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Abstract

At fertilisation the sea urchin egg is activated by an increase in calcium (Ca"),
largely generated by an increase in inositol (1,4,5) trisphosphate (IP3). Increases in
intracellular IP; and Ca’" are also observed during the first cell cycle. The precise
role of phospholipase Cs (PLCs) during these events is unknown. To date, PLC-y is
the only PLC isoform identified in sea urchin egg cytosol, yet evidence suégests the
presence of additional PLC activity. Here, immunoblot analysis suggests that a PLC-
0 isoform is also present in sea urchin egg cytosol and remains present in fractions
with PLC activity after heparin column and gel filtration fractionation. This thesis
investigates this previously unidentified PLC-d activity. Strongylocentrotus
purpuratus egg, embryo and testes cDNA databases and macro-arrays were used to
identify and clone a PLC-8, named PLC-8su, from sea urchin embryos. PLC-6su
consists of 2.44 kb, has a molecular weight of 84.6 kDa and is most similar to
zebrafish PLC-8. Production of a recombinant PLC-3su fusion protein proved PLC-
dsu to be a catalytically-active PLC. In addition, RNA transcripts of full-length and
truncated PLC-8su were used to study the function of PLC-dsu in mouse and sea
urchin eggs. Data suggests that PLC-8su may play a role in producing apoptosis in
the developing sea urchin. This thesis also shows that the PH domain of PLC-3su
preferentially binds 3-phosphorylated phosphoinositides on membranes spotted with
phospholipids. The localisation of the PLC-8su PH domain in mouse and sea urchin
eggs during fertilisation has been investigated by the construction and use of GFP-
tagged PH domain fusion proteins and confocal microscopy. Different localisation

patterns are observed in mouse and sea urchin eggs.
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Chapter 1 — Introduction

Chapter 1 - Introduction

Sea urchin eggs and embryos have been used as a model system of fertilisation and
early development for many years. The practical advantages of using sea urchin eggs
for biochemical studies include the availability of large quantities of eggs, the ease of
de-membranation, homogenisation and cell fractionation of eggs, and simple external
fertilisation followed by rapid and highly synchronous development. Physiological
studies of sea urchin eggs also utilise these properties along with the relative lack of
yolk in certain species and the relative transparency of eggs and embryos (Davidson

et al. 1982).

Historically, the study of sea urchin eggs and embryos has contributed a wealth of
understanding to the field of egg activation and early development (Gillot et al.
1990). Use of the sea urchin egg first suggested that calcium (Ca®") might play a role
at fertilisation and during the cell cycle and that Ca®* was necessary for the
exocytosis of cortical granules (reviewed in Horstadius 1975). Steinhardt et al.
(1977) confirmed that intracellular Ca** was released at fertilisation in sea urchin
eggs and Epel (1978) used the sea urchin egg to dissect the ionic events that lead to
egg activation. Sea urchin eggs are still being used to answer questions concerning
egg activation and early development, with particular interest in the pathway leading
to Ca®* release at fertilisation. This has led to the discovery of the Ca**-releasing
properties of three distinct molecules, inositol trisphosphate (IP3), cyclic adenosine
diphosphate-ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate
(NAADP), in intact cells (Whitaker & Irvine 1984; Galione et al. 1991; Lee &

Aarhus 1995).
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It is now generally accepted that IP; provides the main signal for Ca®* release at
fertilisation and that phospholipase C (PLC) activity is probably responsible for this
IP; production (Lee & Shen 1998; Jaffe et al. 2001). To date, only PLC-y has been
identified in sea urchin eggs (De Nadai et al. 1998). However, comparison of the
total PLC activity of sea urchin egg cytosol with the PLC-y activity of sea urchin egg
cytosol reveals inconsistencies that strongly suggest the presence of other PLC
isoforms (Rongish et al. 1999). This thesis addresses this possibility and searches for
the presence of additional PLC isoforms in sea urchin egg cytosol using immunoblot
analysis. As well as the previously detected PLC-y, we have identified a novel PLC-8
isoform from sea urchin eggs and embryos, which also appears to be present in sea
urchin sperm. In this thesis, we characterise this novel PLC-8, termed PLC-3su, and
attempt to dissect its role during fertilisation and early development. First, I give a
description of the structure and function of PLC isoforms and their role during

fertilisation and the cell cycle.

Phosphoinositide-specific Phospholipase Cs

Phosphoinositide signalling pathways

Phosphatidylinositol (PI) and its phosphorylated derivatives are a group of lipids
collectively referred to as Phosphoinositides. These lipids are present in cell
membranes and are substrates for kinases, phosphatases, and lipases. PI is the most
abundant of the phosphoinositides in mammalian cells under basal conditions,
present at a concentration 10-20 fold higher than that of PI(4)P or PI(4,5)P,. The

other phospholipids, PI(3)P, PI(5)P, PI1(3,4)P,, PI(3,5)P, and PI(3,4,5)P3, collectively
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provide only a tiny percentage of the total phosphoinositide content of a resting

mammalian cell (Vanhaesebroeck et al. 2001).

Upon cellular stimulation, levels of PI(3,4)P,, PI(3,5)P; and PI(3,4,5)P; increase
sharply, although they still do not reach the levels of PI1(4,5)P; or PI(4)P. This
increase is mediated by the activation of a group of enzymes known as
Phosphoinositide 3-Kinases (PI 3-Ks). The appearance of these 3-phosphorylated
inositol lipids in the plasma membrane attracts a number of proteins to the cell
membrane where they become activated. These proteins regulate diverse cellular
processes such as vesicle trafficking, growth, DNA synthesis, regulation of

apoptosis, and cytoskeletal changes (Vanhaesebroeck et al. 2001).

Though the dynamics of PI(4,5)P; in the cell membrane are not as dramatic as those
of the 3-phosphorylated inositol lipids, it is also important signalling molecule.
PI(4,5)P; acts as a cofactor for phospholipase D, a substrate for phosphoinositide 3-
kinase (PI 3-K), a membrane-attachment site for signalling proteins and a modulator
of actin polymerisation. PI(4,5)P; is also a substrate for phosphoinositide-specific

phospholipase Cs, as discussed below (Rhee & Bae 1997).

Phosphoinositide-specific Phospholipase C signalling

Phosphoinositide-specific phospholipase Cs (PI-PLCs) are a large family of enzymes
involved in a vast array of signal transduction pathways. They reversibly interact
with cell membranes, where they catalyse the hydrolysis of membrane-resident
phosphoinositides (Williams & Katan 1996). Bacterial PI-PLCs cleave

phosphatidylinositol (PI), lyso-PI and glycosyl-PI, but are unable to hydrolyse
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phosphorylated derivatives of PI (Hayes Griffith & Ryan 1999). In contrast,
hydrolysis of the minor membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate (P1(4,5)P,), is the main role of PLC in eukaryotic cells (Rhee et al.
2000). The catalytic activity of PI-PLC is dependent on calcium as a cofactor and
increases with increasing calcium concentrations within the physiological range

0.01-10 pM (Ellis et al. 1998).

PI(4,5)P; hydrolysis yields two intracellular messengers, diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3). DAG mediates the activation of protein kinase C
(PKC), whilst IP; is responsible for causing Ca®" release from intracellular stores

(Williams 1999). PI(4,5)P, removal through PLC activity may also indirectly affect

other cell signalling pathways modulated by PI(4,5)P, (Rhee & Bae 1997).

Domain organisation of animal PI-PLC isoforms

Determination of PLC primary structure has allowed the classification of the 12
known mammalian PLC isoforms into 5 subclasses as follows; f1-4, y1-2, 61-4, €
and £ (Katan & Williams 1997; Lopez et al. 2001; Saunders et al. 2002). The isoform
originally designated PLC-a has since been found to be a proteolytic fragment of

PLC-31 (Rhee et al. 1989; Rhee et al. 2000).

Elucidation of the three-dimensional structure of PLC-81 has aided understanding of
the domain organisation of all PLC isoforms (Essen et al 1996; Ferguson et al. 1995).
The PLC-8 family are small PLCs, with a molecular weight of about 85 kDa. The

three-dimensional structure reveals an amino-terminal pleckstrin homology (PH)
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domain, four EF hand domains, X and Y catalytic domains and a carboxyl-terminal
C2 domain (Figure 1)(Essen et al 1996; Ferguson et al. 1995). Lower eukaryotes
contain only & type PLCs, suggesting that isoforms present in higher eukaryotes may

have evolved from the archetypal PLC-8 (Essen et al. 1996).

PLC-B and -y isoforms are larger (116-155 kDa), and consist of a PLC-3-like core
plus a number of additional domains (Rhee & Bae 1997). PLC-¢ is the largest
isoform at 230 kDa, and consists of a PLC-8-like core with additional domains not
apparent in any other known PLC (Lopez et al. 2001; Song et al. 2001; Wing et al.
2001). PLC-£, the most recently identified isoform, is also the smallest at 70 kDa. Its
domain structure resembles PLC-8, but it was designated its own class due to its lack
of an amino-terminal PH domain (Saunders et al. 2002). This makes PLC-{ similar

in structure to plant PLCs, which also lack PH domains (Williams & Katan 1996).

The Pleckstrin Homology domain

Pleckstrin Homology (PH) domains are small, modular, structural domains
consisting of about 120 residues. They were first described in pleckstrin, but have
subsequently been reported to be present in over 100 proteins including protein
kinases, PLCs, guanine-nucleotide releasing factors and GTPase-activating proteins
such as RasGAP (Haslam et al. 1993; Mayer et al. 1993; Musacchio et al. 1993,
Lemmon et al. 1997). The first draft of the human genome sequence suggests that as
many as 252 human proteins contain a PH domain, making it the eleventh most

common domain in humans (Lemmon et al. 2002).
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The structure of 13 of these domains has been solved, and though they have little
sequence identity, they have a remarkably well-conserved three-dimensional
structure (Yoon et al. 1994; Macias et al. 1994; Lemmon et al. 2002). The domain
consists of seven B-strands with intervening loops of variable length. The strands are
arranged into a core fB-sandwich, one-half consisting of a three-stranded sheet, the
other of a four-stranded sheet. The sandwich is closed off at one splayed corner by a
carboxyl-terminal a-helix and at the other splayed comer by three intervening loops
(Figure 2). These three loops, B1/B2, B6/B7 and B3/P4, are the most variable between
different PH domains in length and sequence, and as such are termed the variable

loops (Yoon et al. 1994; Macias et al. 1994; Lemmon et al. 2002).

An insight into the function of the PH domain module was provided when Harlan et
al. (1994) demonstrated the binding of several PH domains to lipid vesicles
containing PI(4,5)P,. This prompted speculation that PH domains bind specifically to
PI(4,5)P,, targeting their host protein to cell membranes. It has since been found that
whilst PI binding is a property shared by most PH domains, very few bind a
particular PI with high affinity and specificity (Kavran et al. 1998). The recent
development of constructs consisting of isolated PH domains tagged with GFP has
led to a wider understanding of the probable localisation of their host proteins in
vivo. Constructs involving PH domains with highly specific targeting properties have
also been exploited to study the dynamic distribution of the lipids to which they bind

(Balla et al. 2000).

PH domains able to bind PIs with high affinity, function as signal-regulated

membrane-targeting modules (Lemmon et al. 2002). For example, the PH domain of
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protein kinase B (PKB) specifically binds PI(3,4)P; and PI(3,4,5)P;. These lipids are
second messengers that only appear in the plasma membrane in response to PI 3-
kinase activation via cell surface receptor agonists. This provides a mechanism
where PKB is recruited to the plasma membrane in response to an extracellular
signal (Burgering & Coffer 1995; Franke et al. 1995). This dynamic process has been
visualised using a GFP-tagged PKB PH domain (Gray et al. 1999; Watton &

Downward 1999).

The function of PH domains that bind weakly and non-specifically to Pls is less
clear. There is some evidence that a PH domain with a weak attraction to PIs may act
in combination with other domains in its host protein to target the host to the
membrane. This appears to be the case for the Racl activator, Tiam1, in which the
PH domain must cooperate with adjacent protein binding domains to localise Tiam1
to the plasma membrane (Stam et al. 1997). The PH domain of the B-adrenergic
receptor kinase (B-ARK) uses a different mechanism to target its host to the
membrane. Though it binds PI(4,5)P, with a low affinity, it is also able to bind the
Gpy subunits of heterotrimeric G-proteins. Simultaneous interaction of the PH
domain with both ligands is required to target its host to the membrane (Koch et al.

1993; Pitcher et al. 1995).

PLC PH domains are thought to function as non-catalytic substrate binding sites,
anchoring the PLC to the membrane, in close proximity to its catalytic substrate. The
PH domain of PLC-81 has been shown to bind both PI(4,5)P, and IP; with strong
specificity (Lemmon et al 1995; Garcia & Rebecchi 1995; Ferguson et al. 1995).

This dual binding capacity may enable negative feedback on catalysis. This suggests
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that PI(4,5)P; is hydrolysed by PLC-81, producing IP;, which causes PLC-81 to
dislocate from the plasma membrane, reducing PI(4,5)P, hydrolysis (Williams 1999:
Rhee 2001). A GFP-tagged PLC-31 PH domain construct has been used to show
localisation to the plasma membrane in a number of different cell types (Varnai &
Balla 1998; Stauffer et al. 1998; Botelho et al. 2000; Tall et al. 2000; Halet et al.
2002; Watt et al. 2002). The isolated amino-terminal PH domain of PLC-y has been
shown to bind strongly and specifically to P1(3,4,5)P;. This suggests that the PH
domain may be involved in causing PLC-y translocation to the plasma membrane in
response to extracellular signals (Falasca et al. 1998). However, the exact role of the
amino-terminal PH domain of PLC-y remains unclear, as other domains from PLC-y
appear able to cause a more rapid translocation to the plasma membrane in response
to extracellular signals, and mutations rendering the PLC-y PH domain unable to
bind PI(3,4,5)P3 do not effect this translocation (Matsuda et al. 2001). The PH
domains of the PLC-PB family show no PI specificity, yet do appear to interact with
the By subunits of heterotrimeric G-proteins (Wang et al. 1999b). The isolated PH
domains of PLC-B1 and -B2 both interact with Gy, yet full-length PLC-B1 shows
little affinity for GBy. In contrast, full-length PLC-B2 shows high affinity for Gfvy,
suggesting a role for Gy in PLC-B2 activation (Wang et al. 1999b; Wang et al.

2000).

The EF-Hand domain

The EF-Hand domain was first observed as a calcium-binding motif in parvalbumin
(Kretsinger & Nockolds 1973). It has since been identified in a large number of

protein families, and binds calcium in the majority of these proteins (Lewit-Bentley
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& Rety 2000). The EF-hand motif is fairly short at around 30 residues, has a
characteristic helix-loop-helix topology, and is usually found in adjacent pairs

(Lewit-Bentley & Rety 2000).

PI-PLCs generally contain four EF-Hand domains arranged in two lobes, each
containing two EF-hands (Williams 1999). Deletion studies suggest that the two
lobes have different and fairly independent roles. Whilst the first lobe acts as a
flexible linker between the PH domain, tethered to the membrane, and the rest of the
enzyme, the second lobe appears to perform a vital structural role through
interactions with the C2 domain. Deletion of the first lobe of the EF-hand domain
results in a mutant enzyme with similar activity to that of the wild-type enzyme.
Deletion of the second lobe, however, inactivates the enzyme, possibly by

destabilising the fold of the enzyme (Ellis et al. 1993; Nakashima et al. 1995).

Most PI-PLCs do not have conserved calcium-binding residues in their EF-hands and
so are not detected using the classical Ca®*binding EF-hand sequence motif
(Williams 1999). PLC-81, however, has two of these motifs. Deletion of the EF-hand
domain does not appear to affect the Ca**-sensitivity of PLC-51 (Nakashima et al.
1995). However, there is some evidence that calcium binding to the EF-hand domain
of PLC-81 modulates PH domain-mediated PI(4,5)P, binding (Yamamoto et al.

1999).

The Catalytic domain

The catalytic core of PLC enzymes is formed by the X and Y domains separated by a

linker insertion. These domains are the most highly conserved regions of PI-PLCs,
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sharing about 60 % amino acid sequence similarity, a figure that rises significantly if
isoforms from the same family are compared (Rhee et al. 2000). The domain folds as
a distorted (B/o)s barrel, of similar architecture to the catalytic domain of bacterial
PI-PLCs (Figure 3). The X and Y domains, separated by a linker insertion, form the
two halves of the catalytic barrel (Heinz et al. 1995; Essen et al. 1996). The
similarity between the three-dimensional structure of the bacterial and eukaryotic PI-
PLC catalytic domains provides further evidence of evolution from a common

ancestor (Williams et al. 1999).

The active site is located on the carboxyl-terminal end of the B-barrel, forming a
broad, solvent-accessible cleft (Essen et al. 1996). Structural studies of PLC-81 in
complex with the inositol-lipid headgroup and calcium have revealed the basis for
substrate recognition (Essen et al. 1996; Essen et al. 1997; Ellis et al. 1998). The
inositol-lipid headgroup of the substrate sits partly buried in the active site cleft with
its 2,3,4-edge at the bottom of the depression. All the chemical groups of IP;, with
the exception of the 6-hydroxyl group, are specifically recognised by an extensive
hydrogen-bonding network and specific charge-charge interactions. The 1-
phosphoryl group of IP; forms hydrogen bonds to His311 and His356, both residues
essential for enzyme activity (Essen et al. 1996). Salt bridges to the 4- and 5-
phosphoryl groups of IP; appear to be responsible for the observed PLC substrate
preference, PIP, > PIP > PI This has been demonstrated by mutation of the residues
Lys438, Ser522 and Arg549, which form salt bridges with the 4-phosphoryl group of
IP;. Mutation of these residues results in abolished PIP; hydrolysis, whilst PI
hydrolysis remains unchanged (Cheng et al. 1995; Simoes et al. 1995; Ellis et al.

1998). Lys440, which forms a salt bridge with the 5-phosphoryl group of IP3, is also
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implicated in the preferential hydrolysis of poly-PIs (Ellis et al. 1998). These four
residues are highly conserved amongst active mammalian PI-PLCs (Rhee 2001). The
crystal structure also explains why 3-phosphorylated PIs cannot be used as substrates
for mammalian PLCs. The equatorial 3-hydroxyl group of IP; is seen to form
hydrogen bonds with residues at the bottom of the active site (Glu341 and Arg549)
leaving insufficient space for phosphoinositides phosphorylated at this 3-hydroxyl

group (Essen et al. 1996).

A catalytic calcium ion was also found bound to the active site and, as expected, was
found to be an essential cofactor for PLC substrate hydrolysis (Essen et al. 1996;
1997). The Ca®* ion binds to the active site through interactions with the 2-hydroxyl
group of IP3, and the highly conserved residues, Asn312, Glu341, Asp343 and
Glu390. The importance of this calcium ion is demonstrated by mutation of one of

these residues (Glu341 — Gly), which destroys PLC activity (Cheng et al. 1995).

As the substrate of PI-PLCs is resident in membranes, the catalytic domain needs to
adsorb to the membrane to allow its active site access to its substrate. Although the
active site itself has no hydrophobic features, the rim surrounding the active site has
a distinct hydrophobic ridge. This ridge may allow the enzyme to penetrate the
membrane, facilitating substrate access to the active site (Essen et al. 1996).
Mutational analysis of the hydrophobic residues, Leu320, Phe360, and Trp555, that
form the rim indicate they are in fact necessary for enzyme penetration into the

phospholipid membrane (Ellis et al. 1998).
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Hydrolysis of PIs by mammalian PLCs produces cyclic inositol phosphates as minor
products. A sequential mechanism of PI hydrolysis has been suggested in which
cyclic inositol phosphate is formed as the reaction intermediate (Essen et al. 1997).
This mechanism involves the formation of cyclic inositol through calcium-facilitated
deprotonation of the 2-hydroxyl group by a general base. Mutational studies have
implicated both Glu341 and Glu390 in this role (Ellis et al. 1998). The calcium ion
and His311 are thought to stabilise the transition state in the formation of the
enzyme-bound cyclic inositol phosphate, which is subsequently hydrolysed during an
acid-base catalysis step involving His356, Glu341 and GIu390. These residues are all
required for PLC enzyme activity (Cheng et al. 1995; Ellis et al. 1995; Katan &

Williams 1997).

The C2 Domain

C2 domains are small, modular domains consisting of around 130 residues. They
were first identified in protein kinase C, but have since been found in many different
proteins such as PLC, cytosolic phospholipase A, Ras-GAP and PI 3-K (Nishizuka
1988; Rizo & Sudhof 1998). C2 domains bind calcium and phospholipids, and often

function as Ca**-dependent phospholipid binding domains (Rizo & Sudhof 1998).

The C2 domains of PLCs consist of about 120 residues and are believed to play a
regulatory role by mediating Ca**-dependent recruitment of PLCs to membranes

(Rizo & Sudhof 1998; Rhee 2001). The crystal structure of PLC-81 revealed the C2

domain as an eight-stranded antiparallel B-sandwich, with between 3 and 4 Ca**-
binding sites (Essen et al. 1996; Grobler et al. 1996). Mutational analysis has shown

that the C2 domain is essential for enzyme activity, unlike the amino-terminal PH
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domain (Cifuentes et al. 1993; Ellis et al. 1993). However, the exact role of the PLC
C2 domain remains unclear. One idea is that the C2 domain acts as a bridging
element to bind the enzyme to the acidic phospholipids in the membrane (Essen et al.
1996). This hypothesis is supported by more recent evidence showing that calcium
ions bound to the C2 domain of PLC-81 form an enzyme-phosphatidylserine-Ca*
ternary complex, increasing the affinity of the enzyme for substrate vesicle and so
increasing enzyme activity (Lomasney et al. 1999). In contrast, The C2 domains of
PLC-Bs do not appear to show any affinity for membrane bilayers in the presence of
Ca’*. Instead, the C2 domain of PLC-P appears to be involved in binding the Goy

subunits that activate the host protein (Wang et al. 1999).

Regulation of PI-PLCs

This thesis focuses on members of the PLC-0 sub-family. However, at present, little
is understood about PLC-6 regulation, whilst the regulation of PLC-p and —y
isoforms is more widely comprehended. Here, a synopsis of available information

regarding the regulation of each PLC sub-family is presented.

The structure and regulation of PLC-B

PLC-Bs are characterised by a large carboxyl-terminal extension of around 400
residues and are activated by association with heterotrimeric G-protein subunits
(Rhee et al. 2000). Heterotrimeric G-proteins consist of three subunits, a, f and y.
These subunits are stably associated in the inactive, GDP-bound state. When the G-
protein interacts with an agonist-activated receptor, GTP replaces the GDP bound to

the a subunit. The presence of GTP in the Ga binding site greatly reduces its affinity
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for the tightly associated Gy subunit, causing the G-protein to dissociate into two
intracellular signalling complexes, Ga-GTP and Gfy. These complexes interact with
a number of intracellular effectors including PLC-B (Philip et al. 2002). The activity
of the complexes is controlled by the intrinsic GTPase activity of the Ga subunit.
Bound GTP is converted back to GDP causing the Ga subunit to re-associate with
the GBy subunit, forming the inactive heterotrimeric G-protein complex (Figure

4)(Philip et al. 2002).

G protein a subunits are divided into four families, Gsa, Giat, Gqo and Gyao. All four
members of the pertussis toxin-insensitive G4 family activate PLC-f isoforms, but
none of the other PLC isoforms (Rhee 2001). Receptors for bradykinin, bombesin,
angiotensin, histamine, vasopressin and muscarinic (m1, m2 and m3) and a1
adrenergic agonists activate PLC-f through interaction with the Gqo subunits (Rhee

& Bae 1997; Rhee 2001).

The carboxyl-terminal region of PLC-J appears to be responsible for interaction with
the Go subunit. Deletion of the carboxyl-terminal extension preserves the intrinsic
activity of PLC-f but eliminates its activation by Go subunits (Wu et al. 1993). The
C2 domain may also play a role in Ga binding. Unlike C2 domains of other PLCs,
the PLC-B C2 domain does not bind to membranes but instead shows specific

association with Gqa subunits (Wang et al. 1999a).

PLC-B isozymes are also activated by interaction with the By subunits of pertussis

toxin-sensitive G-proteins from the Gy, family. The m2 and m4 muscarinic
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acetylcholine receptors and interleukin-8 receptors appear to operate by this pathway
(Rhee & Bae 1997). The region of PLC-p that interacts with G4 is different to that
which interacts with Gy, suggesting that both subunits may independently modulate
a PLC-P enzyme concurrently. This was demonstrated by the activation of carboxyl-
terminal truncated mutants of PLC-B2 by Gy but not by Go, (Lee et al. 1993). The
region of PLC-f responsible for GBy binding appears to be the PH domain, which
shows high affinity for Gfy subunits bound to membranes (Wang et al. 1999b). In
addition, replacing the PH domain of PLC-81 with that of PLC-B2, conferred upon
the chimeric enzyme sensitivity to activation by Gy similar to that of the native
PLC-B2. Although the PH domain of PLC-81 binds Gfy, the native enzyme is not
sensitive to activation by Gy (Wang et al. 2000). As swapping the PH domains of
PLC-81 and -p2 swaps the activation method of the catalytic core, the PH domains
must both confer activation in a similar manner. Guo et al. (2003) suggest a model in
which binding of the activator (PI(4,5)P; or GPy) to the PH domain induces subtle
conformational changes, which directly affect catalytic activity. This model assumes
that the PH domain is held in close proximity to the catalytic core. A site of
interaction has been proposed (residues 84-95 of PLC-61) and peptides against this
region inhibit activity of both PLC-B2 and PLC-381, as well as P1(4,5)P; activation of
PLC-81. In addition, the peptide competed with GPy binding and inhibited GBy
activation of PLC-P2, suggesting that GBy subunits also bind and confer activation

via this region (Guo et al. 2003).
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The structure and regulation of PLC-y

PLC-y isozymes are characterised by an insertion of about 500 residues between X
and Y catalytic domains. The insertion consists of an extra PH domain split by two
Src-Homology 2 (SH2) domains and one Src-Homology 3 (SH3) domain. PLC-y is
activated by receptor and non-receptor-linked protein tyrosine kinases (Figure 5)

(Katan & Williams 1997).

PDGF, EGF, FGF and NGF are all known to activate PLC-y, through the receptor-
linked tyrosine kinase pathway. In this pathway, the binding of a growth factor to its
receptor causes the receptor subunits to form dimers. Dimerisation stimulates the
intrinsic tyrosine kinase activity of the receptor, causing autophosphorylation at
specific tyrosine residues. The phosphorylated residues operate as high-affinity
binding sites for SH2 domains of effector proteins such as PLC-y. Once the SH2
domain docks PLC-y to the receptor, PLC-y is phosphorylated and activated by the
receptor tyrosine kinase (Rhee 2001). The phosphorylation of PLC-y1 by the growth
factors mentioned above occurs at identical tyrosine residues, 771, 783, and 1254
(Kim et al. 1990). Mutational analysis showed that phosphorylation of these residues

is vital for PLC-y1 activation (Kim et al. 1991).

Interaction between PLC-y SH2 domains and receptor tyrosine kinases not only
causes PLC-y activation but also translocates the enzyme to the membrane where its
substrate can be found. This translocation is also mediated by PH domain and SH2
domain binding to PI(3,4,5)P; in the membrane (Falasca et al. 1998; Rhee 2001).
Ligand binding to receptor tyrosine kinases also causes the activation of

phosphoinositide 3-kinase (PI 3-K), an enzyme that catalyses the conversion of
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PI(4,5)P, to PI(3,4,5)P3 (Gupta et al. 1999). The subsequent increase in PI(3,4,5)P; in
the plasma membrane enhances PLC-y translocation to the membrane (Falasca et al.
1998). Receptors such as the T cell antigen receptor and the B cell antigen receptor
do not possess intrinsic tyrosine kinase activity. They are able to activate PLC-y by
activating non-receptor-linked protein tyrosine kinases from the Src, Syk and
Jak/Tyk families (Katan & Williams 1997; Rhee 2001). Activation of non-receptor-
linked protein tyrosine kinases results in a phosphorylation cascade resulting in the
binding of PLC-y via its SH2 domain and its subsequent phosphorylation and

activation (Rhee 2001).

The regulation of PLC-

In comparison with B and y isozymes the mode of regulation of PLC-3 isoforms is
poorly understood (Katan & Williams 1997; Williams 1999; Rhee et al. 2000).
Although all PLC isoforms are sensitive to Ca®*, the Ca”" sensitivity of the PLC-8
isoforms is greater than that of the other isoforms. Calcium promotes PH domain
association with PI(4,5)P, through binding to the EF hand domain, and the formation
of a C2 domain-phosphatidylserine-Ca* ternary complex through binding to the C2
domain. An increase in intracellular calcium concentration may therefore be
sufficient to initiate PLC-3 activation (Rhee 2001). Evidence that PLC-61
overexpressed in intact cells is activated by capacitative Ca* entry supports this

hypothesis (Kim et al. 1999).

The observation that the GTP-binding protein Gy, forms a complex with PLC-81 in

cells stimulated through al-adrenergic receptors has led to another theory of PLC-6
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regulation (Feng et al. 1996). As free or GDP-bound Gy, but not GTP-bound Gy,
associated with PLC-81 in unstimulated cells, it is thought that G, may act as an
inhibitor of PLC-§, that is removed upon cell stimulation (Murthy et al. 1999). This
theory suggests that ligand binding to a G-protein linked receptor induces GDP-GTP
exchange on the Gy, protein bound to PLC-§, resulting in dissociation of the complex.
Ligand binding to the G-protein linked receptor would also cause PLC-J activation.
The calcium release and subsequent capacitative calcium entry produced by PLC-3

may activate the released PLC-9 (Figure 6) (Rhee 2001).

The structure and regulation of PLC-¢

PLC-g is a large PLC found in two alternatively spliced forms (230 kDa and 260
kDa). The X and Y catalytic domains of PLC-¢ identify it conclusively as a PLC. In
addition it contains an amino-terminal RasGEF domain, a PH domain, an EF hand
domain, a regulatory C2 domain, and one or two Ras binding motifs known as RA
domains (Lopez et al. 2001; Song et al. 2001). PLC-¢ shares little homology with the
other mammalian PLC isoforms. It is most similar to the largely uncharacterised
PLC210, an isoform from Caenorhabditis elegans, which also contains domains not

seen in other PLC isoforms (Lopez et al. 2001).

The closest mammalian homolog of PLC-¢ is PLC-f. The similarity between the
long carboxyl-terminus of PLC- necessary for its regulation by Goy, and the
extended carboxyl terminus of PLC-¢, suggested the possibility of PLC-¢ regulation
by heterotrimeric G proteins (Figure 7) (Wu et al. 1993; Lopez et al. 2001). This

hypothesis is supported by evidence that constitutively active mutants of Gaj; and
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Chapter 1 — Introduction

Goa3 appear to increase PLC-¢ activity (Lopez et al. 2001). As Ga.;, appears to
stimulate c-Jun via activation of Ras, it has been suggested that PLC-€ may act as a

link between Go;; and Ras (Wadsworth et al. 1997; Lopez et al. 2001).

PLC-¢ may also be activated by the By subunits of heterotrimeric G proteins. Co-
transfection of PLC-g and Gy subunits in COS-7 cells produced a marked increase
in PLC activity. This increase in PLC activity could be blocked by co-transfection
with GBy-interacting proteins such as Ga, but was not affected by mutations in the
RA domain or inhibition of PI 3-K. This suggests that PLC-¢ is also activated by
GpBy, possibly through interactions with the PH domain as observed in some PLC-8

isoforms (Wing et al. 2001).

The presence of RasGEF and RA domains indicate that PLC-¢ may play a role as a
GDP-GTP exchange factor and effector of Ras (Figure 7). Ras effects cellular growth
and transformation by activating a cascade of serine/threonine kinases including Raf,
MEK and MAP kinase (Lowy & Willumsen 1993). Expression of PLC-¢ has been
shown to produce an increase in both GTP-bound Ras and MAP kinase activation in
cultured cells (Lopez et al. 2001; Song et al. 2001). This effect appears to be
produced by the RasGEF domain of PLC-¢ rather than the enzyme’s catalytic
activity as an

inactive PLC-¢ mutant also increased the amount of GTP-bound Ras (Song et al.
2001). The RA domains of PLC-¢ bind GTP-Ras with high affinity but do not bind
GDP-Ras, suggesting a mechanism where the growth factor-induced activation of

Ras to Ras-GTP promotes the translocation of PLC-¢ to the membrane by binding to
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its RA domain (Song et al. 2001). The intrinsic GTP-ase activity of Ras may then
terminate the activation of PLC-g, through conversion to Ras-GDP. The RasGEF
domain of PLC-e may convert Ras-GDP back to Ras-GTP prolonging PLC-¢

activation (Rhee 2001).

The structure and regulation of PLC-{

PLC-L is the smallest of the PLCs at around 74 kDa, and is testis-specific. The highly
conserved X and Y domains of PLC- identify it as a PLC. In addition, PLC-{
contains an amino-terminal EF hand domain and a carboxyl-terminal C2 domain.
Phylogeny analysis of the 12 known mammalian PLC isoforms suggests that PLC-{

is the least divergent isoform from a hypothetical precursor (Saunders et al. 2002).

The regulation of PLC-C is yet to be discovered, but some clues may be gathered
from the extended linker region between its X and Y catalytic domains. This region
contains a nuclear localisation signal, which is involved in the regulation of this

sperm-specific isoform (Larman et al., in press).

Splice Variants of Phospholipase C isoforms

There is evidence that a number of the PLC isoforms exist in different forms created
by alternative splicing. To date, alternatively spliced versions of rat PLC-$1, bovine
PLC-p4, rat PLC-p4, rat PLC-34, human PLC-B2 and various Drosophila PLCs have
been identified (Ferreira et al. 1993; Bahk et al. 1994; Kim et al. 1998; Lee & Rhee
1996; Nagano et al. 1999; Mao et al. 2000). The alternative splicing of most PLC

splice variants occurs in non-catalytic regions of the enzyme, suggesting an alteration
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in regulation rather than activity. The splice variants of PLC-B4 differ in the
extended carboxyl region responsible for PLC-f regulation by Ga subunits. Only
one version of PLC-B4 is activated by Gay, supporting the idea that alternative
splicing creates differentially regulated PLCs (Kim et al. 1998). PLC-B1 and -B2 are
also spliced in the regulatory extended carboxyl region (Bahk et al. 1994; Mao et al.
2000). Two of the splice variants of PLC-84 differ in the X-Y linker region (Lee &
Rhee 1996). This region is important in the regulation of PLC-y and PLC-(, so the
alteration of this region in PLC-8 splice variants may indicate a role for the X-Y
linker in PLC-6 regulation (Lee & Rhee 1996; Rhee 2001; Larman et al., in press).
The third splice variant of PLC-84 is the only isoform in which alternative splicing
occurs in the catalytic domain. The catalytic X domain of the PLC-84 splice variant
ALT I is altered, producing an inactive enzyme. It is thought that ALT III functions

as a negative regulator of PLC by competing with active PLCs for substrate (Nagano

et al. 1999).

p130 — A new Phospholipase C-like family?

A novel IP; binding protein with extensive similarity with PI-PLCs, particularly
PLC-5 isoforms, was identified from rat brain tissue through binding to an IPs-
immobilised column (Kanematsu et al. 1992). Despite high similarity with PLC-9,
the protein, named p130 (molecular mass 130 kDa), demonstrated no catalytic
activity (Kanematsu et al. 1996). Trypsin-treatment of p130 predicts a three-
dimensional domain structure similar to PLC-61, with an additional tightly folded
domain at the carboxyl-terminus (Kanematsu et al. 2000). The catalytic domain

appears to be intrinsically inactive, as truncation of the protein at either or both the
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amino- and carboxyl-terminus, did not produce any catalytic activity (Kanematsu et
al. 2000). In addition, residues in the catalytic domain essential for catalytic activity

(Glu390 and His356) are not conserved in p130 (Kanematsu et al. 1992).

A role for p130 as a PLC inhibitor was suggested, as it binds the PLC substrate
PI(4,5)P,, yet has no catalytic activity (Kanematsu et al. 1996). However, binding
studies revealed that both full-length p130 and its PH domain bound IP; with a
higher affinity than PI(4,5)P,. This binding preference was confirmed in vivo using
GFP-tagged constructs of p130 and its PH domain. Though the PH domain localises
at the plasma membrane, full-length p130 was found throughout the cytoplasm
(Takeuchi et al. 2000). Though agonist-induced Ca** increase was inhibited in p130
transfected COS-1 cells, this inhibition was not accompanied by a decrease in IP;
production (Takeuchi et al. 2000). This evidence led to the emergence of the theory
that p130 indirectly inhibits PLC activity by binding to the IP3 produced, preventing

Ca’" release from intracellular stores (Takeuchi et al. 2000).

Other molecules with similarity to p130 have been described, including the
K10F12.3 gene product from Caenorhabditis elegans (Koyanagi et al. 1998), the
mouse PLC-L; (Otsuki et al. 1999) and two human proteins PLC-L; and -L, (Kohno
et al. 1995; Kikuno et al. 1999). These molecules all share characteristic amino- and
carboxyl-terminal extensions and replacement of critical catalytic residues, perhaps
suggesting they form a new, catalytically inactive family of PLC (Kanematsu et al.

2000).
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Egg Activation at Fertilisation

At fertilisation, the sperm induces a series of events in the egg, which are collectively
termed ‘egg activation’ (Schultz & Kopf 1995). It is thought that PLCs may be the

trigger that induces egg activation (Swann & Parrington 1999).

Egg activation includes the stimulation of cortical granule exocytosis. In the sea
urchin egg the cortical granules, containing mucopolysaccharides, hyaline, proteases
and ovoperoxidase, sit in a dense monolayer directly below the cell surface. Upon
fertilisation, a wave of cortical granule exocytosis is induced beginning at the point
of sperm entry. The contents of the granules are released to interact with the pre-
existing vitelline envelope to assemble the thick fertilisation envelope that acts as a
slow block to polyspermy and as protection for the developing embryo (Davidson et
al. 1982; Gillot et al. 1990; Terasaki 1995). Cortical granule exocytosis is
accompanied by a wave of cortical actin polymerisation, also beginning at the point
of sperm entry, and by the extension of microvilli (Gillot et al. 1990). A brief burst of
coated vesicle endocytosis, thought to compensate for cortical granule exocytosis,

completes the reorganisation of the cortical layer (Gillot et al. 1990).

Egg activation also involves changes in the cell cycle. Eggs of different species are
arrested at different stages of meiosis, for example, mammalian eggs arrest at
metaphase II, whilst sea urchin eggs arrest following meiotic completion (Stricker
1999). Egg activation induces meiotic completion in eggs arrested during meiosis,
and mitotic cycle entry, the recruitment and translation of maternal messenger RNAs

and changes in the pattern of protein synthesis in all eggs (Schultz & Kopf 1995).
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The role of calcium at egg activation

It is generally accepted that egg activation is triggered by an increase in intracellular
Ca®". A transient rise in intracellular Ca®* concentration is observed during
fertilisation of both vertebrate and invertebrate eggs. Moreover, egg activation can be
mimicked by the microinjection of Ca®*, or the external application of a Ca®*
ionophore, and can be blocked by the Ca®*-chelator BAPTA. This evidence shows
that Ca" is both necessary and sufficient for egg activation (Jaffe 1983; Kline &
Kline 1992; Schultz & Kopf 1995). The rise in intracellular Ca** takes different
forms in different species. A single Ca®* wave, originating from the region of sperm-
egg fusion, is observed in the eggs of frogs, fish, cnidarians and echinoderms. In
mammalian, ascidian, and nemertean worm eggs, a series of prolonged Ca**

oscillations are observed (Stricker 1999).

The fertilisation-induced calcium wave

The kinetics of the fertilisation-induced Ca** wave in the sea urchin egg have been
studied extensively. Fertilisation is accompanied by a rapid depolarisation and influx
of extracellular Ca®*, which appears to be caused by the opening of membrane
voltage-sensitive Ca’* channels at sperm-egg fusion (Chambers & de Armendi 1979;
Lynn & Chambers 1984; McCulloh & Chambers 1992; Shen & Buck 1993). This
depolarisation is necessary for sperm entry and also appears to contribute to
polyspermy prevention by causing the initial phase of cortical granule exocytosis
(Lynn & Chambers 1984; McCulloh et al. 2000). The Ca®* influx results in a cortex-
localised rise in Ca?*, described as a ‘cortical flash’, which occurs almost
immediately after insemination (Shen & Buck 1993). The cortical flash appears
uniform throughout the cortex, with no localisation at the site of sperm-egg binding,
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and is blocked by prevention of Ca®* influx (Fujiwara et al. 1988; Shen & Buck
1993). Blocking the cortical flash in this way does not affect normal Ca*" wave

production (Shen & Buck 1993).

The Ca®" wave occurs between 10 and 25 seconds after membrane depolarisation,
reaches it peak within 12 to 20 seconds, and lasts over 5 minutes (Poenie et al. 1985;
Swann & Whitaker 1986; Shen 1995). The delay between sperm-egg membrane
fusion and the onset of the Ca®* wave is described as the latent period (Shen 1995).
The Ca®>" wave initiates at the site of sperm-egg fusion and crosses the egg with a
velocity of 5-7 um/sec (Eisen et al. 1984; Galione et al. 1993; Shen 1995). During
the wave, intracellular Ca®" rises from resting levels of between 50 and 350 nM, to
fertilised levels of between 1.5 and 3 uM (Poenie et al. 1984; Swann & Whitaker
1986; Whalley et al. 1992). Ca?* is re-sequestered into the endoplasmic reticulum
and also into the mitochondria (Girard et al. 1991; Terasaki & Sardet 1991). In
addition, some Ca®* appears to be extruded from the egg, perhaps during cortical

granule exocytosis (Azarnia & Chambers 1976; Shen 1995).

Fertilisation-induced calcium oscillations

Multiple Ca** transients, termed Ca®" oscillations, are produced at fertilisation in
mammalian and ascidian eggs (Stricker 1999). It is thought that the Ca®" oscillations
provide a long-term Ca®* response, whilst avoiding the toxic effect that continuous
Ca?* elevation would produce (Stricker 1999). They may also provide frequency-
encoded information, and play a role in triggering important cellular processes (Gu &
Spitzer 1995; Stricker 1999). This role is supported by the observation that mammals

display species-specific differences in oscillation frequency (Jones 1998). In
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addition, an elegant experiment in which Ca®* spikes were induced in mouse eggs by
transient electroporation in Ca**-containing media, followed by fast perfusion with
culture medium, demonstrated the importance of repetitive Ca®* spikes. The study
showed that the duration and frequency of the Ca®* pulses directly affected the
degree of parthenogenetic activation and pronuclear formation (Ozil 1998). A role
for prolonged Ca** oscillations in the stimulation of meiotic resumption may explain
why oscillations are not observed in lower species. In cnidarian and sea urchin eggs,
meiosis is completed before fertilisation occurs and starfish eggs do not have a
natural arrest point once germinal vesicle breakdown has been triggered.
Additionally, fertilisation of fish and frog eggs triggers a rapid transition to
pronuclear formation as compared with that of mammalian eggs. This suggests that
eggs of species that exhibit a single Ca®* wave at fertilisation do not require
prolonged Ca®" oscillations as they do not require an extended signal for meiotic

resumption (Jones 1998; Stricker 1999).

The role of calcium in the sea urchin cell cycle

The sea urchin egg is different to most eggs in that the mature, unfertilised egg has
completed meiosis. The interphase arrest of the sea urchin egg appears to be caused
by an acidification of the cytoplasm, which causes the egg to become metabolically
quiescent (Johnson et al. 1976; Dune & Epel 1986; Jones 1998). This is reversed by
an increase in intracellular pH at fertilisation due to the activation of a Na'-H"
antiporter in the egg plasma membrane (Johnson et al. 1976). Fertilisation triggers
cell cycle progression and within 10 minutes metabolism and protein synthesis
increase dramatically. The sea urchin egg enters mitosis and the first cell cycle is

completed within 60 minutes (Whitaker & Patel 1990). Subsequent cell cycles are
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even more rapid. These early embryonic cell cycles rely on proteins made from
maternal message laid down in the oocyte, as no transcription occurs (Davidson et al.

1982).

The Ca**-mediated induction of cell cycle resumption at egg activation has been
discussed above. It also appears that Ca®" is an important signal during mitosis. The
demonstration of Ca’* transients in the early cell cycles of the sea urchin embryo
suggested a role for Ca®* as a mitosis trigger (Poenie et al. 1985). Microinjection of a
Ca®* chelator such as BAPTA or nitrophenyl EGTA, prior to first mitosis, produces a
block on mitosis that can be removed by release of ‘caged’ Ca** or removal of the
chelator (Steinhardt & Alderton 1988; Wilding et al. 1996). Together with evidence
that premature mitosis entry could be induced by microinjection of IP5 or Ca®*, this
indicated that Ca®* is both necessary and sufficient to trigger mitosis (Twigg et al.
1988). Ca** also appears to be important during mammalian egg cell cycle (Jones

1998).

Three models of egg activation

Though Ca®* has been accepted as a universal trigger of egg activation for many
years, activating eggs from all species examined, the mechanism that produces the
Ca®* trigger has remained elusive. Over the years, three main models have emerged
to describe the signal transduction pathway that produces Ca®" release at fertilisation.
The Ca** conduit model, the receptor mechanism model and the sperm factor model

are illustrated in Figure 8 (Schultz & Kopf 1995).
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The calcium conduit model of egg activation

The first of the models, the Ca** bomb/ Ca®* conduit model has since been largely
disproved. The Ca** bomb model proposed that Ca>* from the sperm entered the egg
after fusion, flooding intracellular Ca** stores, and causing a large increase in
cytosolic Ca** (Jaffe 1983). The Ca®* conduit model offered a variation on this idea,
suggesting that the fused sperm mediated the flow of Ca** from extracellular media
into the egg (Jaffe 1983). As Ca** release can occur in the absence of external Ca®*
and fluorescent Ca’*-imaging techniques have revealed no evidence of an immediate
localised Ca" increase in the sperm at the site of sperm-egg fusion, both variations

appear unlikely (Schmidt et al. 1982; Jones et al. 1998).

A role for IP; at egg activation

A role for IP; in causing Ca®* release during the fertilisation of mammalian eggs is
heavily supported. Ca®* transients can be stimulated in mammalian eggs by
microinjection of IP3, and sperm-induced egg activation can be inhibited by
microinjection of antibodies against the IP; receptor (Miyazaki et al. 1988, 1993). As
an antibody against the echinoderm IP; receptor does not exist, the role of IP; in sea
urchin eggs is less clear. IP; production is observed in sea urchin eggs at fertilisation,
and microinjection of IPs into unfertilised eggs causes a Ca®" increase, supporting IP;
as the molecule responsible for Ca®* release (Ciapa & Whitaker 1986; Whitaker &
Irvine 1984). Furthermore, inhibition of IP;-mediated Ca®* release using heparin,
blocks Ca®* release at fertilisation (Mohri et al. 1995). However, microinjection of
sea urchin eggs with cGMP, cADPR or NAADP, or application of NO can also cause

a Ca?* increase (Whalley et al. 1992; Lee et al. 1993b; Perez-Terzic et al. 1995;
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Willmott et al. 1996). Whether these molecules play a role either alone or alongside
IP; at sea urchin egg fertilisation remains unclear. Though an increase in cGMP is
observed in the sea urchin egg at fertilisation, inhibition of cGMP does not inhibit
Ca”" release at fertilisation (Lee et al. 1996). It appears that cGMP does not exert a
direct Ca2+-mobilising affect as it fails to release Ca®* from permeabilised eggs
(Whalley et al. 1992). Instead, it has been suggested that cGMP activates ADP-
ribosyl cyclase to stimulate cADPR production (Galione et al. 1993b). Nitric Oxide
may fulfil a similar indirect role, as it has been demonstrated that NO also stimulates

cADPR synthesis (Willmott et al. 1996).

Whilst cGMP and NO appear to play indirect roles, most evidence indicates direct
roles for IP;, cADPR and NAADP (Galione & Churchill 2002). Inhibition studies by
Galione et al. (1993) and Lee et al. (1993) suggest a dual role for cADPR and IP; at
fertilisation. These studies show that neither the IP; inhibitor, heparin, nor the
cADPR inhibitors, 8-NH,-cADPribose and ruthenium red, can cause inhibition of the
Ca®" increase at fertilisation when microinjected alone into sea urchin eggs.
However, dual microinjection of heparin and a cADPR inhibitor can block the
fertilisation-induced Ca** transient. This appears to indicate that IP; and cADPR play
dual roles in releasing Ca®" at fertilisation (Galione et al. 1993; Lee et al. 1993).
However, an alternative explanation, the possibility of an additive effect of the two

inhibitors on the IP3-induced Ca®" release, has also been offered (Jaffe et al. 2001).

Since the recent discovery of NAADP as a Ca®*-mobilising agent, its role at
fertilisation has been explored extensively. Microinjection of NAADP into sea urchin

. .. +
eggs has been shown to cause an increase in intracellular Ca®*, and moreover,
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fertilisation of sea urchin eggs abolishes any subsequent NAADP-induced Ca?*
release, suggesting that the NAADP pathway is utilised during fertilisation (Perez-
Terzic et al. 1995). Recent evidence suggests a role for NAADP in inducing the
cortical flash. A dramatic increase in sea urchin egg NAADP levels has been
recorded at fertilisation, and a mechanism of NAADP delivery from the sperm has
been postulated, following the discovery that sea urchin sperm synthesise high levels
of NAADP in response to sea-water activation (Billington et al. 2002; Churchill et al.
2003). It has also been shown that NAADP can mimic the cortical flash, whilst prior
desensitisation of NAADP receptors can abolish this response (Churchill et al. 2003).
However, NAADP is unlikely to be the only Ca®* release trigger as microinjection of
thio-NADP, a molecule shown to reduce NAADP to low levels, is unable to reduce
Ca®* release at fertilisation (Perez-Terzic et al. 1995). In addition, fertilisation of
centrifugally stratified sea urchin eggs reveals that Ca®" release occurs from the zone
containing the IP;-sensitive endoplasmic reticulum (Eisen & Reynolds 1985; Lee &
Aarhus 2000). Though cADPR also mobilises Ca** from the endoplasmic reticulum
through binding to Ryanodine receptors, NAADP mobilises Ca®* from a separate
store, which has recently been identified as the reserve granule, the functional
equivalent of a lysosome in the sea urchin egg (Rakow & Shen 1990; Galione &
Churchill 2002; Churchill et al. 2002). Taken together, this evidence has led to the
suggestion of a mechanism where NAADP induces an initial localised Ca®" increase,
which is subsequently sequestered by cADPR/IP;-sensitive stores resulting in
overloading followed by further Ca** release (Churchill & Galione 2001; Galione &

Churchill 2002).
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A role for Phospholipase C at fertilisation

As phospholipase Cs (PLCs) are known as enzymes that hydrolyse phospholipid to
produce IP;, evidence supporting IP; as the molecule that causes Ca®* release at
fertilisation, also implicates a role for PLC. PLC is further implicated by evidence
that an increase in phospholipid turnover is observed at fertilisation in echinoderm
eggs (Turner et al. 1984). It has also been shown that the PLC inhibitor U73122
inhibits sperm-induced egg activation in both mammalian and sea urchin eggs.
However, this inhibitor is known to have actions unrelated to PLC (Lee & Shen
1998). The implication of PLC involvement in egg activation led to the proposal of
the receptor mechanism and sperm factor models of egg activation (Schultz & Kopf

1995; Swann & Parrington 1999).

The receptor mechanism model of egg activation
The receptor mechanism model proposes that the binding of a sperm ligand to an egg

receptor activates an egg PLC. The identity of the egg receptor has remained elusive

(Schultz & Kopf 1995).

A G protein-linked receptor would indicate a role for PLC-B. The production of Ca**
transients in hamster eggs by microinjection of GTP supports the involvement of a G
protein-linked receptor (Miyazaki 1988). In addition, sperm-induced Ca*" transients
have been blocked by the hydrolysis resistant GDP analogue, GDP-BS (Miyazaki
1988). Similar studies in sea urchin eggs found that microinjection of GTPyS, a non-
hydrolysable analogue of GTP, was able to induce fertilisation envelope formation
(Turmer et al. 1986). In addition, substrates for pertussis and cholera toxins, both of

which modify G-proteins, have been found in the sea urchin egg plasma membrane
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(Turner et al. 1987). In Xenopus laevis, expression of the Gog family of G-proteins
has been shown to increase dramatically during oocyte maturation (Gallo et al.
1996). Further convincing evidence for the existence of a PLC-f3-mediated pathway
comes from the discovery that starfish eggs expressing the G-protein-coupled
serotonin 1c receptor can undergo cortical granule exocytosis in response to
serotonin (Shilling et al. 1990; Shilling et al. 1994). However, microinjection of
antibodies against the Goq family of heterotrimeric G proteins or the Rho subfamily
of monomeric G proteins, does not inhibit sperm-induced egg activation. Moreover,
microinjection of Ras is unable to mimic any of the events of egg activation (Moore
et al. 1994; Williams et al. 1998; Runft et al. 1999). Taken together these results

leave a role for PLC-J at egg activation questionable.

If an egg receptor tyrosine kinase were responsible for egg activation, a role for PLC-
v would be implicated. The most convincing evidence for PLC-y involvement at
fertilisation comes from studies on echinoderm eggs. Recombinant SH2 domain
constructs produced from mammalian PLC-y were used as specific PLC-y inhibitors
thought to compete with endogenous PLC-y SH2 domains to prevent PLC-y
activation (Carroll et al. 1997, 1999; Shearer et al. 1999). Microinjection of SH2
domain constructs into sea urchin eggs was found to inhibit the Ca®* wave at
fertilisation in a concentration-dependent manner, and also inhibited cortical granule
exocytosis, DNA synthesis and cleavage (Carroll et al. 1999, Shearer et al. 1999).
This evidence appears to suggest that a tyrosine kinase pathway is involved in
fertilisation. The components of a tyrosine kinase receptor-driven signalling pathway
have been shown to be present in echinoderm eggs in experiments where eggs

expressing exogenously introduced tyrosine kinase receptor RNA, are shown to
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undergo a response similar to that seen at fertilisation in response to stimulation of
these receptors (Shilling et al. 1994). In addition, an increase in tyrosine kinase
activity is observed about 15 seconds after fertilisation in echinoderm eggs and
stimulation of protein tyrosine kinase activity in sea urchin eggs triggers a transient
rise in intracellular Ca®* (Moore & Kinsey; Shen et al. 1999). Moreover, blocking
tyrosine kinase activity with the inhibitor, genistein, has been shown to delay the
sperm-induced Ca®* release (Moore & Kinsey 1995; Jaffe et al. 2001). However, the
inhibition of fertilisation envelope formation was only observed at high
concentration of genistein, and at these concentrations genistein is also known to
adversely effect protein kinase C activity, so the effects of tyrosine kinase inhibition

at fertilisation are not clear (Moore & Kinsey 1995).

It should be noted that the concentration of SH2 domain inhibitor used in some of the
experiments described above, to achieve a complete block of egg activation was
extremely high, and at lower concentrations only served to delay egg activation
(Carroll et al. 1997, 1999; Shearer et al. 1999). This may indicate that tyrosine kinase
activated PLC-y plays a role alongside another Ca®* release pathway at fertilisation.
Microinjection of similar SH2 domain constructs into mouse and Xenopus eggs
produced no inhibitory effects on egg activation (Mehlmann et al. 1998; Runft et al.
1999). This could indicate that mammalian and echinoderm eggs utilise different

mechanisms of egg activation.

There is some evidence that a Src-family kinase may be responsible for the effects in
echinoderm eggs described above. Src family kinases have been detected in

echinoderm eggs and appear to become activated by 30 seconds post-fertilisation
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(Abassi et al. 2000 Giusti et al. 2003). In addition, inhibition with the specific Src
kinase inhibitor PP1 or with excess Src-family SH2 domains, which exert a specific
dominant interfering effect, results in the delay of sperm-induced Ca®" release. These
inhibitors also prevent the rise in cytoplasmic pH that occurs at fertilisation, an event
thought to be caused by DAG, a product of PLC-driven PI(4,5)P, hydrolysis. This
suggests that the activation of Src family tyrosine kinases lies upstream of PLC
activation at fertilisation (Abassi et al. 2000). In the starfish egg, microinjection of
Src protein is observed to initiate events similar to those seen at fertilisation.
However, if the Src protein is inactivated by phosphorylation on Tyr-5 3'0 prior to
injection, the protein evokes little or no Ca”* release (Giusti et al. 2000).
Microinjection of the active Src protein is able to overcome the block of sperm-
induced Ca** release produced by Src family kinase SH2 domains, yet cannot
overcome the block caused by the SH2 domains of PLC-y, providing further
evidence that the activation of Src family tyrosine kinases lies upstream of PLC-y
activation (Giusti et al. 2000). Studies on starfish and sea urchin eggs have revealed
that Fyn kinase, a member of the Src family, has a similar effect on sperm-induced
Ca®* release as Src kinase (Giusti et al. 1999; Kinsey & Shen 2000). However,
microinjection of SH2 domains from non-Src family kinases into echinoderm eggs

has no inhibitory effect (Giusti et al. 1999).

The sperm factor model of egg activation

The sperm factor model proposes that a sperm PLC diffuses into the egg after fusion,
causing the increase in Ca’" that activates the egg (Schultz & Kopf 1995; Swann &
Parrington 1999). In support of this proposal, sperm-egg fusion has been shown to

precede the Ca®* transients of egg activation (McCulloh & Chambers 1992;
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Lawrence et al. 1997; Jones et al. 1998). Swann (1990), provides more compelling
evidence for the sperm factor model, demonstrating that microinjection of sperm
cytosolic extracts into hamster eggs produces Ca** oscillations similar to those
observed at fertilisation. Although many agents, such as IP; and Ca** ionophore, can
elicit a Ca** increase in eggs, sperm cytosolic extract was the only agent able to
mimic the distinctive Ca>* oscillation pattern produced by fertilisation (Swann 1990).
Further evidence in support of the sperm factor theory can be derived from the
clinical practice of intracytoplasmic sperm injection (ICSI). This process involves the
microinjection of a single sperm cell into an egg to produce an embryo. This
demonstrates that despite bypassing sperm-egg surface interaction, a single sperm

cell is able to produce the Ca®* transients that activate the egg (Nakano et al. 1997).

Microinjection of sperm extract into heterologous eggs produces Ca®" transients,
suggesting that the component of sperm extract responsible for mimicking
fertilisation-induced Ca®* transients is highly conserved. In fact, even the
microinjection of sea urchin sperm into mouse eggs was able to produce activation,
although multiple sperm were required (Wakayama et al. 1997). The sperm factor
also appears to be sperm-specific, as microinjection of other tissue extracts into eggs

does not produce a Ca®" response (Swann 1990; Wu et al. 1997).

Evidence that egg activation was produced by a PLC (discussed above) prompted the
suggestion that a PLC component of sperm extract was responsible for producing
egg activation (Swann & Parrington 1999). Fractionation of sperm extract revealed
that PLC-B and —y isoforms were not present in fractions capable of activating eggs

(Parrington et al. 1999). Of the PLC-8 isoforms, PLC-81 and -63 could not be
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detected in sperm extract (Parrington, J. unpublished data), leaving PLC-52 and -64
and its splice variants, or a novel PLC isoform as contenders for the role of sperm
PLC. A sperm-specific, novel PLC, PLC-E, was recently identified and appears to
have all the characteristics required to perform the role of sperm factor (Saunders et
al. 2002). Microinjection of PLC-£ cRNA into mouse eggs results in Ca®*
oscillations similar to those observed at fertilisation. Moreover, the removal of PLC-
€ from sperm extracts abolishes the extract’s ability to cause Ca’* release in eggs
(Saunders et al. 2002). To date, PLC-C has been identified in mouse, humans and

monkeys (Saunders et al. 2002; Cox et al. 2002).

Evidence that it is the sperm factor, PLC-C, that produces the Ca** oscillations
observed at fertilisation in mammalian eggs is very strong (Saunders et al. 2002; Cox
et al. 2002). Though evidence suggests that the sperm factor is conserved amongst
species (as described above), studies utilising SH2 domains as specific PLC-y
inhibitors appear to suggest the involvement of PLC-y in sea urchin egg activation
(Carroll et al. 1999; Shearer et al. 1999). In addition, the involvement of cADPR and
NAADP in the sea urchin egg fertilisation-induced Ca®* response further complicates
the matter. One theory, that a sea urchin egg PLC may amplify a Ca’* response
initiated by a sperm PLC, may account for these discrepancies (Swann & Whitaker

1986).

A role for PLC during mitosis

A role for IP; produced by the activity of PLC is also implicated in the production of

Ca®" transients during mitosis (Whitaker & Larman 2001). Sea urchin embryos are
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able to proceed through mitosis in Ca**-free seawater, suggesting that the source of
Ca’" at mitosis is intracellular (Whitaker & Larman 2001). In addition, phospholipid
turnover and IPs levels increase prior to and during mitosis (Ciapa et al. 1994), and,
microinjection of the IP3 receptor channel inhibitor, heparin, before mitosis, prevents
nuclear envelope breakdown (Ciapa et al. 1994). Furthermore, recombinant SH2
domain constructs used as specific inhibitors of PLC-y in sea urchin eggs and
embryos interfere with mitosis entry and anaphase onset, suggesting a role for PLC-y
(Shearer et al. 1999). To date, PLC-y is the only PLC isoform identified in sea urchin
eggs (De Nadai et al. 1998). Analysis of sea urchin egg PLC activity revealed that
total PLC activity increased once 30 seconds post-fertilisation and again prior to first
mitosis as expected. The activity of PLC-y, however, increased immediately post-
fertilisation, remained high and then decreased prior to first mitosis (Rongish et al.
1999). This evidence suggests that other PLC isoforms may be present in the sea
urchin egg and one of these isoforms may be responsible for producing Ca®*

transients during mitosis.

Aims and Objectives of this Thesis

This thesis aims to address the possibility that PLC isoforms other than PLC-y are
present in sea urchin egg cytosol, and active during fertilisation and/or the early cell
cycle. Through immunoblot analysis of unfertilised sea urchin egg cytosol, we have
identified a protein recognised by a mammalian anti-PLC-82 antibody, which
correlates with PLC activity after fractionation. Molecular analysis of sea urchin egg
and embryo EST database and macroarrays, revealed a novel PLC-8 isoform. This
thesis aims to discover the role of the novel PLC-6, named PLC-8su, in sea urchin

eggs and embryos. Here we suggest that PLC-dsu localisation 1s regulated by a 3-
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phosphoinositide-binding PH domain and that its activity may be regulated via
phosphorylation. We also suggest that PLC-6su may play a role in the regulation of

apoptosis in sea urchin eggs and embryos.
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Chapter 2 — Materials and Methods

Sea Urchin Egg Homogenate

Preparation of Sea Urchin Egg Homogenate stocks

Homogenates (2.5%) of unfertilised Lytechinus pictus, Strongylocentrotus
purpuratus and Psamychinus miliaris eggs (Marinus, Long Beach, CA, USA;
Millport, Scotland; Roscoff, France), were prepared as described previously (Jones et
al. 1998). Briefly, eggs were collected by intracoelomic injection of 0.5 M KCl in
distilled water. After injection female sea urchins were inverted on small beakers
containing Instant Ocean (4nimal House) and left until fully shed. Eggs were de-
jellied by passing through 100 um nitex mesh directly into Instant Ocean. After
gentle swirling the eggs were left to settle, transferred to centrifuge bottles, and spun
at between 800-1500 rcf for 5 min at 18 °C. The Instant Ocean supernatant was
removed and the eggs ‘washed’ twice in ASW + EGTA by diluting, resuspending
and spinning as before. The eggs were then ‘washed’ twice in ASW minus EGTA,
followed by two washes in NMG intracellular media (NMG-IM). After the final
NMG-IM wash the supernatant was removed and the eggs resuspended in an
appropriate volume of NMG-IM + ATP regenerating system and protease inhibitors,
to produce a 50 % (v/v) suspension. This suspension was transferred to a cold room
(4 °C) and homogenised using 10 strokes in a dounce homogeniser. The resulting
homogenate was spun at 4500 rcf for 1 min at 4 °C and the supernatant transferred

into 500 pl aliquots, which were immediately frozen on dry ice and stored at “80 °C.
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Preparation of Sea Urchin Egg Homogenate Assay System from stocks

To prepare the sea urchin egg homogenate assay system, one aliquot of sea urchin
egg homogenate was thawed in a water bath at 18 °C for approximately 30 min,
alongside 9.5 ml of Mannitol-IM plus ATP-regenerating system. The homogenate
was then diluted with 1 ml of Mannitol-IM and gently mixed by inversion. After
incubation at 18 °C for 1 hour, the homogenate was gently added to the remaining
Mannitol-IM using a Pasteur pipette (to give 2.5 % (v/v) homogenate). 3 uM Fluo-3
was added and the homogenate gently mixed by inversion. The homogenate was
incubated for at least 1 hour (18 °C), in order to achieve Ca?* loading of intracellular

stores, before use in experimental assays.

Fluorimetry

Fluorimetry was performed in a Perkin-Elmer LS-50B fluorimeter. 500 pl of
homogenate was gently transferred into a plastic cuvette (Fisher) containing a small
magnetic stirrer. The cuvette was placed in the fluorimeter in the correct orientation
and free Ca®* concentration was measured by monitoring the fluorescence intensity
of Fluo-3 at excitation and emission wavelengths of 490 nm and 525 nm
respectively. Fluoview software (Copyright 1994 Robin Summerhill) was used to

drive the fluorimeter and to record and analyse the results.

Phospholipase C activity assay

Phospholipase C activity was measured using the sea urchin egg homogenate system
(Jones et al. 2000). The sample was incubated with an equal volume of 1 mM PIP,

(Calbiochem) at room temperature for between 1 and 60 min. The IP; generated
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during this incubation was measured by addition to sea urchin egg homogenate,

which had previously been calibrated by addition of IPs.

Preparation of sea urchin sperm extract

Sperm was collected dry by intracoelomic injection of 0.5 M KCl. After injection,
male sea urchins were inverted on petri dishes and the sperm collected in a sterile
tube and kept at 4 °C (all further steps were carried out at 4 °C). The sperm was
‘washed’ once in excess PBS and then in PBS + PMSF. After centrifugation at 2500
rcf the sperm pellet was transferred to small Beckman tubes. The sperm were lysed
by two cycles of freeze-thaw - freezing in liquid nitrogen and thawing at room
temperature. The lysed sperm were spun at 26,000 rpm for 1 hour at 4 °C. The
supernatant containing the cytosolic protein was transferred to centricons and
concentrated by spinning at 6500 rpm 4 °C until a thick protein extract was obtained.

The protein extract was ‘washed’ in KC1 Hepes injection buffer + 200 uM PMSF.

Fractionation of Sea Urchin Egg Cytosol

Chromatography was performed either on a fast protein liquid chromatography
(FPLC) system or an AKTAPrime liquid chromatography system according to
instructions in the Handbooks (4Pbiotech). A HiTrap Heparin affinity column was
used to separate PLC isoforms and a Gel Filtration column was used to separate

heparin column-purified samples on the basis of molecular size.
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Heparin column fractionation

200 pl of crude homogenate was diluted in 1 ml of Heparin Column Buffer and spun
at 12,000 x g at 4 °C for 20 min. The supernatant was transferred to a fresh Beckman
centrifuge tube and spun again at 12,000 x g, 4 °C for 5 min. The supernatant was
transferred to a fresh tube and Heparin Column Buffer was added to a final volume
of 2 ml. After flushing the HiTrap heparin column (4 Pbiotech) through with 10
column volumes of Heparin Column Buffer, the sample was slowly loaded. The flow
through was collected and non-bound material ‘washed’ from the column with a
further 5 column volumes of Heparin Column Buffer. Protein was eluted with
increasing salt, up to 1 M KCl. The fractions were pooled and concentrated on
Centricon C-30 concentrators (Amicon). The protein was ‘washed’ into injection
buffer to adjust samples to the same salt concentration, by addition of excess

injection buffer followed by resuspension and centrifugation.

Gel Filtration column Fractionation

A small volume of concentrated protein from each heparin-fraction was diluted into
100 pl of Gel Filtration column buffer. The protein was loaded onto a Gel Filtration
column and eluted with time. Fractions were collected, pooled and concentrated on

Centricon C-30 concentrators (Amicon) and ‘washed’ with injection buffer to adjust

samples to the same salt concentration.

Protein Quantitation using Bicinchoninic Acid Assay

The protein concentration of samples was determined using a modification of the
BCA Assay (Smith et al. 1985). This assay monitors the formation of Cu'* from Cu**
by the Biuret complex in alkaline solutions of protein. The Cu'* produced forms a

73



Chapter 2 — Materials and Methods

purple-coloured complex with bicinchoninic acid, which is detected by

spectrophotometry at 562 nm.

The protein determination solution was prepared by adding 1 volume copper
sulphate solution to 50 volumes of bicinchoninic acid solution (Sigma). 2 ul of
sample, (diluted as appropriate), was added to 1 ml of protein determination solution
and vortexed to mix. Known amounts of bovine serum albumin (0.1 — 50 mg/ml)
were used as protein standards. The samples were incubated at 37 °C for 10 min,
cooled to room temperature, and their absorbance at 562 nm measured. Protein
concentration was plotted against absorbance for the protein standards and a standard
curve produced using Excel (Microsoft). The protein concentration of samples was

calculated from the standard curve.

Sodium Dodecyl Sulphate Polyacrylamide Gel
Electrophoresis

Proteins were separated according to size by sodium dodecylsulphate polyacrylamide
gel electrophoresis (SDS-PAGE) based upon the methods of Laemmli (1970). Gels
were prepared using a Bio-Rad mini-gel system. Separating gels were generally
between 7.5 and 12.5 % acrylamide (v/v) and stacking gels 5 % acrylamide (v/v).
The separating gel was poured between two clean glass plates and allowed to
completely polymerise. The stacking gel was poured on top and allowed to
polymerise after a well comb was inserted. Before sample loading, the well comb

was removed and the wells washed with distilled water.
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The concentration of protein samples was adjusted before loading, to ensure that
equal amounts of protein were loaded in each lane (up to 60 pg). Samples were
added to an equal volume of SDS-PAGE sample buffer, incubated at 100 °C for 5
min and allowed to cool before loading. Standard molecular weight markers
(Fermentas) were used for size estimation. The gels were run in a standard SDS-
PAGE running buffer at a constant current of 20 mA per gel. Following

electrophoresis, gels were either stained for protein or Western blotted.

Coomassie Blue staining

To visualise bands of protein on the gel, protein gels were stained with Coomassie
Brilliant Blue. Gels were left in stain solution on a rocking platform at room
temperature for about 30 min. Background stain was removed by washing in de-stain
solution until protein bands were visible. The gel image was recorded by taking a

Polaroid photograph.

Western blotting

Proteins were transferred from polyacrylamide gels onto a polyvinylidene fluoride
(PVDF) Immobilon-P Transfer Membrane (Millipore) using a Trans-Blot Semi-Dry
cell (Bio-Rad). Acrylamide gels were soaked in transfer buffer whilst membrane and
blotting paper were cut to size and wet with transfer buffer. A gel stack was prepared
in the cell, with blotting paper on the bottom, followed by membrane, gel and more
blotting paper (Figure 9). Air bubbles were removed from the stack and the blot was

run at a constant voltage of 20 V for 1 hour.
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film and taped, protein side facing up, in a film cassette. The membrane was exposed
to film (Kodak) in a darkroom for 2 min. The film was developed using an X-O-

Graph machine and exposure time adjusted appropriately.

Purification of DNA samples

DNA samples were purified by phenol: chloroform extraction followed by ethanol
precipitation, according to protocols from Sambrook and Russell (2001) ‘Molecular

Cloning’ 3ed.

Phenol: Chloroform Extraction

An equal volume of phenol: chloroform (1:1 v/v) was added to the DNA solution and
vortexed until an emulsion formed. After centrifugation at maximum speed for 10
min, room temperature, the aqueous phase was transferred to a fresh eppendorf. A
back extraction was performed by adding an equal volume of molecular biology
water (Eppendorf) to the phenol: chloroform and repeating the above, to increase the
DNA yield. An equal volume of chloroform was added to the combined DNA
solutions and the mixture vortexed until an emulsion formed. After centrifugation at
maximum speed, for 10 min, room temperature, the aqueous phase containing the

DNA was transferred to a fresh microcentrifuge tube.

Ethanol Precipitation

0.1 volumes of 3 M sodium acetate and 2 volumes of ice-cold ethanol were added to
the DNA solution, mixed thoroughly and stored at 20 °C overnight. The solution
was then centrifuged at maximum speed, 4 °C for 30 min, and the supernatant
carefully removed and replaced with 200 pl 70 % ethanol. After further

centrifugation at maximum speed, 4 °C for 2 min, the supernatant was carefully
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removed and the DNA pellet air-dried and dissolved in an appropriate volume of

molecular biology water.

Agarose Gel Electrophoresis

Nucleic acids were analysed by separation according to size on an agarose gel,
following the methods described in Sambrook and Russell (2001). The concentration

of the gel used was dependent on the size of the fragments being analysed.

Casting Agarose Gels

The appropriate mass of agarose (generally between 0.8 — 1.5 % w/v) was added to
an appropriate volume of Tris-acetate EDTA (TAE) running buffer and heated in a
microwave on full power until all agarose had dissolved. The agarose was cooled to
about 60 °C before 0.5 pg/ml ethidium bromide was added to allow visualisation of
nucleic acids. The solution was poured into a gel tray to the desired thickness and a

comb was inserted to form wells. The comb was removed once the gel had set.

Agarose Gel Electrophoresis

Samples were prepared for agarose gel electrophoresis by mixing with the
appropriate sample buffer. The gel was placed in the tank, orientated so the wells
were closest to the cathode, and TAE running buffer was added until it just covered
the gel. Nucleic acid samples were loaded into the wells alongside appropriate
molecular weight markers (Roche). Gels were run at a constant voltage of 120 V.
The formation of ethidium bromide-nucleic acid complexes allowed visualisation of
bands of nucleic acids under UV light on a UV transilluminator. The gel image was

recorded by taking a Polaroid photograph.
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Removal and purification of DNA from agarose gels

DNA was purified from agarose gels using a QIAquick Gel Extraction kit,
(QIAGEN), according to the protocol provided. Briefly, the band of DNA was
excised from the gel using a fresh razor blade and placed in an microcentrifuge tube.
Three volumes of QG buffer were added to one volume of gel, (i.e. 600 ul of buffer
was added to 0.2 g of gel). The gel was dissolved by incubation at 50 C with
frequent vortexing. One gel volume of isopropanol was added and the solution mixed
by inversion before transferring to a QIAquick mini-column. The column was
centrifuged at 8000 x g for 1 min and the flow through discarded. To remove traces
of agarose, 0.5 ml of buffer QG was added to the column and spun at 8000 x g for 1
min. The flow through was discarded and the column ‘washed’ by adding 0.75 ml
buffer PE and spinning at 8000 x g for 1 min. The flow through was discarded and
the column spun again to remove all traces of ethanol. The column was transferred to
a fresh collection tube and the DNA eluted by adding 50 pl of molecular biology

grade water to the centre of the membrane and spinning at 8000 x g for 1 min.

DNA/RNA Quantitation by Spectrophotometry

The concentration of nucleic acid was determined by measuring its optical
absorbance in solution at 260 nm, as described in Sambrook and Russell (2001). One
ODy40 unit is defined as the amount of nucleic acid that, when dissolved in a volume
of 1 ml, results in an absorbance of 1.0 when measured at 260 nm in a 1 cm path-
length quartz cuvette. For double-stranded DNA one ODy¢ unit represents about 50
pg; for RNA one OD;g unit represents about 40 pg. Nucleic acid solutions were

generally diluted 1:200 in distilled water. The spectrophotometer was set to zero
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using 1 m! of distilled water and the OD,¢ of the nucleic acid solution was

measured. The concentration was calculated using the following equation,

FinalDNA = ODy x Dilution x Extinction Coefficient for
Concentration Factor Nucleic Acid
(mg/ml) (200) (0.04 or 0.05 ODy40)

Restriction Enzyme Digests

Digests were performed using enzymes from NE Biolabs according to the protocol
provided. Briefly, DNA was incubated with 10 % (v/v) of each enzyme required and
10 % (v/v) of the appropriate enzyme buffer for 2 hours at the appropriate
temperature (37 °C unless otherwise stated). Vectors cut in preparation for insert
ligation were treated with 1 pl alkaline phosphatase (NE Biolabs) for 30 min to

prevent the vector from re-annealing.

Ligation

All ligations were performed using the Rapid DNA Ligation Kit (Roche) according
to the protocol provided. Briefly, vector and insert DNA was dissolved in 1 x
concentration DNA Dilution Buffer to a final volume of 10 pl. 10 ul of T4 DNA
Ligation Buffer and 1 ul T4 DNA Ligase were added and the solution was mixed

thoroughly and incubated for 5 min at room temperature. The ligated DNA was

analysed by agarose gel electrophoresis and used to transform competent cells.

Ligations were carried out at various vector to insert DNA molar ratios, in order to

achieve the optimum ratio for a particular vector. Generally, 1:1, 1:3 and 1:4, vector

80



Chapter 2 — Materials and Methods

to insert molar ratios were used. The following equation, (Sambrook and Russell
2001), was used to determine the volume of insert DNA to add to a mix containing

50-200 ng of vector DNA,

ngofinsert = ngofvector x kbsizeofinsert x Molarratio of insert
kb size of vector vector

Transformation of Competent Cells

Generally, One Shot TOP10 chemically competent E. coli cells (Invitrogen) were
used to express plasmids. Cells were transformed according to the protocol provided.
Briefly, after thawing the cells on ice, 2 pl of ligation mix or plasmid was added and
mixed gently by tapping. The cells were incubated on ice for between 5 and 30 min,
heat-shocked at 42 °C for exactly 30 s and immediately transferred to ice. After 2
min incubation on ice, 250 ul of S.0.C. was added. After shaking at 225 rpm, 37 °C
for 1 hour, 50 pl of culture was spread on a pre-warmed selective plate and the plates

incubated at 37 °C overnight.

Mini-preparation of plasmid DNA

Small samples of plasmid DNA were produced using the QLAGEN Plasmid Mini Kit
according to the protocol provided. Briefly, a single colony was used to inoculate 5
ml of selective LB broth. The culture was incubated at 37 °C overnight with vigorous
shaking (225 rpm). 1.5 ml of cells were harvested by centrifugation at 6000 x g and
re-suspended in 250 pl Buffer P1. Cells were lysed under alkaline conditions by

addition of 250 ul Buffer P2. The tube was inverted 6 times to mix before the lysis
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reaction was neutralised by addition of 350 ul Buffer N3. The tube was inverted 6
times to mix before centrifugation at 10,000 x g for 10 min. The supernatant was
added to a QIAprep spin column and centrifuged at 10,000 x g for 1 min. To wash
the column, 0.5 ml of Buffer PB was added and the centrifugation repeated. A further
wash was carried out by addition of 0.75 ml Buffer PE to the column followed by
centrifugation. The flow through was discarded and the centrifugation repeated to
remove all traces of ethanol. The column was transferred to a fresh collection tube
and 50 pl molecular biology grade water was added to the centre of the column.
After standing for 1 min, the columns were spun at 10,000 x g for 1 min to elute the

plasmid DNA. Plasmid DNA was stored at 20 °C.

Midi-preparation of plasmid DNA

Large stocks of plasmid DNA were produced using the QIAGEN Plasmid Midi Kit
according to the protocol provided. Briefly, an agar plate containing the appropriate
antibiotic was streaked with culture obtained from a mini-preparation and incubated
at 37 °C overnight. A single colony was picked and used to inoculate 25 ml of
selective LB broth. The culture was incubated at 37 °C overnight with vigorous
shaking (225 rpm). The cells were harvested by centrifugation at 6000 x g and re-
suspended in 4 ml buffer P1. Cells were lysed under alkaline conditions by addition
of 4 ml buffer P2 and the reaction allowed to continue for 5 min at room temperature
before neutralisation with 4 ml of chilled buffer P3. The reaction was incubated on
ice for 15 min, before removal of precipitate debris by centrifugation at 20,000 x g, 4
C for 30 min. Centrifugation was repeated to remove traces of particulate material.

The supernatant was applied to a QTAGEN-tip 100, previously equilibrated with 4 ml
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buffer QBT, and allowed to enter the resin by gravity flow. Plasmid DNA remained
bound to the resin whilst RNA, proteins, dyes & other low-molecular weight
impurities were washed through with 2 x 10 ml buffer QC. Plasmid DNA was eluted
with 5 ml buffer QF and precipitated by addition of 0.7 volumes of room temperature
1sopropanol. After mixing, the DNA was pelleted by centrifugation at 15,000 x g, 4
°C for 30 min and the supernatant carefully decanted. The DNA pellet was ‘washed’
with 2 ml room temperature 70% ethanol and centrifuged at 15,000 x g for 10 min.
The supernatant was carefully decanted and the DNA pellet left to air dry before

being dissolved in an appropriate volume of molecular biology water (Eppendorf).

Lambda ZAP Express DNA Extraction from cDNA Library

DNA was extracted from a Lambda ZAP Express based Strongylocentrotus
purpuratus testes cDNA library (donated by Professor Victor D. Vacquier,
University of California) using a modified version of the protocol found in Sambrook
and Russell (2001). Briefly, 0.5 ml of Spin Solution was added to 0.5 ml of library.
The solution was vortexed gently and incubated on ice water (0 °C) for 1 hour. After
centrifugation at 15,000 x g for 15 min at 4 °C the supernatant was removed and the
pellet resuspended in 100 pl TE buffer and vortexed until dissolved completely. The
solution was transferred to a fresh eppendorf and 1 pl of 10 % SDS (w/v) was added
and mixed by tapping the tube. After a 15 min incubation at 68 °C the DNA was
purified by phenol: chloroform extraction followed by ethanol precipitation, and

resuspended in 15 pl 5SmM Tris-HCl pH 7.5.
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Amplifying DNA sequences by Polymerase Chain Reaction

Primer Design

Primers were designed using the primer analysis software Oligo 4.05 (© Wojciech
Rychlik). Generally, primers were between 18 and 28 bases long to give optimum

binding. Primer sequences were sent to Invitrogen for production.

Polymerase Chain Reaction (PCR)

PCR was carried out in thin-walled PCR tubes, in a Perkin Elmer DNA Thermal
Cycler. The Expand High Fidelity PCR System (Roche) was used following the
protocol provided with a few modifications, in order to obtain a PCR product of high
yield and high fidelity. Briefly, two master mixes were set up on ice as described in
the kit, mixed by pipetting and overlaid with 30 pl of mineral oil to prevent
evaporation. The samples were immediately transferred to the Thermal Cycler, (pre-
heated to 94 °C), and the cycle program initiated. The following cycle profile was
used,
1 x  Denature template 2 min at 94 °C
10  Denaturation at 94 °C for 15 s
X Annealing at 45-65 °C (depending on melting temperature of primers) for 30 s
Elongation at 72 °C for 2 min
20  Denaturation at 94 °C for 15 s
X Annealing at 45-65 °C (depending on melting temperature of primers) for 30 s
Annealing time extended by 5 s each cycle
Elongation at 72 °C for 2 min

1 x Prolonged elongation at 72 °C for 7 min
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Recombinant Protein Expression and Purification

Recombinant Protein Expression

Constructs were transformed into competent BL21 cells (/nvitrogen). These cells
were chosen as they express genes under the control of the T7 RNA Polymerase
promoter and are deficient in proteases, such as Lon and OmpT, which may degrade
recombinant protein. A single transformed colony was grown in selective Terrific
Broth or YT-Broth (GibcoBRL), at 37 °C overnight, with shaking at 225 rpm. The
overnight culture was diluted with pre-warmed Broth and shaken at 37 °C until its
ODgoonm reached the desired value. IPTG (between 0.1 and 1 mM) was added to
induce protein expression. After shaking at the desired temperature (18 °C — 37 °C)
for between 2 and 12 hours, the cells were harvested by centrifugation at 6000 x g
for 15 min at 4 °C. The pellet was resuspended in ice-cold lysis buffer and sonicated
on ice in 20 sec pulses until cells were lysed. The sonicate was centrifuged at 15,000
x g for 15 min at 4 °C. The supernatant was spun again to remove all traces of cell
debris and filtered using a 0.8 pm syringe filter (Millipore) before purification using

the appropriate method.

Purification of GST-Tagged Recombinant Proteins

GST-tagged recombinant proteins were purified on 1 ml or 5Sml GSTrap FF columns
(APbiotech) operated with an AKTAprime liquid chromatography system
(APbiotech) or connected to a syringe pump and UV monitor. The column was
prepared by washing with 10 column volumes of wash buffer. The sample was

injected into the system and pumped onto the column. 10 column volumes of wash

86



Chapter 2 — Materials and Methods

buffer were pumped through the column to remove any unbound protein. The bound
protein was eluted by injection of 10 ml GST elution buffer onto the column. Flow-
through and eluate fractions were collected and concentrated on YM-30 centricons
(Amicon). The concentrated protein was ‘washed’ into the appropriate injection
buffer, aliquotted, frozen on dry ice and stored at "80 °C. All stages of purification

were performed at 4 °C.

Purification of MBP-Tagged Recombinant Proteins

MBP-tagged recombinant proteins were purified using a Batch method. Amylose
slurry was prepared by washing amylose beads three times in excess MBP wash
buffer, eventually leaving 50 % amylose slurry. The supernatant containing the
recombinant protein was added to the slurry and incubated overnight at 4 °C with
gentle shaking. The slurry was spun down at 800 x g and the supernatant, (flow
through), removed and stored for analysis. The pellet was ‘washed’ with excess MBP
wash buffer until the supernatant no longer contained protein. Bound protein was
eluted by shaking in MBP elution buffer at 4 °C for 10 min, followed by
centrifugation at 800 x g. The supernatant, (eluate), was concentrated on YM-30
centricons, ‘washed’ into the appropriate injection buffer, aliquotted, frozen on dry

ice and stored at “80 °C.

Production of messenger RNA

In vitro Transcription

Messenger RNA was synthesised using the mMessage mMachine T7 kit (Ambion).
DNA template was produced by linearising the appropriate plasmid with a restriction

enzyme that left the T7 promoter and target sequence intact. The linearised DNA was
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purified by phenol: chloroform extraction followed by ethanol precipitation to
remove contaminants that may affect transcription. The transcription reaction was
carried out according to kit instructions. Briefly, the following reaction was
assembled at room temperature, 4 pl nuclease-free water + 10 pl 2 x NTP/Cap + 2 pl
10 x Reaction buffer + 1 pg linear DNA template + 2 pl enzyme mix, mixed and
incubated at 37 °C. After 2 hours, 1 pl DNasel was added to remove template DNA.

The reaction was incubated at 37 °C for a further 15 min.

Recovery of messenger RNA

Messenger RNA was recovered from the mMessage mMachine T7 reaction using an
RNeasy mini kit (QIAGEN) according to the protocol provided. Briefly, samples
were adjusted to 100 pl with RNase-free water, 350 pl of Buffer RLT was added and
the solution mixed thoroughly. 250 ul ethanol (96-100 %) was added to the sample
and mixed by pipetting. The sample was applied to an RNeasy mini spin column,
placed in a collection tube, and centrifuged for 15 s at 8000 x g. After transferring
the column to a fresh collection tube, the column was washed by addition of 500 pl
Buffer RPE and centrifugation for 15 s at 8000 x g. A further 500 ul of Buffer RPE
was added and the column centrifuged for 2 min at maximum speed to dry the
column membrane. The column was transferred to a fresh collection tube and the
RNA eluted by addition of 30 ul of RNase-free water directly onto the column
membrane followed by centrifugation for 1 min at 8000 x g. RNA was aliquotted

into 2 pl aliquots and stored at 80 °C.
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PH domain binding to PIP-Strips and PIP-Arrays

PIP-Strips and PIP-Arrays were obtained from Echelon and probed according to a
slightly modified version of the protocol provided. Briefly, membranes were blocked
by incubation in blocking solution for one hour at room temperature with rocking.
The membranes were transferred to 0.2 pg/ml of appropriate protein diluted in
blocking solution, and incubated overnight at 4 °C on a rocker. After washing in
blocking solution three times with gentle agitation for 10 min each, membranes were
transferred to a 1 in 1000 dilution of anti-GST antibody in blocking solution.
Membranes were incubated in primary antibody for 4 hours at room temperature
with gentle agitation, washed thoroughly in TBS-Tween and transferred to a 1 in
10,000 dilution of secondary antibody (anti-goat-HRP (DAKO)) in blocking solution.
After 1.5 hours incubation at room temperature with gentle agitation, membranes
were washed three times in TBS-Tween and once in distilled water in preparation for

ECL detection.

Preparation and handling of Mouse Gametes

All procedures involving mice and mouse eggs were performed by Dr Victoria
Nixon, Dr Mark Larman, Dr Guillaume Halet or Dr Karl Swann. Superovulation of
female MF1 mice was carried out by intraperitoneal injection of 5 IU of PMSG
followed 48 hours later by injection of 5 IU of human chorionic gonadotrophin
(HCG). Egg collection took place between 13.5 and 14.5 hours after HCG and eggs
were maintained in H-KSOM under mineral oil at 37 °C. Cumulus cells were
removed from the eggs by brief incubation with 0.3 mg/ml hyaluronidase in H-

KSOM at 37 °C. Microinjection took place within 1 hour of egg collection.
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For in vitro fertilisation studies, spermatozoa were collected from the caudal region
of male ex-breeding MF-1 mice. Spermatozoa were allowed at least 2 hours

capacitation in T6 medium before addition to eggs.

Preparation and handling of Sea Urchin Eggs

Preparation of Sea Urchin Eggs for Microinjection

Eggs were obtained from female sea urchins by intra-coelomic injection of 0.5 M
KCl as described above. The egg-jelly was removed by passing the eggs through a
100 pm nitex mesh directly into ASW. Eggs were gently swirled and passed through

the mesh a second time to remove final traces of egg-jelly.

Removal of Vitelline Membrane

The vitelline membrane was removed according to methods described in Epel 1970.
Briefly, de-jellied eggs were incubated in ASW + 2.5 ng/ml trypsin for 5 min. After
washing thoroughly 3 times in excess ASW, a small sample were fertilised to check

that the fertilisation envelope did not form.

Preparation of Chamber

A 20 mm diameter cover slip (BDH) was coated with 30 pg/ml poly-L-lysine and
used to make a chamber. A small drop of ASW containing sea urchin eggs was
placed in the middle of the chamber and the chamber was flooded with excess ASW.
The excess ASW was removed and replaced, to remove eggs that had failed to stick

down.
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Microinjection of Eggs

Borosilicate glass capillaries (Clark Electromedical Instruments, UK; 1.5 mm outer
diameter, 0.86 mm inner diameter) with an internal filament were pulled on a vertical
pipette puller (Model P-30; Sutter Instruments). Micropipettes were inserted into
cells using a brief pulse of the negative capacitance overcompensation facility on an
electrometer (World Precision Instruments, UK). A bolus injection corresponding to
about 5 % of the total cell volume was achieved using a Pneumatic PicoPump (World
Precision Instruments). Once the eggs were microinjected, sea urchin eggs were

transferred to a cooled stage (15-18 °C), and mouse eggs to a heated stage (37 °C).

Measurement of Intracellular Ca**

Mouse Eggs

Prior to microinjection, mouse eggs were loaded with 4 pM Fura Red-AM
(Molecular Probes) in H-KSOM + 4 mg/ml BSA + 250 uM sulfinpyrazone for 12
minutes and then ‘washed’ in excess H-KSOM. cRNA was then microinjected using
the method described above. The zona pellucida was subsequently removed using
acid tyrode’s treatment and the eggs were adhered to a chamber in 100 pl H-KSOM
+ 250 puM sulfinpyrazone. Fluorescence from fura red-loaded eggs was measured on
a Nikon Diaphot inverted microscope with a 20x lens, using epifluorescence and a
Newcastle Photometrics Multipoint System (Newcastle upon Tyne, UK). The
fluorescence ratio of intracellular fura red excited at 420 nm and 490 nm was
measured by reflection of emitted fluorescence through a 590 nm long-pass filter into
a CCD camera. This system allowed simultaneous examination of Ca®*inupto 16

eges.
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Sea Urchin Eggs

cRNA was mixed with an equal volume of 1 mM Fura Dextran prior to
microinjection into sea urchin eggs. The mixture was then microinjected into the
eggs as described previously. Ca** measurements were performed using the same
system described above, but using excitation wavelengths of 340 and 380 nm with

emission taken through a 520 nm long-pass filter.

Induction of Protein Synthesis in Sea Urchin Eggs

Protein synthesis in unfertilised sea urchin eggs was induced by addition of ammonia
as described in Dube & Epel (1986). Briefly, after microinjection of cRNA, media in
the chamber was gently replaced with ASW + 5 mM Hepes + 5 mM NH,C]; pH 8.1.

Care was taken not to disturb the distribution of the eggs.

Confocal Imaging

Confocal microscopy was carried out on a BioRad pRadiance confocal scanning
head attached to a Zeiss Axiovert microscope. Generally, a x 40 oil lens was used.
GFP was excited using the 488 nm line of an Argon Laser, and its emission collected
using a 500 nm long-pass filter. Data were analysed using Image J and MetaMorph

software.

Luminescence Imaging

Luminescence was monitored using an Image Photon Detection (IPD) system

(Science Wares). This system can detect the emission and position of single photons,
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allowing the correlation of photon images with bright field images. A simplified
schematic diagram of an IPD system is shown in Figure 11. The system consists of
an [PD-425 resistive anode imaging photon detector (Photek, Ltd.), mounted on a
Zeiss Axiovert 200M microscope. The resistive anode IPD is able to detect and
record the position of a single photon emission. This system achieves > 10’ fold
amplification of photocathode events by applying a high voltage across an array of
microchannel plates that preserve the position of photoelectrons. The position of
each photoelectron shower is registered in time, and with an x and y co-ordinate, by
the resistive anode. The resistive anode IPD is incredibly sensitive to light, so to
protect the photomultiplier tube during bright-field or fluorescence imaging, the
microscope has a sliding mirror beneath the tube lens in line with the objective lens.
Light passes through the tube lens and the mirror reflects it towards the eyepiece or
the CCD camera. If the mirror is removed from the optical path the light hits the

photocathode of the resistive anode IPD.
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Chapter 3 — Identification and Cloning of a

Novel Sea Urchin PLC-6

Introduction

Evidence discussed in chapter one suggests that PLC activity plays a role in
producing the changes in intracellular Ca®* concentration that occur during egg
activation and early development. To date, only PLC-y has been identified in sea
urchin egg cytosol (De Nadai et al. 1998). However, studies by Rongish et al. (1999)
suggest that PLC-y activity in sea urchin egg cytosol differs considerably from that
of the total PLC activity of sea urchin egg cytosol during fertilisation and early
development. This implies that a PLC activity other than the PLC-y is present in sea
urchin egg cytosol. Moreover, the profiles show that whilst the total PLC activity of
sea urchin egg cytosol increases once at fertilisation and again during first mitosis, an
increase in PLC-y activity is only observed during fertilisation. The activity of PLC-y
decreases during first mitosis, suggesting a role for an unidentified PLC activity

during early development.

Previously, PLC isoforms have been identified using a number of different methods.
The identification of some PLC isoforms was made by purification from various
tissues followed by immunoblot analysis (Meldrum et al. 1991). The two most recent
additions to the PLC family, PLC-¢ and PLC-{ were identified from expressed
sequence tag (EST) databases. The databases were screened with short sequences

from the highly conserved X and Y catalytic regions of other PLCs and the resulting
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matches used to prepare oligonucleotide probes to screen cDNA libraries, in order to

obtain full-length PLC sequences.

Here, techniques previously used to identify PLCs were used in combination to
investigate the previously unidentified PLC activity in sea urchin egg cytosol. The
first approach utilised immunoblot analysis to investigate the presence of known
PLC isoforms. Commercially available antibodies against mammalian PLC isoforms
were used to reveal the presence of PLC-y1, as previously reported. In addition, a
protein of around 85 kDa was recognised by the bovine anti-PLC-62 antibody. The
presence of this 85 kDa protein correlated with the presence of PLC activity after
fractionation of sea urchin egg cytosol over two columns. This suggests the presence

of a previously unidentified PLC-$ activity in sea urchin egg cytosol.

The PLC-9 activity was further investigated using a molecular approach. EST sea
urchin egg and embryo databases and macroarrays were screened, and a novel PLC-
8-like sequence of 84.6 kDa was obtained. Here we describe the identification and
cloning of a novel PLC-§ protein from sea urchin embryos, which we have named

PLC-8su.
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Results

Identification of PLC-y1 and PLC-82 in sea urchin egg cytosol

The presence of PLC isoforms in unfertilised sea urchin egg cytosol was investigated
by SDS-PAGE analysis followed by immunoblotting with a range of commercial
anti-rabbit antibodies against known mammalian PLC isoforms, $1, B2, B3, B4, v1,
v2, 81 and 82, obtained from Santa Cruz (USA) (Figure 12). The immunoblots
revealed a band of about 120 kDa recognised by the anti-PLC-y1 antibody,
identifying a protein slightly smaller than the 145 kDa full-length PLC-y previously
detected in sea urchin egg cytosol (De Nadai et al. 1998). The difference in size is
probably due to errors incurred from estimating the size from standard molecular
weight markers. Two further bands of around 100 kDa and 20 kDa were also
recognised by the anti-PLC-y1 antibody. These are likely to be breakdown products
of the larger protein. The anti-PLC-62 antibody also recognised a number of protein
bands. This antibody bound three distinct bands of around 85 kDa, 70 kDa and 50
kDa. The band of 85 kDa is likely to represent a full-length PLC-§, a slightly smaller
protein than the bovine PLC-32 protein, (87 kDa), that the antibody was raised
against. The smaller proteins recognised by the anti-PLC-82 antibody probably

represent breakdown products of the larger protein.

Small molecular weight proteins recognised by the anti-PLC-B1 and -2 antibodies
appear to be spurious bands, as at 15 and 20 kDa respectively they are significantly
smaller than the expected molecular weight of a PLC-3 (~140 kDa). It is possible
that these bands may be breakdown products of a PLC-f3, however no larger bands

were detected, suggesting that if a PLC-f isoform is present it is relatively unstable.
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Figure 12 suggests that a PLC-3 isoform is present in unfertilised sea urchin egg
cytosol as well as the PLC-y isoform that has previously been detected (De Nadai et
al. 1998). It does not, however, rule out the presence of other PLC isoforms as the
antibodies used were raised against mammalian peptides and may not cross-react

with sea urchin PLCs.

The PLC-y and PLC-3 isoforms are present in active fractions of unfertilised

sea urchin egg cytosol

To determine whether the proteins detected by the anti-PLC-y1 and -62 antibodies in
Figure 12 are indeed PLCs, the sea urchin egg cytosol was fractionated on a Heparin
column and the subsequent fractions assayed for PLC activity. The fractions were

then separated by SDS-PAGE and immunoblotted to determine if the presence of the

putative PLC proteins correlated with the presence of PLC activity.

Figure 13a shows the trace of the sea urchin egg cytosol separation on a HiTrap
Heparin affinity column (4P Biotech). The cytosol was loaded onto the column at
low salt and the flow though collected and labelled fraction A. The salt was then
gradually increased releasing two further fractions labelled fraction B and C
respectively. The salt was then increased to a maximum to remove any bound protein

from the column.

After concentration on C-30 Centricons (4micon), the protein concentration of each
fraction was adjusted so that they were all equal. The PLC activity of each fraction
was assayed using PI(4,5)P; hydrolysis and the homogenate as a bio-assay of IP;

generation (Jones et al. 1998b, 2000). Figure 13b shows the Ca" traces generated by
99























































































































































































































































































































































































































































































































































































































































































































































































