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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 IP3 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 suggests the 

presence o f additional PLC activity. Here, immunoblot analysis suggests that a PLC- 

Ô 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-ô activity. Strongylocentrotus 

purpuratus egg, embryo and testes cDNA databases and macro-arrays were used to 

identify and clone a PLC-ô, named PLC-ôsu, from sea urchin embryos. PLC-ôsu 

consists of 2.44 kb, has a molecular weight o f 84.6 kDa and is most similar to 

zebrafish PLC-ô. Production of a recombinant PLC-Ôsu fusion protein proved PLC- 

ôsu to be a catalytically-active PLC. In addition, RNA transcripts of full-length and 

truncated PLC-ôsu were used to study the function o f PLC-ôsu in mouse and sea 

urchin eggs. Data suggests that PLC-ôsu may play a role in producing apoptosis in 

the developing sea urchin. This thesis also shows that the PH domain o f PLC-ôsu 

preferentially binds 3-phosphorylated phosphoinositides on membranes spotted with 

phospholipids. The localisation of the PLC-ôsu 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

Sea urchin eggs and embryos have been used as a model system o f fertilisation and 

early development for many years. The practical advantages o f using sea urchin eggs 

for biochemical studies include the availability o f 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 

etal. 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 o f 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 Câ "̂  release at fertilisation. This has led to the discovery o f the Ca^^-releasing 

properties o f 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 IP3 provides the main signal for Ca^^ release at 

fertilisation and that phospholipase C (PLC) activity is probably responsible for this 

IP3 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 o f other PLC 

isoforms (Rongish et al. 1999). This thesis addresses this possibility and searches for 

the presence o f 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-ô 

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-Ô, termed PLC-ôsu, and 

attempt to dissect its role during fertilisation and early development. First, I give a 

description o f 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 o f 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 o f the phosphoinositides in mammalian cells under basal conditions, 

present at a concentration 10-20 fold higher than that o f PI(4)P or PI(4,5)P]. The 

other phospholipids, PI(3)P, PI(5)P, PI(3,4)P2, PI(3,5)P2 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 ofP I(3,4)?2, PI(3,5)P2 and PI(3,4,5)P3 increase 

sharply, although they still do not reach the levels of PI(4,5)P2 or PI(4)P. This 

increase is mediated by the activation o f a group of enzymes known as 

Phosphoinositide 3-Kinases (PI 3-Ks). The appearance o f these 3 -phosphorylated 

inositol lipids in the plasma membrane attracts a number o f 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)P2 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)P2 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)P2 is also a substrate for phosphoinositide-specific 

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

Phosphomositide-specific Phospholipase C signalling

Phosphoinositide-specific phospholipase Cs (PI-PLCs) are a large family of enzymes 

involved in a vast array o f 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 o f the minor membrane phospholipid, phosphatidylinositol 4,5- 

bisphosphate (PI(4,5)?2), is the main role of PLC in eukaryotic cells (Rhee et al.

2000). The catalytic activity o f PI-PLC is dependent on calcium as a cofactor and 

increases with increasing calcium concentrations within the physiological range 

0.01-10 pM (Ellis etal. 1998).

PI(4,5)P] hydrolysis yields two intracellular messengers, diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). DAG mediates the activation o f protein kinase C 

(PKC), whilst IP3 is responsible for causing Ca^^ release from intracellular stores 

(Williams 1999). PI(4,5)P2 removal through PLC activity may also indirectly affect 

other cell signalling pathways modulated by PI(4,5)P2 (Rhee & Bae 1997).

Domain organisation of animal PI-PLC isoforms

Determination o f PLC primary structure has allowed the classification o f the 12 

known mammalian PLC isoforms into 5 subclasses as follows; pl-4 , yl-2, 51-4, s 

and Ç (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-Ô1 (Rhee et al. 1989; Rhee et al. 2000).

Elucidation of the three-dimensional structure of PLC-ô 1 has aided understanding of 

the domain organisation of all PLC isoforms (Essen et al 1996; Ferguson et al. 1995). 

The PLC-ô family are small PLCs, with a molecular weight o f 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 l)(Essen et al 1996; Ferguson et al. 1995). Lower eukaryotes 

contain only ô type PLCs, suggesting that isoforms present in higher eukaryotes may 

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

PLC-P and -y isoforms are larger (116-155 kDa), and consist of a PLC-ô-like core 

plus a number o f additional domains (Rhee & Bae 1997). PLC-s is the largest 

isoform at 230 kDa, and consists o f a PLC-ô-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-Ç, the most recently identified isoform, is also the smallest at 70 kDa. Its 

domain structure resembles PLC-Ô, but it was designated its own class due to its lack 

of an amino-terminal PH domain (Saunders et al. 2002). This makes PLC-Ç 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 o f 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 o f 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 o f 13 o f 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 p-strands with intervening loops of variable length. The strands are 

arranged into a core p-sandwich, one-half consisting o f a three-stranded sheet, the 

other of a four-stranded sheet. The sandwich is closed off at one splayed comer by a 

carboxyl-terminal a-helix and at the other splayed comer by three intervening loops 

(Figure 2). These three loops, p i/p2 , p6/p7 and p3/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)P2. This prompted speculation that PH domains bind specifically to 

PI(4,5)P2, 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 o f constmcts consisting o f isolated PH domains tagged with GFP has 

led to a wider understanding of the probable localisation o f their host proteins in 

vivo. Constmcts involving PH domains with highly specific targeting properties have 

also been exploited to study the dynamic distribution o f the lipids to which they bind 

(Balia 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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Figure 2 -  Schematic diagram of the three-dimensional structure of a typical PH 
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yellow -  (3-strands; pink -  a-helices; blue and grey -  variable loops. The seven 13- 
strands of the PH domain are labelled 1-7 and both amino- and carboxy 1-termini 
are marked (N and C respectively). The structure shown is that of the PLC-81 PH 
domain (co-ordinates obtained from the protein data back, accession number 
Imai). The image was generated using RasMol (© Roger Sayle).



Chapter 1 -  Introduction

protein kinase B (PKB) specifically binds PI(3,4)?2 and PI(3,4,5)P3. 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 o f PH domains that bind weakly and non-specifically to Pis 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, Tiam l, in which the 

PH domain must cooperate with adjacent protein binding domains to localise Tiaml 

to the plasma membrane (Stam et al. 1997). The PH domain of the p-adrenergic 

receptor kinase (p-ARK) uses a different mechanism to target its host to the 

membrane. Though it binds PI(4,5)P2 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 o f PLC-Ô1 has been shown to bind both PI(4,5)P2 and IP3 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)?2 is hydrolysed by PLC-ô 1, producing IP3, which causes PLC-ô 1 to 

dislocate from the plasma membrane, reducing PI(4,5)P2 hydrolysis (Williams 1999: 

Rhee 2001). A GFP-tagged PLC-ô 1 PH domain construct has been used to show 

localisation to the plasma membrane in a number of different cell types (Vamai & 

Balia 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 PI(3,4,5)P3. 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 o f 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-p family show no PI specificity, yet do appear to interact with 

the py subunits o f heterotrimeric G-proteins (Wang et al. 1999b). The isolated PH 

domains o f PLC-p 1 and -P2 both interact with GPy, yet full-length PLC-p 1 shows 

little affinity for GPy. In contrast, full-length PLC-p2 shows high affinity for Gpy, 

suggesting a role for Gpy in PLC-P2 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 o f the EF-hand domain 

results in a mutant enzyme with similar activity to that of the wild-type enzyme. 

Deletion o f the second lobe, however, inactivates the enzyme, possibly by 

destabilising the fold o f 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-ô 1, however, has two of these motifs. Deletion o f the EF-hand 

domain does not appear to affect the Ca^^-sensitivity o f PLC-ô 1 (Nakashima et al.

1995). However, there is some evidence that calcium binding to the EF-hand domain 

of PLC-Ô1 modulates PH domain-mediated P1(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 o f 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 (p/a)g barrel, o f similar architecture to the catalytic domain o f bacterial 

PI-PLCs (Figure 3). The X and Y domains, separated by a linker insertion, form the 

two halves o f the catalytic barrel (Heinz et al. 1995; Essen et al. 1996). The 

similarity between the three-dimensional structure o f the bacterial and eukaryotic PI- 

PLC catalytic domains provides further evidence o f evolution from a common 

ancestor (Williams et al. 1999).

The active site is located on the carboxyl-terminal end of the p-barrel, forming a 

broad, solvent-accessible cleft (Essen et al. 1996). Structural studies o f PLC-ô 1 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 o f IP3, with 

the exception o f the 6-hydroxyl group, are specifically recognised by an extensive 

hydrogen-bonding network and specific charge-charge interactions. The 1- 

phosphoryl group o f IP3 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 o f IP3 appear to be responsible for the observed PLC substrate 

preference, PIP2 > 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 

IP3. Mutation o f these residues results in abolished PIP2 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 stmcture also explains why 3-phosphorylated Pis cannot be used as substrates 

for mammalian PLCs. The equatorial 3-hydroxyl group o f IP3 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 o f 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 o f 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 o f 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 o f 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 o f the 

enzyme-bound cyclic inositol phosphate, which is subsequently hydrolysed during an 

acid-base catalysis step involving His356, Glu341 and Glu390. 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-ô 1 revealed the C2 

domain as an eight-stranded antiparallel -sandwich, with between 3 and 4 Câ "̂ - 

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 o f PLC-ô 1 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-Ps 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 Gaq 

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

Regulation of PI-PLCs

This thesis focuses on members of the PLC-ô sub-family. However, at present, little 

is understood about PLC-ô regulation, whilst the regulation o f PLC-p and -y  

isoforms is more widely comprehended. Here, a synopsis o f available information 

regarding the regulation o f each PLC sub-family is presented.

The structure and regulation of PLC-p

PLC-Ps are characterised by a large carboxyl-terminal extension o f around 400

residues and are activated by association with heterotrimeric G-protein subunits

(Rhee et al. 2000). Heterotrimeric G-proteins consist o f three subunits, a , p 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 G a binding site greatly reduces its affinity
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for the tightly associated Gpy subunit, causing the G-protein to dissociate into two 

intracellular signalling complexes, Ga-GTP and Gpy. These complexes interact with 

a number o f intracellular effectors including PLC-p (Philip et al. 2002). The activity 

o f the complexes is controlled by the intrinsic GTPase activity o f the G a subunit. 

Bound GTP is converted back to GDP causing the G a subunit to re-associate with 

the Gpy subunit, forming the inactive heterotrimeric G-protein complex (Figure 

4)(Philip et al. 2002).

G protein a  subunits are divided into four families, Gga, Q a , Gqa and Gi2a. All four 

members of the pertussis toxin-insensitive Gq family activate PLC-p isoforms, but 

none of the other PLC isoforms (Rhee 2001). Receptors for bradykinin, bombesin, 

angiotensin, histamine, vasopressin and muscarinic (m l, m2 and m3) and a l  

adrenergic agonists activate PLC-P through interaction with the Gqa subunits (Rhee 

& Bae 1997; Rhee 2001).

The carboxyl-terminal region of PLC-P appears to be responsible for interaction with 

the G a subunit. Deletion o f the carboxyl-terminal extension preserves the intrinsic 

activity o f PLC-P but eliminates its activation by G a subunits (Wu et al. 1993). The 

C2 domain may also play a role in G a binding. Unlike C2 domains o f other PLCs, 

the PLC-p C2 domain does not bind to membranes but instead shows specific 

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

PLC-p isozymes are also activated by interaction with the py subunits o f pertussis 

toxin-sensitive G-proteins from the Gj/o family. The m2 and m4 muscarinic
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Figure 4 - Receptor-mediated activation o f PLC-p. (top) Agonist occupation of G- 
protein linked receptor induces exchange of GDP for GTP on the a subunit and 
subsequent dissociation of heterotrimeric G protein. The GTP-bound a  subunit 
binds to the carboxyl terminal of PLC-p, promoting translocation to the membrane 
and activation. The intrinsic GTPase activity of the a  subunit converts bound GTP 
back to GDP causing inactivation through reassociation with the Py subunit, 
(bottom) Agonist occupation of G-protein linked receptor release the py subunit as 
described above. The py subunit interacts with the PH domain of PLC-p, causing 
recruitment to the membrane and activation. The complex is inactivated as 
described above (adapted from Rhee et al. 2001). Abbreviations are as follows; py 
-  py-subunit of heterotrimeric G protein; a -  a-subunit of heterotrimeric G protein; 
GDP - Guanosine diphosphate; GTP - Guanosine triphosphate; PH -  PLC PH 
domain; X and Y -  PLC Catalytic domain; C2 -  PLC C2 domain; PIP2 - 
Phosphatidylinositol 4,5-bisphosphate
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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 Gqa is different to that 

which interacts with OPy, suggesting that both subunits may independently modulate 

a PLC-P enzyme concurrently. This was demonstrated by the activation o f carboxyl- 

terminal truncated mutants o f PLC-P2 by OPy but not by Gaq (Lee et al. 1993). The 

region of PLC-p responsible for Gpy binding appears to be the PH domain, which 

shows high affinity for GPy subunits bound to membranes (Wang et al. 1999b). In 

addition, replacing the PH domain of PLC-ô 1 with that o f PLC-p2, conferred upon 

the chimeric enzyme sensitivity to activation by Gpy similar to that of the native 

PLC-p2. Although the PH domain of PLC-ô 1 binds Gpy, the native enzyme is not 

sensitive to activation by GPy (Wang et al. 2000). As swapping the PH domains of 

PLC-Ô1 and -P2 swaps the activation method o f the catalytic core, the PH domains 

must both confer activation in a similar manner. Guo et al. (2003) suggest a model in 

which binding o f the activator (PI(4,5)P2 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-ô 1) and peptides against this 

region inhibit activity o f both PLC-P2 and PLC-Ô1, as well as PI(4,5)P2 activation of 

PLC-Ô1. In addition, the peptide competed with Gpy binding and inhibited Gpy 

activation o f PLC-P2, suggesting that Gpy 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 o f 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. Dimérisation 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 o f PLC-y 1 by the growth 

factors mentioned above occurs at identical tyrosine residues, 771, 783, and 1254 

(Kim et al. 1990). Mutational analysis showed that phosphorylation o f these residues 

is vital for PLC-y 1 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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Figure 5 - Receptor-mediated activation o f PLC-y. Agonist binding to a 
receptor tyrosine kinase causes dimérisation of the receptor and triggers 
autophosphorylation of tyrosine residues. Phosphorylated tyrosine residues 
provide docking sites for SH2 domain containing proteins including PI 3-K 
and PLC-y and causes the translocation of these proteins to the membrane. 
Once docked via its SH2 domain, PLC-y is phosphorylated and activated by 
the receptor tyrosine kinase. PI 3-K converts PI(4,5)P2 to PI(3,4,5)Pg, which 
binds the PH domain of PLC-y, causing further PLC-y translocation to the 
membrane. Abbreviations are as follows; Tyr - Tyrosine; PH -  PLC PH 
domain; X and Y -  PLC Catalytic domain; SH2 -  Src Homology 2 domain; C2 
-  PLC C2 domain; PIP; - Phosphatidylinositol 4,5-bisphosphate; PIP3 -  
Phosphatidylinositol 3,4,5-trisphosphate; PI3K - Phosphotidylinosititol 3- 
kinase; P -  phosphate.
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PI(4,5)P2 to PI(3,4,5)P3 (Gupta et al. 1999). The subsequent increase in PI(3,4,5)P3 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-ô

In comparison with p and y isozymes the mode o f regulation o f PLC-ô isoforms is 

poorly understood (Katan & Williams 1997; Williams 1999; Rhee et al. 2000). 

Although all PLC isoforms are sensitive to Câ "̂ , the Ca^^ sensitivity of the PLC-ô 

isoforms is greater than that of the other isoforms. Calcium promotes PH domain 

association with PI(4,5)P2 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-ô activation (Rhee 2001). Evidence that PLC-ô 1 

overexpressed in intact cells is activated by capacitative Câ "̂  entry supports this 

hypothesis (Kim et al. 1999).

The observation that the GTP-binding protein Gh forms a complex with PLC-ô 1 in 

cells stimulated through a  1-adrenergic receptors has led to another theory of PLC-ô
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regulation (Feng et al. 1996). As free or GDP-bound Gh, but not GTP-bound Gh 

associated with PLC-ô 1 in unstimulated cells, it is thought that Gh may act as an 

inhibitor of PLC-ô, 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 Gh protein bound to PLC-ô, resulting in dissociation o f the complex. 

Ligand binding to the G-protein linked receptor would also cause PLC-p activation. 

The calcium release and subsequent capacitative calcium entry produced by PLC-p 

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

The structure and regulation of PLC-e

PLC-s is a large PLC found in two alternatively spliced forms (230 kDa and 260 

kDa). The X and Y catalytic domains of PLC-s 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-s 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-s is PLC-p. The similarity between the 

long carboxyl-terminus of PLC-p necessary for its regulation by Gaq, and the 

extended carboxyl terminus o f PLC-s, suggested the possibility o f PLC-s 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 G ai2 and
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Figure 6 - Receptor-mediated PLC-ô activation. Agonist occupation o f G-protein 
linked receptor induces PLC-p activation and subsequent Ca^^ release. Agonist 
occupation also promotes GDP-GTP exchange on the Gh protein bound to PLC-Ô, 
inducing conformational changes that release PLC-ô. Ca^^ binds to the EF hand and 
C2 domains of free PLC-Ô, promoting PLC-Ô activation. Abbreviations are as 
follows; Gh -  G protein; GDP - Guanosine diphosphate; GTP - Guanosine 
triphosphate; PFl -  PLC PH domain; EF -  PLC EF hand domain; X and Y -  PLC 
Catalytic domain; C2 -  PLC C2 domain; Ca^^ - Calcium; PIP2 - 
Phosphatidyl inositol 4,5-bisphosphate
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Figure 7 -  Receptor-mediated activation of PLC-e. a). RasGTP produced in 
response to receptor-activation, promotes translocation and activation of PLC-e 
by binding its RA domain. Intrinsic GTP-ase activity of Ras causes hydrolysis 
of Ras-GTP to Ras-GDP and subsequent inactivation of PLC-e. PLC-e may 
sustain activation by converting Ras-GDP back to Ras-GTP through the actions 
of its RasGEF domain, b). Agonist activation of G-protein linked receptor 
induces exchange of GDP for GTP on the subunit. The GTP-bound a 
subunit causes PLC-e translocation to the membrane and activation through 
interaction with an unidentified region of the enzyme. The GPy subunit also 
activates PLC-e, possible through interaction with the PH domain (adapted from 
Rhee 2001 ). Abbreviations are as follows; py -  Py-subunit of heterotrimeric G 
protein; a -  a-subunit of heterotrimeric G protein GDP - Guanosine 
diphosphate; GTP - Guanosine triphosphate; RasGEF -  PLC RasGEF domain; 
PH -  PLC PH domain; EF -  PLC EF hand domain; X and Y -  PLC Catalytic 
domain; C2 -  PLC C2 domain; RA -  RA domain; PIP2 - Phosphatidylinositol 
4,5-bisphosphate
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G ai3 appear to increase PLC-e activity (Lopez et al. 2001). As G a ^  appears to 

stimulate c-Jun via activation of Ras, it has been suggested that PLC-e may act as a 

link between G a ^  and Ras (Wadsworth et al. 1997; Lopez et al. 2001).

PLC-e may also be activated by the py subunits of heterotrimeric G proteins. Co

transfection o f PLC-e and Gpy subunits in COS-7 cells produced a marked increase 

in PLC activity. This increase in PLC activity could be blocked by co-transfection 

with GPy-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-e is also activated by 

Gpy, possibly through interactions with the PH domain as observed in some PLC-p 

isoforms (Wing et al. 2001).

The presence of RasGEF and RA domains indicate that PLC-e 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 o f PLC-e 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 o f PLC-e rather than the enzyme’s catalytic 

activity as an

inactive PLC-e mutant also increased the amount of GTP-bound Ras (Song et al. 

2001). The RA domains o f PLC-e 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-e to the membrane by binding to
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its RA domain (Song et al. 2001). The intrinsic GTP-ase activity o f Ras may then 

terminate the activation o f PLC-e, through conversion to Ras-GDP. The RasGEF 

domain o f PLC-e may convert Ras-GDP back to Ras-GTP prolonging PLC-s 

activation (Rhee 2001).

The structure and regulation of PLC-Ç

PLC-Ç is the smallest of the PLCs at around 74 kDa, and is testis-specific. The highly 

conserved X and Y domains o f PLC-Ç identify it as a PLC. In addition, PLC-Ç 

contains an amino-terminal EF hand domain and a carboxyl-terminal C2 domain. 

Phylogeny analysis o f the 12 known mammalian PLC isoforms suggests that PLC-Ç 

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

The regulation o f PLC-Ç 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 o f the PLC isoforms exist in different forms created 

by alternative splicing. To date, alternatively spliced versions o f rat PLC-pi, bovine 

PLC-p4, rat PLC-p4, rat PLC-Ô4, human PLC-p2 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 o f 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 o f PLC-p4 differ in the 

extended carboxyl region responsible for PLC-p regulation by G a subunits. Only 

one version o f PLC-P4 is activated by Gaq, supporting the idea that alternative 

splicing creates differentially regulated PLCs (Kim et al. 1998). PLC-p 1 and -p2 are 

also spliced in the regulatory extended carboxyl region (Bahk et al. 1994; Mao et al.

2000). Two o f the splice variants o f PLC-64 differ in the X-Y linker region (Lee & 

Rhee 1996). This region is important in the regulation o f PLC-y and PLC-Ç, so the 

alteration of this region in PLC-5 splice variants may indicate a role for the X-Y 

linker in PLC-ô regulation (Lee & Rhee 1996; Rhee 2001; Larman et al., in press). 

The third splice variant o f PLC-Ô4 is the only isoform in which alternative splicing 

occurs in the catalytic domain. The catalytic X domain of the PLC-Ô4 splice variant 

ALT m  is altered, producing an inactive enzyme. It is thought that ALT m  functions 

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

et al. 1999).

p i30 -  A new Phospholipase C-Iike family?

A novel IP3 binding protein with extensive similarity with PI-PLCs, particularly 

PLC-Ô isoforms, was identified from rat brain tissue through binding to an IP3- 

immobilised column (Kanematsu et al. 1992). Despite high similarity with PLC-ô, 

the protein, named p i 30 (molecular mass 130 kDa), demonstrated no catalytic 

activity (Kanematsu et al. 1996). Trypsin-treatment o f p i 30 predicts a three- 

dimensional domain structure similar to PLC-ô 1, with an additional tightly folded 

domain at the carboxyl-terminus (Kanematsu et al. 2000). The catalytic domain 

appears to be intrinsically inactive, as truncation o f 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 p l30  (Kanematsu et al. 1992).

A role for p i 30 as a PLC inhibitor was suggested, as it binds the PLC substrate 

PI(4 ,5)P2, yet has no catalytic activity (Kanematsu et al. 1996). However, binding 

studies revealed that both full-length p i 30 and its PH domain bound IP3 with a 

higher affinity than P1(4,5)P2. This binding preference was confirmed in vivo using 

GFP-tagged constructs of p i 30 and its PH domain. Though the PH domain localises 

at the plasma membrane, full-length p i 30 was found throughout the cytoplasm 

(Takeuchi et al. 2000). Though agonist-induced Ca^^ increase was inhibited in p i 30 

transfected COS-1 cells, this inhibition was not accompanied by a decrease in IP3 

production (Takeuchi et al. 2000). This evidence led to the emergence of the theory 

that p l30  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 p i30 have been described, including the 

K10F12.3 gene product from Caenorhabditis elegans (Koyanagi et al. 1998), the 

mouse PLC-L2 (Otsuki et al. 1999) and two human proteins PLC-Li and -L2 (Kohno 

et al. 1995; Kikuno et al. 1999). These molecules all share characteristic amino- and 

carboxyl-terminal extensions and replacement o f critical catalytic residues, perhaps 

suggesting they form a new, catalytically inactive family o f 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 & Farrington 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 o f cortical granule exocytosis is induced beginning at the point 

of sperm entry. The contents o f 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 o f 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 (Strieker

1999). Egg activation induces meiotic completion in eggs arrested during meiosis, 

and mitotic cycle entry, the recruitment and translation o f maternal messenger RNAs 

and changes in the pattern o f 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 o f both vertebrate and invertebrate eggs. Moreover, egg activation can be 

mimicked by the microinjection of Ca^^, or the external application of a Ca^^ 

ionopbore, and can be blocked by the Ca^^-cbelator 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 Câ "̂  wave, originating from the region of sperm- 

egg fusion, is observed in the eggs of frogs, fish, cnidarians and ecbinoderms. In 

mammalian, ascidian, and nemertean worm eggs, a series o f prolonged Ca^^ 

oscillations are observed (Strieker 1999).

The fertilisation-induced calcium wave

The kinetics o f the fertilisation-induced Ca^^ wave in the sea urchin egg have been 

studied extensively. Fertilisation is accompanied by a rapid depolarisation and influx 

o f 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; McCullob & Chambers 1992; Sben & 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; McCullob et al. 2000). The Ca^^ influx results in a cortex- 

localised rise in Câ "̂ , described as a ‘cortical flash’, which occurs almost 

immediately after insemination (Sben & 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 influx (Fujiwara et al. 1988; Shen & Buck 

1993). Blocking the cortical flash in this way does not affect normal Câ "̂  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 o f 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 pm/sec (Eisen et al. 1984; Galione et al. 1993; Shen 1995). During 

the wave, intracellular Câ "̂  rises from resting levels o f between 50 and 350 nM, to 

fertilised levels o f between 1.5 and 3 pM (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 (Azamia & Chambers 1976; Shen 1995).

Fertilisation-induced calcium oscillations

Multiple Ca^^ transients, termed Ca^^ oscillations, are produced at fertilisation in 

mammalian and ascidian eggs (Strieker 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 (Strieker 1999). They may also provide frequency- 

encoded information, and play a role in triggering important cellular processes (Gu & 

Spitzer 1995; Strieker 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 o f repetitive Ca^^ spikes. The study 

showed that the duration and frequency of the Câ "̂  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 o f fish and frog eggs triggers a rapid transition to 

pronuclear formation as compared with that of mammalian eggs. This suggests that 

eggs o f 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; Strieker 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 o f the sea urchin egg appears to be caused 

by an acidification o f 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 o f cell cycle resumption at egg activation has been 

discussed above. It also appears that Ca^^ is an important signal during mitosis. The 

demonstration o f Ca^^ transients in the early cell cycles of the sea urchin embryo 

suggested a role for Câ "̂  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’ Câ "̂  or removal of the 

chelator (Steinhardt & Alderton 1988; Wilding et al. 1996). Together with evidence 

that premature mitosis entry could be induced by microinjection o f IP3 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 Câ "̂  has been accepted as a universal trigger o f 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 o f the models, the bomb/ 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 Câ "̂  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 Câ "̂  release can occur in the absence o f 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 IP3 at egg activation

A role for IP3 in causing Ca^^ release during the fertilisation of mammalian eggs is 

heavily supported. Câ "̂  transients can be stimulated in mammalian eggs by 

microinjection o f IP3, and sperm-induced egg activation can be inhibited by 

microinjection o f antibodies against the IP3 receptor (Miyazaki et al. 1988, 1993). As 

an antibody against the echinoderm IP3 receptor does not exist, the role o f IP3 in sea 

urchin eggs is less clear. IP3 production is observed in sea urchin eggs at fertilisation, 

and microinjection o f IP3 into unfertilised eggs causes a Ca^^ increase, supporting IP3 

as the molecule responsible for Ca^^ release (Ciapa & Whitaker 1986; Whitaker & 

Irvine 1984). Furthermore, inhibition o f JP3-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 

IP3 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 Ca^^-mobilising affect as it fails to release Câ "̂  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 IP3, 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 IP3 at 

fertilisation. These studies show that neither the IP3 inhibitor, heparin, nor the 

cADPR inhibitors, 8-NH2-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 IP3 and cADPR play 

dual roles in releasing Ca^^ at fertilisation (Galione et al. 1993; Lee et al. 1993). 

However, an alternative explanation, the possibility o f an additive effect of the two 

inhibitors on the IP3-induced Câ "̂  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 o f NAADP into sea urchin 

eggs has been shown to cause an increase in intracellular Ca^^, and moreover,
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fertilisation o f 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 o f NAADP receptors can abolish this response (Churchill et al. 2003). 

However, NAADP is unlikely to be the only Ca^^ release trigger as miproinjection 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 IPg-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 cADPRTPs-sensitive stores resulting in 

overloading followed by further Câ "̂  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 IP3, evidence supporting IP3 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 o f 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-p. The production of Ca^^ 

transients in hamster eggs by microinjection of OTP supports the involvement o f a G 

protein-linked receptor (Miyazaki 1988). In addition, sperm-induced Câ '*’ transients 

have been blocked by the hydrolysis resistant GDP analogue, GDP-pS (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 

(Turner 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). ^nXenopus laevis, expression of the Gaq family o f G-proteins 

has been shown to increase dramatically during oocyte maturation (Gallo et al.

1996). Further convincing evidence for the existence o f a PLC-P-mediated pathway 

comes from the discovery that starfish eggs expressing the G-protein-coupled 

serotonin Ic receptor can undergo cortical granule exocytosis in response to 

serotonin (Shilling et al. 1990; Shilling et al. 1994). However, microinjection of 

antibodies against the G aq family o f heterotrimeric G proteins or the Rho subfamily 

of monomeric G proteins, does not inhibit sperm-induced egg activation. Moreover, 

microinjection o f Ras is unable to mimic any of the events o f egg activation (Moore 

et al. 1994; Williams et al. 1998; Runfr et al. 1999). Taken together these results 

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

If an egg receptor tyrosine kinase were responsible for egg activation, a role for PLC- 

Y 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 o f 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 o f SH2 domain inhibitor used in some of the 

experiments described above, to achieve a complete block o f 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 o f similar SH2 domain constructs into mouse dinàXenopus 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 PPl or with excess Src-family SH2 domains, which exert a specific 

dominant interfering effect, results in the delay o f 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)P2 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-530 prior to 

injection, the protein evokes little or no Câ "̂  release (Giusti et al. 2000). 

Microinjection o f the active Src protein is able to overcome the block of sperm- 

induced Câ "̂  release produced by Src family kinase SH2 domains, yet cannot 

overcome the block caused by the SH2 domains o f PLC-y, providing further 

evidence that the activation o f 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 o f 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 o f 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 o f sperm 

cytosolic extracts into hamster eggs produces Ca^^ oscillations similar to those 

observed at fertilisation. Although many agents, such as IP3 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 o f 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 Câ "̂  transients that activate the egg (Nakano et al. 1997).

Microinjection o f sperm extract into heterologous eggs produces Ca^^ transients, 

suggesting that the component of sperm extract responsible for mimicking 

fertilisation-induced Câ "̂  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 o f 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-p and -y  isoforms were not present in fractions capable of activating eggs 

(Parrington et al. 1999). O f the PLC-ô isoforms, PLC-61 and -53 could not be
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detected in sperm extract (Parrington, J. unpublished data), leaving PLC-Ô2 and -64 

and its splice variants, or a novel PLC isoform as contenders for the role o f sperm 

PLC. A sperm-specific, novel PLC, PLC-Ç, was recently identified and appears to 

have all the characteristics required to perform the role o f sperm factor (Saunders et 

al. 2002). Microinjection of PLC-Ç cRNA into mouse eggs results in Ca^^ 

oscillations similar to those observed at fertilisation. Moreover, the removal of PLC- 

Ç from sperm extracts abolishes the extract’s ability to cause Câ "̂  release in eggs 

(Saunders et al. 2002). To date, PLC-Ç has been identified in mouse, humans and 

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

Evidence that it is the sperm factor, PLC-Ç, 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 IP3 produced by the activity of PLC is also implicated in the production of 

Câ "̂  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 IP3 levels increase prior to and during mitosis (Ciapa et al. 1994), and, 

microinjection o f 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 o f 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 o f these iso forms 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 o f unfertilised sea urchin egg cytosol, we have 

identified a protein recognised by a mammalian anti-PLC-ô2 antibody, which 

correlates with PLC activity after fractionation. Molecular analysis o f sea urchin egg 

and embryo EST database and macroarrays, revealed a novel PLC-Ô isoform. This 

thesis aims to discover the role of the novel PLC-5, named PLC-ôsu, in sea urchin 

eggs and embryos. Here we suggest that PLC-Ôsu localisation is 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-Ôsu 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 Zyrec/zmwj 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 {Animal House) and left until fully shed. Eggs were de

jellied by passing through 100 pm 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 ref 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 o f 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 ref for 1 min at 4 °C and the supernatant transferred 

into 500 pi 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 o f 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 pM 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 Câ "̂  loading of intracellular 

stores, before use in experimental assays.

Fluorimetry

Fluorimetry was performed in a Perkin-Elmer LS-50B fluorimeter. 500 pi 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 PIP2 

(Calbiochem) at room temperature for between 1 and 60 min. The IP3 generated
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during this incubation was measured by addition to sea urchin egg homogenate, 

which had previously been calibrated by addition o f IP3.

Preparation of sea urchin sperm extract

sperm was collected dry by intracoelomic injection o f 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 

ref the sperm pellet was transferred to small Beckman tubes. The sperm were lysed 

by two cycles o f 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 KCl Hepes injection buffer + 200 pM 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 (APbiotech). 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 1̂1 o f 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 

o f 2 ml. After flushing the HiTrap heparin column {APbiotech) through with 10 

column volumes o f 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 o f 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 o f excess 

injection buffer followed by resuspension and centrifugation.

Gel Filtration column Fractionation

A small volume o f concentrated protein from each heparin-fraction was diluted into 

100 pi o f 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 Cû "̂  produced forms a
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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 o f bicinchoninic acid solution (Sigma). 2 pi of 

sample, (diluted as appropriate), was added to 1 ml o f 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 o f protein samples was adjusted before loading, to ensure that 

equal amounts o f 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 o f 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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Cathode

Blotting J  I-----------   1̂ -------- SDS-PAGE Gel
Paper [______  ̂ Nitrocellulose membran

—  Anode

Figure 9 -  Schematic of a gel stack in a Trans-Blot Semi-Dry cell.

Non-specific binding to membranes was blocked by incubation in blocking buffer, (5 

% Skimmed Milk powder in PBS Tween), for 1 hour at room temperature, or 

overnight at 4 °C. Membranes were then transferred to primary antibody diluted in 

blocking buffer (generally a 1 in 1000 dilution was used and adjusted as appropriate 

to find optimum level). After 4 hours incubation at room temperature, with rocking, 

membranes were washed 3 times with PBS Tween and transferred to a 1 in 10,000 

dilution of the appropriate secondary antibody (horse radish peroxidase-conjugated 

antibody (DAKO)) in blocking buffer. Membranes were incubated at room 

temperature for one hour and then washed thoroughly with PBS Tween followed by 

distilled water, in preparation for Enhanced ChemiLuminescence (ECL) detection.

Enhanced Chemiluminescence (ECL) detection

ECL detection was performed using Western Blotting Luminol Reagent {Santa 

Cruz), according to the protocol provided. Briefly, equal quantities of Luminol 

Reagent Solution A and Solution B were mixed thoroughly and then immediately 

applied to the membrane, protein side facing up. The membrane was agitated in the 

solution for 1 min and excess solution poured off. The membrane was sealed in cling
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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 -0- 

Graph machine and exposure time adjusted appropriately.

Purification of DNA sampies

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 o f 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 o f 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 o f 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 p,l 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 o f agarose (generally between 0.8 -  1.5 % w/v) was added to 

an appropriate volume of Tris-acetate EDTA (TAB) 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 TAB 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 o f 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 o f QG buffer were added to one volume of gel, (i.e. 600 pi o f buffer 

was added to 0.2 g o f 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 o f 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 pi o f molecular biology 

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

DNA/RNA Quantitation by Spectrophotometry

The concentration o f nucleic acid was determined by measuring its optical 

absorbance in solution at 260 nm, as described in Sambrook and Russell (2001). One 

OD260 unit is defined as the amount o f 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 OD260 unit represents about 50 

pg; for RNA one OD260 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 ml o f distilled water and the O D 2 6 0  of the nucleic acid solution was 

measured. The concentration was calculated using the following equation,

Final DNA = OD260 x Dilution x Extinction Coefficient for
Concentration Factor Nucleic Acid

(mg/ml) (200) (0.04 or 0.05 OD260)

Restriction Enzyme Digests

Digests were performed using enzymes from NE Biolabs according to the protocol 

provided. Briefly, DNA was incubated with 10 % (v/v) o f each enzyme required and 

10 % (v/v) o f 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 pi 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 pi. 10 pi o f T4 DNA 

Ligation Buffer and 1 pi 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
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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 o f vector DNA,

ng of insert = ng o f vector x kb size of insert x Molar ratio of insert
kb size of vector vector

Transformation of Competent Cells

Generally, One Shot TOP 10 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 pi o f 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 pi of S.O.C. was added. After shaking at 225 rpm, 37 °C 

for 1 hour, 50 pi of culture was spread on a pre-warmed selective plate and the plates 

incubated at 37 °C overnight.

Mlnl-preparatlon of plasmid DNA

Small samples o f plasmid DNA were produced using the QIAGEN 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 pi Buffer PI. Cells were lysed under alkaline conditions by 

addition of 250 pi Buffer P2. The tube was inverted 6 times to mix before the lysis
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reaction was neutralised by addition of 350 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 o f ethanol. The column was transferred to a fresh collection tube 

and 50 pi molecular biology grade water was added to the centre o f 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 o f 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 PI. 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 o f particulate material. 

The supernatant was applied to a QIAGEN-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 

isopropanol. 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 o f 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 pi TE buffer and vortexed until dissolved completely. The 

solution was transferred to a fresh eppendorf and 1 pi 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 pi 5mM 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 (PGR)

PGR was carried out in tbin-walled PGR tubes, in a Perkin Elmer DNA Thermal 

Gycler. The Expand High Fidelity PGR System {Roche) was used following the 

protocol provided with a few modifications, in order to obtain a PGR product o f 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 pi o f mineral oil to prevent 

evaporation. The samples were immediately transferred to the Thermal Gycler, (pre

heated to 94 °G), and the cycle program initiated. The following cycle profile was 

used,

1 X Denature template 2 min at 94 °C

10 Dénaturation at 94 °G for 15 s

X Annealing at 45-65 °G (depending on melting temperature o f primers) for 30 s

Elongation at 72 °C for 2 min 

20 Dénaturation at 94 °G for 15 s

X Annealing at 45-65 °C (depending on melting temperature o f 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 °G for 7 min
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When the cycle finished, the samples were immediately cooled to 4 °C and used for 

gel analysis and/or cloning. PCR products were stored at “20 °C.

Cloning PCR products

PCR products were cloned using the TOPO TA Cloning kit {Invitrogen) according to 

instructions provided. This system uses the 3’ deoxyadenosine (A) overhang on the 

PCR product, (produced by the non-template-dependent terminal transferase activity 

of the Taq polymerase used in the Expand PCR reaction), to ligate with the 

overhanging 3’ deoxythymidine (T) residues of the linearised vector provided 

(created by the action of Topoisomerase I - see Figure 10). Reactions were set up as 

described in the kit instructions, and incubated for 5 min at room temperature. 2 pi of 

the reaction was used to transform TOP 10 cells.

CC O TT
gggaA

Ty r-2?4T opoisomerase

PCR product

Topoisomerase
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A A G G G

^ T C C C
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P

Figure 10 -  Schematic diagram of cloning into a TOPO vector. Adapted 
from TOPO TA Cloning Kit Instruction manual {Invitrogen). 85
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Recombinant Protein Expression and Purification

Recombinant Protein Expression

Constructs were transformed into competent BL21 cells {Invitrogen). These cells 

were chosen as they express genes under the control o f 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 

ODôoonm reached the desired value. EPTG (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 o f 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 5ml 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 o f wash buffer. The sample was 

injected into the system and pumped onto the column. 10 column volumes o f wash
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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 o f 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 MB? 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 MB? 

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 pi nuclease-free water + 10 pi 2 x NTP/Cap + 2 pi 

10 X Reaction buffer + 1 pg linear DNA template + 2 pi enzyme mix, mixed and 

incubated at 37 °C. After 2 hours, 1 pi DNase 1 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 pi with RNase-free water, 350 pi o f Buffer RLT was added and 

the solution mixed thoroughly. 250 pi 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 pi 

Buffer RPE and centrifugation for 15 s at 8000 x g. A further 500 pi o f 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 pi o f RNase-free water directly onto the column 

membrane followed by centrifugation for 1 min at 8000 x g. RNA was aliquotted 

into 2 pi 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 o f 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 o f 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 o f 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 M Fl mice was carried out by intraperitoneal injection of 5 lU of PMSG 

followed 48 hours later by injection of 5 lU 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 o f 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 AS W. 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 pg/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 o f 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 o f 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

Mouse Eggs

Prior to microinjection, mouse eggs were loaded with 4 p,M Fura Red-AM 

(Molecular Probes) in H-KSOM + 4 mg/ml BSA + 250 pM 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 pi H-KSOM 

+ 250 pM sulfinpyrazone. Fluorescence from fura red-loaded eggs was measured on 

a Nikon Diaphot inverted microscope with a 20x lens, using epifluorescence and a 

Newcastle Photometries Multipoint System (Newcastle upon Tyne, UK). The 

fluorescence ratio o f 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 o f Ca^^ in up to 16 

eggs.
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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 micro injected into the 

eggs as described previously. Ca^^ measurements were performed using the same 

system described above, but using excitation wavelengths o f 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 o f cRNA, media in 

the chamber was gently replaced with ASW + 5 mM Hepes + 5 mM NH4CI; pH 8.1. 

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

Confocai Imaging

Confocal microscopy was carried out on a BioRad pRadiance confocai scanning 

head attached to a Zeiss Axiovert microscope. Generally, a x 40 oil lens was used. 

OF? 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 o f photon images with bright field images. A simplified 

schematic diagram of an IPD system is shown in Figure 11. The system consists of 

an IPD-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 o f a single photon emission. This system achieves >10^ fold 

amplification o f 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 o f the resistive anode IPD.
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Figure 11 -  Schematic diagram representing the Image Photon Detection system built by Science Wares (adapted from Webb et al. (1997)).



______________________________ Chapter 3 -  Identification and Cloning of a Novel Sea Urchin PLC-5

Chapter 3 -  Identification and Cloning of a 

Novel Sea Urchin PLC-5

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 o f 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 o f different methods. 

The identification o f 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-e and PLC-Ç were identified from expressed 

sequence tag (EST) databases. The databases were screened with short sequences 

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

obtain full-lengtb 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 o f known 

PLC isoforms. Commercially available antibodies against mammalian PLC isoforms 

were used to reveal the presence o f PLC-y 1, as previously reported. In addition, a 

protein o f around 85 kDa was recognised by the bovine anti-PLC-02 antibody. The 

presence of this 85 kDa protein correlated with the presence of PLC activity after 

fractionation o f sea urchin egg cytosol over two columns. This suggests the presence 

o f a previously unidentified PLC-5 activity in sea urchin egg cytosol.

The PLC-5 activity was further investigated using a molecular approach. EST sea 

urchin egg and embryo databases and macroarrays were screened, and a novel PLC- 

5-like sequence of 84.6 kDa was obtained. Here we describe the identification and 

cloning o f a novel PLC-5 protein from sea urchin embryos, which we have named 

PLC-5su.
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Results

Identification of PLC-y 1 and PLC-Ô2 in sea urchin egg cytosol

The presence o f PLC isoforms in unfertilised sea urchin egg cytosol was investigated 

by SDS-PAGE analysis followed by immunoblotting with a range o f commercial 

anti-rabbit antibodies against known mammalian PLC isoforms, p i, p2, p3, p4, y l, 

y2, Ô1 and 62, obtained from Santa Cruz (USA) (Figure 12). The immunoblots 

revealed a band o f about 120 kDa recognised by the anti-PLC-yl 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-yl antibody. These are likely to be breakdown products 

of the larger protein. The anti-PLC-ô2 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 o f 85 kDa is likely to represent a full-length PLC-ô, a slightly smaller 

protein than the bovine PLC-62 protein, (87 kDa), that the antibody was raised 

against. The smaller proteins recognised by the anti-PLC-ô2 antibody probably 

represent breakdown products o f the larger protein.

Small molecular weight proteins recognised by the anti-PLC-pl and -P2 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-p (-140 kDa). It is possible

that these bands may be breakdown products of a PLC-P, however no larger bands

were detected, suggesting that if  a PLC-P isoform is present it is relatively unstable.
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Figure 12 - Unfertilised sea urchin egg cytosol immunoblotted with anti-rabbit antibodies against the known 
mammalian PLC isoforms, PLC-p 1, -P2, -p3, -p4, -y l, -y2, -Ô1 and -52, after SDS-PAGE analysis on an 8 % gel. 
Antibodies were used at a dilution o f  1:1000. The black arrow indicates the putative full-length PLC-y 1 and the 
red arrow indicates the putative full-length PLC-52.
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Figure 12 suggests that a PLC-5 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 o f 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-5 isoforms are present in active fractions of unfertilised 

sea urchin egg cytosol

To determine whether the proteins detected by the anti-PLC-yl and -52 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 o f PLC activity.

Figure 13a shows the trace o f the sea urchin egg cytosol separation on a HiTrap 

Heparin affinity column {AP 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 {Amicon\ the protein concentration o f each 

fraction was adjusted so that they were all equal. The PLC activity o f each fraction 

was assayed using PI(4,5)P2 hydrolysis and the homogenate as a bio-assay of IP3 

generation (Jones et al. 1998b, 2000). Figure 13b shows the Câ '*’ traces generated by
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Egg Cytosol
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Figure 13 -  a). Heparin column fractionation of unfertilised sea urchin egg cytosol. 
Unfertilised sea urchin egg cytosol was applied to a heparin column. After washing to 
remove unbound material, bound protein was eluted with increasing salt. The brown 
trace indicates the conductivity of the buffer applied to the column. The blue trace 
indicates the UV absorbance of material removed from the column. Fractions collected 
are indicated by the red markings. Fraction 1, the Flow-Through was labelled Fraction 
A, fractions 6-9 were combined and labelled Fraction B, and fractions 10 and 11 were 
combined and labelled Fraction C. Abbreviations are as follows, A.U. -  Arbitary 
Units; ml -  millilitres.



b). PLC Activity of Heparin Column Fractions
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Figure 13 -  b). PLC activity of unfertilised sea urchin egg cytosol heparin column 
fractions. Equalised concentrated protein from each fraction was incubated with 
PIP2 for 5 minutes. IP3 generation was measured by addition to sea urchin egg 
homogenate. The red traces indicate Ca^^ release in the sea urchin egg homogenate 
measured with FluoS. Estimated specific PLC activity of the sample added to the 
homogenate is indicated above the trace c). Immunobiots of heparin column 
fractions with mammalian anti-PLC-yl and-52 antibodies. Putative full-length 
PLC- yl is indicated by a black arrow and putative full-length PLC-52 by a red 
arrow. PLC activity of fractions is indicated by red plus signs.
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fractions A-C in the homogenate after incubation with PI(4,5)P2. Whilst fraction A 

evokes only a small addition artefact, fractions B and C both cause an increase in 

Ca^ ,̂ with fraction C containing the highest PLC activity. To estimate the specific 

PLC activity o f fractions B and C, the IP3 produced by each fraction was estimated 

by comparison with traces o f direct IP3 addition to the sea urchin egg homogenate 

(data not shown). Fraction B appeared to contain a specific PLC activity o f about 

0.0025 U/mg (pmol/min/mg), whilst fraction C contained a specific PLC activity of 

about 0.02 U/mg (|imol/min/mg).

Samples o f fractions A-C were separated by SDS-PAGE and immunoblotted with 

anti-PLC-yl and anti-PLC-52 antibodies (Figure 13c). The anti-PLC-yl antibody 

detected a band o f around 120 kDa in fraction B and a very faint band o f the same 

size in fraction A. The presence o f a putative PLC-y in fraction B could account for 

the PLC activity observed. Though PLC-y also seems to be present in the inactive 

fraction A, the band observed is very faint, suggesting that PLC-y may be present at 

such low levels that the PLC assay used might not detect its activity. The anti-PLC- 

52 antibody detected a large number of bands in fraction B and a single band in 

fractions A and C. The putative full-length PLC-Ô (85 kDa) is detected only in 

fraction C, the fraction found to have most PLC activity. Fraction B contains a 

number o f bands recognised by the anti-PLC-52 antibody, most o f which are smaller 

than the putative full-length PLC-5 and probably represent breakdown products of 

this protein. These include the 70 kDa and 50 kDa bands observed in Figure 12. The 

70 kDa band is also observed in the inactive fraction A. Fraction B also contains a 

large band o f around 250 kDa, recognised by the anti-PLC-52 antibody. This band
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was excised and the protein was sequenced and found to be the ferritin complex 

(Farrington, J. unpublished data).

Figure 13 therefore suggests that the presence of the putative PLCs identified in 

Figure 12 correlates with the PLC activity in unfertilised sea urchin egg cytosol 

separated on a Heparin column. The putative PLC-y is present mainly in fraction B 

and the putative PLC-ô in fraction C. The identity o f these proteins is further 

supported by this separation, as PLC isoforms are known to elute from Heparin 

columns in the order, PLC-y, PLC-ô, PLC-p, with increasing salt (Lee et al. 1994).

The PLC-y and PLC-ô isoforms remain in active fractions of unfertilised sea 

urchin egg cytosol after further separation

The active fractions, B and C, were separated further by gel filtration to investigate 

whether the presence of the putative PLC-y and -ô would remain in active fractions. 

Samples from fractions B and C were loaded onto gel filtration columns and allowed 

to elute with time. Figures 14a and b show the elution profiles o f fractions B and C. 

Fraction B elutes with a large peak, labelled B l, and three smaller peaks labelled B2- 

B4. Fraction C elutes with two large peaks labelled C l and C2, and two smaller 

peaks labelled C3 and C4.

The fractions were washed, concentrated and adjusted to equal protein 

concentrations, then assayed for PLC activity as described previously. Figure 14c 

shows that only fractions B3 and C3 contained PLC activity, with the other fractions 

evoking only a small addition artefact in the sea urchin egg homogenate. The

103



MAu

3500

3000

2500

2000

1500

1000

500

Separation o f  Sea Urchin Egg Cytosol (Heparin Column Fraction B) by Giel Filtration

B2

B3 B4

10 15 20 ml
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unfertilised sea urchin egg cytosol.
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Figure 14 -  d). Immunobiots of unfertilised sea urchin egg cytosol gel filtration 
fractions. Samples were equalised for protein concentration before separation on an 
8 % SDS-Polyacrylamide gel. Protein was blotted onto nitrocellulose membrane 
and probed with anti-PLC-yl and -82 antibodies. Putative full-length PLC- yl 
protein is indicated by a black arrow and putative full-length PLC-Ô2 protein is 
indicated by a red arrow. PLC activity o f fractions is indicated by red plus signs.
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specific PLC activity o f these fractions was estimated at 0,05 U/mg (pimol/min/mg) 

for fraction B3 and 0.0125 U/mg (|amol/min/mg) for fraction C3.

Samples of fractions B l-4  and C l-4 were then separated by SDS-PAGE and 

immunoblotted with anti-PLC-yl and anti-PLC-52 antibodies. The anti-PLC-yl 

antibody immunoblot revealed distinct bands in fractions B2, B3 and C3 (Figure 

14d). The putative PLC-y was only detected in the active fraction B3. However, 

though smaller bands detected in fractions B2, B3 and C3 could be explained as 

breakdown products, two larger bands were detected in fraction B2 that are more 

difficult to explain. These may be due to the cross-reactivity o f the antibody with 

proteins other than PLC-y 1, a strong possibility as the antibody was raised against a 

mammalian PLC-yl sequence.

The anti-PLC-52 antibody immunoblot revealed distinct bands in fractions B l, B2, 

B3, B4, C3 and C4. The putative PLC-5 was detected only in the active fractions B3 

and C3, though only a faint band was observed in fraction B3. Bands o f a smaller 

molecular weight than the putative PLC-5 were detected in the inactive fractions B l, 

B2, B4 and C4. These bands probably represent breakdown products o f PLC-52. A 

larger band o f around 250 kDa was detected in fraction B l. This band probably 

indicates the presence o f ferritin as discussed above.

These data support previous evidence that the presence o f the putative PLC-y and -5 

proteins correlates with PLC activity in unfertilised sea urchin egg cytosol. However, 

as both proteins eluted in fraction B3, it is difficult to distinguish the activity of each
t

protein. The data does, however, suggest that bands other than the 85 kDa protein
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recognised by the anti-PLC-ô2 antibody, either representing breakdown products of 

PLC-Ô or spurious bands, do not contribute to PLC activity, as they are present only 

in inactive fractions. The active fractions do contain two bands of around 55 and 60 

kDa, which are recognised by the anti-PLC-yl antibody. That these proteins 

contribute to the PLC activity o f unfertilised sea urchin egg cytosol cannot be ruled 

out.

Isolation of a partial PLC-Ô clone from an EST sea urchin egg database

Evidence from the immunoblot studies discussed above, provides strong evidence for 

a PLC-5 activity in sea urchin egg cytosol. To verify the identity of this putative 

PLC-5 at the molecular level, a ‘gene catalogue’ database compiled from a 

normalised cDNA library from unfertilised S. purpuratus sea urchin eggs, (Poustka 

et al. 1999; Poustka et al. 2003), was screened with known mammalian PLC-5 

nucleotide and protein sequences (human PLC-51 (accession number -  P51178), 

bovine PLC-52 (accession number - S 14113) and rat PLC-54 (accession number -  

NP 542419)). This work was carried out by Dr. A. Poustka (Max Planck Institute of 

Molecular Genetics, Berlin). Screening of this database identified one sea urchin 

cDNA sequence with homology to PLC-54. The clone was obtained (in pSPORTl 

vector), and its identity confirmed by sequencing (MWG Biotech, Milton Keynes, 

UK). A BLAST search revealed a novel sequence similar to bovine PLC-52 at the 

amino acid level (49 % identity), corresponding to amino acids 184 to 425 o f that 

isoform. The similarity o f the sea urchin cDNA to the bovine PLC-52 sequence is 

surprising considering the species divergence, yet not unexpected considering that an
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antibody raised against a bovine PLC-52 peptide bound the putative sea urchin PLC- 

5 in immunobiots, as discussed previously.

Identification of the full-length PLC-5 from sea urchin eggs and embryos 

macro-arrays

The clone described above represented only a partial PLC-5 sequence so cDNA 

macro-arrays were utilised to obtain a full-length sequence. A radioactive probe 

corresponding to partial clone was synthesised by PCR followed by radio-labelling. 

Briefly, specific polymerase chain reaction (PCR) primers (FI-forward: 5’- 

TCTATCGCATCATCACACGCC-3’-22mer; Bl-reverse: 5’- 

TGAGCCATCACCTTCTGTTGC-3’-21mer) designed against the partial clone were 

synthesised (Invitrogen) and used to amplify a DNA fragment o f 589 base pairs. The 

resulting PCR product was then radio-labelled with ^^P-dCTP using a MegaPrime 

DNA Labelling System (Amersham Biosciences, UK).

The probe was used to screen macro-arrays spotted with cDNAs from 

Strongylocentrotus purpuratus unfertilised eggs and 7-hour post-fertilisation 

embryos (Max Planck Institute, Berlin). The unfertilised egg macroarray contained 

27,648 individual cDNA clones, whilst the 7-hour post-fertilisation embryo 

macroarray contained 55,296 clones. A single positive was detected on the 

unfertilised egg macro-array and 36 positives were identified on the 7-hour post

fertilisation array (data not shown). The corresponding DNA clones were obtained 

from the Max Planck Institute in the pSPORTl vector). After digesting the clones 

with Sail and Not\ to cut out the DNA inserts, the 12 clones that exhibited the largest 

digestion product were sequenced {MWG Biotech). One o f the clones fi*om the 7-
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hour post-fertilisation macroarray was found to contain a complete mRNA coding 

sequence (discussed in Chapter 4). This gene will hereafter be referred to as PLC-ôsu 

(GenBank Accession Number AY465426). Screening o f cDNA macro arrays was 

carried out by Dr. Albert Poustka (Max Planck Institute, Berlin).

PLC-ÔSU cDNA is also present in sperm

Macroarray analysis identified novel PLC-ô cDNA, encoding a protein o f 84.6 kDa, 

in 7-hour post-fertilisation sea urchin embryos. This size corresponds to the 85 kDa 

protein previously detected by the bovine anti-PLC-52 antibody in unfertilised sea 

urchin cytosol. To determine whether this protein was also present in sea urchin 

sperm, unfertilised sea urchin egg was applied to a heparin column and the flow 

through and eluate separated by SDS-PAGE and immunoblotted with bovine anti- 

PLC-52 antibody {Santa Cruz) alongside a similar concentration of sea urchin sperm 

cytosolic extract. Figure 15 shows that the 85 kDa band, thought to correspond to a 

novel sea urchin PLC-5, is present in both flow-through and eluate fractions of 

unfertilised sea urchin egg cytosol and is also strongly present in sea urchin sperm 

cytosol.

This evidence suggests that the 85 kDa protein identified by immunoblot analysis of 

unfertilised sea urchin egg cytosol, is also present in sea urchin sperm cytosol. 

However, as sequence information has only been determined for an embryo PLC- 

ôsu, the identity o f the protein recognised by the bovine anti-PLC-52 antibody in sea 

urchin sperm cannot be certain. Though a protein o f roughly the same size is

111



kDa

130

100

73
54

35

24

16

10

SU Egg 
FT

SU Egg 
Eluate

SU Sperm 
Cytosol
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recognised in both sea urchin sperm and egg cytosol, it is possible that the proteins 

recognised could be different.

A splice variant of PLC-ôsu may be present in sea urchin sperm

Analysis o f the sequences o f the clones obtained from the 7-hour post-fertilisation 

sea urchin embryo macroarray, revealed that one o f the fragments contained a short 

nuclear localisation signal (NLS) in the region between the X and Y catalytic 

domains. However, analysis o f the full-length PLC-ôsu sequence suggested that this 

signal is not present in PLC-Ôsu. To investigate the presence o f a splice variant of 

PLC-ÔSU containing an NLS, a number o f primers were designed against the full- 

length PLC-ÔSU sequence for use with a sea urchin testis cDNA library. Primers were 

designed against regions either side o f the putative NLS sequence to amplify the 

region (H05 -  H08)(Figure 16a). If a splice variant containing an NLS sequence 

was present in addition to PLC-ôsu, two sequences would be amplified, one 18 base 

pairs larger than the other. Primers were also designed against the ends o f PLC-ôsu 

and against the NLS region itself (NLSl - NLS4), to enable the amplification of the 

full-length splice variant sequence, if  present.

To determine whether an NLS-containing splice variant was present in the sea urchin 

testis, PCR was performed with the following primers, using a testis cDNA library 

(donated by Prof. V. Vacquier) as a template. Full-length PLC-ôsu was used as a 

positive control.

H05 (forward) 5’ CAATAACAACCTTCACAACG 3’

H 06 (reverse) 5’ GCCAACTTCAACTTTTTCTT 3 ’
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Figure 1 6 - A). Schematic diagram of PLC-5su indicating the position of the 
putative NLS sequence (red) and the location of the PCR primers used to probe 
the sea urchin testis cDNA library (blue). B). PCR products separated on a 2 % 
agarose gel alongside DNA molecular weight markers {Roche). Abbreviations 
used are as follows, NLS -  nuclear localisation signal; Mk -  DNA marker; 5+6 -  
PCR primers H 05 and H06; 7+8 -  PCR primers H 07 and H 08



______________________________Chapter 3 -  Identification and Cloning o f a Novel Sea Urchin PT.C-8

H07 (forward) 5’ ACACCGAAGACCCTCAGC 3’

H08 (reverse) 5’ GGAAAGAGCCGTAGTGGA 3’

Primers H 05 and H 06 should amplify a 222 base pair fragment from PLC-ôsu and a 

240 base pair fragment if  an NLS-containing splice variant is present. Primers H 07 

and H 08 should amplify a 126 base pair fragment from PLC-ôsu and a 144 base pair 

fragment if  an NLS-containing splice variant is present. Figure 16b shows a 2 % 

agarose gel of the PCR products. Bands of the correct size have clearly been 

amplified from PLC-Ôsu in the positive control lanes 5 and 6. The negative controls 

(lanes 3 and 4) are clear. Very faint bands o f a similar size to those in the positive 

controls can be seen in lanes 1 and 2.

Despite running samples on a 2 % gel, it is still difficult to resolve the 18 base pair 

difference between PLC-ôsu and its putative splice variant, particularly considering 

the faintness o f the bands. To investigate this further, the PCR products were cloned 

into pCR2.1 using the TOPO TA cloning kit (Invitrogen). The DNA from a large 

number o f colonies was amplified using the QIAGEN Mini Prep kit, digested with 

BstXL and run on a 2 % gel. After digestion with this enzyme, the remaining pCR2.1 

vector sequence would add 43 base pairs to the expected size o f the bands. The 

expected size o f the H 05 and H 06 primers product would therefore be 265 base 

pairs if  an NLS sequence was not present, and 283 base pairs if  an NLS sequence 

was present. The expected size o f the H 07 and H 08 primers product would be 169 

base pairs i f  an NLS sequence was not present, and 187 base pairs if  an NLS 

sequence were present. The agarose gel with the separated digestion products is 

shown in figure 17a. Lanes 1-8 contain DNA from the H 05 and H 06 PCR. Lanes 1,

2 and 8 appear to contain bands of a slightly smaller size than that in lanes 3-5. Lanes
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Figure 17 -  A). DNA amplified by primers H05 and H 06 and H 07 and H 08 was 
cloned into pCR2.1 using the TOPO TA Cloning kit {Invitrogen). A number of 
colonies were picked for mini-prep amplification {QIAGEN). The DNA was 
digested using BstXl and then separated on a 2 % agarose gel. The red arrows 
indicate the two different size bands produced by H 05 and H 06 primers. B). Mini- 
Prep DNA from colonies 1 ,2 ,4  and 5 was amplified using a Midi-prep kit 
{QIAGEN), digested with BstXl, and separated on a 2 % agarose gel. The red arrows 
indicate the two different size bands produced by H05 and H 06 primers. 
Abbreviations used are as follows, Mk -  DNA molecular weight marker



________________ ______________ Chapter 3 -  Identification and Cloning o f a Novel Sea Urchin PLC-5

9-13 contain DNA from the H 07 and H 08 PCR. These lanes contain very faint 

bands, which appear to be of the same size. To further resolve any difference in size 

between the DNA from the H 05 and H 06 PCR, the DNA from colonies 1, 2,4, and 

5 was amplified using the QIAGEN Midi Prep kit. This DNA was then digested 

using BstX l and run on a 2 % gel. Figure 17b shows that the DNA from colonies 4 

and 5 is clearly larger than that from colonies 1 and 2. The sizes of the bands also 

appear to correlate with the 265 and 283 base pair prediction, for sequences minus 

and plus an NLS insert respectively.

DNA from colonies 1 ,4  and 5 was sequenced (MWG Biotech) and an alignment of 

these sequences with the corresponding region o f PLC-ôsu is shown in Figure 18.

The alignment clearly shows an insert in the DNA of colonies 4 and 5, that is not 

present in PLC-ôsu or the DNA of colony 1. Analysis o f these sequences using the 

PredictNLS database revealed that the DNA from colonies 4 and 5 did contain a 

putative NLS sequence, whilst that o f colony 1 and PLC-ôsu did not. This could 

suggest the presence o f both PLC-ôsu and a splice variant o f PLC-ôsu in sea urchin 

testis. However, the sequence information gained from the sea urchin testis cDNA 

library, represents only a short region spanning the X and Y catalytic domains. These 

regions are highly conserved amongst PLCs (Rhee 2001) and therefore the PCR 

fragment containing the NLS sequence could belong to another PLC isoform.
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Figure 18 -  M ultiple sequence alignment o f  PLC-ôsu with the amino acid sequences o f DNA cloned from the products o f  PCR on 
sea urchin testis cDNA library using primers H 05  and H 06. Conserved residues are displayed in red, conservative substitutions 
in blue. Regions o f  pC R2.1 vector sequence are coloured green. The putative NLS sequences are depicted by black outlining, and 
differentiated by use o f  * and = signs beneath. Alignment was performed using Clustal W and Boxshade. Putative NLS sequences 
were predicted using the PredictNLS database. Abbreviations are as follows, NLS -  nuclear localisation signal.
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To further investigate the possible presence o f a PLC-Ôsu splice variant, more 

primers were designed against the sites shown in Figure 19A. The following primers 

were used to attempt to obtain a full-length sequence for the putative PLC-ôsu splice 

variant from the sea urchin testis cDNA library in two sections.

NLSl (forward) 5’ TCGAAAGACAAGAAAAAGAA 3’

NLS2 (reverse) 5’ GGAGCTGCTGACCACTGA 3’

NLS3 (forward) 5’ CGCTCTTTTTCTCTCATC 3’

NLS4 (reverse) 5’ TCTTTTTCTTGTCTTTCG 3’

PCR was carried out as described previously using pH 04 (PLC-ôsu in pcDNA3.1) as 

a positive control and water as a negative control. With primers NLSl and NLS4 

designed directly against the NLS fragment described above, and NLS2 and NLS3 

designed against the ends of the PLC-ôsu sequence, it is unlikely that the following 

primer combinations, (NLSl + NLS2 and NLS3 + NLS4), would amplify a band 

from the testis cDNA library if  a PLC-ôsu splice variant was not present. Primers 

NLS2 + NLS3 should amplify PLC-ôsu. Figure 19B shows the PCR products run on 

a 2 % agarose gel. The only successful amplification was observed in the positive 

control lane, where primers NLS2 and NLS3 amplified the correct size fragment o f 

PLC-ÔSU from pH 04. This suggests that the NLS fragment previously amplified 

from the sea urchin testis cDNA library, does not belong to a splice variant ofPLC- 

ÔSU. As it was originally amplified using primers designed against the X-Y linker 

region o f PLC-ôsu, the sequence probably belongs to a different PLC. Furthermore, 

primers designed against the ends o f the PLC-ôsu sequence were unable to amplify 

DNA from the sea urchin testis cDNA library, whilst producing the correct size 

fragment from pH 04. This suggests that i f  sea urchin sperm does contain PLC-ôsu,

as suggested by immunoblot analysis, then regions against which the primers were
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Figure 1 9 - A). Schematic diagram of PLC-ôsu indicating the position of the 
putative NLS sequence (red) and the location of the PCR primers used to probe 
the sea urchin testis cDNA library (blue). B). PCR products separated on a 2 % 
agarose gel alongside DNA molecular weight markers {Roche). The red arrow 
indicates the correct size band in the positive control. Abbreviations used are as 
follows, NLS -  nuclear localisation signal; Mk -  DNA marker



______________________________ Chapter 3 -  Identification and Cloning o f  a Novel Sea Urchin PLC-S

designed may be mutated in the testis PLC-ôsu. Alternatively the bovine anti-PLC- 

Ô2 antibody may recognise a different protein o f a similar size to PLC-ôsu in sea 

urchin sperm.
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Discussion

Previous studies have identified a PLC activity in sea urchin egg cytosol that 

increases once at fertilisation and again during first mitosis (Rongish et al. 1999). To 

date, PLC-y is the only PLC isoform to be identified in sea urchin egg cytosol (De 

Nadai et al. 1998). However, discrepancies between the PLC activity o f sea urchin 

egg cytosol and the PLC-y activity of sea urchin egg cytosol suggest the presence of 

an unidentified PLC isoform(s) (Rongish et al. 1999).

Here, it has been shown that sea urchins contain a PLC of the ô subclass.

Immunoblot analysis revealed the presence of a PLC-ô isoform along with the 

presence o f the previously reported PLC-y. PLC-y, and now PLC-5 are the only 

isoforms identified in sea urchins to date. Although this study did not detect any 

other isoforms in sea urchin egg cytosol, it is possible that they are present, yet fail to 

cross-react with the antibodies used. The antibodies used were commercial 

antibodies raised against mammalian PLC peptides {Santa Cruz, USA). The 

mammalian PLC-y antibody has previously been used with success to identify sea 

urchin PLC-y (De Nadai et al. 1998; Rongish et al. 1999). That sea urchin PLC-y and 

-5 isoforms can be detected by mammalian antibodies, presumably indicates a high 

level o f sequence conservation between species. Though the peptide sequence used 

to produce the bovine anti-PLC-52 antibody which detected the sea urchin PLC-5, is 

located at the C-terminus, the exact peptide sequence is subject to commercial 

confidentiality {Santa Cruz, USA).
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After fractionation o f sea urchin egg cytosol over heparin and gel filtration columns 

the presence o f the PLC-y and PLC-ô bands correlates with the two peaks o f PLC 

activity. The sea urchin PLC-y has previously been reported to be an active PLC 

enzyme (Rongish et al. 1999). This data suggests that PLC-Ô is also an active 

enzyme, as it is present in fraction C3, which contains PLC activity and no trace of 

PLC-y. However, although PLC-y was not detected in this fraction, the presence of a 

different PLC isoform cannot be ruled out.

Molecular analysis using a sea urchin egg EST database and sea urchin embryo 

macroarrays has confirmed the presence of cDNA encoding a PLC-ô like protein in 

the sea urchin. We have cloned this 84.6 kDa protein and have named it ‘PLC-ôsu’. 

This is the first identification of a PLC-ô in echinoderms.

Immunoblot analysis suggests that a PLC-ô isoform is also abundant in sea urchin 

sperm. However, the identity of the sea urchin sperm protein identified by the anti- 

PLC-Ô2 antibody has not been confirmed. It is possible that the egg and sperm both 

contain PLC-ôsu, that the egg and sperm contain different PLC-ô isoforms or that 

PLC-ôsu is present in alternatively spliced forms. It is also possible that the bovine 

anti-PLC-02 antibody is cross-reacting with a completely different protein in the sea 

urchin sperm, however this seems unlikely considering that the band recognised is 

the roughly the same size as PLC-ôsu.

Molecular analysis o f the sea urchin testis cDNA library was inconclusive. 

Sequencing data from clones from the sea urchin embryo macroarray suggested that 

a PLC containing an NLS sequence was expressed. Neither PLC-ôsu nor PLC-y
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contains this motif. PCR using primers designed against regions either side of the 

putative NLS sequence in PLC-ôsu enabled amplification o f this region from the sea 

urchin testis cDNA library. Sequencing confirmed that the sea urchin testis contains 

DNA encoding a PLC-ôsu-like sequence as well as a similar region with an NLS 

insert. Detection o f a PLC-ôsu-like sequence implies that PLC-ôsu is also expressed 

in sea urchin sperm. However, the region amplified was very small and correlates to 

the region between the X and Y catalytic domains. This region could be conserved in 

other PLC isoforms and therefore does not conclusively prove that PLC-ôsu is 

expressed in sperm. The presence of the sequence with the NLS insert in the sea 

urchin testis is extremely interesting. One possibility is that PLC-ôsu is present in 

alternatively spliced forms; with an NLS insert in sperm cells and without the insert 

in egg cells. This is of particular interest in light of recent evidence showing that a 

sperm PLC, regulated by its NLS sequence, controls mammalian egg activation. The 

recently discovered mammalian sperm factor, PLC-Ç, has been identified in a 

number of mammalian species, including mouse, humans and monkeys (Saunders et 

al. 2002; Cox et al. 2002). It is a highly active PLC enzyme, which produces Ca^^ 

oscillations upon introduction into the egg. Recent evidence shows that the 

oscillations are controlled by PLC-Ç sequestration into the nucleus (Larman et al., in 

press). Another possibility is that the PLC-ôsu-like sequence containing an NLS 

sequence belongs to a different PLC isoform. It is possible that the sea urchin testis 

contains a PLC-Ç homolog. This scenario is supported by the fact that PCR using 

primers designed against the ends of PLC-ôsu was unsuccessful in amplifying DNA 

from the sea urchin testis cDNA library. Primers NLS2 and NLS3 were successful in 

amplifying DNA from the PLC-ôsu positive control and yet no detectable DNA was

amplified from the testis cDNA library. This suggests that the PLC-ôsu sequence is
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not present in the sea urchin sperm. If PLC-ôsu is present in sea urchin sperm in an 

alternatively spliced form, the splice variant must differ not only in the NLS region, 

but also in one o f the regions against which primers NLS2 and NLS3 were designed. 

Alternatively this evidence could indicate that the NLS sequence identified is not 

from an alternatively spliced PLC-ôsu, but from a different PLC isoform.

This chapter has identified a PLC-ô isoform in echinoderms for the first time. The 

cDNA encodes an 84.6 kDa protein, which we have named PLC-ôsu. The sequence 

data is derived from the sea urchin embryo. Immunoblot analysis suggests that it is 

present in both egg and sperm cells. Molecular analysis o f the sea urchin testis cDNA 

library, however, suggests that if  PLC-ôsu is present in sea urchin sperm, it is present 

in an alternatively spliced form. Alternatively, this evidence may suggest the 

presence o f a different PLC, possibly with similarities to PLC-<!̂ , in sea urchin sperm, 

raising the possibility that this protein may be a sea urchin sperm factor. This matter 

warrants attention, and it will be interesting to attempt to clone this sea urchin sperm 

PLC to investigate its function. However, this thesis will focus on the PLC-ôsu 

sequence cloned from the sea urchin embryo macroarray.
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Chapter 4 -  Sequence Analysis

Introduction

One definition o f Bioinformatics is ‘the amalgamation o f biology and information 

technology’. Bioinformatics largely deals with the computer-based analysis of large 

sets o f biological sequence and structural data. This discipline has become 

increasingly important over the last ten years, with a wealth o f data, particularly that 

of whole genomes, becoming available. Resources such as databases, used to store 

and manage huge volumes of biological data, and analytical tools like algorithms and 

statistics, used to determine relationships between members of large sets of data, are 

the foundation o f bioinformatics. Using these tools, the rapid analysis of data such as 

the relationships between macromolecular sequences, structures, expression profiles 

and biochemical pathways is enabled (Westhead et al. 2002).

Here, tools that are widely available on the Internet have been used to analyse the 

DNA sequence obtained for PLC-ôsu. Analysis of the translated protein sequence 

has enabled a number of predictions about the structure and properties of PLC-ôsu to 

be made. These predictions provide a reasonable basis for future experimental 

approaches to (further) resolve the structure and function o f PLC-ôsu.
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Results

Amino acid sequence o f PLC-ôsu

The cDNA sequence o f PLC-Ôsu described in the previous chapter was used to 

search for open reading frames. Out of six possible frames, one frame gave the 

longest, uninterrupted open reading frame of 2262 base pairs, 753 amino acids. The 

protein sequence derived from this frame is shown in Figure 20.

The sequence flanking the start codon modulates the efficiency with which it is 

recognised by the scanning ribosome and in vertebrate mRNAs this generally 

conforms to a short consensus sequence, 5'-GCCACCAUGG. This sequence is 

named after Marilyn Kozak, and appears to function during initation by slowing the 

scanning o f the small subunit of the ribosome, thereby assisting recognition of 

initiation codon (Kozak 1999). The most highly conserved position within the 

consensus sequence is the adenosine in position ~3 (GCCACCAUGG). Mutations of 

this base considerably weaken initiation (Kozak 1999). This base is conserved in the 

initiation sequence o f PLC-Ôsu. The guanine base at position ^4 (GCCACCAUGG) 

has also been found to be important in strengthening the initiation site (Kozak 1999). 

This base is also conserved in the initiation site of PLC-ôsu. Although the region 

around the start codon o f the PLC-ôsu sequence does not correlate exactly with the 

Kozak sequence, it does carry the two bases considered most important for a strong 

initiation signal. The differences in sequence are probably derived from species 

differences, as the consensus sequence proposed by Kozak (1999) is a vertebrate 

sequence. The NetStart initiation site sequence predictor, (Pedersen & Nielsen 1997),
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tg etc gag egg eeg eea gtg tga tgg ata tet gea gaa tte gee ett geg age teg

57 tgt gtt tte aag atg gga gag aat eea gga eaa gtt gaa eag att eae eag aag etg
M G E N P G Q V E Q I H Q K L  

114 aag egt gge aee aag tte aee aag ata tet eeg aae age aee aag aag eae gge 
K R G T K F T K I S P N S T K K H G  

168 agg aee tte tet etg act gat gat ggt act get etc atg tae aee eea tet aag aag 
R T  F S L T D D G T A L M Y T  P S K K  

225 tee tee age aaa gea aea gtg tee ett teg gag ate eat gag ata ege age gga eae
S S S K A T V S L S E I H E I R S G H  

282 gag aea gae aea tte ege ate tet aag aae aag aag aag tae eee aag gaa ege tet 
E T D T F R I S K N K K K Y P K E R S  

339 ttt tet etc ate gte gge aae gaa aat eae aee gte aae ett gta geg eee tet eaa
F S L I  V G  N E N H T V N  L V A  P S Q  

396 gat gae gee agg aea tgg gte atg gga etg egt tgg etg aag aag aag teg eag
D D  A R T W V M G  L R W L K  K K  S Q 

450 eat att gat ate eae tee aag eag get gea tgg ate atg gat gee ttt aga eag geg
H I D I H S  K Q A  A W I  M D A F R Q A  

507 gae gtt gat ega gat gga aeg gtg gae ttt gat gag tee tae aaa etc etc aag aag
D V D R D G  T V D F D E  S Y K L  L K K  

564 etc aae ate aag ate gag aag gtt eae gee aag aga tta tte eag ttt gea aae aea
L N I  K I E K V H A  K R L F Q F A N T  

621 eat tea act aee aeg aag aaa gga aaa gtg agg age gae get etc age gag gat
H S T T T K K G K V R S D A L S E  D 

675 gaa ttt gta gag tte tat egt ate ate aeg ege egt eea gae ttg eaa gag gte tte
E F V E  F Y R I  I T R R P  D L Q E  V F  

732 aaa aag tae tet gge gae gat gat tae tgg aee eee gag gag ttt gee gag tte atg
K K Y S G D  D D Y W T P  E E F A E F M  

789 eat gaa gaa eag aag agg tta gag gte aea eeg gag tgg tge get act aae att
H E E  Q K  R L E  V T  P E W C A T N  I

843 gag gag tat gaa eee aae eag gag tte aga gae eag aag ate etc aea atg gae
E E Y E P N Q E F R D Q K I L T M D  

897 ggt tte tte ttg ttt atg atg ggg eee agt gga etc ate tte aae eea tte eat gaa gat 
G F F L F M M G  P S G  L I  F N P F H  E D  

957 gte tae eaa gat atg aag eaa eea etg get eat tae tte ate aae tea tee eae aae
V Y Q  D M K Q P  L A H Y F  I N S S H  N

1014 aea tat ttg ttg gat gat eag etc aga gga eea age agt aee gaa get tat ate agt
T Y L L D D Q L R G P S S T E A Y I S  

1071 gea etg eag aga gga tge aga tgt gta gaa etg gat tge tgg gat gga eea gat
A L Q  R G C  R C V E  L D C W D G  P D

1125 aae gae eee ate gte tae eae gge eae aee etc aea tee aag ate aag tte ega gae
N D P I V Y H G H T L T S K I K F R D  

1182 ate att gaa gtg gta gae aaa tat gee tte gea gea tee gag tat eet ttg ata etg
I I E V V D  K Y A F A A  S E  Y P L I  L

1239 tee ttt gag aae eat tge agt gtg gag eaa eag aag gtg atg get eag ate tge
S F E  N H C S  V E Q  Q K V M A Q  I C 

1293 gtt tea ata etc aag gat aag ett tae aee aat aae aae ett eae aae gag geg gee
V S  I L K  D K L Y T N N N L H N  E A A



1350 tte cca tet eea gag gaa ete aaa ggg aaa ate ett ate aag ggt aag agt ett eee 
F P S P E E L K G K I L I K G K S L P  

1407 eea tet gee gee aee aea gag gat gat ggt gaa gte agt gat gaa gat gag gee 
P S A A T T E D D G E V S D E D E A  

1461 gee gae ate gae aee gaa gae eet eag ete aag gee gag etg gae aag aag 
A D I D T E D P Q L K A E L D K K  

1512 aag aea aee tee aag aaa aag ttg aag ttg gee aag gaa etg tee gat eta gtg
K T T  S K K  K L K L A K  E L S D L V  

1566 aee ete gee agt gte eae tae gge tet tte eet gea tea aag gag aaa tae aag
T L A  S V H Y G S F P A S  K E K Y K  

1620 tge eae eag atg tet tee tte gga gag get aag gee tte ggt etg gee gag gat
C H Q M S S F G  E A K A F G L A E D

1674 aag eea ggg gat tae gtg gag eae aae aag ate tte etg agt agg ate tae eee 
K P G D Y V E H N K I F L S R I Y P  

1728 gge ggg ete agg aee aae tee tee aae tat age eee gta eet atg tgg gat
G G L R  T N S  S N  Y S P V P M W D  

1779 gtg ggt get eag att gtt get ttg aae tte eag aea eea tgt gaa gaa atg gat 
V G A Q  I V A L N F Q T  P C E  E M D  

1833 ete aat eaa gga aag tte ete eag aat gge aag tet gga tte ate etg aaa eea
L N Q G K  F L Q N G  K S G F ï L K  P

1887 gte tte tgt agg aaa eee aae atg eag tte aae eee ete aag eea gga gat eaa
V F C R K P  N M Q F N P  L K  P G D Q 

1941 tae aea eag eat gtt aea ett aet gtg ate agt ggt eag eag ete eee aag eea 
Y T Q  H V T L T V I  S G Q Q  L P K P

1995 tee ggt agt aaa gag gte att gae eee tae gte aag gte tat gtg eta gga gga
S G  S K E V I  D P Y V K V Y V L G G

2049 gga tee aag eag gag tte aag aea gag gte gte gag aae aat gge tte agt eee
G S K Q E F K T E V V E N N G  F S P

2103 aea tgg aae eag gag tte age ttt gaa gte aag gtg eee gag eta gee ttg ate
T W N  Q E F S F E V K  V P E L A  L I

2157 agg etg gtg gte eag gae tae gae atg gea tee tee aae gag tte ate gge eag tae
R L V V Q D Y D M A S  S N  E F I G Q Y

2214 aee tte eeg gtg gee tee atg eaa ett gge tae eat eat gte eet ata ttg gge gag
T F P V A  S M Q L G Y H H V P I  L G E

2271 aag gge gat gae ete etg eeg gee agt ete tte ate eae aee atg gte aat gta
K G  D D  L L P A S L F I H T  M V N V

2325 tea tag 2330
S

Figure 20 -  Predieted Open Reading Frame for PLC-ôsu. Initiation and stop eodons 
are highlighted in red and Kozak sequenee in blue. Amino aeid sequenee is depieted 
in bold print underneath the nueleotide sequenee.
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suggests that the proposed initiation site is viable. This tool scores initiation sites 

from 0.0 to 1.0 according to their predicted success in initiating translation. Scores 

above 0.5 are considered good initiation sites. The initiation site o f PLC-ôsu located 

at bases 69-71 scored 0.705.

Prediction o f the isoelectric point and molecular weight o f PLC-ôsu

The protein sequence determined above was used to make further predictions about 

the properties o f PLC-ôsu. The isoelectric point of a protein is the pH value at which 

the protein is electrically neutral. The charge o f the negative carboxyl and positive 

amino groups is dependent on pH. At the isoelectric point the overall net charge is 

zero, and so electrostatic repulsion between proteins and solubility in water is at its 

lowest. The isoelectric point of a purified protein can be determined experimentally 

by isoelectric focussing. However, a prediction o f this value can be attained by 

computational analysis of the proteins amino acid sequence (Bjellqvist et al. 1993). 

The theoretical isoelectric point of PLC-ôsu and other members o f the PLC family 

are displayed in Table 1 below.

PLC
Acc. no.

p i
CNP 062651)

P2
(089040)

P3
(X P  342006)

P4
(N P  077329)

y l
(N P _037319)

y2
(P24135)

p i 5.98 5.81 5.63 6.41 5.67 6.41

MW 136398.65 134882.94 139449.73 134533.72 148548.09 147734.96

PLC
Acc. no.

61
(N P  058731)

62
(S 14113)

63
(NP 588614)

Ô4
(A A M 1 8 1 2 2 )

G

(B A C 0 09 0 6 )

;
(N P  473407)

Ô S U

(A Y 4 6 5 4 2 6 )

p i 5.93 5.03 6.52 5.05 5.81 5.44 6.04

MW 85962.22 87681.90 89258.39 88075.29 255047.21 74613.86 85577.84

Table 1 -  Molecular weight and isoelectric point o f members o f the PLC family.
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The pi of PLC-ÔSU makes it an acidic protein, in common with other PLCs. The 

mean pi value for the PLCs displayed above is 5.81 ± 0.14, making PLC-Ôsu slightly 

more basic than the mean. This theoretical pi value may be valuable during protein 

purification as it gives an indication of the solubility of the protein.

The molecular weights o f PLC-ôsu and other members o f the PLC family are also 

shown above. The molecular weight of PLC-ôsu is typical o f a PLC-ô and agrees 

with the size o f the 85 kDa band recognised by the anti-PLC-ô2 antibody in Figure 

12 .

Sequence identity of PLC-ôsu with other PLC isoforms

To discover which known proteins share the highest sequence identity with PLC-ôsu, 

the program pBLAST (protein Basic Local Alignment Search Tool) was used 

(Altschul et al. 1997). This program employs a pairwise alignment method, taking 

the input sequence and aligning it in pairs with matches from its database. Each 

match is given a Score (S) and an Expect value (E value). The raw score is calculated 

as the sum of the substitution and gap penalties. As these penalties are dependent on 

the matrix used, the score is also given as the bit score, which is calculated taking the 

statistical properties o f the scoring system into account. Higher bit scores indicate 

better alignments. The E value represents the expected number o f chance alignments 

with a score o f ‘S’ or better. Therefore, lower E values indicate more significant 

alignments. Here, the BLOSUM62 matrix is used with the default settings of 

pBLAST to analyse the PLC-ôsu amino acid sequence.
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The pBLAST search found PLC-ôsu to be most similar to a zebraflsh PLC-ô 

(Accession number AAH51157) with 40 % amino acid identity. This match has a 

score o f 550 bits and an e value of 3e-155. The search also revealed that PLC-ôsu 

shares 39 % identity with bovine PLC-Ô2 (Accession number S I4113) and 38 % 

identity with porcine PLC-Ô4 (Accession number AAM18122). Both matches scored 

533 bits and had an E value o f 4e-150. These E values are very small, indicating that 

the matches are significant.

The similarity to bovine PLC-Ô2 is o f particular interest as the antibody that 

originally identified PLC-ôsu in sea urchin egg cytosol was raised against bovine 

PLC-Ô2. Though it is known that the antibody was raised against the C-terminus of 

PLC-Ô2, the precise details o f the epitope against which the antibody was raised is 

subject to commercial confidentiality. However, the high percentage o f amino acid 

identity between PLC-ôsu and bovine PLC-Ô2 increases confidence in the data 

generated using the anti-PLC-02 antibody. The high percentage o f amino acid 

identity between PLC-ôsu and other members of the PLC-ô sub-family also increases 

confidence in the placing of PLC-ôsu in this sub-family.

Phylogeny of PLC-Ôsu

Similarity and distance tables display the relatedness o f sequences both through the 

percentage o f matches (similarity) and the percentage o f differences (distance). Both 

of these tables can be used to create a phylogenetic tree. The most common method 

used to build phylogenetic trees utilises the distance table and involves 

agglomerative hierarchical clustering based on distance matrices. Basically, the pair
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of sequences with the lowest value of distance are selected first and merged to form a 

cluster. In the phylogenetic tree this creates a new ancestral node with the two 

sequences as branches. This analysis is then repeated until all sequences have been 

clustered. As there is no way to confirm that a phylogenetic tree models evolutionary 

change, a tree cannot be considered to be reliable. To minimise the unreliability of a 

phylogenetic tree, a number o f different programs can be used to analyse the same 

sequences (Westhead et al. 2002).

Figure 21A shows the sequence identity and divergence o f the PLC isoforms 

calculated using Multalin (Corpet 1988). This program finds that PLC-ôsu shares 

most identity and least divergence with members o f the PLC-ô subfamily and PLC-Ç. 

This is further illustrated by the phylogenetic tree, which clusters the PLC-ô sub

family with PLC-ÔSU and then the PLC-ô sub-family/PLC-ôsu cluster, with PLC-Ç 

(Figure 2 IB). This phylogenetic tree appears to be fairly reliable as it clusters 

together members of each PLC sub-family as expected and agrees closely with 

previously published trees (Saunders et al. 2002).

Domain mosaic structure of PLC-ôsu

Many proteins consist o f a number of structural domains. These domains can be 

defined as ‘protein units observed to occur in many otherwise unrelated proteins’ 

(Westhead et al. 2002). The discovery o f certain structural domains in a protein can 

give clues as to the function of that protein and can aid classification into a particular 

protein family (Westhead et al. 2002). However, the determination o f a structural 

domain within a protein does not always imply that molecular function of the domain
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PLC-Ô 1

PLC-53

PLC-Ô2

PLC-Ô4

PLC-ôsu

PLC-Ç

PLC-yl

PLC-y2

PLC-pl

PLC-P3

PLC-P2

PLC-P4

PLC-8

Figure 21 -  A). Percentage sequence identity (red) and divergence (black) between 
mammalian PLC isoforms and PLC-Ôsu. B). Phylogenetic tree illustrating the 
divergence of PLC isoforms aligned using Clustal V method (Higgins & Sharp 
1989). Multiple Alignment parameters -  gap penalty = 10; gap length penalty =10; 
Pairwise Alignment parameters -  Ktuple=l; gap penalty=3; window=5; diagonals 
saved=5
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is conserved. For example, many PLCs contain regions recognised as EF hand 

structural motifs, yet these regions are unable to bind Câ "̂  (Williams 1999).

There are a number of tools available on the Internet for predicting domain structure, 

utilising several different methods. One such resource is the NCBI Conserved 

Domain Search (Marchler-Bauer et al. 2003), which runs alongside the sequence 

alignment tool pBLAST. Another useful tool is pFAM. pFAM consists of a database 

of multiple alignments o f protein domains or conserved protein regions. ‘Hidden 

Markov models’ (HMMs) built from the pFAM alignments can be used to recognise 

that a new protein belongs to an existing protein family, even if  the sequence identity 

is low. These HMMs can deal more sensibly with multidomain proteins than the 

standard pairwise alignment methods utilised by the Conserved Domain Search of 

pBLAST. It is therefore useful to employ a combination of tools to predict domain 

structure (Bateman et al. 2002; Westhead et al. 2002).

Phospholipase Cs are modular proteins consisting of a number of common domains 

(Rhee 2001). Though evidence so far indicates that PLC-ôsu belongs to the 

phospholipase C family, the resolution o f its domain structure allows a more positive 

classification o f the protein, as the observed partition o f a sequence into the discrete 

structural block pattern that matches other proteins is arguably a more sensitive 

measure of conserved function than global sequence identity.

The first approach was to use the Conserved Domain Search o f pBLAST. Figure 22 

shows the predicted domain structure generated for PLC-Ôsu in comparison with a 

number of other PLC isoforms. The predicted domain arrangement is most similar to
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that o f the PLC-5 class, with an amino-terminal PH domain (S = 39.4; E = 0.003), a 

PLC catalytic domain (S = 249; E = 2e-66) and a carboxyl-terminal C2 domain (S = 

116; E = le-26) identified. This arrangement appears to confirm the classification of 

PLC-ÔSU as a member of the PLC-5 family, however PLC-5su seems to be missing 

the EF hand domains that are present in all PLC-5s. In fact, similar searches using 

the sequences o f other PLC isoforms identified an EF hand domain only in PLC-51. 

This is probably due to the fact that most PLCs do not possess classical EF hand 

structures. The typical EF hand motif is a Ca^^-binding domain, yet only the EF hand 

of PLC-51 has been shown to bind Ca^^ (Williams 1999; Yamamoto et al. 1999).

The sequence mutations, which render the PLC EF hands unable to bind Ca^^, are 

probably responsible for the inability of the pBLAST Conserved Domain Search to 

recognise these motifs.

The second approach was to analyse the same sequences using pFAM. This program 

predicted similar domain structures to those predicted by the Conserved Domain 

Search of pBLAST, but was slightly more successful at recognising the EF hand 

motifs (Figure 23). Two EF hands were identified in PLC-51 and one EF hand in 

both PLC-Ç and PLC-5su. The inability to recognise other EF hands may be due to 

the lack o f Ca^^-binding as discussed above, although HMM pattern profiles are 

usually more sensitive than the NCBI Conserved Domain Search algorithms. pFAM 

recognised the following domains in PLC-5su; PH domain (S = 32.9; E = 8.9e-07); 

EF hand domain (S = 24.9; E = 0.00023); X domain (S = 272.6; E = 6.4e-79); Y 

domain (S = 179.7; E = 5.7e-51); C2 domain (S = 101.4; E = 2.2e-27). The published 

domain organisation o f the known PLC isoforms is depicted in Figure 23B for 

comparison.
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Figure 22 -  Predicted domain organisation of members o f the PLC family and PLC-ôsu, 
generated using the NCBI Conserved Domain search in pBLAST. Genbank Accession 
numbers are displayed in brackets. Proteins are not drawn to the same scale. The amino 
acid length o f each protein is indicated on the black linear scale in blue numbers. Blue 
regions within the black scale indicate regions of low complexity that are masked out 
during analysis. Abbreviations are as follows, PH -  Pleckstrin Homology domain; EFh 
-  EF hand domain; PLCc -  PLC catalytic domain; Pl-PLC-X -  phosphoinositide- 
specific-PLC X region of catalytic domain; PLCXc -  X region of PLC catalytic domain; 
C2_2 -  C2 domain; SFI2 -  Src Homology 2 domain; SH3 -  Src Homology 3 domain; 
RasGEF -  Ras guanine nucleotide exchange factor; RA -  Ras binding domain.
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Figure 23 -  A). Predicted domain structures of PLC family isoforms and PLC-8su 
generated using the Hidden Markov Model method of pFAM. Accession numbers are 
displayed in brackets. Abbreviations are as follows, PH -  Pleckstrin Homology 
domain; EF -  EF hand domain; X -  catalytic domain; Y -  catalytic domain; C2 -  C2 
domain; SH2 -  Src Homology 2 domain; SH3 -  Src Homology 3 domain; RasGEF -  
Ras guanine nucleotide exchange factor; RA -  Ras binding domain. B). Published 
domain structure o f the same PLC family isoforms (Rhee 2001; Wing et al. 2001; 
Saunders et al. 2002).



Chapter 4 -  Sequence Analysis

These data apparently validate the placing of PLC-ôsu in the PLC-Ô family, revealing 

a typical PLC-ô-like organisation, including an amino-terminal PH domain, an EF 

hand domain, X and Y catalytic domains and a carboxyl-terminal C2 domain and a 

size (85.6 kDa) typical of a PLC-5 (Rhee 2001). Though only one EF hand motif was 

recognised instead o f the characteristic dual EF hands observed in other PLCs, both 

programs failed to recognise EF hands in other PLC isoforms, whose published 

domain organisation includes EF hand domains. Therefore it cannot be assumed that 

PLC-ÔSU does not carry a second EF hand domain. This issue will be further 

addressed by studying alignments of PLC-ôsu with other PLCs.

Multiple Sequence Alignment

Multiple sequence alignments may provide further information about the possible 

evolutionary relationships o f PLC-ôsu. They can reveal more than pair-wise 

alignments as they can highlight invariant residues conserved throughout a family of 

sequences. Whilst a residue conserved between two proteins in a pair-wise alignment 

could merely be due to chance (around in 1 in 20, not allowing for unfavourable 

substitutions), a residue conserved throughout a whole family o f otherwise quite 

diverse proteins is likely to have some structural or functional significance. The 

significance o f invariance is, therefore, a function o f the total number of sequences 

compared simultaneously (Westhead et al. 2002). The program used here to perform 

multiple sequence alignments is Clustal W, which uses the method o f progressive 

alignment. The program first uses pair-wise alignments to assess relationships 

between sequences and uses this information to form a guide tree. This guide tree is 

then used to add sequences progressively to the alignment, beginning with the most
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Chapter 4 -  Sequence Analysis

closely related and finishing with the most distant (Thompson et al. 1994; Westhead 

et al. 2002).

Sequence alignment of PLC-ôsu with PLC-P, -y, -6, -8 and -Ç

A multiple sequence alignment o f PLC-ôsu with a member o f each o f the PLC 

families; mouse PLC-P 1 (accession number NP_062651); rat PLC-yl (accession 

number NP_037319); rat PLC-ô 1 (accession number NP_058731); mouse PLC-8 

(accession number BAC00906) and mouse PLC-Ç (accession number NP_473407) 

was created (Figure 24). Alignment was performed using the default parameters of 

Clustal W (Matrix -  Gonnet 250; Gap opening penalty -  10; Gap extension penalty-  

0.05) and displayed using Boxshade. Conserved residues are displayed in red and 

conservative substitutions in blue. The domain structure as predicted by pFAM is 

also depicted. The alignment is slightly skewed by the inclusion of PLC-s, PLC-P 

and PLC-y. These proteins are much larger than the -6s and Çs and contain 

comparatively large inserts o f sequence encoding the RasGEF and RA domains of 

PLC-s, the SH2 and SH3 domains of PLC-y and the carboxyl-terminal region of 

PLC-p that distinguish each PLC subfamily. The alignment does, however, allow 

comparison o f the fimdamental PLC domains, therefore allowing further 

characterisation o f PLC-Ôsu.

Typically, PH domains share little sequence identity though do exhibit a remarkably 

well-conserved three-dimensional structure (Yoon et al. 1994; Macias et al. 1994; 

Lemmon et al. 2002). This is true of the PH domains found in PLCs and little 

sequence identity is observed between PH domains (shaded green) in Figure 24.
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PLC-Ç
P L C -y l  
P L C -5 1  
PLC- 5 s u  
P L C -e  
P L C -p l

MTSEEMAASVLIPVTQRKVASAQSVAEERSVKVSDA6IPRARAGRQGALIPPTISQWNKH
PLC-8 am ino-
terminal
extension

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p i

KEE S SRSDLSKVFSIARGELVCDENSNEE6WEEMAPDS PENHAMN6NSLVQSHQHQFPRS

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p i

12 QLCEARDSVTEDPCLQPGIPSPLERKVLPGIQLEMEDSPMDVSPAGSQPRIMESSGPHSD
PLC-e ami no-
terminal
extension

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p i

18 FNTAVFHFHYEADRTMSDAFHTLSENLILDDCANCVTLPGGQQNKNCMAYACKLVELTRT

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p l

2 4 CGSKNGQVQCEHCT SLRDEYLCFE S S C SKADEVCS GGGFCEDGFAHGPAAKTFLNPLEDF
PLC-e ami no-
terminal
extension

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p i

30 SDNCEDVDDFFKSKKERSTLLVRRFCKNDREVKKSVYTGTRAIMRTLPSGCIGPAAWNYV

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p i

36 DQKKAGLLWPCGNVMGTLSAMDIRQSGSQRLSEAQWCLIYSAVRRGEEIEDTVGSLLHCS
PLC -e am ino-
terminal
extension

P L C -(
P L C -y l
P L C -5 1
PLC-ÔSU
P L C -e
P L C -p i

4 2 TQLPNSETAHGRIEDGPCLKQCVRDTECEFRATLQRTSIAQYITGSLLEATTSLGARSGL

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p l

48 LS SFGGS TGRIMLKERQLGTSMANSNPVPS S SAGISKELIDLQPLIQFPEBVASILTEQE
PLC e RasGEF 
domain



PLC-Ç 1 ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  1 ----------------------------------------------------------------------------------------------------------------------------------
P L C -5 1  1 ----------------------------------------------------------------------------------------------------------------------------------
PLC- 6 s u  1 ------------------------------------------------------------------------------------------------------------------------------------
P L C -e  5 4 1  QNIÏPRVLPMDYLCFLTRI>LSSPECQRSLPRLKA.SISESILTSQS6EHNAliEDLVMRFNi:
P L C -p i 1 -----------------------------------------------------------------------------------------------------------------------------------

PLC-Ç
P L C -y l
P L C -5 1
PLC- 5 s u
P L C -e
P L C -p l

6 0 1  VSSWVTWLILTAGSMEEKREVFSYLVHVAKCCWNMGNYNXVMEFLAGLRSRKVLKtfiïQEM
PLC g RasGEF 
domain

PLC-Ç
P L C -y l
P L C -5 1
P L C -5SU
P L C -e
P L C -p l

PLC-Ç
P L C -y l
P L C -5 1
PLC- 5 s u
P L C -e
P L C -p i

PLC-Ç
P L C -y l
P L C -5 1
PLC- 5 s u
P L C -e
P L C -p i

PLC-Ç
P L C -y l
P L C -5 1
PLC- 5 s u
P L C -e
P L C -p l

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p i

PLC-Ç
P L C -y l
P L C -5 1
P L C -ô s u
P L C -e
P L C -p l

66

72

78

84

90

DQSDIETMRSLKDAMAQHESSVEYKKWTRALHIPGCKWPFCSVTLKELCEVLDGASGL

I^LCPRÏSSQEEALEFVADYSGQDNFLQRVGQNGLKNSEKELTVNSIFQVIRSCSRSLEM

EEEDSASEGSGSRKNSLKDKARWQFZIGDLLOSENDIFEKSKECDPHGSEESQKAFDHGT
PLC-8 am ino-
terminal
extension

ELIPWÏVLSIQADVHQFLLQGATVIHYDQDTHLSARCnjQLQPDNSTLTWMKPPTASPAG

------------------------------------------------------------------------- MAGVGTPCANGCtPSAPSEAEVLHLC
--------------------------------------------------------------------------- MDSGRDFLTLHGLQDDPDL ALLKG
--------------------------------------------------------------------------------------------------------MGENPGQVEQIH
ARPKLGVLSNMAEPGKFPS PGNAGVSGLAEGILDLFSVKAVÏMGHP 9IDIHTVCVQNKLS 
--------------------------------------------------------------------------------------------- MAGAQPGVHALQLKPVC

2 7  RSLEVGTVM LFYSKKSQRPERKTFQVKLE RQITW RG ADK IEG SIDIREIK EIRP------
2 6  -  pQLLKVKSSSWRRERrYKLQEDCKPIWQESRKVMR PESQ LFS lEDîQEVFW------
1 3  QK KRG KTlIUSPNSTKKHGRTrSLTDDG AUMYTPSKKSSSKATVSLSETKïIRS------

9 6 1  Sb t LSETGVTLLYGLQTTDNRLLHFVAPKHr AEMLFSGLLELTTAVRK : RRFPDQPQQWL 
1 8  VSDSLKKGTKFVKWDDDSTIVTPIILRTDPQGFFFYWTDQNKETELLDLSLVKDARCG—

PH domain

PLC-Ç 1  MESQLHE
P L C -y l  8 4  ------------------------------------ KTSHDFDRYQEDPAFRPDQSHCFVILYG-MEFRLK S Q'^TS
P L C -5 1  7 8 ----------------------------------- HRTEGLEKFARD IPED  C SIVFK -DQ R— NTLDLIAPS
P L C -ô s u  7 0 ----------------------------------- HETDTFRISKNKK— KYPKEPS: ' L IV  -N EN — HTVNLVP-PS
P L C -e  1 0 2 1  RKQYVSLYQEDGRYEGPTLAHAVELFGGRRWSTRNPSPGM AKNA-EKPNMQRNNTLGIS 
P L C -p i 7 6 ------------------------- KHAKAPKDPKLRELLDVGNIGHLEQPMITWYGPDLVNISHLNLVAFQ



PLC-Ç 8 LARARWFLS-------------------------------------------------------- KVQDDFRGGKINVEITHKI.LEKLDF
P L C -y l  1 2 7  EDEVlttt'iIKe_TWLMEDTLQAATPLQIER'A'LRKQFYSVDRNPÆDRISAKDLKNMLSQVNY
P L C -5 1  1 1 5  PJWJr.QHfîVQQ RKIIHHSGSMDQRQ LQff^'lHSCLBJKAI3KNKDNKMNFi<ZLKDFLKEL:iMl P ‘ EFhand
PLC- 5 s u  1 0 9  QPD.5JlTVAWCi;iKHLKKKSQHIDIHSKQARiÂlMDAFR0ADVDRDGTVDFDESYKI,LKKI,NI d o m a in
P L C -e  1 0 8 0  TTKKKKKMIMRGESGEVTDDEMATR>'AKMÏRECRSRSGSDPQDVNEQEESEANVITNPPN
P L C -p i 1 2 4  EEVAKEWTNEVFS ATNLLAQNMSRDAFLEKAÏTKLKLQVTPE3UPLKNIYR1FSADRK

PLC-Ç 4 2  PCHFAHVKHI7TCENDRQ------------------------------------------------------------------------NQGRITIEEF
P L C -y l  1 8 7  R . PNMRFLRERLTDFEQ------------------------------------------------------------------------RSGDITYGQF
P L C -5 1  1 7 5  QVDDGYARKI^TRECDHS----------------------------------------------------------------------- QTDSLEDEFI
PLC- 5 s u  1 6 9  KIEKVHAKRLiQFANTHSTT----------------------------------------------------TKKGKVRSDALSEDEF
P L C -e  1 1 4 0  PLHSRRAYSLTTAGSPNLATGMSSPISAWSSSSWHGRIRGGMQGFQSBMVSDSNMSFVî: F
P L C -p i 1 8 4  RVETALEACSLPSSRNDS------------------------------------------------------------------- IPQEDFTPDVY

PLC-Ç 6 9  R A IY P --C IV H R EE IT E IFN T Y --------- TENKKILSENSLIEFLTQïïQYEM----------------E ID
P L C -y l------ 2 1 4  AQLÏRSUMYSAQKTMDLPFLETNTLRTGERPELCQVSLSSFQQFLLEYQ----------------- GEL
P L C -5 1  2 0 2  ETFYK--MLTQRAEIDRAF-EiA--------- AGSAETLSVERLVTï'LQHQQREE----------------EAG
PLC- 5 s u  2 0 5  VEFYR— IITRRPDLQEVTKKY--------- SüDDDYWTPEEFAEFMHEl:QKRL----------------EVT
P L C -e  1 2 0 0  VELFKSFSIRSRKDLKDIFDIYS— VPCNPSASESAP' YTNLTIEENTS-----------------DLQ
P L C -p i 2 1 3  RVÎLN— NLCPRPEIDNIFSEFG AKSKPYITVDWMDFIRLKÇRDPRLNEILYPPLK

P L C -( 1 1 5  HSDSVEIINKYEPIEEVKGERQMSI----------------------------------------------------------------------------
P L C -y l  2 6 6  WAVDRLQVQEFMLSFLRDPLREIEEP-------------------------------------------------------------------------
P L C -5 1  2 4 8  PALALSLIERYEPSETAKAQPQMTK----------------------------------------------------------------------------
PLC- 5  s u  2 5 1  PEWCATNIEEYEPNQEFRDQKILTM----------------------------------------------------------------------------
P L C -e  1 2 5 0  PDLDLLTRNVSDLGLFIKSKQOL-DNQRQISDAIAAASIVTNGTGIESTSLGIFGVGILQ
P L C -p i 2 6 8  QEQVQVLIEKYEPNSSLAKKGQMSV----------------------------------------------------------------------------

PLC-Ç 1 4 0  -------------------------------------------------------------------------------------- EGFARYMFSSECLLl-KENCKT
P L C -y l  2 9 2  ----------------------------------------------------------------------------- YFFLDELVTFLFSKENSVWNSQLDA
P L C -5 1  2 7 3  --------------------------------------------------------------------------------------DGFI24YLL3ADOÏAFSLAHRR
PLC- 5 s u  2 7 6  --------------------------------------------------------------------------------------DGFFLFMMGPSGLIï’NPFHED
P L C -e  1 3 1 0  LNDFLVNCQGEHCTYDEILSIIQKFEPSVSMCHQGLLSFEGFARFLMDKDNFASKNDESR
P L C -p i 2 9 3  -------------------------------------------------------------------------------------- DGFMRYLSGEENGWSPEKLD

PLC-Ç 1 6 1  VY-QI»lNHPLSDYFlSSSHNTYLISDQILGPSDIWGyVSALVK6CRCLEIDCWDG— SQN
P L C -y l  3 1 7  VCPETMNNPLSHYWISSSHNTYLTODÇFSSESSLEAYARCLBMGCRCIELDCWDG— PDG
P L C -5 1  2 9 4  VY-QEWDQPLSHYLVSSSHNTYLLEDQLTGPSSTEAYIRALCKGCRCLELDCWDG— PNQ
PLC- 5 SU 2 9 7  VY-QDMRQPLAHYFINSSHNTYLLDDQLRGPSSTEAYISALQRGCRCVELDCWDG— PDN
P L C -e  1 3 7 0  ENKKELQLPT.SYYYIESSHNTYLTQHQLKGESSVELYSQVLLQGCRSIELDCWDG— DDG
P L C -p i 3 1 4  LN-EDMSQPLSHYFINSSHNTYLTAGQLAGNSSVEMYRQVLLSGCRCVELDCTVKGRTABE

PLC-Ç 2 1 8  EPIVYHGYTFTSKLLFKTWQAINKYAFVTSDYPWLSLENHCS-PGQQEVMASILQ.JTF
P L C -y l  3 7 5  MPVIYHGHTLTTKrKFSDVLHTîKEHAFVA'ïEYPVILSIEDHCS-IAQQBNMAQHFRKVL
P L C -5 1  3 5 1  EPIIYHGYTFTSKILFCDVLRAIRDYAFKASPYPVILSLENHCS-LEQQRVMARHLRAIL
P L C -5S U  3 5 4  DPIVYHGHTLTSKIKFRDIIEWDKY-A.FAASEYPLILSFENHCS-VEQQKVMAQICVSIL
P L C -e  1 4 2 8  KPIIYHGHTLTTKIPFKEW EAIDRSAFITSDLPIIISIENHCS-LPQQREM AEIFKSVF
P L C -p i 3 7 3  EPVITHGFlMTTEISFKEVIEAIAECAFKrsPFPILLSFENHVDSPKQQAKt4AEYCRLIF

PLC-Ç 2 7 7  GDF: : Sm fiÆ EFPDT-------LPSPEALKFKILVKNBKVGTLSETHERIG---------------------------
P L C -y l  4 3 4  GDTLLTKPVDIAADG-------LPSPNQLKRKILIKHKKIAEGSAYEEVPTSVMYSENDISNS
P L C -5 1  4 1 0  GPILLDQPIDGVTTS-------LPSPBQLKGKILLKCaCKLGG-----------------------------------------------
PL C -5S U  4 1 3  KDKLYTNNNLHNEAA------ FPSPEELKGKILIKGK-------------------------------------------------------
P L C -e  1 4 8 7  GEKLVAKF FETDFSDDPM ,PSPDQLRRKVLLKNKKLKAHQTPVDILKQKAHQLAS--------
P L C -p i 4 3 3  CSDAI.IMEPlEKYPLESGVP .PS^-MDLMYKILVKNKKKSHKSSEGSGKKKLSEQASN--------

PLC-Ç 3 2 1 ---------------------------------------------- TDRiGQVLEWKEVIYEDGDEDSGMDPETWDVFLSRIKEE
P L C -y l  4 9 0  IKNGILYLEDPVNHEWYPHYFV TSSKIYYSEETSSDQGKIIDEEEPKEASGSTELHSSEK
P L C -5 1  4 4 5  ---------------------------------------------L PAGGENGSEATDVSDEVEAAEMEDEAVRSQVQHKPK-
P L C -5S U  4 4 4  -----------------------------------------------SLPPSAATTEDDGEVSDEDEAADIDTEDPQLKAELDKKK
P L C -e  1 5 4 3  ------------------------------------- ^MQAQAFTGGNANPPPASNEEEEDEEDEYDYDYESLSDDNILED
P L C -p l 4 8 9  -------------------------------------------- TYSDSSSVFEPSSPGAGEADTESDDDDDDDDCKKSSMDEG

2"“ EF hand 
domain



PLC -Ç  3 6 0  ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  550  WPHGaCLGAGRDGŒœiAERLLTEYCIETGAPDGSFLVRESETrVSDYTLSFWPNGKVQHCR
P L C -5 1  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  1 5 8 6  RPENKSCADKLQFEYN-----------------------------------------------------------------------------------------------
P L C -p i  5 2 9  ----------------------------------------------------------------------------------------------------------------------------------

PLC-Ç 3 6 0  ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  6 1 0  IHSRQDAGTPKFFLTDNLVTDSLYDLITHYQQVPLRCNEFEMRLSEPVPQTNAHESKEWY
P L C -5 1  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  1 6 0 2  ----------------------------------------------------------------------------------------------------------------------------------
P L C -p i  5 2 9  ----------------------------------------------------------------------------------------------------------------------------------

PLC-Ç 3 6 0  ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  6 7 0  HASLTRAQAEHMU4RVPRDGAFLVFKRNEFNSYAISFRAEŒKIKHCRVQQEGQTVML6NS
P L C -5 1  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  1 6 0 2  ----------------------------------------------------------------------------------------------------------------------------------
P L C -p i  5 2 9  ----------------------------------------------------------------------------------------------------------------------------------

X-Y linker

P L C -(  3 6 0  ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  7 3 0  EFDSLVDLISYYEKHPLYRKMKLRYPINEEALEKIGTAEPDYGALYEGRNPGFYVEANPM
P L C -5 1  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  1 6 0 2  ----------------------------------------------------------------------------------------------------------------------------------
P L C -p l 5 2 9  ----------------------------------------------------------------------------------------------------------------------------------

PLC-Ç 3 6 0  ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  7 9 0  PTFKCAViaUJY)YKAORZDELTFTKSAIIQWVEKQDGGWRRa)YGGKRQLWrPSNYVZEM
P L C -5 1  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  1 6 0 2  ----------------------------------------------------------------------------------------------------------------------------------
P L C -p i 5 2 9  ----------------------------------------------------------------------------------------------------------------------------------

PLC-Ç 3 6 0  ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  8 5 0  INPAILEPEREHLDENSPLGOLLRGVLDVPACQIAIRPEQaanmLFVFSISMPSVAQWSL PLC-y PH
P L C -5 1  4 8 3  -------------------------------------------------------------------------------------------------------------------------------------- d o m a in
P L C -ô s u  4 8 3  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  1 6 0 2  --------------------------------------------------------------------------------------------------------------------------------E
P L C -p l 5 2 9  ----------------------------------------------------------------------------------------------------------------------------------

PLC-Ç 3 6 0  ------------------------------------ KEADPSTLSGIAGVKKRKRKMKIAMALSDLVIYTKAEKï'R-NF
P L C -y l  9 1 0  DVAADSQEELQDWVKKIREVAQTADARLTEGKMMERRK lALELSKLW YCRPVPFD-EE
P L C -5 1  4 8 3  ------------------------------------------------------------------------- EDKLKLVPELSEMIIYCKS’̂ F G G F S
PLC-ÔSU 4 8 3  -------------------------------------------------------------------TTSKKKLKLAKELSDL’ TLA S-V H Y G -SF
P L C -e  1 6 0 3  EVPKRIKKADNSSGaiKGKVYEMELGEEFYLPQNKKESRQIAPELSDLVIYCQAVKFPGLS 
P L C -p i 5 2 9  --------------------------------------------------------------------- TAGSEAMATEEftfNT-VNYIQP' KF-ESFE

PLC-Ç 4 0 2  QYSRVY---------------------------------------------------------------------------------------------------------------------
P L C -y l  9 6 9  KIGTER---------------------------------------------------------------------------------------------------------------------
P L C -5 1  5 0 9  SPGTSG---------------------------------------------------------------------------------------------------------------------
PLC-ÔSU 5 1 0  PASKEK---------------------------------------------------------------------------------------------------------------------
P L C -e  1 6 6 3  TLNSSGSSRGKERKSRKSIFGNNPGRMSPGETAPFNRTSGKGSCEGÏ4RHTWEESSPLSPS
P L C -p i 5 5 7  ISKKRN----------------------------------------------------------------------------------------------------------------------

P L C -(  4 0 8  -------------------- QQFN TNSIGESRi’-RKI.SKLR-VHEr IFHTAAFITRVYPKMMRADSSNFNP
P L C -y l  9 7 5  -------------------ACYRDMSSFPETKJ»,EKYVNKAKGaaCFLQYNRLQLSRIYPKGQRLDSSNYDP
P L C -5 1  5 1 5 ------------------- QAFYEMAS FSE SR.c.LRi:LQES -GNGFVRHNVSCLSRIY PAGWRID S SNY S P
PLC-ÔSU 5 1 6 -------------------YKCHOMSSVGî AIYAFGTAEDK-PODYVEHNKIFLSRIYPGGLRTNSSNYSP
P L C -e  1 7 2 3  TSLSAIIRTPYCYH IS; LMFHA-'JOU.CRRG-SQKLIQHTAYQLLRTYPAATRIDSSNPNP 
P L C -p i 5 6 3  ---------------------KSFEMSSFVETF.GLEQLTKS-PVEFVEYîOWQLSRIYPKGTRVDSSNYMP



C2 Domain

PLC-Ç 4 5 8  QEFV.'ï'VGCQMVALNFQTPGLÏMDLgNGKFLDNGGSGYIIiKPDILRDTTLGFNPNEP-------E
P L C -y l  1 0 2 6  LPMï'JICGSQLVALNFQTPDKîMÇHNQALrMAGGHCGÏVLQESTMRDEAFDPFDKSS-------L
P L C -5 1  5 6 5  VEMVJNGGCQIVALNFQTPGPEMDVYLGCFQDNGGCGYVLKPAFLRDPNTTFNSRAL-------T
P L C -ô s u  5 6 6  VPMKDVGAQIVALNFQTPCEEt-lDLNQGKFLQNGKSGriLKPVFCRKPNMQFNPLKP-------G
P L C -e  1 7 8 2  IMr^iLHGIQLVAUîYQTDDI.PLHl.NAAMFEANOGCGYVLKPPVLWDKSCPMYQKI’SPLER
P L C -p i  6 1 2  QLFWNAGCÇHVALNFQTVDLAMQIÎ'ÏMGMÏEYNGKSGYICLKÇEï 'MRRPDKH'DPFTEG------

P L C -(  5 1 5  YDD— H P V T L T IR IISG IQ L PV SSS— SNTPOIWIIEVYGVPMDHV— KQQÏRVVKNNX
P L C -y l  1 0 8 3  RG— LEPCVICIEVLGARH P <HGR GIVCPF 'ïlIE ’v^ A B Y D S T — KQKTEF’/VDNG
P L C -5 1  6 2 2  QGPWWRPERIJRVIU:!: GQQl PKVNKNKNSIVDPKVIVEIHr-VaRî)TG— SRQ AVITNNG
P L C -ô s u  6 2 3  DQ YTQHVTLTVISGQQLP/ PSGS-KEVIDPYVK'v'YVLGGGSKQ EFKTBWKNNG
P L C -e  1 8 4 2  DLDNLDPAIYSLTIIS'<2NVCPSNS T G SP C Il vDVLGMPLDSC— HFRtKPIHRKT
P L C -p i  6 6 9  IVDGIVANTLSVKTIS ; F  SDKKVG-------------TY /F^/DMFGLPVCIRRKA'f KrKTSQG" A

PLC-Ç 5 6 9  fSPKW NET-FTFIÆ QV-j \ ETQQGLLSSfJELLGQYTLP^/LCMNKGYRRVPLF
P L C -y l  1 1 3 6  L-MPVWPAKP-’HrQISN-PEFAPLRFWYEED-MFSDQNFLAQATFPVKOLKTGYRAVPLK
P L C -5 1  6 8 0  FNPRWEME-FEï-E\'T‘;-POLALVRH4VBDYD-SSSKNDFIOQSTIPWNSLKQGYRHVHLL
P L C -ô s u  6 7 6  FSPTWNQS-FSfBvir'-PELALIRLVVQDYD-MAsSNEFlOQYTFPVASM QLGYHHVPIL
P L C -e  1 8 9 6  lafPMWNEQ-i L . RvHF-EDLVFl.RFAVVENN S S A IIA  RIIPLRALKRGYRHLQLR
P L C -p l 7 2 3  VNPVWKEEPIWKKV“/L PSi ACT.PIAAYKEG-----------GKc’IGHRILPVQAIRPGYHYICLR

PLC-Ç 6 2 7  SKSGANLEPSSLFIYVWYFRE------------------------------------------------------------------------------------
P L C -y l  1 1 9 4  >nîYSEDLELASLLIKIDlFPAKENGDLSPFSGTSLRERASDASSQLFHVRAREGSFEARY
P L C -5 1  7 3 7  SKN5DQHPSATLFVKISIQD--------------------------------------------------------------------------------------
P L C -ô s u  7 3 3  GEKGDDLLPASLFIHTMVNVS------------------------------------------------------------------------------------
P L C -e  1 9 5 0  t4LHNEILEISSLFIHSRRMEENPSGSSMPASI24FNTEERKCSQTHKVTVHGVPGPEPFAV 
P L C -p i 7 7 8  i'ïERNQPI.TLPAVFVYIEVKDYVPDTYADVIEALSN PIRYVNUŒQRAKQLAALTLE

PLC-Ç ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  1 2 5 4  QQPFEDFRISQEHLADHFDSRERRAPRRTRVNGDNRL-------------------------------------------------
P L C -5 1  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  2 0 1 0  FTIKEGTKAKQLLQQVLAVDQDTKCTATDYFLMEEKHFISKEKNECRKQPFQRAVGPEED 
P L C -p i 8 3 4  DEEEVKKEADPGETSSEAPSETRTTPAENGVNHTASLAPKPPSQAPHSQPAPGSVKAPAK

PLC-Ç ----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  ----------------------------------------------------------------------------------------------------------------------------------
P L C -5 1  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  2 0 7 0  IVQILNSWFPEEGYVGRIVLKPQQETLEEKSIVFDDKEVILSSEEESFFVQVHDVSPEQP 
P L C -p i 8 9 4  TEDLIQSVLTEVEAQTIEELKQQKSFVKLQKKHYKEMKDLVKRHHKKTTELIKEHTTKYN

PLC-Ç --------------------------------------------------------------------------------------------------------------------------
P L C -y l  ----------------------------------------------------------------------------------------------------------------------------------
P L C -5 1  ----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  ----------------------------------------------------------------------------------------------------------------------------------
P L C -e  2 1 3 0  RTVIKAPRVSTAQDVIQQTLCKAKYSYSILNNPNPCDYVLLEEVLKDAANKKSSTPKSSQ K \
P L C -p i 9 5 4  EIQNDYLRRRAALEKSAKKDSKKKSEPSSPDHGSSAIEQDLAALDAEMTQKLIDLKDKQQ ‘r lia 'i

PLC-Ç -----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  ----------------------------------------------------------------------------------------------------------------------------------
P L C -5 1  -----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  -----------------------------------------------------------------------------------------------------------------------------------
P L C -e  2 1 9 0  RILLDQECVFQAQSKWKGAGKPILKLKEQVQASREDKRRGISFASELKKLTKSTKQSRGL 
P L C -p i 1 0 1 4  QQLLNLRQEQYYSEKYQKREHIKLLIQKLTDVAEECQNNQLKKLKEICEKEKKELKKKMD

P L C -Ç  -----------------------------------------------------------------------------------------------------------------------------------
P L C -y l  -----------------------------------------------------------------------------------------------------------------------------------
P L C -5 1  -----------------------------------------------------------------------------------------------------------------------------------
P L C -ô s u  -----------------------------------------------------------------------------------------------------------------------------------
P L C -e  2 2 5 0  PSPPQLVASESVQSKEEKPVGALSSSDTVGYQQ----------------------------------------------------------
P L C -p i 1 0 7 4  KKRQEKITEAKSKDKSÇJ4EEEKTEMIRSYIQEVVQYIKRLEEAQSKRQEKLVEKHNEIRQ



PLC -Ç  ------------------------------------------------------------------------------------------------------------------------------------
P L C -y l  ------------------------------------------------------------------------------------------------------------------------------------
P L C -5 1  ---------------------------------------------------------------------------------------------------------------------------

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: p lc p
P L C -p i  1 1 3 4  QILDEKPKLQTELEQEYQDKFKRLPLEILEFVQEAMKGKISEDSMHGSAPPSLA^DAAKV CarOOXyl-

te rm in a l
extension

PLC-Ç ----------
P L C - y l  ----------
P L C -5 1  ----------
P L C -5 s u  ----------
P L C -e  ----------
P L C -p l  1 1 9 4  NLKWS

Figure 24 -  Multiple sequence alignment of PLC-6su with mouse PLC-pl 
(Accession number NP 062651); rat PLC-yl (Accession number NP 037319); rat 
PLC-51 (accession number NP 058731); mouse PLC-e (Accession number 
BAC00906) and mouse PLC-Ç (Accession number - NP 473407), Conserved 
residues are displayed in red, conservative substitutions in blue. Alignment was 
performed using Clustal W and displayed using Boxshade. Predicted domain 
structure (pFAM) is depicted by background shading as follows; RasGEF domain
-  grey; PH domain -  green; EF Hand domain -  yellow; X and Y catalytic domains
-  pink; SH2 domain -  orange; SH3 domain -  dark orange; C2 domain -  blue; RA 
domain -  light grey.
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Because o f this feature, the multiple sequence alignment provides few insights into 

the properties o f the PH domain of PLC-ôsu. Characterisation of the PH domain of 

PLC-ÔSU using 3-dimensional modelling techniques will be addressed in due course.

EF hand domains are identified by pFAM in only three of the PLCs used in this 

alignment. Two EF hand domains were identified in PLC-ô 1, and one each in PLC-Ç 

and PLC-ÔSU (depicted by yellow shading in Figure 24). It is possible, however, that 

pFAM has failed to recognise EF hand domains in the other PLCs due to mutations 

in critical Ca^^-binding residues as discussed above. The alignment in Figure 24 

shows that the area containing the first EF hand m otif in PLC-ô 1 and PLC-ôsu, 

contains a number o f residues that are either conserved or replaced with similar 

residues in the other PLCs, in which an EF hand motif was not detected by pFAM. 

This suggests that an EF hand motif may be present in these PLCs in a more 

divergent form that is not recognised by pFAM. This is supported by structural 

evidence, which suggests that an EF hand m otif is present in this location in these 

proteins (Rhee 2001). The area containing the second EF hand m otif in PLC-ô 1 and 

PLC-Ç also contains a number of residues that are conserved or conservatively 

replaced in the other PLCs, including PLC-ôsu. Again this may suggest the presence 

of a more divergent EF hand motif. PLC-ôsu contains a small insert o f nine residues 

in this area, which may be responsible for the inability o f pFAM to recognise an EF 

hand in this area. This insert may or may not interfere with the folding of the three- 

dimensional structure o f the EF hand motif and so the presence o f a second EF hand 

in PLC-ÔSU cannot be determined. If these nine residues are deleted, pFAM 

recognises a second EF hand domain in the PLC-ôsu sequence (S = 3.7; E = 4.9), 

albeit with a fairly low score and high E value. However, this does lend further
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support to the presence of a second EF hand. The presence of this second EF hand 

domain is o f particular importance as deletion studies suggest that it is vital for the 

correct folding o f a PLC, stabilising the protein through interactions with the C2 

domain (Ellis et al. 1993; Nakashima et al. 1995).

The catalytic X and Y domains contain a large amount of identity, as expected. As 

these regions are responsible for the catalytic function of the enzyme, high sequence 

identity is preserved even amongst different PLC sub-families (Rhee 2001). The 

areas shaded pink in Figure 24 represent the X and Y catalytic domains. Residues in 

these domains conserved throughout the existing members o f the PLC family are 

also conserved in PLC-ôsu, suggesting that PLC-ôsu may form a functional enzyme. 

The possible functionality o f PLC-ôsu will be explored in more detail through 

alignment with PLC-Ô1, the PLC for which most structural information is available.

pFAM analysis identifies a C2 domain in each of the PLC sequences analysed. The 

C2 domain is depicted in Figure 24 by blue background shading. High sequence 

identity can be observed in this area across all PLCs, including PLC-ôsu. This high 

level of residue conservation reflects the importance o f the C2 domain. Unlike the 

amino-terminal PH domain, the C2 domain is crucial for the correct folding of the 

catalytic core and therefore vital for catalytic activity (Cifuentes et al. 1993; Ellis et 

al. 1993).
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Sequence alignment of PLC-Ôsu with the PLC-ô family

As PLC-ÔSU has been designated a member of the PLC-ô family an alignment o f the 

PLC-ÔSU sequence with sequences of the other members o f this family was created 

(Figure 25). This alignment demonstrates the differences in the PH domain sequence 

of PLC-ÔSU compared with that o f other PLC-ôs. Although some residues that are 

conserved throughout the PLC-ô family in the PH domain region are also conserved 

in PLC-ÔSU, many other conserved residues are altered in PLC-ôsu. The function of 

the PLC-Ô family PH domain appears to be in binding to PI(4,5)P2 in the plasma 

membrane, in order to target the host protein to the vicinity of its substrate (Lemmon 

et al 1995; Garcia & Rebecchi 1995; Ferguson et al. 1995). The individual residues 

responsible for this role will be examined in due course, using a three-dimensional 

model o f the PH domain. As PLC-ôsu shares few residues conserved throughout 

other PLC-Ô iso forms, it is possible that its PH domain plays a different role.

The EF hand domains o f these PLCs also show a high degree o f similarity, and allow 

a more careful analysis o f the absence of the second EF hand domain in PLC-ôsu.

The small, nine-residue insert in the region of the second putative EF hand motif in 

PLC-ÔSU discussed above can be seen more clearly in this alignment. Either side of 

this insert PLC-ôsu shares high identity and similarity with the EF hand motifs 

identified by pFAM in the other sequences. This lends further credence to the idea 

that an EF hand m otif may be present in a more divergent form. pFAM also fails to 

locate any EF hand motifs in the sequence of PLC-Ô3, yet in alignment with the other 

PLC-ÔS the degree of similarity in these regions can be seen to be very high, 

suggesting that the domains are present.
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P L C 5 1 - r a t
P L C 53-hum an
P L C 5 2 -b o v in e
P L C 5 4 -p ig
P L C 5su

1 --------------------------------------------------------------------------------------- MDSGRDFLTLHGLQDDP
1 MLCGRWRRCRRPPEEPPVAAQVAAQVAAPVALPS PPTPSDGGTKRPGLRALKKMGLTEDE
1 --------------------------------------------------------------------------------- MAYLLQGR--------------LPINQ
1 --------------------------------------------------------------------------------- MASLLQGLSASPGSGLPINQ
1 ----------------------------------------------------------------------------------- MGENPGQ----------------- VEQ

P L C 5 1 - r a t  18 D;.QALLKGSQLLKVKSSS\v'RRE-RFYKLQEDCKTIWQESRKVMRSPESQLFSIEDIQEVR
P L C 53-hum an  61 DVRAMLRGSRLRKIRSRTWHKE-RLYRLQEDGLSVWFQBR-IPRAPSQHIFFVQHÎEAVR
P L C 5 2 -b o v in e  14 DLLLMQKGTMMRKVRSKSWKKL-RFFRLQDDGMTVWHARQAGGRAKPS— FSISDVDTVR
P L C 5 4 -p ig  21  DLLLMQKGMLMRKVRSKSWKKL-RYYRLQDDGMTVWHARQAGGRAKPS— FSISDVETVR
PLC5SU 11 IHQKLKRGTKFTKISPNSTKKHGRTFSLTDDGTALMYTPSKKSSSKAT— VSLSEIH EIR

P L C 5 1 - r a t  77 MGHRTE— GLEKFARDIPEDRCFSIVFKDQRNTLDLIAPSPADAQHWVQGLRKIIHHSGS
P L C 53-hum an  119  EGHQSE— GGRRFGGAFAPARCLTTAFKGRRKNLDLAAPTAEEAQRWVRGLTKLRZVRLDA
P L C 5 2 -b o v in e  71 EGHESE— LLRNLAEEFPLEQGFTIVFHGRRSNLDLVANSVQEAQTWMQGLQLLVGFVTN
P L C 5 4 -p ig  78 GGHESE— LLRNLAEEFPLEQGFTIVFHGRRSNLDLVANSVEEAQVWMQGLQLLVDFVTN
PLC5SU 69 SGHETDTFRISKNKKKYPKERSFSLIVGNENHTVNIVAPSQDDARTWVMGLRWLKKKSQH

P L C 5 1 - r a t  135------ MDQRQKLQHWIHSCLRKADKNKDNKI^FKELKDFLKELNIQVDDGYAJIKIFRECDHS-------------
P L C 53-hum an  177 MSQRERLDIR17IHSYLHPADSNQDSKMSFKEIKSLLRMVNVDMNDMYAYLLFKECDHS P ‘ EF hand
P L C 5 2 -b o v in e  129  MDQQERLDQV7LSDWFQRGDKNQDGRMSFGEVQRLLHLMNVEMDQEYAFQLFQTADTS Domain
P L C 5 4 -p ig  1 3 6------ MDQQERLDQWLSDWFQRGDKNQDGRMSFGEVQRLLHLMIAAEMI)QEHA.FQLFQTADTS-------------
PLC5SU 129  IDIHSKQAAV;IMIAFRQADVDRDGTVDFDESYKLLKKLNIKIEKVHAKRLFQFANTHSTT

P L C 5 1 - r a t  1 9 2 ------------- QTDSLEDEEIETFYKMLTQRAEIDRAFF.EAAGSAETLSVERLVTFLQHQQREEE
P L C 53-hum an  234-------------NNDRLEGAEIEEFLRRLLKR.PELEEIFHQYSGEDRVLSAPELLEFLEDQ-GEEG 2"** EF hand
P L C 5 2 -b o v in e  18 6 ---------- QSGTLEGEEFVEFYKSLTQRPEVQELFEKFSSDGQKLTLLEFVDFLQEEQKEGE Domain
P L C 5 4 -p ig  193-------------QSGTLEGEEFVEFYKSLTKPAEVQELFENFSSDGQKLTLLEFVDFLQEEQKEGE
PLC5SU 189  TKKGKVREDALSEDEFVEFYRIITRRPDLQEVFKKYSGDDDYWTPEEFAEFMHEEQKRLE

P L C 5 1 - r a t  24 6 AGPALALSLIERYEPSETAKAQRQMTKDGFLMYLLSALGNAFSLAHRRVYQDMDQPLSHY
P L C 53-hum an  287 ATLARAQQLIQTYELNETAKQHELMn’LDGFMRTiLLSPEGAALDNTHTCVFQDIîNQPLAHY
P L C 5 2 -b o v in e  2 40 RASDLAXELIDRYEPSESGKLRHVLSMDGFLGYLCSKDGDIFNPTCHPLYQDMTQPLNHY
P L C 5 4 -p ig  247  RASDLALELIDRHEPSDSGKLRHVLSLDGFLSYLCSKDGDIFNPTCLPIYQDMTQPLNHY
PLC5SU 24 9 VTPEWCATNIEEYEPNQEFRDQKILTMDGFFLFMMGPSGLIFNPFHEDVYQDMKQPLAHY

P L C 5 1 - r a t  3 0 6  LVSSSHNTYLLEDQLTGPSSTEAYIRALCKGCRCLELDCWDGPNQEPIIYHGYTFTSKIL
P L C 53-hum an  347  FISSSHNTYLTDSQIGGPSSTEAYVRAFAQGCRCVELDCWEGPGGEPVIYHGHTLTSKIL
P L C 5 2 -b o v in e  300 YINSSHNTYLVGDQLCGQSSVEGYIRALKRGCRCVEVDIWDGPSGEPIVYHGHTLTSRIP
P L C 5 4 -p ig  307 FINSSHNTYLVGDQLCGQSSVEGYIRALKRGCRCVEVDIWDGPNGEPWYHGHTLTSRIP
PLC5SU 309  FINSSHNTYLLDDQLRGPSSTEAYISALQRGCRCVELDCWDGPDNDPIVYHGHTLTSKIK

P L C 5 1 - r a t  366  FCDVLRfaRDYAFKASPYPVILSLENHCSLEQQRVMARHLRAILGPILLDQPLDGVTTS-
P L C 53 -h u m an  407  FRDWQAVRDHAFTLSPYPVILSLENHCGLEQQAAÎ-ÎARHLCTILGDMLVTQALDSPNFEE
P L C 5 2 -b o v in e  360  FKDWAAIGQYAFQTSDYPVILSLENHCSWEQQEIIVRHLTEILGDQLLTTALDGQPPTQ
P L C 5 4 -p ig  367 FKDWAAlAQYAFQTSDYPVILSLENHCSWEQQEMIAHHLTEILGEQLLSTTLDGQLPTQ
PLC5SU 369  FRDIIEWDKYAFAASEYPLILSFENHCSVEQQKVMAQICVSILKDKT.YTNN-NLHNEAA

P L C 5 1 - r a t  425  LPSPEQLKGKILLKGKKLGGL— LPAGGENGSEATDVSDEVEAA---------------EMEDEAVRS
P L C 53-hum an  4 67 LPSPEQLKGRVLVKGKKLP AARSEDGRALSDREEEEEDD---------------EEEEEEVEA
P L C 5 2 -b o v in e  4 2 0  LPSPEDLRGKILVKGKKL MLEEEEEEPE-AELEAEQEARLDLEAQLESEPQDLSP
P L C 5 4 -p ig  427 LPSPEELRRKILVKGKKLRTLEEDLEEEEEEPEESELEGEQEAELELEAQFESEPQELSP
PLC5SU 428 FPSPEELKGKILIKGKST.PPS AATTEDDGEVSDEDEAADIDT-------------EDPQLKAEL

P L C 5 1 - r a t  4 7 6  QVQHKPKEDKLKLVPELSDMIIYCKSVHFGGFSSPGTSGQAFYEMA3FSESR>\LRLLQES
P L C 53-hum an  515  AAQRRLAK QISPELSALAVYCHATRLRTLH-PAPNAPQPCQVSSL3ERKAKKLIREA
P L C 5 2 -b o v in e  4 74 RSEDKKKKPKAILCPAESALWYLKAVTFYSFT-HSREHYHFYETSSFSETKAKSLIKEA
P L C 5 4 -p ig  487  RSKDKKKKVKAILCPALSALWYLKAVSFYSFA-HSREHYRFYEISSFSEAKAKSLIKES
PLC5SU 4 7 9 DKKKTTSKKKLKIAKELSDLVT-!J\SVHYGSFP-A7KEKYKCHQM3SFGEA'\AFGTAEDK



P L C 6 1 - r a t  5 3 6  GNGFVRHNVSCLSRIYPAGWRTDSSNYSPVEMWNGGCQIVAIJïrQTPGPEMDVYLiSCFQD
P L C 5 3 -h u ia a n  5 7 1  GNSFVRHNARQLTRVYPLGLRMNSANYSPQKMWNSGCQLVALNTQTPGÏKMDLHAGRS’LV 
P L C 5 2 - b o v in e  5 3 3  GDEFVQHNAWQLSRVyPSOLRTDSSNYNPQEFWNAGCQHVAMfMQTAGUESMDLCDGLFRQ 
P L C 5 4 - p ig  5 4 6  GNÏFVQHNTWQLSRVYPOGLRTDSSNYNPQEFWNAGC^lVAMNMQTAGIiEMDLCDGLrRÇ
PLCÔSU 5 3 7  PGDYVBHNKIFLSRIYPOGLRTNSSNYSPVPI-îWDVGAQlVALNrQTPCEEMDIJÏQGKFLQ

P L C 6 1 - r a t  5 9 6 ---NGGCaYVLKPAFLRDPNTTFNSRALTQGPWWR— PERURVR---------lISG Q Q L Pî ATIKM
P L C 5 3 -h u m a n  6 3 1  NGQCGYVXKPACI RQPDSTFDP E Y PG P P--R T T L SIQ ---------VL*AC»LP?TLNAE
P L C 6 2 - b o v in e  5 9 3  NAGCGYVLKPDFLRDAQSSFHP ERPISPFKAQTLIIQEPWLQVrSGQQLPK'.TJMTR
P L C 5 4 - p ig  6 0 6  NAGCGYVLKPDFLRDAQSSFHP ERPISPSKAQ :L IIQ ----------
PLC6SU 5 9 7  NGKSGriLKPVFCRKPNMQFNP LKPGDQ-YTQHVÏl/i—  PSGSjS

P L C 6 1 - r a t  6 4 9  -NüIVDPKVIVfe. HGVGHR. >TGSRQ AVITNNGFNPR EMEFE E T  «DiALVRÎ-MVEDY
PLC 53 -h u m a n  6 8 0  PH>! IVDPLVRIEIH  ' nPArjCW^QElT3YVlJWGFNPRWGQ-J:.Qj; QLRA^ S ■. kLVRFVVE^
P L C 5 2 - b o v in e  6 4 9  EQSrVDPLVRVFXFGVRPDTTRQETSYVENNGrNPYVvGQTLCFRILVPELALLRFV^/KDY
P L C 5 4 - p ig  6 5 7  EG IVDPLVRVEIFWOTARQETSYVENNGFNPYWGQTLCFRVLVPELALLRFWKDY
PLC6SU 6 4 7  — E VIDPY K YVL GGSKQ-EFK'EV/R^ *G 'S T N  EPS 'EVK',7PELALIRLW®DY

P L C 6 1 - r a t  7 0 8  DSSSKMDFIGQSïIPWNSLKCGYRHVHLLSKNGDQHPSATLFVKISIQD--------------
P L C 53-h u m an  7 4 0  ''ATKPNOFVGQFTl.PLSSLKQGYRHIHLLSKDGASLSPATLFIQIRIQRS-------------
P L C 5 2 - b o v in e  7 0 9  RMDFIOQYTLPWSCMQQOYRHIHLLSKDGLSLHPASIFVHICTQEVSEEAES
P L C 6 4 - p ig  7 1 7  DWK: R «DFVGQYTLPWNCMQQQYRHIHLLSKDGISLHPASirVHICIREGIEGVES
P L C S su  7 0 4  MA: S?^5TGQYTFPVASMQLGYHHVPILGEKGDDLLPASLFIHTMVNVS--------------

C2 Domain

Figure 25 -  Multiple sequence alignment of PLC-5su with other PLC-Ôs; rat PLC- 
51 (accession number NP_058731), bovine PLC-52 (accession number S14113), 
human PLC-Ô3 (accession number NP 588614) and porcine PLC-Ô4 (accession 
number AAM18122). Conserved residues are displayed in red, conservative 
substitutions in blue. Alignment was performed using Clustal W and displayed 
using Boxshade. Rat PLC-51 shares 38 % identity with PLC-Ssu, bovine PLC-52 
shares 39 % identity, human PLC-53 shares 36 % identity, and porcine PLC-54,
38 % identity. Predicted domain structure (PFAM) is depicted by background 
shading as follows; PH domain -  green; EF Hand domain -  yellow; X and Y 
catalytic domains -  red; C2 domain -  blue.
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The X and Y catalytic domains and the C2 domains again display a high degree of 

identity and similarity due to the functional importance of these regions. The X-Y 

linker region o f PLC-ôsu, which appeared to be quite different from the PLCs 

examined in the previous alignment, shows a higher degree o f similarity with PLC- 

51 and -63, suggesting that this area does not have a function distinct from the other 

PLC-ÔS as suggested above.

Sequence alignment of PLC-ôsu with PLC-Ç

The recent identification o f the novel PLC-Ç as the mammalian sperm factor shed 

new light on the signal transduction events at egg activation. The identification of 

PLC-ÔSU in both sea urchin egg and sperm cytosol suggested that PLC-ôsu might 

play a role at fertilisation. A pBLAST search (using default settings) revealed that 

PLC-ÔSU shares 35 % global sequence identity with mouse PLC-Ç, a fairly high value 

considering species divergence and in comparison with the 39 % identity shared with 

PLC-Ô isoforms. Figure 26 shows a sequence alignment o f PLC-ôsu with murine 

PLC-(! .̂ The obvious difference between the proteins is the lack o f an amino-terminal 

PH domain in PLC-Ç. Although PLC-ôsu shares considerable identity with PLC-Ç in 

X and Y catalytic regions and within the carboxyl-terminal C2 domain, these areas 

exhibit a great deal o f conservation throughout the PLC family as they are of 

catalytic functional significance (Rhee 2001). Though PLC catalytic function appears 

likely to be conserved in these two proteins, the alignment reveals no other clues as 

to the function o f PLC-ôsu. There is little identity between the X-Y linker regions of 

PLC-ÔSU and -Ç. This region is thought to be the region that regulates the activity of 

PLC-Ç, through the action of a nuclear localisation signal within the linker region

152



PLCÔSU 
PLC(-mouse

PLCÔSU 
PLC(-mouse

PLCÔSU
PLC(-mouse

PLCÔSU 
PLC(-mouse

1
1 ------------------------------------------------------------------------------------------------------------------------ M

61 ^L' E Ï% ; f  R S jfe 'y  i'î'l 'ï^vvç. L ^
2 ESQLHELAE--------------------------------------------------------------------------------------------------- AP.

121  g l M  SQHIDIHSKQAAWIMDAFRQADVDRDGTVDFDESYKLLKKLNIKIEKVTiAl.'RLFQ 
13 WFLSK--------------------------VQDDFR------------ GGKINVEITHKLLEKLDFPCHFAHVKHIt'K

181 FANTHSTTTKKGKVRSDALSEDEFVEFYRIITRRPDLQEVE’KKYSGDDDYWTPEEFAEFM 
54 ENDRQNQGR------------------ITIEEFRAIYRCIVHREEITEIFNTYTENRKILSENSLIEFL

PH
Domain

l ’̂ EF
hand
Domain

2nd E P

hand
Domain

PLCÔSU 241  HEEQKRLEVTPEWCATNIEEYEPNQEFRDQKILTMDGFFLFMMGPSGLIFNPFHEDVYQD
PLC(-mouse 10 5  TQEQYEMEIDHSDSVEIINKYEPIEEVKGERQMSIEGFARYMFSSECLLFKENCKTVYQD

PLCÔSU 301  MKQPTJ^YFINSSHNTYLLDDQLRGPSSTEAYISALQRGCRCVELDCWDGPDNDPIVYHG
PLC(-mouse 165  MNHPLSDYFISSSHNTYLISDQILGPSDIWGYVSALVKGCRCLEIDCWÜGSQNEPrVYHG

PLCÔSU
PLC(-mouse

PLCÔSU 
PLC(-mouse

361  HTLTSKIKFRDIIEWDKYAFAA'EYPLILSFFNHCSVEQQKVmQICVSILKL'KLYTNN 
2 2 5  YTFTSKLLFKTWQAINKYAFVTSDYPWLSLENHCSPGQQE'/MASILQSTFGDFLLSDM

421  NLHNEAAFPSPEELKGKILIKGKSLPPSAATTEDDG------------------------------ EVSDEDEAA
2 8 5  LEEFPDTLPS PEALKFKILVKNRKVGTLSETHERIGTDKSGQVLEWKEVIYEDGDEDSGM

X -Y  linker 
containing  
N L S

PLCÔSU 
PLC(-mouse

4 66 DIDTED PQLKAELDKKKTTS------------------KKKLKLAKELSDLVTLASVH-YGSFPA.S
34 5 DPETWl'.VFLSRIKEEREADPSTLSGIAGVKKRKRKK''I^>IALSDLVIYTKAEKFRNFQYS

PLCÔSU 
PLC(-mouse

513  KEKYKCHQMSSFGEAKAFGLAEDKPGDYVEHNKIFLSRIYPGGLRTNSSNYSrVPKGDVG 
405  RVYQQFNETNSIGESRARKL.SKLRVHEFIFHTAAFITRVYPKMMî'ADSSNFNPQEF.VNY'G

PLCÔSU 
PLC(-mouse

PLCÔSU 
PLC(-mouse

57 3 AQIVALNFQTPCEEMDLNQGKFLQNGKSGFILKPVFCRKPNMQFNPLKP-GDQYTQHVTL 
4 65 CQMVALNFQTPGLPPDLQNGKFLDNGGSGYILKPDILRDTTLGFNPNEPEYDDHPVTLTI

632 TVISGQQLPKP3GSKF.VIDPT KVYY LGG-GSKQEFKj'E’A'IINNGFS PTWNQEFS FEVICv 
525  R IISG IQ L PV SSSSN -T PD I\r/IIE Y 'Y  ■.VPNDHVKQQTRWKlINAFSPKWI'iETFTFLIQV

C 2
Domain

PLCÔSU 691  PELALIRLWQDYD-MA^.'SNEFIGQYTFPVASMQLGYHHVPILGEKGDDLLPASLFIHTM
PLC (-mouse 584 PELALIRF\/VETQQ FLLSGNELLGOYTLPVLCMNKGYRRVPLFSKSGANLEPSSLFIYVW

PLCÔSU 
PLC(-mouse

750  VNVS 
644 YFRE

Figure 26 -  Sequence alignment of PLC-ôsu with mouse PLC-Ç (Accession 
number NP 473407). Conserved residues are displayed in red, conservative 
substitutions in blue. Alignment was performed using Clustal W and Boxshade. 
Murine PLC -Ç shares 35 % identity with PLC-ôsu. Predicted domain structure is 
depicted by background shading as follows; PH domain - green; EF Hand 
domain - yellow; X and Y catalytic domains -  pink; C2 domain -  blue. Grey 
background shading depicts the putative nuclear localisation signal.
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(Larman et al. in press). The alignment shows large gaps in the PLC-ôsu X-Y linker 

region, with a number o f residues present in the nuclear localisation signal of PLC-Ç 

missing in PLC-ôsu. A search using the PredictNLS program does not identify a 

nuclear localisation signal in the X-Y linker region of PLC-ôsu. This evidence does 

not support a function for PLC-Ôsu similar to that of PLC-Ç.

Is PLC-ÔSU catalytically active?

Although the above predictions suggest that PLC-ôsu is a member o f the PLC-ô 

family, there is no evidence that it forms a catalytically active enzyme, p i 30 and its 

homologs also show high similarity with PLC-ô 1, but they are unable to hydrolyse 

phospholipids due to the replacement of critical residues in the catalytic domains 

(Kanematsu et al. 1992). Structural and mutational studies of PLC-ô 1 have revealed 

a number o f residues critical for PLC activity (Essen et al. 1996; Essen et al. 1997; 

Ellis et al. 1998). Figure 27 shows the alignment of PLC-Ôsu with PLC-ô 1 and 

highlights the residues deemed critical for activity by these studies.

Essen et al. (1996) found that residues His311 and His356 of PLC-ô 1 form hydrogen 

bonds with the 1-phosphoryl group of IP3 and are critical for PLC catalytic activity. 

These residues are indicated by red triangles in Figure 27, and are conserved in PLC- 

ôsu. The observed PLC substrate preference for poly-PIs appears to be due to salt 

bridges to the 4- and 5-phosphoryl groups of IP3. Mutational analysis reveals that the 

residues Lys438, Ser522 and Arg549, which form salt bridges with the 4-phosphoryl 

group of IP3, are essential for PIP2 hydrolysis (Cheng et al. 1995; Simoes et al. 1995; 

Ellis et al. 1998). Lys440, which forms a salt bridge with the 5-phosphoryl group of
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Figure 27 -  Sequence alignment of PLC-ôsu with rat PLC-ôl (Accession number 
NP 058731). Conserved residues are displayed in red, conservative substitutions 
in blue. Alignment was performed using Clustal W and Boxshade. Predicted 
domain structure is depicted by background shading as follows; PH domain - 
green; EF Hand domain - yellow; X and Y catalytic domains -  red; C2 domain -  
blue. Critical residues are marked with triangles as follows; red -  essential for 
catalytic activity; yellow - Ca^^ binding; blue -  hydrophobic ridge; green -  
preferential poly-PI hydrolysis. Residues critical for PH domain binding of 
PI(4,5)P2 and IP3 are marked with black triangles. Rat PLC-Ô1 shares 38 % 
identity with PLC-ôsu.
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IP3, is also implicated in the preferential hydrolysis o f poly-PIs (Ellis et al. 1998). 

These residues are indicated in Figure 27 by green triangles and are all conserved in 

PLC-ÔSU.

A catalytic calcium ion is 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 o f IP3, and the highly conserved residues, Asn312, Glu341, Asp343 

and Glu390. The importance of this calcium ion is demonstrated by mutation of one 

o f these residues (Glu341 -> Gly), which destroys PLC activity (Cheng et al. 1995). 

These residues, thought to be involved in Ca^^-binding, are indicated with yellow 

triangles in Figure 27, and are all conserved in PLC-ôsu.

The hydrophobic ridge is a feature o f PLC enzymes thought to 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 necessary for enzyme penetration into 

the phospholipid membrane (Ellis et al. 1998). These residues are indicated by blue 

triangles in Figure 27. Though Leu320 is conserved in PLC-ôsu, Phe360 and Trp555 

are both replaced with Leucine residues. These substitutions are unlikely to affect the 

activity o f the enzyme as the replacement residues are hydrophobic, and so will still 

form a hydrophobic ridge.

In summary. Figure 27 indicates that although rat PLC-ôl shares only 38 % identity 

with PLC-ÔSU, residues deemed critical for PLC activity by mutational studies on 

PLC-Ô1 are conserved in PLC-ôsu.
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Predicted Three-Dimensional structure of the PLC-Ôsu catalytic core

Though some predictions regarding the activity o f the PLC-ôsu enzyme can be made 

from alignment o f its secondary structure with that o f PLC-Ô1, this approach has 

limitations. Secondary structure alignment allows identification o f the conservation 

or substitution o f important residues, but is unable to provide information about the 

position o f these residues within the protein. It is possible, for example, that a residue 

crucial for binding PI(4,5)P2 in the active site of PLC-ôl, is conserved in PLC-ôsu, 

yet is buried in the tertiary structure and therefore unable to perform a similar 

function.

The tertiary structure o f PLC-ôl has been determined previously by crystallisation. 

The enzyme was crystallised in two parts, with the PH domain and the first EF hand 

domain separate from the rest of the enzyme (Essen et al. 1996). Here, the secondary 

structure of PLC-Ôsu has been modelled onto the tertiary structure of the enzymatic 

core of PLC-Ô1. Figure 28 shows cartoon and spacefill models of the three- 

dimensional structure of the PLC-ôl enzymatic core compared to the predicted three- 

dimensional structure of PLC-ôsu. The shape of the structure predicted for PLC-ôsu 

is fairly similar to that of PLC-ôl. The active sites o f the enzymes (coloured red (X 

domain) and orange (Y domain)) form a similar barrel shape and the C2 domain is 

situated in a similar position. The major difference between the PLC-ôsu protein and 

PLC-Ô1 is that the X-Y linker region o f PLC-Ôsu is shown, whereas the 

corresponding region of PLC-ôl is not. The PLC-ôsu X-Y linker is a flexible region 

that sits at the mouth of the active site on the opposite side to the hydrophobic ridge.
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PLC-ÔSU

Figure 28 -  Three-Dimensional model of PLC-ôl catalytic core (pdb - 2isd.B) as 
determined by Essen et al. (1996) and the predicted 3-D structure of PLC-ôsu 
modelled onto the PLC-ôl structure using SwissModel (Peitsch 1995; Guex & 
Peitsch 1997; Schwede et al. 2003). Models are displayed above in cartoon form and 
opposite in spacefill form using RasMol (© Roger Sayle). The pFAM domains are 
coloured as follows; X domain -  red; Y domain -  orange; C2 domain -  blue. 
Continued opposite...
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Figure 28 cont... - Critical residues are highlighted as follows; I(l,4,5)Pg binding 
residues -  bonds to 1-phosphoryl group of IP3 -  black; bonds to 4-phosphoryl group 
of IP3 -  purple; bonds to 5-phosphoryl group of IP3 -  white; residues crucial for 
Ca^^-binding -  yellow; hydrophobic ridge -  green.
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which facilitates membrane penetration. The residues predicted to be critical for 

catalytic activity are highlighted on all models.

The green residues indicate Leu320, Phe360, and Trp555, in PLC-ôl. These residues 

form the hydrophobic rim, necessary for enzyme penetration into the phospholipid 

membrane (Ellis et al. 1998). The corresponding residues in PLC-ôsu are all Leucine 

residues. Although this means conservation of only one o f the three residues, the two 

substitutions are also hydrophobic and so will still form the hydrophobic ridge. The 

three-dimensional models show that these PLC-ôsu residues are located in positions 

similar to those o f PLC-ôl, illustrating that the hydrophobic ridge is intact in PLC- 

ôsu. The residues necessary for binding the Câ "̂  cofactor in PLC-Ô1 are coloured 

yellow in Figure 28. These residues are conserved in PLC-ôsu, and appear to be 

situated in a similar position in the predicted three-dimensional structure forming a 

Ca^^-binding pocket at the bottom of the active site.

The residues deemed critical for Ins(l,4,5)P3 binding are coloured black, purple and 

white in Figure 28. The black residues bind the 1-phosphoryl group, the purple 

residues the 4-phosphoryl group and the white residues bind the 5-phosphoryl group. 

These residues are all conserved in PLC-ôsu. Furthermore, Figure 28 indicates that 

the positions of the residues within the protein are also conserved in PLC-ôsu, 

suggesting the conservation o f substrate binding, and therefore catalytic activity.
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Comparison of PLC-ôsu and PLC-Ô1 PH domains

Though PH domains have been identified in a variety o f protein families, the PH 

domain of PLC-ôl remains the most extensively characterised. The PH domain of 

PLC-Ô1 is knoAvn to specifically bind both PI(4,5)P2 and Ins(l,4,5)P3 with high 

affinity (Lemmon et al 1995; Garcia & Rebecchi 1995; Ferguson et al. 1995). The 

PH domains o f other PLC-ôs are thought to show similar binding properties, 

however, the PLC-ys are thought to bind PI(3,4,5)P], and the PLC-ps appear to bind 

membrane lipids non-specifically, whilst interacting specifically with the py subunits 

of heterotrimeric G-proteins (Falasca et al. 1998; Wang et al. 1999b).

To predict the binding properties o f the PLC-ôsu PH domain, the sequence alignment 

of PLC-ÔSU with PLC-Ô1 was studied (Figure 27). Mutational studies o f the PLC-ôl 

PH domain have revealed a number of basic residues required for PI(4,5)P2 and IP3 

binding. Lys30, Lys32, Arg37, Arg38, Arg40, and Lys57 were all identified as 

critical for PI(4,5)P2 and IP3 binding (Yagisawa et al. 1998). These residues are 

marked on Figure 27 with black triangles. Lys30, Arg40 and Lys57 are conserved in 

PLC-ÔSU whilst Arg37 and Arg38 are both replaced by Lysine residues in PLC-ôsu, 

both considered conservative substitutions as both Arginine and Lysine are basic 

residues. Lys32, however, is replaced in PLC-ôsu by a Serine residue. As Serine is 

not a basic residue, this may affect PLC-ôsu PH domain binding o f PI(4 ,5)P2 and IP3. 

As most of the residues deemed critical for PI(4,5)P2 and IP3 binding are conserved 

in the PLC-Ôsu PH domain it is likely that the PLC-ôsu PH domain will bind 

PI(4,5)P2 and IP3 but with a different affinity than the PLC-ôl PH domain.
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Predicted Three-Dimensional structure of the PLC-Ôsu PH domain

The tertiary structure o f the PLC-Ôsu PH domain was predicted by mapping the 

secondary structure against the tertiary structure o f the PLC-51 PH domain. The 

tertiary structure o f the PLC-51 PH domain has previously been characterised by 

Essen et al. (1996) by crystallisation. Figure 29 A depicts the tertiary structure o f the 

PLC-51 PH domain with the residues deemed critical for PI(4,5)P2 binding 

highlighted in red. Figure 29B shows the predicted three-dimensional structure of the 

PH domain of PLC-5su. The shape of the PLC-5su PH domain binding pocket differs 

slightly from that o f PLC-51. The binding pocket of the PLC-5su PH domain 

consists o f more variable loops making the pocket more flexible. This could indicate 

that the PH domain o f PLC-5su could incorporate a different shaped ligand to that of 

the PLC-51 PH domain and may therefore bind lipids more promiscuously.

The residues deemed critical for the PI(4,5)P2/Ins(l,4,5)P3 binding specificity o f the 

PLC-51 PH domain are highlighted in red in Figure 29A. The corresponding PLC- 

5su residues are highlighted in Figure 29B, in red if  the residues are conserved, blue 

if a conservative substitution is present and black if  a non-conservative substitution is 

present. The residues are situated in similar positions, suggesting that they are able to 

carry out a similar function, however, the lack of conservation o f these residues 

suggests that the binding properties o f the PLC-5su PH domain differ from those of 

the PLC-51 PH domain as discussed previously.
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A). PLC-ôl PH domain B). PLC-ÔSU PH domain

Figure 29 -  Three-dimensional models of the PLC PH domains. A). The crystallised structure of the PLC-61 PH domain (pdb - 
Imai.B). Residues deemed critical for the observed PI(4,5)P2 preference of the PLC-61 PH domain are highlighted in red. The PH 
domain is coloured green and the binding pocket is indicated by the black arrow. B). The predicted structure of the PLC-ôsu PH domain. 
Residues correlating to those deemed critical for the observed PI(4,5)P2 preference of the PLC-61 PH domain are highlighted in red, if 
conserved, blue, if a conservative substitution is present and black if the substitution is not conservative. The PH domain is coloured 
green and the binding pocket is indicated by the black arrow. The model was created using Swissmodel (Peitsch 1995; Guex & Peitsch 
1997; Schwede et al. 2003) and displayed using RasMol (© Roger Sayle).
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Prediction of theoretical protein-protein interactions

A number o f widely available programs allow fairly accurate prediction of modular 

domain structures within proteins. However, the prediction of short linear sequence 

motifs within proteins, which are targeted by these domains to form complex 

signalling networks, has proved more difficult (Yaffe et al. 2001). Here, I use two 

programs that attempt to identify either motifs within proteins that are likely to be 

phosphorylated by specific protein kinases, or motifs that when phosphorylated could 

bind to signalling domains such as SH2 domains, to analyse PLC-ôsu.

The first program, NetPhos, identifies regions likely to undergo phosphorylation. 

Serine, Threonine and Tyrosine residues within a sequence are identified and scored 

for phosphorylation potential using a prediction algorithm based on a set of substrate 

consensus sequences of some common protein kinases. As these consensus 

sequences are difficult to identify, this program uses loose variants of consensus 

sequences in order to prevent a potential phosphorylation site being overlooked. 

However, this does result in the generation of a large number o f false-positives. 

Scores over 0.5 are considered possible phosphorylation sites, as the score increases 

the phosphorylation potential also increases (Blom et al. 1999).

NetPhos predicts twenty-five potential Serine phosphorylation sites, fourteen 

potential Threonine phosphorylation sites and thirteen potential Tyrosine 

phosphorylation sites in PLC-ôsu. These predicted sites are illustrated in Figure 30A.

The second program, Scansite, identifies motifs in protein sequences that are likely 

to undergo phosphorylation or bind to signalling domains of other proteins. Figure
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Scansite
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NetPhos
Score

Serine 37 GRTFSLTDD Akt kinase 0.2757 0.102 % 0.961
Threonine 48 ALMYTPSKK Cdk5

kinase
0.1731 0.178% 0.167

i Tyrosine 298 HEDVYQDMK p85 SH2 0.1455 0.158% 0.989
Serine 459 DGEVSDEDE Casein 

Kinase 2
0.1007 0.046 % 0.997

Tlireonine 483 DKKKTTSKK PKC zeta 0.2842 0.155% 0.338

Figure 30 -  A). Schematic diagram illustrating putative phosphorylation sites present in PLC- 
ôsu as predicted by NetPhos. Potential phosphorylation sites are illustrated by lines coloured 
as follows, serine -  blue; tlireonine -  green; tyrosine -  red. Lines above the 0.5 threshold are 
considered potential phosphorylation sites. B). Schematic diagram illustrating putative 
phosphorylation sites present in PLC-Ôsu as predicted by Scansite. C). Table indicating the 
context and scores of the phosphorylation sites detected by Scansite compared with the scores 
attributed by NetPhos. Low Scansite scores are considered to represent good matches with 
phosphorylation motifs, and a score within the top 0.2 % of scores is considered a potential 
phosphorylation site
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3 OB shows the results o f a Scansite high stringency scan o f PLC-ôsu. The program 

identified five regions in PLC-ôsu as putative phosphorylation or binding sites. The 

sites identified were as follows; an Akt kinase (otherwise known as Protein Kinase 

B) target sequence located in the PH domain, a Cdk5 Kinase target sequence also 

located in the PH domain, a p85 SH2-domain binding site located immediately ahead 

of the X domain, a Casein Kinase 2 target sequence located in the X-Y linker region 

and a PKC zeta target sequence also located in the X-Y linker region. The motifs are 

scored as 0.000 if  a sequence optimally matches a certain motif, and the score 

increases as sequences diverge from the optimal match. As all o f the motifs 

recognised in PLC-ôsu have low scores, they must all be fairly close to the optimal 

match. The sequence is searched alongside other sequences from the vertebrate 

section o f the Swiss-Prot database to analyse how good a particular score is. The 

percentile is calculated from this reference database search. A site that ranks in the 

best 0.2 % of all sites is considered a good match. All five sequences identified in 

PLC-ÔSU can therefore be considered good matches. These scores are shown 

alongside the NetPhos scores for the same sites (Figure 30C). NetPhos agrees that 

Ser37, Tyr298 and Ser459 are good candidates for phosphorylation, however 

NetPhos does not find Thr48 and Thr483 to be good phosphorylation site matches.

The accessibility o f the putative phosphorylation/binding sites is important, as a 

buried site may be inaccessible to an interacting protein. Scansite provides an 

estimate of accessibility, (Figure 3OB), however, this is calculated from sequence 

data alone and therefore does not take into account the known three-dimensional 

structure o f PLC-ôl. Figure 31 shows the putative phosphorylation/binding sites 

highlighted on the predicted three-dimensional structures o f PLC-ôsu.
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Figure 31A -  Predicted three-dimensional structure of the PLC-ôsu PH domain. 
The putative phosphorylation sites predicted by Scansite are highlighted in red 
(Ser37) and purple (Thr48). The PH domain is coloured green. Structure was 
predicted using Swissmodel (Peitsch 1995; Guex & Peitsch 1997; Schwede et al. 
2003) and 1 mai.pdb template and displayed using RasMol (© Roger Sayle).
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Figure 3 IB -  Predicted three-dimensional structure of PLC-6su with predicted 
phosphorylation/ SH2 binding sites highlighted as follows -  p85 SH2 binding site 
(Tyr298) -  Yellow; Casein Kinase 2 phosphorylation site (Ser459) -  Green; PKC zeta 
(Thr483) - Purple. PLC-ôsu was modelled onto the catalytic core of PLC-ôl (2isd) using 
Swiss-Model (Peitsch 1995; Guex & Peitsch 1997; Schwede et al. 2003) and displayed 
using RasMol (© Roger Sayle). The domain structure is highlighted as follows; X 
domain -  red; Y domain -  orange; C2 domain -  blue. The model is depicted in spacefill 
(above) and cartoon (below) formats.



Chapter 4 -  Sequence Analysis

Figure 31A shows the PH domain o f PLC-ôsu containing Ser37, the Akt Kinase 

target sequence located in the PH domain, highlighted red. This residue is located 

towards the bottom of the PH domain binding pocket and appears to be easily 

accessible for phosphorylation by Akt Kinase. Thr48 is also shown in Figure 31 A, 

highlighted in purple. This residue is located on a flexible loop near the top of the PH 

domain binding pocket and is therefore very accessible for phosphorylation by Cdk5 

Kinase. Figure 3 IB shows the catalytic core of PLC-Ôsu. The putative p85 subunit of 

PI 3-Kinase SH2 domain binding site (Tyr298) is highlighted yellow. This residue 

appears to be fairly accessible for phosphorylation and SH2 domain binding, 

particularly considering that it appears to be located within a flexible part of the 

protein. Ser459 and Thr483 are coloured green and purple respectively. Both are 

located on the X-Y linker region, a very flexible region o f the protein allowing easy 

accessibility for phosphorylation by Casein Kinase 2 or PKC zeta. These data 

suggest that all o f the putative phosphorylation sites predicted by Scansite are located 

on the surface o f PLC-Ôsu and are therefore easily accessible.
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Discussion

Analysis o f the PLC-ôsu sequence finds that the sequence contains a large open 

reading frame with an initiation sequence that conforms fairly well to the rules of 

Kozak. The PLC-ôsu initiation sequence contains both the adenosine base upstream 

of the initiation codon, and the guanine base downstream of the initiation codon, 

found to be most highly conserved in vertebrate initiation sequences by Kozak 

(1999). This initiation codon defines an uninterrupted open reading frame of 2262 

base pairs, 753 amino acids, encoding a protein of 84.6 kDa, with a pi o f 6.04.

A pBLAST (Altschul et al. 1997) search found that the three most similar proteins to 

PLC-ÔSU were zebrafish PLC-Ô (AAH51157) - 40 % amino acid identity; bovine 

PLC-Ô2 (S14113)- 39%  identity and porcine PLC-Ô4 (AAM18122) -  38 % identity. 

All three matches had low expect values indicating highly significant matches. The 

C-terminal region o f bovine PLC-Ô2 in particular, shares a high degree o f similarity 

with that of PLC-ÔSU. This may explain the fortuitous cross-reactivity of PLC-ôsu 

with the commercial anti-PLC-ô2 antibody {Santa Cruz) used in Chapter 3 to 

identify PLC-ôsu in sea urchin egg cytosol, as this antibody was raised against the C- 

terminal o f bovine PLC-Ô2. The exact sequence o f the peptide that this antibody was 

raised against, however, is unavailable for comparison due to commercial property 

confidentiality.

Phylogenetic analysis suggests that PLC-ôsu shares most identity and least 

divergence with members o f  the PLC-ô sub-family and PLC-Ç. Most identity is 

shared with PLC-Ô2 (39 %) and least identity is shared with PLC-s (22 %). This is
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illustrated by the phylogenetic tree of the PLC isoforms, which clusters PLC-Ôsu first 

with the PLC-Ô sub-family, and then with PLC-Ç. This evidence supports the 

classification o f PLC-Ôsu as a PLC-ô isoform. This evidence also indicates a close 

evolutionary relationship with PLC-Ç, suggesting that, in comparison with other PLC 

isoforms, PLC-ôsu and PLC-Ç diverged from their common ancestor quite recently. 

This relationship is o f particular interest considering the mammalian sperm factor 

role of PLC-Ç (Saunders et al. 2002). As PLC-ôsu has also been detected in gametes, 

this may indicate a possible functional role for PLC-ôsu as a sea urchin sperm factor.

Predicted domain structure further supports the classification of PLC-ôsu as a PLC-Ô. 

pFAM (Bateman et al. 2002) analysis identified a structure similar to that o f a typical 

PLC-Ô, with an amino-terminal PH domain, an EF hand domain, X and Y catalytic 

domains and a carboxyl-terminal C2 domain. Multiple sequence alignment with 

other members o f the PLC-ô sub-family reflects the similarities between PLC-ôsu 

and other PLC-Ôs. PLC-ôsu, however, appears to differ from other known PLC-Ôs in 

that only a single EF hand domain was detected, rather than the dual EF hand domain 

characteristic o f other PLCs. This is potentially a very important difference, as 

mutational studies have shown that the presence o f the second EF hand domain is 

vital for the catalytic activity o f the enzyme (Ellis et al. 1993; Nakashima et al.

1995). However, this does not necessarily suggest that PLC-ôsu is an inactive 

enzyme. The pFAM program also failed to identify EF hand domains in other PLC 

isoforms, whose published domain organisation includes EF hand domains. One 

explanation for this is that the EF hand domains o f most PLCs are not the classical 

Ca^^-binding domains that the pFAM database probably contains. In fact, only the 

EF hand domain o f PLC-61 has been shown to bind Ca^^ (Williams 1999;
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Yamamoto et al. 1999). The sequence mutations, which render the PLC EF hands 

unable to bind Câ "̂ , could be responsible for the inability o f the pFAM and pBLAST 

conserved domain databases to recognise them. It has been suggested that deletion of 

the second EF hand domain negates catalytic activity by destabilising the fold o f the 

enzyme (Ellis et al. 1993; Nakashima et al. 1995). If this is the case, the presence of 

an atypical EF hand domain in PLC-ôsu, may be sufficient to stabilise the enzyme 

and maintain catalytic activity. In addition, alignment of PLC-ôsu with other PLC 

iso forms shows that the area containing the second EF hand m otif in PLC-ôl and 

PLC-Ç, is fairly well conserved in PLC-ôsu. However, PLC-ôsu contains a small 

insert of nine residues, which may be responsible for the inability o f pFAM to 

recognise a second EF hand in PLC-ôsu. If these nine residues are deleted from PLC- 

ôsu, and the sequence re-analysed by pFAM, a second EF hand domain is 

recognised. The effect of this small insert on the folding o f PLC-ôsu cannot be 

determined computationally.

Although rat PLC-ôl (NP_058731) shares only 38 % amino acid identity with PLC-

ôsu, alignment o f the two protein sequences reveals that residues deemed critical for

PLC activity by mutational studies on PLC-ôl all appear to be conserved in PLC-

ôsu. Residues His311 and His356 of PLC-ôl, which form hydrogen bonds with the

1-phosphoryl group o f IP3, have been found to be critical for PLC catalytic activity

(Essen et al. 1996). Alignment of PLC-ôsu with PLC-ôl clearly shows that these

residues are conserved in PLC-ôsu. Secondly, the PLC substrate preference for

PI(4,5)P2 appears to be due to salt bridges formed between the catalytic site and the

4- and 5-phosphoryl groups of IP3. The residues in the active site that form these salt

bridges, Lys438, Lys440, Ser522 and Arg549, are essential for PI(4,5)P2 hydrolysis,
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(Cheng et al. 1995; Simoes et al. 1995; Ellis et al. 1998), and are conserved in PLC- 

ôsu. In addition, a catalytic Ca^^ ion, which binds to the catalytic site through 

interactions with the 2-hydroxyl group of IP3 and residues Asn312, Glu341, Asp343 

and Glu 390, is a further essential ingredient for PLC catalytic activity. Mutation of 

one o f these residues (Glu341 -> Gly) destroys enzyme activity (Cheng et al. 1995). 

The alignment o f PLC-ôsu with PLC-ôl shows that these residues are also 

conserved. The final component known to be essential for the catalytic activity of 

PLC-Ô1, is the hydrophobic ridge. This feature is highly conserved amongst PLCs 

and is thought to allow the enzyme access to its substrate by facilitating membrane 

penetration (Essen et al. 1996). Residues Leu320, Phe360 and Trp555 form the 

hydrophobic rim o f PLC-ôl, and mutational analysis indicates that these residues are 

crucial for enzyme penetration into the phospholipid membrane (Ellis et al. 1998). 

Alignment o f PLC-ôsu with PLC-ôl reveals that o f these residues only Leu320 is 

conserved in PLC-ôsu. However, the replacement of Phe360 and Trp555 with 

hydrophobic leucine residues should not affect the formation of the hydrophobic 

ridge. Comparison with the amino acid structure of the highly characterised PLC-ôl, 

therefore, reveals no reason why PLC-ôsu should not form a functional PLC enzyme. 

Furthermore, the predicted tertiary structure o f PLC-ôsu suggests that the residues 

critical for the catalytic activity o f PLC-Ô1 are situated in similar positions in both 

enzymes. This strongly suggests that PLC-ôsu forms an active enzyme.

Comparison o f the PLC-ôsu PH domain with that of PLC-Ô1 suggests that the 

binding properties o f PLC-ôsu may differ from those o f PLC-ôl. Mutational studies 

of PLC-Ô1 have identified a number of residues in the PLC-ôl PH domain critical for
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its PI(4,5)P2/I(1,4,5)P3 binding preference (Yagisawa et al. 1998). These residues are 

not all conserved in PLC-ôsu. Whilst Lys30, Arg40 and Lys57 are conserved, Arg38 

and Arg40 are both replaced by Lysine residues in PLC-ôsu, considered conservative 

substitutions as both are basic residues. Lys32, however, is replaced in PLC-Ôsu by a 

Serine residue. As Serine is not a basic residue, this may affect PLC-ôsu PH domain 

binding of PI(4,5)P2 and IP3. This suggests that the PLC-ôsu PH domain may bind 

PI(4,5)P2 and IP3 but with a lower affinity than the PLC-ôl PH domain. Comparison 

of the three-dimensional structure of the PLC-ôl PH domain with the predicted 

structure for PLC-ôsu PH domain, also highlights a number of differences. The PLC- 

ôsu PH domain binding pocket consists of more variable loops, suggesting a higher 

amount of flexibility. This could indicate that the PLC-ôsu PH domain binding 

pocket is able to incorporate a wider variety of ligands than that of PLC-ôl, and 

therefore may exhibit a lower specificity in ligand binding.

NetPhos (Blom et al. 1999) and Scansite (Yaffe et al. 2001) identified a number of 

putative phosphorylation sites within the PLC-ôsu sequence. The sites that both 

programs identified were, Ser37, Thr48, Tyr298, Ser459 and Thr483. However, only 

Ser37, Tyr298 and Ser459 were identified as good candidates for phosphorylation 

sites by both programs. Analysis o f the predicted three-dimensional structure of 

PLC-ÔSU revealed that all o f these sites were located on the surface of the enzyme 

and therefore were available for phosphorylation.

Ser37 is located within the PH domain of PLC-ôsu, and is predicted to be 

phosphorylated by Akt Kinase (otherwise known as Protein Kinase B). Akt has been
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identified in echinoderm eggs as an initiator of Gz/M-Phase transition (Okumura et 

al. 2002). Akt has also been implicated in pathways controlling major cellular 

functions such as transcription, protein synthesis, and carbohydrate and lipid 

metabolism, and is a downstream effector of growth factor-mediated cell survival 

(Kandel et al. 2002). Activated Akt phosphorylates and downregulates molecules 

involved in apoptosis such as caspase-9 and Bad, thus promoting cell survival (Li et 

al. 2003). This anti-apoptotic activity has implicated Akt in human cancers (Kandel 

et al. 2002). If PLC-ôsu is regulated by Akt phosphorylation, this could implicate a 

role for PLC-ôsu in promoting a cell cycle checkpoint and/or in promoting apoptosis.

Tyr298 is located immediately ahead of the PLC-Ôsu X domain and is predicted to 

bind the SH2 domain o f the regulatory p85 subunit of PI 3-Kinase. PI 3-Ks function 

to phosphorylate the D-3 position o f the inositol ring of phosphoinositides, producing 

the intracellular second messengers PI(3)P, PI(3,4)P] and PI(3,4,5)P] (Isakoff et al. 

1998). These 3-phosphoinositides activate downstream targets by specifically 

binding PH domains in these signalling molecules (Burgering & Coffer 1995; Franke 

et al. 1995; Isakoff et al. 1998). In this way, PI 3-Ks modulate diverse cellular 

responses including cell growth, inhibition of apoptosis, actin cytoskeletal 

reorganisation, exocytosis and secretion and chemotaxis (Bae et al. 1998; Isakoff et 

al. 1998). Interestingly, one o f the downstream targets o f PI 3-K is Akt. The PH 

domain of Akt binds to PI(3,4)P] produced by activated PI 3-K to recruit Akt to the 

plasma membrane. Here, it is activated by phosphorylation and subsequently 

modulates a variety o f substrates including Bad, procaspase-9, glycogen synthase 

kinase-3 (GSK-3) and p21^’̂ ^ The PI 3-K/Akt pathway therefore regulates 

apoptosis, through down-regulation of substrates such as Bad and procaspase-9, and
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cell cycle progression, through activation of substrates such as GSK-3 and 

(Chang et al. 2003). PI 3-K has previously been detected in the sea urchin egg and its 

activity is reported to increase 20 and 50 minutes post-fertilisation and remain high 

throughout mitosis (De Nadai et al. 1998b). Blocking this activity, with the PI 3-K 

inhibitor wortmannin, does not appear to effect fertilisation, but does arrest the cell 

cycle, inhibiting MPF activation, centrosome duplication and mitotic spindle 

formation (De Nadai et al. 1998b). This putative interaction with PI 3-K, therefore, 

once again implicates a possible role for PLC-ôsu during cell cycle progression 

and/or apoptosis.

Ser459 is located in the flexible X-Y linker region o f PLC-ôsu and is predicted to 

undergo phosphorylation by Casein Kinase 2. Casein Kinase 2 is reported to be 

involved in the initiation o f DNA replication and the regulation o f transcription 

(Ohtsuki et al. 1996). It has previously been detected in sea urchin eggs (Ohtsuki et 

al. 1993), and studies on sea urchin eggs suggest that Casein Kinase 2 activity 

increases 10 hours post-fertilisation, reaches a maximal level at 24 hours post

fertilisation and decreases by 72 hours post-fertilisation. Inhibition o f this enzyme 

appears to block or delay blastula to gastrula transition, indicating a role for Casein 

Kinase 2 during early development (Delalande et al. 1999). If PLC-ôsu is regulated 

downstream of Casein Kinase 2, a role in cell cycle progression is implicated once 

again.

This chapter predicts that the cDNA identified in Chapter 3 encodes an 84.6 kDa 

protein, belonging to the PLC-ô sub-family. Computational analysis suggests that the 

PLC is catalytically active, although its regulation may differ from that o f PLC-ô 1
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due to putative differences in the binding affinities o f the PH domains. Predicted 

modes of regulation include phosphorylation by Akt or Casein Kinase 2 and/or 

interaction with PI 3-K. This could suggest a role for PLC-ôsu in the control of cell 

cycle progression and/or apoptosis. These predictions are purely speculative, based 

on similarities to other, more characterised proteins, identified using analytical tools 

available on the Internet. Subsequent chapters will attempt to prove or disprove these 

predictions and investigate the function o f PLC-ôsu more thoroughly, using 

experimental approaches.
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Chapter 5 -  Generation and Expression of 

PLC-Ssu
Introduction

Analysis o f the PLC-ôsu sequence suggests that it codes for a catalytically active 

PLC. To test this experimentally, a recombinant version o f PLC-ôsu is required. As 

sea urchin eggs are metabolically quiescent, they do not translate RNA efficiently 

and therefore the PLC-ôsu protein cannot be easily produced in situ. Instead, other 

expression systems will have to be utilised to produce a tagged-recombinant protein 

that can be easily purified. The production of a recombinant protein would also be 

advantageous in permitting other avenues of experimentation, particularly that of 

antibody production and subsequent immunoprécipitation.

There are several different host systems that can be used to express recombinant 

proteins including bacteria, yeast, plants, filamentous fungi, insect and mammalian 

cells. Each system carries a number of advantages and disadvantages that must be 

considered before the choice of host system for a particular recombinant protein is 

made. In this chapter, bacterial cells have been used to express PLC-ôsu fusion 

proteins. The main advantages of using this system include the wealth o f information 

available, the wide choice o f vectors available for use in this system, the high yield 

of protein that can be produced and the relatively cheap cost compared with that of 

other systems. However, bacterial cells cannot carry out post-translational 

modifications, which may prove a problem if these modifications are required to 

produce a functional recombinant PLC-ôsu protein. Bacterial cells also may store 

recombinant protein as insoluble inclusion bodies in the cytoplasm. This must be
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considered when isolating and purifying the protein from the bacterial cells (T he  

Recombinant Protein Handbook’ APBiotech).

Evidence suggests that some o f the PLC ôs are difficult to produce as functional 

recombinant proteins. Whilst a functional recombinant PLC-ô 1 protein was produced 

some years ago (Ellis et al. 1993), it is only recently that functional recombinant 

PLC-Ô3 and PLC-54 proteins have been produced (Pawelczyk & Matecki 1998; 

Nagano et al. 1999). Furthermore, to date, the literature offers no evidence to suggest 

that a functional recombinant PLC-Ô2 protein has been created. To combat this 

problem, previous studies examining the function of PLCs in eggs have successfully 

used the mouse egg as an in situ translation system (Saunders et al. 2002). RNA is 

microinjected into the egg where it is translated and its functions studied. In this 

chapter, PLC-ôsu cRNA has been produced as a second approach to the study of 

PLC-ÔSU function.

179



Chapter 5 -  Generation and Expression o f PLC-5su

Recombinant PLC-ôsu Protein Methods

Production of PLC-ôsu in pGEX

The Glutathione S-transferase (GST) Gene Fusion System is a common choice for 

the production o f fusion proteins. It is particularly popular as it gives high yields of 

protein, which can be easily purified. The GST tag can also help stabilise the folding 

of recombinant proteins and so the use o f this system may produce an active PLC- 

ÔSU fusion protein. In this system a GST fusion protein is created by insertion o f the 

cloned gene into the pGEX vector (Figure 32 A) downstream of the GST gene. A 

strong Ptac promoter, which is induced using the lactose analogue isopropyl P-D- 

thiogalactoside (IPTG), is used to express large quantities o f fusion protein. 

Purification o f the fusion protein is achieved by GST binding to a GSTrap columns, 

followed by washing and elution with reduced glutathione (Figure 32B) (‘The 

Recombinant Protein Handbook’ APBiotech).

A restriction enzyme digest of PLC-ôsu in pCRU with EcoRI was performed to 

remove the PLC-ôsu sequence from pCRII and ligate into the multiple cloning site of 

pGEX6P-l. The pGEX vector (Figure 32A) was digested with the same enzyme and 

treated with alkaline phosphatase. The digested DNA was run on an agarose gel and 

the appropriate DNA bands were excised and purified from the gel. The PLC-ôsu 

DNA insert was ligated into the linearised pGEX vector. The DNA was digested 

using EcoBl and run on an agarose gel to check that the ligation had been successful.
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Production of PLC-Ôsu in pMAL

In the pMAL-c2 expression system a maltose-binding protein (MB?) fusion protein 

is created by insertion of the cloned gene into the pMAL vector (Figure 33A) 

downstream o f the malE gene, which encodes MBP. A strong Ptac promoter is used 

along with the translation initiation signals o f MBP to express large quantities o f the 

fusion protein in bacterial cells. Purification o f the fusion protein is achieved by 

MBP binding to amylose resin, followed by washing and elution with maltose 

(Figure 33B).

A restriction enzyme digest o f PLC-ôsu in pCRU with Sac I and Xba I was 

performed to remove the PLC-ôsu sequence from pCRU and ligate into the multiple 

cloning site o f pMAL. The pMAL vector (Figure 3 3 A) was digested with the same 

enzymes and treated with alkaline phosphatase. The digested DNA was run on an 

agarose gel and the appropriate DNA bands were excised and purified from the gel. 

The PLC-ÔSU DNA insert was ligated into the linearised pMAL vector, and TOP 10 

cells were transformed with the ligation product. After amplification using a midi- 

prep kit {Promegd) the DNA was digested using Sac I and Xba I restriction enzymes 

and run on an agarose gel to check that the ligation had been successful. Figure 33C 

shows two o f the digested maxi-prepped colonies run on a 0.8 % agarose gel 

alongside DNA markers. The PLC-ôsu insert o f around 2.4 kb is indicated by the 

arrow. The other bands represent the linearised vector and uncut circular and 

supercoiled vector.

182



A ) . |iMia-c2X PsiyliRkw:

5  TCG A&C TCG ( A A C ) ,  AAT AAC AAT ( A A C ) ,  CTC GGG ATC GAG GGA AGG ATT TCA
( t «  G l u  G l y  A r g

fWRI gAMH Ate I sat P5T1 HDflO III
GAA TTC GGA TCC TCT AGA GTC Ga C CTG  C a G GCA AGC TTG . . .  f J c Z a

polylinker

lacZa
maiE

rmB
terminator

tac

pMAL-c2X

-  M13 on
pBR322 ori

B).

^ *2.5 kDa

> B P

O M B P

Factor Xa

) M B P

127.5 kDa

85 kDa

PLC-Ssu

V

For purification, load onto 
am vlose resin and wash

PLC-Ssu

V

Elute with maltose. Cleave  
witlr Factor Xa i f  required

PLC-5SU

C). m

7126

6108
5090 —
4072 —

2036 —  
1636 —

Figure 33 -  A). Vector map of pMAL-c2X (NF Biolahs). B). Schematic diagram of 
recombinant MBP-PLC-ôsu fusion protein purification. C). Agarose Gel (0.8 %) 
electrophoresis of PLC-ôsu cut out of pMAL with Sac I  and Xba 1. The arrow 
indicates the PLC-ôsu insert. Colonies used are numbered along the top of the gel. 
Abbreviations are as follows, kDa -  kilodaltons, MBP -  maltose binding protein, 
Mk -  DNA marker, bp -base pairs.



Chapter 5 -  Generation and Expression o f PLC-ôsu

Recombinant PLC-ôsu Protein Results

Production and activity of MBP-tagged PLC-Ôsu recombinant protein

Attempts to produce a functional recombinant GST-tagged protein from the PLC-Ôsu 

in pGEX vector were unsuccessful. The pMAL-c2 expression system was chosen as 

the next strategy for fusion protein production, as the pMAL construct had 

previously been used successfully to generate recombinant fusion PLC-Ô4 protein 

(Parrington et al. 2002).

BL21 cells (Invitrogen) were transformed with PLC-ôsu in pMAL and protein was 

produced and purified as described in Chapter 2. Samples from each stage in the 

purification process were separated by SDS-PAGE and the gel was stained with 

Coomassie Blue. Figure 34A shows the stained gel, with the 127 kDa MBP-PLC-ôsu 

fusion protein indicated by the arrow. Smaller bands are also visible in the MBP- 

PLC-ÔSU eluate. These bands probably represent breakdown products o f the fusion 

protein, with an 85 kDa band representing PLC-ôsu and a large band of about 50 kDa 

representing MBP. To verify the identity o f these bands, a similar gel was 

immunoblotted with anti-MBP and anti-PLC-ô2 antibodies (Figure 34B). Both 

antibodies recognised a band of around 127 kDa, the correct size for an MBP-PLC- 

ôsu fusion protein. The recognition of the recombinant PLC-ôsu protein by the 

mammalian anti-PLC-ô2 antibody lends further support to earlier data reliant on this 

antibody, and suggests that this antibody cross-reacts with PLC-ôsu. The anti-PLC- 

Ô2 antibody also recognises a band of between 65 and 70 kDa. A band of 70 kDa was 

also recognised in sea urchin egg cytosol (Figures 12 and 13). The strong presence of
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this band in the recombinant protein eluate implies that it may be a breakdown 

product o f PLC-ÔSU as previously suggested. Bands smaller than the MBP-PLC-ôsu 

fusion protein were also recognised by the anti-MBP antibody, with a range o f sizes 

between 45 and 80 kDa. The band of around 45 kDa is likely to represent MBP 

alone, and the larger bands MBP-tagged breakdown products o f PLC-ôsu.

The recombinant MBP-tagged PLC-ôsu protein eluate was tested for PLC activity 

using the sea urchin egg homogenate as a bio-assay for IP3 production. The MBP- 

PLC-ôsu protein was incubated with PI(4,5)P2 for a known amount o f time before 

addition to the sea urchin egg homogenate. The IP3 generated was estimated by 

comparison o f the resulting Ca^^ trace with traces produced by addition of known 

amounts of IP3 to the sea urchin egg homogenate. The Câ "̂  traces are shown in 

Figure 34C and indicate no detectable Ca^^ release and therefore no detectable PLC 

activity. The failure to detect PLC activity could either be due to the low sensitivity 

of the detection method or to the inactivity of the recombinant protein. Protein 

production and purification was repeated several times, yet failed to yield a 

recombinant protein with detectable PLC activity. This indicated a fundamental 

problem either in MBP-PLC-ôsu production or in PLC activity detection.

During the course of this project, a more sensitive method o f measuring PLC activity 

was discovered. The sea urchin egg homogenate, prepared as described in Chapter 2 

but with the addition o f aequorin, was used in combination with a photomultiplier 

tube. The MBP-PLC-ôsu protein was incubated with PI(4,5)P2 and the IP3 generated 

was measured by addition to the sea urchin egg homogenate as described previously. 

However, the use o f luminescence in the sea urchin egg homogenate proved to be a

187



Chapter 5 - Generation and Expression o f PLC-Ssu

more sensitive measure of release than the fluorimetry method previously 

utilised. Addition o f MBP-PLC-ôsu protein to the aequorin homogenate after a 2 min 

incubation with PI(4,5)P2 evoked no detectable Ca^^ release. However, when the 

PI(4,5)P2 incubation period was increased to 10 min, a Ca^^ response equivalent to 

that produced by about 20 nM IP3 was evoked (Figure 35). This suggests that the 

MBP-PLC-ôsu recombinant protein is catalytically active, with an estimated specific 

PLC activity o f about 0.002 U/mg (pmol/min/mg). The PLC activity o f MBP-PLC- 

ôsu is therefore very low in comparison with the published PLC activity of other 

recombinant PLC proteins, with an approximately 400,000-fold lower PLC 

enzymatic activity than that o f the recombinant PLC-Ô1 protein used in Jones et al. 

(2000).

Microinjection of recombinant MBP-PLC-ôsu protein into mouse eggs

The following experiment involving mice and mouse eggs was carried out in 

collaboration with Dr. Karl Swann. Metaphase Il-arrested mouse eggs were collected 

and loaded with fura red as described in Chapter 2. Intracellular Ca^^ was monitored 

prior to and immediately following microinjection of MBP-PLC-ôsu protein. Figure 

36A shows that no change in intracellular Câ "̂  was observed following 

microinjection o f recombinant PLC-ôsu protein (n = 6). Microinjection o f IP3 

demonstrated that the eggs were capable o f producing IP3-induced Ca^^ release 

(Figure 36B). This suggests that PLC-ôsu is not capable o f causing intracellular Ca^^ 

release in mouse eggs. This may be due to the low specific PLC activity of MBP- 

PLC-ôsu protein. However, other PLC isoforms such as PLC-pi, -yl, -y2 and -ôl, 

expressed as recombinant proteins with much higher enzymatic PLC activities
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(between 2500 and 400,000-fold higher) than recombinant PLC-ôsu were also 

incapable o f eliciting a Ca^^ response in mouse eggs. It has been suggested that this 

property is unique to the sperm-factor, PLC-Ç, the only PLC isoform that lacks a PH 

domain (Jones et al. 2000; Saunders et al. 2002).

Microinjection of recombinant MBP-PLC-ôsu protein into sea urchin eggs 

Sea urchin eggs were collected and handled as described in Chapter 2. A number of 

sea urchin eggs were microinjected with 0.5 mg/ml MBP-PLC-ôsu protein (n = 11) 

and a control group o f eggs were microinjected with 0.5 mg/ml BSA in injection 

buffer (n = 10). Sperm was added to the chamber and 10/11 eggs containing MBP- 

PLC-ôsu were successfully fertilised compared with 9/10 control eggs (assessed by 

the raising of a full fertilisation envelope). This suggests that low levels of PLC-ôsu 

do not significantly effect normal fertilisation. The morphology o f the cells was 

monitored each hour for 2 hours. After 1 hour, 6/11 eggs containing MBP-PLC-ôsu 

had divided to 2-cell, compared with 8/10 control eggs. After 2 hours, 9/11 eggs 

containing MBP-PLC-ôsu had successftilly divided, 5/11 to 2-cell and 4/11 to 4-cell. 

Of the control eggs, 8/10 had successftilly divided, 2/10 to 2-cell and 6/10 to 4-cell. 

This suggests that the presence of MBP-PLC-ôsu protein does not affect cell 

division. However, the protein used was at low concentration and appeared to have 

very low specific PLC activity.
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Fertilised 2-cell 4-cell

PLCÔSU Control PLCÔSU Control PLCÔSU control

0 hr (sperm added) 10/11 9/10 - - - -

1 hr 6/11 8/10 - -

2 hr 5/11 2/10 4/11 6/10

Table 2 -  Morphology of sea urchin eggs microinjected with 0.5 mg/ml MBP-PLC- 
ôsu and control eggs microinjected with 0.5 mg/ml BSA and subsequently fertilised.
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PLC-ÔSU cRNA Methods

A recombinant PLC-ôsu protein was successfully produced as described above, but 

the specific activity o f the protein was very low (2400-fold lower than that o f PLC- 

Ô1 recombinant protein used in Jones et al. 2000). The negative data gained from the 

use o f this protein in mouse and sea urchin eggs could therefore be due to the low 

levels of PLC-ÔSU activity used. Here, we use the mouse egg to translate PLC-ôsu 

cRNA in situ, in an attempt to produce higher levels o f PLC-ôsu protein in order to 

study its function more effectively. Fluorescent and luminescent fusion proteins are 

utilised to monitor levels of expression.

Production of PLC-ôsu cRNA

PLC-ÔSU in pCRU has a good T7 promoter for RNA production and had previously 

been constructed. However, this vector could not be used to produce PLC-ôsu RNA, 

as a good translation initiation site is present between the T7 promoter and the PLC- 

ôsu initiation site. This translation site is out of frame with the PLC-Ôsu initiation site 

and therefore would not translate into PLC-ôsu protein. To overcome this problem, 

PLC-ÔSU was cut out o f pCRU using the EcoRI site between the two initiation 

codons and the EcoBl site downstream of the PLC-ôsu stop codon and sub-cloned 

into the multiple cloning site o f pcDNA3.1 (Figure 37A). As only one restriction 

enzyme was used to cut the vector and insert, the ligation could result in the two 

different orientations shown in Figure 37B. To check the orientation o f the PLC-ôsu 

gene, the construct was cut with BamYil, an enzyme that cuts pcDNA3.1 in the 

multiple cloning site and PLC-ôsu near the stop codon. Digestion with BamYil would
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therefore result in different size jfragments according to the orientation o f PLC-Ôsu in 

pcDNA3.1, producing a 2081 base pair fragment if  PLC-Ôsu was present in the 

correct orientation, and a 319 base pair fragment if PLC-ôsu was present in the 

incorrect orientation (Figure 37Bi). Figure 37Bii shows the DNA of five of the 

colonies that resulted from the ligation, cut with BaniRl. Colonies 1,3, and 5 contain 

pcDNA3.1 with PLC-ôsu present in the correct orientation and colonies 2 and 4 

contain pcDNA3.1 with PLC-ôsu present in the incorrect orientation. DNA from 

colony 1 was then sequenced to verify the orientation o f PLC-ôsu, linearised by 

restriction digest with Sma\ at 25 °C and used for cRNA production.

Production of PLC-ôsu-GFP cRNA

To produce a GFP-tagged PLC-ôsu construct, the JC-1 construct, (kindly donated by 

Tamas Balia and Guillaume Halet), was used. This construct consists o f the 

pcDNA3.1 vector with the PH domain of PLC-ô 1 followed by GFP inserted into the 

multiple cloning site between the EcoRI and Not\ restriction sites (Figures 38A and

B). In order to produce a viable construct, removal o f the PLC-ôsu stop codon was 

required. The PLC-ôsu sequence was amplified using the following PCR primers 

engineered to remove the stop codon.

Forward H O I 5’ AAGCTTGTTTTCAAGATGGGAGAG 3’

Reverse H 0 2  5 ’ ACCGGTTCTGATACATTGACCATGGTG 3 ’

PCR was carried out using the above primers and the PLC-ôsu in pCRII construct, 

according to the protocol described in Chapter 2. The PCR fragment was subcloned 

into pCR2.1, removed by digestion with //mdlU and Agel and then ligated into the 

JC-1 vector digested using the same enzymes. The success o f the ligation was
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verified by digestion with Hinàlil and Agel restriction enzymes. Figure 38C shows 

the digested DNA run on an agarose gel. Both insert and vector appear to be the 

correct size. Further verification was gained by the sequencing o f colony 1. This 

DNA was then linearised by restriction digest with Smal and used to produce cRNA.

Production of PLC-ôsu-luciferase cRNA

Production of a PLC-ôsu-luciferase construct was achieved by ligation into the pRL- 

SV40 vector {Promegd). In order to produce a viable construct, removal of the PLC- 

ôsu stop codon was required, so the PLC-Ôsu sequence was amplified using PCR 

primers engineered to remove the stop codon. The PLC-ôsu gene had to be ligated 

into the Nhel site between the T7 promoter and R /mc reporter gene in pRL-SV40 

(Figure 39A). As PLC-ôsu includes an internal Nhel site, Xba I restriction sites were 

engineered into the primers as Xbal digestion produces compatible cohesive ends for 

ligation into the Nhel site o f pRL-SV40. The primers used were.

Forward H 0 3  5’ TCTAGAGTTTTCAAGATGGGAGAG 3’

Reverse H 0 4  5 ’ TCTAGATTTGATAC ATTGACC ATGGTG 3 ’

PCR was carried out using the above primers and the PLC-ôsu in pCRU construct 

according to the protocol described in Chapter 2. The PCR fragment was subcloned 

into pCR2.1, digested using Xbal, and ligated into the pRL-SV40 vector, which was 

also digested using Nhel and treated with alkaline phosphatase. The ligation could 

result in the two different orientations shown in Figure 39B. To check the orientation 

of the PLC-ÔSU gene, the construct was cut with BamYll, an enzyme that cuts pRL- 

SV40 once and PLC-Ôsu once towards the stop codon. Digestion with BamYll would 

therefore result in different size fragments according to the orientation o f PLC-ôsu in
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pRL-SV40, producing a 1518 base pair fragment if  PLC-ôsu was present in the 

correct orientation, and a 3280 base pair fragment if PLC-ôsu was present in the 

incorrect orientation (Figure 39Bi). Figure 39Bii shows the DNA o f six of the 

colonies that resulted from the ligation, cut with BamRl. Colonies 1-5 contain pRL- 

SV40 with PLC-ÔSU present in the correct orientation and colony 6 contains pRL- 

SV40 with PLC-ÔSU present in the incorrect orientation. DNA from colony 1 was 

then sequenced (MWG Biotech) to verify the orientation of PLC-ôsu, linearised by 

restriction digest with Kpn\, and used to produce cRNA.

Production of PLC-ôsu minus PH domain-Iuciferase cRNA

pFAM predicts that the PLC-ôsu PH domain spans amino acids 13-124, therefore the 

corresponding DNA coordinates are 39-372 base pairs. In order to produce a viable 

protein the PH domain must be carefully removed, leaving the EF hand intact and a 

start site in frame with the rest o f the sequence must be added. To achieve this, PCR 

primers were designed against the boundary between the PH and EF hand domains 

and the end o f the PLC-ôsu sequence (Figure 40A). A start site was engineered into 

the forward primer along with an Xbal site for subcloning into pRL-SV40. The 

reverse primer used for cloning the full-length sequence into pRL-SV40 was used. 

Forward H O ll 5’ TCTAGAATGGGGAAGAAGAAGTCGCATA 3’

Reverse H 0 4  5’ TCTAGATTTGATACATTGACCATGGTG 3’

PCR was carried out using the above primers and the PLC-ôsu in pCRU construct 

according to the protocol described in Chapter 2. The PCR fragment was subcloned 

into pCR2.1, digested using A&al, and ligated into the pRL-SV40 vector, which had 

been linearised using Nhel and treated with alkaline phosphatase. The ligation could
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result in the two different orientations shown in Figure 40B. To check the orientation 

o f the insert, the construct was cut with BamYil, an enzyme that cuts pRL-SV40 once 

and the insert once towards the stop codon. Digestion with BamY{\ would therefore 

produce a 1476 base pair fragment if the insert was present in the correct orientation, 

and a 2811 base pair fragment if  the insert was present in the incorrect orientation. 

Figure 40C shows the DNA of eight of the colonies that resulted from the ligation, 

cut with BamYil. Colonies 2-6 and 8 contain pRL-SV40 with PLC-ôsu minus PH 

domain present in the correct orientation and colonies 1 and 7 contain pRL-SV40 

with the PLC-ÔSU minus PH domain insert present in the incorrect orientation (seen 

as a doublet on the gel o f the 2811 bp insert and 2783 bp vector). DNA from colony 

3 was sequenced, linearised by restriction digest with Kpnl, and used to produce 

cRNA.

cRNA expression in the Rabbit Reticulocyte Lysate

The integrity o f each of the cRNAs described above was verified using the TNT 

Coupled Rabbit Reticulocyte Lysate System {Promega). The kit was used according 

to the instructions provided to express radioactively labelled protein from PLC-Ôsu 

(pH04), PLC-ÔSU-GFP (pH05), PLC-ôsu-luciferase (pH06), and PLC-Ôsu minus 

PH domain-luciferase (pHOlO) cRNA. Following incubation with the cRNA, the 

lysate was run on a 4 -  12 % Bis-Tris pre-cast gel {Invitrogen), alongside Rainbow 

molecular weight markers (Amersham). The gel was dried for 2 hours using a 

BioRad Gel Dryer and exposed onto film (Kodak) overnight at “80 °C. The film was 

developed using an X-O-Graph machine.
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Figure 41 shows the exposed film. Each lane exhibits a clear band representing 

production of protein approximately the correct size for each cRNA. An 85 kDa band 

is produced by the lysate containing pH04 cRNA, a 112 kDa band (85 kDa (PLC- 

ôsu) + 27 kDa (GFP) = 112 kDa) can be seen in the lysate expressing pH05 cRNA, a 

band of around 121 kDa (85 kDa (PLC-ôsu) + 36 kDa (Renilla luciferase) = 121 

kDa) can be seen in lysate expressing pH06 and a band of around 108 kDa (85 kDa 

(PLC-ôsu) -  13 kDa (PH domain) + 36 kDa (Renilla luciferase) = 108 kDa) can be 

seen in lysate expressing pHOlO. This suggests that each of the cRNAs described 

above has been produced correctly and is able to produce the desired protein.
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PLC-5SU cRNA Results

PLC-ÔSU cRNA expression in mouse eggs

The following experiments involving mice and mouse eggs were carried out in 

collaboration with Dr Victoria Nixon or Dr Mark Larman. Mature (metaphase II- 

arrested) mouse eggs were collected, loaded with Fura Red and microinjected with 

PLC-ÔSU cRNA as described in Chapter 2. A control group o f eggs were 

microinjected with PLC-Ç cRNA (prepared as described in Saunders et al. 2002). 

After zona pellucida removal, the eggs were stuck down and Ca^^ levels were 

monitored. Eggs microinjected with PLC-Ç cRNA exhibited Ca^^ oscillations typical 

of those observed at fertilisation (n = 3), clearly demonstrating that the mouse eggs 

used were capable o f producing Câ "̂  oscillations. Eggs microinjected with PLC-ôsu 

cRNA, however, underwent no detectable changes in intracellular Ca^^ (n = 11) 

(Figure 42).

This data suggests that PLC-ôsu does not cause Ca^^ oscillations in mouse eggs. 

However, it is possible that this is due to a lack o f PLC-Ôsu expression rather than an 

indication o f PLC-ôsu function. To investigate this possibility, PLC-ôsu cRNA 

tagged with fluorescent or luminescent reporter genes were microinjected into mouse 

eggs.

PLC-ÔSU-GFP cRNA expression in Mouse eggs

Mouse eggs were collected, loaded with Fura Red, and microinjected with PLC-ôsu- 

GFP cRNA as described previously. Ca^^ levels were monitored at 37 °C for 4 hours
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and no significant changes in intracellular Ca^^ were observed. Both non-injected 

control eggs (n = 4) and eggs microinjected with PLC-Ôsu-GFP cRNA (n = 8) were 

capable of producing Ca^^ oscillations in response to 100 pM acetylcholine. When 

Câ "̂  oscillations had terminated, the eggs were viewed on a confocal microscope 

using a x40 magnification oil lens. Eggs were scanned with a 10 % laser, yet no 

fluorescence above background was detected (data not shown). This suggests that the 

mouse egg expresses little or no PLC-ôsu-GFP cRNA. Previous studies suggest that 

expression o f between 3 and 60 pg o f protein is required in order to detect GFP 

above background auto fluorescence in a mouse egg (Medvedev et al. 2002). Studies 

on PLC-(!  ̂have indicated that as little as 44-75 fg of protein is sufficient to produce 

Ca^^ oscillations in a mouse egg (Saunders et al. 2002). It is therefore possible that 

PLC-ôsu-GFP is expressed in levels similar to that of PLC-Ç found to be sufficient to 

produce Câ "̂  release in mouse eggs, but the GFP fluorescence is not detected. If this 

is the case it suggests that PLC-ôsu is unable to evoke a Ca^^ response similar to 

PLC-Ç. However, it is also possible that failure o f PLC-ôsu-GFP expression is 

responsible for the lack of Ca^^ transients. To investigate this matter, a renilla 

luciferase tag has been added to PLC-ôsu cRNA, in order to report the presence of 

PLC-ÔSU more accurately, as luminescence can be detected at lower levels than 

fluorescence.

PLC-ôsu-luciferase cRNA expression in mouse eggs

Microinjection o f PLC-ôsu-luciferase RNA into mouse eggs was carried out as 

described previously. Briefly, Mature (metaphase Il-arrested) mouse eggs were 

collected, loaded with Fura Red and microinjected with PLC-ôsu-luciferase cRNA.
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A control group of eggs were microinjected with PLC-Ç cRNA (prepared as 

described in Saunders et al. 2002). After zona pellucida removal, the eggs were stuck 

down and Ca^^ levels were monitored for 3 hours. Eggs microinjected with PLC-Ç 

cRNA exhibited Ca^^ oscillations typical of those observed at fertilisation (n = 2), 

clearly demonstrating that the mouse eggs used were capable of producing Ca^^ 

oscillations. Eggs microinjected with PLC-ôsu-luciferase cRNA, however, 

underwent no detectable changes in intracellular Câ "̂  (n = 1 l)(Figure 43A). After 

addition of the luciferase substrate coelentrazine to the media, the mouse eggs were 

transferred to the Image Photon Detection system, and luminescence was monitored 

to gauge PLC-ôsu-luciferase expression. Figure 43B shows a pseudocolour image 

representing photon emission accumulated from the eggs over a 10 minute period. 

The image suggests that PLC-ôsu-luciferase is expressed fairly well. This data 

implies that PLC-ôsu does not cause changes in intracellular Ca^^ in mouse eggs.

Calibration of Renilla Luciferase expression in mouse eggs

In order to provide an approximation of the amount o f luciferase-tagged cRNA 

expression in mouse eggs, known concentrations o f renilla luciferase protein, 

(provided by Dr. Richard Tunwell), were microinjected into mouse eggs, and 

luminescence was monitored using the IPD system. Assuming a 10 pi injection 

volume, eggs monitored contained 5,1, and 0.5 pg o f Renilla luciferase protein. The 

luminescence o f the eggs was measured in photons/min and the mean luminescence 

calculated for each amount of protein (n = 3). A graph was plotted o f logio (Renilla 

luciferase protein (pg)) against logio (luminescence (photons/min)), and linear
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regression was carried out (Figure 44). This graph was used to calculate an 

approximate value o f protein expression for all luciferase-tagged cRNA constructs. 

The expression o f PLC-Ôsu-luciferase protein in mouse eggs, (Figure 43), was 

calculated as follows, amount o f protein = inv logio (x) = inv logio(0.87) = 7.4 pg.

The expression o f this amount o f protein accompanied by no detectable changes in 

intracellular Câ "̂ , implies that PLC-ôsu does not cause intracellular Ca^^ transients in 

mouse eggs, particularly as this amount o f protein is 100 times greater than that of 

PLC-Ç required to cause Ca^^ transients in mouse eggs (Saunders et al. 2002).

E xpression  o f cRNA in S ea  Urchin E ggs

Unfertilised sea urchin eggs are metabolically quiescent and therefore carry out little 

protein synthesis. Upon fertilisation, following the rise in intracellular Ca^^, a Nâ /H"*" 

exchanger is activated, producing a rise in intracellular pH, which triggers an 

increase in protein synthesis. Previous studies have found that addition o f ammonia 

to the extracellular media results in increased protein synthesis, increased DNA 

synthesis, polyadenylation o f mRNA, increased conductance and the switching 

on of the chromosome cycles, despite bypassing the Ca^^ release observed at 

fertilisation (Dube & Epel 1986). Here we use the addition o f ammonia to the 

extracellular media to induce expression o f exogenous cRNA in unfertilised sea 

urchin eggs.

PLC-ôsu-luciferase cRNA expression in sea urchin eggs

Sea urchin eggs were collected and handled as described in Chapter 2. A  number o f 

sea urchin eggs were microinjected with PLC-ôsu-luciferase cRNA and a control
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group o f eggs were microinjected with buffer alone. Protein synthesis was induced 

by addition o f ammonia and the luciferase substrate, coelentrazine, was added. 

Expression was monitored using the Image Photon Detector system. Figure 45A 

shows a pseudocolour image representing photon emission from the microinjected 

sea urchin eggs over a 30 s period. This data suggests that induction o f protein 

synthesis in unfertilised sea urchin eggs using ammonia is very successful. 

Calculations similar to those performed previously estimate that 14.2 pg o f PLC-Ôsu- 

luciferase protein were expressed. The sea urchin eggs, therefore expressed PLC- 

ôsu-luciferase cRNA in concentrations approximately 2-fold higher than mouse eggs 

expressing the same construct. However, the bright-field image shows that the sea 

urchin eggs microinjected with PLC-ôsu-luciferase exhibit extensive membrane 

blebbing. This phenotype can be seen more clearly in sea urchin eggs microinjected 

with PLC-ôsu-luciferase viewed under x20 magnification lens (Figure 45B).

To investigate whether the addition of ammonia to the media caused the membrane 

blebbing phenotype, protein synthesis was induced, instead, by fertilisation. 

Expression was monitored using the Image Photon Detector system. Figure 46 shows 

a pseudocolour image representing photon emission from sea urchin eggs 

microinjected with PLC-Ôsu-luciferase accumulated over a 10 minute period. This 

data shows that fertilisation induces a small amount o f PLC-Ôsu-luciferase 

expression (approximately 0.7 pg o f protein, about 20 times less than expression 

induced by ammonia addition). However, many of the eggs microinjected with PLC- 

ôsu-luciferase still exhibit membrane blebbing. This indicates that the membrane 

blebbing observed earlier was not due to the ammonia used to induce protein 

synthesis. The effect is also unlikely to be caused by the addition o f coelentrazine, as
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media to induce protein synthesis, ii). Pseudocolour image representing the luminescence o f sea urchin eggs microinjected with 
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Figure 45B -  x20 magnified bright-field image o f sea urchin eggs microinjected with PLC-ôsu-luciferase cRNA. Ammonia 
was added to the media to induce protein synthesis.
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Figure 46 -  i). Bright-field image o f  sea urchin eggs m icroinjected with PLC-ôsu-luciferase cRNA and fertilised to induce protein 
synthesis, ii). Pseudocolour image representing the luminescence o f  sea urchin eggs microinjected with PLC-Ôsu-luciferase cRNA. The 
photon image (ii) represents 10 minutes o f accumulated luminescence. Approximately 0.7 pg o f PLC-ôsu-luciferase protein is expressed.
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non-injected eggs rarely undergo membrane blebbing and divide to form healthy 

embryos. Furthermore, eggs microinjected with buffer alone do not exhibit this 

phenotype (data not shown), suggesting that the microinjection procedure is not 

responsible for inducing the phenotype.

To investigate whether PLC-ôsu-luciferase protein caused changes in intracellular 

Ca^^, intracellular Ca^^ levels o f sea urchin eggs expressing PLC-ôsu-luciferase were 

measured. Unfertilised sea urchin eggs were microinjected with PLC-Ôsu-luciferase 

cRNA and 1 mM Fura Dextran (final concentration in egg « 10 pM) as described in 

Chapter 2. A control group o f eggs in the same chamber were microinjected with 

Fura Dextran alone. Intracellular Ca^^ levels were monitored for 3 hours before 

coelenterazine was added and luminescence was measured using the IPD.

Figure 47 shows graphs of intracellular Câ "̂  against time for sea urchin eggs 

following microinjection with PLC-Ôsu-luciferase cRNA and Fura Dextran or Fura 

Dextran alone. The control group o f eggs exhibit no changes in intracellular Ca^^ (n 

= 3), whilst some eggs microinjected with PLC-ôsu-luciferase cRNA appear to 

undergo small changes in intracellular Ca^^, taking the form of single or multiple 

transients. Out o f the group o f nine eggs microinjected with PLC-Ôsu-luciferase 

cRNA, seven displayed some changes in intracellular Câ "̂ , and two displayed no 

changes in intracellular Ca^^. After intracellular Ca^^ had been monitored for 3 hours, 

the morphology o f the eggs was noted. Those eggs microinjected with PLC-ôsu- 

luciferase cRNA exhibited extensive membrane blebbing, whilst control eggs 

displayed normal morphology. It is possible that the small changes in intracellular 

Câ "̂  observed in some eggs were artefacts caused by the compartmentalisation of the

216



A). Control

Ec
ooon
or1-

1.5

1

0.5

0
25000 500 1000 1500 2000

Time (s)

B). PLC-ôsu-luciferase
1.5

o  1 -
OO !ro
O
m »

•2 0.5 ,
X4Jw-tU-iX

,W. I I

0
0 500 1000 1500 2000 2500

Time (s)

Figure 47 -  Graphs to show the intracellular Ca^^ measurements of sea urchin eggs 
microinjected with A). Fura Dextran (n = 3). B). PLC-5su-luciferase cRNA + Fura 
Dextran (7/9 eggs exhibited Ca^^ responses similar to those shown above, 2/9 eggs 
exhibited no change in intracellular Ca^^).



Chapter 5 -  Generation and Expression o f PLC-ôsu

fura dextran dye due to membrane blebbing. However, whilst membrane blebbing 

occurred in all 9 eggs microinjected with PLC-ôsu-luciferase cRNA, 2 eggs did not 

exhibit any changes in intracellular Ca^^. This could indicate that the Ca^^ responses 

exhibited by 7/9 eggs were real, or that less fura dextran conpartmentalisation 

occurred in 2/9 eggs. Attempts to monitor luminescence o f these eggs failed, due to 

the fragility o f eggs microinjected with PLC-ôsu-luciferase cRNA.

Removal of the PLC-ôsu PH domain

The PLC-Ô PH domain is thought to target the enzyme to the vicinity o f its substrate 

by binding specific membrane phospholipids. Removal of the PH domain should 

therefore prevent membrane targeting and reduce the catalytic activity o f the 

enzyme. Studies on PLC-ôl have shown that although a proteolytic fragment of 

PLC-Ô1 lacking a PH domain, maintains the ability to catalyse PIP2 hydrolysis, it has 

a reduced capacity for processive PIP2 hydrolysis, and therefore catalyses PIP2 

hydrolysis at a reduced rate (Cifuentes et al. 1993). The PH domain o f PLC-ôsu was 

removed to attempt to reduce the catalytic activity o f PLC-ôsu and therefore reduce 

any specific phenotype it produced.

PLC-ÔSU minus PH domain-luciferase cRNA expression in sea urchin eggs

Sea urchin eggs were collected and handled as described in Chapter 2. A number of 

sea urchin eggs were microinjected with PLC-ôsu minus PH domain-luciferase 

cRNA and a control group o f eggs were microinjected with buffer alone. Protein 

synthesis was induced by addition of ammonia and the luciferase substrate.
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coelentrazine, was added. Expression was monitored using the Image Photon 

Detector system. Figure 48 shows a pseudocolour image representing photon 

emission from the microinjected sea urchin eggs over a 20 minute period. The bright- 

field image shows that the eggs microinjected with PLC-ôsu minus PH domain- 

luciferase cRNA exhibit extensive membrane blebbing, similar to that observed 

previously. The level o f PLC-ôsu minus PH domain-luciferase cRNA expression 

appears to be far lower, (about 0.4 pg of protein expression, approximately 3 5-fold 

lower), than the level o f PLC-ôsu-luciferase expression observed previously. 

However, the eggs microinjected with PLC-ôsu minus PH domain-luciferase cRNA 

exhibit more extensive membrane blebbing, more rapidly, than that observed in eggs 

microinjected with PLC-Ôsu-luciferase.

PLC-ÔSU minus PH domain-luciferase cRNA expression in mouse eggs

As the PLC-ÔSU minus PH domain-luciferase cRNA appeared to have a more 

profound effect on sea urchin eggs, the cRNA was microinjected into mouse eggs to 

determine whether the removal of the PH domain would produce a phenotype in the 

mouse egg. Microinjection was carried out as described previously, and a control 

group o f eggs was microinjected with PLC-Ç cRNA (prepared as described in 

Saunders et al. 2002). Intracellular Ca^^ levels were monitored before measuring 

cRNA expression using the IPD system.

Figure 49A shows that eggs microinjected with PLC-Ç cRNA exhibited Câ "̂  

oscillations typical o f those observed at fertilisation (n = 3), showing that the mouse 

eggs used were able to produce Ca^^ oscillations. Eggs microinjected with PLC-ôsu
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Figure 48 -  A). Bright-field image o f sea urchin eggs microinjected with PLC-Ôsu minus PH domain-luciferase cRNA. 
Ammonia was added to the media to induce protein synthesis. B). Pseudocolour image representing the luminescence o f sea 
urchin eggs microinjected with PLC-ôsu minus PH domain-luciferase cRNA. The photon image (B) represents 20 minutes o f 
accumulated luminescence. Approximately 0.44 pg o f PLC-ôsu minus PH domain-luciferase protein is expressed.
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photon image represents 2 minutes of accumulated luminescence. Approximately 3.7 
pg of PLC-ÔSU minus PH domain-luciferase protein is expressed.
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minus PH domain-luciferase cRNA, however, underwent no detectable changes in 

intracellular Ca^^ (n = 9). After addition o f the renilla luciferase substrate, 

coelentrazine, to the media the mouse eggs were transferred to the Image Photon 

Detection system, and luminescence was monitored to gauge PLC-ôsu minus PH 

domain-luciferase expression. Figure 49B shows a pseudocolour image representing 

photon emission accumulated ftrom the eggs over a 2 minute period. Approximately 

3.7 pg of PLC-ÔSU minus PH domain-luciferase protein is expressed, yet no 

detectable changes in Ca^^ are observed. Considering as little as 50 fg o f PLC-Ç 

protein is capable o f producing Ca^^ transients in mouse eggs (Saunders et al. 2002), 

this suggests that the PLC-Ôsu minus PH domain-luciferase construct is as ineffective 

in producing changes in intracellular Câ "̂  as full-length PLC-ôsu in mouse eggs.
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Discussion

Evidence from the literature suggests that some of the PLC ôs are difficult to produce 

as functional recombinant proteins, with functional recombinant PLC-63 and PLC-Ô4 

proteins produced only recently (Parrington et al. 2002), and no evidence to suggest 

that a functional recombinant PLC-Ô2 protein has been created. Though PLC-ôsu 

shares most identity with PLC-62, we have been able to produce a functional 

recombinant PLC-ôsu protein. This demonstrates that PLC-Ôsu is a catalytically 

active protein as predicted previously. However, the activity of the recombinant 

PLC-ÔSU appears to be much lower compared with that of the recombinant PLC-ôl, 

PLC-Ô3 and PLC-Ô4 protein used in Jones et al. (2000) and Parrington et al. (2002). 

The estimated specific PLC activity of recombinant PLC-ôsu protein was 

approximately 400,000-fold lower than that o f the recombinant PLC-ôl protein used 

in Jones et al. (2000).

The recombinant MBP-PLCôsu protein appeared to have no effect when 

microinjected into mouse or sea urchin eggs. This is not unexpected as other 

recombinant PLC proteins, (PLC-pl, PLC-yl, PLC-y2 and PLC-ôl), with much 

higher specific PLC activity, evoked no Ca^^ response when injected into mouse 

eggs (Jones et al. 2000). Though a recombinant PLC-ôsu protein with higher specific 

PLC activity is required to confirm that it PLC-ôsu is unable to produce Ca^^ 

transients in mouse eggs, the protein produced here may prove useful for production 

o f an anti-PLC-ôsu antibody. Successful production o f such an antibody would allow 

investigation o f the localisation of PLC-ôsu in sea urchin eggs and embryos using
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immunocytochemistiy, and investigation o f the function o f PLC-ôsu using 

immunoprécipitation and/or immunoinhibition.

In vivo expression of PLC-ôsu cRNA in mouse eggs supports evidence, gained from 

MBP-PLC-ÔSU protein, that PLC-Ôsu does not cause Ca^^ transients in mouse eggs. 

This is consistent with the behaviour of other recombinant PLC proteins and cRNAs, 

such as PLC-pl, PLC-yl, PLC-y2, PLC-ôl, PLC-Ô3 and PLC-64, none o f which 

were able to cause Ca^^ release in unstimulated cells and/or sea urchin egg 

homogenate (Jones et al. 2000; Parrington et al. 2002). This evidence is inconsistent, 

however, with a role for PLC-ôsu as a sperm factor, as only 50 fg o f PLC-Ç, the 

mammalian sperm factor, is able to produce Câ "̂  transients in mouse eggs (Saunders 

et al. 2002).

Expression o f PLC-ôsu cRNA in sea urchin eggs, however, did not agree with the 

results obtained using the MBP-PLC-ôsu protein. Though little change was observed 

in the morphology o f eggs microinjected with MBP-PLC-ôsu protein, eggs 

microinjected with PLC-ôsu cRNA exhibited a membrane blebbing phenotype that 

appeared to be similar to that described o f echinoderm eggs undergoing apoptosis 

(Sakai & Chiba 2001; Voronina & Wessel 2001; Lesser et al. 2003). In eggs 

expressing PLC-Ôsu cRNA, membrane integrity is clearly maintained, as expressed 

PLC-ôsu-luciferase protein remains within the egg. However, the formation of 

membrane-bound fragments appears to occur, to form structures similar to the 

description o f apoptotic bodies (Sakai & Chiba 2001; Voronina & Wessel 2001; 

Lesser et al. 2003). This raises the possibility that PLC-ôsu protein may induce 

apoptosis, however the putative apoptotic phenotype is not observed in all eggs
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expressing the protein. Furthermore, mouse eggs expressing PLC-Ôsu-luciferase 

protein do not exhibit any features o f apoptosis. It is possible that the high levels of 

exogenous cRNA expression in the unfertilised sea urchin eggs are responsible for 

the membrane blebbing phenotype. However, this appears an unlikely explanation, as 

expression o f similar levels of cyclin-luciferase cRNA in ammonia-treated 

unfertilised sea urchin eggs does not produce the membrane blebbing phenotype (K. 

Swann -  personal communication). The possibility that the membrane blebbing was 

caused, not by PLC-Ôsu-luciferase protein, but by the ammonia treatment used to 

induce protein synthesis was addressed by inducing protein synthesis by fertilisation 

rather than ammonia treatment. Cells still underwent membrane blebbing, and none 

of the eggs microinjected with PLC-ôsu-luciferase cRNA formed healthy two-cell 

embryos. This supports the idea that the phenotype may be a result o f PLC-Ôsu- 

luciferase expression. However, some cells undergoing membrane blebbing 

exhibited little or no luminescence, suggesting that if  the PLC-ôsu protein is 

responsible for the phenotype, very low levels are required.

This evidence appears to support the hypothesis proposed in Chapter 4, that PLC-ôsu 

might be involved in the regulation of apoptosis. Intracellular Câ "̂  measurements 

taken from sea urchin eggs expressing PLC-ôsu-luciferase cRNA suggest that PLC- 

ôsu induces small increases in intracellular Ca^^. This may be consistent with a role 

for PLC-ÔSU in apoptosis, as Ca^^ signals are known to be involved in apoptosis 

(Distelhorst & Roderick 2003). An alternative explanation for this phenomenon 

could be that membrane blebbing causes compartmentalisation o f the Ca^^-indicator 

dye.
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If PLC-ÔSU were responsible for creating the membrane blebbing phenotype, removal 

o f the PH domain would be expected to decrease the activity o f the enzyme, and 

reduce the phenotype, as the enzyme would no longer benefit from the membrane- 

targeting power o f the PH domain module. Here, we have shown that this is not the 

case, and that removing the PH domain o f PLC-ôsu appears to increase the 

membrane blebbing phenotype. This suggests that either the membrane blebbing 

phenotype is not a direct effect of PLC-ôsu or that the removal o f the PLC-ôsu PH 

domain somehow increases the potency of the enzyme. Though previous data 

regarding PLC-ô isoforms suggests that the latter idea is unlikely, the identification 

of PLC-Ç, an extremely potent PLC isoform that lacks a PH domain (Saunders et al. 

2002), suggests that it is a possible explanation.

This chapter has shown that PLC-ôsu is a catalytically active PLC, which may play a 

role in the regulation o f apoptosis in sea urchin eggs. Interestingly, the removal of 

the PH domain, the region probably responsible for targeting the protein to its 

substrate, does not decrease the production of the putative apoptotic phenotype in sea 

urchin eggs. In fact, the mutant version of PLC-ôsu, which lacks a PH domain, 

appears to be a more potent promoter of the putative apoptotic phenotype in sea 

urchin eggs. Subsequent chapters will address the role o f the PLC-Ôsu PH domain in 

more detail.
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Chapter 6 -  Characterisation of the PLC-5su PH 

domain

Introduction

The PH domains o f PLCs are able to bind Pis with high affinity and so target tbeir 

host protein to cell membranes where tbeir substrate resides. By binding to different 

Pis with different affinities, PH domains function as signal-regulated membrane- 

targeting modules (Lemmon et al. 2002). For example, the PH domain o f PLC-ôl 

binds both PI(4,5)P2 and IP3 with strong specificity, allowing negative feedback on 

catalysis (Lemmon et al 1995; Garcia et al. 1995; Ferguson et al. 1995). The PH 

domain of PLC-y binds strongly and specifically to PI(3,4,5)P3, causing PLC-y 

translocation to the plasma membrane in response to extracellular signals (Falasca et 

al. 1998). The PH domains of the PLC-p family show no PI specificity, and instead 

interact with the py subunits of beterotrimeric G-proteins, suggesting a role for Gpy 

in PLC-p activation (Wang et al. 1999b; Wang et al. 2000).

In this chapter, the binding properties of the PLC-ôsu PH domain are studied. The

properties of PH domains of other proteins have been highly characterised and have

provided an insight into the function o f their host proteins. Through determination of

the binding affinity o f the PLC-Ôsu PH domain to different Pis, predictions can be

made about the activation and regulation of PLC-ôsu. This chapter studies the

binding specificity o f PH(ôsu). A recombinant GFP-tagged PLC-ôsu PH domain

fusion protein was produced and used to probe nitrocellulose membranes spotted

with different Pis. Membrane binding was detected by immunoblot with anti-GST
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antibody. This approach allows a rapid screen o f a large variety o f phospholipids. 

Moreover, previous studies have demonstrated that results obtained from this kind of 

‘dot-blot’ assay correlate well with those from headgroup recognition assays (Kavran 

et al. 1998). A recombinant GFP-tagged PLC-ôl PH domain fusion protein was also 

produced and used as a control, as the binding properties o f the PLC-ôl PH domain 

are well characterised (Lemmon et al 1995; Garcia & Rebecchi 1995; Ferguson et al. 

1995).
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Methods

Production of GFP-tagged PLC-ôsu and PLC-ôl PH domain Fusion Protein 

constructs

A GFP-tagged PLC-ôsu PH domain construct was produced by replacing the PLC-ôl 

PH domain in JC-1, (donated by Tamas Balia), with the PH domain of PLC-Ôsu. The 

PH domain o f PLC-ôsu was amplified from PLC-Ôsu in pCRII using the following 

primers (Figure 50A)

Forward SUFI 5 ’ IT T  CAA GAT GGG AGA G 3 ’

Reverse SURl 5’ CTT GGA GTG GAT GTC G 3’

The PGR product was sub-cloned into pCR2.1, removed from the vector using EcoRL 

and Agel, and ligated into the JC-1 vector, which had been digested with the same 

enzymes to remove the PH domain of PLC-ôl (Figure 50Bi). The resulting 

PHdsuGFP construct consisted of the PH domain of PLC-ôsu followed by the GFP 

gene in the pcDNA3.1 vector, which contains a T7 promoter for RNA production.

To produce a construct suitable for recombinant fusion protein expression, a 

restriction enzyme digest o f PHdsuGFP with EcoRI and Notl was performed to 

remove the PLC-Ôsu PH domain-GFP sequence from pCDNA3.1 and ligated into the 

multiple cloning site of pGEX6P-3, which had been linearised with the same 

enzymes and treated with alkaline phosphatase (Figure 50Bii). The presence of the 

PLC-ÔSU PH domain-GFP DNA insert was verified by gel analysis and sequencing 

(MWG Biotech). This construct was named pH 02, and should produce recombinant 

GST-PH(5su)-GFP protein of around 66 kDa (GST (26 kDa) + PH(ôsu) (13 kDa) + 

GFP (27 kDa) = 66 kDa).
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A GFP-tagged PLC-ôl PH domain recombinant fusion protein was produced for use 

as a control. A restriction enzyme digest o f JC-1 with EcoRI and Notl was performed 

to remove the PLC-ôl PH domain-GFP sequence from pCDNAS.l and the insert was 

ligated into pGEX6P-2, which had been digested with the same enzymes and treated 

with alkaline phosphatase. The resulting DNA construct (JC-lb) was sequenced to 

verify the presence o f the PLC-ôl PH domain-GFP DNA insert.

GFP-tagged PH domain protein production

To determine the optimal conditions for recombinant fusion protein growth, small 

cultures o f pH 02 (GST-PHôsu-GFP) were prepared under different growth 

conditions. Temperature, IPTG concentration and incubation periods were varied as 

described in Figure 51. The bacterial cells were lysed and following centifugation the 

supernatant and pellet were subjected to immunoblot analysis with an anti-GST 

antibody (Figure 51). The immunoblot shows the presence o f a 66 kDa protein, 

recognised by the anti-GST antibody, in the pellets o f samples 1-4. The 66 kDa 

protein, thought to be recombinant GST-PH(0su)-GFP protein, was most strongly 

present in the supernatant o f sample 4. This determined that the optimal conditions 

for GST-PH(ôsu)-GFP protein production were induction with 0.1 mM IPTG 

followed by overnight growth at 18 °C.

232



kDa
110

80

50

Cp Cs Ip Is 2p 2s 3p 3s 4p 4s
kDa
110

50

V

GST
Control

 V

37 «C 
0.2 mM 

IPTG 2.5hr

Y
37

0.1 mM 
IPTG 2.5 hr

V
18 °C 

0.2 mM 
IPTG 18 hr

V  
18 °C 

0.1 mM 
IPTG 18 hr

P = Pellet 
S = Supernatant

Figure 51 - Anti-GST antibody immunoblot o f bacterial cultures transformed with pGEX-6P-3 (control) or pH 02. BL21 cells 
{Invitrogen) were transformed with the appropriate construct and grown as described in methods. Protein production was induced by 
addition o f the appropriate amount o f IPTG when the OD^oonm ^  0.8. The cultures were incubated under the conditions stated. The bacteria 
was pelleted by centrifugation and lysed by sonication. After further centrifugation the bacterial supernatant and pellet were equalised for 
protein, separated on a 10 % SDS-Polyacrylamide gel, blotted onto nitrocellulose and probed with anti-GST antibody. GST protein (26 
kDa band) is indicated by the purple arrow and GST-PH(0su)-GFP protein (66 kDa band) is indicated by the green arrow. Abbreviations 
are as follows, kDa -  kilodaltons; C -  GST control; S -  supernatant; P -  pellet; GST -  glutathione S-transferase; hr - hours.
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Results

GFP-tagged PLC-ôsu PH domain protein purification

A GSTrap coluiim was used to purify GFP-tagged PLC-ôsu PH domain protein from 

large cultures o f cells treated under the optimal conditions previously determined. 

Samples of the bacterial pellet and supernatant, and o f the GSTrap column flow- 

through, eluate and concentrated eluate were analysed by SDS-PAGE followed by 

Coomassie blue staining (Figure 52A). A band o f the correct size for GST-PH(Ôsu)- 

GFP protein (66 kDa) was clearly visible in each o f the samples. The eluate, 

containing the protein that bound to the GSTrap column, contains a strong band o f 66 

kDa with only a small number o f other faint bands. This demonstrates that the GST- 

PH(6su)-GFP protein eluate contains little contamination. Although the 

contaminating protein bands are present more strongly in the concentrated eluate, the 

66 kDa GST-PH(ôsu)-GFP protein band is present in such excess that these 

contaminants appear insignificant. Figure 52B shows anti-GST and anti-GFP 

antibody immunoblots o f GST-PLC-ôsu-GFP protein, demonstrating that the 66 kDa 

band observed on the Coomassie stained gel is recognised by both anti-GST and anti- 

GFP antibodies and is therefore likely to be GST-PH(0su)-GFP protein as expected.

GFP-tagged PLC-Ô1 PH domain protein purifîcation

GFP-tagged PLC-ôl PH domain protein was produced using the optimal conditions 

determined for GFP-tagged PLC-ôsu PH domain protein and using a GSTrap 

column. SDS-PAGE analysis o f samples of the bacterial pellet and samples of the 

GSTrap column flow-through and concentrated eluate followed by Coomassie blue
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Staining revealed that the concentrated eluate contains the 66 kDa band along with a 

number o f other faint bands (Figure 53 A). This demonstrates that the GST-PH(Ôl)- 

GFP protein is strongly present in the eluate along with little contamination. A 

similar gel was immunoblotted with anti-GST antibody. Figure 53B shows that the 

66 kDa band was recognised by the anti-GST-antibody further identifying the band 

as GST-PH(01)-GFP protein.

Phospholipid binding properties of PLC-81 and PLC-ôsu PH domains

The first approach used to study the binding o f the recombinant PLC-ôsu PH domain 

protein to phospholipids was to examine the binding o f the protein to vesicles 

containing different phospholipids. However, this approach yielded results 

inconsistent with the published data for the binding properties o f the PLC-ôl PH 

domain. In order to gain more accurate information about PH domain binding to a 

wider variety o f phospholipids, a second approach was used.

Binding of PLC-ôl and PLC-ôsu PH domains to PIP strips

Kavran et al. (1998) describe a qualitative blotting approach that can be used for the 

analysis o f phospholipid-binding specificity by PH domains. Here, a similar 

approach was taken, using a commercially available version o f the ‘dot-blots’ used in 

Kavran et al. (1998). PIP strips {Echelon) consist o f 100 pmoles per spot o f all eight 

phosphoinositides and seven other biologically active lipids immobilised onto 

nitrocellulose membranes. The left column contains spots o f Lysophosphatidic Acid 

(LPA), Lysophosphocholine (LPC), PI, PI(3)P, PI(4)P, PI(5)P, PE and PC. The right

236



A).
kDa

Coomassie blue-stained gel

Pellet Flow
Through

Cone.
Eluate

B).
Anti-GST antibody

Pellet Flow
Through

Cone.
Eluate

Figure 53 -  A). Fractions from GST-PH^g^^-GFP protein purification separated on a 10 
% SDS-Polyacrylamide gel and stained with Coomassie blue. B). Anti-GST antibody 
immunoblot of fractions from GST-PH^^^-GFP protein purification separated on a 10 % 
SDS-Polyacrylamide gel. Samples run are indicated below the images and GST-PH^g^)- 
GFP protein (66 kDa band) is indicated by the blue arrows. Abbreviations are as 
follows, kDa -  kilodaltons; GST -  glutathione S-transferase; PH^§i) -  PH domain of 
PLC-Ô1: Cone. -  concentrated.



Chapter 6 -  Characterisation o f the PLC-5su PH domain

column contains, Sphingosine-1-phosphate (SIP), PI(3,4)?2, PI(3,5)p2, PI(4,5)P2, 

PI(3,4,5)P3, p a , PS and a blank.

The membranes were probed with equal concentrations o f either GST-PH(61)-GFP 

protein or GST-PH(0su)-GFP protein as described in Chapter 2. PH domain binding 

to the strips was detected by anti-GST antibody immunoblot analysis. High levels o f 

protein binding were revealed as dark spots o f anti-GST antibody binding. The 

immunoblots are shown in Figure 54A. Although this approach gives a purely 

qualitative indication o f  protein binding, a hierarchy o f lipid-binding affinity can be 

predicted by analysis o f the degree o f binding to each lipid. Image J software was 

used to measure the intensity o f each lipid spot. The intensity o f the blank spot was 

measured and subtracted ftrom all other values to remove background binding. Figure 

54B shows a bar chart representing the intensity o f binding to each lipid shown as a 

percentage o f the intensity o f the darkest spot. This chart suggests that GST-PH(ôl)- 

GFP protein binds lipids with the following affinity hierarchy, PI(5)P > PI(4,5)P2 > 

PI(4)P > PI(3,5)P2 > PI(3,4)P2 > PI(3,4,5)P3 > PI(3)P. This primarily agrees with the 

findings o f Kavran et al. (1998), where data suggests that PH(Ôl) binds PI(4,5)P2 

most strongly, followed by PI(3,4)P2 and PI(3,4,5)P3. PH (ôl) appeared to bind only 

slightly to PI(4)P, whilst PI(5)P and PI(3,5)P2 binding was not measured (Kavran et 

al. 1998). The chart representing the binding affinity o f the PLC-ôsu PH domain 

suggests that PH(ôsu) binds more promiscuously than PH ôl, as even control lipid 

binding appears to be higher. This chart suggests that GST-PH(6su)-GFP protein 

binds lipids with the following affinity hierarchy, PI(3)P > PI(4,5)P2 > PI(3,5)P2 > 

PI(3,4,5)P3 > PI(4)P > PI(3,4)P2 > PI > PI(5)P.
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PI(3,5)P2 - Phosphatidylinositol 3,5-bisphosphate; PI(4,5)P2 - Phosphatidylinositol 4,5-bisphosphate; PI(3,4,5)P^ - Phosphatidylinositol 3,4,5- 
trisphosphate; PA -  Phosphatidic Acid; PS -  Phosphatidylserine
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Figure 54B -  PH domain binding to PIP strips - graphs show the percentage intensity of 
each lipid spot compared with the darkest spot. Background binding (assessed by 
intensity of binding to the blank) has been subtracted. Graphs are typical of two repeats. 
Abbreviations are as follows, LPA - Lysophosphatidic Acid; LPC -  
Lysophosphocholine; PI -  Phosphatidylinositol; PI(3)P - Phosphatidylinositol 3- 
phosphate; PI(4)P - Phosphatidylinositol 4-phosphate; PI(5)P - Phosphatidylinositol 5- 
phosphate; PE - Phosphatidylethanolamine; PC -  Phosphatidylcholine; SIP - 
Sphingosine-1-phosphate; PI(3,4)P2 - Phosphatidylinositol 3,4-bisphosphate; PI(3,5)P2- 
Phosphatidylinositol 3,5-bisphosphate; PI(4,5)P2 - Phosphatidylinositol 4,5- 
bisphosphate; PI(3,4,5)P^ - Phosphatidylinositol 3,4,5-trisphosphate; PA -  Phosphatidic 
Acid; PS -  Phosphatidylserine
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These data appear to suggest that PH(ôsu) differs from PH(ôl) in both preferred 

ligand and degree o f specificity. However, the hierarchy data is unreliable. The 

hierarchy suggested here for PH(ôl) does not totally agree with that previously 

published from lipid bilayers membrane studies. Garcia et al. (1995), finds that 

PH(ôl) strongly to bilayers containing PI(4,5)P2, less strongly to PI(4)P and 

PI(3,4)P2 and weakly to bilayers containing PI or no phospholipid. Data presented 

here agrees with this hierarchy, yet Garcia et al. (1995) also suggests that PH(ôl) 

binds more strongly to PI(3,4,5)P3 than PI(4,5)P2. Previously published dot blot 

assays also disagree with data from lipid bilayers membrane studies. Kavran et al. 

(1998), found that PH(ôl) bound most strongly to PI(4,5)P2, less strongly to 

PI(3,4)P2 and PI(3,4,5)P] and weakly to PI(3)P and PI(4)P. The suggestion that some 

of the phospholipid is removed from the membrane during blocking and washing 

steps is offered by Kavran et al. (1998) to explain the discrepancies. It suggests that 

as highly phosphorylated phosphoinositides are more soluble in water, their removal 

will be most significant, therefore PI(3,4,5)P3 is present at lower concentrations than 

less phosphorylated lipids. Data presented here, however, also differs from that of 

previous dot blot assays, showing that PH(51) binds more strongly to PI(4)P than 

PI(3,4)P2 and PI(3,4,5)P3. This could be due to more significant removal of the more 

highly phosphorylated PI(3,4)P2 and PI(3,4,5)P3 during washing. This explanation is 

supported by the PIP strip image (Figure 54A), which shows strong PH domain 

binding to the periphery of some o f the dots, and less binding to the centre.

A further problem with deducing a hierarchy for PH lipid binding from PIP strips is 

that binding saturation is not accounted for. This is a particular problem for PH(ôsu), 

which binds strongly to a number o f lipids.
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Binding of PLC-ôl and PLC-ôsu PH domains to PIP arrays

To gain more quantitative data, using the dot blot approach, PIP arrays {Echelon) 

were used. These membranes are similar to PIP strips but consist o f decreasing 

concentrations o f the following phospholipids, PI, PI(3)P, PI(4)P, PI(5)P, PI(3,5)P2, 

PI(4,5)P2, PI(3,4)P2, PI(3,4,5)P3. As the concentrations o f lipids immobilised on 

these membranes are much lower than on the PIP strips, the problem of binding 

saturation should be overcome.

The membranes were probed with equal concentrations o f either GST-PH(ôl)-GFP 

protein or GST-PH(ôsu)-GFP protein using methods described in Chapter 2. PH 

domain binding to the membranes was detected by anti-GST antibody immunoblot 

analysis. High levels o f protein binding were revealed as dark spots of anti-GST 

antibody binding. The immunoblots are shown in Figure 5 5 A. The PIP array 

immunoblots show that PH(ôsu) binds more promiscuously than PH(ôl), supporting 

evidence from the PIP strip data. If binding to low concentrations of lipid is studied, 

the preferred ligand o f each PH domain can be identified. The PH domain o f PLC-51 

binds only to PI(4,5)P2 at 1.56 pmol concentration. The PH domain o f PLC-ôsu, 

however, binds clearly to PI(3,5)P2 and PI(3,4)P2 at 1.56 pmol concentration. This 

suggests that these lipids are the preferred ligands o f PH(ôl) and PH(ôsu).

The intensity o f each lipid spot was measured and converted to a percentage of that 

of the darkest spot. This analysis along with observation of the PIP array 

immunoblots suggests that the PH domain binding does reach a saturation point, 

particularly with PH(ôsu), confirming the difficulties observed in deducing the 

preferred ligand o f PH(ôsu) from the PIP strip. To negate the problem of saturation,
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Figure 55 A -  Binding o f  PLC-ôl and PLC-Ôsu PH domains to PIP arrays {Echelon). Membranes spotted with decreasing concentrations 
o f various phospholipids were incubated with GST-PH-Ô1-GFP or GST-PH-ôsu-GFP protein diluted in binding buffer. The membranes 
were washed extensively and PH domain binding was detected using an anti-GST antibody. Immunoblots are typical o f  two repeats. 
Abbreviations are as follows; pmol -  picomoles; PI -  Phosphatidylinositol; PI(3)P - Phosphatidylinositol 3-phosphate; PI(4)P - 
Phosphatidylinositol 4-phosphate; PI(5)P - Phosphatidylinositol 5-phosphate; PI(3,5)P^ - Phosphatidylinositol 3,5-bisphosphate; 
PI(4,5)P^ - Phosphatidylinositol 4,5-bisphosphate; PI(3,4)P^ - Phosphatidylinositol 3,4-bisphosphate; PI(3,4,5)P^ - Phosphatidylinositol
3,4,5 -trisphosphate
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Figure 55B -  Graphs to show the binding of the PLC-ôl and PLC-ôsu PH domains to 
6.25 pmol of different phospholipids on a PIP array. Graphs typical o f two repeats. 
Abbreviations are as follows; pmol -  picomoles; PI -  Phosphatidylinositol; PI(3)P - 
Phosphatidylinositol 3-phosphate; PI(4)P - Phosphatidylinositol 4-phosphate; PI(5)P - 
Phosphatidylinositol 5-phosphate; PI(3,5)P2 - Phosphatidylinositol 3,5-bisphosphate; 
PI(4,5)P2 - Phosphatidylinositol 4,5-bisphosphate; PI(3,4)P2 - Phosphatidylinositol 3,4- 
bisphosphate; PI(3,4,5)Pg - Phosphatidylinositol 3,4,5-trisphosphate.
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the percentage binding intensity of the PH domains to each phospholipid at low lipid 

concentration (6.25 pmol) was plotted (Figure 55B). The graph allows the 

determination of the following PH(ôl) lipid-binding hierarchy; PI(4,5)P2 > PI(3,5)P2

> PI(3,4)P2 > PI(5)P > PI(4)P > PI(3)P > PI(3,4,5)P3 > PL This data agrees more 

closely with that o f Kavran et al. (1998) than the PIP strip data, finding that PH(51) 

binds PI(4,5)P2 most strongly, PI(3,4)P2 less strongly and PI(3)P and PI(4)P weakly. 

This study still differs from the Garcia et al. (1995) lipid-binding assay, in finding 

that PH(ôl) binds only weakly to PI(3,4,5)P3. Garcia et al. (1995) finds that PH(ôl) 

binds PI(3,4,5)P3 more strongly than PI(4,5)P2. Kavran et al. (1998) also disagrees 

with these findings and suggest a reason for these differences, that the highly 

phosphorylated state o f PI(3,4,5)P3 makes it more susceptible to removal during 

washing due to its increased water solubility.

The graph derived from the PH(ôsu) PIP array suggests the following lipid-binding 

hierarchy; PI(3,5)P2 > PI(3,4)P2 > PI(4,5)P2 > PI(5)P > PI(4)P > PI(3,4,5)P3 > PI(3)P

> PI. Data from the control PH(51) PIP array generally correlates with previously 

published data, with the exception o f the data generated for PI(3,4,5)P3 binding, as 

discussed above. This suggests that the lipid-binding data generated for PH(Ôsu) is 

generally reliable, with the exception of that generated for PI(3,4,5)P3 binding. The 

graph was also used to estimate the relative binding affinity of PH(ôsu) to 

phospholipids. As PH(ôsu) binds to 1.56 pmol o f PI(3,5)P2 with approximately the 

same binding intensity as to 6.25 pmol of PI(4,5)P2, the affinity of PH(Ôsu) for 

PI(3,5)P2 can be estimated to be approximately 4-fold higher than that o f PI(4,5)P2. 

Using this method the relative binding affinity o f PH(ôsu) to phospholipids were 

estimated as follows,
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PI(3,5)P2 > PI(3,4)P2 > PI(4,5)P2 > PI(5)P « PI(4)P
1 . 5 x  2 . 5 x  l , 5 x

Although it appears that there are difficulties in comparing PI(3,4,5)P3 binding to 

binding to other lipids due to its susceptibility to removal during washing, the 

binding o f PH(ôsu) to PI(3,4,5)P3 can still be compared to the binding o f PH(ôl) to 

PI(3,4,5)P3. The graphs show that PH(ôsu) binds PI(3,4,5,)P3 with a higher affinity 

than that o f PH(61). As PH(ôl) binds 6.25 pmol of PI(3,4,5)P3 with approximately 

the same binding intensity as PH(ôsu) binds 1.56 pmol o f PI(3,4,5)P3, the affinity of 

PH(ôsu) for PI(3,4,5)P3 can be estimated as 4-fold higher than that o f PH(ôl). 

Similar comparisons suggest that PH(ôsu) binds PI(3,5)P2 with approximately 16- 

fold higher affinity, PI(3,4)P2 with approximately 8-fold higher affinity, but 

PI(4,5)P2 with approximately 8-fold lower affinity than that of PH(ôl).
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Discussion

Since Harlan et a l, (1994), first demonstrated that the PH domain of pleckstrin 

bound to lipid vesicles containing PI(4,5)?2, PH domains from a large number of 

proteins have been found to govern their host protein’s regulation, through specific 

binding to phospholipids. This chapter finds that the PH domain of PLC-ôsu binds 

preferentially to PI(3,5)P2 and PI(3,4)P2 and possibly PI(3,4,5)P3. This shows a 

marked difference to the binding properties of the PLC-ôl PH domain, which is 

known to bind with high affinity and specificity to PI(4,5)P2 and its soluble head

group I(1,4,5)P3 (Lemmon et al 1995; Garcia et al. 1995). This suggests that the 

regulation o f PLC-ôsu is different to that of PLC-ôl.

The binding specificity o f the PLC-ôsu PH domain to 3-phosphorylated inositol 

lipids raises the possibility that PLC-ôsu is recruited to the plasma membrane in 

response to extracellular stimulation. The downstream effects o f 3-phosphoinositide 

production are diverse and include regulation of growth, control of DNA synthesis, 

regulation of apoptosis and control o f the actin cytoskeleton (Vanhaesebroeck et al. 

2001). The 3-phosphorylated inositol lipids, PI(3,4)P2 and PI(3,4,5)P3, are second 

messengers, present in extremely low levels in resting cells and synthesised, by 

activation o f PI 3-K, in response to extracellular stimuli. PI(3,5)P2 is produced by 

phosphorylation o f PI(3)P by a PI 5-kinase known as p235. However, little is known 

about the actions o f PI(3,5)P2, so hereafter only PLC-ôsu PH domain binding to 

PI(3,4)P2 and PI(3,4,5)P3 will be discussed (Vanhaesebroeck et al. 2001). PI(3,4,5)P3 

is produced only by the action of PI 3-K, whilst PI(3,4)P2 is produced by both PI 3-K 

phosphorylation o f PI(4)P and by PI 5-phosphatase action on PI(3,4,5)P3. This means
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that while PI(3,4,5)P3 provides an initial response to stimulation, PI(3,4)P2 is able to 

provide a longer lasting response (Vanhaesebroeck et al. 2001). Target proteins, such 

as PLC-ÔSU, that contain a PH domain able to bind both PI(3,4)P2 and PI(3,4,5)P3, 

are therefore able to provide an immediate response to extracellular signals and a 

more prolonged response.

248



_____________ Chapter 7 -  Localisation of the PLC-Ssu PH domain in mouse and sea urchin eggs

Chapter 7 -  Localisation of the PLC-6su PH 

domain in mouse and sea urchin eggs

introduction

Several recent studies have utilised the lipid-recognition properties o f PH domains to 

study the localisation o f their host proteins in living cells. PH domain-GFP fusion 

proteins, similar to those produced in Chapter Six, have been successfully used to 

examine the binding properties of a number o f PH domains including, the PLC-ôl 

PH domain (Vamai & Balia 1998; Stauffer et al. 1998; Botelho et al. 2000; Tall et al. 

2000; Halet et al. 2002; Watt et al. 2002), the Bruton’s tyrosine kinase (Btk) PH 

domain (Vamai et al. 1999), the GRPl (general receptor o f phosphoinositides 1) PH 

domain (Gray et al. 1999) and the Akt PH domain (Gray et al. 1999; Watton & 

Downward 1999). The specific targeting properties o f these PH domains have been 

exploited not only to study the probable localisation o f their host proteins in vivo, but 

also to determine the dynamic distribution of the lipids to which they bind (Balia et 

al. 2000).

In Chapter Six, the PLC-ôsu PH domain is shown to bind most strongly to PI(3,5)P2 

and PI(3,4)P2 and also quite strongly to PI(3,4,5)P3. Though little is known about the 

functions of PI(3,5)P2, the functions of PI(3,4)P2 and PI(3,4,5)P3, both products of 

phosphatidylinositol 3-kinase (PI 3-K), have been studied extensively, and include 

the regulation o f growth, control of DNA synthesis, regulation o f apoptosis and 

control o f the actin cytoskeleton (reviewed Vanhaesebroeck et al. 2001). The
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distribution ofPI(3,4)?2 and PI(3,4,5)?3 has been studied in some cells using the PH 

domain of Akt, a protein whose PH domain also specifically binds both these lipids. 

Studies using an Akt PH domain-GFP fusion protein have shown that the Akt PH 

domain is found in the cytosol of unstimulated HEK 293 cells. Upon stimulation 

with insulin, (known to activate PI 3-K in these cells), a marked translocation of the 

Akt PH domain-GFP fusion protein to the plasma membrane is observed (Gray et al. 

1999). A similar cytosolic distribution of Akt PH domain-GFP protein is observed in 

Swiss 3T3 cells, and NIH 3T3 cells, with translocation to the plasma membrane 

induced by PDGF stimulation (Gray et al. 1999; Watton & Downward 1999). In both 

HEK 293 and Swiss 3T3 cells, translocation to the membrane in response to cellular 

stimulation can be inhibited by prior incubation with the PI 3-K inhibitor 

wortmannin (Gray et al. 1999). Inhibition of Akt PH domain translocation to the 

membrane in response to cellular stimulation is also produced by the introduction of 

mutations that interfere with 3-phosphoinositide binding (Watton & Downward 

1999). Gray et al. (1999) attempt to determine the difference between PI(3,4)P] 

distribution and PI(3,4,5)P3 distribution by comparing the distribution of the Atk PH 

domain-GFP fusion protein, which binds both lipids, with that of the GRPl PH 

domain-GFP fusion protein, which binds only PI(3,4,5)P3. Swiss 3T3 cells 

expressing these fusion proteins were subjected to oxidative stress by H2O2 exposure 

to induce a transient increase in the presence of PI(3,4,5)P3 in the plasma membrane. 

This increase induced an immediate translocation of both Akt and GRPl PH domain 

fusion proteins to the plasma membrane. However, after 30 min of stimulation, the 

GRPl PH domain was no longer localised at the plasma membrane, whereas distinct 

Akt PH domain localisation to the plasma membrane was observed (Gray et al.
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1999). This demonstrates the prolonged PI(3,4)P2 response in comparison to the 

transient PI(3,4,5)P3 response.

These observations indicate that little PI(3,4)P2 or PI(3,4,5)P3 is present in the 

plasma membranes o f resting cells, yet cellular stimulation induces PI 3-K activation 

followed by a sharp increase in the presence of these lipids in the membrane. Whilst 

plasma membrane PI(3,4,5)P3 levels quickly return to basal levels, a prolonged 

presence of PI(3,4)P2 in the plasma membrane is observed. This data may give some 

indication of the expected localisation of the PLC-Ôsu PH domain.

Here, the PLC-ôsu-GFP fusion protein generated previously is first used to determine 

the distribution o f 3-phosphoinositides in sea urchin eggs, and to predict the 

localisation o f PLC-Ôsu during fertilisation. The highly characterised PLC-ôl PH 

domain, known to bind with high specificity to PI(4,5)P2 and I(1,4,5)P3 (Lemmon et 

al 1995; Garcia et al. 1995), is used as a control. Secondly, the distribution of 3- 

phosphoinositides during the sea urchin cell cycle is studied and compared with the 

localisation of the PI(4,5)P2-binding PHÔ1-GFP control probe. Finally, the probes are 

used to study the distribution o f 3-phosphoinositides and PI(4,5)P2 in mouse eggs 

and embryos.
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Results - PLC-ÔSU PH domain in Sea Urchin Eggs

Localisation of the PLC-ôsu PH domain in sea urchin eggs and oocytes

In order to determine the localisation of the PLC-Ôsu PH domain, and therefore the 

localisation of PI(3,4)P2 and PI(3,4,5)P3 in sea urchin eggs, the GFP-tagged PLC-ôsu 

PH domain fusion protein (PHôsu-GFP) was microinjected into sea urchin eggs as 

described previously. The chamber was then transferred to a cooled stage (18 °C) and 

confocal microscopy was carried out as described in Chapter 2. Figure 56A shows 

confocal images o f a mature sea urchin egg microinjected with PHôsu-GFP. The 

image shows a clear cortical localisation of PHôsu-GFP, likely to represent plasma 

membrane staining. This suggests that the plasma membrane of mature sea urchin 

eggs contains PI(3,4)P2 and/or PI(3,4,5)P3. It also suggests that PLC-ôsu is likely to 

be found at the plasma membrane of mature sea urchin eggs.

To determine whether 3-phosphoinositides were a constituent o f the plasma 

membrane o f immature sea urchin eggs, PHôsu-GFP was microinjected into sea 

urchin oocytes as described previously. Some difficulties in finding oocytes for 

injection were encountered as eggs are rarely spawned until fully mature. 

Microinjection itself was also a problem, as the few spawned oocytes found were 

fragile and difficult to microinject successfully. Figure 56B shows confocal images 

of a sea urchin primary oocyte microinjected with PHôsu-GFP. The image shows a 

clear cortical localisation o f PHôsu-GFP, likely to represent plasma membrane 

staining. This suggests that the plasma membrane o f immature sea urchin eggs also 

contains PI(3,4)P2 and/or PI(3,4,5)P3. A small amount of fluorescence is also
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A). Mature sea urchin egg microinjected with PHôsu-GFP protein

B). Immature sea urchin egg microinjected with PHôsu-GFP protein

Figure 56 -  Confocal images of PHÔsu-GFP labelling in (A) mature sea urchin eggs, and 
(B) immature (GV-stage) sea urchin oocytes. Abbreviation are as following, PHôsu-GFP 
PLC-ôsu PH domain-GFP fusion protein; GV -  germinal vesicle.
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observed in the cytosol, however the protein appears to be completely excluded from 

the germinal vesicle. It also suggests that PLC-Ôsu is likely to be found at the plasma 

membrane of immature sea urchin eggs.

Cortical Recruitment of the PLC-ôsu PH domain at fertilisation

Before studying sea urchin egg 3-phosphoinositide dynamics at fertilisation using the 

PH(ôsu)-GFP probe, the Câ  ̂dynamics at fertilisation were studied using Ca^̂ -green 

dextran in order to determine the time course of the Câ  ̂wave under the conditions 

utilised. Mature sea urchin eggs were microinjected with Ca^ -̂green dextran and 

monitored by confocal microscopy as described previously. The egg was scanned at 

30 s intervals and sperm was added immediately after the second scan. Figure 57 

shows that a Câ  ̂increase is observed in the first scan following sperm addition 

(60s). A Câ  ̂wave then sweeps across the egg reaching a plateau at 1 min post

sperm addition (120 s), and beginning to decrease at 3 min post-sperm addition (240 

s)(typical of 3). This time course agrees with previously published analysis of the 

fertilisation-induced Câ "̂  wave in the sea urchin egg (Poenie et al. 1985; Swann & 

Whitaker 1986; Shen 1995).

254



30 s I  60

Sperm added

90 s

150 s 180 s 210 s

220

200

^  180

-  160 

I  140
(U
C 120

100

80

Sperm added
Time (min)

Figure 57 -  A). Confocal image series showing bright-field and Ca^^-green dextran 
fluorescence in a mature sea urchin egg during fertilisation. B). Graph to show changes 
in Ca^^-green dextran fluorescence over time in response to fertilisation. Images were 
taken at 30 s intervals and sperm was added at approximately 45 s. Images and graph are 
typical o f three repeats.
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To examine the dynamics o f  3-phosphoinositides during fertilisation, PHÔsu-GFP 

fusion protein was microinjected into mature sea urchin eggs, and fluorescence 

during fertilisation was monitored by confocal microscopy. Eggs were scanned every 

30 s for 10 min, and sperm was added after the second scan. Figure 58A shows a 

sequence o f  confocal images o f  a mature sea urchin egg, microinjected with PHôsu- 

GFP protein, pre- and post-fertilisation. This data suggests that the presence o f  the 

PHÔSU-GFP fusion protein does not affect the events o f  fertilisation, as a fertilisation 

envelope is raised rapidly (within 30 s) in response to sperm addition. However, an 

increase in polyspermy was observed in eggs containing PHôsu-GFP protein 

compared with those injected with PHôl-GFP protein. PHôsu-GFP labelling is 

observed in the cortex o f  the egg and remains in the cortex 5 min post-fertilisation. 

PHÔSU-GFP labelling is also observed in the microvilli, which extend out into the 

fertilisation envelope. Figure 58B shows close-up confocal images o f the cortex o f a 

PHÔSU-GFP labelled sea urchin egg before fertilisation and 10 min post-fertilisation. 

A distinct accumulation o f  PHôsu-GFP is observed at the cortex o f  the unfertilised 

egg, yet 10 min post-fertilisation the cortical staining has become more diffuse and 

clear staining o f  the microvilli is observed.

The observation that the cortical staining o f the sea urchin egg becomes more diffuse 

post-fertilisation, and observation o f  bright-field images, suggests that during 

fertilisation the egg moves, changing the plane o f  focus that the images are taken 

from. This is probably due to the elevation o f  the fertilisation envelope lifting the egg 

from the cover slip. This problem made analysis o f  the dynamic changes o f  3- 

phosphoinositides at fertilisation difficult. Nevertheless, GFP fluorescence was 

measured by drawing a region around the whole egg (total intensity), and a region
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Unfertilised 1 min post-sperm addition 6.5 min post-sperm addition

Unfertilised 6.5 min post-sperm addition

Figure 58A -  Above - Confocal image series showing bright-field and PHôsu-GFP 
labelling in a mature sea urchin egg prior to and following fertilisation. Images were taken 
immediately prior to sperm addition (unfertilised), and 1 min and 6.5 min post-sperm 
addition. Below -  Enlarged images of the plasma membrane of the unfertilised egg and the 
egg 6.5 min post-sperm addition. The region of the egg that has been enlarged is indicated 
by white rectangles on the upper images.



Unfertilised 3 min post-sperm addition

Figure 58B -  Confocal images o f  the cortex o f a sea urchin egg injected with PHôsu-GFP fusion protein, pre- and post-fertilisation.
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Figure 58C -  Graphs to show; i). Changes in cytosolic (blue) and cortical (red) 
fluorescence over time, B). Changes in the ratio of cortical/cytosolic fluorescence over 
time, in sea urchin eggs containing PH(5su)-GFP protein in response to fertilisation. 
Sperm was added at approximately 45 s. Data typical of three repeats.
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around the cytosol (cytosolic intensity). These values were measured, using ImageJ 

software, in arbitary units. The fluorescence o f each region was calculated by 

multiplying the intensity o f the region by the area o f the region. Cortical intensity 

was calculated using the following equation.

Cortical intensity = (total fluorescence -  cytosolic fluorescence)

(total area -  cytosolic area)

To overcome the difficulties produced by the changes in focus plane during 

fertilisation, the regions were re-drawn for each frame. A graph showing the intensity 

of staining o f the cytosol and o f the cortex plotted against time is shown in Figure 

58Ci. This graph demonstrates that whilst cytosolic staining remains constant, 

cortical staining slowly increases after sperm addition (correlating with fertilisation 

as assessed by fertilisation envelope elevation)(typical o f three repeats). To show this 

increase more clearly. Figure 58Cii shows the ratio o f cortical intensity/cytosolic 

intensity plotted against time. This graph also shows an increase in cortex/cytosol 

intensity (typical o f three repeats), indicating an overall increase in cortical staining 

following fertilisation. Control eggs, microinjected with fluorescein dye 

demonstrated no cortical localisation prior to or following fertilisation (Figure 59).
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Figure 59 -  A). Confocal image series showing bright-field and fluorescein labelling 
in a mature sea urchin egg during fertilisation. Images were taken immediately 
following sperm addition (0 s), and 30 s, 60 s, and 300 s post-sperm addition. Bi). 
Graph showing the intensity of the cytosol and cortex o f the mature sea urchin egg 
microinjected with fluorescein plotted against time. Bii) Graph to show the ratio of 
cortical/cytosolic intensity plotted against time. Sperm was added immediately prior 
to the third scan (0 min). Scans were taken at 30 s intervals. Images and analysis 
typical o f three repeats.
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Analysis o f the image series’ shown previously was compromised, due to the focus 

plane changes induced by fertilisation envelope. To address this issue, eggs were 

treated with trypsin prior to injection in order to remove the vitelline membrane and 

the experiments described above were repeated. A series o f confocal images of a 

trypsin-treated egg microinjected with PHôsu-GFP fusion protein, pre- and post

fertilisation, is shown in Figure 60A. No exocytosis of cortical granules is observed. 

This may be because this event occurs in between scans (taken every 30 s), or 

alternatively because the vitelline membrane has not been completely destroyed, 

although no fertilisation envelope is raised, and no changes in focal plane observed. 

Fertilisation is judged to have occurred by 30 s post-sperm addition, as the 

membrane becomes more diffuse as observed previously. The images were analysed 

as described previously, and graphs o f cortical and cytosolic intensity against time 

and ratio o f cortical/cytosolic intensity against time were plotted. Figure 60Bi shows 

that the cytosolic intensity remains constant, whilst a small increase in intensity is 

observed at the cortex. This increase is shown more clearly in Figure 60Bii, where 

the ratio o f cortical intensity/cytosolic intensity has been plotted against time. This 

graph shows a clear increase in the ratio o f cortical/cytosolic intensity (typical of 

three repeats), indicating that an overall increase in cortical staining does occur 

following fertilisation. This increase in 3-phosphoinositide cortical localisation at 

fertilisation correlates with the increase in intracellular Câ "̂  that generally occurs 

between the third and fifth scans as demonstrated previously.
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Unfertilised 1 min post-sperm addition 6.5 min post-sperm addition

Unfertilised 6.5 min post-sperm addition

Figure 60A -  Confocal image series showing bright-field and PHÔsu-GFP labelling in a 
mature, trypsin-treated sea urchin egg prior to and following fertilisation. Images were 
taken immediately prior to sperm addition (unfertilised), and 1 min and 6.5 min post-sperm 
addition. Below -  Enlarged images of the plasma membrane of the unfertilised egg and the 
egg 6.5 min post-sperm addition. The region of the egg that has been enlarged is indicated 
by white rectangles on the upper images.
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Figure 60B -  Graphs to show; i). Changes in cytosolic (blue) and cortical (red) fluorescence 
over time, ii). Changes in the ratio of cortical/cytosolic fluorescence over time, in trypsin- 
treated sea urchin eggs containing PH(6su)-GFP protein in response to fertilisation. Sperm 
was added at approximately 45 s. Data typical of three repeats.
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To determine the role o f the intracellular Ca^^ increase in the cortical recruitment of 

PH(ôsu)-GFP at fertilisation more precisely, the effect o f the Câ "̂  ionophore, 

ionomycin, on 3-phosphoinositide dynamics was studied. Mature sea urchin eggs 

were trypsin-treated, microinjected with PHôsu-GFP, and activated by addition of 5 

pM ionomycin. Eggs were monitored by confocal microscopy at 30 s intervals, as 

described previously, and ionomycin was added after the second scan. Control eggs, 

microinjected with Ca^'^-green dextran, showed that this treatment induced an 

immediate rise in Ca^^, measurable on the first scan after ionomycin addition (typical 

of three)(Figure 61).

A series o f confocal images o f a mature sea urchin egg microinjected with PHÔsu- 

GFP are shown in Figure 62A. The images were analysed as described previously. 

Figure 62B shows a graph of cytosolic and cortical intensity plotted against time, and 

a graph o f the ratio o f cortical/cytosolic intensity plotted against time. No cortical 

granule exocytosis is observed, however, upon careful observation, a partial 

fertilisation envelope can be observed 30 s post-ionomycin addition. This correlates 

with the rise in cortical staining shown in Figure 62B, and suggests that the 3- 

phosphoinositide increase measured at fertilisation is also produced in response to 

ionophore-activation. O f three eggs, cortical recruitment o f PHôsu-GFP began 

between 30 and 60 s post-ionomycin addition in two eggs, this correlates with the 

increase in Câ "̂  measured previously. In the third egg, cortical recruitment of PHôsu- 

GFP does not begin until 4 min post-ionomycin addition. However, in this case, a 

partial fertilisation envelope is not elevated until 3 min post-ionophore activation, 

therefore all 3 eggs produced an increase in cortical PHÔsu-GFP recruitment within 

60 s o f activation.
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Figure 61 -  A). Confocal image series showing bright-field and Ca^^-green dextran 
fluorescence in a mature sea urchin egg. B). Graph to show changes in Ca^^-green 
dextran fluorescence over time in response to ionomycin addition. Images were 
taken at 30 s intervals and the egg was activated by addition of 5 pM ionomycin at 
approximately 45 s. (typical of three repeats).



Unactivated 1 min post-ionomycin 
addition

6.5 min post-ionomycin 
addition

Unactivated 6.5 min post-ionomycin addition

Figure 62A -  Confocal image series showing bright-field and PHôsu-GFP labelling in a 
mature, trypsin-treated, sea urchin egg prior to and following ionomycin-induced 
activation. Images were taken prior to ionomycin addition, 1 min post-ionomycin addition, 
and 6.5 min post-ionomycin addition. Activation was observed by the raising of a partial 
fertilisation envelope 30 s post ionomycin-addition. Below -  Enlarged images of the 
plasma membrane of the unactivated egg and the egg 6.5 min post-ionomycin addition.
The region of the egg that has been enlarged is indicated by white rectangles on the upper 
images.
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Figure 62B -  Graphs to show; i). Changes in cytosolic (blue) and cortical (red) fluorescence 
over time, ii). Changes in the ratio of cortical/cytosolic fluorescence over time, in trypsin- 
treated sea urchin eggs containing PH(0su)-GFP protein in response to ionomycin-induced 
activation. Ionomycin was added at approximately 45 s. Data typical of three repeats.



_________________ Chapter 7 -  Localisation o f  the PLC-5su PH domain in mouse and sea urchin eggs

This evidence suggests that fertilisation of sea urchin eggs induces an increase in the 

presence o f 3-phosphorylated lipids in the plasma membrane. This increase in 

cortical 3-phosphoinositide staining correlates with the fertilisation-induced Câ "̂  

increase and can also be induced using a Ca^^ ionophore.

PLC-81 PH dom ain in S ea  Urchin E ggs

Localisation of the PLC-81 PH domain in sea urchin eggs and oocytes

The GFP-tagged PLC-81 PH domain fusion protein (PH81-GFP) was microinjected 

into sea urchin eggs in order to compare the localisation o f PI(4,5)P2 with that of the 

3-phosphoinositides. Figure 63A shows confocal images o f a mature sea urchin egg 

microinjected with PH81-GFP. The image shows a clear cortical localisation of 

PH81-GFP, likely to represent plasma membrane staining. This shows that the 

plasma membrane o f mature sea urchin eggs contains PI(4,5)P2, as expected. 

Confocal scanning o f an immature sea urchin egg injected with PH81-GFP protein 

also revealed cortical localisation o f the probe (Figure 63B). Unfortunately, due to 

the difficulties in locating and microinjecting immature sea urchin eggs discussed 

previously, only one egg was successfully microinjected and scanned. These data 

suggest that the plasma membrane o f both immature and mature sea urchin eggs 

contains PI(4,5)P2.
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A). Mature sea urchin egg microinjected with PHôl-GFP protein

%

B). Immature sea urchin egg microinjected with PHôl-GFP protein

Figure 63 -  Confocal images of PHôl-GFP labelling in (A) mature sea urchin eggs, 
and (B) immature (GV-stage) sea urchin oocytes. Abbreviations are as following, 
PHÔ1-GFP -  PLC-Ô1 PH domain-GFP fusion protein; GV -  germinal vesicle.
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Cortical Recruitment o f the PLC-81 PH domain at fertilisation

In order to compare the 3-phosphoinositide dynamics to those of PI(4,5)?2, the PLC- 

81 PH domain-GFP fusion protein (PH81-GFP) was microinjected into sea urchin 

eggs and monitored during fertilisation by confocal microscopy as described 

previously. Figure 64A shows a series of confocal images of a fertilisation envelope 

intact, mature sea urchin egg containing PH81-GFP protein, pre- and post

fertilisation. This data suggests that the presence of the PH81-GFP fusion protein 

does not affect the events of fertilisation, as a fertilisation envelope is raised rapidly 

(within 30 s) in response to sperm addition. The distribution of PH81-GFP is similar 

to that of PHÔSU-GFP labelling, showing a cortical localisation that increases upon 

fertilisation. PHÔ1-GFP labelling is also observed in the microvilli, which extend out 

into the fertilisation envelope. Figure 64B shows close-up confocal images of the 

cortex of a PH81-GFP labelled sea urchin egg prior to and following fertilisation. A 

distinct accumulation of PH81-GFP is observed at the cortex of the unfertilised egg 

following fertilisation. The series of images was analysed as described previously. 

Figure 64Ci shows that there is a clear increase in cortical staining, whilst cytosolic 

staining remains constant. This increase can be seen more clearly by plotting the 

ratio of cortex intensity/cytosol intensity against time (Figure 64Cii). This graph also 

shows an increase in cortex/cytosol intensity (typical of three repeats), indicating an 

overall increase in cortical staining following fertilisation.
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Unfertilised 1 min post-sperm addition 6.5 min post-sperm addition

Unfertilised 6.5 min post-sperm addition

Figure 64A -  Above - Confocal image series showing bright-field and PHÔ1-GFP labelling 
in a mature sea urchin egg prior to and following fertilisation. Images were taken 
immediately prior to sperm addition (unfertilised), and 1 min and 6.5 min post-sperm 
addition. Below -  Enlarged images of the plasma membrane of the unfertilised egg and the 
egg 6.5 min post-sperm addition. The region of the egg that has been enlarged is indicated 
by white rectangles on the upper images.
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Figure 64B -  Confocal images of the cortex of a sea urchin egg injected with PH51 
GFP fusion protein, pre- and post-fertilisation.
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Figure 64C -  Graphs to show; i). Changes in cytosolic (blue) and cortical (red) 
fluorescence over time, ii). Changes in the ratio of cortical/cytosolic fluorescence over 
time, in sea urchin eggs containing PH(81)-GFP protein in response to fertilisation. 
Sperm was added at approximately 45 s. Data typical of three repeats.
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To Study the cortical localisation of PH81-GFP more precisely, trypsin-treated sea 

urchin eggs were microinjected with PHôsu-GFP protein. Figure 65A shows a series 

of confocal images of a trypsin-treated egg microinjected with PH61-GFP fusion 

protein pre- and post-fertilisation. Fertilisation can be assessed by the observation of 

the exocytosis of cortical granules, 2 min post-sperm addition. The bright-field 

images show that the focal plane appears to remain constant. The images were 

analysed as described previously, and graphs of cortical and cytosolic intensity 

against time and ratio of cortical/cytosolic intensity against time were plotted. Figure 

65B shows that the magnitude of the increase in cortical PHôl-GFP staining is 

similar to that measured with the intact fertilisation envelope. The increase of PHôl- 

GFP cortical staining, therefore, appears to be within the same order of magnitude as 

the increase in PHôsu-GFP cortical staining and appears to correlate with the 

fertilisation-induced increase in Câ  ̂(previously determined to occur between 30 

and 60 s post-sperm addition).

The effect of the Câ  ̂ionophore, ionomycin, on cortical PI(4,5)P2 dynamics was also 

studied. Figure 66A shows a series of confocal images of a mature sea urchin egg 

microinjected with PHôl-GFP and activated with ionomycin. The images were 

analysed as described previously and Figure 66B shows a graph of cytosolic and 

cortical intensity plotted against time, and a graph of the ratio of cortical/cytosolic 

intensity plotted against time. The images show that cortical granule exocytosis is 

first observed 30 s after ionomycin addition, at the same time as an increase in 

cortical staining is measured. In three eggs, cortical recruitment of the probe began 

between 30 and 90 s after ionomycin addition. This suggests that the PI(4,5)P2
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Unfertilised 2 min post-sperm addition 6.5 min post-sperm addition

Unfertilised 6.5 min post-sperm addition

Figure 65A -  Above - Confocal image series showing bright-field and PHÔ1-GFP 
labelling in a mature trypsin-treated sea urchin egg prior to and following 
fertilisation. Images were taken immediately prior to sperm addition (unfertilised), and 
2 min and 6.5 min post-sperm addition. Below -  Enlarged images of the plasma 
membrane of the unfertilised egg and the egg 6.5 min post-sperm addition. The region 
of the egg that has been enlarged is indicated by white rectangles on the upper images.
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Figure 65B -  Graphs to show; i). Changes in cytosolic (blue) and cortical (red) fluorescence 
over time, ii). Changes in the ratio of cortical/cytosolic fluorescence over time, in trypsin- 
treated sea urchin eggs containing PH(51)-GFP protein in response to fertilisation. Sperm was 
added at approximately 45 s. Data typical of three repeats.



__________________Chapter 7 -  Localisation o f the PLC-5su PH domain in mouse and sea urchin eggs

increase measured at fertilisation is also produced in response to ionophore- 

activation. The PI(4,5)P2 increase measured by PHôl-GFP recruitment to the plasma 

membrane appears to follow the increase in Ca^  ̂measured previously, and is 

therefore likely to be associated with the Ca^  ̂increase that occurs at fertilisation.

Localisation of PLC-ôsu and PLC-51 PH domains during the 

sea urchin cell cycle

PHÔSU-GFP fusion protein was used to study the dynamics o f  3-phosphoinositides 

during the sea urchin cell cycle. After microinjection into sea urchin eggs, which 

were subsequently fertilised (assessed by elevation o f  a fertilisation envelope), 

PHÔSU-GFP labelling was monitored by confocal microscopy. The egg was scanned, 

under x 40 magnification, at 10 min intervals for 160 min. Figure 67 shows a series 

o f confocal images o f  PHôsu-GFP labelling in a fertilised sea urchin egg. Though the 

egg was successfully fertilised, and centration o f the pronucleus occurred, the egg 

did not divide. At 80 min post-fertilisation the cytoplasm appeared to shrink, and at 

90 min post-fertilisation, membrane-blebbing had occurred. No cell division 

occurred (typical o f  three repeats). This data suggests that the presence o f  the PHôsu- 

GFP fusion protein does affect the events o f  the early cell cycle. To determine 

whether the PHôsu-GFP protein specifically produced this effect, the effect o f  the 

control PHÔ1-GFP probe during the sea urchin cell cycle was monitored.

PHÔ1-GFP fusion protein was microinjected into sea urchin eggs, and following 

fertilisation, (assessed by fertilisation envelope elevation), the eggs were monitored 

by confocal microscopy. Figure 68 A shows a series o f  confocal images o f  an egg
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Unactivated 1 min post-ionomycin 
addition

6.5 min post-ionomycin 
addition

Unactivated 6.5 min post-ionomycin addition

Figure 66A -  Above - Confocal image series showing bright-field and PHÔ1-GFP 
labelling in a mature trypsin-treated sea urchin egg prior to and following ionomycin- 
induced activation. Images were taken immediately prior to ionomycin addition 
(unactivated), and 1 min and 6.5 min post-sperm addition. Below -  Enlarged images o f  
the plasma membrane o f the unactivated egg and the egg 6.5 min post-ionomycin 
addition. The region o f the egg that has been enlarged is indicated by white rectangles 
on the upper images.
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Figure 66B -  Graphs to show; i). Changes in cytosolic (blue) and cortical (red) fluorescence 
over time, ii). Changes in the ratio of cortical/cytosolic fluorescence over time, in trypsin- 
treated sea urchin eggs containing PH(51)-GFP protein in response to ionomycin-induced 
activation. Ionomycin was added at approximately 45 s. Data typical of three repeats.
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injected with PHÔ1-GFP protein and fertilised. The egg was scanned, under x 40 

magnification, at 10 min intervals for 100 min. This data suggests that the presence 

of the PHÔ1-GFP fusion protein does not affect the events of the early cell cycle as 

the embryo divides normally, within the expected time scale (typical of three 

repeats).

The movements of the dividing embryo make measurement of dynamic changes in 

plasma membrane PI(4,5)P2 content difficult. However, it can be observed, that 

PHÔ1-GFP appears to remain associated with the plasma membrane during the first 

cell division, suggesting that PI(4,5)P2 remains present in the plasma membrane 

during this time. The embryo was continually scanned at 10 min intervals for a 

further 80 min, then after a 60 min break, scanned at 10 min intervals for a further 

130 min. Figure 68B shows a selection of confocal images showing the development 

of the embryo. The cell cycle does not appear to be affected by the presence of 

PHÔ1-GFP as the embryo develops to blastula stage. Throughout development, the 

probe remains associated with the plasma membrane. However, an accumulation of 

PHÔ1-GFP is also observed around the mitotic spindle during the second and 

subsequent divisions. This suggests that an increase of PI(4,5)P2 occurs around the 

mitotic spindle before these divisions occur.
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10 min post-fertilisation 80 min post-fertilisation 90 min post-fertilisation

110 min post-fertilisation 130 min post-fertilisation 160 min post-fertilisation

Figure 67 -  Confocal image series showing bright-field and PHôsu-GFP labelling in a sea
urchin embryo following fertilisation.



10 min post-fertilisation 60 min post-fertilisation 70 min post-fertilisation

80 min post-fertilisation 90 min post-fertilisation 100 min post-fertilisation

Figure 68A -  Confocal image series showing bright-field and PHôl-GFP labelling in a sea
urchin embryo following fertilisation.



120 min post-fertilisation 140 min post-fertilisation 160 min post-fertilisation

180 min post-fertilisation 300 min post-fertilisation 310 min post-fertilisation

Figure 68B -  Confocal image series showing bright-field and PHôl-GFP labelling in a sea
urchin embryo following fertilisation.



330 min post-fertilisation 350 min post-fertilisation 370 min post-fertilisation

390 min post-fertilisation 410 min post-fertilisation 420 min post-fertilisation

Figure 68B cont. -  Confocal image series showing bright-field and PHôl-GFP labelling in a
sea urchin embryo following fertilisation.
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The PHÔ1-GFP probe does not appear to adversely effect the dividing sea urchin 

embryo, suggesting that the membrane blebbing in embryos containing PHôsu-GFP 

is a specific result of the presence of PHôsu-GFP protein. To investigate this further, 

the effects of the PHôsu-GFP protein on the cell cycle were compared with the 

effects of PHÔ1-GFP, microinjected into groups of eggs within the same chamber. 

This ensured that both groups of eggs were subjected to the same environmental 

factors, including equal exposure to laser scanning. Eggs were scanned under a xlO 

magnification lens, 5 min post-sperm addition, then hourly for 5 hours. Figure 69A 

shows confocal images of the group of eggs microinjected with PHôsu-GFP. Of 25 

eggs injected, 20 raised fertilisation envelopes following sperm addition. However, 

none of the 20 fertilised eggs divided successfully. At 300 min post-sperm addition, 

all 25 eggs containing PHôsu-GFP protein had undergone membrane blebbing, 

whilst uninjected eggs in the same field had developed to blastula stage. Figure 69B 

shows confocal images of the group of eggs injected with PHôl-GFP. All 18 eggs 

containing PHôl-GFP protein successfully raised fertilisation envelopes following 

sperm addition. At 300 min post-sperm addition all 18 eggs had divided and reached 

blastula stage.

This data suggests that PHôsu-GFP protein may affect fertilisation rates and block 

progression of the cell cycle. The phenotype of the eggs containing PHôsu-GFP 

resembles that observed when PLC-ôsu cRNA was expressed in sea urchin eggs.

This phenotype is similar to that described of echinoderm eggs undergoing apoptosis 

(Sakai & Chiba 2001; Voronina & Wessel 2001; Lesser et al. 2003). This suggests 

that the PH domain of PLC-ôsu maybe able to induce apoptosis. This effect does not
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Figure 69A  -  Confocal image series showing bright-field and PHôsu-GFP labelling in sea urchin embryos following fertilisation.



#
«

5 min post-sperm addition 300 min post-sperm addition

Figure 69B -  Confocal image series showing bright-field and PH ôl-G FP labelling in sea urchin embryos following fertilisation.



_________________ Chapter 7 -  Localisation of the PLC-Ssu PH domain in mouse and sea urchin eggs

appear to be dependent upon fertilisation, as unfertilised eggs containing PHôsu-GFP 

protein also undergo membrane blebbing eventually. This suggests that the 

phenotype is a direct result of the protein rather than an indirect result of blocking the 

cell cycle. However, the phenotype appears to develop more quickly and more 

prominently in fertilised eggs.

Localisation of PLC-ôsu and PLC-ôl PH domains in two-cell embryos

To investigate the localisation of 3-phosphoinositides in dividing sea urchin 

embryos, and to further investigate the possibility that PHôsu-GFP protein blocks the 

cell cycle, the probe was microinjected into one cell of a 2-cell embryo. To enable 

microinjection through the tough fertilisation envelope, 1 % dextran (Sigma) was 

added to the media prior to sperm addition. This prevented full fertilisation envelope 

elevation, without producing polyspermie eggs. Following fertilisation the eggs were 

incubated at 18 °C until the first division had occurred. PHÔsu-GFP protein was then 

microinjected into one of the cells. The embryo was then monitored by confocal 

microscopy under x40 magnification. Figure 70A shows confocal images of an 

embryo, 3 hours and 4.5 hours after fertilisation. At 3 hours post-fertilisation the cell 

containing PHôsu-GFP protein has divided once, whilst the un-injected cell has 

divided twice. At 4.5 hours post-fertilisation, the two cells containing PHôsu-GFP 

have not divided, however the un-injected cell has continued to divide. Figure 7OB 

shows a different embryo, at 2.5 and 4.5 hours post-fertilisation. The cell in this 

embryo containing PHôsu-GFP also divides only once, whilst the un-injected cell 

continues to divide. This suggests that the presence of PHôsu-GFP protein in the 

two-cell embryo inhibits cell division, yet does not appear to cause the membrane
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Figure 70 -  Confocal image series showing bright-field and PHÔsu-GFP labelling in sea
urchin embryos. PHôsu-GFP protein was microinjected into one cell of 2-cell embryos.
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blebbing phenotype associated with apoptosis. This data also indicates that 3- 

phosphoinositides remain present in the plasma membrane of the sea urchin embryo 

during cell division (n = 2).

Figure 71 shows that PHÔsu-GFP protein binds not only to the plasma membrane of 

the embryo, but also to a structure that appears to be the mitotic spindle (n = 2). This 

could indicate that 3-phosphoinositides are involved in the construction of the mitotic 

spindle, and may explain the cell cycle block produced by the presence of the PHôsu- 

GFP protein. Alternatively the PH-Ôsu-GFP probe may be binding lipids on vesicles 

that are transported along the cytoskeleton.

To ensure that the microinjection procedure itself does not injure the cell and prevent 

cell division, PHôl-GFP protein was microinjected into one cell of a 2-cell embryo 

as described above. Figure 72 shows that at 3 hours post-fertilisation both the cell 

containing PHôl-GFP protein and the un-injected cell have successfully divided. At

4.5 hours post-fertilisation, both cells have undergone many cell divisions (n = 2). 

This suggests that microinjection into the sea urchin embryo does not effect cell 

division.

289



Figure 71 -  Confocal images showing bright-field and PHôsu-GFP labelling in sea 
urchin embryos (4.5 hours post-fertilisation. PHôsu-GFP protein was microinjected into 
one cell of 2-cell embryos. The images below are enlarged images of the area depicted 
by the white rectangles.
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3 hr post-fertilisation 4.5 hr post-fertilisation

Figure 72 -  Confocal image series showing bright-field and PHÔ1-GFP labelling in a sea
urchin embryo. PHÔ1-GFP protein was microinjected into one cell of a 2-cell embryo.
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PLC-Ssu PH domain In mouse eggs

Localisation of the PLC-ôsu PH domain in mouse eggs and oocytes

In order to investigate the presence of 3-phosphoinositides in the plasma membrane 

of mouse eggs, the PHôsu-GFP fusion protein was microinjected into mature 

(Metaphase U-arrested) mouse eggs as described previously. These experiments were 

carried out in collaboration with Dr. Guillaume Halet (Physiology Dept., UCL). 

Confocal scanning revealed that the PHôsu-GFP protein was present in the cytosol, 

with no accumulation at the cortex (n = 1 l)(Figure 73 A). This suggests that no 3- 

phosphoinositides are present in the plasma membrane of mature mouse eggs. It also 

suggests that PHôsu-GFP is an effective probe for 3-phosphoinositides, as no cortical 

staining is seen despite reports that high levels of PI(4,5)P2 are present in the plasma 

membrane (Halet et al. 2002).

To determine whether the plasma membranes of immature mouse oocytes also 

lacked the presence of 3-phosphoinositides, immature germinal vesicle (GV)-stage 

oocytes were collected and microinjected with PHôsu-GFP fusion protein as 

described previously. Figure 73B shows confocal images of an immature mouse 

oocyte injected with PHôsu-GFP. Some PHôsu-GFP accumulation at the cortex is 

observed as well as strong accumulation in the germinal vesicle (n = 4). Particularly 

strong staining of the nucleolus is observed. This suggests that 3-phosphoinositides 

are present in the immature mouse oocyte in the plasma membrane and at high 

concentrations in the germinal vesicle.
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A). Mature (Mil) mouse egg

%

B). Immature (GV) mouse oocyte

Figure 73 -  Confocal images of PHôsu-GFP labelling in (A) mature (Mil) mouse egg, 
and (B) an immature (GV-stage) mouse oocyte. Abbreviations are as following, 
PHÔSU-GFP -  PLC-ôsu PH domain-GFP fusion protein; Mil -  Metaphase Il-arrested; 
GV -  germinal vesicle.
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Cortical Recruitment of the PLC-ôsu PH domain following mouse egg 

fertilisation

The dynamics of plasma membrane PI(4,5)P2 during fertilisation of the mouse egg, 

have previously been studied using the PLC-ôl PH domain (Halet et al. 2002). To 

examine the dynamics of 3-phosphoinositides during mouse egg fertilisation, the 

PHÔSU-GFP fusion protein was microinjected into mature (Mil) mouse eggs. After 

zone pellucida removal, the eggs were transferred to a confocal microscope on a 

stage heated to 37 °C and scanned under x 20 magnification. The unfertilised eggs 

exhibited some membrane blebbing, similar to that seen in sea urchin eggs injected 

with PLCÔSU cRNA (Figure 74Ai). This phenotype may be due to the fragility of the 

eggs after zona pellucida removal. PHôsu-GFP was localised in the cytosol as 

observed previously. Capacitated sperm was added to the chamber and eggs were 

scanned at 1 hr intervals. Four hours post-sperm addition, some cortical 

accumulation of PHÔsu-GFP was observed in a number of eggs, and nuclear 

accumulation of PHôsu-GFP appeared to have occurred in one egg (Figure 74Aii). 

After incubation overnight at 37 °C, eggs were scanned (22 hrs post-sperm addition) 

at X 20 magnification and x 40 magnification. Figure 74B shows that after 22 hours 

incubation with sperm, the majority of eggs exhibit cortical localisation of PHôsu- 

GFP. Two eggs also exhibit nuclear accumulation of PHÔsu-GFP, although the probe 

appears to be excluded from the nucleoli. Despite the observed membrane blebbing, 

eggs appear capable of fertilisation (assessed by pronuclei formation). 22 hours post

sperm addition, the membrane blebs appear to have been pinched off, and many of 

the blebs exhibit cortical localisation of the PHÔsu-GFP probe. This suggests that
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i). Unfertilised ii). 4 hours post-sperm addition

Figure 74A  -  Confocal images showing bright-field and PH ôsu-G F P labelling in a m ature m ouse egg before (i) and after (ii) 
sperm addition. Images were taken prior to sperm addition and 4 hours post-sperm addition. An enlarged image o f  the area 
depicted by the red rectangle is shown to the right o f  the smaller image. Images were taken under x 20 magnification.



#

x2 0 X 40X 40
22 hours post-sperm addition

Figure 74B -  C onfocal im ages show ing bright-field  and PH ôsu-G FP labelling in a m ature m ouse egg 22 hours post-sperm  
addition. Im ages w ere taken under x 20 m agnification  and x 40 m agnification.
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upon fertilisation, PI 3-K activity is increased, producing a slow accumulation of 3- 

phosphoinositides in the plasma membrane, and possibly also in the nucleus.

To determine whether the cortical accumulation of PHôsu-GFP is a direct result of 

fertilisation, rather than a slow accumulation that may occur over time in the 

unfertilised egg, and whether the nuclear accumulation of the probe is a result of 

targeted accumulation rather than the trapping of the protein as the nuclei form, 

mouse eggs were fertilised in vivo, cultured until pronuclei formation had occurred, 

and microinjected with PHôsu-GFP. Figure 75 A shows confocal images of a 

pronuclei stage egg, 10 min, 30 min and 2 hours post-PHÔsu-GFP microinjection.

The images show clear cortical accumulation of the probe (n = 4), supporting earlier 

evidence that an increase in plasma membrane 3 -phosphoinositide content occurs 

after fertilisation. Nuclear PHôsu-GFP staining is not observed until 2 hours post

microinjection. This slow accumulation of PHôsu-GFP demonstrates that the probe is 

clearly being transported into the nucleus, either due to signals within the probe, 

(although no classical nuclear localisation signals were detected in the PLC-ôsu PH 

domain), or due to binding to a substance undergoing nuclear transportation. Control 

eggs injected with PHôl-GFP exhibited cortical localisation of the probe. No nuclear 

localisation was observed in these eggs (n = 3)(Figure 75B).

After incubation overnight at 37 °C, eggs were subjected to further examination by 

confocal microscopy. Figure 75C shows that eggs remaining at pronuclei stage 

exhibit clear cortical and nuclear PHôsu-GFP localisation. Interestingly, some 

localisation to the nucleolus is also observed (n = 2). Eggs reaching the 2-cell stage 

also exhibited clear cortical staining (n = 3)(Figure 76). Though nuclear staining
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10 min post-injection 30 min post-injection 2 hr post-injection

A). PHÔSU-GFP

4.5 hr post-injection

A • V

B). PHÔ1-GFP

Figure 75 -  A).Confocal images showing bright-field and PHôsu-GFP labelling in an in vivo fertilised mouse eggs micro injected 
with PHÔSU-GFP after pronuclear formation. B). Confocal images showing bright-field and PH ôl-G FP labelling in an in vivo 
fertilised mouse eggs microinjected with PH ôl-G FP after pronuclear formation.



22 hour post-injection 28.5 hour post-injection

Figure 75C -  Confocal images showing bright-field and PHôsu-GFP labelling in in vivo fertilised mouse eggs microinjected with 
PHÔSU-GFP after pronuclear formation. An enlarged image o f the area depicted by the white rectangle is shown to the right.



22 hour post-injection 28.5 hour post-injection 28.5 hour post-injection
Figure 76 -  Confocal images showing bright-field and PHôsu-GFP labelling in in vivo fertilised mouse eggs micro injected with 
PHÔSU-GFP after pronuclear formation.
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wasn’t clearly visible, the probe wasn’t excluded from the nucleus, and nucleolar 

staining was also observed. This evidence suggests that the appearance o f 3- 

phosphoinositides in the plasma membrane of the fertilised mouse eggs, is 

maintained throughout the first cell division. It also suggests that the PHÔsu-GFP 

probe is transported into the nucleolus at both pronuclei and 2-cell stages.
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D iscu ssio n

In this chapter, the 3-phosphoinositide-binding properties o f the PH domain of PLC- 

ôsu have been exploited to examine the distribution o f 3-phosphoinositide lipids in 

eggs and embryos. We have shown that PHôsu-GFP labels the cortex o f both mature 

and immature sea urchin eggs, suggesting that 3-phosphoinositides are present in the 

plasma membrane o f mature and immature eggs. This evidence also suggests that 

PLC-ÔSU may be targeted to the plasma membrane of sea urchin eggs throughout 

maturation. However, further localisation studies using the whole PLC-ôsu protein 

would be required to confirm this supposition, as other parts o f the PLC-Ôsu protein, 

such as the C2 domain, may be involved in the localisation of the PLC (Lomasney et 

al. 1999).

The distribution of PHôsu-GFP correlates with the distribution o f PHôl-GFP- 

labelled P1(4,5)P2, raising the possibility that the PHôsu-GFP probe is binding 

P1(4,5)P2, despite its low affinity for the lipid. It is possible that low affinity binding 

of the PHÔSU-GFP probe to P1(4,5)P2 may occur in the absence of 3- 

phosphoinositides. This issue could be addressed by monitoring the response o f the 

probe to 1(1,4,5)P3. If the probe is binding P1(4,5)P2 in the plasma membrane, 

uncaging caged 1(1,4,5)P3 in the sea urchin egg would compete with the P1(4,5)P2 

and remove the probe from the plasma membrane. If, however, the probe is binding 

3-phosphorylated lipids in the plasma membrane, 1(1,4,5)P3 would not affect its 

binding. Alternatively, the binding specificity o f the PHôsu-GFP probe could be 

confirmed by the treatment o f sea urchin eggs with wortmannin prior to 

microinjection of the probe. If the probe is specifically binding 3-phosphoinositdes,
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wortmaimin-induced depletion of the lipids from the plasma membrane should result 

in a cytosolic distribution o f the probe.

In mouse eggs, however, the distribution of the PLC-ôsu and PLC-ôl PH domains 

differs. Halet et al. (2002) found that PHÔ1-GFP labelled the plasma membrane of 

both mature (MU) and immature (GV) mouse eggs. Here, we show that PHôsu-GFP 

remains in the cytosol o f mature (MU) mouse eggs, yet labels the plasma membrane 

and GV of the immature mouse egg. These differences between PHôl-GFP and 

PHÔSU-GFP labelling suggest that PHôsu-GFP binding is 3-phosphoinositide- 

specific, as despite detection o f high concentrations o f PI(4,5)P2 in the plasma 

membrane o f the mature mouse egg, (Halet et al. 2002) no corresponding cortical 

PHÔSU-GFP labelling is observed. This indicates that PHôsu-GFP does not bind 

PI(4,5)P2, even in the absence of 3-phosphoinositides, and suggests that the cortical 

localisation of PHôsu-GFP in immature and mature sea urchin eggs does indicate the 

presence o f 3-phosphoinositides in the plasma membrane.

The differences between PHôl-GFP and PHôsu-GFP labelling in the mature mouse 

egg also reflect the more transient nature o f 3-phosphoinositide signalling. Whilst 

PI(4,5)P2 is constantly present in the plasma membrane, 3-phosphoinositides are 

generally only synthesised in response to extracellular stimuli, which induce PI 3-K 

activity (Vanhaesebroeck et al. 2001). In most quiescent cells, 3-phosphoinositides 

are not detected in the plasma membrane (Gray et al. 1999; Watton & Downward 

1999). This suggests that immature mouse eggs contain PI 3-K activity, producing 3- 

phosphoinositides, whilst mature (Mll-arrested) eggs do not contain PI 3-K activity.
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This indicates that PI 3-K signalling may be involved in mouse egg maturation. 

Though translocation o f 3-phosphoinositide probes from cytosol to plasma 

membrane has previously been detected in some cells in response to extracellular 

stimuli, nucleolar localisation o f 3-phosphoinositides has not previously been 

reported (Gray et al. 1999; Watton & Downward 1999). The presence o f PHôsu-GFP 

in the germinal vesicle o f the immature mouse egg may be due to the presence of 3- 

phosphoinositides in the nucleus or may possibly be due to PHôsu-GFP-binding to 

other proteins that are transported into the nucleus.

The different distribution of 3-phosphoinositides in mature mouse and sea urchin 

eggs suggests that they contain different levels o f PI 3-K activity. It is unusual that a 

resting cell such as the mature sea urchin egg should contain PI 3-K activity. The 

role of 3-phosphoinpsitides in the plasma membrane of the mature sea urchin egg is 

unknown. Its presence may configure the high concentration of globular actin found 

in the cortex of the unfertilised sea urchin egg (Sardet 1984). Alternatively, the 

differences in sea urchin egg and mouse egg PI 3-K activity could be due to the 

different stages o f the cell cycle that the cells are arrested at. PI 3-K is thought to be 

involved in DNA synthesis and cell cycle progression. The mature mouse egg is still 

undergoing meiosis, and is arrested at metaphase II. The mature sea urchin egg, 

however, has completed meiosis and is waiting to begin mitosis (Gi/Go) (Whitaker & 

Larman, 2001).

Previous studies have shown that the PI(4,5)P2 content o f the mouse egg plasma 

membrane increases following fertilisation (Halet et al. 2002). Here we show that 

this phenomenon also occurs in the sea urchin egg. The observed increase in cortical
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PI(4,5)P2 at fertilisation agrees with previous studies, which found that cortical 

granule exocytosis at fertilisation was preceded by a 22 % increase in 

diphosphoinositide content (Turner et al. 1984). However, in the mouse egg, the 

cortical PI(4,5)P2 increase in response to Ca^”̂ transients was inhibited by inhibition 

of cortical granule exocytosis, suggesting that the cortical PI(4,5)P2 increase 

occurred as a consequence of cortical granule exocytosis (Halet et al. 2002). Our 

evidence supports the induction of a cortical increase in PI(4,5)P2 as a result of an 

increase in intracellular Ca^^, as the effect was measured in response to ionomycin 

addition. However, further studies would be required to elucidate the order of events 

in the sea urchin egg, in order to determine a possible role for the exocytosis of 

cortical granules in producing the cortical increase in PI(4,5)P2.

Examination of 3-phosphoinositide dynamics during fertilisation using PHôsu-GFP 

revealed that an increase in cortical 3-phosphoinositide content also occurred at 

fertilisation. This is supported by biochemical evidence that shows that the 

triphosphoinositide content of the sea urchin egg increases by 40 % preceding 

cortical granule exocytosis (Turner et al. 1984). Here, we find that this 3- 

phosphoinositide is produced by the Câ "̂  increase that occurs at fertilisation, as the 

increase can also be stimulated by ionomycin. The increase in cortical 3- 

phosphoinositide content at fertilisation m aybe due to PI 3-K activation. The 3- 

phosphoinositide products o f PT3-K are known to be involved in diverse processes 

such as regulation of growth, control of DNA synthesis, regulation o f apoptosis and 

control of the actin cytoskeleton (reviewed Vanhaesebroeck et al. 2001). The brief 

increase in cortical 3-phosphoinositide content that occurs at fertilisation could be 

involved in producing the wave of cortical actin polymerisation that occurs at
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fertilisation to produce the extension of microvilli (Gillot et al. 1990). This 

hypothesis is supported by the observation that the PHôsu-GFP probe stains the 

microvilli. The increase of cortical 3-phosphoinositide content at fertilisation, also 

suggests that further recruitment o f PLC-Ôsu to the plasma membrane may occur at 

fertilisation.

The distribution of PI(4,5)P2 during the sea urchin egg cell cycle was monitored 

using the PHôl-GFP probe. Here we show that the presence of the PHôl-GFP 

protein does not interfere with fertilisation or early development. This agrees with 

previous reports that PHôl-GFP-PI(4,5)P2 binding is a dynamic process, allowing 

other proteins to compete for PI(4,5)P2 binding (Van der Wal et al. 2001). The probe 

remains bound to the plasma membrane o f the cell throughout development, though 

some binding is also observed around the periphery of the mitotic spindle during the 

second and subsequent divisions. This suggests that an accumulation of PI(4,5)P2 

occurs around the mitotic spindle during sea urchin egg development. Previous 

biochemical studies have suggested that intracellular structures, such as Golgi, the 

nuclear envelope and secretory vesicles, also contain PI(4,5)P2 (Martin 1997). These 

structures are not labelled by PHôl-GFP in the unfertilised egg, however, it is 

possible that an accumulation of Golgi or secretory vesicles around the mitotic 

spindle could produce a signal strong enough to be detected. Terasaki (2000), studied 

the dynamics o f the endoplasmic reticulum and golgi apparatus during early sea 

urchin development. Whilst the distribution of the golgi apparatus does not correlate 

with the staining pattern o f PHôl-GFP, the distribution o f endoplasmic reticulum 

(ER) is very similar (Terasaki 2000). This suggests that PI(4,5)P2 may be present on 

the ER surrounding the mitotic spindle.
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Attempts to monitor the distribution o f 3-phosphoinositides during the sea urchin egg 

cell cycle using the PHÔsu-GFP probe were unsuccessful, as the probe appeared to 

prevent normal cell division. Whilst the PHôl-GFP probe does not appear to have 

any effect on physiological processes, the PHôsu-GFP probe does not appear to 

effect fertilisation, but clearly prevents cell division, and appears to cause a 

membrane blebbing phenotype similar to that of apoptosis. This may be due to the 

blocking o f 3-phospohinositides, preventing normal functions from occurring. 

Interestingly, the use of the PI 3-K inhibitor, wortmannin, in sea urchin eggs did not 

alter the events o f fertilisation, but led to the arrest o f the cell cycle (De Nadai et al. 

1998). This may suggest that the PHôsu-GFP probe blocks the cell cycle by binding 

to 3-phosphoinositides, preventing other proteins from binding. As 3- 

phosphoinositides are second messengers effecting the control of DNA synthesis and 

cell cycle, the presence of PHôsu-GFP may prevent these pathways and block the 

cell cycle. The observed membrane blebbing could be caused by loss o f actin 

cytoskeleton control, another process regulated by 3-phosphoinositides. This is 

supported by the observation that PHôsu-GFP appears to bind to the mitotic spindle. 

Alternatively, the blocking of 3-phosphoinositides may result in the loss o f the 

apoptosis prevention pathway regulated by 3-phosphoinositides and Akt 

(Vanhaesebroeck et al. 2001; Chang et al. 2003).

Examination o f 3-phosphoinositide distribution in mouse eggs following fertilisation, 

revealed an increase in cortical 3-phosphoinositide content, which became apparent 

at 4 hours post-sperm addition. This timing coincides with the termination of the 

fertilisation-induced Câ "̂  transients and the transition into interphase of the first
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mitotic division (Jones et al. 1995). The appearance o f 3-phosphoinositides in the 

plasma membrane of the fertilised mouse egg at mitosis indicates that PHÔsu-GFP 

distribution in the mouse egg may be cell-cycle-dependent. This implies that the 

difference in the PHôsu-GFP staining pattern in unfertilised sea urchin and mouse 

eggs may due to the different stages o f the cell cycle at which the cells are arrested 

and suggests that 3-phosphoinositides are present in the plasma membrane of cells 

capable o f undergoing mitosis, but are not present in quiescent cells. The PHôsu- 

GFP probe was also observed in the nucleus and nucleolus o f the fertilised mouse 

egg. This mirrors the PHÔsu-GFP staining pattern observed in the immature mouse 

egg and suggests that 3-phosphoinositides are present in the nucleus of the fertilised 

mouse egg. Though little is known about nuclear 3-phosphoinositide signalling, 

evidence suggests that 3-phosphorylated inositol lipids are present in the nucleus 

(Irvine 2003). The p85 regulatory subunit of PI 3-K has been identified in the nuclei 

o f rat liver cells (Lu et al. 1998), and the type H PI 3-K, PI3K C 2a has a nuclear 

localisation sequence and has been detected in the nucleus (Didichenko & Thelen 

2001). This evidence suggests that 3-phosphorylated lipids are produced in the 

nucleus, but does not explain why the PHôsu-GFP probe is transported into the 

nucleus. The sequence of the PLC-ôsu PH domain does not contain a known nuclear 

localisation sequence, and at 66 kDa, the probe is too large to diffuse through the 

nuclear pores. This suggests that the probe either contains a nuclear localisation 

signal not previously recognised or is transported into the nucleus bound to a 

different protein.

To summarise, this chapter finds that the unfertilised sea urchin egg plasma 

membrane contains 3-phosphorylated lipids. An increase in cortical 3-
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phosphoinositide content is observed at fertilisation, and 3-phosphorylated lipids 

remain in the membrane throughout the cell cycle. Blocking these lipids by 

micro injection of PHôsu-GFP protein produces a block to the cell cycle and 

membrane blebbing similar to that seen during apoptosis. In mouse eggs, 3- 

phosphorylated lipids are located in the plasma membrane and germinal vesicle of 

immature eggs, but do not appear to be present in the mature Mll-arrested egg. 

Following fertilisation, 3-phosphorylated lipids appear in the plasma membrane 

around the time when the one-cell embryo enters interphase of first mitosis. 3- 

phosphorylated lipids also appear in the nucleus o f the one-cell embryo. The function 

of the 3-phosphorylated lipids located in sea urchin and mouse eggs and embryos 

requires further investigation. However, blocking the 3-phosphoinositides with 

excess PHôsu-GFP protein, produced a block to the cell cycle and a phenotype 

similar to that observed during apoptosis, suggesting that 3-phosphoinositides play a 

role in cell cycle regulation and regulation of apoptosis.
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Chapter 8 -  Discussion

A PLC-Ô activity is present in sea urchin eggs and embryos

Prior to the discovery of PLC-ôsu, PLC-y was the only PLC isoform reported to be 

present in echinoderms (De Nadai et al. 1998). The identification of a different PLC 

isoform in the echinoderm presents a new candidate for the origin of the Ca^^ 

transients observed at fertilisation and during early development (Poenie et al. 1985). 

Whilst evidence appears to suggest that the fertilisation-induced Ca^^ transient is 

likely to be produced by PLC-y, the transients associated with first mitosis are 

accompanied by a decrease in PLC-y activity, suggesting a role for a different PLC 

isoform (Carroll et al. 1997, 1999; Rongish et al. 1999). This evidence supports a 

role for PLC-ôsu during first mitosis. However, data from this thesis does not rule 

out the presence of other PLC iso forms in the echinoderm. In fact, the amplification 

of DNA coding for a short amino acid sequence containing a nuclear localisation 

signal from the sea urchin testis cDNA library using primers designed against the 

highly conserved PLC X domain and the end o f the PLC-ôsu X-Y linker, suggests 

the presence o f a further PLC isoform or splice variant. Further investigation into the 

identity of this putative PLC would be highly interesting, particularly as the presence 

of a nuclear localisation signal positioned between X and Y catalytic domains 

suggests similarity with PLC-Ç (Larman et al. in press). This could be examined by 

analysis of a sea urchin testis macroarray using a probe designed against the nuclear 

localisation signal and surrounding sequence.
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PLC-ÔSU, a previously undetected PLC-ô from sea urchin eggs was identified here 

using EST database and macroarray analysis. It consists of 753 amino acids forming 

an 84.6 kDa protein with a predicted pi o f 6.04. Computational analysis predicts that 

PLC-ÔSU forms a typical PLC-ô domain structure and shares most amino acid 

sequence identity with a zebrafish PLC-ô. Comparison with the extensively studied 

sequence of PLC-ôl predicts that PLC-ôsu is a catalytically active PLC enzyme, a 

prediction confirmed by production o f catalytically active recombinant PLC-ôsu 

fusion protein.

Putative fun ction s of PLC-ôsu

Little is known about the functions o f the -ô sub-class of PLCs, beyond that they are 

more sensitive to Ca^^ than other PLC sub-types, (Rhee & Bae 1997), and that PLC- 

Ô4 appears to play a vital role in the acrosome reaction (Fukami et al. 2001). This 

thesis has used computational analysis of the PLC-ôsu sequence alongside 

experimental approaches to probe the function and regulation o f PLC-ôsu. The 

detection of a number o f putative phosphorylation and protein-binding sites within 

the PLC-ÔSU sequence provided a number of suggestions as to the role and mode of 

regulation o f PLC-ôsu.

A binding site for the p85 regulatory subunit of PI 3-K was predicted, suggesting that 

PLC-ÔSU may play a role in regulation o f PI 3-K signalling. A role for PLC-ôsu in PI 

3-K signalling is lent support by the discovery that the PH domain of PLC-ôsu binds 

with high affinity to PI(3,5)P2 and PI(3,4)Pz and with a slightly lower affinity to 

PI(3,4,5)P], compared with the well-documented preference of the PLC-ôl PH
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domain for PI(4,5)P2 (Lemmon et al. 1995). The presence o f 3-phosphorylated lipids 

in sea urchin eggs was confirmed using a GFP-tagged PLC-Ôsu PH domain probe. 

Confocal analysis revealed the presence o f 3-phosphoinositides in the plasma 

membranes o f immature and mature sea urchin eggs, as well as fertilised sea urchin 

eggs and developing embryos. Blocking the 3-phosphoinositides by microinjection 

of excess PHôsu-GFP probe did not appear to effect fertilisation. However, eggs 

containing the PHôsu-GFP probe did not progress to 2-cell stage after fertilisation 

but instead exhibited a membrane blebbing phenotype, similar to that observed 

during apoptosis (Sakai & Chiba 2001; Voronina & Wessel 2001; Lesser et al. 2003). 

Expressing PLC-ôsu cRNA in sea urchin eggs and embryos also produced this 

putative apoptotic phenotype. These data suggest that PLC-ôsu may play a role in 

cell cycle regulation and/or the PI 3-K/Akt controlled prevention of apoptosis.

Computational analysis o f the PLC-ôsu amino acid sequence also detected sites for 

phosphorylation by Akt and Casein Kinase 2. This indicates that PLC-ôsu may be a 

downstream effector o f these enzymes, perhaps indicating that PLC-ôsu plays a role 

in cell cycle progression regulation, as well as lending further credibility to a 

possible role for PLC-Ôsu during apoptosis. The implications o f these findings are 

discussed below.

A role for PLC-ôsu at first mitosis

Previous data suggests that a PLC activity other than PLC-y increases during first 

mitosis in the sea urchin egg (Rongish et al. 1999). Though this evidence in 

combination with the fact that PLC-Ôsu is the only other isoform detected in sea
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urchin egg cytosol to date does not necessarily indicate that PLC-ôsu is responsible 

for the increase in PLC activity, this thesis presents additional evidence to suggest a 

role for PLC-ôsu during first mitosis. Previous studies have shown that the first 

mitotic division of the fertilised sea urchin egg can be delayed or prevented by the PI 

3-K inhibitor wortmannin (De Nadai et al. 1998). This evidence suggests that the 

production o f 3-phosphoinositides is essential for first mitosis to occur. Here, we 

have shown that the PLC-ôsu PH domain binds preferentially to 3-phosphoinositides 

both in vitro and in vivo. This suggests that PLC-ôsu is recruited to the plasma 

membrane during first mitosis. Blocking this recruitment, either by preventing 3- 

phosphoinositide production with the PI 3-K inhibitor wortmannin (De Nadai et al. 

1998), or by blocking the 3-phosphoinositide sites by addition o f excess PHÔsu-GFP 

protein, results in a halt to the cell cycle. However, blocking 3-phosphoinositides 

prevents the recruitment of many proteins to the plasma membrane. One of these 

proteins is Akt, a protein thought to be involved in the promotion o f cell cycle 

progression through phosphorylation of a number o f downstream targets that 

promote DNA synthesis and cell cycle progression. Computational analysis revealed 

a putative Akt phosphorylation site in the PH domain o f PLC-ôsu. This suggests that 

PLC-ÔSU may be a downstream target of the PI 3-K/Akt pathway. A putative Casein 

Kinase II phosphorylation site was detected in the X-Y linker region of PLC-ôsu, 

therefore PLC-ôsu may be a downstream effector of Casein Kinase n. Casein Kinase 

n  activity is thought to be involved in early development in the sea urchin embryo, 

as blocking this kinase activity prevents the transition firom blastula to gastrula 

(Delalande et al. 1999). A putative p85 (regulatory subunit of PI 3-K) SH2 binding 

domain was also identified in PLC-ôsu upstream of the X domain. It is possible that 

this may act as an amplification mechanism, upon PI 3-K-induced transition to the
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plasma membrane, recruiting more PI 3-K to the plasma membrane where its 

substrate resides.

Further investigation is required to confirm the hypotheses suggested above. 

Verification o f the presence of the predicted phosphorylation sites could be sought 

by assaying the ability o f the kinases to phosphorylate PLC-ôsu in vitro. Binding of 

the p85 SH2 domain to PLC-ôsu could also be tested in vitro. The mechanism by 

which the block o f the cell cycle produced by addition of excess PLC-ôsu PH 

domain protein is brought about also requires further examination. The theory that 

the probe blocks the cell cycle through blocking 3-phosphoinositide binding sites in 

the fertilised sea urchin egg appears to agree with evidence that the PI 3-K inhibitor 

wortmannin blocks the cell cycle (De Nadai et al. 1998). However, it is possible that 

the presence o f the PLC-ôsu PH domain itself produces the cell cycle block. The 

PLC-ôsu PH domain is thought to contain an Akt phosphorylation site, suggesting 

that the excess PLC-ôsu PH domain could compete with endogenous proteins for 

phosphorylation by Akt. This theory could be investigated by designing a PHôsu- 

GFP probe with a point mutation in the putative Akt phosphorylation site. 

Conversely, the effect o f introducing a mutation that prevented the probe from 

binding 3-phosphoinositides would also be o f interest. Using these probes, the effect 

of blocking binding to 3-phosphoinositides could be separated firom the effect of 

introducing a protein that competes for Akt phosphorylation. Dissection of the events 

leading to the cell cycle block produced by PHôsu-GFP protein is also worth some 

attention. Wortmannin is known to inhibit maturation-promoting factor (MPF) 

activation and disturb centrosome duplication preventing bipolar mitotic spindle 

formation, whilst chromosome condensation, nuclear envelope breakdown,
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microtubular aster polymerisation, protein synthesis and DNA synthesis were not 

affected by the drug (De Nadai et al. 1998). A more thorough examination of the 

events leading to the PHôsu-GFP-induced cell cycle block may indicate whether the 

cell-cycle block is produced in a similar manner to the wortmannin-induced block.

A role for PLC-ôsu during apoptosis

The detection o f a putative Akt phosphorylation site and a putative p85 (regulatory 

subunit o f PI 3-K) SH2-binding site within the sequence o f PLC-Ôsu suggests that 

PLC-ÔSU may be a downstream effector of the PI 3-K/Akt pathway. This pathway is 

known to control both cell cycle progression and apoptosis (Chang et al. 2003). 

Activated PI 3-K results in the production of 3-phosphorylated lipids in the plasma 

membrane. This attracts proteins, such as Akt, which contain PH domains that 

preferentially bind 3-phosphoinositides, to the plasma membrane. Upon binding to 

the plasma membrane, Akt is brought into contact with phosphatidylinositol- 

dependent kinase-1 (PDKl), another protein bound to the membrane via its 3- 

phosphoinositide-binding PH domain. Akt is activated by PDK-1 phosphorylation. 

Activated Akt then prevents apoptosis by phosphorylation and up-regulation of 

targets such as p21 and down-regulation o f targets such as Bad and Caspase-9 

(Chang et al. 2003).

A role for PLC-ôsu in apoptosis is heavily supported by the observation of a 

membrane blebbing phenotype, similar to that described o f echinoderm eggs 

undergoing apoptosis (Sakai & Chiba 2001; Voronina & Wessel 2001; Lesser et al.

2003), as a result o f PLC-Ôsu cRNA expression in sea urchin eggs. Before
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assumptions can be made about a putative role for PLC-ôsu during apoptosis, the 

observed membrane blebbing phenotype must be confirmed as apoptotic. Attempts at 

using the irreversible general caspase inhibitor Z-VAD-fink (Calbiochem), to prevent 

the membrane blebbing phenotype and therefore confirm its apoptotic origin were 

unsuccessful (data not shown). However, this may be due to the failure o f the 

inhibitor to enter the egg. To confirm this conclusion, a rhodamine-conjugated 

version of the caspase inhibitor could be used. Future work could also involve 

TUNEL staining to confirm the apoptotic phenotype.

The putative apoptotic phenotype is produced in the sea urchin egg by expression of 

PLC-ÔSU and PLC-Ôsu minus PH domain cRNA, as well as by addition of the PLC- 

ôsu PH domain protein. This evidence appears to offer conflicting theories as to the 

mechanism that produces the phenotype. However, one theory may explain why both 

the PLC-ÔSU minus PH domain construct and the PLC-ôsu PH domain construct both 

produce the membrane blebbing phenotype. It is possible that PLC-ôsu plays a role 

in producing apoptosis, and is down-regulated by Akt phosphorylation at the site 

detected in the PH domain (Figure 77). Expression of excess PLC-ôsu cRNA would 

therefore produce a source of PLC-ôsu that may not be down-regulated quickly 

enough to prevent apoptosis. Expression of PLC-ôsu minus the PH domain cRNA 

would result in a source of PLC-ôsu that cannot be down-regulated as the site for Akt 

phosphorylation has been removed. This would explain the apparent increase in 

speed and severity o f membrane blebbing produced by this construct in comparison 

with the phenotype produced in eggs expressing the PLC-ôsu construct. Furthermore, 

microinjection o f the PH domain of PLC-Ôsu into sea urchin eggs would result in
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huge competition for Akt phosphorylation, possibly resulting in the prevention of 

Akt down-regulation of endogenous PLC-ôsu (Figure 78).

This hypothesis requires much investigation. An interesting experiment would be to 

introduce a point mutation into the putative Akt phosphorylation site of PLC-ôsu, 

and express the construct in the sea urchin egg. If the hypothesis is correct, this 

mutant should produce a phenotype o f rapid and extensive membrane blebbing, 

similar to that produced by the PLC-ôsu minus PH domain construct. Conversely, 

co-expression o f constitutively active PI 3-K or Akt with these constructs would be 

expected to diminish the membrane blebbing phenotype if  this hypothesis were 

correct. The putative apoptotic phenotype produced by the PH domain of PLC-Ôsu 

may not be explainable by the blocking o f 3-phosphorylated lipids alone, as use of 

the PI 3-K inhibitor, wortmannin, does not produce this phenotype (De Nadai et al. 

1998). This lends support to the idea that the putative Akt binding site within the PH 

domain is responsible for the membrane blebbing phenotype. This could be tested 

using a PHôsu-GFP probe with a point mutation in the putative Akt phosphorylation 

site. The production of recombinant PLC-ôsu protein creates the possibility of raising 

an antibody against PLC-ôsu. This may prove a useful tool in defining a possible role 

for PLC-ÔSU in apoptosis, and/or identifying any other functions. If the hypothesis 

suggested above were true, microinjection of an anti-PLC-ôsu antibody into a sea 

urchin egg may protect the egg against apoptosis. This could be tested by co

injection o f antibody and PLC-ôsu cRNA.

The effect o f the PH domain o f PLC-ôsu on mouse eggs is not as severe as that 

observed in sea urchin eggs. Though unfertilised mouse eggs microinjected with
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PHÔSU-GFP protein displayed some indications o f membrane blebbing, they were 

still able to fertilise and develop to 2-cell embryos. Moreover, expression of full- 

length PLC-ÔSU and PLC-ôsu minus PH domain cRNA in mouse eggs does not 

produce any visible apoptotic effects. This may be due to differences between the 

cell survival mechanisms utilised by mouse and sea urchin eggs. This is supported by 

evidence that the plasma membrane o f the unfertilised mouse egg does not contain 3- 

phosphorylated lipids. The survival o f the unfertilised mouse egg could not, 

therefore, be reliant on the presence of 3-phosphorylated lipids as suggested for sea 

urchin eggs.

The role of apoptosis in sea urchin eggs and embryos

The female germ cells o f many species utilise extensive apoptosis to remove 

defective cells unable to develop into viable eggs, and to provide nutrients to 

surviving oocytes (Morita & Tilly 1999). Previous studies have demonstrated that the 

machinery to bring about apoptosis is functional in the sea urchin egg (Voronina & 

Wessel 2001). Sea urchins may utilise apoptosis in response to starvation or seasonal 

changes, when reabsorption of eggs is necessary for survival. It is also thought that 

apoptosis occurs during pluteal and metamorphosis stages o f echinoderm 

development in order to eliminate useless cells (Roccheri et al. 2002).

Evidence produced in this thesis suggests that PLC-ôsu may translate the death 

signal required to produce apoptosis in sea urchin eggs. This signal may be peculiar 

to the sea urchin egg as it seems clear that the mouse egg does not respond to its 

presence. As sea urchin eggs undergo external fertilisation, this apoptotic mechanism 

may be required to prevent the development o f an embryo under unfavourable
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circumstances. Alternatively, during periods of starvation, a loss of growth factor 

signalling may occur resulting in a loss o f plasma membrane 3-phosphoinositides 

and promotion of PLC-ôsu activity in order to cause egg reabsorption. An attractive 

possibility is that PLC-ôsu may be responsible for causing the apoptosis that rids the 

sea urchin o f useless cells during the pluteal stage and metamorphosis (Roccheri et 

al. 2002). This is lent support by evidence that PLC-ôsu is highly expressed in the 

oral ectoderm and gut o f the gastrula and the midgut o f the pluteus, (Coward et al.

2004), areas that appear to undergo programmed cell death during the pluteal stage 

and metamorphosis (Roccheri et al. 2002). Unfortunately, expression of PLC-ôsu in 

larvae undergoing metamorphosis has not been studied. This may suggest a 

mechanism where growth factors become restricted to cells necessary for further 

development during metamorphosis, resulting in a decrease in plasma membrane 3- 

phosphorylated lipids, and a subsequent increase in PLC-Ôsu activity to cause 

unwanted cells to undergo apoptosis.

A role for PLC-ôsu in organisation of the cytoskeleton

Phosphoinositides, including 3-phosphorylated phosphoinositides are known to play 

an important role in agonist-stimulated cytoskeleton rearrangements. It is thought 

that the products o f PI 3-K play a regulatory role in the organisation o f the actin 

cytoskeleton to bring about processes such as chemotaxis (Vanhaesebroeck et al. 

2001). Though the mechanism by which PI 3-K produces these changes in 

cytoskeletal organisation is not understood, it is thought that the lipid products o f PI 

3-K may recruit proteins to the plasma membrane which serve as scaffolding 

proteins to localise other proteins required for actin assembly (Lemmon et al. 2002).
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As PLC-ÔSU appears to bind 3-phosphoinositides it is possible that it is involved in 

actin assembly. Evidence presented in this thesis that supports this hypothesis 

includes the apparent binding of the PLC-ôsu PH domain to filaments within the sea 

urchin egg. To confirm this binding, fluorescence resonance energy transfer (FRET) 

between rhodamine-conjugated phalloidin and the GFP-tagged PLC-ôsu PH domain 

could be measured.

The PLC-ÔSU PH domain as a 3-phosphorylated lipid probe

The PH domain o f PLC-ôsu has also proved to be a useful probe for detecting 

dynamic changes in 3-phosphorylated lipid distribution. Concerns about low-affmity 

binding o f the probe to PI(4,5)P2 appear to be unfounded, as no localisation o f the 

probe to the plasma membrane of the mature mouse egg is observed, though previous 

studies have shown the area to be rich in PI(4,5)P2 (Halet et al. 2002).

This thesis has shown that 3-phosphorylated lipids are present in the plasma 

membrane and nuclei o f the mouse oocyte and in the fertilised mouse egg upon entry 

into mitosis, but not in the mature mouse egg. This suggests a pattern of PI 3-K 

signalling that is active during mouse egg maturation, and following entry o f the 

fertilised mouse egg into mitosis, but not in the mature metaphase Il-arrested mouse 

egg. Previously, little was known about PI 3-K signalling in mouse eggs, however, 

considering the large role o f phospholipid signalling during fertilisation, data 

presented here is intriguing and warrants further investigation.
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Use of the PHôsu-GFP probe in sea urchin eggs suggests that the probe is not as 

passive as PHôl-GFP, Whilst the presence o f PHôl-GFP causes no apparent ill- 

effects in the sea urchin egg throughout fertilisation and development to blastula 

stage, PHÔSU-GFP causes membrane blebbing in the fertilised sea urchin egg and a 

block to the cell cycle in the 2-cell embryo. The PHÔ1-GFP probe appears to have no 

ill-effects on the cells it has been used in, a property attributed to the dynamic nature 

of PH51-GFP-PI(4,5)P2 binding, implying that the on-off binding rates allow other 

proteins plenty o f chance to bind PI(4,5)P2 (Van der Wal et al. 2001). 3- 

phosphorylated lipids are known to be less abundant than PI(4,5)P2 (Vanhaesebroeck 

et al. 2001), which alone could explain the detrimental effects of blocking these sites 

with excess PHôsu-GFP protein. Furthermore, little is known about the process by 

which PHÔSU-GFP binds to 3-phosphorylated lipids. In addition, the PHôsu-GFP 

probe contains a putative Akt phosphorylation site not detected in the PLC-ôl PH 

domain. As discussed above, this site may interfere with physiological processes by 

competing for Akt phosphorylation.

As well as detecting 3-phosphorylated lipids in the plasma membrane of the

immature mouse egg and the fertilised mouse egg as it entered mitosis, the PHôsu-

GFP probe was also localised to the nucleus during these stages. Evidence suggests

that 3-phosphorylated inositol lipids are present in the nucleus, as the p85 regulatory

subunit of PI 3-K and the type II PI 3-K, PI3K C 2a have been identified in the nuclei

o f various cells (Lu et al. 1998; Didichenko & Thelen 2001). Though this evidence

suggests that 3-phosphorylated lipids production may occur in the nucleus it does not

explain why the PHôsu-GFP probe is transported into the nucleus. It is possible that

the affinity o f PHÔsu-GFP for 3-phosphorylated lipids alone is enough to transport
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the probe into the nucleus. Alternatively, the probe may bind a different protein that 

is transported into the nucleus. Akt is known to translocate to the nucleus upon 

activation (Andjelkovic et al. 1997; Meier et al. 1997). This could indicate either that 

both Akt and PHôsu-GFP are translocated to the nucleus due to their 3- 

phosphoinositide binding affinities, or that PHôsu-GFP is transported into the 

nucleus bound to Akt.

Summary

In conclusion, this thesis identifies a PLC-ô activity previously undetected in 

echinoderms, named PLC-Ôsu. PLC-ôsu appears to consist o f a typical PLC-ô 

domain structure, with an amino-terminal PH domain that demonstrates a 3- 

phosphoinositide binding preference, an EF hand domain, X and Y catalytic domains 

and a carboxyl-terminal C2 domain. Evidence from this thesis suggests that further 

investigation may reveal a role for PLC-ôsu in regulation o f apoptosis, cell cycle 

progression and/or cytoskeleton organisation.
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oscillations in mouse embryos are regulated by nuclear targeting o f  PLC(^’ J. Cell Sci. in press

Lawrence, Y.; Whitaker, M.; Swann, K. 1997. ‘Sperm-egg fusion is the prelude to the initial Câ  ̂
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Chapter 2

Appendix

A ppendix

Sea Urchin work

Artificial Sea Water 

(ASW)

ASW + EGTA

ASW minus EGTA

NMG intracellular media 

(NMG-IM)

NMG-IM + ATP 

regenerating system and 

protease inhibitors

Mannitol Intracellular 

media (Mannitol-IM)

Mannitol-IM plus ATP- 

regenerating system

470 mM NaCl; 27mM MgCb; 28 mM MgS04 ; 10 

mM CaCb; 10 mM KCl; 2.5 mM NaHCOs; 1 mM 

EDTA; pH 8.1

470 mM NaCl; 27 mM MgCh;  28 mM MgS04 ; 10 

mM KCl; 2.5 mM NaHCOs; 1 mM EGTA; pH 8.0 

485 mM NaCl; 27 mM MgCh; 28 mM MgS04 ; 10 

mM KCl; 2.5 mM NaHCOs; pH 8.0 

250 mM NMG; 250 mM potassium gluconate; 20 

mM Hepes; dissolved in Fresenius water (Fresenius 

Kabi) and chelexed 2 hours with 1 % (v/v) 

iminodiacetic acid chelating resin; 1 mM MgCh 

added; pH 7.2 -  filter sterilised and stored at 4 C. 

NMG intracellular media + 1 mM ATP; 10 lU/ml 

Creatine Phosphokinase; 10 mM Phosphocreatine; 25 

pg/ml Leupeptin; 20 pg/ml Aprotinin; 100 pg/ml 

Soybean Trypsin inhibitor.

250 mM potassium gluconate; 250 mM mannitol; 20 

mM Hepes; dissolved in Fresenius water and 

chelexed 2 hours with 1 % (v/v) iminodiacetic acid 

chelating resin; 1 mM MgClz added; pH 7.2 -  filter 

sterilised and stored at 4 C.

Mannitol-IM + 1 mM ATP; 10 mM phosphocreatine; 

10 lU/ml creatine phosphokinase; 1 mM sodium 

azide
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Appendix

Fractionation of Sea Urchin Egg Homogenate

Heparin Column buffer - 20 mM Hepes; pH 7.5

Heparin Column Elution 

buffer

Gel Filtration Column 

buffer

Injection Buffer

20 mM Hepes; 1 M KCl; pH 7.5

50 mM Sodium Phosphate; 150 mM NaCl; pH 7.0

120 mM KCl; 20 mM Hepes; dissolved in Fresenius 

water (Fresenius Kabi Ltd) and chelexed 2 hours with 

1 % (v/v) iminodiacetic acid chelating resin; pH 7.5

SDS-PAGE

Separating gel

Stacking gel 

Sample buffer

Running buffer

7.5 -  12.5 % (v/v) acrylamide; 250 mM Tris-HCl, pH 

8.8; 0.1 % (w/v) SDS; 0.1 % (w/v) APS and 0.1 % 

(v/v) TEMED

5% (v/v) acrylamide; 125 mM Tris-HCl pH 6.8; 0.1 

% (w/v) SDS; 0.1 % (w/v) APS and 0.1 % (v/v) 

TEMED

2 % (w/v) SDS; 10 % (v/v) glycerol; 100 mM DTT; 

60 mM Tris [pH 6.8]; 0.001 % (w/v) bromophenol 

blue; 12 % (v/v) 2-P-mercaptoethanol 

25 mM Tris base; 192 mM glycine; 0.1 % (w/v) SDS

Coomassie Blue Staining

Stain solution

De-stain solution

40 % (v/v) methanol; 10 % (v/v) acetic acid; 0.1 % 

(w/v) Coomassie Brilliant Blue R-250 

40 % (v/v) methanol; 10 % (v/v) acetic acid

Western Blotting

Semi-Dry Transfer buffer

PBS-Tween

25 % (v/v) methanol; 33 mM Tris-base; 2 mM SDS;

240 mM glycine

0.05 % (v/v) Tween-20 in PBS
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Blocking buffer

Appendix

5 % (w/v) Marvel in PBS-Tween

General Bacterial Work

S.O.C. media

Luria-Bertani (LB) broth

2 % (w/v) Tryptone; 0.5 % (w/v) Yeast Extract, 10 

mM NaCl; 2.5 mM KCl; 10 mM MgCL; 10 mM 

MgS0 4 ; 20 mM glucose

1 % (w/v) Tryptone; 0.5 % (w/v) Yeast Extract; 1 % 

(w/v) NaCl; pH 7.0 -  autoclaved for 20 min at 121 

C, and allowed to cool before addition of 0.1 mg/ml 

ampicillin.

Midi Preparation of Plasmid DNA

Buffer PI

Buffer P2 

Buffer P3 

Buffer QBT

Buffer QC

Buffer QF

50 mM Tris-Cl, pH 8.0; 10 mM EDTA; 100 ug/ml 

RNase A

200 mM NaOH; 1 % (w/v) SDS

3.0 M potassium acetate, pH 5.5

750 mM NaCl; 50 mM MOPS, pH 7.0; 15 % (v/v) 

isopropanol; 0.15 % (v/v) Triton X-100

1.0 M NaCl; 50 mM MOPS, pH 7.0; 15 % (v/v) 

isopropanol

1.25 M NaCl; 50 mM Tris-Cl, pH 8.5; 15 % (v/v) 

isopropanol

Lambda ZAP Express DNA Extraction from cDNA Library

Spin Solution - 10 mM Tris-HCl pH 7.5; 10 mM MgS04 .7H20 ; 2 M

NaCl; 20 % (w/v) polyethylene glycol (PEG) 8000 

grade

TE buffer - 10 mM Tris-HCl pH 7.5; 1 mM EDTA; pH 8.0
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Recombinant Protein Expression and Purification

2-YT-Broth

Lysis buffer 

Wash Buffer

16 % (w/v) Tryptone; 5 % (w/v) Yeast Extract; 5 % 

(w/v) NaCl + 4 % (w/v) Glucose - autoclaved 20 min 

at 121 C, and allowed to cool before addition of 0.1 

mg/ml ampicillin.

50 mM Tris-HCl pH 8.0; 2 mM DTT; PMSF 

50 mM Tris-HCl pH 8.0

MB? Wash Buffer

GST Elution Buffer

20 mM Tris-HCl pH 7.4; 200 mM NaCl; 1 mM

EDTA; 2 mM DTT; 200 pM PMSF

50 mM Tris-HCl pH 8.0; 10 mM reduced glutathione

MBP Elution Buffer

Injection Buffer

Sea Urchin Egg Injection 

Buffer

20 mM Tris-HCl pH 7.4; 200 mM NaCl; 1 mM 

EDTA; 10 mM Maltose; 2 mM DTT; 200pM PMSF 

120 mM KCl; 20 mM Hepes; dissolved in Fresenius 

water, chelexed 2 hours with 1 % (v/v) iminodiacetic 

acid chelating resin; pH 7.5 

120 mM KCl; 50 mM Hepes; 100 pM EDTA; 

dissolved in Fresenius water, chelexed 2 hours with 1 

% (v/v) iminodiacetic acid chelating resin; pH 8.0

PH domain binding to PIP-Strips and PIP-Arrays

TBS-Tween - 10 mM Tris; 150 mM NaCl; pH 8.0 + 0.1 % (v/v)

Tween-20

Blocking Solution - TBS-Tween + 5 % (w/v) fatty acid free BS A

Chapter 4

Websites used

Amino acid sequence 

NetStart

http://www.ncbi.nlm.nih.gov/gorfygorf.html

http://www.cbs.dtu.dk/services/NetStart/
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Appendix

Isoelectric point/MW 

predictor

pBLAST and Conserved

Domain Search

Phylogeny (Multalin)

pFAM

ClustalW

Boxshade

PredictNLS

NetPhos

Scansite

Swiss-Model

RasMol

http://ca.exr)asY.org/tools/pi tool.html

http://www.ncbi .nlm.nih. go v/BLAST

http://prodes.toulouse.inra.fr/multalin/miiltalin.html 

http ://pfam. wustl. edu 

http://www.ebi.ac.uk/clustalw 

http://www.ch.embnet.org/software/BOX form.html 

http://cubic.bioc.columbia.edu/predictNLS 

http://www.cbs.dtu.dk/services/NetPhos 

http://scansite.mit.edu/cgi-bin/motifscan seq 

http ://swi ssmodel. expas v. or g 

http://www.umass.edu/microbio/rasmol
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