl into catalytic domain fragments (detected
with antiserum to the C-terminus; lower panel of Figure 5:2:8) of 67,000 Da,
55,000 Da and 50,000 Da. Based upon the dose response for activation of
PRKl it appears that all of these fragments express an increased activity. The
apparent increase of antigen (compare lanes 0 and 40, Figure 5:2:8 lower panel)
is an artefact due to the more efficient transfer of the lower molecular weight
species (determined by protein staining patterns).

Interestingly, when

protamine sulphate was employed as a substrate, trypsin treatment did not lead
to activation but a steady decline in activity (44% activity left after 40pg trypsin
treatment).
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Figure 5:2:8.

Effect of trypsinisation on PR K l activity.

PRKl

activity towards myelin basic protein ( • ) and protamine sulphate (A) (upper
panel) is shown after treatment with an increasing concentration of trypsin.
Trypsin treatment was for 3 minutes at 30°C prior to addition of 8|ig soybean
trypsin inhibitor. Western blotting of trypsin-treated samples using antisera
directed towards a carboxy-terminal epitope was carried out (lower panel).
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of myelin

Effect of trypsinisation on PR K l phosphorylation

basic

p rotein.

The kinetics of myelin basic protein

phosphorylation of intact PRKl and trypsinised PRKl are compared. In the
lower panel a V versus S plot for full length (o) and proteolysed ( • ) PRKl is
shown.

Assays were carried out at 30°C for 20 minutes and stopped by

spotting onto p81 paper. Filters were then washed 3 x 10 minutes in 30% acetic
acid and counted by Cherenkov.
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5:2:7

Substrate specificity of purified PR K l.

The activity of the purified PRKl was tested on a range of potential
substrates and the kinetic properties determined are shown in Table 5:2.
Protamine sulphate and MBP were the only substrates tested that were
phosphorylated significantly by PRKl. The Km and Vmax values expressed
for MBP phosphorylation were determined following trypsinisation of PRKl
(see above); even under these conditions the Vmax value observed is no greater
than that seen for protamine sulphate with intact PRKl.

Table 5:2

Substrate

Km

Vmax

jig /m l

n m o les/m g /m in

Protamine Sulphate

6.7 +/- 1.7

39.0 +/- 4.8

Myelin basic protein

60.0 +/- 9.7

32.0 +/- 1.3

Histone III

<1.0 at 1.25 mg/ml

Histone HAS

<1.0 at 1.25 mg/ml

Casein

<1.0 at 1.25 mg/ml

Table 5:2. In vitro substrates of PR K l. The Km and Vmax values are
indicated with standard errors. All values were calculated with the Enzfitter
programme. Vmax for myelin basic protein was measured after trypsinisation of
PRKl (see text and Figure 5:2:9).
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3:3

Discussion

The ubiquitously expressed member of the PRK family, PRK l, has
been expressed in COS 7 cells, purified to apparent homogeneity (via the
process outlined below) and its properties characterised:-

Transient transfection of
PRKl in COS 7 cells

Harvest at 36 hrs
post-transfection

Spin 10 minutes,
70,000g

250ml S-300 column

5ml HiTrapSP column

1ml HiTrap Heparin column

1ml HiTrap Q column

i
Storage at -20 ®C in
50% ethanediol
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In line with encoding a kinase domain closely related to PKC isotypes,
PRKl was shown to phosphorylate two typical PKC substrates, MBP and
protamine sulphate, although a third, histone III-S, was not an efficient
substrate for PRKl (see Table 5:2). The purified PRKl was found to be
activated by limited proteolysis indicative of an effector-dependent kinase (e.g.
Inoue et al., 1977; Takai et al., 1977; Ikebe et al., 1987). The finding that
activation was observed with MBP as a substrate but not protamine sulphate
suggests that the latter substrate can 'overcome' regulatory domain constraints
in acting as a substrate. This situation for PRKl would parallel what has been
observed for PKC (Bazzi et al., 1987), however unlike PKC, PRKl was found
not to be activated by phorbol esters in a standard lipid/detergent mixed micelle
assay.
It has been shown that immunoprecipitated PRKl (Mukai et al., 1994)
and PRK2 have an autophosphorylation capacity (Palmer et al., 1995a) and
further that an ATP-binding site point mutant of PRKl displays no such activity
(Mukai et al., 1994). Mukai and Ono also expressed PRKl in COS 7 cells but
found the protein to be largely insoluble (as they also observed for insect cell
expressed PRKl) (Mukai et al., 1994). The expression of PRKl in COS 7
cells was found here to be efficient and yielded a soluble activity. The reason
for the described insolubility is not clear although it is unlikely to be a function
of high concentration, since in the studies described here, the expressed PRKl
protein represented a high 10% of the extracted protein.
The high level of PRKl expression induced in COS 7 cells readily
permits purification of the protein. While only a 10-fold enrichment factor is
required for purification it was essential to ensure removal of PKC (which
displays some remarkably similar properties) and to achieve apparent
homogeneity. Separation from PKC was obtained by an initial gel filtration
step; if omitted, PKC was found to co-elute with PRKl on subsequent
chromatographic steps. In order to achieve apparent homogeneity a substantial
cut in yield and loss of activity was encountered, particularly following
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chromatography on the Heparin column. The reasons for this loss are not clear
but do not seem to reflect any intrinsic instability of the purified protein which
remained stable at -20°C for over a month.
The purified protein displayed kinetic parameters for Mg^+ and ATP
that are typical for this class of proteins (e.g. see the cPKC isotypes, (Marais et
al., 1989). By contrast the specific activity of the purified protein (20-30
units/mg) is some 10-50 fold below that of many other purified kinases. While
part of this low specific activity may be due to loss of activity during
purification, it is clear from the proteolysis studies that PRKl is a "latent"
kinase that can be activated on removal of the amino-terminal regulatory
domain. The true extent of proteolytic activation is underestimated since the
catalytic domain is also gradually destroyed as evidenced by the decline in
protamine sulphate kinase activity. In light of this decline, the optimum
activation of PRKl with MBP as a substrate would be approximately 10-fold.
The tryptic activation observed for PRKl was found to be due to an
increase in Vmax with little change in apparent Km for the substrate MBP. This
might imply the removal of some conformational constraints on the kinase
domain as opposed to the removal of a competitive inhibitor of the substrate
binding site (i.e. pseudo-substrate site); visual inspection of the PRKl sequence
has not revealed any obvious pseudosubstrate site (discussed Chapter 4; Palmer
et. al., 1995a). The fact that PRKl shows latent activity implies that its
physiological regulation may be driven by effector binding. The identification
of such an effector will be of paramount importance in placing PRKl and the
other members of this kinase family in a signal transduction pathway.
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Chapter 6:

6:1

In vitro activation of PRKl by phospholipids.

Introduction

The Protein Kinase C (PKC) isotypes constitute the m ajor group o f
lipid-activated protein kinases and as PRKs are closely hom ologous to PKC
isotypes in the catalytic dom ain w hilst retaining a distinct am inoterm inal
regulatory dom ain (Palm er et ah, 1995a; M ukai et ah, 1994) they are also be
candidates for such activation. Unlike the PKCs which characteristically retain
a cysteine-rich C 1 domain responsible for effector binding, the PRK s do not
encode a C l dom ain but show tw o distinct conserved regulatory dom ains
term ed H R l and HR2 (P alm er et ah, 1995a; C h ap ter 4; D iscu ssio n ).
Consistent with the lack o f a C l domain it has become clear that while the PRKs
resem ble PKCs in being activated by proteolysis (Palm er et ah, 1995b; Chapter
5), they differ from PKCs in not being activated by phorbol esters.
In view o f the interest in PtdIns(3,4,5)Pg as a second m essenger,
several studies have addressed the activation o f PKC isotypes by this class of
lipids (Singh et ah, 1993; Toker et ah, 1994; N akanishi et ah, 1993). However,
the results show little consistency in w hich of the different PKC isotypes are
activated or in the specificity of different lipids.
In this Chapter members of both lipid-dependent kinase fam ilies, PRK
and PKC, were compared for activation by phosphorylated inositol lipids in the
hope o f clarifying the role such effectors may have in signal transduction.
Various phosphoinositides were exam ined, both in the context o f the sonicated
assay as well as in the detergent m ixed m icelle assay. The detergent m ixed
micelle assay, introduced by Hannun and Bell for the study of PKC, allows for
specific modulation/stimulation of PKC by phorbol ester and provides a defined
and readily controlled context for presentation o f other types of lipid to kinases
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(Hannun, 1985). At concentrations above the critical micellar concentration
(CM C), which is > 0.005%, Triton X-100 forms micelles of -1 4 0 molecules
per micelle at neutral pH. In this background context lipids can be titrated in a
controlled m anner i.e.

a T riton X -100 m icelle com prising 2m ol%

PtdIns(3,4,5)P3 (dotted circles below) in a background of 8mol% PtdSer (filled
circles below) would contain 2-3 m olecules of PtdIns(3,4,5)P3 and 10-12
molecules of PtdSer:-

Triton X-100 micelle
(X-section)

In the detergent mixed micelle assay the potential effector can be titrated
into the assay w ithout changing the background context, i.e. at 2, 10 or
30m ol%

P td In s(3 ,4 ,5 )P 3 the m icelle will contain varying am ounts o f

PtdIns(3,4,5)P3 but the same number of PtdSer molecules as background.
Data on the activation of PKC by diacylglycerol or phorbol esters in
intact cells indicates that the physical status of the pure phospholipid vesicles
poorly reflects the situation in vivo. This contrasts with the fact that, while not
physiological, the detergent mixed micelle assay appears to support an in vitro
behaviour of PKC in keeping with that observed in vivo. W ith this in mind it
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was decided to test various potential P R K l effectors in the context o f both the
sonicated and detergent mixed micelle assay systems.

6:2

Results

6:2:1

P R K l is not activated by phorbol esters.

The activation o f P R K l by lim ited proteolysis im plicates the am ino
terminus o f P R K l in the regulation of catalytic activity (Palm er et al., 1995b).
This portion o f P R K l, the N-terminus, does not contain cysteine rich dom ains
w hich are responsible for binding to phorbol esters (Palm er et al., 1995a;
discussed above and in C hapter 4). Thus inclusion o f phorbol esters in the
assay w ould not be expected to produce an increase in P R K l activity.

In

agreem ent w ith this, when purified P R K l was incubated for 5 mins at 30°C in
the presence or absence of 50ng TPA together with 50|Lig PtdSer, as is shown in
Figure 6:2:1, it is found not to be activated in response to TPA. In com parison,
incubation of an equal num ber of U nits o f PKC-e activity (as m easured using
the cofactor-independent PRK and PKC substrate protam ine sulphate) resulted
in the substantial activation of PKC-e (approxim ately 16-fold) by 50ng o f the
phorbol ester TPA, as would be expected (for exam ple see: Ono et al., 1988).
C areful inspection o f the data indicate that there m ay perhaps be a slight
activation of P R K l under these assay conditions, however, this small increase
in activity w ould appear to be due to the P tdS er content o f the assay (see
below).
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Figure 6:2:1.

PKC-e

PRKl is not activated by phorbol esters. P R K l and

PKC-e myelin basic protein activities were assayed in the presence of 125 pM
[y_32p]ATP for 5 minutes in the presence or absence of 50ng TPA together with
50pg PtdSer (in a final assay volume of 40pl). Assays were term inated as
described in Chapter 2:2:27.

6:2:2

Activation of PR K l by phospholipids.

In searching for other activators of P R K l, sonicated vesicles consisting
of phosphatidyl serine or a mixed brain phospholipid preparation (Sigma) were
found to be able to increase substantially the activity of PR K l towards myelin
basic protein (Figure 6:2:2).

The activation of P R K l observed was
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approximately 10 fold when assayed against myelin basic protein, and reaches a
level greater than that observed when limited proteolysis is employed (Chapter
5).

The activation o f P R K l by phospholipids is consistent w ith the

characterisation of PKN by M ukai et al.(1994) who have reported sim ilar
activation with unsaturated fatty acids (arachidonic acid, linoleic acid and oleic
acid), and with the results of Morrice et al. (1994) on the purified liver protein
kinase PAKI.
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Figure 6:2:2.

Activation of PRKl by phospholipids. The effect of

increasing concentrations of PtdSer (•) and mixed brain phospholipids (A) on
PR K l activity were m easured using myelin basic protein as a substrate.
Effectors were titrated in the sonicated vesicle assay in the presence of 125 pM
[y-^^]ATP for 5 minutes and assays were terminated as described in Chapter
2:2:27.
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6:2:3

Activation of PRKl by various phosphoinositides.

As PR K l can be activated by PtdSer and mixed brain phospholipids it
was of interest to determine whether any other phospholipids were able to
activate P R K l and in particular if there was any specificity observed for any
particular type of phosphoinositide.
The phosphatidylinositol 3-kinase (PI-3-kinase) family of lipid kinases
are responsible for the phosphorylation of inositol lipids at the 3-OH position
(Downes,

1991).

In

response

to

various

agonists,

phosphatidylinositol(3,4,5)trisphosphate [PtdIns(3,4,5)P3] accum ulates and
labelling studies suggest that this is the primary product and as such is the most
likely second m essenger candidate (Stephens, 1991; see below).

In fact,

several previous studies have reported PtdIns(3,4,5)P3 as an effector for
various PKCs (Singh, 1993, Toker, 1994, Nakanishi, 1993).

Ligand
Binding
Domain
PtdIns(4,5)P2

ii ~^
feanàse^
Domain
\ /z , W

PtdIns(3,4,5)P3

3

pllO

P R K l was tested initially by the addition of 5pg PtdIns(4,5)P2 or
PtdIns(3,4,5)P3 in a standard assay. The addition of 5pg (equivalent to a final
concentration of 125 ftg/ml in the assay) PtdIns(4,5)P2 and PtdIns(3,4,5)P3
resulted in a strong activation of PRK l as seen in Figure 6:2:3a; a similar level
of activation is observed in both cases.
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Figure 6:2:3a.

PIP^

PIP^

PRKl can be activated in vitro by FtdIns( 4 ,5 )P 2

and PtdIns(3 ,4 ,5 )P3. PRKl activity was measured in the presence of no
effector (control), 5pg Ptdlns( 4 ,5)?2 (PIP 2) or 5pg PtdIns( 3 ,4 , 5 )P 3 (PIP 3).
Activity was assayed in duplicate against myelin basic protein in the presence of
125 pM [y-^^P]ATP for 5 minutes at 30°C.

In assessing these results and also those above one point of concern was
the presentation of the lipids to the kinase within the context of the sonicated
lipid assay. For the extensive characterisations that have been carried out for
PKC the activation of PKC isotypes by PtdSer and DAG appear to more
accurately reflect the in vivo situation when presented within the controlled
context of Triton X-100 micelles (Hunnan et al., 1985).
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In order to compare the effect of the sonicated versus the Triton X-100
micellar assay PtdSer, mixed brain phospholipids, Ptdlns, PtdIns(4,5)P2 and
PtdIns(3,4,5)Pg were titrated within the context of both types of assay. The
results can be seen in Figure 6:2:3b. In the sonicated lipid assay (Figure 6:2:3b;
Panel A) there appears to be no significant difference in the specificity of
activation between any of the phospholipids tested, with A0.5 values of between
2-5|ig/m l being observed. In comparison to the results obtained with the
sonicated lipid assay, the presentation of phospholipids in the Triton X-100
micellar assay gives a different activation profile (Figure 6:2:3b; Panel B). The
effector concentrations for this Triton X-100 micellar assay are expressed in
jig/ml rather than in mol% for direct comparison with the results of the
sonicated assay. Presentation within this context dramatically shifts the A0.5 for
activation of PRKl and several interesting effects are observed. Firstly the A0.5
values for PRKl are shifted significantly for every phospholipid tested, all of
which are less potent when presented in this manner. Secondly and quite
strikingly, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are seen to be 10 fold more
potent than PtdSer, mixed brain phospholipids and Ptdlns; with A0.5 values of
~25jj,g/ml compared with ~250|ig/ml for PtdSer, mixed brain phospholipids and
Ptdlns. This result was both exciting and perplexing at the same time, implying
an increased specificity may exist for polyphosphoinositides, while not
distinguishing between PtdIns(4 ,5)P2 and PtdIns(3,4,5)P3 themselves.
However it is important to note that such an assay is far from physiological and
as such it may be impossible to distinguish between PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 in this environment.
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Figure 6:2:3b.

Activation of PRKl by various phosphoinositides.

PRKl activity was assayed in the presence of increasing amounts of PtdSer
(■), mixed brain phospholipids (A), PtdIns(4,5)P2 (O ), PtdIns(3,4,5)P3 (•)
and Ptdlns (□). Parallel assays were carried out over an effector range of 0.11000 pg/ml within the context of: (A) the sonicated vesicle assay and (B) the
Triton X-100 mixed micelle assay. Activity was assayed against myelin basic
protein in the presence of 125 pM [y-^^P]ATP for 5 minutes at 30°C.
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6:2:4

PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are potent activators of PRKl in vitro.

The activation of purified PRKl by PtdIns(4,5)P2 and PtdIns(3,4,5)P3
was addressed in more detail in the Triton X-100 micelle system. Figure 6:2:4;
Panel A shows the result of titration of PtdSer,

PtdIns(4 ,5)P2 and

PtdIns(3,4,5)P3 in Triton X-100 micelles on PRKl activity. For reference 2
mol% (Ptdlns) is equivalent to 68 pg/ml, 10 mol% = 340 pg/ml and 30 mol% =
1,020 |ig/ml. What can be seen is the activation of PRKl to approximately 100
nmol/mg/min at 10 mol% PtdIns(4 ,5)P2 and PtdIns(3,4 ,5)P3. Also of
importance to note is that this level of activity lies within the range seen for
purified active protein kinases, (typically 0 .1 -1 0 pmol/min/ml). With PtdSer
little activation is seen at 10 mol%, a level at which each Triton X-100 micelle
contains approximately 14 molecules of PtdSer. In fact even at 30 mol% the
activation by PtdSer (an abundant membrane lipid) is only just starting to
become apparent. Thus the data presented in Figure 6:2:4; Panel A is in total
agreement with that shown in Figure 6:2:3b; Panel B.
In view of the potential effects of synergistic activation between different
phospholipids, and in order to test such an idea, it was decided to present by
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 in a background of PtdSer (Figure 6:2:4;
Panel B). PtdSer was employed in the assay at a constant level of 10 mol%, a
level at which no activation of PRKl is observed (Figure 6:4; Panel A). In this
context PtdIns(4,5)P2 and PtdIns(3,4,5)P3 were then titrated into the assay up
to a level of 30 mole%.

In fact the titration of PtdIns(4,5)P2 and

PtdIns(3,4 ,5)P3 in a background of 10 mol% PtdSer does not result in an
activation of PRK l at a lower mol% level of PtdIns(4 ,5)P2 and
PtdIns(3,4,5)P3, i.e. there is no shift in Aq.5 for activation by either of these
polyphosphoinositides.
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32

PtdIns( 4 , 5 )P 2 and

PtdIns( 3 , 4 , 5 )P 3 are potent

activators of PRKl in vitro. Panel (A): PRKl activity was assayed in the
presence of increasing mol% of PtdSer (A ), PtdIns(4,5)P2

(O )

and

PtdIns(3,4,5)P3 (•). Panel (B): Activation of PRKl was measured in the
presence of increasing mol% of PtdIns(4,5)P2 (O) and PtdIns(3,4,5)P3 (•)
which were titrated in a constant background of 10mol% PtdSer.

Both

experiments were carried out in the context of the Triton X-100 mixed micelle
assay. Activity was assayed against myelin basic protein in the presence of 125
pM [y-32p]ATP for 5 minutes at 30°C.
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6:2:5

The HR2/Vo domain of PKC-r| does not seem to be responsible for
activation by PtdIns(4,5)P2 and PtdIns(3,4,5)P3.

As bas been discussed previously the HR2 domain of PRKl, in the
aminoterminal 'regulatory' region, shares homology with the Vo domain of the
novel PKC isotypes: PKC-e and PKC-r| (depicted below). Earlier work by
Dekker and coworkers bad characterised a mutant of PKC-rj (PKC-r| A(2-137))
in which the aminoterminal Vo domain had been deleted (see below). In vitro
experiments have shown that the deletion of the Vo domain of PKC-p does not
affect dependence of this PKC isoform on PtdSer and TPA (Dekker et al,
1993). We decided to ask whether the HR2 portion of PRKl had an obvious
role in the activation of PRKl by phospholipids by testing both wild type PKCrj and the PKC-rj A(2-137) mutant for activation by PtdIns(4,5)P2 and
PtdIns(3,4,5)P3. This hypothesis was tested by assaying PKC-rj and PKC-rj
A(2-137) in the presence of 16 mol% PtdIns(4,5)P2 and PtdIns(3,4,5)P3 in a
background of 4 mol% PtdSer. As seen in Figure 6:2:5 both PKC-rj and PKCrj A(2-137) and the Vo deletion mutant are equally well activated by
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 to a level equivalent to that seen with the
addition of the established PKC-rj cofactors; PtdSer and TPA.

Regulatory

Catalytic

PRKl

* grey round domains are the Vo/HR2 homologous regions of PRKl and PKCrj ; hatched boxes represent the HRl domain in PRKs (see Chapter 4;
Discussion) and the phorbol ester/diacylglycerol responsive domain in PKC-rj.
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Figure 6:2:5.

TPA

The HR2/Vo domain of PKC-r| is not responsible

for activation by PtdIns(4 ,5 )P 2 and PtdIns( 3 ,4 ,5 )P 3. PKC-rj (left
hand panel) and PKC-rj A(2-137) (right hand panel) were assayed in the Triton
X-100 mixed micelle assay in a background of 4mol% PtdSer (hatched bars).
In both cases activation was then tested in response to 16mol% of either
PtdIns(4 ,5)P2 or PtdIns(3,4,5)P3. Activation in the presence of 50pg
PtdSer/50ng TPA was included in each case as a positive control (filled bars).
Activity was assayed against myelin basic protein in the presence of 125 pM [y32p]ATP for 5 minutes at 30°C.
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6:2:6

Effect of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 on various PKC isoforms.

Given the results of 6:2:4 (Figure 6:2:5) it was then felt necessary to test
a representative PKC isotype from each class of the PKC superfamily for
activation by PtdIns(4,5)P2 and PtdIns(3,4,5)P3. The following isotypes were
tested:-

Table 6:1.

Source of purified PKC and PRK isoforms.

enzym e

source

PKC-pI

baculovims
(Dr. P. Parker and G. Hansra)
baculovims

PKC-e

(Dr. P. Parker and G. Hansra)
COS-7

PKC-ri

(Dr. L.V. Dekker)
baculovims

PKC-Ç

(Dr. P. Parker and G. Hansra)
PRK 1

COS 7

Each enzyme was tested in the presence of 4 and 16 mol%
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 in a background of 10 mol% PtdSer and in
response to PtdSer/TPA (Figure 6:2:6). In every case a response was noted:-

Table 6:2.
enzym e

Summary of PK(C and PRK isoform activations.
PtdSer

P I(4,5)P 2

P I(3 ,4 ,5 )P 3

PtdSer/TPA

PKC-pI

V

V

V

PKC-e

V

V

V

V

V

PKC-n
PKC-Ç

_*

_
PRKl
*high basal activity observed
** slight increase over basal activity
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Figure 6:2:6. Activation of PRKl and PKC isotypes in response to PtdIns(4,5)P2 and PtdIns(3,4,5)P 3 . PRKl , PKC-(3l, PKC-e,
PKC-T| and PKC-Ç were assayed in a background of 10mol% PtdSer. Activation was measured in response to the addition of 4 or
l 6 mol% of PtdIns(4 ,5 )P 2 and PtdIns(3 ,4 ,5 )P 3 . As a positive control (for PKC-(3l,-e and -rj) activation was assayed in
the presence of 50ng TPA. Activity was measured against myelin basic protein in the presence of 125pM ATP, 1.6 mM MgCl2 for 5
minuses at 30 C. Assays were carried out in duplicate.___________________________________________________________________

PKC-pI, PKC-e and PKC-rj were activated in response to 16 mol%
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 to a comparable level of activity as seen
with PtdSer/TPA. PRKl, as expected, was also activated by PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 but not by PtdSer/TPA (the slight activation observed here is
due to the inclusion of 50 ng PtdSer in this assay sample as discussed
previously (6:2:1)). The results observed with PKC-Ç are more difficult to
interpret, a slight increase in activity is seen when PtdIns(4,5)P2 and
PtdIns(3,4 ,5)P3 are included in the assay. However given the high basal
activity it is hard to say whether this reflects a significant level of activation.
Previous work by Nakanishi et al, 1993 has reported the activation of PKC-Ç
with PtdIns(3,4,5)P3 but this result has not as yet been satisfactorily repeated
by others. It may be that the source of the enzyme is important as the PKC-Ç
used by Nakanishi and coworkers was purified from a mammalian source
whereas that assayed here was obtained by purification of recombinant protein
from the baculovims expression system.
In Figure 6:2:7 the results of titrating PtdIns(4 ,5)P2 and
P td In s(3 ,4 ,5 )P 3 (in a background context of 10 mol% mixed brain
phospholipids) into the mixed micellar assay on PKC-pI, PKC-e and PRKl
activity are shown. Activation is maximal by 10 mol% in each case and no
significant differences in the estimated A q .5 values were observed as
summarised in Table 6:2:3.

Table 6:2:3.

Estimated A q.s values for phosphoinositide activation.

enzym e

P td In s( 4 , 5 )P 2

P td In s( 3 , 4 , 5 )P 3

Ao.5 (mol%)

Ao.5 (mol%)

PKC-p

6

7

PKC-e

5

6

PKC-rj

5

6

PKC-rj A(2-137)

6

7

PRKl

5

5
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Figure 6:2:7a.

Titration of PtdIns( 4 ,5 )P 2 and PtdIns(3 ,4 , 5 )P 3 in

a background context of 10 mol% mixed brain phospholipids.
Activition of PRKl, PKC-pI, PKC-r| and PKC-e was assayed in the presence
of increasing mol% of PtdIns(4,5)P2 (o) and PtdIns(3,4,5)P3 (•) titrated in a
background of 10mol% mixed brain phospholipids. Experiments were carried
out in the context of the Triton X-100 mixed micelle assay. Activity was
assayed against myelin basic protein in the presence of 125 pM [y-32p]ATP for
5 minutes at 30°C.
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Deletion of the Vo domain of PKC-r| does not alter

the A o .5
value o f a ctiv a tio n
hy P td In s( 4 , 5 )P 2 and
PtdIns( 3 ,4 ,5 )P 3. PKC-r| (O ) and PKC-rj A(2-137) (A) were assayed for
activation in response to PtdIns(4,5)P2 and PtdIns(3,4,5)P3. Activation was
measured in the presence of increasing mol% of either PtdIns(4,5)P2 (open
symbols, left hand panel) or PtdIns(3,4,5)P3 (filled symbols, right hand panel)
which were titrated in a constant background of 10mol% mixed brain
phospholipids. Experiments were carried out in Triton X-100 mixed micelle
assay. Activity was assayed against myelin basic protein in the presence of 125
pM [y-32p]AXp for 5 minutes at 30°C.
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6:2:7

Activation of PRKl and PKCs by PtdIns(4,5)P2 and PtdIns(3,4,5)P3 is
sensitive to divalent metal ion concentrations.

In the process of testing the various PKC isotypes and PRKl it was
noted that activation by PtdIns(4,5)P2 and PtdIns(3,4,5)P3 seemed to be
extremely sensitive to the assay conditions employed. The assay component
responsible for the dramatic effects observed turned out to be the divalent cation
content, specifically the activation was very sensitive to the amount of
magnesium and calcium used. In Figure 6:2:8a the effect of assaying PKC-pI,
PKC-e, PKC-Ç and PRKl in the standard PKC assay, which contains 12.5
mM Mg^+ and 0.75 mM Ca^+, can be seen. In the presence of these levels of
divalent cations no activation was observed with PtdIns(4 ,5)P2 and
PtdIns(3,4,5)P3 (see Figure 6:2:6 for comparison) whereas the activation of
PKC-pI and PKC-e by TPA remained intact.
In order to address this issue more rigorously PRKl was assayed in the
presence and absence of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 over a range of
magnesium ion concentrations in the assay (Figure 6:2:8b). What becomes
apparent is that there is a very narrow window, between 1-4 mM Mg^+, in
which the activation of PRKl by PtdIns(4,5)P2 and PtdIns(3,4 ,5)P3 is
observed.

However is should be noted that the level of Mg^+ present

physiologically within the cell would fall within this range and thus activation
may be of relevance in the cell (Alberts et al., 1994).
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Figure 6:2:8a. Sensitivity of the activation of PRKl and PKC isotypes by PtdIns(4,5)P2 and PtdIns(3,4,5)P3 to divalent ion
concentration. PRKl, PKC-pI, PKC-e,and PKC-^ were assayed in a background of 10mol% PtdSer. Activation was measured
in response to the addition of 4 and 16mol% PtdIns(4,5)P2 and PtdIns(3,4,5)P 3. As a positive control (for PKC-^I and -e)
activation was assayed in the presence of 50ng TPA. Activity was measured against myelin basic protein in the presence of 125pM
ATP, 12.5mM MgCl2 and 0.75mM CaCl2 for 5 minutes%t 30 C.
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Figure 6:2:8b.
Activation of PR K l by PtdIns( 4 , 5 )P 2 and
P td ln s( 3 , 4 , 5 )P 3 is sensitive to divalent ion concentrations. The
effect of titrating [Mg2+] on the activity of PRKl was measured in the Triton X100 micelle assay. Duplicate assays were carried out in the presence of 16mol%
PtdIns(4 ,5)P2 (o-o), 16mol% PtdIns(3,4,5)P3 (•-•) or no effector (A-A).
Activity was assayed in duplicate against myelin basic protein in the presence of
125 pM [y-32p]ATP for 5 minutes at SO^C.
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25.0

6:2:8

Inositolpolyphosphates and synthetic inositolpolysulphates are able
to mimic the activation of PRKl by phospholipids.

The importance of the anionic charge component of PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 was further investigated using the inositolpolyphosphates and
synthetic inositolpolysulphates : IS 3, IS 6 and IP6. When purified PRKl was
assayed in the presence of these compounds activation was observed at higher
concentrations, within the 20-100 )liM range, with IS6 and IP6 (Figure 6:2:9)
and the maximum activation observed was in the order of 50% of that observed
when PRKl was activated by phospholipids. Also, presentation of IS3, IS6
and IP6 in the context of the sonicated assay (upper panel) as compared with the
mixed micellar assay (lower panel) made no difference to the activation of
PRKl observed, as would be expected for these soluble compounds.
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In o sito lp o ly p h o sp h a te s

and

sy n th e tic

inositolpolysulphates are ahle to mimic the activation of PR K l.
(A) PRK l was assayed with various concentrations of the
inositolpolyphosphates IS3 (A-A) and IP6 (•-•), and the inositolpolysulphate,
IS6 (o-o). (B) as (A) except assayed in the Triton X-100 micelle assay system.
Activity was assayed against myelin basic protein in the presence of 125 pM [y32p]ATP for 5 minutes at 30°C.
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6:3

Discussion.

In this chapter the specificity of the lipid/kinase interaction has been
addressed. This problem has been approached with consideration of the
effector domain on the target protein, as well as to the phospholipid effector
(and its headgroup) examined.
The data indicate that PRKl can be activated by pure lipid vesicles of
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 (Figure 6:2:3a), to an extent comparable
with vesicles of PtdSer and Ptdlns. This is consistent with the activation of
PRKl by a number of different phospholipids (Mukai et al., 1994; Morrice et
al., 1994; Palmer and Parker, 1995b). Activation of PRKl by these pure lipid
vesicles, may or may not reflect a true activator role. In the case of PKC,
PtdSer is a potent activator when presented alone, however, in detergent (or
mixed phospholipid) micelles, activation of PKC becomes dependent upon
diacylglycerol or phorbol esters (Hannun et al., 1985) more accurately reflecting
the situation in vivo. The wealth of literature on the activation of PKC by
diacylglycerol or phorbol esters in intact cells indicates that the physical status of
the pure phospholipid vesicles poorly reflects the situation in vivo. By contrast,
while not physiological, the detergent mixed micelles seem to support an in vitro
behaviour of PKC in keeping with that observed in vivo.
In the Triton X-100 mixed micelle assay PtdSer and Ptdlns activation of
PRKl was not achieved until ten-fold higher effector concentrations were
employed compared with PtdIns(4,5)P2 and PtdIns(3,4,5)P3 (Figure 6:2:3b).
The dependence and extent of PRKl activation was indistinguishable for these
two polyphosphoinositides (PtdIns(4,5)P2 and PtdIns(3,4,5)P3); given the
uniform context in which they are presented (i.e. Triton X-100), this similarity
is likely to reflect a similar mode of action. In principle, there may be some
absolute non-specific requirement for phospholipid in order to observe selective
activation by one of these phosphoinositides. However similar activation
profiles were observed for PRKl whether Triton X-100, Triton X-lOO/PtdSer
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or Triton X-100/mixed brain phospholipids were employed (Figures 6:2:3b,
6:2:4 and 6:2:7) - in each case the AO.5 values for the polyphosphoinositides
were between 4 and 6 mol%. This represents ~7 molecules of phosphoinositide
per Triton X-100 micelle (140 molecules total (Hannun et ah, 1985)). As a
point of reference, 1-2 mol% diacylgycerol (i.e. 2-3 molecules/micelle) is
required for PKC activation under similar conditions (Hannun et al., 1985).
As well as assessing the behaviour of PRKl, various PKC isotypes
were also analysed. With respect to the polyphosphoinositides, the PKC
isotypes studied (aside from PKC-Ç, for which results were difficult to
interpret) behaved essentially as PRKl. Activation of PKC-Pi, PKC-e and
P K C -r| was observed for both PtdIns(4 ,5)P2 and PtdIns(3,4 ,5)P3.
Furthermore the extent of activation was comparable to that observed for
optimal Triton X-lOO/PtdSer/TPA concentrations. Once again, as with PRKl,
no specificity was observed between these two polyphosphoinositides each
showing similar Aq.s values in both Triton X-lOO/PtdSer and Triton X100/mixed brain phospholipids (Figures 6:2:6 and 6:2:7).

This lack of

distinction between PKC isotypes and between these two lipids is contradictory
to some of the previously published data (Nakanishi et al., 1993; Toker et al.,
1994; Singh et al, 1993). However these studies have not assessed activation in
the context of detergent mixed micelles and variations between
phosphoinositides may have reflected in part alterations to the vesicle structures
- these considerations have been discussed extensively for PKC activation (see
Epand and Lester, 1990). In addition, there appears to be a significant variation
in regulatory properties of PKC isotypes that is a function of source, purity and
storage which may vary in the different studies, e.g. this has been found to be a
problem for PK C-a which when expressed in Sf9 or Hi5 insect cells
progressively loses its lipid/TPA dependence on purification and storage (Pears
et al., 1990).
The modest activation of PKC-Ç under the conditions tested here (~2fold) (Figure 6:2:6) is similar to the extent of activation observed previousely in
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the laboratory for PKC-Ç when pure PtdSer vesicles are employed.
Interpretation of such a slight activation is difficult but it appears that PKC-Ç
behaves as all the other kinases studied and that it is only the absolute extent of
activation above basal that varies. The variation with the responsiveness
(Nakanishi et al., 1993) and non-responsiveness (Toker et al., 1994) described
by others may reflect distinct basal activities from the different enzyme sources
used in these experiments.
The similar behaviour of all these lipid-activated kinases towards the two
polyphosphoinositides tested suggests that the interaction in vitro may be nonphysiological since :(i) Ptdlns(3,4,5)P3 would itself be derived from Ptdlns(4,5)P2 in
response to a mitogenic stimulus (see Section 6:2:3) and yet both show a similar
potency in these assays i.e. the activation status of the putative target would not
change, therefore leaving a distinct problem as to the level of control.
(ii) There is no conservation of potential effector binding sites when
comparing the PKC family with that of the PRKs. This point is of note since
there is similarity between the PKC-e/r| Vo domain and that of the PRK 1/2 HR2
domain (Palmer et al., 1995a; Section 6:2:5). The fact that the Vo deletion
mutant of PKC-T| (Dekker et al., 1993) displays the same polyphosphoinositide
response as wild-type PKC-rj (Figures 6:2:5 and 6:2:7b) is disappointing. This
lack of an identifiable, conserved binding site is consistent with the lack of
distinction between these polyphosphoinositides and suggests that the
interaction reflects a more general anionic phospholipid requirement of the
respective lipid binding domains of these kinases.
(iii) The activation observed for all the PKCs and PRKl is extremely
sensitive to the concentration of Mg^+ and Ca^+ employed in the assay (Figures
6 :2 :8a and b) and the observation that at high concentrations the
inositolpolyphosphates IP^ and IS6 are able to cause activation of PRKl (Figure
6:2:9) further reinforce the idea that the charge effects in these activations is of
overriding importance. The fact that the polyphosphoinositide [Ptdlns(3,4,5)P3
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and PtdIns(4,5)P2] effects are able to activate within the 4-8 mol% range in
Triton X-100 (Figure 6:2:7), indicates that there is some property of these lipids
that promotes their interaction when compared with PtdSer and Ptdlns - the
clustered phosphate groups being the obvious candidates.
In conclusion, PRKl and members of the PKC family are activated with
a similar potency by PtdIns(4,5)P2 and PtdIns(3,4,5)P3 when presented in a
uniform detergent mixed micelle context. While these lipids might share a
common specific binding site, no such discernible site is obvious when
comparing domains of PRKl with those of the PKC isotypes. The implication
is that if either lipid is involved in the specific activation of either class of protein
kinases in vivo then other cofactors and/or distinct conditions are involved.
Such questions can only realistically be resolved in a physiological context.
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Chapter 7:

7:1.

Substrate phosphorylation by P R K l.

Introduction.

In order to understand the role of PRKl in signal transduction it is
essential to identify the substrates of this family of kinases. In this Chapter the
work which has lead to the identification of potential PRKl substrates is
discussed.

7:2.

Results

7:2:1. PRKl does not phosphorylate PLC-y, Raf, MEK or MAPK in vitro.

Several available proteins were tested for their ability to be
phosphorylated by PRKl - PLC-y, Raf, MEK and MAPK. Purified PRKl was
incubated for 30 minutes at 30°C with increasing amounts of potential
substrates, in the presence of 6.25mM MgCl2, 50mM Hepes pH7.5, 0.25%
(v/v) Triton X-100 and 125|xM [y^^P]ATP. The reactions were then stopped
with 10 |il 4 X SDS sample buffer and run on 10% SDS-PAGE. The results are
described below:-

Table 7:1. In vitro substrate phosp horylation by PR K l.
in vitro phosphorylation by PR K l

Substrate tested
PLC-y

none*

Raf

none**

MEK

none

MAPK

none**

* phosphorylation previously reported for PKC
** data courtesy of D. Schoenwasser
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None of the above tested signal transduction proteins proved good in
vitro substrates for PRKl. However, it cannot be ruled out that PRKl may be
able to phosphorylate these proteins when presented in a different context.

7:2:2. PRKl is able to phosphorylate Ptdlns 3-kinase in vitro.

PRKl was also tested for its ability to phosphorylate Ptdlns 3-kinase
(Figure 7:2:1). Purified PRKl was incubated with Ptdlns 3-kinase which had
undergone prior treatment with wortmannin (WMN) and demethoxyviridin
(DMV) which results in the inactivation of Ptdlns 3-kinase by binding tightly to
the ATP-binding site (Woscholski, 1994). Incubations were carried out at 30°C
for 20 minutes and stopped by the addition of 10 |il 4x SDS sample buffer.
Samples were then run on 8% SDS-PAGE and analysed by autoradiography at
-80°C overnight (Figure 7:2:1).

PRKl alone (Lane 1) is capable of

autophosphorylation under these conditions whereas the protein
phosphorylation activity of the Ptdlns 3-kinase is fully inhibited by the
pretreatment with WMN/DMV and no [^^P]Pi-labelled bands can be visualised
(Lane 2). Incubation of PRKl together with WMN/DMV pretreated PtdIns-3kinase resulted in two major [^^PjPi-labelled proteins, autophosphorylated
PRKl and a band of 85kDa - the regulatory subunit of the Ptdlns 3-kinase
heterodimeric complex (Lane 3).
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Figure 7:2:1.

PR K l is capable of phosphorylating PtdIns-3-

kinase. PRKl alone (Lane 1), PtdIns-3-kinase after WMN/DMV treatment
(lane 2) and PRKl with WMN/DMV pretreated PtdIns-3-kinase (Lane 3) were
incubated in the presence of [^^P]Pi at 30°C for 20 minutes. Samples were
analysed by 8% SDS-PAGE followed by autoradiography at -70°C.

7:2:3. PRKl phosphorylates an 80 kDa protein from Swiss3T3 cell lysates.

Swiss3T3 cell lysates were prepared by lysing two 15cm plates of 10^
cells into 500 pi lysis buffer. The extracts were then treated for 10 minutes at
65®C. After this lysate A was stored on ice, and lysate B was further treated (at
this stage both lysates were identical). Lysate B was then incubated at 95°C for
5 minutes followed by 10 minutes spin at 15,000g to remove heat insoluble
proteins. Lysate (25 pi) was then incubated with 5 pi PRKl or PKC-|3, 5 pi 10
mM MgCl2 and reactions started by the addition of 5 pi of [32p]Pi labelled
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ATP. The reactions were then incubated for 10 minutes at 30°C, and stopped
by the addition of 10 |il 4x SDS sample buffer. Samples were run on 8% SDSPAGE followed by autoradiography at -80°C overnight.

Incubation of

Swiss3T3 heat treated lysate resulted in the phosphorylation of a cellular protein
of approximately SOkDa in size (Figure 7:2:2).

1 2

3

4

PRKl

80KDa
^69

Lysate A

Figure 7:2:2.

Lysate B

PRKl phosphorylates an 80 kDa heat stable protein

from Swiss3T3 cell lysates.

Swiss3T3 cell lysates were treated as

follows: Lysate A: Incubated at 65°C for 10 minutes; Lysate B: Incubation
at 65°C for 10 minutes followed by 95®C for 5 minutes, incubation at 4°C for 5
minutes and finally centrifugation at 15,000g for 5 minutes. Lysates were then
incubated for 10 minutes at 30°C with the following: (Lane 1:lysate A) no
enzyme control, (Lane 2:lysate A) PRKl, (Lane 3:lysate B) PRKl and (Lane
4:lysate B) PKC-p 1. Reactions were stopped by the addition of lOpl 4x SDS
sample buffer. Results were then analysed by running the samples on 8% SDSPAGE and autoradiography at -80°C overnight. The phosphorylated 80kDa
cellular protein and autophosphorylated PRKl are indicated by arrows.
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7:2:4. PRKl can phosphorylate MARCKS in vitro.

In order to investigate the phosphorylation of the SOkDa band observed
in Swiss3T3 cell lysates, further experiments were carried out. These were
performed with (i) a MARCKS peptide corresponding to the amino acid
sequence of 145_k k KKKRFSFKKSFKLSGFSFKKSKK-169 (according to
the murine sequence; Brooks et al., 1991) and (ii) recombinant GST-MARCKS
fusion protein (isolated as described in the Materials and Methods) as substrates.

Phosphorylation of MARCKS was carried out using PRKl which was
fully activated by limited proteolysis (Palmer et al., 1995b; Chapter 5). PRKl
was tested for its ability to phosphorylate MARCKS peptide (Figure 7:2:3;
Panel A) and GST-MARCKS (Figure 7:2:3; Panel B). Full length PRKl was
able to phosphorylate GST-MARCKS although inefficiently when compared to
PRKl which had been activated by proteolysis. Importantly, PRKl was not
able to phosphorylate the GST moiety alone (not shown). Proteolysis of PRKl
resulted in a > 10-fold increase in phosphorylation of GST-MARCKS with a
dramatic increase in Vmax. In contrast the proteolytic activation of PRKl
resulted in only a 2-fold increase in activity towards the MARCKS effector
domain peptide. This peptide, which contains the three in vivo PKC serine
phosphorylation sites, was efficiently phosphorylated by the full length PRKl
enzyme. This probably reflects the ability of the MARCKS peptide to diffuse
more easily into the active site of the kinase, therefore overcoming to some
extent the inhibitory regulation imposed on the kinase domain of PRKl by its
amino-terminal regulatory domain. This clearly constrasts with intact MARCKS
which is a poor substrate for the PRKl holoenzyme. The Km of PRKl for the
MARCKS peptide is ~lpM which compares with values of between 0.4 and 10
jiM for different PKC isotypes (Herget et al., 1995).
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Figure 7:2:3.

Phosphorylation of MARCKS hy PRKl. The kinetics

of MARCKS phosphorylation by intact PRKl and trypsinised PRKl are
compared. (Panel A) PRKl activity towards MARCKS peptide for intact
PRKl (o— o) and PRKl trypsinised with 8pg/ml trypsin (• — •) are shown.
(Panel B) PRKl activity towards GST-MARCKS fusion protein for intact
PRKl (o— o) and PRKl trypsinised with 8pg/ml trypsin (• — • ) were
measured. Assays were carried out in duplicate at 30°C for 10 minutes and
stopped by spotting onto Whatman P81 paper and placing in 10% acetic acid.
The filters were washed 3 x 1 0 minutes in 30% acetic acid, and then counted by
Cerenkov.
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7:2:5. Calculating equal units of PRKl versus PKC-pl activity.

The ability of PR K l to phosphorylate M ARCKS was com pared with
that of P K C -pl. In order to do this equal units of P R K l and P K C -pl activity
were titrated using the substrate protamine sulphate which is phosphorylated in
an effector independent manner by both of these kinases (Figure 7:2:4). In this
way equivalent units of PR K l and PK C -pl could be employed in the following
experiments.
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1500 n

Units/ml
1000 -

500-

PRKl

Figure 7:2:4.

Titration

of PR K l

PKC-pl

versus

P K C -pi

effector

independent activity using protamine sulphate as a substrate.

The

kinetics of effector independent phosphorylation by PR K l and P K C -p l are
compared. Assays were carried out in duplicate at 30°C for 10 minutes and
stopped by spotting onto Whatman P81 paper and placing in 10% acetic acid.
The filters were washed 3 x 1 0 minutes in 30% acetic acid, and then counted by
Cerenkov.
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7:2:6. Time-course of MARCKS phosphorylation by PRKl and PKC-pl.

Equivalent units of both PR K l and P K C -pl were activated by limited
proteolysis and incubation with phosphatidylserine/TPA respectively, and a
time-course of GST-MARCKS kinase activity carried out (Figure 7:2:5). In
each case GST-M ARCKS was phosphorylated to a sim ilar extent and the
reaction was essentially complete by 90 minutes.

1

5

15

90 135 210 300

GST-MARCKS

PRKl

GST-MARCKS

PKC-p

F ig u re 7:2:5.
Tim e-course of M ARCKS phosphorylation by
P R K l and P K C -p l. Equal units of both P R K l and PKC-P 1 w ere
activated, by limited proteolysis and incubation with phosphatidylserine/TPA
respectively, and a time-course of GST-M ARCKS kinase activity carried out.
R eactions were stopped by the addition o f 4x SDS sam ple buffer and
subsequent boiling for 5 minutes, samples were then analysed by 8% SDSPAGE followed by autoradiography at -80°C.

7:2:7. Two-dimensional phosphopeptide mapping of PR K l and PK C -pl
phosphorylated MARCKS.

In order to further study the phosphorylation of MARCKS by P R K l,
GST-MARCKS was incubated with both activated PR K l and PK C -pl (4 hours
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at 30°C) in order to ensure complete phosphorylation of MARCKS.
Phosphorylated GST-MARCKS was then purified by 8% SDS-PAGE and the
corresponding gel band digested overnight with 2|Xg trypsin. The resulting
samples were then subjected to two-dimensional electrophoresis as described in
the Materials and Methods (Figure 7:2:6).

Examination of the tryptic

phosphopeptides of GST-MARCK for both PRKl (Figure 7:2:6: Panel A) and
PKC-P 1 (Figure 7:2:6: Panel B) revealed a similar pattern in each case.

7:2:8. PRKl and PKC pi phosphorylate MARCKS on the same sites.

In order to confirm that these phosphopeptides were identical, equal
counts of (i) PRKl and (ii) PKC-pl phosphorylated MARCKS tryptic peptides
were mixed and once again analysed by 2-dimensional electrophoresis (Figure
7:2:7: Panel A).

The phosphopeptides derived from PRKl and PK C-pl

phosphorylated MARCKS (see Figure 7:2:6) did indeed co-migrate and were
therefore judged to be identical. The major tryptic phosphopeptides have been
analysed and identified as: Peptide 1: LSGFS*FK, with one phosphate;
Peptide 2: LSGFS*FKK, with one phosphate - this peptide is identical to
Peptide 1 apart from the inclusion of an extra lysine residue; Peptide 3:
RFS*FKK, with one phosphate; Peptide 4: S*FK, with one phosphate and
Peptide 5: KS*FK, with one phosphate (Figure 7:2:7: Panel B) (Herget et al.,
1995).
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Figure 7:2:6. Two-dimensional electrophoresis analysis of MARCKS phosphopeptides. Recombinant GST-MARCKS was
maximally phosphorylated by PRKl (Panel A) and PKC-pl (Panel B), resolved by PAGE and the protein digested with trypsin
overnight. Tryptic phosphopeptides were resolved in the first dimension by electrophoresis at pH3.5 and by thin-layer
chromatography in the second dimension.

c. PRK 1 & PKC-pi

D. Phosphopeptide sequencing
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Figure 7:2:7. Two-dimensional electrophoresis analysis of MARCKS phosphopeptides. Panel C: Equal counts of PRKl and
PKC-pl derived tryptic phosphopeptides were mixed and analysed by two-dimensional electrophoresis. Panel D indicates the results of
phosphopeptide sequencing of the major tryptic phosphopeptides: Peptide 1: LSGFS*FK, Peptide 2: LSGFS*FKK, Peptide 3:
RFS*FKK, Peptide 4: S*F and Peptide 5: KS*FK. * denotes modification of the serine residue by phosphorylation (Herget et al, 1995).

7:3.

Discussion

This chapter has examined the ability of PRKl to phosphorylate cellular
substrates. Of the proteins tested PRKl was clearly capable of phosphorylating
the Ptdlns 3-kinase and MARCKS proteins.
The data shown here clearly demonstrate the ability of PRKl to
phosphorylate the MARCKS protein in vitro. The sites phosphorylated by
PRKl are identical to those previously characterised as PKC phosphorylation
sites within the MARCKS effector domain. Thus like PKC, PRK has the
capacity to regulate of the ability of MARCKS to bind calcium/calmodulin
(Graff et al., 198%) and crosslink actin (Hartwig et al., 1992), both of which
are disrupted by phosphorylation at these sites.

That PRKl is able to

phosphorylate MARCKS is consistent with the domain structure of this family
of kinases, which comprises a carboxy-terminal kinase domain that is most
highly related to the PKC family (Palmer et al., 1995a). The implication of
these results is that the control of MARCKS effector function may be regulated
by various different signalling pathway inputs, i.e. via both a lipid-activated
PRK pathway in addition to the well characterised and established phorbol
ester/diacylglycerol-activated PKC-mediated pathways (Figure 7:3:1).

DAG/PS
Vvàlk
m y r is ty la tio n

m em b ra n e^
^

PKC
P R K ^ - phosphoinositides
^ other effectors ?

m y r is ty la tio n

Figure 7:3; 1.

MARCKS effector function may be regulated via

different signalling pathways.__________________________________
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It is necessary to bear in mind that while PRKl is quite capable of
phosphorylating MARCKS and Ptdlns 3-kinase in vitro, other issues i.e.
temporal and spatial considerations will be of paramount importance in the
contribution of PRKl phosphorylation in vivo.

A dissection of the role of

PRK family kinases in the regulation of MARCKS in vivo awaits identification
of a specific activator for these kinases.
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Chapter 8:

8:1.

Establishing a system for studying PRKl in vivo .

Introduction.

The work presented in the previous chapters details analysis of the
properties of purified PRKl. The experiments described have been performed
purely in vitro, and while such data produces much valuable information about a
potential role for PRKl, there is a definitive requirement for a more in vivo
assessment of PRK behaviour. In this chapter the epitope tagging of PRKl in
order to study PRKl in vivo utilising techniques such as immunofluoresence
and immunoprécipitation will be described.

8:2.

Results.

8:2:1. Epitope tagging of PRK 1.

The cDNA encoding the full length open reading frame of PRKl in the
eukaryotic expression vector pcDNA3 (see Chapter 4:2:6) was modified in
order to encompass a carboxy terminal epitope tag. The tag chosen was the
9E10 epitope or myc tag. This modification of PRKl was achieved by
exploiting an Nhel site contained in the final two codons of PRKl:-
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Nhel
GGG GGG TGC

5’

GTG

GCC

3’

CAC

CGG CGC

V

A

GGG AGG ATC GGG 5’

G

G

TAG CGG 3’

c

*

DNA

Protein

In order to destroy the stop codon and therefore allow reading through
the myc tag which would follow it was necessary to destroy the Nhel site. This
was done using Mung bean nuclease to create a blunt end. Further digestion of
pcDNA3:PRKl with X bal created a sticky end within the vector sequence.
This cDNA was then phosphatase treated in preparation for the ligation. The
myc tag was then inserted by means of two oligonucleotides :-

5’

G GGA

GGA

GAA GAA GAA

AAA

GTA

ATA

TGG

3’

G GGT

GGT

GTT

GTT

GTT

TTT

GAT

TAT

AGG

P

E

E

0

K

L

I

S

P

Notl

Xbal

GAA GAA GAT

CTA

GGG GGG GGG TGA

T

GTT

GTT

CTA

GAT

GGG GGG GGG ACT

AGA TG

E

E

D

L

G

G

A

3’

❖

The oligonucleotides were HPLC purified and then phosphorylated
using T4 polynucleotide kinase prior to annealing and ligation into
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5’

pcDNA3:PRKl. The ratio of positive clones achieved was improved by
recutting the ligated DNA with N h el in order to decrease the background
(correct recombinants would no longer contain this restriction site). Of the
positive clones obtained by restriction digest four were further analysed by
sequencing (Figure 8:2:1) and were found to be accurate at the DNA level.

8:2:2. Transient expression of epitope tagged PRK l.

In order to check that the 9E10 epitope was indeed correct all four newly
created pcD N A 3:PR K l^Y ^ constructs were transiently transfected by
electroporation into COS 7 cells. At 36 hours post-transfection cells were
harvested into SDS sample buffer and 50 jig loaded on an 8% SDSpolyacrylamide gel. The gel was transferred to PVDF and probed with antisera
to (a) the carboxy terminal of PRKl (Figure 8:2:2:Panel A) and (b) the 9E10
epitope (Figure 8:2:2:Panel B). In each case the new myc tagged PRKl was
expressed and recognised by the 9E10 antisera. The only difference observed
between the original PRKl construct and the myc tagged version was an
increase in apparent molecular weight of approximately 5 kDa observed by
SDS-PAGE.

210

clone 2

clone 3

clone 5

clone 7

G A T C

G A T C

G A T C

G A T C

PRKl
carboxy
terminal
sequence

P
P
E
E
Q

K
L
I
S
E
E
D
L
G

9E10
epitope

Notl

OPA
Xbal

Figure 8:2:1.

Sequence of PR K l

9E10 epitope (myc tag).

pcDNA3:PRKl was modified by the insertion of oligonucleotides encoding the
9E10 epitope (or myc tag). Positive clones were then checked by sequencing.
All four sequenced clones:- 2, 3, 5 and 7 above were found to be correct.
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PRKl myc

Panel A: anti-9E10

PRK l my'
PRKl

Panel B: anti-PRKl

Figure 8:2:2. Expression of 9E10 epitope tagged PRKl in COS 7
cells. COS 7 cells were transiently transfected with 40|ig DNA (from
sequenced positive clones 2,3,5 and 7) and harvested into 4x SDS sample
buffer 36 hours after transfection. 50pg lysate were loaded for each sample and
run on 8% SDS-PAGE. After Western transfer to PVDF membrane the
samples were then probed for (i) the presence of the 9E10 (myc) epitope (Panel
A) and (ii) against the carboxy-terminus of PRKl (Panel B).
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8:2:3. Immunoprécipitation of PRKl activity from transiently transfected COS 7
cells using the epitope tag.

COS 7 cells were transfected with 40 |Xg of cDNA encoding
p c D N A 3 : P R K lW C

as described previously (Chapter 2:2:19). At 36 hours

post-transfection 4 x 15cm plates were harvested into immunoprécipitation lysis
buffer (1ml per plate) and the resulting lysate clarified at 30,000g for 10
minutes. The 30,000g supernatant was then incubated for 30 minutes with 400
pi proteinA-agarose bead slurry (1:1 in PBS) in order to preclear the lysate of
proteins binding non-specifically to proteinA -agarose prior to the
immunoprécipitation. The precleared lysate was then spht in two and incubated
for 1 hour with antisera to the 9E10 epitope together with 400 pi proteinAagarose bead slurry in the presence (B) or absence (A) of competing peptide.
After 3 washes in IP lysis buffer followed by 1 wash in Enzyme dilution buffer
(EDB) the agarose beads were resuspended in a final volume of 400 pi.
Incubations A and B were then split once again in two in an attempt to elute
PRK l

protein from the antibody/agarose bead complex in the presence of

competing peptide. After a further 1 hour incubation, beads and supernatants
were separated for assay.
The assay was carried out as described in Chapter 6:2:4 in the presence
or absence of PtdIns(4,5)P2 which activates PRKl and the results are shown in
Figure 8:2:3: Panel B. PtdIns(4,5)P2 stimulated protein kinase activity was
found to be associated with the immunoprécipitation and to be competed out in
the presence of peptide indicating that PRKl^i^y^ was indeed contained within
the immunoprecipitated complex. This was further verified by Western blotting
using antisera against the carboxy terminal of PRKl (Figure 8:2:3:Panel A)
which confirms that PRKl is immunoprecipitated. However it can also be seen
that the attempt to elute PRKl^Y^ from the immunocomplex is not entirely
successful: while some PRKl

is eluted there is still a proportion associated
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with the proteinA-agarose beads. This is also reflected in the activity data of
Figure 8:2:3: Panel B where it can clearly be seen that the elution of
PtdIns(4,5)P2 stimulated kinase activity is incomplete.

Panel A: Western - anti-myc epitope.

20000

Panel B: Activity assay.
- PIP2
+ PIP2

18000.
16000
14000

cpm

12000
10000

Assay

beads

Elution

IP
Figure 8:2:3.

s/n

beads

- peptide

s/n

+ peptide

IP -peptide

beads

s/n

- peptide

beads

s/n

+ peptide

IP + peptide

Immunoprécipitation of PRKl activity from transiently

transfected COS cells using the 9E10 epitope tag. Transfected COS 7 cell
extracts were immunoprecipitated and eluted in the presence or absence of competing
peptide and then assayed in the presence (filled columns) or absence (hatched
columns) of PtdIns(4,5)P2 (Panel B). (Panel A) Western blot using anti-myc antisera
of samples corresponding to the immunoprécipitations in Panel B below.
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8:2:4. Epitope tagged PRKl can be detected by immunofluoresence.

P R K l^ y c was transiently transfected (as above) into COS 7 and
NIH3T3 cells.

At 36 hours post-transfection cells were trypsinised and

reseeded into 8 well slide chambers in preparation for immunofluoresence:-

Table 8:1.

Testing the myc tag function by immunof uoresence.

COS 7
pcDNA3
COS 7
pcDNA3

COS
pcDNA3:PRKimyc

NIH3T3

COS
pcDNA3:PRKimyc

NIH3T3

pcDNA3
pcDNA3

NIH3T3
pcDNA3:PRKimyc
NIH3T3
pcDNA3:PRKimyc

Cells were processed 24 hours later for immunolocalisation (see Chapter
2:2:31) under various conditions:-

A.

Probed with antisera to the 9B10 (myc) epitope.

B.

Probed with antisera to the 9B10 (myc) epitope in the presence of
competing peptide.

C.

Probed with affinity purified antisera to the carboxy terminal of PR K l.

D.

Probed with affinity purified antisera to the carboxy terminal of PRKl
in the presence of competing peptide.

As can be seen in Figure 8:2:4: Panel A both the 9B10 and PRKl
carboxy terminal antisera yielded a strong clean signal when PRKl^Y^ was
overexpressed transiently in COS 7 cells and reassuringly both antisera gave
similar results. Approximately 5-10% of the COS 7 cells examined displayed
immunoreactivity, which is in agreement with COS 7 transient transfection
efficiencies, and no signal could be detected when either incubation - anti-9B10
or anti-PRKl - was carried out in the presence of competing antibody (not
shown).
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However, in contrast to the results seen for PRKl^^y^ overexpression
in COS 7 cells there was no detectable signal observed with the NIH3T3 cell
population with either antibody (8:2:4: Panel C). This may be due to a lower
level of expression in comparison to that seen in COS 7 cells (as can be
confirmed by Western analysis; see below).

8:2:5. Establishing stable cell lines expressing epitope tagged PRKl.

In order to study PRKl in more detail stable cell lines were developed in
COS 7 and NIH3T3 cell lines. This was made possible by the presence of a
neomycin resistance marker in the pcDNA3 vector which confers resistance to
the drug neomycin (G418).

Both COS 7 cell and NIH3T3 cells were

transfected by electroporation with 40 fxg of either pcDNA3 alone or
pcDNA3:PRKl^yc. These clones were selected in 0.8 mg/ml geneticin (G418)
over a period of three weeks at which time expression of P R K l^ y ^ was
assessed. A 10cm dish of transfected cells was harvested into 150 |il of 4 x
SDS sample buffer and 50 |Lig loaded on an 8% SDS-PAGE gel. This was then
transferred to PVDF and probed with antisera to the carboxy terminal of PRKl.
As can be seen in Figure 8:2:5 PRKl^ayc is strongly expressed in the
polyclonal COS 7 cell population. In contrast the expression of P R K l^y ^ in
the NIH3T3 population is at a much lower level (upper arrow), approximately
equivalent to the level of endogenous PRKl present within this cell type (lower
arrow).
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Panel A: COS7 anti-myc

Panel B: COS 7 anti-PRKl

Panel C: NIH3T3

Figure

8:2:4.

Im m unofluoresence

of

polyclonal cell lines expressing PRK l^y*^.

G418

selected

cells

Cells were fixed in 4%

paraformaldehyde followed by permeabilisation with 0.1% Triton X-100.
Fixed cells were then probed against the myc epitope (Panel A) and PRKl
(Panel B). The treated slides of COS 7 cells (Panels A and B) and NIH3T3
cells (Panel C) were then examined at 60,000x magnification under UV light.
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Figure 8:2:5. Western of selected polyclonal cell lines expressing
epitope tagged PRKl. Approximately 10^ cells were lysed into 500pl 4x
SDS sample buffer. Cell lysates (50pg) of (A) COS 7; pcDNA3 vector control
transfection, (B) COS 7; pcDNA3:PRKl"^yc transfection, (C) NIH3T3;
pcDNA3 vector control transfection, (D) NIH3T3; pcDNA3:PRKin^yc
transfection were then run on 8% SDS-PAGE and transferred to PVDF
membrane. The membrane was then probed using antisera directed against the
carboxy-terminal of PRKl. This antiserum picks up both PRKl as well as the
myc tagged PRKl which runs slightly higher (as can be seen in lanes B and D).
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8:2:6. Expression of PRKl in NIH3T3 results in the formation of endosomes.

The polyclonal NIH3T3 fibroblast cell populations containing pcDNA3
vector alone or pcDNA3 containing FRKl^Y^ (as discussed in 8:2:5) were
grown to confluence in 15cm plates and then analysed by Nasser Hajibagheri in
the ICRF Electron Microscopy Unit. On detailed inspection the presence of
small vesicles close to the plasma membrane in 5-10% of the
N I H 3 T 3 :P R K l^ y c

population was observed (Figure 8:2:6:A-D). This was not

observed in the polyclonal NIH3T3 population containing the empty pcDNA3
vector - no photograph shown, but for this purpose see surrounding cells in the
polyclonal population. These vesicles were in the order of 70-80 nm in
diameter and were thought to be endosomal in nature, vesicles did not appear to
be clathrin coated.
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Figure 8:2:6: Panel A.

Electron micrograph of NIH3T3

polyclonal fibroblasts containing pcDNA3:PRKl*” y^. NIH3T3
cells containing pcDNA3:PRKl

were harvested fixed and sectioned.

In cells expressing PRKl small vesicles close to the plasma membrane
were observed (see arrows; cell A). This phenotype was observed in
approximately 5-10% of the polyclonal population. In NIH3T3 cells
expressing vector alone this phenotype was not seen, see neighbouring
cell B for example.
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Figure 8:2:6; Panel B.
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Electron micrograph of NIH3T3

polyclonal fibroblasts containing pcDNA3:PRKl*’^y^. Close
up electron micrograph of Panel A.
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Figure 8:2:6: Panel C.

Electron micrograph of NIH3T3

polyclonal fibroblasts containing pcDNA3:PRKl**^y^. Electron
micrograph of a cell displaying a large accumulation of vesicles below the
plasma membrane.

Note the accumulation of a rosette of fused vesicles

which is a characteristic caveolae structure (marked by arrow)
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Figure 8:2:6: Panel D.

Electron micrograph of NIH3T3

polyclonal fibroblasts containing pcDNA3:PRKl™y‘^. In many
NIH3T3 cells the small vesicles were observed along long lengths of the
plasma membrane as shown above.
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8:3:1

Discussion

The obvious need to study aspects of PRK function in the intact cell led
to the construction of a myc epitope tagged PRKl molecule. This was attached
at the extreme carboxyterminus of PRK l, after two proline residues which are
generally thought to increase the likelihood of the tag being sterically kinked out
and hence easier for the antibody to recognise. PRKl myc was constructed and
initially tested by several criteria following expression in COS 7 cells:(i) Western blot analvsis. Here several clones were expressed by
transient transfection and analysed using antibodies directed against the myc
epitope and the carboxyterminal of PRKl itself. By Western, the PRKl
antibody seemed to be unaffected by the addition of the myc tag immediately
carboxyterminal to it. Compared with the wild-type (untagged) PRK l, the
expressed PRKl myc protein appeared to be several kDa (approximately 5)
larger by SDS-PAGE. The myc antibody was able to recognise all PRKl myc
protein and as expected, not the wild-type PRKl protein.
(ii) Immunoprécipitation of lipid-activated PRKl activitv. One of the
purposes of the tag was to allow immunoprécipitation of PRKl from cells, as
the PRKl carboxyterminal antibody is unable to perform this function. This
was previously possible with the PRK2 carboxyterminus antibody which cross
reacts with PRKl and is able to immunoprecipitate both PRKl and PRK2.
This however would be unsatisfactory, as possibly other PRKs would be
recognised by this antibody and this would lead to the observation of effects not
solely due to PRKl. The addition of a myc tag would allow the specific
immunoprécipitation of PRKl and associated proteins in a clean and efficient
manner. The only possible problem would be that the addition of the myc tag
may in some way impede the kinase function. This has been tested, albeit in a
rather crude fashion, and immunoprecipitated PRKl from COS 7 cells behaves
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as a lipid-activated protein kinase similar to the soluble wild-type kinase (section
8:2:3).
(iii)

Immunofluoresence. When transiently expressed in COS 7 cells

and assayed by immunofluoresence (section 2:2:31) both the carboxy terminal
PRKl and the anti-myc antibodies gave similar results. Both stains appeared to
be strong, and there appeared to be an exclusion of PRKl protein from the
nucleus. However, the expression of this construct in COS 7 cells leads to the
production of substantial amounts of PRKl protein (see Chapter 4) and
therefore it may be that the localisation observed at such levels of expression
may be artifactual.
In order to study PRKl myc effect, the construct was transfected into
NIH3T3 fibroblasts, a cell line which is well characterised in terms of mitogen
responses. Immunofluoresence was carried out in transient and G418 selected
stable NIH3T3 cells transfected with PRKl myc, and in no instance was a
immunofluoresence signal observed. This may in part be due to the low level of
expression of PRKl in NIH3T3 cells, which is several orders of magnitude less
than in COS 7 cells (Figure 8:2:5).
Transfected NIH3T3 cells, expressing PRKl myc as well as PRK2
(untagged), were analysed by electron microscopy, and an accumulation of
small (70-80nm) vesicles observed. This result was striking, in the light of a
similar phenotype which had previously been observed with PKC
overexpression in S.pombe by Goode and coworkers (Goode et al., 1995).
The data from S.pombe suggest that certain PKC isotypes are able to regulate
the endocytic pathway, an effect which was induced/enhanced by activation
using exogenously added phorbol ester. The increased vésiculation of PRK 1/2
transfected NIH3T3 cells suggest that there may be a role for PRKs in the
regulation of endocytic vesicles in mammalian cells. Ideally one would want to
access PRKl myc behaviour in clonal cell lines, by both immunogold labelling
and immunofluoresence techniques in order to examine the response of PRKl
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and the regulation of endocytic uptake in response to mitogenic stimuli. Such
an approach may be fruitful in the search for PRK in vivo function.
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Chapter 9:

9:1.

Discussion: PRKs and signal transduction - where do they fit in ?

Introduction.

The work presented describes the identification of a novel family of
protein kinases: the PRKs (Protein kinase C-Related Kinases). The cloning,
sequencing and the basic biochemical properties of the PRKs are described. In
addition, further data have been obtained with respect to the mechanism of
activation of purified PRKl by limited proteolysis and by phosphoinositides.
More recent experiments in a more in vivo context have indicated a potential role
for PRKl and PRK2 in endocytic vesicle accumulation when overexpressed in
NIH3T3 cells. These results will be discussed in the following sections with
respect to the current literature and their possible imphcations.

9:2.

Different cell types have a distinct "PKC fingerprint".

The initial work presented in Chapter 3 reinforces the concept that each
cell type contains a complement of PKC isotypes which is sufficient for its
functional needs. The tissue distribution of PKC isotypes has been determined
in the main by Northern blot analyses and by Western blotting with isotype
specific antibodies. All PKC isoforms so far have been identified in the brain,
although some are more predominant than others. Of the many cell lines that
have been analysed most appear to contain one of either PKC-a and -|3 together
with several other isotypes. Some PKCs appear to be very restricted in their
expression such as PKC-r| (skin and lung) and PKC-y (seen only in brain and
neuronally derived cell lines) (for review see Hug and Sarre, 1993).
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By Western analysis the U937 cell line, which differentiates in response
to TPA, contains the PKC isotypes -pi, -pll, -e and -Ç (Kiley et al., 1995).
The work described in this thesis was initially intended to identify a previously
observed Ca^+-independent PKC-like activity which had been biochemically
characterised from this cell type (Schaap and Parker, unpublished
observations). Indeed, since the role of PKCs was being studied utilising
U937s as a model cell system, it was considered of importance to attempt to
define the complement of PKC isotypes which are endogenously expressed in
this cell line. To this end a degenerate PCR approach resulted in the cloning of
not only several PKC isotypes but also some further novel sequences highly
related, yet distinct, from PKCs. The degenerate PCR results from U937s
highlighted the presence of PKC-p (n.b. PKC-pI and PKC-pII differ only in
their carboxyterminal region and as such could not be distinguished by this
approach), PKC-Ô as well as a novel PKC-r| isoform and the novel sequences
PRKl and PRK2 (Chapter 3; Figure 3:2:4; Palmer et al., 1994). That not all of
the expected PKCs were identified (e.g. PKC-e was not observed using this
approach) may reflect several possibilities, either that mRNA levels are
exaggerated by the PCR amplification, or that the degenerate PCR primers used
bias towards some sequences, or perhaps a combination of both. As would be
expected the sequences identified by PCR from a HFB cDNA source produced
a much wider range of PKC isotypes in addition to PRKl and PRK3 sequences
(Chapter 3; Figure 3:2:4; Palmer et al., 1994). Such a result would be predicted
as brain tissue is not only rich in PKC isotypes, but consists of many different
cell types as opposed to the more restricted range of PKC isotypes seen in the
analysis of the single U937 cell type. Several sequence differences were noted
between PRKs and PKCs over the PCR region, and indeed when PRKl, 2 and
3 were compared to the PKC isotypes by means of an evolutionary tree they
were indeed found to lie on a distinct branch (Chapter 3; Discussion; Palmer et
al., 1994).
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9:3.

Cloning of full length PRKl and PRK2 - predictions from their primary
structure.

The cloning of full length cDNAs encoding PRKl and PRK2 was
crucial to a further understanding of their function. From the 340 bp PCR
region it could only be deduced that PRKl, 2, and 3 potentially encoded for
novel protein kinases, but at this point there was no information about the nature
of any regulatory domains, whether these were new members of the PKC
superfamily, or a novel family of kinases in their own right. Cloning from
human cDNA libraries in both plasmid and phage vectors resulted in the
isolation of full length sequences encoding PRKl (Chapter 4; Figure 4:2:5) and
PRK2 (Chapter 4; Figure 4:3:7). To date PRK3 exists only as a 340 bp PCR
fragment and awaits cloning of a full length cDNA. The cloning of PKN,
which is in fact identical to PRKl with the exception of two nucleic acid
differences, was also reported at this time (Mukai and Ono, 1994).
From the primary amino acid sequence of PRKl and 2 it became
apparent that while the PRKs both encoded kinase domains with a high degree
of homology to the PKC family of kinases, they were quite different in their
aminoterminal "putative" regulatory domain. Dot plot alignment of the amino
acid sequence of PRKl and PRK2 defines a number of regions conserved in the
aminoterminal domains of the PRKs as well as extensive homology within the
kinase domain (Chapter 4; Figure 4:5:1a and b).

The aminoterminal

"regulatory" domain is comprised of several homologous regions, (i) the HRl
domain, which can further be subdivided into three shorter repeated motif
sequence and (ii) the HR2 domain. The HRl repeats comprised a core motif
(GAXN) followed by a loosely conserved leucine zipper motif (Chapter 4;
Figure 4:5:2), which was also noted by Mukai and Ono. Interestingly, recent
results using pattern searching programmes have highlighted the presence of an
HRl repeat within the STE5 protein of S.Cerevisiae, which lies on the budding
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regulation pathway (see Chapter 1; also Section 9:12). Further analysis with the
HR2 dom ain indicated significant hom ology with the Vo am inoterm inal
extension of the novel PKC-e and -T| isoforms, as yet the relevance of this
sequence homology is not understood although it is possible that this encodes
an interaction/activation domain which is shared between P R K l and 2 and
PKC-e and -T| (Chapter 4; Figure 4:5:3).
A more detailed investigation o f the HR2/Vo domain has posed an
intriguing possibility, namely that this region is in fact a loosely conserved C2
domain (as observed in the classical PKC isoforms and several other proteins;
see Chapter 1:11). Further, this domain is also present in the S.pom be PKC
isotypes - pckl and pck2 (Ponting and Parker, personal communication; Figure

9:1):

HRl

C2/HR2

Cl

kinase

c pck2
Cl

C2/HR2

PKC-a,p,y
C2/HR2

Cl

c PKC-e & -Ti
HRl

C2/HR2

c PRK 1/2

Figure 9:1.

Domain structure of the S . p o m b e pkc genes. The pck

kinases of S.pom be comprise a kinase domain (black) sim ilar to that of the
PKCs in addition to a large am inoterm inal domain.

This am inoterm inal

regulatory domain contains a C l domain homologous with that of the PKCs
(white) as well as two PRK H Rl repeats (grey) and a C2 domain similar to the
C2/HR2 domain (dotted). See text for further discussion.
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If this were indeed the case then it suggests that the pcks of S.pombe
may in fact represent a combined PKC/PRK isoform. This is an exciting idea,
and there are several issues which are readily testable. Genetic analysis of pckl
and pck2 has been carried out, and the following phenotypes noted (Table 9:1)
(Toda et al., 1993; Kobori et al, 1994).

Table 9:1.
Homologue
pckl'*'

PKC homologues in S . p o m b e .
Phenotype

Reference

Apckl mutants: viable: hvpersensitive to
staurosporine; able to undergo protoplast

Toda et al., 1993
Kobori et al, 1994

regeneration (although only at 50% frequency of
wild-type)
pck2'*'

Apck2 mutants: viable but severe cell shape
defects

(loss

of

grow th

polarity

?);

Toda et al., 1993
Kobori et al, 1994

hypersensitive to staurosporine (more so than
A pckl);

unable

to

undergo

protoplast

regeneration
pnmt-pck2 loverexpressionl mutants: lethal
(cells are multiseptated and branched) - lethality
rescued by staurosporine
ApcklDck2 double mutants: lethal

As deletion of both pckl and pck2 display phenotypes the effect of
overexpressing full length, or regulatory domain PRK1/PRK2 constructs in
S.pombe would be a reasonable approach. In fact experiments of this nature
have been carried out in collaboration with T.Toda, with as yet inconclusive
results.

Firstly the overexpression of either full length PRK 1/2 or the

aminoterminal regulatory domain of PRKl in S.pombe did not lead to any
obvious phenotype other than a slight resistance to staurosporine, as would
perhaps be expected for the PRKs. It is also important to note the fact that
when a similar analysis was carried out for the PKCs in S.pombe a phenotype
was only observed in the presence of activating TPA for several isotypes
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(Goode et al., 1995). Secondly, the expression of PRKl or PRK2 was not
able to rescue pck defects, suggesting that alone PRKs are not able to perform
all of the functions of the pcks, this is also true for the PKC isotypes which
have been tested (Toda and Parker, personal communication). This is perhaps
not a surprising result, as it may be the combined effect of PRK and PKC
regulatory domains on the same polypeptide which is important to provide the
correct localisation and activation requirements to drive the pck pathway(s).
Hence even expressing exhaustive combinations of PRKs and PKC together
may indeed supply the pathway with the necessary domains for activation but
neglect to provide the correct positioning or to allow for any coordination of two
independent polypeptide effectors. Quite what the significance of the S.pombe
postulated combined PRK/PKC structure involves in the intact cell remains to
be determined.

9:4.

PRK expression patterns.

The levels of expression of PRKl and PRK2 have been accessed
through Northern and Reverse-Transcriptase-PCR (RT-PCR) analysis.
Northern data have identified mRNA species of 3.5kb and 4.2kb for PRKl and
2 respectively (Chapter 4; Figure 4:4:1a and b). The expression of PRKl
appears to be ubiquitous by RT-PCR (Chapter 4; Figure 4:4:2), in general
agreement with the results of Mukai and Ono, who reported a 3.1 kb
PKN(PRKl) message which was expressed in all tissues as determined by
Northern blot analysis (Mukai and Ono, 1994). The expression patterns of
PRK2 have not been as easy to elucidate, although a signal by Northern was
observed for several cells lines, no PRK2 massage was identified by the use of
several sets of specific PRK2 primers in RT-PCR, although RT-PCR product
was identified from the U937 and DX3 cell lines from which PRK2 was
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originally cloned (Chapter 4; Figure 4:4:2). This would suggest several things,
(i) that the expression of PRK2 is tightly regulated (only adult tissue (rat) was
analysed in these experiments) and perhaps expressed at some other point
during development, (ii) that PRK2 is expressed but that the primers used in
these experiments failed to detect the message. The technique of RT-PCR
followed by Southern hybridisation analysis is extremely sensitive, therefore if
the oligonucleotides employed cross-hybridised from human to rat a RT-PCR
product would almost certainly be detected in tissues expressing the PRK2
message. While several different sets of PCR primers were designed and used
in this assay in order to circumvent problems of hybridisation from human to
rat, it is always a possibility when doing such an analysis across species, that
the oligonucleotides used may not cross-hybridise. In the case of PRK2 this
does in fact appear to be the case, as a 130kDa proteolytically activated protein
kinase, purified from a liver tissue source, has been partially sequenced at the
amino acid level and is suspected to be identical to PRK2 (Wettenhall, personal
communication). Such a result would surely raise suspicions about the failure
of the RT-PCR analysis to detect PRK2 in rat liver, and therefore in the other
tissues tested, and is an example of the amount of care which must be taken in
the analysis of mRNA expression levels when employing techniques such as
RT-PCR across species.
The RT-PCR approach has allowed for the detection of PRK3
expression, for which there is no full length cDNA as yet. This message was
detected through the use of oligonucleotides specific to the PRK3 nucleotide
sequence, and was shown to be present in a number of, but not all, rat tissues
(Chapter 4; Figure 4:4:2).
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9:5.

PRKl is localised at 16pl 1-12.

The chromosomal localisation of PRKl was kindly performed for us by
Tanya Jones of the ICRF Human Cytogenetics Laboratory. Using the 4,350bp
HFB clone 1.1 cDNA (Chapter 4:2:4) as a probe PRKl was mapped to
chromosome 16pl 1-12 by the fluorescence in situ hybridisation (FISH)
technique (Chapter 4; Figure 4:4:3).

Of interest is the location at this

chromosomal marker of neuronal ceroid lipofuscinoses (Batten disease), which
are a group of inherited neurodegenerative disorders characterised by the
accumulation of lipopigments in the neurons and other cell types (Callen et al.,
1991). The underlying biochemical defect is unknown. Clinically, these
disorders are characterised by progressive encephalopathy, loss of vision, and
seizures. CLN3, the gene responsible for Batten disease, has been mapped to
human chromosome 16 (region 16pl 1.2-16pl2.1.). The location of PRKl - a
lipid-activated kinase (see Chapter 6) - within this region is intriguing, although
perhaps more likely to be a coincidence rather than of significance.

9:6.

Primary sequence of PRKs suggest that like PKCs they may be
regulated by an upstream kinase.

In addition to the regulation of PKC activity by allosteric effectors such
as diacylglycerol and phorbol esters, the post-translational phosphorylation of
PKC also appears to constitute an important aspect of control. In previous
studies, it was shown that PKC-a is synthesised as an unphosphorylated and
catalytically inactive protein of 76 kDa that is converted into an active form of
76kDa and then into an 80kDa form by several stages of phosphorylation (Pears
et al., 1992; Cazaubon and Parker, 1993; Borner et al., 1989). The first stage
of phosphorylation appears to be initiated by a "PKC kinase", consistent with
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this a bacterially expressed PKC-a is an inactive protein of 76kDa (Cazaubon et
al., 1993). Phosphorylation of the region containing Thr-494, Thr-495 and
Thr-497, present in the catalytic domain of protein kinase C -a (PKC-a),has
been defined as a preliminary event necessary for PKC activation (Cazaubon
and Parker, 1993). Indeed mutation of these three threonine residues to alanine
results in the production of an inactive kinase. Further, the expression of this
kinase PKC-a^^"^ is able to competitively inhibit the activation of newly
synthesised PKC-a and -p, also arguing for the presence of a "PKC kinase".
Consistent with the idea that phosphorylation in this region is important for
activation, the exchange of Thr-495 for a glutamic acid residue in PKC-a
results in the production of an active kinase in bacteria (Cazaubon et al., 1994).
Investigation of the equivalent region of the PRKs shows that the
second and third threonines are conserved, with the addition of a further serine
between them at exactly the same position within the kinase domain of PRKl, 2
and 3 (see below). In fact analysis of the amino acid sequence of the PKC
family shows that of the three threonines in this region only Threonine^^^ is
conserved between all members and also between all of the PRKs (Chapter 3;
Figure 3:2:7).

localised in the consensus sequence of

T h r e o n in e ^ ^ V

subdomain VIII of the kinase superfamily (Hanks et al., 1988) and
phosphorylation or autophosphorylation of sites in this region have been
reported to stimulate the enzyme activity of other protein serine/threonine
kinases e.g. cyclic AMP-dependant kinase, p34‘^^‘^2 ^nd p 4 2 ^ ^ ^ ^ (Ornellana
and Hunter, 1992; Payne et al., 1991; Gould et al., 1991). The homology seen
here suggests that like PKCs the PRKs may also require an initial priming event
by an upstream kinase for activation:
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494rprpj^rp497

PK C -a

771RTST774

PRK l

813RTST817

PRK2

RTST

PRK3

The possibilities for this would be easily testable given the preliminary
mechanisms have already been elucidated for PKC-a. Indeed preliminary
results suggest that purified PRKl is modified by a phosphorylation event, the
treatment of purified PRKl with alkaline phosphatase results in the increased
mobility of PRKl on SDS-PAGE, suggesting that the removal of phosphate
groups has occurred. Whether this effect is correlated with a loss of basal
activity is presently undetermined but could be measured using the effector
independent substrate protamine sulphate. In vivo a similar approach could be
taken as for the PKCs with the possibility that a PRK"^^"^ mutant in this region
may inhibit the activation of expressed wild-type PRKl and indeed perhaps the
activation of the endogenous PRKs. Quite how useful this would be for future
experiments is unclear, as the possibility exists that the expression of such a
mutant might also interfere with the correct post-translational modifications of
the endogenous PKC isoforms leading to multiple effects, which would then
make it difficult to discern a specific function for PRKs with any clarity.

9:7.

Basic characterisation of PRKl activity.

Chapter 5 describes the development of a system for production of
purified active PRKl. A high level of expression was achieved when PRKl
was overexpressed in COS 7 cells in transient transfection experiments.
Through a four step column purification procedure large amounts of PRKl
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activity were obtained, although a significant cut in yield was sacrificed in order
to achieve apparent homogeneity (Chapter 5; Table 5:1). Im portantly, the
preparation of PRK l was separated from the major PKC isoform in COS 7 cells
(PKC-ot) during the first S-300 gel filtration column (Chapter 5; Figure 5:2:5),
and was judged to be homogeneous by autophosphorylation and silver stain
analysis (Chapter 5; Figure 5:2:6). In order to improve the purification yield of
PR K l it would be of great benefit to include a purification tool such as a HIS(6)
tag in order to allow a rapid and specific purification step to be exploited. Other
alternatives include the use of the insect baculovirus expression system which is
currently being developed to provide a readily available source of PR K l and
PRK2 protein.
The activation of PR K l by limited proteolysis suggests the removal o f
conformational constraints imposed by the aminoterminal regulatory domain is
important for activation of PRKl (Chapter 5; Figure 5:2:8; Figure 9:2):

HRl

C2/H R2Ü
1é C2/HR2I1

kinase___

C PR K 1
approx. 5QkDa
approx. 55kDa
approx. 65kDa

Figure 9:2.

Limited proteolysis of PRKl in vitro.

A schem atic

diagram is shown, indicating the areas of trypsin action (arrows) during limited
proteolysis (Chapter 5; Figure:5:2:8). Removal of regulatory domain fractions
in this manner results in the activation of latent PRK l kinase activity.

This would suggest the presence of a com petitive sequence such as a
pseudosubstrate site (as is seen in the case of the PKC isotypes) within the PRK
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aminoterminal domain. As the substrate specificity of the PRKs and the PKCs
appears to be similar, and similar sites seem to be phosphorylated (see Chapter
5; Table 5:2 and Chapter 7) the sequence of a putative PRK psuedosubstrate site
would perhaps be expected to be similar to that of PKC. In the case of the
PKCs a consensus phosphorylation site is xR xxS /T xR x, in the
psuedosubstrate sequence the consensus is the same but rather than a S/T
phosphoacceptor site there is a non-phosphorylatable alanine residue:
xRxxAxRx, which is thought to act by blocking the catalytic site of the kinase
(Soderling, 1990).
W hile there is no clear pseudosubstrate sequence within the
aminoterminal sequence of PRK l, there is a sequence within the PRK2
aminoterminal which may represent a potential pseudosubstrate site (see below).
By alignment with PRK2, a potential loose pseudosubstrate site can be picked
out in PRKl (below):

x R x x S /T x R x

PKC consensus phosphorylation

xR xx A xE^

PKC consensus pseudosubstrate site

i^^NRLiK A LQK?-^

PRK2 potential pseudosubstrate site ?

125LSRV A GLEK^34 PRKl potential pseudosubstrate site ?

Whether these sequences do in fact constitute PRK pseudosubstrate sites
is testable, as the mutation of the alanine residue within the pseudosubstrate site
to a glutamic acid residue would be predicted to result in an increased effectorindependent activity, as has previously been shown for PKC-a (Pears et al.,
1990). Similarly, peptide sequences of these potential pseudosubstrate site
either with the alanine residue, or with the alanine changed to a serine would be
predicted to be efficient inhibitors and substrates respectively of the PRKs.
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9:8.

The PRKs are lipid activated kinases.

The data in Chapter 6 indicate that the PRK kinase family is lipidactivated.

Purified PRKl can be activated by pure lipid vesicles of

PtdIns(4,5)P2 and PtdIns(3,4,5)P3 (Chapter 6; Figure 6:2:3a), to an extent
comparable with vesicles of PtdSer and Ptdlns. These results are in keeping
with the activation of PRKl by a number of different phospholipids (Mukai et
al., 1994; Morrice et al., 1994; Palmer and Parker, 1995a and b).
In addition, Mukai and coworkers have also noted the activation of PKN
(PRKl) by unsaturated fatty acids e.g. arachidonic acid and linoleic acid (Mukai
et al., 1994). The activation of PRKl by arachidonic acid is of particular
interest given several recent data (see section 9:12). Firstly the small G protein
Rac, which is upstream of Rho in Swiss3T3 cells (Nobes and Hall, 1995;
Chapter 1:10), has been shown to mediate growth-factor-induced arachidonic
acid release in Swiss3T3 cells in response to EOF. This leads to the EOF
dependent stress fibre formation, via leukotriene (synthesised from arachidonic
acid) and Rho (Peppenlenbosch et al., 1995). This is interesting in light of
recent genetic studies in Drosophila melanogaster, which have shown that the
overexpression of Rhol causes a phenotype in the photoreceptor cell system
(Hariharan et al., 1995). Further, they did not observe genetic interactions with
Drosophila members of the Ras signalling pathway, although they noted that
faint little ball (fib) - which encodes the Drosophila homologue of the EOF
receptor - was a weak suppressor of this phenotype, suggesting an upstream
genetic interaction. They have noted the identification of 14 enhancers and 9
suppressors of the Rhol induced phenotype in Drosophila by means of a
genetic screen - it will be of great interest to see whether one of these turns out
to be a Drosophila PRK-related kinase. On a more biochemical note it may be
of interest to test the effect of leukotrienes on PRKl activity in vitro. It appears
that leukotrienes may act directly on effector molecules or via cell surface
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receptors, therefore it is possible that PRKl may be activated in response to
local production of leukotrienes via Rac mediated arachidonic acid production.

In Chapter 6 the activation of PRKs and PKCs by phosphoinositides is
documented. The dependence and extent of PRKl and PKC activation was
indistinguishable for these two polyphosphoinositides [PtdIns(4,5)P2 and
PtdIns(3,4,5)P3] with Aq.5 values ranging from 5-7 mol% (Chapter 6; Table
6:3). In addition, the activation observed with the different PKC isotypes was
of a similar magnitude as that observed on phorbol ester stimulation (Chapter 6;
Figure 6:2:6). The lack of distinction between PKC isotypes and between these
two lipids is contradictory to some of the previously published data on this
subject (Nakanishi et al., 1993; Toker et al., 1994; Singh et al, 1993).
However these studies have not assessed activation in the context of detergent
mixed micelles and variations between phosphoinositides may have reflected in
part alterations to the vesicle structures (see Epand and Lester, 1990). Further,
there appears to be a significant variation in regulatory properties of PKC
isotypes that is a function of source, purity and storage which may vary in the
different studies. The similar behaviour of all these lipid-activated kinases
towards the two polyphosphoinositides tested suggests that the interaction in
vitro may be non-physiological since:(i) PtdIns(3,4,5)Pg is derived from PtdIns(4,5)P2 in response to a mitogenic
stimulus (Chapter 6:2:3) and yet both show a similar potency in these assays.
(ii) there is no conservation of potential effector binding sites when comparing
the PKC family with that of the PRKs, certainly the conserved HR2/Vo domain
does not appear to be responsible for this activation (Chapter 6:2:4; Palmer et
al., 1995c). This lack of an identifiable, conserved binding site is consistent
with the lack of distinction between these polyphosphoinositides and suggests
that the interaction reflects a more general anionic phospholipid requirement of
the respective lipid binding domains of these kinases.
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(iii) The activation observed for all the PKCs and PRKl is extremely sensitive
to the concentration of Mg^+ and Ca^+ employed in the assay (Chapter 6;
Figures 6:2:8a and b) and at high concentrations the inositolpolyphosphates IP^
and IS6 are able to cause activation of PRKl (Figure 6:2:9) further reinforcing
the idea that the charge effects in these activations is of overriding importance.
However, the activation of PRKl and the PKCs tested by the
phosphoinositides

PtdIns(4 ,5)P2 and PtdIns(3,4,5)Pg does occur at

physiological Mg^+ concentrations, and while no obvious binding site exists
there may be a very loose requirement for several key residues in a specific
spatial arrangement rather than a polypeptide motif which is responsible for
activation. The implication of the data presented in Chapter 6 is that if either
lipid is involved in the specific activation of either PRKs or PKCs in vivo then
other cofactors and/or distinct conditions are involved. Such questions will
need to be resolved in a physiological context.
If such activation operated, then one would expect that some receptor
pathways signalling through Ptdlns 3-kinase, e.g. the PDGF receptor, the
insulin receptor and others (Chapter 1:7) would be able to activate PRKl.
Several cell lines now exist containing PTKs with various docking sites, for
example, the PDGF receptor has been extensively mutated and introduced into
cell lines which do not have endogenous PDGF receptors i.e. PAE (porcine
aortic endothelial) cells. In such cells the effect of PDGF stimulation of PRKl
activity, and localisation could be studied, and would perhaps lead to some
further insight into the physiological implications of the in vitro activation of
PRKl by PtdIns(4,5)P2 and PtdIns(3,4,5)P3. Any effect of phosphoinositides
on PRKl in vivo would also have implications for the in vitro phosphorylation
of Ptdlns 3-kinase by PRKl, suggesting that this would serve to modulate
Ptdlns 3-kinase activity in some way (see section 9:10).
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9:9.

Phosphorylation of MARCKS by PRK 1.

The phosphorylation of the M ARCKS protein by purified PRKl,
presented in Chapter 7, is perhaps not a surprising result given the fact that in
vitro PRKl is presumably capable of phosphorylating most PKC substrates.
MARCKS has been extensively characterised as a PKC specific substrate,
which is phosphorylated during neurosecretion and growth factor dependent
mitogenesis (for review see Aderem, 1992). The MARCKS protein binds
calcium/calmodulin and crosslinks F-actin, and both of these properties are
regulated by phosphorylation (Graff et al., 1989; Hartwig et al., 1992). In
addition MARCKS binds to membranes via an aminoterminal myristoylated
membrane-binding domain. Membrane binding places the MARCKS protein in
close proximity to PKC and allows efficient phosphorylation (Rosen et al.,
1990). On phosphorylation MARCKS is released from the membrane and its
subsequent dephosphorylation is associated by its reassociation with the
membrane (Wang et al., 1989; Thelen et al., 1991). Recent results have shown
MARCKS cycling between the plasma membrane and Lam p-1-positive
lysosomes in fibroblasts (Allen and Aderem, 1995). The relevance of PKC
phosphorylation in this cycling seems to be important as a mutant where the
PKC phosphorylation sites have been mutated is unable to release from the
plasma membrane and associate with lysosomes. While MARCKS is most
definitely a substrate for PKCs it is also a substrate for PRKl (Chapter 7:2:3).
As with the in vitro phosphorylation of Ptdlns 3-kinase (Chapter 7:2:2; section
9:10), the elucidation of PRKl function on MARCKS will require a method of
specifically activating PRKs, without PKCs, in vivo. Ideally this would be
coupled with an immunoflouresence approach to determine the availability of
MARCKS in vivo to PRKs. It may be that by inference, PRK/PKC function
and modulation of actin and lipid binding by phosphorylation represents a
lesson on a more general mechanism, i.e. that lipid activated kinases of the
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PRK/PKC families act to control membrane-cytoskeletal interactions via the
phosphorylation of cytoskeletal proteins such as MARCKS.

9:10.

Is the in vitro phosphorylation of Ptdlns 3-kinase significant ?

What role may the PRKl phosphorylation of Ptdlns 3-kinase have in its
operation ? Currently this is a phosphorylation event that has only been
demonstrated in vitro, and while little information is present on how best to
specifically activate PRKl in vivo it will be hard to clarify the role of this
phosphorylation in vivo.
In the yeast system Ptdlns 3-kinase activity is involved in protein sorting
and vesicle trafficking. Vps34p functions as part of a cellular complex with a
160kDa protein, VpslSp (Herman et al., 1991). Vpsl5p is responsible for the
membrane location of Vps34p and the activation of its lipid kinase activity. The
latter process requires the serine/threonine kinase activity of VpslSp (Stack et
al., 1993). The question therefore arises as to whether some mammalian Ptdlns
3-kinase may also be involved in these types of processes.
Indeed indications of such activities have arisen from experiments using
mutant PDGF receptors, which are incapable of binding the classical p i 10/p85
Ptdlns 3-kinase.

In one such study, Joly and coworkers examined

internalisation of PDGF receptors in response to PDGF growth factor stimulus
and found that deletion of the Ptdlns 3-kinase SH2 docking site (tyrosines 740
and 751) resulted in the failure of PDGF receptors to be internalised and
concentrated in a juxtanuclear region. From this they concluded that the Ptdlns
3-kinase binding sites were both necessary and sufficient for the normal
endocytic trafficking of the activated PDGF receptor (Joly et al., 1994). While
this is arguably not due solely to the loss of Ptdlns 3-kinase binding, it presents
a convincing argument for a role of Ptdlns 3-kinase in endocytic processes.
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suggesting that trafficking of RTKs may be driven by regulatory proteins that
are recruited to the autophosphorylated cytoplasmic domain. Such results led to
the suggestion by Joly et al. that mammalian Ptdlns 3-kinases were able to fulfil
a similar trafficking role as the yeast Vps34p protein.
Further, a novel Ptdlns 3-kinase type has recently been described with
extensive homology to Vps34p (Volinia et al., 1995). This Vps34p homologue
is not able to associate with known p85 regulatory subunits but is rather found
in immunocomplexes with a protein termed p i 50 which contains sequence
homology to Vpsl5ppl^^.
It may well be that in higher organisms a complex family of Ptdlns 3kinases exists, with different isotypes involved in differing membrane
trafficking processes. That such a complex family exists is now appreciated,
with apparent differences in the binding of accessory proteins; the classical pllO
subunit binding to the p85 regulatory subunit, the novel Py subunit activated
pllOy and the mammalian Vps34p homologue (associated with a pl50 Vpsl5p
homologue) unable to associate with the classical p85 regulatory subunit (see
Chapter 1:7). It may well be that the PRK phosphorylation of Ptdlns 3-kinase
reflects a mechanism related to these vesicle trafficking processes. If so then
this would have implications for the endocytic vesicle formation observed when
PRKl and 2 are overexpressed in NIH3T3 cells (Chapter 8:2:6; section 9:11).
In addition, as with the MARCKS phosphorylation data (see Section
9:9) the additional problem exists that in vitro various PKC isotypes are also
able to phosphorylate Ptdlns 3-kinase, indeed in vivo T-cell stimulation results
in the incorporation of

into the p85 subunit of Ptdlns 3-kinase (Reif et al.,

1994). As is the case with MARCKS, given the close similarity of the kinase
domains of PRKs and PKCs, it is likely that these two classes of kinases
phosphorylate similar sites. Identification of the PRK phosphorylation site(s)
on the Ptdlns 3-kinase p85 subunit would give us the information required for a
mutational analysis of this site and allow the following questions to be asked: (i)
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does the mutation of this site affect the in vitro activity of the classical p85/pl 10
Ptdlns 3-kinase complex, (ii) does the phosphorylation state of this site affect
the binding of the p85 subunit to the pllO catalytic subunit or other cellular
components - this would be a reasonable prediction if the PRK phosphorylation
site were to be located within the inter SH2 domain of p85, which is the region
of p i 10 binding. In vivo questions could then be addressed, for example, by
the expression of such mutants in a system such as S.pombe as well as in
mammalian cells. While such analyses may be informative there always
remains the question of whether PRK would truly be able to phosphorylate
Ptdlns 3-kinase in vivo. In order to resolve such an issue it would be of great
benefit to identify moderately specific and cell permeant activators and ideally
also inhibitors of the PRKs. Such tools would allow extensive analysis of the
role of PRKl in Ptdlns 3-kinase modulation, and when identified will be
invaluable. One priority will be to define the subcellular localisation of PRKs
within the cell, studies using immunofluoresence may provide an inroad into the
question of whether the phosphorylation of Ptdlns 3-kinase by PRKl is even
physically possible in vivo.

9:11

PRKs as small G protein effector kinases.

Recent data presented in meeting abstracts suggests that the PRKs may
be regulated by the Rho small G proteins. Two groups, using the two-hybrid
system to identify Rho effectors, have pulled out Rho binding proteins with
homology to PRKl (Figure 9:3).
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Figure 9:3.

Rho binding proteins. Rhophilin was identified as a Rho

binding protein in the yeast two hybrid system and, while having no clear
kinase domain, has homology with the PRKl HRl domain within its Rho
binding region. Subsequently PRKl has been shown to contain Rho binding
activity.

There may be several mechanisms by which Rho binding of PRKl
would be of functional importance, for example:(i) Rho-GTP may stabilise PRKl activation by phosphoinositides
(ii) Rho-GTP stabilises PRKl and makes activation by
phosphoinositides more potent (Figure 9:4)
(iii) Rho-GTP may act as a transporter, taking PRKl to the membrane,
as has been indicated for Ras-Raf (Leevers et al., 1994)
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A possible role of Rho in PRKl activation. PRKl in

the resting cell may be available for recruitment to the membrane where lipid
activation could take place. A dynamic equilibrium may also exist where PRKl
is able to interact with the membrane but only transiently. On mitogenic
stimulation it could be imagined that the association of PRKl with the
membrane is stabilised by Rho-GTP interactions, allowing PRKl to respond
efficiently to local changes in phosphoinositide production and be activated.

The third possibility above by which the PRKl/Rho-GTP interaction
may function may be paralleled from the large body of data that has accumulated
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for the regulation of the serine/threonine kinase Raf in recent years. Here
inroads are being made into the understanding of the role of Raf in the
Ras/Raf/MAP kinase cascade. In mammalian cells Raf-1 activation controls the
activation of the ERK MAP kinase family (see Chapter 1:5). The finer
regulation of Raf is not fully understood although the requirement of Ras for it
appears to be important for the correct (plasma membrane) localisation of Raf
where it is then able to be activated (Leevers et al., 1994). The role of tyrosine
phosphorylation has also been reported in the activation of Raf, indeed
activation of Raf by Src has been demonstrated in the baculovirus expression
system where oncogenic Src is able to activate Raf when they are co-expressed.
Further, the disruption of Ras/Raf binding, observed in a Raf mutant (Arg89>Leu), does not affect the activation of Raf by oncogenic Src in insect cells
(Fabian et al., 1994). It is however difficult to argue the importance of the
requirement for Ras in this system, since a localisation effect may simply be
compensated for by the massive overexpression which is often observed when
expression is carried out in the bacculovirus system. Indeed this would appear
to be the case as a recent report has shown that this Raf-1^^^^ mutant is not
translocated to the plasma membrane in mammalian cells, as would be predicted
for a Raf mutated in its ability to bind Ras, and in addition is not activated by
oncogenic Src. However the addition of a CAAX box to this Raf-1 mutant then
allows the requirement for Ras to be bypassed and in this case Raf^89L-CAAX ig
activated by oncogenic Src (Marais et al., 1995). In addition to the localisation
requirements for Raf, in order for Src to activate Raf it appears that the
myristoylation modification is required, whereas - perhaps surprisingly - the
SH2 and SH3 domain interations have little effect on the ability of oncogenic
Src to activate Raf-1 or to cooperate with v-Ras, suggesting that the plasma
membrane localisation of Src is an important requirement. It will be important
to try to assess the localisation and effect of PRKl expression in the absence
and presence Rho (wild-type, activated and dominant-negative) in a cellular
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context. In addition, it would be possible to test the effect of the addition of a
CAAX box motif on PRKl in such a background.
In addition, an investigation into the effect of PRKl on the activity of
the Rho GTPase is worthy of consideration. Purified PRKl is unable to
phosphorylate Rho directly, but any interaction may well have consequences for
the activity of Rho, and the following questions could be easily addressed:
(i)

Does PRKl affect the GTPase activity of Rho ?

(ii)

Does PRKl affect the binding and GAP activity of Rho GAPs (this is
seen for p65^^^ and the p i9 0 ^ ^ for CDC42Hs) ?

Rho has been shown to be involved in the growth-factor induced
assembly of focal adhesions and stress fibre formation in Swiss3T3 cells
(Ridley and Hall, 1992; Ridley et al., 1992; Ridley and Hall, 1994). Focal
adhesions are clusters of integrin receptors binding to the extracellular matrix
proteins such as fibrinogen and collagen. A number of proteins are found to be
associated with focal adhesions at the intracellular face of the plasma membrane:
these include vinculin, talin, tensin and a-actinin (Burridge et al., 1988; Turner
and Burridge, 1991). Some data exist on the subcellular location of Rho
although this has been difficult to achieve due to the lack of good antibodies
against Rho which are required for immunohistochemistry. However several
recent papers have used tagged expressed Rho in order to bypass this problem.
The subcellular localisation of epitope tagged RhoA, B and C constructs
has been studied through microinjection of DNA into the nucleus as well as
transient transfections into COS cells (Adamson et al., 1992). These results
indicated that only a small fraction of RhoA, B and C localise to the plasma
membrane but in fact the majority of RhoA and C was cytosolic, whereas RhoB
is associated with early endosomes and a prelysosomal compartment. Later
immunofluoresence data from Takaishi and coworkers indicates that on
activation Rho is not found to be concentrated at focal adhesion plaques where
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vinculin is localised.

Their results indicate that on activation Rho was

translocated to membrane ruffling areas, cell-cell adhesion sites and cleavage
furrows (Takashi et al., 1995). Interestingly they showed that Rho was
colocalised with ERM family members at all of these sites suggesting that at
least one of the functioning sites of activated Rho is at ezrin-radixin-moesin
(ERM) family plasma membrane attachment sites.
Members of the ERM family are concentrated at specific regions where
actin filaments are densely associated with plasma membranes. Radixin is a
barb end-capping actin-modulation protein first identified as one of the major
constitutive proteins isolated from cell-to-cell adhesion junctions in rat liver
(Tsukita and Tsukita, 1989; Tsukita et al., 1989). Radixin has also been shown
to be highly concentrated at the cleavage furrow during cytokinesis (Sato et al.,
1991). Since a feature of focal adhesions and cleavage furrows is the tight
associations of actin filaments with plasma membranes, it is a reasonable
speculation that these proteins may play a role in binding the barbed end of actin
filaments to the plasma membrane. Indeed the ERM family member ezrin binds
to actin filament columns in a Ca^+-dependent manner, an interaction which is
disrupted in the presence of Mg^+ZEGTA. Quite how this function is applied in
vivo is unclear, but it would be interesting to test the possibility that
phosphorylation of ERM family members by PRKl is able to affect their actin
binding properties. Interestingly in the case of the actin binding fragmin protein
from Physarum polycephalum, the fragmin protein caps actin filaments in a
Ca^'*'-dependent manner, and is able to cap only when unphosphorylated,
suggesting that phosphorylation may be an important step leading to the
dissociation of the complex allowing actin to polymerise (Gettmans et al.,
1995). If this were to be the case, this would present a similar scenario as is
observed with MARCKS, which is phosphorylated by PRKl on "PKC sites"
and presumably (although this has not formally been tested) results in the
disruption of actin-binding properties. Such a result would suggest that a
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possible site of action of Rho/PRKl would be at actin-membrane attachment
sites through ERM family proteins. However, until such experiments are
carried out, along with immunofluoresence localisation studies in order to
access whether PRKs are within the correct compartment to carry out such a
function, this potential role of PRKl is purely speculative. Another approach
which could be taken to test this hypothesis is to attempt to target PRKl to focal
adhesions. A focal adhesion targeting (FAT) sequence has been identified at the
carboxy terminus of pl25FAK which, when placed in the context of an
unrelated cytosolic protein efficiently mediated focal adhesion localisation
(Hildebrand et al., 1993). Such a motif could be exploited, and experiments
carried out expressing PRKs (wild-type, kinase dead, and constitutively
activated) with the addition of the FAT sequence, which well may yield
interesting results.

The work discussed in Chapter 8 on the consequences of
overexpression of PRKl in NIH3T3 cells has until very recently been difficult
to reconcile with a Rho effector function. Certainly in the case of both PRKl
and PRK2 overexpression in this cell line results in the appearance of small
vesicles of approximately SOnm diameter in each case (Chapter 8; Figure 8:2:6.
Panels A-D). These vesicles did not seem to be clathrin coated in nature, indeed
as well as lacking the obvious appearance of clathrin coats they were also rather
smaller than would be expected for clathrin coated vesicles. The phenotype
displayed in NIH3T3 by the overexpression of PRKl and PRK2 of endocytic
vesicle accumulation is all the more intriguing in the light of recent experiments
by Schamlzing and coworkers. They have produced data implicating Rho in the
process of constitutive endocytosis in Xenopus oocytes (Schmalzing et al.,
1995). Given that there is now a large body of evidence that GTP-binding
proteins of the Ras superfamily play essential roles at virtually every stage of
intracellular membrane transport (for review see Gruenberg and Clugue, 1992)
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this is perhaps not a surprising result.

Protein transport from the Golgi

apparatus to the plasma membrane requires the expression of the Sec4 gene,
which encodes a protein with 30% homology to Ras (Salminen and Novick,
1987). A similar yeast protein, Y ptl, has a role in ER to Golgi transport
(Schmitt et al., 1988; Segev et al., 1988). Mammalian counterparts of Sec4 and
Yptl have been grouped into a family denoted Rab proteins (Touchot et al.,
1987; Haubruck et al., 1987) and also found to be essential for membrane
traffic (for reviews see Ferro-Novick and Novick, 1993). In addition to the
Rab proteins, the ARF (ADP-ribosylating factor) and SAR families of Ras-like
GTP binding proteins function in intracellular transport Although the precise
step-by-step function of Ras-like proteins in membrane traffic is unclear, most
data supports the view that the GTP/GDP-induced conformational switching is
paralleled by a membrane association-dissociation cycle.
The Rho protein undergoes post-translational modification at a unique cterminal CAAL (where C=cysteine, A=aliphatic and X=any amino acid)
sequence. The cysteine is geranylgeranylated followed by proteolytic removal
of the AAL sequence. C3 toxin from Clostridium botulinum ADP-ribosylates
Rho at Asn41 which lies within a putative target domain of Rho, and inhibits
Rho function. Rac proteins, which share 60% identity with Rho, have also
been reported to be substrates of C3 in vitro (Didsbury et al., 1989). However,
C3 fails to impair Rac 1-induced membrane ruffling (Ridley and Hall., 1992),
which is consistent with the low efficiency of C3-induced ADP-riboslyation of
Rac in vivo (Just et al., 1992). C3 exoenzyme is therefore used as a powerful
experimental tool, functioning as an in vivo inhibitor of Rho function.
Schmalzing et al.(1994), have shown that the overexpression of RhoA
stimulates endocytosis and internalisation of sodium pumps, as measured by a
decrease in ouabain binding capacity and fluorescence/electron micrography. In
keeping with these results the addition of C3 exoenzyme, or in vitro ADPribosylated recombinant Rho increases the number of sodium pumps at the
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oocyte surface by blocking constitutive endocytosis.

The size of these

endocytic vesicles was not discussed, nor their nature. Whether they are of a
similar nature as the vesicles accumulated in response to overexpression of
PRKl and PRK2 in NIH3T3 cells would be of great interest as it could be
predicted that the phenotypes produced by the expression/inhibition (using C3)
of Rho in Xenopus oocytes may well function, at least partially through PRKtype kinase(s). It is also of interest that the authors note the involvement of Rho
in constitutive endocytosis and not progesterone-induced internalisation of
sodium pumps. It may be rather that the overexpression of RhoA in these
experiments results in the upset of a delicately balanced mechanism, hence the
increase in endocytosis, but that a downstream factor - which may or may not
include a PRK-type kinase - is enforcing a rate-limiting step in the endocytic
mechanism.
One other interesting point to note in this study is the indication that the
RhoA mediated endocytosis is carried out via a clathrin-independent endocytic
pathway. Internalisation of many recycling receptors is clathrin-dependant and
can be blocked efficiently by potassium depletion that removes clathrin-coated
pits from the plasma membrane (Kelly, 1995; Cupers et al., 1994). In addition
to this well characterised pathway, there is evidence for an alternative clathrinindependent pathway that continues to operate even after potassium depletion
(for review see Lamaze and Schmid, 1995). The fact that the RhoA induced
endocytosis was observed in the absence of potassium lends strength to the
conclusion that RhoA endocytosis operates via a clathrin-independent route.
The vesicle accumulation observed in NIH3T3 cells, in response to the
overexpression of PRKl and PRK2, has also been noted to be of a non-clathrin
coated nature; (i) they are smaller than clathrin-coated vesicles, being of the
order of 70-80nm in diameter, (ii) no clathrin coats were observed, and (iii)
recent immunogold labelling has shown that these vesicles are positive for the
protein calveolin and hence may be calveolae. If the endocytic vesicles induced
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by RhoA in Xenopus oocytes were found to be caveolae in nature then this
would present exciting evidence that RhoA may indeed act through PRK-type
kinases to regulate endocytic mechanisms.
Certainly the possibilities for informative experimental strategies in both
systems - Xenopus oocytes as well as mammalian cells - are great.

The effect

of PRKl overexpression on the formation of caveolae e.g. as measured by
folate uptake could be examined. Further experiments could approach the issue
of Rho involvement via coexpression studies of PRKs with both wild-type,
activated and dominant-negative Rho proteins, in which the small G protein
tools, GTP-y-S and C3 exoenzyme could be utilised. Of interest would be the
effect of an amino-terminal PRK regulatory domains and a constitutively active
PRK molecule, which while not yet available, would be an invaluable tool.

9:12

Linking the small G proteins into kinase cascades.

Some data, other than that which exists for Ras/Raf, is now emerging
on the existence of kinase effectors of the small G proteins. In vitro rac and
cdc42 have been shown to interact with the regulatory domain of p65^^K:, a
novel and ubiquitous serine threonine kinase (Manser et al., 1994). The
number of PAK related kinases are growing steadily and it seems that there will
soon be a family of PAKs. lin humans p62^A^, p65^^^ and p68^ ^ ^ have
now been identified (Martin et al., 1995). The strict requirement for only the
GTP-bound form of rac and CDC42Hs by p65^^^ for binding and interaction
indicates that p65P^^ may serve as a effector protein for Rac/CDC42Hs.
Phosphopeptide maps indicate that the Rac/CDC42Hs stimulate the
autophosphorylation of pbS ^^^ at the same sites. Further, Martin and
COworkers have shown that once human p 6 5 ^^ ^ is activated, Racl or

CDC42HS are no longer required to keep it active. This is an interesting
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possibility, and leads to the idea that perhaps Rac and CDC42Hs are able to
induce a conformational change in their target kinases resulting in a more stable
activation. The crystal structures of these proteins in the presence and absence
of Rac/CDC42Hs to explore this possibility may yield some information on the
activation mechanism employed by Rac/CDC42Hs in the activation of p65^^^.
The homology of p65^^^ kinases to the kinase domain of yeast STE20
may provide a hint for the role of Rac/CDC42Hs and PAK proteins in
manunalian cells (Avruch et al., 1994). STE20 has been shown to be a target
for the Py subunits of the heterotrimeric G protein in S.cerievisiae, which link
the pheromone response to a kinase cascade leading to transcription activation
(Leberer et al., 1992; Errede and Levine, 1993). STE7 has some homology to
MAP kinase kinase and FUS3 and KSSl are yeast homologues of MAP kinase
(Errede et al., 1993). In addition, genetic evidence demonstrates a functional
association between the STE5 gene product and STE20 (Leberer et al., 1993).
Besides a limited homology to FARl, STE5 has no previously documented
structural motif and is most likely thought to function as an adaptor protein.
However, recent investigations have revealed the presence of a region of STE5
resembling the core sequence of the HRl repeats of PRKs (Mellor and Parker,
unpublished observations).

The implications of such a domain, which

comprises the Rho binding domain of PRKl (see Section 9:12). are of great
importance indeed, suggesting that STE5 may have the potential to feed small G
protein mediated signals into the STE20/STE11/STE7/FUS3/KSS1 MAP kinase
pathway. It is therefore also tempting to speculate that different mammalian
STE5 homologues may serve as adaptor molecules to assemble and link distinct
PAK kinases with downstream pathways. If such a scenario were true, then
one could hypothesise that the PRKs have evolved in such a way as to include
their activation/assembly and kinase subunits on the same polypeptide and that
they could be functionally equivalent to a STE5/PAK interaction functioning on
a distinct pathway (Figure 9:5).
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Regulation of MAP kinase cascades by the small G

proteins. The reulation of the Raf directed MAP kinase cascade by Ras is well
documented. Recent evidence suggests the small G proteins, cdc42 and Rac 1,
result in the activation of the JNK/SAPK signalling pathway (Coso et al, 1995;
Minden et al., 1995). It is possible that Rho is involved in the regulation of a
similar pathway via PRK family members. Such pathways are clearly not as
simple as depicted above as there is much evidence that they are able to
communicate and feed into each other.

Data from several laboratories has recently identified the existence of a
novel Rho-mediated pathway resulting in the activation of the SRF (serum
response factor). SRF is involved in the transcriptional activation through the cfos serum response element (SRE). At the c-fos SRE, SRF forms a ternary
complex with TCF (ternary complex factor), which is unable to bind the SRE
by itself (Shaw et al., 1989). The TCFs regulate SRE activity in response to
activation of the Ras/Raf/ERK pathway (for review see Hill and Treisman,
1995). Generation of c-fos promoter mutants unable to bind the TCF, has
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shown that (as would be predicted) they do not respond to activation of the
Ras/Raf/ERK pathway. They are, however, still responsive to whole serum
(Graham and Gilman, 1991). Interestingly these mutants are responsive, via a
novel RhoA mediated pathway, to LPA, serum and AIF4" ,which results in the
activation of heterotrimeric G proteins (Hill et al., 1995). Such results raise the
intriguing possibility that the RhoA pathway observed in this case may operate
through a downstream MAP kinase pathway analogous to the Ras/Raf/ERK
pathway but rather RhoA/PRK/? signalling to the TCF. The effect of PRKl on
this system should be testable using existing tools, and questions such as the
effect of introducing full length PRKl and PRK2 together with various domains
of the PRKs should produce some insight as to whether PRKl acts downstream
of Rho in the regulation of the SRF pathway.

9:13.

Summary.

The possibility then exists that a conserved mechanism for activation
exists where the core components are (i) a small G protein, providing controlled
(GTP-dependant) localisation through a modification e.g. a myristoylation
which inserts into lipid membranes, (ii) a kinase, possibly lipid activated such
as Raf, PRK and PKC kinases, (iii) a tyrosine (or serine/threonine) kinase
leading to an increase in the specific activity. Such a core mechanism could
have been duplicated and adapted throughout the evolutionary process to
provide multicellular organisms with an extensive array of such "feed in" points
to MAP kinase cascades.
As such, there is no direct evidence for such a scenario, although many
data would support such an idea. Certainly the enormous numbers of small G
proteins, serine/threonine kinases of the Raf/PRK/PKC class and tyrosine
kinases could not fail provide an extensive network of cellular communications
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networks. The potential role of PRKs in the formation of endocytic vesicles
would present an obvious role for the phosphorylation of cytoskeletal
membrane and interacting proteins such as MARCKS as PRK substrates in
vivo.
Whether any of these possibilities turn out to be the case will require a
detailed study of the function of PRKl in the intact cells. There is much to be
learned about the role of the lipid-activated PRK kinase family in signal
transduction and many exciting possibilities for studying their function in
different pathways and indeed in different organisms.
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