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 Abstract 

PAWP, postacrosomal sheath WW domain binding protein, is a novel sperm protein 

identified as a candidate sperm borne, oocyte-activating factor (SOAF). PAWP induces 

both early and later egg activation events including meiotic resumption, pronuclear 

formation and egg cleavage. Based on the fact that calcium increase is universally 

accepted as the sole requirement for egg activation, we hypothesized that PAWP is an 

upstream regulator of the calcium signaling pathway during fertilization.  Intracellular 

calcium increase was detected by two-photon laser scanning fluorescence microscopy 

following microinjection of recombinant PAWP into Xenopus oocytes, bolstering our 

hypothesis and suggesting the involvement of a novel PAWP-mediated signaling pathway 

during fertilization. The N-terminal of PAWP shares a high homology to WW domain 

binding protein while the C-terminal half contains a functional PPXY motif, which 

allows it to interact with group I WW domain proteins. These structural considerations 

together with published data indicating that PPXY synthetic peptide derived from PAWP 

inhibits ICSI-induced fertilization led to the hypothesis that PAWP triggers egg activation 

by binding to a group I WW domain protein in the oocyte. By far-Western analysis of 

oocyte cytoplasmic fraction, PAWP was found to bind to a 52 kDa protein. The 

competitive inhibition studies with PPXY synthetic peptide, WW domain constructs, and 

their point mutants demonstrated that the interaction between PAWP and its binding 

partner is specifically via the PPXY-WW domain module. The 52 kDa protein band 

crossreacted with antibodies against group I WW domain protein YAP in Western blot 

assay, indicating that this 52 kDa PAWP binding partner is either YAP or a YAP-related 

protein. In addition, the far-Western competitive inhibition studies with recombinant GST 
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fusion protein YAP and another WW domain-containing protein, TAZ, demonstrated that 

the binding of PAWP to its binding partner was significantly reduced by TAZ, providing 

evidence that TAZ could be the 52 kDa protein candidate. Mass spectrometry was 

employed to identify this PAWP binding partner candidate. However, due to the low 

abundance of the candidate protein and the complexity of the sample, several strategies 

are still needed to enrich this protein. This study correlates PAWP induced meiotic 

resumption and calcium efflux at fertilization and uncovers a 52 kDa candidate WW 

domain protein in the oocyte cytoplasm that most likely interacts with PAWP to trigger 

egg activation.  
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CHAPTER I - INTRODUCTION 

1.1 The Sperm Head Structure  

Mature mammalian sperm heads can be divided into three main structures: the nucleus, 

acrosome, and perinuclear theca (Fig. 1). The nucleus occupies most of the volume of the 

head, and it is covered in its anterior half by the acrosome, which is a large Golgi-derived 

vesicle containing a number of hydrolytic enzymes. The relatively thin perinuclear theca 

is a rigid capsule that covers the entire nucleus except in a limited area where the neck 

piece of the sperm tail attaches to the nucleus (Courtens et al., 1976; Oko et al., 1990; 

Oko and Clermont, 1988; Lalli and Clermont, 1981). While sperm heads from different 

species may vary significantly in shape, both the general contents and the relevant 

localization among them share a high-level similarity.     

1.1.1 Nucleus 

The mature sperm nucleus is much more condensed than that of somatic cells. The 

haploid DNA content is organized by specialized sperm nuclear proteins, protamines. 

Protamines are small, arginine-rich nuclear proteins that replace histone late in the 

haploid phase of spermatogenesis. It is believed that protamines allow disulfide 

cross-linking and DNA stabilization through their basic cysteine residues (Kasinsky et al., 

1987). 

Compared with other cells, the nuclear envelope of the mature sperm head is unique 

in several respects. The inner and outer membranes of sperm nuclear envelope are                
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Figure 1  Diagrammatic representation of a mid-sagittal section through the head of a 
bovine spermatozoon. The perinuclear theca (PT) is the layer between the acrosome and 
the nucleus. The PT can be divided into two regions: the subacrosomal layer (red) and the 
postacrosomal sheath (yellow). (Adapted from Oko and Maravei, 1994). 
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separated by only 7 to 10 nm, while the space between the inner and outer membranes of 

other cells is usually 40 to 60 nm (Fawcett, 1975). The other significant feature of sperm 

nuclear envelope is the complete absence of nuclear pore complexes in the area under the 

acrosomal cap and postacrosomal sheath. However, nuclear pore complexes are abundant 

in the redundant portion behind the posterior ring at the base of the sperm nuclei (Fawcett, 

1975).  

1.1.2 Acrosome 

The mammalian sperm acrosome is a membrane-bounded, cap-like structure located over 

the anterior part of the nucleus. It is derived from the Golgi complex during 

spermiogenesis and it contains hydrolytic enzymes that facilitate sperm penetration of the 

egg during fertilization (Olson and Winfrey, 1991). Structurally, it consists of two 

continuous membrane components, the inner acrosomal membrane (IAM) and the outer 

acrosomal membrane (OAM). The IAM overlies the cytoskeleton above the apical half of 

the nucleus, and the OAM closely underlies the plasma membrane surrounding the apical 

sperm head. The acrosome can be divided into the apical, principal and equatorial 

segments. Biochemical studies have revealed a number of hydrolytic enzymes in the 

acrosomal matrix, including acrosin, hyaluronidase, glucuronidase, phosphatase and 

arylsulfatase (Yuan et al., 1995; Mack et al., 1983; Joyce et al., 1986). These findings 

have demonstrated that the acrosome although a secretory vessel has lysosomal 

characteristics. During the acrosome reaction, the OAM and the apical plasma membrane 

fuse at multiple sites and create openings on the membrane, through which the acrosomal 

contents are released. The enzyme-rich contents may help the sperm to bind and penetrate 
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into oocyte during fertilization. Interestingly, the IAM and equatorial segment persist 

following acrosome reaction and they remain intact until sperm-egg fusion. This 

observation leads to the interpretation that the IAM proteins are of great importance 

during penetration through the zona pellucida (Fawcett, 1975; Huang, Jr. and 

Yanagimachi, 1985).      

1.1.3  Perinuclear Theca 

The perinuclear theca (PT) of mature mammalian sperm head is a condensed cytosolic 

layer between the inner acrosomal membrane and the nuclear envelope and, continuing 

caudally, between the plasma membrane and the nucleus envelope (Oko and Maravei, 

1995; Aul and Oko, 2002). The PT has been divided into two subdomains, apically the 

subacrosomal layer (SAL), lying between the inner acrosomal membrane and the nuclear 

envelope, and caudally the postacrosomal sheath (PAS), localized between the plasma 

membrane and the nuclear envelope (Oko and Maravei, 1995). Traditionally, the PT has 

been considered as cytoskeletal structure responsible for maintaining the whole sperm 

head. However, recent studies demonstrate that the proteins in the sperm PT are also 

important molecules that play diverse roles in spermatogenesis, anti-polyspermy defense, 

oocyte activation, fertilization, and early embryo development (Sutovsky et al., 2003).  

The major portion of the PT has been obtained by different extractions of the isolated 

sperm head, and electrophoretic and immunolocalization studies have shown that the PT 

extracts are composed of six prominent proteins of 15, 25, 28, 31, 36, and 60 kDa, among 

many less prominent ones (Fig. 2). For example, calicin (PT60) is a sperm-specific  
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Figure 2   Protein profile of bovine perinuclear theca extracts. Lane 1, molecular 
weight standards in kDa. Lane 2, Coomassie blue-stained protein of the alkaline PT 
extracts. Lane 3 is Western blot strip of the PT exacts, probed with rabbit sera isolated 
after first boost of immunization with the PT extracts. The position of PAWP is indicated 
by the double-headed arrows. (Adapted from Wu et al., 2007) 
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structural protein of the mature sperm. It is shared between the SAL and PAS of the 

perinuclear theca and it interacts with actin in both the subacrosomal and postacrosomal 

regions in vitro (Rousseaux-Prevost et al., 2003; von Bulow et al., 1995; Lecuyer et al., 

2000) . Other than calicin, a number of actin-related and actin binding proteins, such as 

ArpT1 and ArpT2 (Heid et al., 2002), capping proteins CPβ3 (von Bulow et al., 1997), 

and cylicinII (Rousseaux-Prevost et al., 2003), have been isolated and localized to the PT. 

Alkaline extractable SubH2Bv is one of the histone-like proteins within PT. This 15 kDa 

protein bears 67% similarity to histone H2B and localizes exclusively to the 

subacrosomal layer. It is believed to be involved in acrosome-nuclear docking during 

spermiogenesis (Aul and Oko, 2002). The DTT-cetyltrimethylammonium bromide 

(CTAB)-extractable Stat 4 has been detected in the PT of mouse testicular and 

epididymal sperm and in human sperm following the acrosome reaction (D'Cruz et al., 

2001). As a member of the family of Stat cytokines, it has been proposed to induce 

downstream fertilization events, such as oocyte activation, transcriptional activation, and 

early embryo cell division (Herrada and Wolgemuth, 1997). Another signaling molecule 

detected in the sperm PT is PAWP (PT32). It is a testis-specific protein and it shares high 

homology to WW-domain Binding Protein 2 (Sutovsky et al., 2003; Wu et al., 2007). 

PAWP is exclusively localized in the PAS and inserted into the PT during spermatid 

elongation (Wu et al., 2007). It has been demonstrated that PAWP is able to promote 

meiotic resumption, pronuclear development, and egg cleavage during fertilization (Wu 

et al., 2007). Collectively, based on the identity and localization of the PT proteins, they 

do not only make up a cytoskeletal structure in the sperm head, but also play crucial roles 

in both of the process of spermiogenesis and fertilization. 
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1.1.4 Release of Perinuclear Theca during Fertilization 

Sperm PT is the first internal structure to be released and incorporated into the oocyte 

cytoplasm after the sperm penetrates the zona pellucida (Sutovsky et al., 1997). The 

dissolution of sperm PT is a gradual process. Following the sperm-egg fusion at the 

equatorial region, the PAS of the PT is the first region of the sperm to be exposed to the 

ooplasm. As membrane fusion occurs between the sperm head and oocyte, the PAS-PT 

proteins solubilize very rapidly coincident with oocyte activation. Interestingly, 

sperm-incorporation into the egg is arrested by microfilament disruption with 

cytochalasin B (CB), but this does not prevent oocyte activation. In fact, the oocyte 

retains its ability to fuse with the sperm head membrane and consequently the PAS-PT is 

released and dissolved into the oolemma (Sutovsky et al., 2003). This observation 

confirms the hypothesis that the PAS-PT harbors the SOAF candidate(s) involved in 

oocyte activation.       

1.2 Fertilization 

Fertilization is fusion of gametes to form a new organism. In animals, the process 

involves a series of events including the epididymal maturation of spermatozoa, 

capacitation, acrosome reaction, the penetration of the egg investments cumulus and zona 

pellucida, sperm-egg fusion, egg activation and finally the development of the zygote. 

The unfertilized oocyte is arrested at a specific stage of the cell cycle depending on the 

species. For example, mammalian and Xenopus eggs are arrested at the second metaphase 

stage (MII-arrested) (Eppig et al., 1994), while sea urchin eggs complete meiosis and are 

halted at the G1 phase of the first mitotic cycle (Zhang and Ruderman, 1993). After the 
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gametes meet, the sperm initiates a series of responses in the egg, referred to as “egg 

activation”. The events are classified as early and later events (Xu et al., 1994). The early 

events include the transient rise in intracellular Ca2+ concentration that leads to the 

release of cortical granule, followed with the resumption of meiosis in mammals (Raz 

and Shalgi, 1998). The contents of these released cortical granules are able to modify the 

extracellular coat of the eggs, which is called zona pellucida (ZP) in mouse eggs. These 

modifications of the ZP prevent further sperm binding and result in a block to polyspermy, 

representing as one of the early events during egg activation. The later events include 

decondensation of the sperm nucleus, recruitment of maternal mRNAs, formation of 

pronucleus, initiation of DNA synthesis, and egg cleavage (Raz and Shalgi, 1998).  

1.2.1 Universal Signaling: Calcium Release Elicits Egg Activation 

Despite the species difference found in the morphology of spermatozoa and oocytes, the 

initial transient increase of the intracellular Ca2+ level is observed as a universal signal for 

egg activation. It was first reported in fish and sea urchin eggs by Ridgway et al. (1977) 

and Steinhardt et al. (1979), respectively. Ever since, in most species examined, a 

transitory release of intracellular free calcium takes the form of a wave crossing the egg 

cytoplasm originating from the point of sperm-oocyte fusion to the opposite side of the 

oocyte. In many types of eggs, such as echinoderms (sea urchin, starfish) and Xenopus, a 

single rise in cytosolic Ca2+ level occurs immediately after fertilization (Zimmerberg and 

Liu, 1988; Busa and Nuccitelli, 1985; Nuccitelli, 1991; Whitaker and Baker, 1983; Jaffe, 

1983). In ascidian and mammalian eggs (mouse, rat, bovine, pig and human), Ca2+ 

oscillations are observed to persist for several hours or up until the time of pronuclear 
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formation (Miyazaki et al., 1993; Jones, 1998; Swann and Ozil, 1994). The frequency, 

amplitude and duration of oscillations may vary depending on the species of egg and they 

seem to affect the developmental processes (Ozil, 1998). 

From the studies in echinoderm, ascidian and vertebrate eggs, the production of 

inositol 1, 4, 5-triphosphate (IP3) has been reported to mediate the transient rise in Ca2+ 

during fertilization. Microinjection of phosphatidylinositol 4, 5-bisphosphate (PIP2) 

breakdown product IP3 into fish, frog and mammalian eggs can release Ca2+ and induce 

further fertilization events (Busa et al., 1985; Moore et al., 1994; Miyazaki et al., 1993; 

Iwamatsu et al., 1988). The increase of IP3 after fertilization was observed in Xenopus 

oocytes, confirming that fertilization stimulates the intracellular IP3 rise in Xenopus  

(Stith et al., 1993; Snow et al., 1996). Inhibition studies were performed by blocking IP3 

synthesizing enzyme phospholipase C (PLC) during fertilization with U73122, an 

aminosteroid. U73122 was demonstrated to inhibit fertilization-induced Ca2+ release in a 

dose-dependent manner without preventing sperm entry (Lee and Shen, 1998). These 

evidences strongly suggest the involvement of IP3 during egg activation. 

Although a guanyl nucleotide binding proteins (G-protein)-mediated PLCβ signaling 

pathway was initially thought to stimulate the production of IP3 and cause the 

intracellular Ca2+ release during sea urchin egg activation (Jaffe et al., 1988), a 

subsequent study proved that G-protein may stimulate phosphoinositide messenger 

production in sea urchin eggs by a different route than fertilizating sperm (Crossley et al., 

1991). 
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PLCγ is one of the subfamilies of phosphoinositide-specific phospholipase C (PLC) 

and it can be activated via its two tandem Src homology 2 (SH2) domains by interacting 

with two activated tyrosine kinase (Rhee and Bae, 1997). A SH2 domain inhibition study 

was performed by microinjecting sea urchin eggs with a PLCγ SH2 domain fusion protein 

that inhibits the activation of PLCγ. In those eggs, the change of intracellular Ca2+ was 

delayed or completely blocked, in a concentration-dependent manner (Carroll et al., 

1997), while microinjection of sea urchin eggs with tandem SH2 domains of the 

phosphatase SHP2 or with arginine point mutated PLCγ SH2 domain did not inhibit Ca2+ 

release at fertilization (Carroll et al., 1999). Similar experiments have demonstrated that 

PLCγ SH2 domain is also required for the Ca2+ increase that occurs during fertilization of 

ascidian eggs (Runft and Jaffe, 2000) and echinoderm eggs (Jaffe et al., 2001). 

1.2.2 Src Family Kinase and Calcium Release 

The involvement of PLCγ predicts that a protein tyrosine kinase(s) will be activated at 

fertilization since PLCγ enzymatic activity is commonly regulated by tyrosine 

phosphorylation (Rhee and Bae, 1997). In echinoderm eggs, the Src tyrosine kinase 

family was found to participate directly or indirectly in activation of PLCγ at egg 

fertilization (Giusti et al., 2000). In the starfish eggs, the Src family kinase was detected 

to specifically bind to the SH2 domains of PLCγ within 15 s of insemination, correlated 

with an increase in the level of tyrosine kinase activity bound to the PLCγ SH2 domains 

(Giusti et al., 1999). Microinjection of starfish (Giusti et al., 1999) and sea urchin 

(Abassi et al., 2000; Kinsey and Shen, 2000) eggs with recombinant Src-family kinase 

SH2 domain proteins resulted in a concentration-dependent delay or complete inhibition 

 10



of Ca2+ release after fertilization, while injection of SH2 domains from non-Src family 

kinases did not (Jaffe et al., 2001). It further confirmed the involvement of Src family 

kinase at fertilization and also demonstrated that Src is activated via a SH2 

domain-mediated signaling pathway. In echinoderm and ascidian eggs, therefore, after 

the initial sperm-egg contact, Src family kinase is activated through a SH2 

domain-mediated manner. As a result, PLCγ is activated either directly or indirectly by 

Src family kinase via its SH2 domains, followed by the cleavage of PIP2 and production 

of IP3 and DAG (diacylglycerol, Fig. 3). The IP3 is ultimately responsible for releasing 

Ca2+ from endoplasmic reticulum (Jaffe et al., 2001).  

1.2.3 Egg Activation in Vertebrates 

As shown above, a Src family kinase and PLCγ –mediated signaling pathway governs the 

rise of intracellular Ca2+ at fertilization in echinoderms and ascidians eggs. It was 

hypothesized that a similar pathway should be present in vertebrates. As expected, the 

increase of IP3 level during fertilization in Xenopus oocytes was observed (Snow et al., 

1996; Sato et al., 2000; Stith et al., 1993). Microinjection of IP3 with frog eggs causes 

Ca2+ release from the egg’s ER (Busa et al., 1985). The inhibition of the Ca2+ rise at 

fertilization by injection of an antibody against the IP3 receptor into hamster eggs 

(Miyazaki et al., 1992) and frog eggs (Runft et al., 1999) has more definitively 

established the fact that IP3 causes the Ca2+ release at fertilization in vertebrates. The 

usage of PLC inhibitor U73122 blocks the fertilization-induced Ca2+ release in mouse 

and frog eggs (Dupont et al., 1996; Sato et al., 2000). Several PLC β and γ isoforms are  
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Figure 3  Mechanism of intracellular calcium increase during invertebrates 
fertilization. (Modified from Jaffe et al., 2001). 
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detected in mouse oocytes and possibly they are involved in sperm-induced Ca2+ spiking 

(Dupont et al., 1996). Collectively, it was hypothesized that G-protein coupled-PLCβ or 

tyrosine kinase-PLCγ mediated signaling pathway involves intracellular Ca2+ release at 

fertilization in mouse and frog eggs.  

However, the studies of PLCβ and G-protein indicated that these proteins were 

unlikely to be involved in the sperm-induced egg activation during fertilization. In mouse 

and frog oocytes, Ca2+ release induced by fertilization was still observed after treatment 

with pertussis toxin (inhibitor of Gi family members Gi and Go) or injection with Gαq 

(inhibition Gq activation) (Moore et al., 1994; Williams et al., 1998; Runft et al., 1999). 

Additionally, microinjection of phosducin, a protein that binds tightly to free G-protein βγ 

subunits, and depletion of Gβγ subunits by excess amount of GDP-bound Gα did not 

inhibit the fertilization-induced modifications of ZP in mouse eggs (Moore et al., 1994) 

However, some of these G-protein inhibitors did block some other downstream events 

such as secondary polar body emission, pronuclear formation and embryonic cleavage in 

mouse oocytes (Moore et al., 1994) , indicating that although G-proteins are unlikely to 

be used by the sperm to initiate egg activation at fertilization, G-proteins might be 

involved in different steps of egg activation process.  

Regarding PLCγ’s involvement, PLCγ SH2 domains were microinjected into mouse 

and frog eggs. In Xenopus oocytes, although the PLCγ SH2 domains were demonstrated 

as effective inhibitors of SH2-mediated activation of PLCγ and they blocked the 

platelet-derived growth factor (PDGF)-induced Ca2+ release in eggs by exogenously 

expressing PDGF receptors, they did not inhibit the Ca2+ rise at fertilization (Runft et al., 
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1999). Similar results were observed in mouse oocytes (Mehlmann et al., 1998). These 

findings indicate that although activation of PLCγ in the eggs may be important, Ca2+ 

release at fertilization of mouse and frog eggs does not require SH2 domain-mediated 

activation of PLCγ. 

To sum up, the IP3-mediated Ca2+ release mechanism plays an important role in the 

generation of fertilization-associated Ca2+ increase among different species, but the 

pathway it utilizes might be species-specific. Tyrosine kinase PLCγ mediates intracellular 

Ca2+ release signaling pathways at fertilization of echinoderm and ascidian eggs. 

However, the Ca2+ release mechanism in mouse and frog eggs is still not definitive. 

1.2.4 Models for Sperm-Induced Egg Activation 

Although the molecular mechanism of egg activation in echinoderms and ascidians is 

clear, how sperm induces egg activation still remains controversial. Three main 

hypotheses have been proposed as potential signaling pathways for sperm-induced oocyte 

activation. The first “conduit model” was proposed by Jaffe in 1983, suggesting that 

oocytes are primarily activated by the entry of calcium through voltage-gated channels 

within the egg’s membrane (Jaffe, 1983). However, the evidence that there was no 

detectable increase in egg cytoplasmic Ca2+ near the sperm-oocyte fusion site and the 

initiation of the egg Ca2+ transient was not inhibited in the absence of extracellular Ca2+ 

(Jones et al., 1998; Stricker, 1996), clearly demonstrated that extracellular Ca2+ is not 

necessary for the initiation of egg activation. 
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 The second theory hypothesizes a “receptor-mediated” signaling pathway localized 

within the oocyte plasma membrane. Upon sperm-egg membrane contact, receptor-ligand 

interactions on the surface of the gametes activate intracellular signaling pathway that 

initiates Ca2+ release within oocyte cytoplasm (reviewed by Malcuit et al., 2006). In this 

model, a G-protein or a protein tyrosine kinase is thought to be engaged and bound to the 

activated membrane receptor, triggering Ca2+ release through the production of IP3. 

Several studies in sea urchin, starfish and Xenopus oocytes support this theory (Sato et al., 

2000; Sato et al., 2003; Carroll et al., 1997; Runft et al., 2004). However, injection 

studies failed to show any involvement of Src family kinase/ PLCγ or G-protein/PLCβ 

pathways in evoking Ca2+ release in mammalian eggs (Mehlmann et al., 2001; Williams 

et al., 1998). Therefore, the contribution of this “receptor model” to the initiation of 

oscillations in mammalian fertilization is negligible. 

The sperm factor model hypothesizes that upon gamete fusion the sperm introduces 

an activating factor, commonly referred to as sperm borne, oocyte-activating factor 

(SOAF), into the oocyte cytoplasm, resulting in intracellular Ca2+ release (Parrington et 

al., 1996). This model first arose from the observation in sea urchin that microinjection of 

soluble component from the spermatozoon into the oocyte cytoplasm leads to egg 

activation as seen with sperm (Dale and Santella, 1985). A number of following studies 

demonstrate that sperm extracts from ascidian (Yoshida et al., 1998), Nemertean worm 

(Stricker, 1997) or mammals (Fissore et al., 1998; Fissore et al., 1999; Jones, 1998; 

Swann et al., 1998) are able to elicit full oocyte activation.  
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The most compelling evidence supporting this theory is the advent of 

intracytoplasmic sperm injection (ICSI), a technique by which an intact sperm delivered 

into the ooplasm is capable of initiating Ca 2+ release during fertilization (Tesarik, 1994). 

The fertilization-like Ca 2+ responses observed in ICSI oocytes (Tesarik, 1994; Nakano et 

al., 1997) and embryo development to full-term (Kimura and Yanagimachi, 1995) 

confirmed the concept that a sperm factor was responsible for initiating Ca2+ oscillations.     

1.2.5 Search for the Sperm Borne, Oocyte-Activating Factor (SOAF) 

There are two opinions on the characterization of SOAF: one hypothesis proposes that 

multiple components from sperm cytosol are involved in oocyte activation (Perry et al., 

1999; Heyers et al., 2000); the other model indicates that only a single soluble sperm 

molecule is introduced into ooplasm during sperm-egg interaction (Parrington et al., 1996; 

Sette et al., 1997; Saunders et al., 2002). 

A trans-complementation assay suggests that mammalian oocyte activation is 

coordinately initiated by multiple, submembrane sperm components (Perry et al., 1999). 

In this study, a dithiothreitol-solubilized, heat-sensitive SOAF was derived from 

demembranated sperm heads, and heat-inactived sperm heads were prepared by 45 °C 

incubation. The failure of heat-inactivated sperm heads to activate eggs was rescued by 

coinjection with DTT-solubilized SOAF, however, the SOAF alone cannot activate eggs. 

It was hypothesized that the SOAF is released upon the dissolution of the perinuclear 

theca and mammalian oocyte activation is initiated by the coordination of more than one 

perinuclear harbored heat-sensitive proteins and at least one heat-stable submembrane 

component (Perry et al., 1999). 
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Another separate study also suggests activation of mouse oocytes requires multiple 

sperm factors, but not sperm PLCγ (Heyers et al., 2000). Potential sperm borne, 

oocyte-activating factor were separated by cation-exchange chromatography combined 

with a Heparin column. Potential fractions were all tested and the active fractions were 

analyzed by Western blot with PLCγ specific antibodies. PLCγ was detected in the 

fractions other than those introducing Ca2+ release and pronuclear formation during 

oocyte activation. The active Heparin fraction was purified on a Mono Q anion-exchange 

column. One of the resulting fractions was still capable to trigger Ca2+ release but not 

pronuclear conformation. This study indicates that PLCγ is not involved in mouse oocyte 

activation and that Ca2+ oscillation and pronuclear formation requires multiple factors 

from sperm. 

On the contrary, other studies suggest that a single sperm molecule is able to fully 

trigger Ca2+ release during fertilization. The first candidate of sperm–derived oscillogen, 

termed oscillin, is a 33 kDa protein. It was purified from fractions of sperm lysate that 

exhibited Ca2+ release activity and immunolocalized to the region of the sperm that first 

fused with the egg in different mammalian sperms including human (Parrington et al., 

1996; Swann and Lai, 1997). However, injection of recombinant oscillin failed to induce 

Ca2+ response and incubation of the anti-oscillin polyclonal antibody with sperm extracts 

failed to block the Ca2+ release introduced by these extracts (Wolosker et al., 1998; 

Wolny et al., 1999). 

Another SOAF candidate molecule is a truncated form of the c-kit tyrosine kinase 

receptor (tr-kit) (Sette et al., 1997). Tr-kit is expressed in mouse spermatocytes and round 
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spermatids, accumulates in elongating spermatids and is maintained in epididymal 

spermatozoa (Albanesi et al., 1996). Microinjection of recombinant tr-kit protein into 

metaphase II-arrested mouse oocytes introduced some oocyte activation events, including 

cortical granule exocytosis, secondary meiotic division completion, pronucleus formation 

(Sette et al., 1997). This form of c-kit needs to bind to PLCγ to be activated (Sette et al., 

1998). However, it has not yet been reported whether injection of tr-kit can cause Ca2+ 

rise in the oocytes. In addition, injection of PLCγ SH2 domain into mouse and Xenopus 

oocytes did not inhibit Ca2+ release at fertilization, suggesting that egg activation is via an 

alternative pathway (Mehlmann et al., 1998; Runft et al., 1999). Furthermore, SOAF has 

been localized to the perinuclear theca (Perry et al., 1999; Kimura et al., 1998; Sutovsky 

et al., 2003), while tr-kit was mainly localized to the residual sperm cytoplasm and the 

mid-piece of the sperm tail (Paronetto et al., 2003). Recently, tr-kit was found to 

associate with Fyn, Src-like kinases within the oocyte during fertilization and could 

activate PLCγ via its SH3 domain (Paronetto et al., 2003; Sette et al., 2002). These 

findings indicate that the egg activation events induced by tr-kit in mouse oocytes might 

be due to the activation of PLCγ through its SH3 domain, rather than the SH2 domain in 

the echinoderm eggs.  

A sperm-specific zeta isoform of phospholipase C (PLCζ) has been identified as 

another SOAF candidate (Saunders et al., 2002). Since its discovery from mouse testis 

(Saunders et al., 2002), PLCζ has also been identified in humans and primates (Cox et al., 

2002), and highly homologous sequences have been reported in bovine and porcine 

sperms (Saunders et al., 2002). It shares high structural similarity to other PLCs and 

consists of four Ca2+- binding EF hands, X and Y catalytic domains, and the Ca2+ 
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-dependent phospholipid-binding C2 domain (Essen et al., 1997). However, PLCζ lacks 

the typical pleckstrin homology (PH) domain, which is present in all other previously 

identified PLC isoforms (Cox et al., 2002). Injection of recombinant PLCζ protein or its 

complementary RNA into mouse (Cox et al., 2002; Saunders et al., 2002; Fujimoto et al., 

2004; Larman et al., 2004), bovine (Malcuit et al., 2005), and human eggs (Rogers et al., 

2004) elicited fertilization-like Ca2+ oscillations. In addition, PLCζ cRNA-induced Ca2+ 

oscillation ceases at the time of pronuclear formation, which is also observed during 

natural fertilization (Saunders et al., 2002). However, several important issues still 

remain to be addressed regarding the expression, localization and storage of PLCζ in 

sperm, its mechanism of release into the ooplasm, and mechanism of activation in the egg. 

It was reported in 2004 that PLCζ was localized to the perinuclear theca of mouse sperm 

head by immunofluorescence (Fujimoto et al., 2004). Most recently, however, the 

developmental and Western blot studies localized PLCζ to the acrosome (Oko et al., 

unpublished data). Since recent investigations suggest that the SOAF is released from the 

PT, not the acrosome, of sperm when the PT solubilizes in the oocyte cytoplasm during 

fertilization (Sutovsky et al., 2003), the role of PLCζ during oocyte activation is not 

definitive. 

Another alkaline extractable protein of the perinuclear theca, PAWP (postacrosomal 

sheath WW domain-binding protein), shows many characteristics of SOAF and has been 

reported as a SOAF candidate (Wu et al., 2007). It is exclusively localized in the 

postacrosomal sheath region of the perinuclear theca and is expressed and assembled in 

elongating spermatids (Wu et al., 2007). PAWP shares sequence homology to the 

N-terminal of WW domain-binding protein, while the functional PPXY binding site for 
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group I WW domain protein is identified in the C-terminal half. Microinjection of 

recombinant PAWP into procine, bovine, macaque, and Xenopus oocytes caused meiotic 

resumption and pronuclear formation, which were inhibited by co-injection of a 

competitive PPXY motif-containing peptide derived from PAWP, but not of a 

point-mutated peptide PPXF (Wu et al., 2007). Intracytoplasmic sperm injection (ICSI) 

of porcine oocytes together with co-injection of a PPXY inhibitor or an anti-recombinant 

PAWP antiserum prevented secondary polar body extrusion, pronuclear formation and 

arrested ICSI-induced fertilization, while the point-mutated or phosphorylated PPXY 

inhibitor did not. This study uncovers a group I WW domain-binding protein in the PAS 

and a WW domain module involved signal transduct pathway in the process of oocytes 

activation. My project is based on this study to investigate whether PAWP is able to 

stimulate intracellular Ca2+ release at fertilization and also further detect and identify the 

binding partner(s) of PAWP within the oocyte. 

1.3 WW Domain Proteins 

1.3.1 General Introduction of WW Domain Proteins 

WW domains represent a group of small protein modules composed of around 40 amino 

acids. The name refers to two highly conserved tryptophan (W) residues separated by 

20-22 amino acids (Bork and Sudol, 1994). The WW domain is often flanked by 

histidine-rich or cysteine-rich regions and itself folds as a stable, triple stranded β-sheet in 

the absence of ligands or disulfide bridges (Bork and Sudol, 1994). WW domains 

recognize proline-rich ligands in a similar fashion as the SH3 domains, but it uniquely 

uses stacked aromatic surface residues to arrange a binding site for proline-rich peptides 
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(Macias et al., 1996). It has been found in many different proteins, often localized in the 

cytoplasm and occasionally in the cell nucleus (Chang et al., 2000; Kay et al., 2000; 

Macias et al., 1996; Sudol and Hunter, 2000). WW domains proteins are involved in a 

wide spectrum of cellular events, including cell cycle control, ubiquitin ligation and 

transcriptional activation and have been implicated to mediate directly or indirectly in 

several human diseases including Liddle’s syndrome of hypertension, muscular dystrophy, 

Alzheimer’s and Huntington’s disease and, more recently, cancer (Macias et al., 2002). 

WW domains have been classified into four groups according to their binding 

specificity. Group I recognizes Pro-Pro-Xaa-Tyr (PPXY motif); Group II binds to ligands 

with Pro-Pro-Leu-Pro (PL motif); Group III selects polyproline motifs with Arg residues 

(PR motif); and Group IV prefers phospho-Ser-Pro or phospho-Thr-Pro containing 

ligands (pS/pT-P motif) (Sudol and Hunter, 2000). The representative WW I containing 

proteins are YAP, Nedd4 and dystrophin (Sudol, 1994; Ilsley et al., 2001; Sudol et al., 

1995). Both Group I and IV WW domains have been shown to possess their respective 

characteristic ligand recognition sites, the Tyr-binding groove, and the phosphate-binding 

patch, which contribute to the specific ligand recognition (Kato et al., 2002). However, 

the classification between the Group II and III WW domains is not absolute (Kato et al., 

2004). For example, the Fe65 protein has been classified as Group II in 1997 by 

Ermekova (Ermekova et al., 1997) but as Group III in 2000 by Bedford (Bedford et al., 

2000). 

It has also been found that some WW domains are embedded in larger structures 

(dystrophin WW domain) or require the presence of ligand to increase their stability 
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(Pin1 WW domain). In the dystrophin-β-dystroglycan complex, for instance, the 

dystrophin WW domain is surrounded by two EF-hand-like domains and the 

β-dystroglycan binds a composite surface formed by the WW domain and one of these 

EF-hands (Huang et al., 2000). A similar observation was made in the Pin1 complex. The 

interaction between the prolyl-isomerase catalytic part and the WW domain stabilizes 

Pin1 WW domain (Macias et al., 2002). Collectively, some WW domains may require the 

presence of additional participation to improve their structural stability or increase their 

binding affinity.  

1.3.2 Group I WW Domain Proteins: YAP and TAZ 

YAP (Yes-associated protein) is a phosphoprotein of 65 kDa that interacts with the SH3 

domain of the c-Yes proto-oncogene product, a non-receptor tyrosine kinase of the Src 

family (Sudol et al., 1995). Chicken YAP and human YAP have only one WW domain 

(WW1), whereas mouse YAP has two copies (WW1 and WW2, Yagi et al., 1999). It was 

shown that YAP functions as a transcriptional co-activator by binding of its WW1 domain 

to the PPXY motif present on transcription factors (Sudol and Hunter, 2000). Together 

with the proline-rich region in the N-terminal half, SH3-binding motif of YAP allows it to 

bind to SH3-containing proteins including Nck, Abl, Src, and Crk (Chen and Sudol, 

1995). 

TAZ (transcriptional co-activator with PDZ-binding motif) is a new member of group I 

WW domain proteins identified in 2000 (Kanai et al., 2000). It shares 45% amino acid 

homology with YAP and comparison of the domain architecture in TAZ and YAP 

revealed a striking degree of conservation (Fig. 4 a, b). Both YAP and TAZ contain a  
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Figure 4  Comparison of YAP and TAZ domain structures. a, domain structure of 
mouse TAZ and mouse YAP. (CC, coiled-coil domain; SH3-Binding, SH3-binding motif; 
Pro-rich, proline-rich sequence; S89 of TAZ and S112 of YAP are the 14-3-3-binding 
site). b, sequence alignment of mouse and human TAZ with mouse, human and chicken 
YAP (Xenopus YAP is not available). The WW domain is in yellow, the transcriptional 
activation domain is in green, and the homologous N-terminal region is in orange. The 
14-3-3-binding site is indicated in red, and the conserved PDZ-binding motif is in blue. 
The coiled-coil domain is shown as a cylinder. (Adapted from Kanai et al. 2000). 
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central WW domain (except for the mouse YAP isoform contraining two WW domains), 

which is able to interact with PPXY motif containing proteins. Both of them have highly 

conserved C-terminal sequence, which is predicted to form a two-stranded coiled-coil and  

contains a PDZ-binding motif, and they also share high structural similarity at the 

N-terminal end (Kanai et al., 2000; Lupas et al., 1991), However, there are also several 

differences between TAZ and YAP, allowing them to perform different functions. For 

example, YAP has a proline-rich region at its N-terminal end and an SH3-binding motif 

by which it interacts with the SH3 domain of c-Yes (Sudol et al., 1995). While TAZ, 

which lacks both the SH3-binding motif and proline-rich N-terminus of YAP, is unable to 

bind to the c-Yes SH3 domain in vitro (Kanai et al., 2000). 

1.4  Project Hypotheses and Objectives 

I. As evident in the literature, PAWP induces meiotic resumption, pronuclear formation, 

and egg cleavage during fertilization (Wu et al., 2007) and calcium efflux is universally 

accepted as a central signaling mechanism that triggers both early and later egg activation 

events (Kline and Kline, 1992). Therefore our first hypothesis is that PAWP is an 

upstream regulator of the calcium signaling pathway during fertilization. The objective of 

this study is to examine the role of PAWP in triggering intracellular calcium increase. 

Recombinant PAWP was microinjected into metaphase II-arrested Xenopus oocytes to 

test the hypothesis. 

II. Based on the fact that PAWP is able to bind to group I WW domain proteins through 

its PPXY motif and that the PPXY synthetic peptide inhibits ICSI-induced fertilization 

(Wu et al., 2007), we hypothesize that PAWP triggers egg activation by initially binding 
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to a group I WW domain protein in the oocyte. Several objectives were developed based 

on this hypothesis, as listed below: 

1. To detect the binding partner of PAWP in Xenopus oocyte. Far-Western assay was 

used to analyze oocyte extracts and cellular fractions. 

2. To assess the interaction module between PAWP and its binding partner. PPXY 

peptide and WW domain of YAP were employed as competitive inhibitors. 

3. To identify the binding partner of PAWP in Xenopus oocyte. Antibody against 

group I WW domain protein and mass spectrometry were used to determine the 

identity of this PAWP binding partner. 

 

 

 

  

 
 
 
 
 
 
 
 
 
 

 25



CHAPTER II - MATERIALS AND METHODS 

2.1  Animal and Oocyte Manipulation: Sexually mature Xenopus laevis females 

were purchased from NASCO (Fort Atkinson, WI) and injected with gonadotropin 

(pregnant mare serum gonadotropin, 50 IU/frog, Sigma, St. Louis, MO) 3 days before 

operation. Ovarian fragments were removed surgically under hypothermia and treated in 

collagenase solution (2 mg/ml collagenase A with 1 mg/ml soybean trypsin inhibitor; 

Roche, Mannheim, Germany) in calcium-free OR2 medium (83 mM NaCl, 2.5 mM KCl, 

1 mM MgCl2, 1 mM Na2HPO4, 5 mM HEPES pH 7.8) for 3 hr until completely 

defoliculated. Oocytes at stage VI were collected individually and recovered in 

calcium-free OR2 medium overnight at 18˚C.  The collagenase treated oocytes were 

then stimulated with 5 µM progesterone (Sigma, St. Louis, MO) for 3-6 hr, and germinal 

vesicle breakdown was assessed by the first appearance of a white spot on the pigmented 

animal pole. Three hours after germinal vesicle breakdown, oocyte maturation was 

completed and the mature oocytes were arrested at metaphase II with the first polar body 

and a flower-like pattern of chromosomes. 

2.2   Microinjection of Xenopus Oocytes: Mature oocytes were placed in a petri-dish 

in Ca2+-free OR2 media. BSA (Sigma, St. Louis, MO) and recbPAWP (C&P Biotech. 

Corp., Toronto, ON) were diluted with Ca2+-free PBS at the concentration of 0.4 µg/µl 

and microinjected using a mineral oil-filled glass micropipette (World Precision 

Instruments, Sarasota, FL) attached to a nanoliter injector (Drummond Scientific 

Company, Broomall, PA). 30 nl volume of solution was injected into each oocyte. Egg 

activation events such as calcium increase and secondary polar body extrusion were 
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determined after processing of the oocytes for fluorescence microscopy.  

2.3  DNA Imaging in Xenopus Oocytes: Oocytes were injected as described above 

and fixed in 100% methanol for 10 minutes, rehydrated in 50% (v/v) methanol/OR2, and 

then transferred to OR2 media containing nucleic acid stain (0.5 µM SYTOX Green or 

0.3 µM DAPI; Invitrogen, Burlington, ON) for 10 min. The meiotic spindle beneath the 

GVBD spot was viewed under a dissecting fluorescence microscope (Leica Orthoplan, 

Leica Microsystem GmbH, Wetzlar, Germany), equipped with Leica Vario Orthomat 2 

camera (Leica Microsystem GmbH, Wetzlar, Germany).  

2.4     Calcium Measurements: Prior to measuring the oocyte intracellular calcium, 

mature oocytes were incubated with the calcium indicator Oregon Green 488 BAPTA-1 

(2 µM ; Invitrogen, Burlington, ON) for 1 hr at room temperature. After washing with 

Ca2+-free OR2 media three times, oocytes were transferred to a petri-dish chamber for 

injection as described above.  Immediately after injection, the oocytes were placed in a 

delta-T petri-dish containing Ca2+-free OR2 media and placed under the microscope. 

Measurements of intracellular calcium were performed with the Leica SP2 laser scanning 

microscope (Leica Microsystem GmbH, Wetzlar, Germany) equipped with a 10X 

objective (0.3 numerical aperture). The calcium-sensitive dye Oregon Green was excited 

by the 780-nm line and the emission fluorescence was monitored at 505-535 nm. Region 

of interest in the images were analyzed by Image-Pro Plus, which produced an integrated 

optical density (IOD) versus time graphic output. 

2.5  Oocyte Extracts Preparation: Mature oocytes were homogenized by sonication 

in ice-cold extraction buffer (Complete Mini Proteinase inhibitor cocktail, 50 mM 
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phosphate buffer, pH 7.0, Roche, Mannheim, Germany). For cell fractionation, the nuclei, 

mitochondria, lysosomes, and peroxisomes of oocytes were collected by centrifugation at 

15,000 g, 4 ˚C for 10 min. After the supernatant was further centrifuged at 100,000 g for 

60 min, the smaller and lighter particles of oocytes (ribosomes, endoplasmic reticulum 

fragments, cell membranes, and microsomes) were separated from the supernatant. The 

final supernatant was the soluble portion of the cell cytoplasm (Fig. 5). For Triton 

extraction, mature oocytes were homogenized in ice-cold extraction buffer plus 0.1% 

Triton X-100. The Triton soluble portion was colleted at 100,000 g for 30 min. The total 

protein concentrations of the cellular fractions and Triton extracts were determined by 

BCA protein assay (Pierce, Rockford, IL).   

2.6  Antibody Preparation and Affinity Purification: Anti-PAWP_C serum was 

raised in rabbits against the synthetic oligopeptides from the C-terminal end of recPAWP 

as described by Wu (Wu et al., 2007). Immune serum was also produced in rabbits 

against the full-length bull recombinant PAWP protein (termed anti-recPAWP). The bull 

recombinant PAWP protein bands were cut from blots and chopped into small pieces. The 

small blot pieces were then inserted into 10 ml syringes constituting a PAWP antibody 

affinity purification column. The column was blocked in TBS containing 10% goat serum 

and then washed in TBS with 0.5% Tween. The anti-PAWP_C and anti-recPAWP immune 

sera were diluted 1:50 in TBS and applied respectively to the PAWP antibody affinity 

purification columns. After overnight incubation at 4 ˚C, the columns were washed 3 

times in TBS with 0.5% Tween for 5 min each, in order to remove nonspecific antibodies. 

The anti-recPAWP and anti-PAWP_C antibodies were then eluted from the column by 0.2 

M glycine-HCl (pH 2.8) and immediately neutralized by adding an equal volumn of 2 x  
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Figure 5  Procedure for Xenopus oocyte cell fractionation. 
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TBS (pH 13.5). The anti-YAP polyclonal antibody, a generous gift from Dr. Marius Sudol, 

had been generated against purified antigen that contained GST fused to amino acids 

302-450 of human YAP. The purchased anti-YAP (H-125) antibody (Santa Cruz 

Biotechnology, Santa Cruz, USA) had been generated against epitope corresponding to 

amino acids 206-330 of human YAP.  

2.7  Sodium Dodecyl Sulphate - Polyacrlamide Gel Electrophoresis (SDS-PAGE): 

The Xenopus oocytes extracts were mixed with 4 x sample buffer (2% SDS, 5% 

β-mercaptoethanol, 50% glycerol) and boiled for 5 min by immersing the tubes in water. 

The protein was run on a 4.5% stacking (4% acrylamide, 0.5 M Tris-HCl, pH 6.8, and 

0.1% SDS) and 10% polyacrylamide separating gel (10% acrylamide, 1.5 M Tris-HCl, 

pH 8.8, and 0.1% SDS) as described by Laemmli (Laemmli, 1970). Approximately 15 μg 

of oocyte protein extract was loaded in each lane. The electrophoresis analysis was run at 

100 V for 2 hr in Tris-glycine electrophoresis buffer (25 mM Tris, 192 mM Glycine, and 

0.1% SDS).   

2.8  Protein Transfer: The electrophoresed protein extracts were transferred to 

nitrocellulose membranes (0.45 μm pore size, Schleicher & Schuell, Dassel, Germany). 

The gels, nitrocellulose membranes, and filter papers were soaked in the transfer buffer 

(25 mM Tris, 192 mM Glycine) and prepared as a “sandwich” in the cassette. The 

transfer was carried out at 250 mA for 2 hr on ice.   

2.9  Immunoblotting Analysis:  The blot containing oocyte protein extracts was 

blocked with 10% skim milk in PBS (0.05% Tween) for 1 hr at room temperature. After 

washing 3 times in 0.05% PBS-Tween for 5 min each, the blot was incubated with 
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affinity-purified primary antibody in 0.05% PBS-Tween for 3 hr at room temperature, 

1:20 and 1:40 dilutions for anti-PAWP_C and anti-recPAWP antibodies respectively. 

Following the primary antibody incubation, the blot was washed in 0.05% PBS-Tween as 

described before. Then the secondary antibody, 1:30,000 diluted in 0.05% PBS-Tween, 

was applied to the blot for 3 hr at room temperature. Antibody binding was detected with 

ECL Western blotting substrate (Pierce, Rockford, IL) and exposed to X-ray film. 

2.10 Far-Western Blotting Analysis: Approximately 40 μg of Xenopus oocyte 

cytosolic protein was separated by SDS-PAGE as described above and transferred to 

nitrocellulose membrane for both positive binding and competitive inhibition analysis. 

For positive binding assay, blot was blocked with 10% skim milk in PBS (0.05% Tween) 

for 1 hr at room temperature. After washed 3 times in 0.05% PBS-Tween for 5 min each, 

the blot was incubated with 0.1 μg recPAWP in PBS at 4 ˚C overnight. The blot was 

washed with PBS and then immunoblotted with anti-PAWP_C antibody (1:20 diluted in 

0.05% PBS-Tween) for 3 hr at room temperature. The secondary antibody incubation and 

chemiluminesecent detection was carried out as described above. For competitive 

inhibition analysis, a synthetic PPXY peptide derived from PAWP 

(Ac-PVRYGSPPPGYEAPT-CONH2), the tyrosine residue phosphorlyated peptide 

PPXYP, and the single site mutant PPXF peptide, in which the tyrosine residue was 

substituted with phenylalanine, were designed as competitive inhibitors. The PPXY 

peptide and its derivatives PPXYP and PPXF were pre-incubated with blots containing 

Xenopus oocyte cellular fractions for 3 hr at room temperature and followed by the 

standard far-Western protocol described above. In the other competitive inhibition 

analysis, WW domain from YAP protein and its single site mutant YAPP202A were also 
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used as competitive inhibitors by pre-mixing with recPAWP for 3 hr at room temperature 

prior to applying to the blots containing Xenopus oocyte cytosolic proteins. The negative 

control blot was loaded with the equal amount of oocyte fractions and immunoblotted 

with anti-PAWP_C antibody without recPAWP incubation to demonstrate the antibody 

had no cross-reaction with oocyte cellular fractions. 

2.11  10-14% Gradient Gels: Gradient gels were cast with a 14% concentration of 

acrylamide at the bottom and 10% at the top. The gradient was formed with a 

gradient-maker, consisting of two containers joined by a narrow connector at their bases 

and one of the containers also having an additional outlet in its base. The 10 and 14 

percentage gel solutions were prepared in the containers without adding Ammonium 

Persulfate and TEMED. After the gel cassette was assembled, a stir bar was placed in 

each chamber to mix the gel solutions. When casting the gel, specified amounts of APS 

and TEMED were added to each chamber, the stopcock between the two chambers was 

open and the gradient maker was positioned above the gel cassette to encourage flow due 

to gravity. The outlet was set at a flow rate, which drained the mixed gel solutions in 5 

min. When all the solutions were dispensed, the outlet pipette tip was removed from the 

top of the cassette and the stacking gel was prepared as Laemmli gels. 

2.12 2D Gel Electrophoresis: Xenopus oocyte cytosolic proteins were fractionated as 

described above, cleaned up with ReadyPrep 2D clean-up kit (Bio-Rad Laboratories, 

Hercules, CA) and then resuspended in the rehydration buffer (8 M Urea, 4% CHAPS, 50 

mM DTT, 0.2% carrier ampholytes and 0.0002% Bromophenol Blue). Approximately 40 

µg proteins were loaded for a 7 cm mini IPG strip and 150 µg proteins were used for a 17 
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cm large IPG strip (Bio-Rad Laboratories, Hercules, CA). IPG strips were rehydrated 

with sample solution in passive conditions (0 V, 20 ºC) overnight. The first dimension 

was performed in a Protean IEF cell (Bio-Rad Laboratories, Hercules, CA). For the first 

dimension, the sample was focused for 2 hr at 250 V, 5 hr at 1000 V followed by 8000 V 

for a total of 40,000 Vhr. Immediately prior to the second dimension, the IPG strip was 

incubated in equilibration buffer (6 M urea, 2% SDS, 50 mM Tris-HCl, 20% glycerol and 

1% DTT) for 15 min, followed by 15 min in the same solution where DTT was replaced 

by 2.5% iodoacetamide. The second dimension was performed on 10% SDS-PAGE. 

Complete migration was achieved after 30 min at 50 V followed by 100 min at 110 V per 

mini gel or 6 hr at 24 mA per large gel. Protein spots were visualized by silver stain or 

transferred to nitrocellulose membranes and analyzed by far-Western assay. 

2.13 Mass Spectrometry: The cytosolic extracts of Xenopus oocytes were separated 

on SDS-PAGE and seven bands around 52 kDa were excised using a razor blade, cut into 

1 mm cubes and washed in de-staining solution (50 mM ammonium bicarbonate, 50% 

acetonitrile) overnight. Gel pieces were then reduced in 10mM dithiothreitol, alkylated in 

55 mM iodoacetamide, washed in 100 mM ammonium bicarbonate, dehydrated in 100% 

acetonitrile and trypsinized in 50 mM ammonium bicarbonate containing 6 ng/μl of 

trypsin (Promega Sequencing Grade Modified Trypsin) for 5 hr at 37 °C. Peptides were 

extracted from the gel with 30 µl of extraction buffer (1% formic acid, 2% acetonitrile). 

After the first extraction was collected, two more extractions were made with 24 µl of 

50% acetonitrile.  All three extractions were pooled and evaporated down to 

approximately 20 µl using a concentrator (ThermoSavant Speedvac, SPD 121P). 
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Digested peptide extracts were mixed 1:1 with matrix solution (5 mg/ml 

re-crystallized alpha-cyano-4-hydroxy-cinnamic acid in 70% acetonitrile, 0.1% 

trifluoroacetic acid and 10 mM dimmonium citrate) and 1-2 μl was applied to a target 

position. The instrument was corrected by spotting a mixure of synthetic peptides, 

Angiotensin I (1296.687 Da), [Glu]-Fibrinopeptide B (1570.677 Da), Renin (1758.933 

Da) and ACTH (2465.199 Da), at 1 pm/μl in the appropriate standard wells of the target 

plate, resulting in a mass accuracy of approximately 50 ppm over the rang of 1000 to 

3000 Da.  

The raw spectra were acquired on a Voyager DePro (Applied Biosystems 

Corporation) and processed to produce centroided data using Data Explorer Version 5.1 

software (Applied Biosystems Corporation). Peptide peaks with a signal to noise ratio of 

greater than 2:1 were selected for a database search. Search parameters were set at trypsin 

with up to one missed cleavage, fixed carbamidomethyl modification of cysteine and 

variable oxidation of methionine. Database source and mass accuracy are typically 

SwissProt (http://ca.expasy.org/) with 50 ppm accurary, otherwise indicated specifically. 

For in-membrane digestion, the 52 kDa protein band detected in far-Western analysis 

was excised and digested overnight at 37 °C with a minimum of digest buffer (25 mM 

ammonium bicarbonate, 1% n-octylglucoside and 10% methanol) containing 1 μl of 100 

ng/μl trypsin endoproteinase. After collecting the digest supernatant, the sample was 

extracted with 10 μl of 50% v/v ethanol/ formic acid solution and sonicated at 37 °C for 1 

hr. The two supernatants were pooled together, evaporated to dryness and resuspended in 

3 μl of 10% acetonitrile and 0.1% TFA. Then the sample was spotted as described above. 
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CHAPTER III - RESULTS 
 

3.1   Is PAWP an Upstream Regulator of Egg Activation? 

3.1.1 Microinjection of PAWP is effective in releasing Xenopus oocytes from 

metaphase II arrest 

Xenopus oocytes were chosen in this study because they were reported to respond to 

PAWP injection in a similar manner as mammalian eggs (Wu et al., 2007). With the 

advantages of being easily obtained and much larger volume, Xenopus oocytes were 

determined as our model system. Therefore, for protein analysis, one Xenopus oocyte will 

be equal to at least several hundred mammalian eggs. Furthermore, SOAF is considered 

to be highly conserved and interchangeable between vertebrate and invertebrate species 

(Hogben et al., 1998). 

 Mature oocytes remain arrested at second meiotic metaphase (MII) until fertilization. 

At fertilization, sperm initiate a series of early and late egg activation events. The early 

events include a transient rise in the intracellular calcium concentration that leads to the 

cortical granule exocytosis (CGE) and to the resumption of meiosis (Raz and Shalgi, 

1998). Later events of egg activation include decondensation of the sperm head, maternal 

RNA recruitment, formation of pronuclei, initiation of DNA synthesis and cleavage (Raz 

and Shalgi, 1998). As a SOAF candidate, PAWP was reported to promote meiotic 

resumption, pronuclear development and egg cleavage during fertilization (Wu et al., 

2007). 

In order to further investigate the PAWP-mediated signaling pathway, the meiotic 
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resumption study was repeated in Xenopus oocytes by monitoring secondary polar body 

extrusion after PAWP injection. As described in the MATERIALS AND METHODS, 

sexually mature Xenopus laevis females were primed with gonadotropin 3 days before 

operation. Ovarian fragments were removed surgically under hypothermia and treated in 

collagenase solution (2 mg/ml collagenase A with 1 mg/ml soybean trypsin inhibitor) in 

calcium-free OR2 medium (83 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 1 mM Na2HPO4, 5 

mM HEPES pH 7.8) for 3 hr until completely defoliculated. Oocytes at stage VI were 

collected individually and recovered in calcium-free OR2 medium overnight at 18 ºC. 

The collagenase treated oocytes were then stimulated with 5 µM progesterone for 3 hr, 

and germinal vesicle breakdown was assessed by the first appearance of a white spot on 

the pigmented animal pole. Three hours after germinal vesicle breakdown, oocyte 

maturation was completed and the mature oocytes were arrested at metaphase II with the 

first polar body and a flower-like pattern of chromosomes. Three groups of the mature 

frog eggs were injected with 30 nl of PBS, recbPAWP (0.4 ng/nl) or treated with calcium 

ionophore respectively. With recbPAWP treatment, the secondary polar body was 

observed 53% of the time (Fig. 6 b and c), which was 13% higher than the positive 

control calcium ionophore treatment, (Fig. 6 b and c), while with PBS, the secondary 

polar body was not detected (Fig. 6 a and c).  
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Figure 6  Secondary polar body extrusion following PAWP injection. a, sham-injected 
oocytes remained at MII-arrested stage. b, injection of recbPAWP (0.4 ng/nl) or treatment 
with calcium ionophore induced a high degree of oocyte activation evident by the 
extrusion of secondary polar body. c, comparison of secondary polar body development 
in oocytes with different treatments. The percentage of oocytes that extruded secondary 
polar body was presented in the bar graph. DNA was labeled using SYTOX Green in 
Xenopus oocytes. Bars = 10 μm. 
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3.1.2 Microinjection of PAWP elicits intracellular calcium release in Xenopus 

oocytes   

Since the initial increase in intracellular calcium is universally accepted as the sole 

requirement for resumption of oocyte cell cycle (Kline and Kline, 1992), the successful 

replication of serial activation events such as meiotic resumption, pronuclear 

development and egg cleavage with PAWP injection in both Wu’s study (Wu et al., 2007) 

and this work suggests that PAWP is an upstream regulator of intracellular calcium 

release during fertilization. To test our hypothesis, metaphase II arrested Xenopus oocytes 

were pre-treated with membrane permeable Oregon Green calcium indicator for one hour 

at 18 ºC and injected with 30 nl of PBS, BSA (0.4 ng/nl) and recbPAWP (0.4 ng/nl) 

respectively. Immediately after injection, oocytes were transferred to a delta-T petri-dish. 

The injected oocytes were monitored for 15 min and the images were captured at 60-s 

intervals beginning immediately after placing on the stage of Leica SP2 two-photon laser 

scanning microscope (Fig. 7 a and b). Two-photon microscopy system with an infrared 

laser was chosen because it lowers phototoxicity, restricts photobleaching, decreases 

background, reduces quenching and increases penetration compared to the conventional 

laser scanning confocal microscope (Stricker and Whitaker, 1999). By using this 

two-photon system, we were able to observe calcium dynamics at a depth of 60 nm, 

while conventional confocal microscope only penetrates a depth of 10 nm. With 

recbPAWP injection, an intracellular calcium rise similar to that which normally occurs at 

fertilization (Busa and Nuccitelli, 1985) was detected in frog eggs (Fig. 7 c). The 

intracellular calcium increase was observed almost immediately after injection and it 

stayed at the peak for 2 min, after which the calcium level gradually decreased, returning 
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Figure 7  Intracellular calcium release following PAWP injection. a, Xenopus oocytes, 
previously incubated with 2 μM Oregon Green calcium indicator, were untreated or 
microinjected with 30 nl of dH2O, BSA and recbPAWP respectively. The oocytes were 
monitored approximately 1 min after injection. b, the six images represent the time 
course of calcium changes in the oocyte following injection at t = 1 min, with the time 
indicated for each image. After injection, calcium rise stayed at the peaking for 2 min and 
then it went down gradually. c, the time course of calcium-dependent fluorescence 
changes measured in the images above for untreated, dH2O, BSA and recbPAWP, are 
graphically depicted here. Each line represents the average of IOD of the Xenopus 
oocytes after injection (n=3).  
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to the initial value after 15 min (Fig. 7 b and c, indicated by the blue line). With BSA or 

dH2O injection, the eggs showed a pattern of calcium dynamics similar to that of 

untreated ones. No calcium rise was detected in BSA or dH2O injected oocytes (Fig. 7 a 

and c), and the concentration of intracellular calcium stayed essentially at the initial level 

after injection (Fig.7 c, indicated by the red and yellow lines). The results were averaged 

from three oocytes for each group of injection and the zero point of injected eggs was 

based on the value of untreated ones. In the PAWP injected group, although the increase 

of calcium over contral was monitored in all of three oocytes, two of them elicited 

stronger clacium efflux. Similiar results were obtained from the three oocytes of BSA and 

dH2O injection, respectively. These data indicate that microinjection of PAWP triggers 

intracellular calcium rise, suggesting that PAWP is an upstrema regulator in egg 

activation.  

3.2 What is the binding partner of PAWP in Xenopus oocytes? 

3.2.1 PAWP is able to bind to the WW domain of YAP, but not the mutant        

YAPP202A 

The previous work demonstrated that the meiotic resumption and pronuclear formation 

promoted by PAWP could be inhibited by co-injection of competitive inhibitor PPXY 

peptide (Wu et al., 2007), which is the binding ligand of group I WW domain proteins 

such as YAP and Nedd4 (Chen and Sudol, 1995). It suggests the involvement of 

PPXY-WW domain interaction in the potential PAWP-mediated signaling pathway at 

fertilization. The binding of PAWP to WW domain-containing proteins was tested by 

far-Western assay. Instead of detecting the protein of interest directly in Western blot, 
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far-Western blot is utilized to study protein-protein interaction by detecting the “bait” 

protein, which binds to the “prey” protein. Therefore highly specific antibody is required 

to probe only the “bait” protein but not the “prey” protein. In this study, available 

anti-sera, both anti-recombinant bull PAWP (recbPAWP) and anti-C-terminal bull PAWP 

(recbPAWP_C), were applied to immobilized NaOH sperm PT extracts (Fig. 8 a) to test 

their specificity. Anti-recPAWP and anti-recPAWP_C antibodies were also affinity 

purified from respective anti-sera on Western blot isolated recombinant PAWP and used 

to immunoblot sperm or NaOH sperm PT extracts (Fig. 8 b) and oocyte Triton extracts 

(Fig. 8 c). The Western analysis results demonstrated the specificity of anti-PAWP_C 

antibody. It labeled a single band of 32 kDa in Western blots of PT extract (Fig. 8 b, lane 

2) and had no cross-reactivity to oocyte extracts (Fig. 8 c, lane 2). Therefore, 

anti-PAWP_C antibody was employed in the following far-Western analysis to detect the 

affinity of recPAWP for the immobilized GST-fused WW domain constructs of YAP and 

the mutated WW domain of YAP, YAPP202A. In Fig. 9, anti-recPAWP_C antibody 

demonstrated no cross-reaction to the GST fusion proteins (lanes 1 and 3). Positive 

binding of recbPAWP to the WW domain of YAP was demonstrated in lane 2, while the 

single amino acid residue mutant YAPP202A exhibited no binding activity with recbPAWP 

(Fig. 9, lane 4). The specificity of the interaction showed that the PPXY motif of PAWP is 

functional and PAWP is able to bind to the WW domain of YAP. 

3.2.2 Detection and localization of PAWP binding partner(s) in Xenopus oocytes 

To detect and localize the PAWP binding partner(s), mature Xenopus oocytes were 

separated into nuclear, cytosolic and microsomal fractions as described in the  

 42



 

 

a b c  

MW 
(kDa) 2 

MW
(kDa)1 2 

66 

45 

35 

25 

MW 
(kDa) 

 

2 1 1 
 

66 

45 

35 

   116 
66 

 
45 

 
35 

 
25 

 

anti- 
PAWP

anti- 
PAWP

anti- 
PAWP_C

anti- 
PAWP_C 

anti- 
PAWP_C

anti- 
PAWP  

 

Figure 8  Comparison of specificity of anti-PAWP antibodies. a, Western blot analysis 
of bull sperm NaOH PT extract with anti-recPAWP (1:1000 diluted) and anti-recPAWP_C 
anti-sera (1:1000 diluted). Lane 1 and lane 2 indicate immunodetection of PAWP by 
anti-recPAWP and anti-recPAWP_C anti-sera repectively. b, Western blots of bull sperm 
NaOH PT extract by using affinity purified anti-recPAWP (1:40 diluted) and 
anti-recPAWP_C antibodies (1:20 diluted). Lane 1 and lane 2 were immunobloted with 
anti-recPAWP and anti-recPAWP_C antibodies respectively. c, Western blot analysis of 
Xenopus oocyte Triton extracts with affinity purified antibodies. Anti-recPAWP (1:40 
diluted) and anti-recPAWP_C antibodies (1:20 diluted) were applied to lane 1 and lane 2 
on the blots respectively. 
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Figure 9  Far-Western analysis of PAWP to the WW domain of YAP. GST-fused WW 
domain constructs of YAP (0.5 μg) and the mutated WW domain of YAP, YAPP202A were 
separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. The blots in 
lane 1 and lane 3 were probed with affinity-purified anti-recPAWP_C antibody (1:20 
diluted) directly, while the blots in other lanes were incubated with recbPAWP (0.1 µg) 
first and then probed with affinity-purified anti-recPAWP_C antibody (1:20). Positive 
binding of PAWP to WW domain of YAP was shown in lane 2. The mutant YAPP202A 
exhibited no binding activity with recPAWP in lane 4. And there was no cross-reactivity 
of the anti-recPAWP_C with the GST fusion proteins in lanes 1 and 3. 
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MATERIALS AND METHODS. 40 µg of protein from each fraction were analyzed by 

SDS-PAGE and then transferred to nitrocellulose membranes. The blots were incubated 

with or without recbPAWP protein (0.1 µg/lane, Fig. 10) and immunoblotted with affinity 

purified anti-recPAWP_C antibody. The far-Western assay results indicated that PAWP 

was able to bind to a 52 kDa protein in the cytosolic fraction of Xenopus oocyte cell 

lysate (Fig. 10, lane 4). No protein was detected binding to PAWP in the nuclear and 

microsomal fractions (Fig. 10, lanes 2 and 6), suggesting that the PAWP binding partner 

candidate in Xenopus oocytes is a protein localized in the cytoplasm and it is 

approximately 52 kDa.  

3.2.3 The interaction between PAWP and its binding partner is possibly via the 

PPXY - WW domain module 

Recombinant human PAWP (rechPAWP, Proteintech Group, Chicago, IL) was used in 

far-Western analysis following the same procedure described for recombinant bovine 

PAWP with similar results. A 52 kDa PAWP binding partner candidate was detected in the 

cytoplasm of Xenopus oocyte while anti-recPAWP_C antibody had no cross-reaction (Fig. 

11, lanes 1 and 2). Therefore, both bull and human PAWP are able to bind to a 52 kDa 

binding partner candidate in Xenopus oocytes and both could be specifically recognized 

by anti-PAWP_C antibody. 

Based on the structural characteristics of PAWP and the fact that PPXY peptide 

inhibits the ICSI-induced fertilization, it is hypothesized that the initial interaction 

between PAWP and its binding partner is through the PPXY motifs present on the 

C-terminal of PAWP and the WW domain(s) of the 52 kDa binding partner candidate. To  
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Figure 10 Far-Western analysis of PAWP to Xenopus oocyte fractions. 40 µg of each 
oocyte lysate fractions were analyzed by SDS-PAGE and transferred to nitrocellulose 
membranes respectively. The blots were incubated with (lanes 2, 4 and 6, 0.1 µg/lane,) or 
without (lanes 1, 3 and 5) recbPAWP protein and immunoblottd with anti-recPAWP_C 
antibody (1:20 diluted). Lane 4 demonstrates that PAWP was able to bind to a 52 kDa 
protein from cytosolic fraction and there was no crossing activity in lane 3. No nuclear or 
microsomal protein was detected to interact with PAWP. 
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Figure 11 Competitive inhibition study of PAWP to its binding partner. The blot in lane 
1 was directly probed with anti-recPAWP_C antibody showing that there is no 
cross-reactivity of the antibody with the cytosolic fraction of Xenopus oocytes. Lane 2 
shows the positive binding of 0.1 µg rechPAWP to the 52 kDa PAWP binding partner 
candidate from oocyte cytoplasm. Co-incubation of rechPAWP and WW domain of YAP 
exhibited inhibiting effect on the rechPAWP binding to the 52 kDa binding partner 
candidate (lanes 3, 4, and 5). When the blots were pre-incubated with PPXY peptides, the 
binding of rechPAWP to its binding partner was reduced (lanes 6, 7, and 8) and the 
rechPAWP was no longer able to bind to its binding partner when 2.0 µg of PPXY 
peptide was used for inhibition (lane 8). 
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assess the effect of the PPXY motif and WW domains on the protein-protein interaction,  

we designed two inhibitors, a synthetic peptide (Ac-PPVRYGSPPPGYEAPT-CONH2) 

containing PPXY motif and wild-type WW domain of YAP. 

When the WW domain of YAP was pre-mixed with 0.1 µg of rechPAWP before its 

incubation with the blots containing the cytosolic fraction of Xenopus oocytes, the 

binding of rechPAWP to the 52 kDa candidate protein was reduced (Fig. 11, lanes 3, 4, 

and 5). When blots with the cytosolic fraction were pre-incubated with PPXY peptide, the 

ability of rechPAWP to bind to its binding partner was also decreased (Fig. 11, lanes 6, 7, 

and 8). These results demonstrated that the interaction between PAWP and its binding 

partner is possibly through the PPXY-WW domain module. 

In order to confirm the binding specificity, PPXY mutant derivatives (PPXF and 

PPXYP) were employed for inhibition studies. In the PPXF modification, the tyrosine 

residue was substituted with phenylalanine, while the tyrosine residue in PPXYP was 

constitutively phosphorylated. When blots were pre-incubated with PPXF and PPXYP 

constructs, rechPAWP was still able to bind to the candidate 52 kDa protein on blots (Fig. 

12, lanes 3, 4, 5, 6, 7, and 8), while the PPXY pre-incubation prevented PAWP binding to 

the candidate protein (Fig. 12, lane 10). This finding confirmed that the interaction 

between PAWP and its binding partner candidate is specifically via the PPXY motif of 

PAWP. 

In addition, the WW domain of YAP and its single amino acid residue mutant 

YAPP202A were used for determining the binding specificity. When rechPAWP was 

pre-incubated with the WW domain, the binding of PAWP to its binding partner was  
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Figure 12 Competitive inhibition studies with PPXY peptide and its mutants. The blot 
in lane 1 was directly probed with anti-recPAWP_C antibody showing that there is no 
cross-reactivity of the antibody with the cytosolic fraction of Xenopus oocytes. Lane 2 
shows the positive binding of 0.1 µg rechPAWP to the 52 kDa PAWP binding partner 
candidate from oocyte cytoplasm. When blots were pre-incubated with PPXF and PPXYp 
constructs, rechPAWP was still able to bind to its binding partner candidate on the blot 
(lanes 3, 4, 5, 6, 7, and 8), while the PPXY pre-incubation prevented rechPAWP binding 
to the 52 kDa binding candidate (lanes 9 and 10).  
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reduced (Fig. 13, lanes 6, 7, and 8). However, pre-incubation with YAPP202A also 

decreased the binding of rechPAWP (Fig. 13, lanes 3, 4, and 5), and the competitive  

inhibitor WW domain was not able to completely block the binding activity of PAWP 

(Fig. 13, lanes 6, 7, and 8). There could be a higher binding affinity of PAWP for the 52 

kDa binding partner candidate than for WW domain of YAP, due to the structural 

difference between these two proteins. Other than the WW domain, there might be other 

structures in the 52 kDa binding partner candidate involved to increase the interaction 

and facilitate its binding to PAWP. Therefore, the independently expressed YAP WW 

domain may not have the ability to completely block the binding activity. Collectively, it 

is still not absolutely definitive if the interaction between PAWP and its binding partner is 

solely through the WW domain of the binding partner candidate, there may be 

contribution from additional structures. 

3.2.4 The 52 kDa binding partner candidate is specifically probed with YAP 

antibody and it is possibly YAP or a YAP-related protein 

Since YAP is a group I WW domain protein and it has been demonstrated that PAWP is 

able to bind to the WW domain of YAP, anti-YAP polyclonal antibody was used to 

immunoblot the cytosolic fraction of Xenopus oocyte cell lysate. When the anti-YAP 

antibody was employed directly with the blot containing Xenopus oocyte cytoplasm 

proteins, three major bands (52, 60 and 65 kDa) were recognized (Fig. 14 a, lane 3). 

Interestingly, the lowest of the three is at the same level as the 52 kDa PAWP binding 

partner detected in far-Western analysis (Fig. 14 a, lanes 2 and 3).  

In order to test whether the bands were specifically recognized by the anti-YAP  
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Figure 13  Competitive inhibition studies with the WW domain of YAP and its mutant. 
The blot in lane 1 was directly probed with anti-recPAWP_C antibody showing that there 
is no cross-reactivity of the antibody with the cytosolic fraction of Xenopus oocytes. Lane 
2 shows the positive binding of 0.1 µg rechPAWP to the 52 kDa PAWP binding partner 
candidate from oocyte cytoplasm. When rechPAWP was pre-mixed with WW domain 
(lanes 6, 7, and 8) and its single site mutant YAPP202A (lanes 3, 4, and 5), both of the 
inhibitors reduced the binding of rechPAWP to the 52 kDa candidate but neither 
completely inhibited the interaction. 
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Figure 14 Western blot analysis of cytosolic fraction with YAP antibodies. a, the blot 
in lane 1 was directly probed with anti-recPAWP_C antibody showing that there is no 
cross-reactivity of the antibody with the cytosolic fraction of Xenopus oocytes. Lane 2 
shows the positive binding of 0.1 µg rechPAWP to the 52 kDa PAWP binding partner 
candidate from oocyte cytoplasm. Lane 3 shows the three major bands (52, 60, and 65 
kDa) were picked up by the anti-YAP polyclonal antibody (1:6000 diluted). The 52 kDa 
band is the one detected in the far-Western analysis as PAWP binding partner candidate 
(lanes 2 and 3).  Lane 4: Pre-incubation with 2.0 µg of YAP-GST blocked the binding of 
YAP antibody to all the three bands. Lane 5 demonstrates that the pre-incubation with 0.7 
µg of GST (the same molar amount as YAP-GST inhibitor) only inhibited the binding of 
YAP antibody to the middle 60 kDa protein. b, the blots of lanes 1 and 2 were treated the 
same as those of upper panel. Lane 3 and lane 4 show the blots with Xenopus oocyte 
cytosolic proteins were immunoblotted with anti-YAP polyclonal antibody and anti-YAP 
(H-125) antibody respectively. The 52 kDa protein, which was detected in far-Western 
analysis, and the 65 kDa protein were picked up by both antibodies. 
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polyclonal antibody, GST-fused recombinant YAP protein was prepared to inhibit the 

antibody-antigen interaction. The GST tag itself was also used as a control in the 

inhibition study. The pre-incubation of YAP antibody with recYAP-GST prevented the 

binding of YAP antibody to all the three bands (52, 60 and 65 kDa) on the blots (Fig. 14 a, 

lane 4), while the same molar amount of GST inhibited the binding of YAP antibody to 

the 60 kDa middle band (Fig. 14 a, lane 5), suggesting that the 52 kDa protein, which was 

detected in far-Western assay as a PAWP binding partner candidate, and the 65 kDa 

protein were specifically recognized by anti-YAP antibody. It has been observed that the 

anti-YAP polyclonal antibody also recognizes TAZ, a close relative of YAP (X. Yang, 

personal communication). In order to confirm that the 52 kDa PAWP binding partner 

candidate is YAP, a specific YAP antibody anti-YAP (H-125) was utilized to probe the 

cytoplasm proteins of Xenopus oocytes. As described in the MATERIALS AND 

METHODS, cytosolic proteins were separated by SDS-PAGE, transferred to 

nitrocellulose membranes and immunoblotted with both the anti-YAP polyclonal 

antibody and the anti-YAP (H-125) antibody (Fig. 14 b, lanes 3 and 4). The 52 kDa and 

65 kDa proteins were recognized by both antibodies, suggesting that the 52 kDa protein 

detected in the far-Western analysis as a candidate PAWP binding partner is possibly YAP 

or a YAP-related protein. 

3.2.5 TAZ inhibits the binding of PAWP to its binding partner candidate 

Competitive inhibition studies with recombinant GST fusion proteins TAZ and YAP were 

carried out to examine if they can inhibit the binding of PAWP to its binding partner 

candidate. In Fig. 15 a, when 0.1 µg of rechPAWP was pre-incubated with 0.5 µg  
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Figure 15 Competitive inhibition studies with TAZ and YAP. a, the blot in lane 1 was 
directly probed with anti-recPAWP_C antibody showing that there is no cross-reactivity 
of the antibody with the cytosolic fraction of Xenopus oocytes. Lane 2 shows the positive 
binding of 0.1 µg rechPAWP to the 52 kDa PAWP binding partner candidate from oocyte 
cytoplasm. Lanes 3, 4 and 5 indicate 0.5 µg recYAP-GST, 0.4 µg recTAZ-GST and 0.2 
µg GST itself were pre-incubated with 0.1 µg rechPAWP respectively to test if they 
could inhibit the interaction between PAWP and its 52 kDa binding partner candidate. b, 
The blots of lanes 1 and 2 were treated the same as in those of upper panel. The 
inhibition study was repeated by pre-incubating 0.1 µg PAWP with 0.25 µg recYAP-GST, 
0.2 µg recTAZ-GST and 0.1 µg GST itself. Lane 4 shows that recTAZ-GST significantly 
reduces the PAWP binding.  
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recYAP-GST, 0.4 µg recTAZ-GST and 0.2 µg GST (molar ratio of PAWP to each 

inhibitor is 1:2, Fig. 15 a, lanes 3, 4 and 5) respectively, binding to the 52 kDa candidate 

was reduced. A higher degree of inhibition was observed with recTAZ-GST but the 

difference may not be significant. 

In order to confirm that recTAZ-GST more strongly inhibits the interaction between 

PAWP and its binding partner candidate, the inhibition study was repeated by pre-mixing 

rechPAWP with an equimolar amount of recYAP-GST, recTAZ-GST and GST 

respectively (Fig. 15 b, lanes 3, 4 and 5). Far-Western data indicated that the binding of 

PAWP to the 52 kDa candidate was significantly decreased by pre-incubation with 

recTAZ-GST, compared to recYAP-GST and GST. The data illustrates that TAZ inhibits 

the binding of PAWP to the 52 kDa candidate to a greater degree than YAP, suggesting 

that this 52 kDa binding partner candidate might be TAZ.  

3.2.6 The 52 kDa PAWP binding partner candidate can not be identified by 

MALDI-TOF mass spectrometry from SDS-PAGE 

300 μg of Xenopus oocyte cytosolic proteins were loaded onto three adjacent lanes on a 

10% polyacrylamide gel. After separation, one lane was transferred to a nitrocellulose 

membrane, probed with 0.4 μg rechPAWP and immunoblotted with anti-PAWP_C 

antibody (Fig. 16, lane1). The remaining two lanes were visualized by silver and 

Coomassie stains respectively (Fig. 16, lanes 2 and 3). Based on results of the 

far-Western blot analysis, seven bands around were excised, subjected to trypsin digest 

and analyzed by MALDI-TOF mass spectrometry. Spectra were acquired on a Voyager 

DePro (Applied Biosystems Corporation) in positive-ion reflector mode. The mass range  
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Figure 16 MALDI-TOF analysis of PAWP binding partner candidate. 40 μg of 
cytosolic proteins were separated by 10% large SDS-PAGE in each lane. Lane 1 shows 
the 52 kDa protein candidate detected by far-Western analysis. Lanes 2 and 3 indicate the 
protein profiles visualized by silver and Coomassie stains respectively. (Bands 1 to 7 
indicate the seven bands excised for MALDI-TOF analysis). 
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scanned was typically 1000 Da to 3000 Da. Peptide peaks with a signal to noise ratio of 

greater then 2:1 were selected for a database search through the SwissProt website with 

50 ppm accuracy. Peptide mass fingerprinting search identified a significant number of 

tryptic peptides from each of the peak lists, with masses matching fragments of many 

Xenopus oocyte specific proteins, such as elongation factor 1B, a physiological target of 

MPF during amphibian oocyte maturation and Ep45, an estrogen-regulated hepatic serpin. 

However, no convincing evidence was found that YAP or TAZ sequence was in any of the 

bands. The only match to the human YAP sequence was one peptide at 1816m/z seen in 

one of the seven bands, but that is not enough for a confident identification. In order to 

obtain better resolution, a 10-14% gradient gel was used for separating proteins. In 

addition, the protein band from the far-Western blot was also excised for in-membrane 

digestion. Unfortunately, both the in-gel and in-membrane digests did not yield promising 

results. There were probably multiple proteins in the molecular weight range of 52 kDa 

and SDS-PAGE was not able to separate these. Since the protein of interest is not a major 

protein, the signal from the binding partner candidate was probably overwhelmed by 

signals from other proteins like Fascin and Tubulin. Another possible explanation of our 

MS result is that the 52 kDa binding partner candidate could be a novel protein and its 

amino acid sequence is still unknown. Therefore, by using MALDI-TOF MS, which is 

only able to generate peak lists of masses of the detected peptides but not the sequence of 

these peptides, we cannot match the detected peptides with the available database and 

identify this protein. 
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3.2.7 Isoelectric point (pI) of the 52 kDa PAWP binding partner candidate is 

approximately 6-7  

For a better resolved protein sample, a 2D gel approach was used to separate proteins by 

their size (molecular weight) and isoelectric points. 40 μg of cytosolic protein were 

analyzed by 2D mini gels. The proteins from one gel were transferred to a nitrocellulose 

membrane, probed with 1.0 μg rechPAWP and immunoblotted with anti-PAWP_C 

antibody. The proteins from another 2D mini gel were treated with silver stain. Although 

there were two spots detected in the far-Western analysis, the upper spot (Fig. 17 b, 

indicated in circle) is probably the 52 kDa PAWP binding partner based on the molecular 

weight. Since the spot was in the middle of the IPG strips (pH 5-8), the pI of the 

candidate protein is approximately 6-7. Furthermore, according to the protein profile of 

the silver stained gel, the detected protein (Fig. 17 a, indicated in circle) does not appear 

to be a major protein in the Xenopus oocyte cytoplasm. 
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Figure 17 2D analysis of Xenopus oocyte cytosolic fraction. a, 40 μg of cytosolic 
proteins were analyzed by 2D mini gel and visualized by silver stain. b, 40 μg of 
cytosolic proteins were separated by 2D mini gel and analyzed by far-Western 
assay.(Circles indicate the detected PAWP binding partner candidate and its 
corresponding spot in the cytosolic protein profile). 
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CHAPTER IV - DISCUSSION 

It has been established that perinuclear theca of the sperm head harbours the sperm borne, 

oocyte-activating factor (SOAF), which is responsible for triggering the signaling 

cascade of oocyte activation (Kimura et al., 1998). At fertilization, the oolemma fuses 

with the sperm plasma membrane over the equatorial segment and the fusion continues 

caudally exposing the PAS to the oocyte cytoplasm, which solubilizes rapidly, releasing 

SOAF (Sutovsky et al., 2003). Through an intracellular signaling network, the yet-to-be 

characterized SOAF is thought to activate PLCγ, which is capable of hydrolyzing 

phosphatidyl 4, 5-bisphosphate (PIP2) into two signaling molecules, inositol 1, 4, 

5-triphosphate (IP3) and 1, 2-diacylglycerol (DAG) (Raz and Shalgi, 1998). IP3 binds to 

its receptor, IP3R1, causing intracellular calcium release from the endoplasmic reticulum. 

DAG activates the enzyme protein kinase C (PKC) and plays an integral role in 

downstream signaling transduction at egg activation (Raz and Shalgi, 1998). The initial 

increase in intracellular calcium appears to be critical for the initiation of both early 

events, including the cortical granule exocytosis (CGE) and resumption of meiosis (with 

the extrusion of the secondary polar body being the visual indicator of meiotic success), 

and later events, including formation of pronuclei, initiation of DNA synthesis and 

cleavage (Xu et al., 1994; Raz and Shalgi, 1998; Ben Yosef and Shalgi, 1998; Parrington 

et al., 2000; Parrington et al., 2000). The calcium transients during fertilization drive cell 

cycle resumption by decreasing the activity of both the M-phase promoting factor (MPF) 

and of the cytostatic factor (CSF) (Dupont and Goldbeter, 1998). Upon fertilization, both 

MPF and CSF are inactivated by the calcium/Calmodulin-dependent protein kinase II 

(CaMKII) (Xie et al., 1996). Other messengers such as PKC and protein tyrosine kinases 
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(PTKs) are also suggested as inducers of some aspects of egg activation (Sato et al., 2000; 

Kinsey, 1997; Raz and Shalgi, 1998).  

In the process of characterizing SOAF, many candidates, such as oscillin (Parrington 

et al., 1996), tr-kit (Sette et al., 1997), PLCζ (Saunders et al., 2002) and PAWP (Wu et al., 

2007) have been identified. Thus far PAWP is the only molecule exclusively localized in 

the PAS and whose inhibition during mammalian fertilization blocks both early and later 

events of egg activation (Wu et al., 2007). Microinjection of recombinant PAWP into 

MII-arrested porcine, bovine, macaque and Xenopus oocytes induced a high rate of 

secondary polar body extrusion and pronuclear formation (Wu et al., 2007). However, it 

is not known yet whether PAWP-induced egg activation is through the calcium signaling 

pathway, which is universally accepted as a central signaling mechanism at fertilization 

(Kline and Kline, 1992). One goal of this study was to determine whether PAWP is able 

to stimulate intracellular calcium release. Since secondary polar body extrusion (visual 

indicator of meiotic resumption) is one of the egg activation events dependent on calcium 

flux, a study modeled after the work of Wu et al. (Wu et al., 2007) was undertaken to 

correlate secondary polar body extrusion with calcium signaling following PAWP 

injection into Xenopus oocytes. 

The results demonstrated an increased rate of secondary polar body extrusion after 

PAWP microinjection into MII-arrested oocytes. Although the rate did not match the 

previously reported higher level (Wu et al., 2007), it may be due to the general quality of 

the oocytes we obtained, since the activation rate with recbPAWP injection (53%) was 

higher than that observed with calcium ionophore treatment (40%), which should lead to 
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full meiotic resumption. Therefore PAWP bears the capability to promote the resumption 

of meiosis and secondary polar body extrusion. This result allowed us to proceed with the 

investigation of whether PAWP stimulates intracellular calcium rise during fertilization 

even though not every PAWP injected oocyte was expected to be fully reactive.  

Calcium is a ubiquitous intracellular signaling molecule (Berridge et al., 2000) and 

changes in intracellular calcium during signal transduction processes have been widely 

examined. Intracellular calcium transients play a crucial role during fertilization (Stricker 

and Whitaker, 1999; Runft et al., 2002; Kline and Kline, 1992) and the calcium increase 

at fertilization is necessary and sufficient for restarting cell cycle events in eggs of 

ascidians, vertebrates, and echinoderms (Runft et al., 2002). Since PAWP’s induction of 

meiotic resumption, pronuclear formation, and egg cleavage were comparable with eggs 

fertilized in vitro, we hypothesized that PAWP is able to trigger intracellular calcium 

release at fertilization. Our hypothesis was confirmed by the retention of a six-fold 

intracellular calcium increase in oocytes after PAWP injection as compared to the BSA 

and PBS controls. The fact that two of the three oocytes monitored elicited dramatically 

significant calcium increase after PAWP injection compliments the secondary polar body 

extrusion rate described above. As demonstrated by Wu et al. (2007), the meiotic 

resumption and pronuclear development induced by microinjection of PAWP could be 

prevented by co-injection of a PPXY motif-containing peptide but not by co-injection of 

the point-mutated peptide PPXF. In future studies, the blocking peptide and its mutant 

can be employed to further investigate whether the PAWP-induced calcium rise is via the 

PPXY-WW domain module. 
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After Xenopus oocyte fertilization, an intracellular calcium increase of at least 

three-fold over control (as compared to our six-fold increase with PAWP) was first 

reported by Buas and Nuccitelli (1985) and this transient rise in calcium during 

fertilization was also known to be mediated by the production of inositol 1, 4, 

5-triphosphate (IP3) (Busa et al., 1985). Although the involvement of activated PLCγ in 

intracellular calcium signaling has been demonstrated in invertebrates (Carroll et al., 

1999; Carroll et al., 1997; Runft et al., 1999) and it also has been reported that PLCγ is 

activated either directly or indirectly by Src family kinase via its SH2 domains in 

invertebrates (Jaffe et al., 2001), the calcium signaling pathway in vertebrates remains 

unknown. As shown in this study, PAWP was able to trigger intracellular calcium release, 

supporting the crucial role of PAWP at fertilization and suggesting a novel 

PAWP-mediated Ca2+ release signaling pathway.  

The second goal of this study was to identify PAWP’s interacting partner in the 

oocyte in order to begin to understand the molecular mechanism by which PAWP 

contributes to intracellular calcium release and meiotic resumption. Our far-Western blot 

analysis demonstrated that PAWP is capable of binding to a 52 kDa protein in Xenopus 

oocytes cytosolic fraction. Since the PPXY motif of PAWP is functional, supported by the 

facts that PAWP is capable of binding to various WWI domains in vitro via its PPXY 

motifs present and that PPXY peptide can inhibit meiotic resumption and pronuclear 

formation induced by PAWP injection (Wu et al., 2007), we hypothesized that PAWP 

interacts with this 52 kDa binding partner through the PPXY-WW domain module. Our 

hypothesis was confirmed by the inhibition of PAWP binding to the binding partner 

candidate by the synthetic PPXY peptide derived from PAWP and further consolidated by 
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the fact that various single point PPXY motif mutants could not inhibit the interaction 

under the same condition. However, the WW domain of YAP, used as a competitive 

inhibitor in our far-Western blot analysis, only reduced the binding of PAWP to its 

binding partner but never completely blocked the interaction. One possible explanation is 

that PAWP binds preferentially to the 52 kDa binding partner candidate due to the higher 

binding affinity it has for PAWP than the independently expressed WW domain of YAP.  

The affinity difference may arise from sequence and structural differences between 

the WW domains of YAP and the binding partner candidate or the involvement of 

additional structures in the PPXY-WW domain interaction. It has been observed that 

some WW domains are embedded in larger structures or require the presence of the 

ligand to increase their stability. As reported in 2000, dystrophin and β-dystroglycan, 

components of the dystrohin-glycoprotein complex (DGC), interact through a WW 

domain module. Crystal structure has shown that the dystrophin WW domain is 

embedded in an adjacent helical region that contains two EF-hand-like domains. When 

interacting with dystrophin, the proline-rich region of the β-dystroglycan binds to a 

continuous surface formed by the WW domain and one of these EF-hands. Other than the 

PPXY-WW domain module, additional interactions were detected between the EF-hand 

and β-dystroglycan. In dystrophin, the EF-hand region serves to stabilize the fold of the 

WW domain and provide additional specificity in β-dystroglycan recognition. It also has 

been demonstrated that the independently expressed dystrophin WW domain does not 

bind to β-dystroglycan (Huang et al., 2000). A similar observation was made in the Pin1 

complex. The multiple contacts between the prolyl-isomerase catalytic part and the WW 

domain of Pin1 are critical for increasing domain stability and enlarging the binding area 
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(Macias et al., 2002). Thus, it is possible that compared to the independently expressed 

YAP WW domain, the 52 kDa binding partner candidate has additional structures 

contributing to the interaction with PAWP, consequently the binding partner candidate has 

higher affinity for PAWP. Although it is still uncertain if the interaction is solely through 

the WW domain of the binding partner candidate, the fact that the PPXY synthetic 

peptide derived from PAWP can successfully compete for the interaction in ICSI (Wu et 

al., 2007) and far-Western blot analysis strongly suggests the involvement of a 

PPXY-WW domain-mediated signaling pathway at fertilization.  

Several strategies were used to identify the 52 kDa binding partner candidate, and the 

first attempt was made by utilizing YAP antibody. The 52 kDa PAWP binding partner 

candidate and a 65 kDa cytosolic protein were immunoblotted by YAP antibody and the 

recognition of YAP antibody was inhibited by recombinant YAP protein. It suggests that 

although 65 kDa is more close to the MW of mammalian YAP, the 52 kDa candidate 

protein might be Xenopus YAP or a YAP-related protein. However, Xenopus YAP has 

not been identified so far and the Xenopus genome has not completed either. YAP, 

mainly localized in the cytoplasm (Vassilev et al., 2001), was first reported as a novel 

protein that binds to the SH3 of the c-Yes kinase via a SH3 binding motif (Sudol, 1994). 

The group I WW domain identified from YAP allows it to interact with PPXY 

motif-containing proteins (Chen and Sudol, 1995). YAP was also shown to bind to other 

signaling molecules that contain SH3 domains (Sudol, 1994). YAP, conserved among 

higher eukaryotes and expressed in most tissues, has been shown to play important roles 

in intracellular signaling networks such as the c-Yes signaling (Sudol, 1994), estrogen 
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and progesterone receptor transactivation (Dhananjayan et al., 2006), and ErbB-4 

receptor tyrosine kinase pathways (Komuro et al., 2003).  

TAZ, sharing 45% amino acid homology and high structural conservation with YAP, 

was reported as a group I WW domain protein in 2000 (Kanai et al., 2000). Both YAP 

and TAZ contain WW domains and they are able to interact with PPXY motif-containing 

proteins (Kanai et al., 2000). Interestingly, the molecular weight of TAZ is approximately 

50 kDa, which is close to the molecular weight of the PAWP binding partner candidate 

we detected in far-Western assays. The present far-Western competitive inhibition study 

with recombinant GST fusion proteins TAZ and YAP demonstrated that the binding of 

PAWP to its binding partner was significantly reduced by TAZ-GST. Thus, TAZ can 

inhibit the interaction between PAWP and its binding partner, and could therefore be the 

52 kDa protein candidate. 

Based on the characteristics of YAP and TAZ, the PAWP-mediated intracellular 

signaling cascades can be triggered through a kinase-signaling pathway. YAP, identified 

as Yes-associated protein, could bind to c-Yes kinase to trigger cell proliferation-related 

signaling pathways (Chen and Sudol, 1995). The SH3-binding motif also allows YAP to 

bind to other signaling molecules that contain SH3 domains, including Nck, Crk, Abl and 

Src (Chen and Sudol, 1995). PDZ-containing protein TAZ could be linked to the signal 

transduction pathway by PDZ-binding kinase (PBK), regulating a wide range of cellular 

activities such as cell cycle and cellular proliferation (Gaudet et al., 2000). Alternatively, 

we speculate that PAWP may regulate transcription by interacting with YAP or TAZ, in 

addition to its signal transduction role. Due to the similarities between YAP and TAZ, the 
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proteins have overlapping functions in transcriptional co-activation (Kanai et al., 2000; 

Yagi et al., 1999). Upon association with PAWP, YAP or TAZ may be signal-regulated 

to mediate interaction between activation domains and components of the basal 

transcription machinery. It may transmit signals from PAWP to the nucleus to regulate 

the expression of specific target genes. Thus, if YAP or TAZ is involved in the 

PAWP-mediated signaling pathway at fertilization, it is tempting to speculate that they 

deliver PAWP signals by kinase signal transduction or transcriptional regulation. 

To determine whether the PAWP binding partner candidate is YAP, TAZ or a novel 

protein, MALDI-TOF MS was used as another strategy to identify the protein. When 

searched against the Swiss-Prot database, the peptide mass fingerprinting obtained from 

the 52 kDa band did not conclusively match YAP or TAZ sequences. Since there were 

probably multiple proteins in the molecular weight range of 52 kDa, the signal from this 

PAWP binding partner could be overwhelmed by signals from other major proteins. 2D 

gel was analysis also utilized for better resolution of the cytosolic proteins. The PAWP 

binding partner candidate was detected in 2D mini gels; however, it was not detected in 

2D large gel by far-Western analysis or identified by MS.  

The low range of detection in 2D large gel is probably due to the low abundance of 

the PAWP binding partner candidate protein in Xenopus oocytes. Future endeavors will 

focus on reducing the sample complexity and enriching the abundance of the binding 

partner candidate. Since the approximate isoelectric point of the PAWP binding partner 

candidate has been identified, an isoelectric focusing (IEF) fractionator, which 

concentrates proteins into fractions on the basis of isoelectric point using solution phase 
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isoelectric focusing, could be utilized before 2D electrophoresis to enrich the binding 

partner candidate. In addition to the IEF fractionator, ion exchange chromatography 

(IEC), a high resolution technique for separating proteins according to their charge, could 

also be used in this study. Each eluted fraction from the IEC could then be tested by 

far-Western analysis to determine whether it contains the 52 kDa PAWP binding partner. 

The fraction containing the protein of interest may then be subjected to MS. If necessary, 

tandem chromatography may be employed to further separate the proteins until the 

protein of interest becomes the most abundant component of the sample. Alternatively, in 

vitro pull-down or co-immunoprecipitation (Co-IP) assays could serve to enrich the 

PAWP binding partner candidate by capturing it on immobilized PAWP. One advantage 

of pull-down and Co-IP assays over other techniques is that the PAWP binding partner 

will be captured under non-denaturing conditions thus enabling retention of protein 

complexes that contribute to the binding rather than only the direct binding partner. 

Another possibility is that the 52 kDa binding partner candidate is neither YAP nor 

TAZ, instead, it is a novel WW domain protein and the amino acid sequence is still 

unknown. If so, by using MALDI-TOF MS, which is only able to generate peak lists of 

masses of the detected peptides but not the sequence of these peptides, it is 

understandable why we cannot match the detected peptides with the available database 

and identify this protein. Thus, Q-TOF MS might also be utilized in sequencing this 52 

kDa binding partner candidate. 

 PLCζ, another SOAF candidate, was identified in 2002 (Saunders et al., 2002), and 

is reported to be able to trigger calcium oscillations during fertilization in different 
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mammalian species, such as mouse, pig, chimpanzee and human oocytes (Swann et al., 

2006). Although it has been established that PLCζ is only expressed in testis (Saunders et 

al., 2002), and the PLCζ protein is specifically present in whole sperm and in sperm 

extracts (Saunders et al., 2002; Cox et al., 2002), the precise localization of PLCζ in 

sperm is still unclear. The current Western results indicate that the PLCζ protein comes 

off in Triton extraction (Oko et al., unpublished data), suggesting that the PLCζ is 

localized in the acrosome rather than the perinuclear theca, which is where SOAF is most 

likely harhoured (Sutovsky et al., 2003). Furthermore, the developmental studies confirm 

that PLCζ is mainly in the acrosomal region during spermiogenesis (Oko et al., 

unpublished data). Therefore, it is questionable whether PLCζ is a perinuclear theca 

harboured SOAF candidate and regulates signaling pathway during fertilization. 

 In summary, this study uncovers a potential PAWP-mediated signaling pathway to 

trigger calcium release and secondary polar body formation in egg activation. The 52 kDa 

PAWP binding partner candidate is detected in the cytoplasm of Xenopus oocytes and it 

interacts with PAWP via a PPXY-WW domain module. This binding partner candidate 

could be YAP, TAZ or a novel protein and its identification is being pursued. 
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