
Identification of YAP as sperm-PAWP’s predominant binding 

partner in MII-arrested oocytes and the relevance of this WWI 

domain modular interaction to oocyte activation 

 

By 

Mengqi Shi 

 

 

A thesis submitted to the Graduate Program of Anatomy and Cell Biology 

Department of Biomedical and Molecular Sciences 

in conformity with the requirements for 

the degree of Master of Science 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(May, 2016) 

Copyright © Mengqi Shi, 2016 



i 
 

Abstract 

PAWP, a candidate sperm-borne oocyte activating factor, induces oocyte activation 

and acts upstream of the calcium signalling pathway, however, PAWP’s downstream 

signalling pathway in oocyte cytoplasm remains to be uncovered. Data from our lab suggested 

that the interacting partner of PAWP, at least in the frog (Xenopus laevis) model may be YAP, 

a highly expressed protein in amphibian and mammalian oocytes. Therefore, the objectives of 

this study were to confirm that PAWP’s predominant binding partner in Xenopus laevis oocyte 

is YAP; to determine if mammalian oocyte activation is also dependent on PAWP-YAP 

interaction; and to verify that the PAWP-YAP interaction during oocyte activation is 

dependent on the WWI domain module. By immunohistochemistry, YAP was localized 

predominantly in the cytosol of metaphase II-arrested Xenopus laevis oocytes, where 

presumably the PAWP-YAP interaction occurs. Utilizing Far Western blotting, YAP was 

identified as the predominant binding partner of PAWP, in metaphase II-arrested frog 

(Xenopus laevis), swine (Sus scrofa) and mouse (mus musculus) oocytes. The specificity of 

this interaction was then tested on Far Western blotting of mouse ovarian and oocyte cytosolic 

extracts, by competition with both wild-type and point-mutated recombinant WWI domains 

derived from YAP. The removal of GST from the wild-type WWI-GST fusion protein was a 

requirement for effective blockage of WWI module interaction between PAWP and YAP. As 

expected, the mutated WWI domain was ineffective in inhibiting the PAWP-YAP interaction. 

To conclude, this study identified YAP as the predominant binding partner of PAWP in both 

amphibian and mammalian oocytes, and showed this interaction is dependent on the WWI 

modular interaction. The results allow us to test the functional relevance of this WWI modular 

interaction during oocyte activation in vivo, in the future. 
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Chapter 1 – Introduction 

1.1 Fertilization 

Fertilization refers to the process whereby the sperm and the egg, collectively called 

the gametes, fuse together to create a zygote, which then develops to form a new individual 

(Okabe, 2013). Upon fusing with egg at fertilization, the sperm not only contributes the 

paternal genome for embryonic development but also provides several molecular, biochemical 

and physiological factors required to initiate embryonic development. 

Successful fertilization is primarily determined by the production of healthy mature 

gametes. It is regulated by the biochemical factors during the sperm maturation in the 

epididymis and female reproductive tract; as well as the interaction of sperm and oocyte before 

and during their fusion (Yanagimachi, 2011). 

To fully appreciate the function of sperm-derived biochemical factors during sperm 

and oocyte fusion, it is important to briefly address the subcellular structure of sperm head, 

especially the cytosolic structure that is incorporated and delivers sperm content to the 

ooplasm. 

  

1.2 Sperm Head Structure 

The general architecture of the mammalian spermatozoa head is similar except the 

differences in shape. Processing from inside-out, mammalian sperm head is composed of a 

nucleus, perinuclear theca (PT), and acrosome (Jonge and Barratt, 2006). 
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1.2.1 Perinuclear Theca 

The PT is a condensed cytosolic layer that conceals the nucleus except for the basal 

region where the tail implants into. It has been traditionally considered as a cytoskeletal 

structure that protect the nucleus and maintain the whole sperm head (Bellve et al., 1992; 

Longo et al., 1987). However, along with the identification and characterization of molecular 

composition of the PT, it has been suggested that PT is involved in spermiogenesis, anti-

polyspermy defense, oocyte activation, fertilization, and early development (Sutovsky et al., 

2003). PT has been divided into two structurally continuous subdomains, the subacrosomal 

layer (SAL-PT) that underlies the acrosome, and the postacrosomal sheath (PAS-PT) that 

extends caudally beyond the acrosome and directly lies between the plasma membrane and 

the nucleus (Figure 1.1) (Oko et al., 1990; Oko and Maravei, 1994; Oko, 1995). The protein 

composition of SAL-PT and PAS-PT are mostly distinct (Brewis and Gadella, 2010; Holland 

and Ohlendieck, 2015), except calicin, a structural protein found in both compartments (von 

Bulow et al., 1995). Sequential sperm extraction and fraction allows the extraction of PT 

(Olson and Winfrey, 1988). Sperm heads are first isolated from tails by sonication and sucrose 

gradient purification. The process is continued by non-ionic detergent (Triton X-100, NP40, 

etc.) extraction to obtain the acrosomal and membranous sperm structures, followed by 

alkaline extraction to collect the PT components (Oko and Maravei, 1994). This group of 

distinct non-ionic detergent-insoluble PT proteins composing the major portion of PT have 

been isolated by differential extraction of the sperm head, and resolved by SDS-PAGE, 

showing that the PT extracts are composed of 6 prominent proteins of 15, 24, 28, 31, 36, and 

60 kDa (arrows in Figure 1.2) (Oko and Maravei, 1994; Wu et al., 2007a). 
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Figure 1.1. Diagrammatic representation of a mid-sagittal section through the head of a 

spermatozoon. The perinuclear theca is the condensed cytosolic layer that covers most of the 

nucleus. The PT can be divided into two regions: the subacrosomal layer (SAL, orange) and 

postacrosomal sheath (PAS, red). The dashed line represents the inner acrosomal layer (IAM). 
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Figure 1.2. Protein profile of bovine sperm PT extract. Lane 1, molecular weight standards in 

kDa. Lane 2, Coomassie Brilliant blue stained proteins of the alkaline PT extract. Arrows 

show position of known prominent PT constituents whose sequences have been identified. 

Lanes 3, Western blot strip of the PT extract, immunostained with rabbit sera isolated after 

first boost of immunization with the PT extract. The position of PAWP is marked by the 

double-headed arrows (Modified from Oko and Maravei, 1994; Wu et al., 2007a). 
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1.2.2 Release of PT during Fertilization 

During natural fertilization, the acrosome-reacted sperm fuses with the oocyte initially 

at the equatorial region of the sperm head, a process known as fertilization fusion (Figure 

1.3A) (Bedford et al., 1979; Gadella and Evans, 2011). Following sperm-oocyte fusion, the 

PAS-PT is exposed to the oocyte cytoplasm prior to any other sperm structures (Figure 1.3B). 

The PAS-PT content disassembles rapidly and appears to be sufficient to initiate oocyte 

activation (Figure 1.3C). The oocyte microvilli then pull the rest of PT and sperm nucleus into 

the oocyte and PT becomes solubilized in the oocyte cytoplasm (Figure 1.3D) (Sutovsky et 

al., 1997; Sutovsky et al., 2003).  
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Figure 1.3. Schematic demonstration of the disassembly of sperm PT content into oocyte 

cytoplasm at fertilization. Panel A. Acrosome-reacted sperm sides up to the oolemma of the 

oocyte (O). Panel B. Oocyte microvilli fuse with the sperm plasmalemma (PM) overlying the 

equatorial segment (ES), exposing the PT to the oocyte. Panel C. As the membrane fusion 

proceeds caudally the exposed PAS-PT becomes solubilized rapidly, releasing its content into 

oocyte cytoplasm, coincident with oocyte activation. Panel D. With the help of the oocyte 

microvilli, the whole sperm is incorporated into the ooplasm (Modified from Sutovsky et al., 

2003). 
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1.3 Oocyte Activation 

Oocyte activation is a series of events that converts a metaphase-II (in meiosis-II) 

arrested oocyte into a fertilized egg ready to begin embryogenesis (Vanden Meerschaut et al., 

2014; Williams, 2002). This transition is usually triggered by a calcium-based signal, and 

includes the following events: polyspermy prevention, meiotic resumption, pronuclear 

formation, changes in maternal mRNA and protein population, and cytoskeletal 

rearrangements (Horner and Wolfner, 2008; Krauchunas and Wolfner, 2013). Calcium-release 

is often regard as the early universal signal of oocyte activation (Steinhardt et al., 1974), and 

in turn triggers meiotic resumption and pronuclear formation. In most species examined, the 

intracellular calcium appears as a wave propagating from the site of sperm-oocyte fusion to 

the opposite side of the oocyte. In echinoderms and frog (Xenopus laevis) eggs, a single rise 

in cytosolic calcium level occurs after sperm-egg fusion (Busa and Nuccitelli, 1985; Jaffe, 

1983; Nuccitelli, 1991; Whitaker and Baker, 1983; Zimmerberg and Liu, 1988). Calcium 

oscillations, referred as a single transient rise of calcium and several subsequent waves of 

calcium-release, are observed during mammalian oocyte activation. These oscillations were 

shown to persist for several hours or until pronuclear formation (Krauchunas and Wolfner, 

2013; Nomikos et al., 2012; Stricker, 1999; Wang and Machaty, 2013). 

 

1.3.1 Mechanism of Calcium-Release in Oocyte 

Multiple hypotheses for the calcium-release mechanism at fertilization have been proposed to 

explain the generation of calcium in fertilized eggs (Figure 1.4) (Nomikos et al., 2012). The 

currently favored and more plausible mechanism suggests that the sperm delivers a sperm-

borne sperm-borne oocyte activating factor (SOAF), most likely located within the PT, to the  
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Figure 1.4. Schematic diagrams of four hypothesized mechanisms of calcium-release during 

fertilization (Nomikos et al., 2012). The calcium bomb hypothesis proposes that sperm itself 

provides the calcium upon entry to stimulate further calcium-release. The conduit hypothesis 

suggests that the sperm facilitates the extracellular calcium into the oocyte. Whereas the 

contact hypothesis advices that the sperm interacts with an oocyte receptor to produce IP3 

which is responsible in triggering the calcium-release from the ER. The currently favored 

mechanism of the calcium-release during fertilization is that the sperm delivers a SOAF, to 

the oocyte upon gamete fusion. SOAF then acts to activate the IP3 signalling pathway as in 

the contact hypothesis. 
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oocyte cytoplasm upon sperm-oocyte fusion (Kimura et al., 1998; Sutovsky et al., 2003). This 

mechanism is favored by the direct evidence that sperm extracts or whole sperm from a 

number of species, including nemertean worms, ascidians, Xenopus laevis, and mammals, 

contain a protein factor which when injected into eggs triggers calcium-release very similar 

to those seen at natural fertilization (Homa and Swann, 1994; Kyozuka et al., 1998; Nakano 

et al., 1997; Palermo et al., 1997; Stricker, 1996; Stricker, 1997; Swann, 1990; Tesarik and 

Sousa, 1994; Wu et al., 2007a; Wu et al., 1997). Most importantly, microinjection of Triton-

demembranated mouse sperm heads (with perinuclear material, but without any membranes), 

are not only capable of activating oocytes but also of supporting normal embryonic 

development in vitro more efficiently than when utilizing intracytoplasmic sperm injection 

(ICSI) with the whole mouse sperm (Kimura et al., 1998; Kuretake et al., 1996; Perry et al., 

1999; Perry et al., 2000).The SOAF is expected to act upstream of intracellular calcium-

release upon sperm-oocyte fusion and activate the IP3 signaling pathway, where 

phosphatidylinositol 4,5-bisphosphate (PIP2) is cleaved by phospholipace C (PLC) into 

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 then triggers the calcium-

release from endoplasmic reticulum (ER) by binding to IP3 receptors located on the membrane 

of ER (White et al., 2010). Calcium further serves as a secondary messenger that activates 

downstream effectors of zygotic development (Cox et al., 2002; Saunders et al., 2002; Xu et 

al., 1994). This mechanism is confirmed by the fact that the entry of PAS-PT appears 

sufficient to initiate the early events of oocyte activation, including calcium-release 

(Morozumi et al., 2006; Sutovsky et al., 2003). 
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1.3.2 Sperm-borne Oocyte Activating Factor (SOAF) 

There has been about three decades of intensive research to identify the exact SOAF. 

According to the existing research findings, to be considered as a SOAF, candidate should 

meet the following requirements: 1) SOAF is a sperm-specific protein (Jones et al., 2000; 

Perry et al., 2000); 2) SOAF resides in sperm PAS-PT and remains in the same compartment 

during sperm-oocyte fusion (Oko and Sutovsky, 2009; Oko et al., 2011); 3) SOAF originates 

in elongating spermatids during spermiogenesis (Kimura and Yanagimachi, 1995; Ogura et 

al., 1994); 4) SOAF-mediated intracellular calcium-release is inhibited by relevant antibodies 

and/or competitive peptides (Runft and Jaffe, 2000; Runft et al., 2002; Sutovsky et al., 2003). 

In addition, SOAF is considered to be highly conserved and interchangeable between species 

(Hogben et al., 1998; Parrington et al., 1999; Parrington et al., 2000), this is also supported by 

the data that Xenopus oocyte respond to SOAF in a similar manner as mammalian oocyte (Wu 

et al., 2007a). 

 

1.4 Postacrosomal Sheath WW Domain-binding Protein (PAWP) 

Discovery of postacrosomal sheath WW domain-binding protein (PAWP) was based 

on a proteomic search of the alkaline extracted sperm PT fraction, in which SOAF is expected 

to reside (Wu et al., 2007a). PAWP, the 32kDa protein (see arrowheads in lanes 2 and 3, 

Figure 1.2), is a relatively less prominent member of the alkaline-extractable fraction, 

however it appears to be the most antigenic (Sutovsky et al., 2003; Wu et al., 2007a). 

PAWP gene, also known as WW domain-binding protein 2 N-terminal Like 

(WBP2NL), (NCBI Gene ID: 164684, 523070, 74716, 100153788 and 494729 for Homo 

sapiens, Bos taurus, Mus musculus, Sus Scrofa, and Xenopus laevis respectively) codes a 
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sperm-specific protein of approximately 32kDa (Figure 1.5). This protein (PAWP) shares a 

49% sequence similarity to WW domain-binding protein 2 (WBP2, NCBI Gene ID: 23558) 

in its N-terminal half (Wu et al., 2007a) . Evolutionary study demonstrates WBP2 originate 

in Drosophila and/or Caenorhabditis elegans and then diverged into WBP2NL and WBP2 in 

higher organisms (Figure 1.6). The C-terminal halves of WBP2 and WBP2NL share repeating 

PPxY (x designates any amino acid) motifs. One or more PPxY consensus motifs are 

identified in the proline rich region of PAWP dependent on the species. 
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Figure 1.5. Sequence alignment of human, bull and mouse PAWP. Multiple protein sequence 

comparison of human (Gene ID: 164684), bull (Gene ID: 523070), mouse (Gene ID: 74716), 

swine (Gene ID: 100153788) and Xenopus (Gene ID: 494729) PAWP using ClustalW Server. 

The sequence alignment shows a species conservation in the N-terminal half of the PAWP 

(indicated by >>>) and the shared consensus PPxY motifs (highlighted) in the C-terminal half. 

  >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 
human           MAVNQSHTENRRGALIPNGESLLKRSPNVELSFPQRSEGSNVFSGRKTGTLFLTSYRVIF 

bull            MAVNQSHTESRRGALIPSGESVLKQCEDVDLCFLQKPVESYLFNGTKKGTLFLTSYRVVF 

mouse           MAVNQNHTVDRRWAAIPHGESLLKKCSEVDLSFPQSPPGSNLFSGTKRGALFLTSYRVIF 

swine           MAVNQSHTENRRGAVIRFGESVLKQCQDVDLSFLQQPAGSDLFRGTKKGTLFLTSYRVIF 

xenopus         MSLNKDHSQG-AGIIVSNGESILRQCKDVELSFSDMSHKSEAFRGTKKGSLFLTAYRVIF 

 

  >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 
human           ITSCSISDPMLSFMMPFDLMTNLTVEQPVFAANFIKGTIQAAPYGGWEGQATFKLVFRNG 

bull            VTSHLVNDPMLSFMMPFGLMSDCTIEQPIFAPNYIKGTIQAAPGGGWEGQAVFKLSFRKG 

mouse           VTSRADNDPMFSFTMPFHLMNNCTVEQPIFGANYIKGTIQAAPDGGWEGSATFKIVFRKG 

swine           VTSHSVDDPMFSFMMPFDLMSNCTIEQPVFAPNYIKGTVQAAPDGGWEGQAVFKLSFRKG 

xenopus         LNKGK--DPMMSFNMPFYMMKGCSIEQPVFSANYIKGTISAEPGGGWEGQASFKITFNSG 

 

  >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 
human           GAIEFAQLMVKAASAAARGFPLRTLNDWFSSMGIYVITGE-GNMCTPQMPCSVIVYG--- 

bull            GAIEFAQLMVKAASAAARGIPLGSVNYWFDTSGLYIITVPGAAVCSSQTPCPAY------ 

mouse           GAIDFAQLMAKAASAAAQGVPLRVASFWMGPLGIYVITGDRNMYAPQAYQVAYGAPPAG- 

swine           GAIEFAQLMMKAASAAARGIPLGSVNYWYGTSGLFVITTPGGTTCTQRTPCPVIRYGAPP 

xenopus         GAIEFGQIMFKMATCASRTPPVPHAAYGYTPAPGGYAHG--------------------- 

 

human           ------------------APPAGYGAPPPGYGAP-------------------PAGYGAQ 

bull            -----PIVIYGPPPPGYTVQPGEYGTPPEGYGAQ-------------------PGGYGAP 

mouse           --YGASPVGYGVPSAGYGAPPAGYGAPPVGYVAPSPGYDVLPPGYGAVRYGSPPPLYVAT 

swine           PGYGAPPPGYGAPPPGYGAPPERLEAPPAGYGAP-------------------SAGYEAS 

xenopus         ---------------GYPPAPGIYTPPPQPSGPYP---------------------YGPP 

 

human           PVGNEGPPVGYRASPVRYGAPPLGYGAPPAG---YGAPPLGYGAPPLGYGTPPLGYGAPP 

bull            PMGYGAPPVGYGVPPGGYGVPPGGYGVPPGG---YGAPPGGYGVPPGGYGAPPGGYGAPP 

mouse           PMGYGVPPPGYGPPPVRYGSPPPGYEAPTME---YGAQPPRYGTTPMGSGSPPPRYEAPP 

swine           PARYDALPPGYGASPERHEAPPAGYGVPSAG---YEAPPARYDAPPPGYGASPERYGAPS 

xenopus         AMNGYGPPPNPMGYPYAPPAGPGMYPPPPEMNPIYMAPPPPYPGPPYN-GTPYNGTPAPS 

 

human           LGYGAPPAGNEGPP-------AGYRASPAGSGARPHESTAAQAPENEASLPSASSSQVHS 

bull            AGYGAPPAGNEALP-------PAYEAPSAGNTAASHRSMTAQQ---ETSLPTTSSS---- 

mouse           MGYGTPPSGRESIPPGSRATSVAQEAPPAGSEAGHPMSVAVQNPEFQASFPSTSSSQVHS 

swine           AGYGHTTAGNEAPP-------LAYEAPSAGNRAASHKSVAAQP---EASLPSTSSSQAHL 

xenopus         APTGCMNAGMPGGS------KAAEAASSAYYNPADPHNVYMPMDRPPPYAPNDDKKNN-- 

 

human           ----- 309 

bull            ----- 313 

mouse           PRSKM 354 

swine           PPSKK 333 

xenopus         ----- 291 
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Figure 1.6. Phylogenetic tree of WBP2NL and WBP2. Genetically, WW domain-binding 

protein 2 N-terminal Like (WBP2NL or PAWP), initially observed in zebra fish, was evolved 

from WW domain-binding protein 2 (WBP2). Reprint from EnEMBL Gene Tree ID: 

ENSG00000183066. 
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1.4.1 PAWP Meets the Criteria of SOAF 

PAWP meets both the developmental and functional criteria of SOAF. First of all, 

PAWP is a sperm-specific protein, the localization of which is only restricted to the elongated 

spermatids, in contrast to the round spermatids. It assembles along and resides exclusively in 

the PAS-PT (Wu et al., 2007a; Wu et al., 2007b). 

Microinjection of recombinant PAWP (rec-PAWP) was shown to release Xenopus and 

bovine oocyte from meiosis-II and induce pronuclear formation, as PT extract induced oocyte 

activation (Wu et al., 2007a). Microinjection of rec-PAWP into Xenopus oocytes induced 

calcium-release (Aarabi et al., 2010), the pattern of which was similar to that of calcium-

release induced by injection of Xenopus sperm and natural fertilization (Busa and Nuccitelli, 

1985; Machaca, 2004). PAWP was also demonstrated to trigger calcium oscillations and 

pronuclear formation in both human and mouse oocytes similar to the observation during 

intracytoplasmic sperm injection (ICSI) (Aarabi et al., 2014b).  

Furthermore, PAWP induced oocyte activation can be effectively blocked by anti-

PAWP antibodies (Aarabi et al., 2010; Wu et al., 2007a) and a PPxY peptide derived from 

PAWP (Aarabi et al., 2014b; Wu et al., 2007a). 

In 2014, PAWP was suggested to be a biomarker of successful fertilization and 

preimplantation development for ICSI, validating its role, as SOAF during fertilization 

(Aarabi et al., 2014a; Kennedy et al., 2014). 
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1.4.2 PPxY motif 

The repeating PPxY motifs appear to be the only conserved features of the C-terminal 

region of PAWP among species. PPxY motifs are identified in molecules mediating protein-

protein interactions, and bind WWI domain-containing proteins, including YAP, TAZ, Nedd-

4, Rsp5, Dystrophin and Utrophin, which are involved in variety of cellular signalling 

pathways (Ilsley et al., 2002; Kanai et al., 2000; Kay et al., 2000; Sudol et al., 1995b). 

 

1.5 The Binding Partner of PAWP 

1.5.1 WWI Domain 

Type I WW (WWI) domains are one of the smallest protein domains (approximately 

40 amino acids) that mediate protein-protein interaction, are stable as a triple stranded 

antiparallel β-sheet in the absence of disulfide bonds, tightly bound ions or ligands (Ilsley et 

al., 2002; Macias et al., 2002). This small domain has been shown to mediate protein-protein 

interaction. Two major features of the WWI domain primary structure are 1) two highly 

conserved tryptophans spaced by 20-22 amino acids; 2) a conserved proline located +3 to the 

second conserved tryptophan (Espanel and Sudol, 2001). A previous study of Sudol’s group 

showed that point-mutation of this highly conserved proline to alanine (P202A WWI domain) 

results in the failure of binding to PPxY motif, indicating its importance for interacting with 

other proteins (Chen et al., 1997). 
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1.5.2 Yes-associated Protein (YAP) 

The identification of YAP was as a result of its ability to associate with Src homology 

domain 3 (SH3) of Yes and Src protein-tyrosine kinases (Sudol, 1994). This protein has not 

only the binding sites for PPxY motif (the WWI domain), but also a SH3 binding motif. 

Despite the fact that YAP is implicated in mediating protein-protein interactions and 

intracellular signalling in several studies, through its WWI and SH3 domains (Chen and Sudol, 

1995; Chen et al., 1997; Espanel and Sudol, 2001), it has a relatively high expression level in 

placenta, uterus, and ovary (Sudol et al., 1995a) (arrow in Figure 1.7A). Previous comparative 

expression studies between cells and tissues showed a much higher expression in oocyte 

compared with ovary (arrows in Figure 1.7B).  

Based on unpublished protein-protein interaction experiments in our lab (Qin, 2008), 

our overall hypothesis is that YAP acts as an intermediate protein that interacts with both 

PAWP (through WWI domain) and PLCγ (through SH3 binding motif) during fertilization. 

PLCγ then becomes activated noncanonically and functions to cleave PIP2 in the IP3 signalling 

pathway, resulting in calcium-release in the oocytes (Figure 1.8). 
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Figure 1.7. The pattern of YAP mRNA expression in different mouse tissues and cells. High-

throughput gene expression profiling of YAP gene reveals a relatively high expression in 

placenta, uterus, and ovary (arrow in panel A); and a much higher expression in oocyte 

compared with ovary (arrows in panel B). Panel A was acquired from BioGPS gene annotation 

portal based on the high-density oligonucleotides array datasets in 2015 

(http://biogps.org/#goto=genereport&id=22601). Panel B, adapted from PhD thesis of Aarabi, 

M (2013), was acquired from BioGPS gene annotation portal in 2013 (Aarabi, 2013). 

  

http://biogps.org/#goto=genereport&id=22601


20 
 

 

 

  



21 
 

 

 

 

Figure 1.8. Schematic illustration of the proposed PAWP-YAP interaction that may lead to 

calcium-release during oocyte activation. The red dotted arrows represent interactions 

between the WWI domain module and SH3 domain module. 
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1.5.3 The Interaction of PAWP and WWI domain 

Since the discovery of PAWP and its PPxY motifs, Wu et al., (2007a) began to 

characterize PAWP’s interactive capability with other proteins. By in vitro binding analysis, 

they reported that recombinant PAWP (rec-PAWP) interacts with WWI domains of YAP and 

Nedd4, via its PPxY motif. The specificity of this interaction was confirmed by an in vitro 

competitive inhibition analysis, showing these interactions between PAWP and the WWI 

domains to be blocked by a synthetic  PPxY peptide derived from PAWP, but not by its point-

mutated form, PPxF (Wu et al., 2007a). Importantly, pronuclear formation of Xenopus oocytes 

induced by rec-PAWP or PT extract was blocked effectively by PPxY motif, as opposed to 

PPxF peptide (Wu et al., 2007a). 

Consistent with the results shown in the Xenopus oocyte model, microinjection of rec-

PAWP or sperm with PPxY peptide resulted in blockage of calcium oscillation and other steps 

of oocyte activation in both mouse and human oocytes. In contrast, such inhibition did not 

occur when PPxY was substituted with its inactive point-mutant, PPxF (Aarabi et al., 2014b).  

 

1.6 Project Hypothesis and Objectives 

As evident in the literature, PAWP triggers oocyte activation (i.e. calcium-release and 

pronuclear formation), in both amphibian (Xenopus) and mammalian (swine, mouse, human) 

models. Importantly, both PAWP- and sperm-induced oocyte activation can be blocked by 

co-injection of a synthetic peptide derived from the PPxY motif of PAWP and this inhibitory 

effect is abrogated if the tyrosine in the motif is substituted with phenylalanine (Aarabi et al., 
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2010; Aarabi et al., 2014b; Wu et al., 2007a). This indicates that PAWP most likely mediates 

oocyte activation through WWI module protein-protein interaction signalling. 

Furthermore, unpublished PAWP protein interaction studies on Xenopus oocyte 

cytosolic extracts in our lab suggest that predominant binding interaction of PAWP is with 

YAP (Qin, 2008). This is in agreement with expression studies showing that YAP is highly 

expressed in the oocyte in comparison to a variety of tissue. In addition, as explained earlier, 

YAP is the only WWI domain containing protein that has a SH3 domain that could potentially 

interact and activate PLCγ to induce calcium-release. Thus the overriding hypothesis of this 

study is that oocyte activation during amphibian and mammalian fertilization is dependent on 

a PAWP-WWI domain interaction most likely involving YAP. 

Therefore the objectives of this study are: 

1) To confirm that PAWP’s predominant binding partner in Xenopus oocyte is YAP 

and show this to be the case in mammalian oocyte as well. Far Western blotting 

was performed to analyze the interaction of recombinant forms of PAWP and 

endogenous YAP in Xenopus and mammalian oocytes. 

2) In order to test the specificity of the PAWP-YAP interaction, in other words the 

involvement of WWI domain module in this interaction, vector expressed and 

purified wild-type and mutant forms of the WWI domain of YAP were utilized in 

competitive inhibition trials between rec-PAWP and endogenous YAP in ovary 

and oocyte. 
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Chapter 2 – Materials and Methods 

2.1 Mouse Organ Collection and Manipulation 

The animal protocol of this study was approved by Queen’s University Animal Care 

Committee (Kingston, ON, Canada; Approval No. Oko-2012-017). Both mature female and 

male mice (Mus musculus; CD-1 strain) were purchased from Charles River Laboratories 

International, Inc. and euthanized by cervical dislocation. Brain, testis and ovary were 

collected from mice, and were lysed in PBS with 1mM phenylmethylsulfonyl fluoride (PMSF; 

serine protease inhibitor) and sonicated on ice until homogenized. Tissue homogenates were 

then centrifuged at 15,000 × g for 10 min for collecting sonicated supernatants (cytosolic 

fractions). 

 

2.2 Superovulation, Oocyte Collection and Manipulation 

Sexually mature female CD-1 mice were intraperitoneally injected with 0.1mL of filter 

sterilized saline containing 10 IU pregnant mare serum gonadotrophin (PMSG; Sigma-Aldrich, 

St. Louis, MO, USA). After 48 hrs 10 IU Human Chorionic Gonadotropin (HCG; Sigma-

Aldrich, St. Louis, MO, USA) in 0.1mL sterile saline was injected (Luo et al., 2011). The 

super-ovulated mice were euthanized 12 hrs after HCG injection. Oviducts were dissected 

from the superovulated mice and placed in a petri dish containing 0.5mL M-2 Mouse Embryo 

Culture Medium (Millipore, Darmstadt, Germany), where the ampulla was torn open to 

release the oocytes. The cumulus oophorus is removed by hyaluronidase (Sigma-Aldrich, St. 

Louis, MO, USA). Oocytes were washed in 5 droplets of PBS and stored at -20oC. 
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Xenopus oocytes were collected, and in vitro matured until they were arrested at 

metaphase-II, by the past lab members. Mature Xenopus laevis oocytes were sonicated in PBS 

with 1mM PMSF on ice until homogenized, and then centrifuged at 15,000 × g for 10 min to 

collect the cytosolic fraction. 

Swine oocytes were generous gift from Dr. Peter Sutovsky (University of Missouri, 

USA). These oocytes were collected at germinal vesicle stage and in vitro matured till MII 

stage. 

 

2.3 Antibody Preparation and Affinity Purification 

Anti-PAWP_4A serum was raised in rabbits against the sequence of human PAWP. 

PAWP antibody affinity purification column, containing chopped blots of human rec-PAWP 

protein, was prepared in order to affinity purify anti-PAWP antibody. The column was 

initially blocked in TBS containing 10% goat serum and washed in TBS with 0.5% Tween. 

Anti-PAWP_4A serum was diluted 1:50 in TBS and incubated in the prepared affinity 

purification column overnight at 4oC with agitation. The column was then washed with TBS-

0.5% Tween for 3 times, 5 min each before eluting from the column by 0.1M glycine-HCl 

(pH 2.5). The elution was then immediately neutralized by 1M Tris (pH 8.0). 

Anti-Xenopus YAP antibody (GenScript, Piscataway, NJ, USA), raised in rabbit, is an 

affinity-purified antibody against the sequence “AQHLRQSSYEIPDDVC” of Xenopus YAP. 

Commercial anti-YAP (H-125) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) is a rabbit polyclonal antibody raised against epitope corresponding to amino acids 206-

330 of human YAP. 
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Commercial anti-WBP2 (N-14) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) is an affinity purified goat polyclonal antibody raised against a peptide mapping near 

the N-terminus of WBP2 of human origin. 

Secondary antibody (PI-1000) (Vector Laboratories, Burlingame, CA, USA) is a HRP 

conjugated anti-rabbit IgG (H+L) raised in goat. HRP conjugated anti-goat IgG (sc-2033) 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) is raised in donkey. 

Commercial anti-GST (Z-5) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) is a HRP conjugated polyclonal antibody raised against a sequence of GST. 

 

2.4 Recombinant Proteins/peptides 

2.4.1 Recombinant Human PAWP (rec-hPAWP) 

Recombinant human PAWP (rec-hPAWP) protein was purchased from GenScript 

(Piscataway, USA). This recombinant protein was fused with PolyHis tag, overexpressed and 

produced in mammalian cell line. The protein was purified by His-tag beads chromatography. 

 

2.4.2 Truncated Human PAWP (Tc-hPAWP) and Mutated Truncated hPAWP (mTc-hPAWP) 

Truncated hPAWP (Tc-hPAWP) and mutated truncated hPAWP (mTc-hPAWP) were 

designed and produced to substitute mammalian cell expressed full size hPAWP. The N-

terminal half of full size hPAWP was removed, with the proline rich region containing the 

functional PPxY motif (PPGY) remained (Tc-hPAWP). A single point-mutation of tyrosine 

to phenylalanine (PPGF) was induced to construct the mutant truncated hPAWP (mTc-

hPAWP). 
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Using sterile technique, plasmid transfected host E. coli cells were firstly streaked on 

Luria-Bertani (LB) agar (supplemented with 100µg/mL ampicillin) culture plate and cultured 

in a 37oC incubator. After 16 hours, single colonies were picked and inoculated into 5mL of 

Luria-Bertani (LB) Lennox broth (Bioshop, Burlington, Canada) supplemented with 

100µg/mL ampicillin and grown at 37oC in an orbital shaker at 250 rpm until the optical 

density (OD) at 600nm reached between 0.6-1.0. Then 5 to 25µL of these pre-cultures were 

then inoculated into 50 to 250mL of ampicillin supplemented LB broth in an Erlenmeyer 

flakes. The culture were allow to grow with vigorous shaking at 37oC, until the OD at 600nm 

reached 0.6-1.0. The expression of rec-Tc/mTc-hPAWP was induced by incubating with 

0.56mM Isopropyl β-D-1-thiogalactopyranside (IPTG) for 4 hours at 37oC with agitation. 

Harvested bacterial cell pellet was then sonicated in PBS with 1mM PMSF on ice until 

homogenized, and then centrifuged at 15,000 × g for 10 min to collect supernatant (cytosolic 

extraction). The PolyHis-tagged Tc- and mTc-PAWP proteins was purified by incubating with 

Ni-NTA Magnetic Agarose Beads (Qiagen, Hilden, Germany), with 10mM imidazole to 

prevent non-specific binding, at 4oC overnight. The affinity of the His-tag for Ni2+ allows the 

separation of the fusion product from the bulk of other bacterial proteins. After washing away 

the impurities, the Tc- and mTc-proteins were eluted from the Ni-beads under non-denaturing 

conditions using 200mM to 500mM of imidazole (Hengen, 1995). 

 

2.4.3 Wild-Type (WT) WWI-GST (WT WWI-GST) and its site mutation P202A WWI-GST 

Two glycerol stocks E. coli expressing WWI domain peptide of YAP (WT/P202A) 

were generous gifts from Dr. Marius Sudol (National University of Singapore, Singapore). 

These constructs were constructed by inserting WT and P202A WWI domain DNA sequence 
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into the open reading frame (ORF), which is directly after the GST sequence, of plasmid 

pGEX 2T K. The plasmid with ampicillin resistance gene was then transfected to BL21 DE 3 

E. coli cell for protein expression. 

The plasmid transfected host E. coli cells were cultured, induced with 1mM IPTG at 

37oC for 3 hours with agitation, followed by the extraction of cytosolic fraction as described 

above. The WWI-GST fusion proteins in the sonicated supernatant was purified with GST 

agarose beads (with 10mM reduced glutathione to prevent non-specific binding) at 4oC 

overnight. After washing away the impurities, the WWI-GST fusion proteins was eluted under 

non-denaturing conditions using 10mM reduced glutathione (Sigma-Aldrich, St. Louis, MO, 

USA) at pH 8.0 (Harper and Speicher, 2011). 

In order to obtain the WWI peptides, the removal of GST affinity tag was 

accomplished by using thrombin (Sigma-Aldrich, St. Louis, MO, USA). Based on the size 

difference of WWI peptides (4kDa) and GST (28kDa), thrombin was then separated from 

WWI peptides using ultra-centrifugal filter (30K) (Millipore, Darmstadt, Germany). 

 

2.5 DAB Immunohistochemistry 

The paraffin embedded Xenopus oocytes were processed for immunoperoxidase 

staining procedure accordingly (Oko and Maravei, 1995). Briefly, sections (5µm) from 

formalin fixed and paraffin-embedded MII arrested mature Xenopus oocytes were mounted 

on glass slides. Sections were deparaffinised in toluene and rehydrated through serial dilutions 

of ethanol (100%, 95%, 70%), during which sections were treated with hydrogen peroxide to 

abolish endogenous peroxidase activity. Next, samples were microwaved in 0.1M sodium 
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citrate (pH 6) to allow antigen retrieval. After cooling to room temperature, slides were 

equilibrated in 300mM glycine. Immunolabelling was performed with an avidin-biotin 

complex (ABC) kit (Vector Laboratories, Burlingame, CA, USA). To avoid non-specific 

binding, the slides were blocked with avidin and biotin blocking serum, followed by 10% 

normal goat serum (NGS). Slides were then briefly rinsed with 1× TBS-0.1% Tween 20 and 

immediately incubated with anti-Xe YAP in a humidified chamber at 4oC overnight. Slides 

were then washed in 1× TBS-0.1% Tween 20, three times for 5 min each, and incubated with 

biotinylated goat anti-rabbit IgG conjugated to peroxidase, the activity of which was then 

analyzed by diaminobenzidine (DAB). The slide were dehydrated and cleared through the 

serial ethanol dilutions backward (70%, 95%, 100%) and toluene. Lastly, the slides were 

mounted with mounting solution and were covered by cover slips. 

 

2.6 Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 

Protein Transfer 

The cytosolic fractions of Xenopus oocytes, tissue homogenates, and recombinant 

protein extract were mixed with equal volume of 2 × reducing sample buffer (4% SDS, 20% 

glycerol, 120mM Tris-HCl pH 6.8, 10% β-mercaptoethanol, tiny bromophenol blue) and 

boiled for 10 min by immersing the tubes in boiling water. Swine and mouse oocytes were 

mixed with 1 × reducing sample buffer and boiled. 

Prepared protein samples were run on a 10% stacking gel (10% acrylamide, 0.5 Tirs-

HCl pH 6.8, and 0.1% SDS) and 8 - 18% separating gel (8% - 18% acrylamide, 1.5 Tris-HCl 

pH 8.8, and 0.1% SDS). The electrophoresis was carried out at 120V for approximately 2 hrs 

in Tris-glycine electrophoresis buffer (25mM Tris, 192mM glycine, and 0.1% SDS). 
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The electrophoresised proteins were then transferred to nitrocellulose membranes 

(0.45µm pore size; Bio-Rad Laboratories, Hercules, CA, USA) where they become 

immobilized as a replica of the band pattern of the gel. The gel and the membrane were 

sandwiched in the transfer cassette. Transfer of protein was performed in transfer buffer 

(25mM Tris, 192mM glycine) at 250mA for 2hrs on ice (Towbin et al., 1979). 

 

2.7 Western Blotting and Far Western Blotting 

Both Western and Far Western blotting start with blocking the blot containing 

immobilized proteins with 10% skim milk in PBS-0.05% Tween (PBS-T) for 30min at room 

temperature. 

In pure Western blotting, the membrane was incubated with certain antibody targeting 

the protein of interest, followed by horseradish peroxidase (HRP) conjugated secondary 

antibody. Far Western blotting was used as a technique to analyze the interaction of a free-

moving protein (PAWP) with the immobilized protein (YAP/WWI). It involved incubating 

with a free-moving protein before incubating with primary antibody. Washing the blot with 

PBS-T 6 times, 5min each was applied between each incubation. 

Antibodies bound on the blot was detect with enhanced chemiluminescent (ECL) 

Western blotting substrate (Bio-Rad Laboratories, Hercules, CA, USA), and exposed to X-ray 

film (Figure 2.1). 
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Figure 2.1. Illustration of the procedure of Western (left) and Far Western Blotting (right). 
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2.8 In vitro Competitive Inhibition Far Western Blotting Analysis 

In order to analyze the interaction specificity, a recombinant peptide was pre-incubated 

with the free-moving protein for 1-2 days, before applying on the protein blots, and followed 

by the standard Far Western blotting procedure described above. 

 

2.9 Pull-down Assay 

A pull-down assay is a small-scale affinity purification technique similar to 

immunoprecipitation, except that the antibody is replaced by some other affinity system. In 

this case, the affinity system consists of a glutathione S-transferase (GST)-agarose beads 

(Einarson et al., 2007). WT WWI-GST and P202A WWI-GST (bait proteins) were firstly 

conjugated with GST agarose beads before incubate with mouse brain cytosolic fraction (prey 

proteins). Washing with GST beads wash buffer 5 times after each incubation was required. 

The protein-protein interaction complex was then eluted with GST elution buffer and analyzed 

by SDS-PAGE and Western blotting (Figure 2.2). 
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Figure 2.2. General schematic of a pull-down assay. The immobilized fusion-tagged protein 

acts as the "bait" protein to capture a putative binding partner (the "prey" protein). The eluted 

protein-protein complex was further analyzed by SDS-PAGE and Western blotting. 
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Chapter 3 – Results 

3.1 Localization of YAP in Xenopus Oocyte 

Previous immunoblotting analysis has showed that YAP is present in the cytosolic 

fraction of Xenopus oocytes, as compared with nuclear and microsomal fractions (Qin, 2008). 

To validate, DAB Immunohistochemistry was performed to localize YAP in Xenopus oocyte 

without disrupting the cellular structure. 

According to the result demonstrated below, YAP protein was localized 

predominantly in the cytoplasm of Xenopus oocytes, which is consistent with previous 

immunoblotting result and the literature (Sun et al., 2015).  
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Figure 3.1. Immunohistochemistry staining of in vitro matured Metaphase II-arrested Xenopus 

oocyte with anti-Xe YAP. The paraffin embedded Xenopus oocyte slides were processed as 

described in the Materials and Methods. Anti-Xe YAP was used to detect endogenous YAP 

in Xenopus oocyte (A and C), whereas the negative control sections were incubated with PBS-

T (B and D). Xenopus oocyte samples were not counterstained to better visualize YAP. Scare 

bars = 200µm (A, B) or 50µm (C, D). 
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3.2 The Interaction of PAWP and Endogenous YAP 

The interactions of PAWP and endogenous YAP protein in Xenopus, swine and mouse 

oocytes were analyzed by Far Western blot. This technique is a convenient molecular method 

to characterize protein-protein interactions, in which protein sample of interest (prey protein) 

are immobilized on a membrane and then probed with a non-antibody protein (bait protein), 

followed by the detection of bait protein by its specific antibody (Hall, 2004; Jadwin et al., 

2015; Wu et al., 2007c). 

Rec-hPAWP was used to probe endogenous YAP proteins in both Xenopus oocytes 

and mammalian oocytes. The major difficulty encountered in the Far Western experiment was 

that the rec-hPAWP protein was difficult to dissolve in physiological condition in vitro. 

Several buffers with different stringency, including PBS, Nondidet P-40 (NP40), and Ripa 

(NP40 containing SDS, ranging from 0.01% to 0.1%) have been tried to serve as incubating 

buffer for rec-hPAWP. After a few months of trial, 0.02% Ripa has been finalized as the 

optimal dissolving solution for rec-hPAWP. 

 

3.2.1 The Interaction of PAWP and Endogenous YAP in Xenopus Oocytes 

Xenopus laevis oocytes were reported to be activated by microinjection of alkaline PT 

extract or rec-PAWP similarly with mammalian oocytes (Wu et al., 2007a). Due to their 

accessibility and affordability, Xenopus oocytes were chosen as the initial model to study the 

interaction of PAWP and endogenous YAP. 
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In Far Western blotting, affinity purified anti-PAWP_4A was used to detect the 

affinity of rec-hPAWP (GenScript, Piscataway, NJ, USA) to endogenous YAP in Xenopus 

oocytes. The results obtained showed that anti-Xe YAP antibody labels and rec-hPAWP 

interacts with a 51kDa protein in Xenopus oocyte cytosol (Lanes 1 and 2, Figure 3.2), which 

anti-PAWP_4A antibody had no cross-reaction with (Lane 3, Figure 3.2), indicating this 

51kDa protein is most likely the endogenous YAP in the oocyte. A Xenopus cytosolic protein 

of about 42kDa was also labelled in Far Western blotting, however this band was not labeled 

by anti-Xe YAP nor anti-PAWP antibodies. This protein is possibly TAZ (according to its 

molecular weight reported by existing literature and preliminary experiment in our lab), a 

closely related protein that share 45% amino acid identity with YAP, contains a WWI domain 

and functions as a transcriptional co-activator (Kanai et al., 2000). 
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Figure 3.2. Far Western blot analysis of the affinity of PAWP to endogenous YAP in Xenopus 

oocytes. Cytosolic extract of approximately one Xenopus oocyte was loaded in each lane, 

electrophoresed and immobilized on nitrocellulose membrane. Lane 1. This blot was probed 

with polyclonal anti-Xe YAP antibody (1:200 diluted) to detect endogenous YAP in Xenopus 

oocyte cytosolic extract. Lane 2. Far Western blot that shows the interaction of PAWP and 

endogenous YAP was first probed with rec-hPAWP (2.5µg), before using anti-PAWP_4A 

(1:10 diluted) to detect rec-hPAWP. Lane 3. Affinity purified anti-PAWP_4A (1:10 diluted) 

was directly utilized to detect proteins in Xenopus oocyte cytosol, and showed no cross-

reaction. 
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3.2.2 The Interaction of PAWP and Endogenous YAP in Swine Oocytes 

Once the Far Western blot technique was standardized and found to be effective in 

Xenopus oocytes, swine and mouse oocytes were recruited as mammalian models for 

verification of this protein-protein interaction scheme in mammal. 

In swine oocytes, Far Western blotting demonstrated the affinity of rec-hPAWP 

(Genscript) to a 70kDa protein (Lane 2, Figure 3.3), the molecular weight of which 

corresponded with the YAP protein labeled by anti-YAP (Santa Cruz H-125) antibody (Lane 

1, Figure 3.3). This labeling is absent on the blot labeled by anti-PAWP antibody (Lane 3, 

Figure 3.3), showing the band identified in Far Western blotting was purely due to the 

interaction between two proteins instead of cross-reaction of anti-PAWP antibody. 

 

3.2.3 The Interaction of PAWP and Endogenous YAP in Mouse Oocytes 

The interaction of rec-hPAWP and endogenous YAP was also demonstrated in mouse 

oocyte. Rec-hPAWP was shown to interact with a 65kDa protein (Lane 2, Figure 3.4) that is 

also labeled by anti-YAP (Santa Cruz H-125) (Lane 1, Figure 3.4). Again, anti-PAWP 

antibody showed no cross-reaction to the endogenous proteins (Lane 3, Figure 3.4). 

 

  



41 
 

 

 

 

 

Figure 3.3. Far Western blot analysis of the affinity of PAWP to endogenous YAP in swine 

oocytes. Approximately 100 zona-free MII arrested swine oocytes were lysed in reducing 

sample buffer and loaded in each lane. Lane 1. The blot in this lane was probed with anti-YAP 

(1:1,000 diluted; Santa Cruz Biotechnology, H-125) to detect endogenous YAP in swine 

oocytes. Lane 2. This blot was first probed with rec-hPAWP (2.5µg), which was then detected 

by anti-PAWP_4A (1:10 diluted). Lane 3. This blot was probed with anti-PAWP_4A (1:10 

diluted) to check if there is any cross-reaction of the anti-PAWP antibody. 
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Figure 3.4. Far Western blot analysis of the affinity of PAWP to endogenous YAP in mouse 

oocytes. Approximately 25 zona-intact MII arrested mouse oocytes were lysed in reducing 

sample buffer and loaded in each lane. Lane 1. Anti-YAP (1:1,000 diluted; Santa Cruz 

Biotechnology, H-125) was used to detect endogenous YAP in mouse oocytes. Lane 2. Far 

Western blot that was first probed with rec-hPAWP (2.5µg) and then detected by anti-

PAWP_4A (1:10 diluted). Lane 3. This blot was probed with anti-PAWP_4A (1:10 diluted). 
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3.3 The Interaction of WWI Domain of YAP to PPxY-containing Proteins. 

 The WWI domain is particularly suitable to protein-protein interaction analyses, as it 

is not disrupted by reducing agents and refolds readily after denaturing agents are removed. 

Chen et al. (1997) was able to identify various binding partners of WWI domain of YAP, 

including WBP1 and WBP2, through using the WWI modular interaction (Chen et al., 1997).  

 In order to test the involvement of WWI domain module in PAWP-YAP interaction, 

vector expressed wild-type and mutant WWI-GST fusion proteins, a generous gift from Dr. 

Marius Sudol (National University of Singapore, Singapore), were obtained for competitive 

inhibition trials of WWI domain on the interaction between recombinant PAWP and 

endogenous YAP. Various quality control steps were taken to verify the binding affinity of 

both wild-type and mutant WWI (YAP)-GST fusion proteins to PPxY-containing proteins, 

including WBP2 and forms of recombinant PAWP proteins, before proceeding with in vitro 

inhibition analyses on ovarian and oocyte extracts. 

 

3.3.1 Interaction of hPAWP and WWI-GST Fusion Protein 

 Far Western was performed to demonstrate the affinity of rec-hPAWP to WWI-GST 

fusion proteins. The wild-type and mutant WWI-GST fusion proteins were expected to 

migrate to 32kDa (4kDa + 28kDa). Expression levels of two fusion proteins in their host cells’ 

cytosolic extracts were checked by Coomassie blue staining to allow equal amount of loading. 

The 32kDa band corresponding to the molecular weight of WWI-GST fusion proteins was 

detected in the cytosolic extracts of both host cells’ expressing WT and P202A WWI-GST 

fusion proteins (Lane 1, Figure 3.5). Far Western blotting demonstrated a positive binding of 
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rec-hPAWP to WT WWI-GST (Lane 2, Figure 3.5), whereas the P202A WWI-GST exhibited 

no binding affinity with rec-hPAWP (Lane 3, Figure 3.5).  

 

3.3.2 Interaction of WBP2 and WWI (YAP)-GST Fusion Protein 

 Pull-down assay was intended to be performed to verify the binding affinity of WWI-

GST fusion proteins to endogenous PPxY-containing proteins under native condition. 

Endogenous PAWP, as one of the sperm PT proteins, is not soluble under non-denaturing 

condition, therefore endogenous WBP2 (the close homology of PAWP) in mouse brain was 

used as a substitute. 

 Equal amount of WT and P202A WWI-GST fusion proteins (bait proteins) were 

immobilized on GST agarose beads separately, before incubating with the cytosolic fraction 

of mouse brain. The eluted protein-protein complex were then analyzed by Western blot using 

anti-WBP2 antibody. 

 In the mouse brain cytosolic fraction, two distinct protein bands (42kDa and 35kDa) 

were immunostained with anti-WBP2 antibody. The 42kDa band and most likely the 35kDa 

breakdown product of WBP2 showed affinity to WT WWI-GST in the pull-down assay. 

Whereas P202A WWI-GST was unable to pull-down WBP2 in mouse brain (Figure 3.6).  
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Figure 3.5. Far Western blot analysis to verify the binding affinity of WWI-GST fusion protein 

to PAWP. Equal amount of WT WWI-GST and P202A WWI-GST was separated and 

immobilized. Lane 1. Immunoblot that showed the labeling of anti-GST (1:1,000 diluted; 

Santa Cruz, Z-5) antibody. Both WT and P202A WWI-GST were labeled in a similar pattern, 

with bands at 32kDa and 20kDa labeled. 32kDa protein corresponded with the molecular 

weight of WWI-GST fusion proteins while the lower 20kDa band is partial degradation of 

GST product. Lanes 2 and 3. The blots with immobilized WT WWI-GST and P202A WWI-

GST fusion proteins were incubated with rec-hPAWP (2.5µg), which was then detected by 

anti-PAWP_4A (1:10 diluted). 
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Figure 3.6. Pull-down analysis verifying the interaction of WT WWI-GST fusion protein and 

endogenous WBP2 in the cytosol of mouse brain. Immobilized mouse brain (m. br.) cytosolic 

extract (Lane 1), WT WWI-GST and P202A WWI-GST fusion proteins (Lanes 2 and 3), as 

well as the protein samples that were pulled-down by WT WWI-GST and P202A WWI-GST 

(Lanes 4 and 5) were probed with anti-WBP2 (1:200 diluted; Santa Cruz, N-14).  
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3.4 The Interaction of Tc-hPAWP to WWI Domain and Endogenous YAP 

 As mentioned before, the fact that rec-hPAWP tended to precipitate in vitro made the 

analysis of PAWP and endogenous YAP interaction only restricted to denaturing incubating 

conditions. Besides, production of rec-hPAWP to inclusion body by host bacteria made the 

extraction of the protein difficult to achieve, whereas mammalian expressed rec-hPAWP was 

very costly. Therefore truncated C-terminal half of human PAWP (Tc-hPAWP) was produced 

to solve the insolubility problem. In addition a single site point-mutation was introduced into 

truncated hPAWP (mTc-hPAWP) to serve as a negative control (see Materials and Methods). 

 Tc-hPAWP and mTc-hPAWP (139 amino acids) were sequenced for verification, 

visualized by Coomassie Brilliant blue staining, and immunolabeled at 18kDa with anti-

PAWP antibody, respectively to ensure their identity (Figures 3.7A and B). The Tc-hPAWP 

was expected to interact with WWI domain and endogenous YAP in a similar manner to rec-

hPAWP. Far Western analyses of the affinity of Tc-hPAWP to WWI domain and YAP were 

conducted to confirm this. 

Tc-hPAWP was shown to interact with the 32kDa WT WWI-GST fusion protein 

(Lanes 1 and 2, Figure 3.7C) in the same manner as rec-hPAWP (see Lanes 2 and 3, Figure 

3.5). The specificity of the truncated form of hPAWP was also confirmed by negative 

interaction affinity to both WT and P202A WWI-GST fusion proteins (Lanes 3 and 4, Figure 

3.7C). 

Furthermore, the Tc-hPAWP showed affinity to the 51kDa YAP protein in Xenopus 

oocytes (Lane 1, Figure 3.7D), matching the 51kDa YAP band that was immunolabeled by 

rec-hPAWP (Lane 2, Figure 3.7D). Interestingly, the Tc-hPAWP showed no affinity to the 

42kDa band, possibly TAZ, which rec-hPAWP showed affinity to. 
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Figure 3.7. Tc-hPAWP can be used as a substitute to solve the insolubility issue of full size 

rec-hPAWP, to show the affinity of PAWP to both WT WWI-GST fusion protein and Xenopus 

oocyte. Panel A. Protein profiles visualized by Coomassie Brilliant Blue staining. The protein 

profile of cytosolic extraction of Tc-hPAWP and mTc-hPAWP expression host E. coli cell 

were shown in lanes 2 and 3. The PolyHis-tag purified Tc-hPAWP and mTc-hPAWP (arrow) 

were visualized by Coomassie blue staining. Standard molecular weight (kDa) is shown in 

lane 1. 

Panel B. The blot with both affinity purified Tc-hPAWP (Lane 1) and mTc-hPAWP (Lane 2) 

was incubated with anti-PAWP_4A (1:10 diluted). 

Panel C. Far Western blotting that demonstrate the affinity of truncated forms PAWP and 

WWI-GST fusion protein. Equal amount of the WT WWI-GST and P202A WWI-GST fusion 

proteins (in the cytosolic extraction) were alternatively loaded, separated and immobilized. 

The immobilized blots were incubated with either Tc-hPAWP (Lanes 1 and 2) or mTc-

hPAWP (Lanes 3 and 4). 

Panel D. The affinity of Tc-hPAWP to Xenopus oocytes. A blot of immobilized Xenopus 

oocyte cytosolic extract was firstly probed with purified Tc-hPAWP (1.2µg), and then with 

anti-PAWP_4A (1:10 diluted) antibody (Lane 1). The affinity of Tc-hPAWP to endogenous 

YAP was also compared with the interaction between rec-hPAWP and YAP (Lane 2). 
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Since the removal of the N-terminal half of hPAWP, with the PPxY motif containing 

C-terminal half retained, had no apparent effect on the interaction of PAWP to the WWI 

domain derived from YAP and endogenous YAP, Tc-hPAWP was selected for further 

experiment, concurrently with its point-mutation mTc-hPAWP to verify specificity. 

Eventually it will also be utilized in pulling-down endogenous YAP, which requires a non-

denaturing condition. 

 

3.5 The Blocking Effect of WWI Module on PAWP and Endogenous YAP interaction 

Considering the specificity of PAWP and YAP interaction, it was essential to show 

that this interaction is mediated by WWI interaction domain. In vitro inhibition analysis was 

designed and conducted to assess the role of WWI domain in PAWP-YAP interaction. 

Competitive inhibition analysis of WWI domain on PAWP-WWI interaction was 

assessed as a quality control experiment to manipulate and find an optimal incubating buffer 

condition (to produce distinctive band and light blot background), leading to competitive 

inhibition trials with endogenous YAP in mammalian oocyte cytosolic extract. 

 

3.5.1 Competitive Inhibition Effect of YAP-Derived WWI Domain on PAWP-WWI Domain 

Interaction 

The blocking efficiency of both WT and mutant WWI-GST fusion proteins were first 

assessed on the interaction between immobilized WWI-GST fusion proteins and Tc-hPAWP. 

The loading of GST fusion proteins was proved to be approximately the same on the blots 

(Figure 3.8A). Tc-hPAWP showed no binding affinity to P202A WWI-GST with or without 
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pre-incubation with WT WWI-GST (Lanes 2 and 4, Figure 3.8B). Surprisingly, the interaction 

of Tc-hPAWP and immobilized WT WWI-GST (Lane 1, Figure 3.8B) was not inhibited by 

excessive WWI-GST fusion protein (Lane 3, Figure 3.8B), which was speculated to be due to 

steric interference by GST. 

To test if this was the case, the fused GST was further cleaved by thrombin and 

removed by elution through a glutathione column, whereas the residual thrombin was 

removed from the WWI domain containing solution by ultra-filtration. The Tc-hPAWP-

WWI-GST interaction began to be competitively inhibited when the WT WWI peptide was 

pre-incubated with Tc-hPAWP at a 5:1 molar ratio (Lane 3, Figure 3.8C), whereas a molar 

ratio of 15:1 abrogated the interaction (Lanes 5 and 7, Figure 3.8C). The specificity of the 

inhibition effect was proved by the failure of P202A WWI peptide to block Tc-hPAWP and 

WT WW-GST interaction (Lane 9, Figure 3.8C). 
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Figure 3.8. The interaction of Tc-hPAWP and WT WWI-GST was not inhibited by WT WWI-

GST fusion protein, but WT WWI peptide. 

Panel A. Proof of approximately equal amount of loading. The blots from panel B were 

washed and re-probed with anti-GST antibody (1:1,000 diluted; Santa Cruz). 

Panel B. The assessment of inhibition effect of WT WWI-GST on the interaction of Tc-

hPAWP and immobilized WWI-GST fusion proteins. Equal amount of WT and P202A WWI-

GST fusion proteins (checked by Coomassie Brilliant blue staining) extracted from the host 

E. coli cytosol was loaded alternately in each lane, electrophoresed and immobilized. Tc-

hPAWP (1.2µg) was pre-incubated with excessive amount of WT WWI-GST (at a molar ratio 

of WT WWI-GST/Tc-hPAWP = 15:1) in 0.1% NP40 for 48 hours at 4oC, and then probed 

with the blot of lane 3 and 4. In contrast, the blot of lane 1 and 2 was probed with Tc-hPAWP 

(1.2µg). Anti-PAWP_4A (1:10 diluted) was then used to detect Tc-hPAWP. 

Panel C. WT WWI peptide was capable of blocking the interaction between Tc-hPAWP and 

WT WWI-GST. Similar as the blot in panel B, equal amount of WWI-GST fusion proteins 

extracted from the host E. coli cytosol was loaded alternately. Lanes 1 and 2 were probed with 

1.2µg Tc-hPAWP. The blots of lanes 3 and 4, lanes 5 and 6, as well as lanes 7 and 8, were 

probed with pre-incubated WT WWI-GST and Tc-hPAWP (5:1, 15:1, and 30:1 molar ratios) 

solutions, respectively. Lanes 9 and 10 were probed with pre-incubated P202A WWI peptide 

and Tc-hPAWP (30:1 molar ratio) solution. Whereas the blot of lanes 11 and 12 was probed 

with 1.2µg of mTc-hPAWP. Anti-PAWP_4A (1:10 diluted) was then applied to all the blots. 
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3.5.2 The Blocking Effect of WWI on Mammalian YAP and PAWP Interaction 

Due to the estimated high cost of obtaining enough mouse oocytes to do the 

endogenous YAP-PAWP competitive inhibition interaction analysis with the WWI domain 

peptide, the mouse ovary was substituted for oocytes based on the report that YAP was 

localized in both mouse oocyte and ovary (Sun et al., 2015). 

To confirm this report, the YAP protein profile in mouse ovary was compared with 

YAP protein in mouse oocytes (Figure 3.9A). The anti-YAP antibody was shown to 

immunolabel a protein at 65kDa in both mouse ovary and oocyte. 

The YAP expression in the ovary was also compared with its expression in mouse 

sperm and testis (Figure 3.9B). YAP protein was present in mouse ovary but not detected in 

mouse sperm and testis. In contrast, PAWP expression was shown in mouse testis and sperm 

but not to the ovary. The comparison of PAWP expression was regarded as a proof of loading 

as well. 
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Figure 3.9. Assessments of YAP expression in mouse ovary and oocytes, sperm and testis; 

and PAWP expression in mouse ovary, sperm and testis. 

Panel A. Expression of YAP in mouse ovary and oocytes. Blot with mouse ovary and oocyte 

was probed with anti-YAP (1:1,000 diluted; Santa Cruz). 

Panel B. The expression of PAWP and YAP, in ovary, sperm and testis. Mouse sperm, testis 

and ovary samples were electrophoresed, and immobilized. The blot was then cut through 

around 45kDa. The upper part of the blot was probed with anti-YAP (1:1,000 diluted; Santa 

Cruz) antibody, whereas the lower part of the blot was probed with anti-PAWP_4A (1:10 

diluted) antibody. 
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To validate that Tc-hPAWP could substitute for rec-hPAWP in binding to endogenous 

YAP, their affinity to endogenous YAP from the mouse ovary was compared. Both rec-

hPAWP and Tc-hPAWP interacted with the 65kDa YAP protein (Lanes 1 and 2 in Figure 

3.10), the latter providing a clearer result and validating its use. 

To assess the inhibition effect of WWI domain on PAWP-YAP interaction, in vitro 

competitive inhibition analysis was conducted. The result showed that WT WWI peptide 

prevented Tc-hPAWP from binding to the immobilized YAP (Lanes 3-5, Figure 3.10). 

Importantly, increasing the molar ratio of WT WWI domain with respect to Tc-hPAWP 

gradually increased the competitive inhibition effect on the affinity of PAWP to endogenous 

YAP in mouse ovary, while doing the same with P202A WWI domain had no effect (Lanes 

6-8, Figure 3.10). 
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Figure 3.10. The interaction between Tc-hPAWP and endogenous YAP in mouse ovary was 

blocked by WT WWI peptide, as opposed to P202A WWI peptide. Equal amount of mouse 

ovary was loaded in each lane, electrophoresed and immobilized on the blots. The blots in 

lanes 1, 2 and 10 were probed with hPAWP (Lane 1), Tc-hPAWP (Lane 2), and mTc-hPAWP 

(Lane 10). For competitive inhibition analysis, Tc-hPAWP was pre-incubated with increased 

molar ratio of WT WWI peptide (Lanes 3-5) or P202A WWI (Lanes 6-8) peptides with respect 

to Tc-hPAWP, for 2 days in 0.1% NP40, before applying the pre-incubated solution with the 

blot.   
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Chapter 4 – Discussion 

Oocyte activation involves the delivery of SOAF by sperm to the oocyte cytoplasm 

upon gamete fusion inducing a rise in level of intracellular calcium via IP3 pathway (Kimura 

et al., 1998; Sutovsky et al., 2003). In the process of characterizing SOAF, many candidates, 

including oscillin (Parrington et al., 1996), tr-kit (a truncated form of c-kit tyrosine kinase 

receptor) (Sette et al., 1997), nitric oxide (NO) synthase (Kuo et al., 2000), phospholipase C 

ζ (Saunders et al., 2002), citrate synthase (Harada et al., 2007), and PAWP (Wu et al., 2007a) 

have been identified. Thus far, PAWP is the only candidate protein that was found to meet 

both the developmental and functional criteria of SOAF. Importantly, microinjection of 

PAWP was shown to cause calcium-release (i.e., single release in amphibian and oscillations 

in eutherian mammals), followed by meiotic resumption and pronuclear formation similar to 

natural fertilization, indicating PAWP acts as an upstream regulator of calcium signaling 

during oocyte activation (Aarabi et al., 2010; Aarabi et al., 2014b; Wu et al., 2007a). However, 

the pathway of how PAWP activate the calcium signaling pathway remains to be uncovered. 

In pursuit of the PAWP’s oocyte binding partner(s), Qin found by Far Western analysis 

that PAWP’s predominant binding partner in Xenopus oocytes was a 51kDa cytosolic protein, 

suspected to be YAP or TAZ, and this interaction was competitively inhibited with the 

synthetic peptide containing the PPxY motif (Qin, 2008). Since both YAP and TAZ antibodies 

recognized this 51kDa protein it wasn’t until the Xenopus’ genome sequence was published a 

year later that the two proteins could be distinguished from each other by size, TAZ being 

10kDa smaller. 

By raising an antibody against a specific region of Xenopus YAP, which is not found 

in TAZ, this study verified that the predominant binding partner of PAWP in Xenopus oocyte 
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is indeed YAP. This study went further and validated the predominant binding partner of 

PAWP is endogenous YAP in swine and mouse oocytes. Because SOAF is considered to be 

highly conserved and interchangeable between species as discussed in the introduction, the 

commonality of PAWP-YAP interaction found in amphibian and mammalian oocytes in this 

study is supportive of a universal molecular mechanism to induce oocyte activation. 

Initially, to test the specificity of the PAWP-YAP interaction by in vitro competitive 

inhibition analysis, WT WWI-GST and P202A WWI-GST fusion proteins (the WWI portions 

being derived from YAP) were used to try and block the PAWP-WWI interaction that was 

apparent on Far Western blots with immobilized WT WWI-GST. However, the results showed 

that excessive WT WWI-GST fusion protein failed to block this interaction suggesting that 

the naturally folded WWI-GST fusion protein was not able to interact with PPxY motif of 

PAWP. Because GST (28kDa) is about 7 times the size of WWI domain (4kDa), the failure 

of the interaction was considered to be due to the steric effects of GST on the fused WWI 

peptide, as proposed by Chae et al., (2002). To avoid the steric effects, GST was removed 

from WWI domain peptide to test its binding affinity to PAWP alone. 

In contrast to WWI-GST fusion protein, the purified WT WWI peptide successfully 

blocked PAWP and YAP-derived WWI-GST interaction. With this confidence, the inhibition 

effect of the WWI peptide on PAWP and endogenous YAP interaction was tested. The results 

showed that incremental increases in the molar ratio of the WWI peptide with respect to 

PAWP had an incremental inhibiting effect on the PAWP-YAP interaction. Since the same 

concentrations of mutant WWI domain peptide (where proline 202 is converted to alanine) 

were ineffective in inhibiting the PAWP-YAP interaction, the specificity of the PAWP-YAP 

interaction was assured. 
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Because of the success of this in vitro competitive inhibition assay the functional 

relevance of this WWI modular interaction in oocyte activation can now be tested in vivo by 

co-microinjections of the WWI domain peptides and sperm into MII-arrested mouse oocytes. 

The expectation is that sperm-induced oocyte activation will be inhibited by the wild-type 

WWI domain peptide, implying that the PAWP-YAP interaction is the initial triggering event 

for downstream signalling pathway leading to mammalian oocyte activation.  

Previous in vitro data showed that PPxY motifs is capable of binding to various WWI 

domains derived from YAP, Nedd4 and TAZ (Hong and Guan, 2012; Ilsley et al., 2002; Kanai 

et al., 2000; Kay et al., 2000; Sudol et al., 1995b). Indeed the Far Western blot analysis showed 

that PAWP interacts with not only YAP but occasionally a 42kDa protein in Xenopus oocytes, 

possibly TAZ. YAP and TAZ both are recognized as transcription co-activators (Guo and 

Zhao, 2013; Zhang et al., 2009; Zhao et al., 2008) and signalling mediator that mediate 

protein-protein interaction in the cytoplasm and nucleus (Chen and Sudol, 1995; Chen et al., 

1997; Hansen et al., 2015; Hau et al., 2013). YAP was first identified as a novel protein that 

binds to the SH3 domain of the c-yes kinase via SH3 binding motif (Sudol, 1994). TAZ, which 

shares 45% amino acid homology and a highly conserved C-terminal sequence with YAP, 

was originally identified as a 14-3-3 binding molecule (Kanai et al., 2000). Sequence 

comparison showed several differences between YAP and TAZ that are likely to be related to 

distinct functions of both proteins. YAP contains an SH3 binding motif with the sequence 

PVKQPPPLAPQSP and a proline-rich region at its N-terminus, both of which are absent in 

TAZ (Figure 4.1) (Hong and Guan, 2012; Kanai et al., 2000). This SH3 binding motif could 

enable YAP to interact with the SH3 domain of PLCγ that at least in invertebrates has been 

shown to mediate IP3 signaling pathway to cause calcium-release. In this context it will be 



62 
 

very important in the future to determine if the interaction between PAWP and YAP enable 

this unit in turn to interact with PLCγ during fertilization. This could be examined by 

performing pull-down assays on MII oocyte extracts which would also further validate 

PAWP’s binding to endogenous YAP in its native conformation. Perhaps a more strategic 

initial approach would be to produce WT and mutant SH3 domain peptides and test their 

inhibitory potential on sperm induced oocyte activation. 

The fact that calcium-release occurs in the ooplasm immediately after gamete fusion 

(Kurokawa and Fissore, 2003; Lawrence et al., 1997), microinjection of sperm cytosolic 

extracts (Wu et al., 1997; Wu et al., 1998), or PAWP (Aarabi et al., 2010; Aarabi et al., 2014b), 

but before pronuclear formation, suggesting PAWP’s binding partner is located in the ooplasm. 

This favours YAP over TAZ as PAWP’s initial binding partner, because YAP is 

predominantly localized in the cytoplasm of mouse oocytes, whereas TAZ is predominantly 

localized in the nucleus (Sun et al., 2015). Our immunohistochemical localization confirmed 

the predominance of YAP in the cytoplasm of Xenopus oocytes, but more importantly, Far 

Western blotting showed the predominant binding partner of PAWP to be YAP instead of 

TAZ in both amphibian and mammalian oocytes. Another important consideration is that the 

potential PAWP-TAZ interaction could only signal through a transcriptional activation 

pathway which would not be operational until late in oocyte activation when syngamy occurs. 
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Figure 4.1. Comparison of the characterization of YAP and TAZ. (A) The domain structure 

of mouse TAZ and mouse YAP. CC, coiled-coil domain; SH3-BM, 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 Xenopus YAP. The 

WW domain is shown in yellow, the transcriptional activation domain is in green, and the 

homologous N-terminal region is in light grey. The 14-3-3-binding site is demonstrated in red, 

and the conserved PDZ-binding motif is in blue. The coiled-coil domain is shown as a cylinder 

(Kanai et al., 2000). 
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There are approximately 100 WW domains, present in approximately 50 human 

proteins, and more than 1890 PPxY motifs scattered within human proteins (Ingham et al., 

2005; Sudol, 2010). Through recognition of proline-rich peptide motifs and phosphorylated 

serine/threonine-proline sites, all types of WW domains serve as protein modules that mediate 

protein-protein interactions. Hence, WW domains provide a versatile platform to link 

individual proteins into physiologically important networks (Ingham et al., 2005). To be more 

specific, WW domains has long been recognized as an essential mediator in the network of 

Hippo tumor suppressor pathway that regulates organ size. One of the unique features of the 

Hippo pathway is that many of its components contain either WW domain or its PPxY 

containing ligands. YAP is one of the component, and the function of which has been only 

recognized in the nucleus as a transcriptional co-activator. The assembly of YAP with its co-

transcriptional partner and sequestration of YAP in the cytoplasm, preventing YAP from 

transcriptional coactivator function in the nucleus, are all dependent on the WWI domain 

module (Sudol, 2010). In contrast to the documented nuclear function of YAP, this study 

seems to imply a function of YAP as a signaling transduction mediator in the cytoplasm, 

which suggests a unique cytoplasmic function of YAP. 

Despite the predominant presence of YAP in the oocyte cytoplasm, it is also present 

in the nucleus of many cell types and tissues. The localization of YAP to the cytoplasm where 

it functions as protein-protein interaction mediator has been shown to be promoted by the Akt, 

also known as protein kinase B, resulting in loss from the nucleus where it functions as 

transcriptional co-activator (Basu et al., 2003). Therefore, upon association with PAWP, YAP 

may be signal-regulated to mediate interaction between functional domains of proteins that 

function in triggering calcium-release and may have overlapping function in transmitting 
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signals to the nucleus to regulate the expression of specific target genes, but this would not 

occur until late in oocyte activation at the time of syngamy. 

Besides, the WW domain-mediated interactions are associated with signalling 

pathways implicated in variety of human diseases (Hu et al., 2004), such as Alzheimer’s (Liou 

et al., 2003; Lu et al., 1999; Russo et al., 1998), Huntington’s disease (Faber et al., 1998; 

Passani et al., 2000), muscular dystrophy (Huang et al., 2000), and cancer (Bednarek et al., 

2000; Wulf et al., 2001), as well as hereditary disorders, including Liddle’s (Schild et al., 1996; 

Shimkets et al., 1994; Staub et al., 1996) and Rett’s syndrome (Buschdorf and Stratling, 2004). 

These WW domain associated diseases indicate the importance of WW domain in providing 

a platform for the assembly of multiprotein networks. Up- or down-regulated YAP expression 

level have been found to result in several kinds of cancer (Plouffe et al., 2015). Besides, 

knockout of the YAP gene in mice leads to early embryonic lethality, suggesting an essential 

role of YAP in development (Morin-Kensicki et al., 2006). 

After due consideration, our overall hypothesis for PAWP-induced oocyte activation 

(see Figure 1.8 in Introduction) is that after the obligatory YAP binding, the SH3 binding 

motif of YAP non-canonically activates PLCγ by binding to its SH3 domain to cleave PIP2 

during oocyte activation. Similar mechanisms for non-canonical PLCγ activation via SH3, 

independent of tyrosine phosphorylation by tyrosine kinases or SH2 domain, have been found 

during Xenopus oocyte maturation and in neurons (Browaeys-Poly et al., 2007; Hwang et al., 

1996; Reynolds et al., 2008). Further study is required to examine the involvement of SH3 

domain of PLCγ and explore other molecules possibly involved in PAWP-induced oocyte 

activation. Far Western blotting and pull-down assays are appropriate in vitro methods to 

allow the examination of candidate protein(s) that form complex between them, even in cases 
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where the candidate proteins bind to each other indirectly (Wu et al., 2007c). A noteworthy 

study showed microinjection of recombinant SH3 domain of PLCγ but not SH2 domain is 

capable of blocking tr-kit-induced meiotic resumption and pronuclear formation of mouse 

oocyte, providing evidence that SH3 of PLCγ may be involved in mammalian oocyte 

activation (Paronetto et al., 2003; Sette et al., 1998; Sette et al., 2002). Further microinjection 

experiments are required to show that SH3 domain of PLCγ is involved in upstream of calcium 

signalling pathway during PAWP-induced oocyte activation. Further research as discussed 

above will be directed towards determining the consequence of the PAWP-YAP interaction 

especially in respect to YAP being a protein-protein interaction mediator during oocyte 

activation. 

In conclusion, this study implies that YAP is the predominant binding partner of 

PAWP in both amphibian and mammalian oocytes. Our in vitro competitive inhibition 

analysis indicates that this interaction is dependent on the WWI module. The validation that 

the PAWP-YAP interaction can be blocked by the WT WWI peptide, but not by its point-

mutated form, allows us to utilize these peptides in testing the functional relevance of this 

WWI modular interaction during oocyte activation in vivo. 
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