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Abstract 

SPRASA (SPACA3, SLLP1) is a newly identified protein that belongs to the lysozyme super 

family.  Lysozymes are a family of enzymes that are universally expressed in animals, insects 

and plants and are ubiquitously expressed in a number of tissues and secretions in these 

organisms. In contrast, SPRASA expression appears to be restricted to the equatorial region 

and the inner acrosomal membrane of sperm.  Antibodies reactive with SPRASA have been 

identified in some infertile men and an antiserum reactive with recombinant SPRASA 

prevented human sperm binding to hamster oocytes in vitro, indicating an important role in 

sperm oocyte recognition.   

The aim of this study was to investigate the role of SPRASA in human infertility.  Quantitative 

real time RT-PCR analysis confirmed the expression of SPRASA in the testes, however, in 

contrast to previous reports, SPRASA expression was also identified in the ovaries and heart 

of both males and females.  In silico analysis identified two putative promoter regions within 

the SPRASA gene.  As expected, the first promoter is located 5’ to exon one, while the 

second promoter is located 5’ to exon two.  Further investigations by luciferase promoter 

constructs identified that both promoters were capable of supporting transcriptional activity, 

however promoter 2 was the more effective promoter.  Mutation screening of 102 infertile and 

104 fertile couples identified three variants in SPRASA.  Orthologue sequence analysis 

indicates that SPRASA is a mammalian-only gene.  This is similar to another member of the 

lysozyme family, alpha-lactalbumin.  However, unlike alpha-lactalbumin, which expresses one 

variant in all mammals, the SPRASA gene’s organisation in humans and simians is different 

to that found in prosimians and non-primates.  This suggests that SPRASA has a unique 

function in simians compared to other mammals.  Amino acid sequence alignment of the 

SPRASA orthologues revealed a unique motif that is not seen in other lysozyme family 

members.  Computer modelling showed that this SPRASA motif is located in a region 

analogous to the substrate binding region of c-type lysozyme/alpha-lactalbumin.  In 

conclusion, SPRASA appears to have a role in both male and female fertility and may be 

important in species-specific differences in mammalian fertilisation.  
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Chapter 1: Introduction 

1 Foreword 

During the act of sexual intercourse in humans, the male ejaculates sperm into the vagina of 

the female.  As the sperm passes through the female reproductive tract, the sperm gains the 

ability to fertilise the ovulated oocyte in the oviduct by a process called capacitation.  The final 

stage of fertilisation is the fusion between the sperm and oocyte plasma membranes.  As 

fertilisation occurs the sperm and oocyte cease to be individual cells and become part of the 

newly formed cell, the zygote (Myles & Primakoff, 1997).  The zygote moves down the oviduct 

and implants into the endometrial epithelium of the uterus.   

This process of fertilisation does not occur successfully for approximately one in six couples 

in New Zealand (Unknown).  Infertility may occur due to non-functional hypothalamic-pituitary-

gonadal axis, failure to ovulate, blocked ducts in females and males, and problems with 

sperm anatomy.  Other factors that affect fertility are lifestyle and environmental factors such 

as alcohol, smoking, heavy metals and pesticides.  Antisperm antibodies are found in both 

fertile and infertile individuals; however, infertile males and females have a greater 

percentage of these antibodies. For approximately 5-10% of couples in New Zealand their 

infertility is unexplained (Unknown).  Unexplained infertility may be caused by the failure of 

the fimbriae to capture the ovulated oocyte, embryo implantation failure, interference with the 

passage of sperm beyond the cervix or unknown genetic disorders. 

1.1 Female reproductive system 

The female reproductive system includes the ovaries which produce oocytes and hormones, 

including progestagens, oestrogens, androgens, inhibin, activin, and relaxin. The uterine tube 

or oviducts serve as the passageway for the sperm, oocyte and embryo, while the uterus is 

where embryonic and fetal development occurs. The vagina receives the penis during 

intercourse, and is the passageway for the fetus during childbirth (Figure 1. 1).  The 

mammary glands are also considered part of the female reproductive system (Tortora & 
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Grabowski, 1996).  The ovary consists of a the ovarian surface epithelium (also known as the 

germinal epithelium) that is composed of a simple epithelium which covers the ovary; internal 

to this layer is a capsule of dense, irregular connective tissue, the tunica albuginea.  The 

stroma of the ovary is a region of connective tissue that can be divided into two layers, the 

first is a superficial dense layer known as the cortex, while the second is a loose layer of 

connective tissue known as the medulla (Tortora & Grabowski, 1996).  Found within the 

cortex layer are a number of follicles at various stages of development and their surrounding 

cells.  The primordial follicles are surrounded by a single layer of squamous follicular or 

granulosa cells which then become cuboidal in later stage follicles.  The later follicles are 

surrounded by several layers of granulosa cells (Figure 1. 2). The granulosa cells nourish the 

developing oocyte and secrete oestratiol as the follicle grows and forms a mature fluid-filled 

(Graafian) follicle (Tortora & Grabowski, 1996).  In a process called ovulation, the oocyte 

ruptures from the mature follicle, while the remnants of the mature follicle form the corpus 

luteum.  The corpus luteum produces progesterone, oestradiol, relaxin and inhibin until it 

degenerates and turns into a fibrous tissue called the corpus albicans (Tortora & Grabowski, 

1996).     
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1.3 Mammalian fertilisation 

Mammalian fertilisation shares similarities; however, they also have unique species-specific 

differences.  Capacitation describes the processes preparing sperm for fertilisation and 

involves a number of reversible changes leading to the irreversible acrosome reaction 

(Yanagimachi, 1981). 

1.3.1 Epididymal maturation 

Epididymal maturation involves a series of biochemical and functional changes to the sperm 

during transit through the epididymal duct.  The duct is a single convoluted tubule that is 

divided into three major regions based on the histological appearance of the epithelium: the 

head of the epididymis (caput), the body of the epididymis (corpus) and the tail of the 

epididymis (cauda) (Figure 1. 4) (Abou-Haila & Tulsiani, 2000).  In the head of the epididymis, 

sperm exhibit unidirectional orientation and are often aligned parallel to one another, 

indicating that at this stage, the sperm lack motility and are dependent on epididymal fluid for 

movement (de Kretser et al, 1998).  Sperm within the body region exhibit rotator movement, 

while sperm from the tail of the epididymis exhibit forward motility and are considered 

functionally competent sperm (Abou-Haila & Tulsiani, 2000; Blandau & Rumery, 1964; 

Yanagimachi, 1994).  During sperm transit, the epithelium of the epididymis secretes into the 

lumen various intra-acrosomal sperm plasma membrane proteins that are either modified or 

incorporated into the sperm.  These proteins included P34H also known as DCXR 

(dicarbonyl/L-xylulose reductase) (Boue & Sullivan, 1996; de Lamirande et al, 1997) and DE, 

which is a member of the CRISP family (cysteine rich secretary protein) (Kohane et al, 1980a; 

Kohane et al, 1980b).  Not only are there changes to the composition of the sperm membrane 

during maturation, there are also morphological alterations and nuclear chromatin stabilisation 

that allow the sperm to recognise, bind to and fuse with the oocyte (Moore, 1998). This 

acquired ability is not realised until a further phase of maturation has occurred in the female 

genital tract, known as capacitation.   
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1.3.2 Capacitation 

Capacitation occurs only after sperm have spent a period of time in the female reproductive 

tract (De Jonge, 2005) and involves the redistribution, modification or removal of 

glycoproteins, surface sugars and binding proteins (de Lamirande et al, 1997) that allow 

capacitation to occur just prior to extracellular matrix binding.  At the same time the sperm 

must avoid fusing with somatic cells while passing through the female reproductive tract.  The 

oocyte also goes through a process that is known as ‘oocyte capacitation’ (Hyttel et al, 1997), 

which occurs during antral follicular development and  where the oocyte acquires the 

molecular and cytoplasmic machinery required to fully support embryo development (Gandolfi 

& Gandolfi, 2001; Sirard et al, 2006).  

1.3.3  Vaginal environment 

Only one sperm is required for fertilisation, however, normal human ejaculate contains tens to 

hundreds of millions of motile sperm, many of which are still immature and incapable of 

fertilisation.  The vast majority of these sperm will not progress from the vagina due to the 

highly acidic environment that is rich with immunological defences against microbial invaders 

(Tulsiani & Abou-Haila, 2004).  To counter this hostile environment, the seminal plasma that 

serves as a transport vehicle and transient nutritional medium (Simanainen et al, 2008), 

buffers against the acidity, as well as providing antagonists that prevent immunological 

responses (Tulsiani & Abou-Haila, 2004).  The seminal plasma also contains prostasomes, 

which are calcium-storing, cholesterol-enriched vesicles that are incorporated into the sperm 

within the vagina.  The fusion between sperm and prosteasomes protects sperm from 

leukocyte free radical attack (Sostaric et al, 2008; Stewart et al, 2004), as well as increasing 

sperm intracytoplasmic Ca2+ concentrations (Stewart et al, 2004). Ca2+ is ultimately required 

when the sperm encounters the progesterone-rich environment, while cholesterol stabilises 

the plasma membrane to prevent early capacitation and premature acrosomal exocytosis (De 

Jonge, 2005).  A number of studies have confirmed that seminal plasma cholesterol is the 

predominant inhibitor of capacitation (Cross, 1996; De Jonge, 2005; Yudin et al, 1989).  The 

hostile environment of the vagina is the site that initially eliminates sperm that have abnormal 

motion, morphology and unknown problems (Figure 1. 7).  
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the cervical mucus removes from the sperm’s plasma membrane molecules adsorbed during 

transition and storage in the epididymis and while resident in the seminal plasma.  The 

removal of these molecules allows the plasma membrane to undergo further remodelling by 

removing cholesterol, which in turn decreases the cholesterol/phospholipid ratio (De Jonge, 

2005; Tulsiani & Abou-Haila, 2004). This cholesterol efflux from the sperm plasma membrane 

results in phospholipid reorganisation and membrane fluidity that leads to an enhanced 

permeability of bicarbonate and Ca2+ (Breitbart et al, 2006; Brewis et al, 2005; de Lamirande 

et al, 1997).  Feki et al. observed that the sperm plasma membrane is further modified by a 

decrease in vitamin E (Feki et al, 2004).  Vitamin E effectively protects against reactive 

oxygen species (ROS) that causes oxidation-induced damage to membrane lipids.  ROS are 

mainly produced by leukocytes, however, they are also known to be produced in sperm (Ford, 

2004).  Leukocyte ROS are produced by polymorphonuclear cells of which the three main 

ROS are superoxide radicals (O2
-), hydrogen peroxide (H2O2) and hydroxyl radicals (HO') 

(Armstrong et al, 1999).  Sperm ROS have a double function, firstly, they exert a beneficial 

effect on capacitation (Ford, 2004).  Secondly, they have an extremely harmful effect through 

the peroxidation of the unsaturated fatty acids in the sperm plasma membrane that results in 

the elimination of immature and dysfunctional sperm, as well as, reducing the response to 

calcium signalling that is required to initiate the acrosome reaction (Aitken et al, 1989; Ford, 

2004) (Figure 1. 7).  Seminal plasma contains a number of antioxidants that also protect the 

sperm from ROS oxidative damage (Aitken & De Iuliis, 2009).  

1.3.5 Uterine environment 

The uterine environment is the next stage of sperm filtering and the continuation of 

capacitation.  During the passage through the uterus, cholesterol is completely removed from 

the sperm plasma membrane further increasing membrane fluidly and the formation of 

ordered lipid microdomains (Cross, 2003), a prerequisite for membrane fusion.  The uterus 

secretes a 54 KDa sialic acid-binding protein (SABP) from the endometrial cells which line the 

uterus, that specifically binds to the non-capacitated sperm (Banerjee & Chowdhury, 1994) by 

an SABP receptor localised on the head region of the sperm (Banerjee & Chowdhury, 1997).  
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SABP is important for binding Ca2+ and in facilitating Ca2+ influx into the sperm (Banerjee et 

al, 1995) at this stage of capacitation (Figure 1. 7). 

1.3.6 The oviductal environment 

The oviductal environment serves as the passageway for sperm, oocyte and embryo 

transport, as well as early embryo development (Croxatto, 2002; De Jonge, 2005; Leese et al, 

2001).  This environment has also been identified as a rich source of steroids and other 

factors, such as arterial natriuretic peptide (ANP), and an ANP receptor has been identified on 

the plasma membrane of human sperm (Silvestroni et al, 1992).  A number of studies have 

shown ANP to act as a chemoattractant in vitro and to directly influence sperm swimming 

speed (Anderson et al, 1995; Zamir et al, 1993).  This increase in sperm swimming speed, 

known as sperm hyperactivation, is an essential final event of capacitation, enabling sperm to 

penetrate the extracellular matrix. Once the sperm has bound to the extracellular matrix, the 

acrosomal reaction is induced (de Lamirande et al, 1997).  One of the steroids found in the 

female reproductive tract is progesterone, the major steroid found in the follicular fluid, which 

is also secreted by the cumulus cells.  The progesterone stimulates a biphasic Ca2+ influx into 

the sperm (Kirkman-Brown et al, 2000; Revelli et al, 1994; Zhu et al, 1994), priming the sperm 

for the subsequent binding (Patrat et al, 2000) (Figure 1. 7).  

In some mammals the sperm are stored by binding to the oviductal epithelium, while the 

sperm undergo the final stages of capacitation and await the arrival of an ovulated oocyte 

(Topfer-Petersen et al, 2002).  Sperm are released from this stage by undergoing capacitation 

and achieving hyperactivity. 

1.3.7 Sperm penetration of the cumulus cell layer 

As mentioned, once capacitation is completed the sperm is primed to penetrate the 

substantial cumulus cell layer that surrounds the ovulated oocyte. This cell layer is embedded 

in an extracellular matrix rich in hyaluronic acid (Myles & Primakoff, 1997).  To penetrate the 

cumulus cell layer, the sperm uses the hyaluronidase activity of PH-20 that is located on the 

sperm plasma membrane and its newly acquired hyperactivated motility (Lin et al, 1994; 

Yanagimachi, 1994).  The hyperactivated motility and the hyaluronidase activity of PH-20 
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integrity of the ZP matrix by cross-linking the filaments of ZP2-ZP3 heterodimers (Greve & 

Wassarman, 1985).   

Sperm-oocyte primary binding has three distinct events (i) attachment of the sperm to the ZP, 

(ii) binding of the sperm to the ZP, and (iii) induction of the acrosome reaction (Bleil & 

Wassarman, 1983).  In the human and mouse, initial attachment of the sperm is with the 

glycoprotein ZP3, which is also responsible for inducing the acrosome reaction, while in 

humans recent studies have demonstrated that ZP4 also stimulates the acrosome reaction 

via a different signalling pathway than ZP3 (Caballero-Campo et al, 2006; Chakravarty et al, 

2008; Chakravarty et al, 2005; Chiu et al, 2008).  In the rabbit, initial attachment is mediated 

by Sp17 (Richardson et al, 1994) and in the rat PH-20 (2B1) has been identified as the 

primary zona ligand (Barros et al, 1996).  Sperm attachment to the mouse ZP3 occurs by a 

specific interaction with the O-linked oligosaccharide chains and a lectin-like receptor on the 

sperm plasma membrane (Florman & Wassarman, 1985; Rodeheffer & Shur, 2002).  Studies 

by Ramakrishnan et al. have demonstrated that β1,4-galactosyltransferase I (GalT I) has the 

ability to bind glycoside substrate in a stable lectin-like conformation (Ramakrishnan et al, 

2001) and that GalT I is expressed as an integral membrane protein on the plasma 

membrane overlying the acrosome of the sperm (Rodeheffer & Shur, 2002; Shur & Neely, 

1988).   

GalT I is found in varying amounts on the surface of sperm from cattle, swine, rabbits, guinea 

pigs, rats, possum, horses and mice, and its location on the plasma membrane of the 

acrosome intact sperm is consistent with the function of gamete binding in these species 

(Braundmeier et al, 2008; Fayrer-Hosken et al, 1991; Larson & Miller, 1997).  GalT I binding 

to ZP3 activates the pertussis toxin-sensitive G protein aggregation of GalT I (Gong et al, 

1995), which is made possible due to the reduction of cholesterol in the plasma membrane 

that results in an increase in membrane fluidity (de Lamirande et al, 1997).  GalT I 

aggregation allows GalT I-ZP3 to crosslink and allows induction of the acrosome reaction 

(Gong et al, 1995).   
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ZP3-null female mice are infertile due to the complete absence of the ZP surrounding the 

oocyte, indicating that ZP3 is also a structural glycoprotein essential for ZP assembly during 

oogenesis (Wassarman, 2002).  However, studies from GalT I-null male mice identified that 

their sperm retain the ability to bind the ZP but fail to undergo acrosomal exocytosis and that 

GalT I-null males are fertile (Lu & Shur, 1997; Rodeheffer & Shur, 2004).  These null mice 

experiments have further demonstrated that primary sperm-oocyte binding has at least two 

distinct binding events: a GalT I-ZP3 dependent interaction that initiates attachment and 

facilitates acrosomal exocytosis, while a second more stringent GalT I-ZP3 (ZP binding) 

independent interaction occurs that is responsible for sperm-oocyte binding (Rodeheffer & 

Shur, 2004).   

One candidate for sperm-oocyte ZP binding is the sperm plasma membrane protein P34H.  

Boue et al. identified P34H as a potential sperm receptor for the ZP, as antibodies to P34H 

inhibited human sperm-oocyte interactions without affecting hyperactivation, capacitation, or 

zona free hamster egg penetration (Boue et al, 1994; de Lamirande et al, 1997).  P34H is 

secreted within the epididymis where it binds to the head of the sperm during transition 

through the epididymis, it is internalised at the time of ejaculation, reappears during 

capacitation, and is eliminated after the acrosome reaction (Boue & Sullivan, 1996; de 

Lamirande et al, 1997).  

Evidence from in vitro fertilisation experiments suggest that the ZP serves as the major barrier 

to interspecies fertilisation.  However, interspecies hybrids of certain mammals are viable, 

such as the mule (female horse and male donkey), the cama (camel and llama) and the 

liger/tigon (lion and tiger).  The removal of the ZP from unfertilised mammalian eggs 

eliminates this barrier, allowing interspecies fertilisation in vitro to occur (Wassarman, 2002).  

The expression of the same gamete receptors across mammalian species suggests that 

selection during evolution may result in rapid divergence of the parts of the molecule involved 

in gamete binding (Swanson & Vacquier, 2002; Vieira & Miller, 2006). 
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1.3.9 Acrosomal reaction 

The acrosome reaction is an exocytotic event initiated by sperm-ZP3 and ZP4 binding in 

humans, stimulating the sperm activation of the pertussis toxin-sensitive G protein complex, 

depolarisation of the sperm plasma membrane, activation of Ca2+ channels, pH elevation, the 

increase of intracellular Ca2+ concentrations and the influx of water (Wassarman, 2002; 

Zaneveld et al, 1993).  The acrosome matrix becomes swollen and diffuse, and this is 

followed by compound fusion of the outer acrosomal membrane and sperm plasma 

membrane at multiple points spreading from the apical region of the acrosome (Patrat et al, 

2000).  The membrane fusion exposes the inner acrosomal membrane, however, the sperm 

retains the acrosomal contents, attached to the inner acrosome membrane, for several 

minutes following exposure. After approximately 8-12 minutes, the acrosomal contents are 

dispersed in a slow and controlled manner (Harper et al, 2008).  The acrosomal contents 

include a variety of hydrolytic and proteolytic enzymes, such as acrosin and hyaluronidase 

that are essential for sperm penetration as well as, revealing proteins on the inner acrosome 

membrane that are required for gamete adhesion and fusion. Only acrosome-reactive, 

hyperactivated sperm can penetrate the ZP and fuse via the equatorial region of the sperm to 

the oocyte membrane (Figure 1. 8 and Figure 1.9) (Brewis et al, 2005; Patrat et al, 2000; 

Ramalho-Santos et al, 2002; Yanagimachi, 1994).  The newly identified sperm protein, 

SPRASA (Sperm Protein Reactive with Antisperm Antibodies) is exposed after the acrosome 

reaction (Chiu et al, 2004; Mandal et al, 2003).  Since all investigations in this thesis are 

based on Chiu et al.’s initial findings (Chiu et al, 2004), SPRASA will be used for all 

references irrespective of other nomenclature (SPACA3 and SPLL1) and whether the 

reference is to either DNA or protein. 
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1.3.10 Sperm-oocyte adhesion and fusion 

By the time the sperm reaches the oocyte plasma membrane, the sperm has capacitated in 

the female genital tract. It binds to the ZP, that in turn has induced the acrosome reaction, has 

successfully penetrated the ZP and reached the perivitelline space where the final stage of 

fertilisation occurs (Flesch & Gadella, 2000).  This final stage of fertilisation is the fusion of the 

sperm to the oolemma and where the sperm and oocyte cease to be individual cells and 

become part of a newly formed cell, the zygote (Myles & Primakoff, 1997).  In lower animals, 

sperm-oocyte fusion is initiated between the inner acrosomal membrane and the oolemma, 

however, in mammals the inner acrosomal membrane has developed into a structure for 

penetrating the oocyte’s vestments (Manandhar & Toshimori, 2001).  Furthermore, 

preliminary binding of the sperm to the oolemma in mammals is by the apical tip of the sperm 

head (Gaddum-Rosse, 1985; Yoshihara & Hall, 1993).  This initial mammalian binding 

connection is then degraded, allowing the sperm to lie parallel to the oolemma where the 

oocyte microvilli surround the sperm prior to sperm-oocyte fusion (Kaji & Kudo, 2004).  Fusion 

is initiated between the equatorial region of the sperm and the oolemma (Figure 1. 8) 

(Yanagimachi, 1994).   

1.3.11 Sperm-oocyte adhesion proteins  

Preliminary binding within mice is via cyritestin, which is a membrane protein belonging to the 

ADAM (A Disintegrin And Metalloprotease) family of proteins.  Cyritestin (ADAM 3) has been 

localised to the tip of the inner acrosomal membrane of mouse sperm (Forsbach & Heinlein, 

1998; Linder et al, 1995).  Another member of the ADAM family involved in sperm binding to 

the oolemma is the heterodimer fertilin (ADAM 1/fertilin α and ADAM 2/fertilin β), which has 

been identified on the apical head region of the guinea pig sperm (Primakoff et al, 1987).  In 

the mouse, fertilin has been localised to the equatorial region of the sperm, it has also been 

observed on the inner acrosomal membrane suggesting possible roles in binding and fusion 

(Yuan et al, 1997). Both cyritestin and fertilin β null mice are infertile; fertilin β null mice 

display a severe inhibition in oolemma binding and a lower inhibition of sperm-oocyte fusion 

(Cho et al, 1998), while cyritestin null mice present with a reduced capacity to bind the 

oolemma, however, have a normal sperm-egg fusion rate (Table 1. 1) (Nishimura et al, 2001; 
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Shamsadin et al, 1999).  The role of cyritestin and fertilin β in human fertilisation is debatable, 

as genomic analysis indicates that these transcripts are encoded by pseudogenes in primates 

(Frayne et al, 1999; Frayne & Hall, 1998; Hall & Frayne, 1999; Jury et al, 1998; Nixon et al, 

2007).   

Gamete surface proteins with reported gene knockout 

 Molecule Binding/fusion Knockout 
phenotype 

Major features Reference 

Oocyte CD9 normal/reduced Infertile female Eggs defective in plasma 
membrane fusion with sperm 

(Kaji et al, 2002; 
Kaji et al, 2000; 
Le Naour et al, 

2000; Miller et al, 
2000; Miyado et 

al, 2000) 

α6 
integrin 

normal/normal Neonatal lethal No effect on sperm 
adhesion/fusion with egg 

plasma membrane 

(Miller et al, 2000) 

GPI-
anchor 
protein     
(PIG-A) 

~60%/reduced Infertile female Defective in sperm-egg fusion (Alfieri et al, 2003) 

Sperm Fertilin β reduced/~50% Infertile males Small effect on sperm-egg 
fusion, defective in binding to 
zona pellucida and migrating 

into oviduct 

(Cho et al, 1998) 

Cyritestin reduced/normal Infertile males No effect on sperm-egg fusion; 
defective in binding to zona 

pellucida 

(Cho et al, 1998; 
Nishimura et al, 

2001; Shamsadin 
et al, 1999) 

 

Table 1. 1: Phenotype of oocyte and sperm from knockout mice in sperm-oocyte 
interaction. 
Reduced, more than 80% reduction; %, of control.   
 

Another protein involved in sperm-oocyte binding is the newly identified protein SPRASA that 

belongs to the c-type lysozyme family (Herrero et al, 2005; Mandal et al, 2003).  SPRASA has 

been identified in the inner acrosomal membrane, as well as the equatorial region of 

acrosome reactive sperm (Figure 1. 10) (Chiu et al, 2004; Herrero et al, 2005; Inoue et al, 

2005; Mandal et al, 2003).  Mandal et al. demonstrated that an antiserum reactive with 

recombinant SPRASA inhibited binding of human sperm to hamster zona-free oocytes 

(Mandal et al, 2003).  Further evidence by Herrero et al. involving exposure of mice oocytes 

to both recombinant SPRASA protein and anti-SPRASA antibodies showed a significant 
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Ziyyat et al, 2006).  CD9 null female mice are infertile due to an inability to fuse with the 

sperm equatorial segment, however, sperm can bind to the oocytes of CD9 null mice (Table 

1. 1) (Kaji et al, 2000; Le Naour et al, 2000; Miyado et al, 2000).  Furthermore, a study using 

the recombinant form of the functionally significant large extracellular loop (LEL) of CD9 was 

shown to inhibit fusion and the LEL from human CD9 not only inhibited sperm-oocyte binding, 

it also affected sperm-oocyte fusion (Higginbottom et al, 2003).  A further study confirming 

CD9’s role in sperm-oocyte fusion by Runge et al. demonstrated that CD9 is located on the 

microvillar membranes of the mouse oocyte and is required for normal microvillar function 

(Runge et al, 2007).   

Integrins are a family of heterodimer adhesion molecules that mediate cell-cell and cell-

extracellular matrix interactions.  In vitro experiments have identified integrins, in particular 

α6β1, as having a possible role in sperm-oocyte binding and fusion (Bigler et al, 2000; 

Takahashi et al, 2001).  However, oocytes from integrin-deficient mice have shown normal 

binding and fusibility with sperm, suggesting that integrins are not essential for gamete 

binding and fusion (Table 1. 1) (He et al, 2003; Hodivala-Dilke et al, 1999; Huang et al, 2000; 

Miller et al, 2000) and that it is CD9 which forms clusters on the oocyte surface that is 

essential for gamete binding and fusion.    

Another group of molecules associated with oolemma fusion are the lipid-linked, 

glycophosphatidylinositol-anchored proteins (GPI-APs).  Initial experiments by Coonrod et al. 

demonstrated that treating mice oocytes with the enzyme PI-PLC (phosphatidyl inositol-

specific phospholipase C) released two GPI-APs that have molecular weights of ~ 35KDa and 

~ 70KDa and which caused a reduction in sperm-oocyte binding and a strong block to sperm-

oocyte fusion (Coonrod et al, 1999).  Phosphatidylinositol glycan class-A (PIG-A) encodes a 

subunit of an N-acetyl glucosaminyl transferase that is involved in the first steps of GPI 

anchor biosynthesis (Tiede et al, 2000).  The production of an oocyte-specific PIG-A-deficient 

mouse resulted in an infertile female mice due to a block in fertilisation at the level of sperm-

oocyte fusion (Table 1. 1) (Alfieri et al, 2003). 
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As mentioned, sperm travelling through the epididymis incorporates secreted proteins into the 

sperm membranes, the protein DE (Kohane et al, 1980a; Kohane et al, 1980b) is one of a 

series of epididymal-derived cysteine-rich secretory proteins (CRISP).  In the rat, the DE 

protein (CRISP 1, cysteine-rich secretory protein 1) is located on the dorsal region of the 

acrosome, is relocated to the equatorial segment during the acrosome reaction (Rochwerger 

& Cuasnicu, 1992) and has binding sites localised over the entire oocyte surface with the 

exception of the area overlying the meiotic spindle (Rochwerger et al, 1992).  Similar to the 

rat, mice also have DE binding sites located over the surface of the oocyte, however, there 

are no DE proteins found on the equatorial segment of capacitated mice sperm (Cohen et al, 

2000).  Polyclonal anti-DE antibody and purified DE protein experiments have shown 

significant inhibition to penetration of zona-free rat eggs, suggesting a role for this protein in 

sperm-egg fusion without affecting sperm-egg binding (Cohen et al, 1996; Cuasnicu et al, 

1990).  The rat DE protein also shows significant homology to the human protein ARP also 

known as CRISP 1 and the exposure of human sperm to anti-ARP significantly decreases the 

sperm’s ability to penetrate hamster eggs (Hayashi et al, 1996).  Further evidence has shown 

that ARP does not affect oolemma binding, supporting a role for the human ARP protein in 

fusion (Cohen et al, 2001).    

A newly identified member of the immunoglobulin superfamily, Izumo has been localised to 

the inner acrosomal membrane and equatorial segments (Chiu et al, 2004; Inoue et al, 2005; 

Mandal et al, 2003) of sperm.  Izumo male null mice are infertile despite their sperm being 

capable of binding with the oolemma, indicating infertility of these mice is due to a failure to 

fuse with the oocyte plasma membrane (Table 1. 1) (Inoue et al, 2005).  

Immediately after fertilisation, polyspermy is prevented by the secretion of cortical granules 

that destroy ZP3 sperm-binding activity, (Miller et al, 1993; Miller et al, 1992) as well as 

changes in the oocyte membrane that prevent the entry of additional sperm (Shur et al, 2004).  

Further modifications involving the proteolytic cleavage of the glycoprotein ZP2, inhibits 

sperm binding within four hours after fertilisation (Baibakov et al, 2007).  Furthermore, 

mammalian fertilisation appears to have some degree of functional redundancy and like the 

earlier stages of fertilisation, sperm-oocyte adhesion and fusion is not reliant upon any one 
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protein, but appears to be the effort of several proteins that result in maximum fertilising ability 

(Pasten-Hidalgo et al, 2008).   

1.4 Infertility 

To conceive and carry a pregnancy to a live birth, complex physiological, anatomical and 

immunological processes must be functional, active and communicating with each other.  The 

female needs a functionally intact hypothalamic-pituitary-ovarian axis to regulate the 

menstrual cycle, provide normal folliculogenesis, ovulation and to produce the luteal phase 

hormones, while the male needs normal spermatogenesis (Jaffe & Jewelewicz, 1991). Any 

disruption to these processes will result in infertility.  Infertility is a couple’s problem, as 

multiple causes may exist, which can be classified as either primary or secondary infertility.  

Primary infertility is defined as an inability to conceive after one year of contraceptive-free 

intercourse (six months if the woman is aged 35 or older), or an inability to carry a pregnancy 

to a live birth.  Secondary infertility is when a couple has difficulty conceiving after already 

having conceived and carried a normal pregnancy with the same partner.  Females are only 

fertile before and during ovulation, while the rest of the menstrual cycle females are naturally 

infertile. 

The prevalence of infertility is estimated to be one in six couples in New Zealand, while one in 

eight couples require some form of medical assistance to achieve a pregnancy (Unknown).  

Of these infertile couples, approximately 35% is due to a problem with the female, and 

another 35% is due to a problem with the male.  In about 20-25% of couples there may be a 

problem found in both partners and approximately 5-10% of infertility is unexplained 

(Unknown).  United Kingdom statistics for 2006 on infertility identified that 32.5% was 

accounted for by male factors and another 32.5% accounted for female infertility.  In about 

10.8% of couples, multiple male and female factors were identified while unexplained infertility 

was responsible for 23.1% (HFEA, 2006).  Infertility is estimated to affect more than 80 million 

people worldwide (Poongothai et al, 2009).  The worldwide prevalence of primary or 

secondary infertility is 10% (Liu et al, 2007), however, in developing countries infertility is 

greatly increased, as seen in the Sub-Saharan, (Vayena et al, 2002) and India (Poongothai et 
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al, 2009), while in developing countries it is more likely that infertility is due to primary rather 

than secondary causes (Cates et al, 1985).  

1.4.1 Female causes of infertility 

In women, there are a number of life style and environmental factors that affect a female’s 

fertility status. Alcohol alters the levels of oestrogens and progestagens and affects the 

menstrual cycle and ovulation (Chang et al, 2006).  Disorders of diet such as anorexia, 

creates problems with menstrual cycle and thyroid levels, while morbid obesity impacts on 

fertility by increasing circulating leptin.  Leptin is an adipokine that is secreted by adipocytes 

and in obese females stimulates the hypotholomic-pituitary axis (Metwally et al, 2008).  At the 

level of the ovary, leptin is believed to affect the menstrual cycle through a direct inhibitory 

effect on the developing follicles (Metwally et al, 2008) and increasing the risk of oligo-

ovulation (Adamson & Baker, 2003).  Leptin has no direct effect on the hormones aromatase 

and 17β-Hydroxysteroid hydrogenase, however, the increased fat mass results in greater total 

conversion of androgens to oestrogens, and oestrone to oestradiol (Power & Schulkin, 2008).    

Excessive exercising also disrupts the ovulatory cycle (Jaffe & Jewelewicz, 1991).  Tobacco 

use can affect a number of steps in the fertilisation process, including a change to the cervical 

mucus that affects the sperm’s ability to reach the oocyte (Seshagiri, 2001; Zenzes, 2000).  

Polycyclic aromatic hydrocarbons (PAH), 2,3,7,8-tetrachlorodibenzo-p-dioxins (TCDD) and 

benzo-[α]-pyrene are all chemicals found in cigarette smoke that are known to cause oocyte 

loss (Hahn, 1998).  A delay in starting a family also affects a woman’s fertility, as a female’s 

fertility decreases as she ages and moves towards menopause, with a significant reduction 

after the age of 35 (Kidd et al, 2001) rapidly reducing her likelihood of becoming pregnant. 

(van Noord-Zaadstra et al, 1991).   

1.4.2 Ovulation infertility 

A regular menstrual cycle strongly suggests that a woman is ovulating, however, if a woman 

has menses less often or not at all, she is probably ovulating infrequently or is not ovulating 

(Adamson & Baker, 2003).  A decrease in the production of any of the hormones that regulate 

the female reproductive cycle such as progesterone or oestrogen may result in infertility.  
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Luteal dysfunction, in which a woman’s corpus luteum (Figure 1. 2) fails to produce sufficient 

progesterone to thicken the uterine lining or when the uterine lining does not respond to 

oestrogen in the proliferative phase (Adamson & Baker, 2003), can result in infertility.  

Furthermore, the decrease of progesterone effects the stimulation of the biphasic Ca2+ influx 

into the sperm (Kirkman-Brown et al, 2000; Revelli et al, 1994; Zhu et al, 1994) that primes 

the sperm for the subsequent binding (Patrat et al, 2000) (Figure 1. 7 and Figure 1. 8) can  

also cause infertility.   

As mentioned, excessive exercise or anorexia can disrupt the ovulatory cycle, however, some 

women suffer from premature ovarian failure (POF), which is defined as the cessation of 

ovarian function under the age of 40 years and is characterised by amenorrhoea, 

hypooestrogenism and elevated serum gonadotrophin concentrations (Coulam et al, 1986).  

The physiological reason for POF can be divided into two distinct categories of either a 

decreased number of oocytes being formed during development, known as gonadal 

dysgenesis, or an increased rate of oocyte atresia (Shelling, 2000).  Mutations in genes that 

code for the hormones, receptors and proteins known to regulate the expression of the 

gonadotropin hormones such as inhibin (Shelling et al, 2000), FSH receptor (Aittomaki et al, 

1995) and FOXL2 (Harris et al, 2002) are just some known causes of POF and infertility. 

Polycystic ovarian syndrome (PCOS) is the result of small cystic fluid-full follicles that cover 

the ovaries.  The ovaries of PCOS females disrupt the balance of hormones by producing 

high amounts of male hormones, especially testosterone. LH levels remain abnormally high 

while FSH levels are abnormally low, resulting in the ovaries forming cysts instead of follicles 

(Blank et al, 2006).   

1.4.3 Blocked tubes in the female reproductive system 

The oviducts serve as the passageway for sperm, oocyte and embryo transport, as well as 

early embryo development (Croxatto, 2002; De Jonge, 2005; Leese et al, 2001).  However, if 

the oviducts are blocked, the chances of the sperm reaching the oocyte will be greatly 

reduced, in turn reducing the chances of a successful fertilisation and hence pregnancy.  

Common causes that result in blockage of the oviducts include pelvic inflammatory disease 
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(PID), infection from a previous birth and sexually transmitted infections such as chlamydia, 

which is estimated to cause infections in the oviducts (Adamson & Baker, 2003). 

1.4.4 Uterine infertility 

The endometrium is the lining that grows inside the uterus and is shed every month during the 

menstrual period.  If the endometrial tissue implants in areas other than the uterus, such as 

the vagina, ovaries, oviducts or pelvis it is known as endometriosis.  Two theories on the 

cause of endometriosis are the implantation theory caused by a process known as retrograde 

menstruation (Koninckx et al, 1999; Sampson, 1927) and the metaplasia theory (Koninckx et 

al, 1999).  Endometriosis is found more commonly in women with infertility and even minimal 

endometriosis can reduce a woman’s fertility (Adamson & Baker, 2003).  The endometrial 

tissue growing outside of the uterus grows with each menstrual cycle, and may block the 

passage of the oocyte and or sperm.  Endometriosis may hinder implantation of the embryo 

and increases the rate of miscarriages (Hart, 2003), while fibroids (leiomyomata) are benign 

tumours of the myometrium which may form in the uterus near the oviducts or cervix reducing 

the chance of the embryo implanting in the uterus (Hart, 2003).  

1.4.5 Cervical infertility 

Cervical infertility involves an inability of the sperm to pass through to the uterus.  Causes 

include antisperm antibodies, cervical stenosis (narrowing), infections caused by sexually 

transmitted disease such as chlamydia and gonorrhoea, and insufficient cervical mucus.  A 

decrease in cervical mucus can reduce the removal of molecules from the sperm’s plasma 

membrane that were adsorbed during transition and storage in the epididymis and while 

resident in the seminal plasma, this in turn may impede the remodelling of the plasma 

membrane that occurs with the removal of cholesterol and reduces the permeability for the 

influx of bicarbonate and Ca2+ (Breitbart et al, 2006; Brewis et al, 2005; de Lamirande et al, 

1997).   

The cervix is the primary site where immune cells interact with sperm (Figure 1. 7).  It is 

estimated that 4-6% of fertile female’s immune cells secrete antisperm antibodies (Chamley & 

Clarke, 2007; Franklin & Dukes, 1964a; Franklin & Dukes, 1964b; Omu et al, 1997).  Of these 
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antisperm antibodies, a few can attach to the sperm causing clumping and impairing motility 

(Barratt et al, 1989; Zouari et al, 1993), interfering with the sperm’s ability to penetrate 

through the cervix to the uterus (Eggert-Kruse et al, 1993).  

1.4.6 Male causes of infertility 

Similar to female fertility, male fertility is affected by life style and environmental factors that 

influence sperm quality.  These factors include heat from a sauna, bathing for a long period of 

time in hot water and wearing tight trousers and underwear, as sperm are heat-sensitive and 

cannot endure too high a temperature (Jung & Schuppe, 2007).  Other life style factors that 

affect sperm quality are alcohol, which interferes with the synthesis of testosterone 

(Emanuele & Emanuele, 1998), coffee (Curtis et al, 1997), excessive exercise can effect the 

reproductive hormone profile in males by reducing testosterone, as well as, altering luteinising 

hormone release and the pituitary’s response to gonadotrophin-releasing hormone (Arce & 

De Souza, 1993).  Lack of exercise and/or a sedentary lifestyle is believed to impair the ability 

of the scrotum to thermoregulate will result in an adverse effect on one or more aspects of 

semen quality (Sharpe, 2000), other factors affecting male fertility are anabolic steroids 

(Skakkebaek et al, 1994), an unhealthy diet and smoking (Zenzes, 2000).  Environmental 

factors include workplace chemical exposure to toxins such as heavy metals and oestrogenic 

chemicals (Benoff et al, 2000; Sharpe, 2000) and pesticides.  To recover from some of these 

factors, it requires approximately three months for sperm quality to be restored, as 

spermatogenesis takes this amount of time to produce new sperm in the seminiferous tubule.  

Furthermore, male fertility is believed to decrease over the age of 50 due to testosterone 

levels falling, decline in semen volume, morphology and motility of sperm, however, sperm 

concentration is maintained (Kidd et al, 2001). 

1.4.7 Sperm infertility 

The human and male gorilla has the poorest sperm production of any mammals.  Most 

animals produce 20-25x106 sperm per gram of testicular tissue per day whereas a human 

produces only 4x106 sperm per gram (Silber, 1994).  Human male infertility is most commonly 

defined as abnormalities in the semen and is evaluated on several different criteria.  To 
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evaluate semen the World Health Organisation (WHO) has specified a number of standards: 

total normal semen volume should be greater than 2.0mL with a sperm concentration of 

20x106 sperm per mL or more.  A sperm concentration less than 20x106 sperm per mL is 

thought to indicate infertility.  The fructose level in human semen is to be 13 µmol per 

ejaculate, while the absence of fructose may indicate a problem with the seminal vesicles 

(Gonzales & Villena, 2001).  A total sperm count of 40x106 sperm per ejaculate or more is 

classed as fertile, while anything less than 20x106 per mL is considered oligozoospermia.  

Absence of sperm in the ejaculate is considered azoospermia, and aspermia describes the 

absence of semen (WHO, 1992).  The average sperm count in the Western World is 

approximately 60x106 per mL (Dindyal, 2004), however, there is evidence that human semen 

quality has declined substantially during the past 50 years (Carlsen et al, 1992; Skakkebaek 

et al, 1994).   

The WHO further defines normal semen as having a pH between 7.2 and 7.8.  Sperm motility 

and forward progression is specified as being normal if greater than 50% of sperm are motile 

and 25% or more have rapid progression in a straight line within 60 minutes of ejaculation 

(WHO, 1992).  Anything less is considered asthenozoospermia.  The WHO criteria specify 

that 30% or more sperm must have a normal morphology and 75% or more are required to be 

alive (WHO, 1992).  Normal sperm head morphology is smooth and has an oval configuration, 

length of 5-6µm, width of 2.5-3.5µm and have an acrosome that covers 40-70% of the 

anterior sperm head.  The midpiece is axially attached, 1.5 times the length of the head and 

being greater than 1µm long.  The tail should be thinner than the midpiece, straight, uniform, 

uncoiled and approximately 45µm in length (Figure 1. 11) (WHO, 1987; WHO, 1992).  Sperm 

that carry greater than 30% morphological defects are considered to be teratozoospermia.  

The large number of abnormal forms, debris, and non-motile sperm found in the human 

semen does not occur in other mammals except for the gorilla (Silber, 1994).   
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sperm morphology had a greater association with male fertility than sperm concentration and 

motility (Menkveld et al, 2001).   

1.4.8 Blocked tubes in the male reproductive system 

The normal pathway for sperm transport is from the seminiferous tubules through the testes 

out into the epididymis and vas deferens to the urethra where they are ejaculated during 

sexual intercourse.  Obstruction may occur due to sexually transmitted infections, such as 

gonorrhoea (Megory et al, 1987) or due to varicoceles (varicose veins in the testes), which 

can result in a low sperm count (Haans et al, 1991; Mohammed & Chinegwundoh, 2009).  A 

low sperm volume may indicate partial or complete blockage of the seminal vesicles, or if 

there is a problem with the prostate gland, which contributes approximately one third of the 

seminal fluid (DeMasters, 2004).  An acidic ejaculate, pH less than 7.2, may indicate one or 

both of the seminal vesicles are blocked, while a basic ejaculate, pH greater than 8.0, may 

indicate an infection (Sigman, 1993).  The complete absence of the vas deferens is 

associated with cystic fibrosis mutations.  If there is a blockage in any part of this pathway the 

sperm will not be ejaculated.   

1.4.9 Immunological infertility 

The term immunological infertility is used if spontaneously occurring antibodies bind to 

antigens on the gametes and impair sperm-oocyte interaction (Bohring & Krause, 2003).  

Antisperm antibodies are far more frequent than oocyte antibodies (Bohring & Krause, 2003).  

An antisperm antibody to human sperm from infertile men was first described by Rümke and 

Wilson independently in 1954 (Bohring et al, 2001).  Antisperm antibodies can appear in both 

males and females and can be detected in seminal fluid (Clarke et al, 1985a), bound to the 

sperm surface (Anderson & Hill, 1988), cervical mucus, oviductal and follicular fluids (Kay et 

al, 1985; Ping, 1979) and have been found in blood serum of men and women (Clarke et al, 

1985b).  Surgery, inflammation and trauma to the epididymis and the vas deferens, but not to 

the testes, are the main causes of the induction of antisperm antibodies in males (Bohring et 

al, 2001; Gubin et al, 1998) that have been found to affect sperm motility (Barratt et al, 1989; 

Zouari et al, 1993), the acrosome reaction (Grundy et al, 1998; Tasdemir et al, 1996), 



Introduction  

33 
 
 

penetration of the cervical mucus (Eggert-Kruse et al, 1993), zona pellucida binding 

(Francavilla et al, 1997) and sperm-oocyte fusion (Rajah et al, 1993).  

In males, approximately 10% of infertile males have antisperm antibodies, compared to 1%-

2.5% of fertile males (Bronson, 1999; Heidenreich et al, 1994; Sinisi et al, 1993) however, the 

prevalence increases in males who have had a vasectomy (Awsare et al, 2005).  In males 

who have undergone a vasovasostomy (vasectomy reversal) approximately 50% of men with 

sperm in their ejaculates will be infertile, while the remaining 50% will regain fertility, although, 

both groups are known to have antisperm antibodies (Chiu & Chamley, 2002; Parslow et al, 

1983; Royle et al, 1981).  Studies by Franklin and Dukes investigating female infertility 

observed that females with unexplained infertility had a significantly higher incidence (~ 72%) 

of antisperm antibodies than females with known causes of infertility (~8%), while 

approximately 6% of fertile females were found to have antisperm antibodies (Chamley & 

Clarke, 2007; Franklin & Dukes, 1964a; Franklin & Dukes, 1964b).  The high incidences of 

antisperm antibodies seen in fertile individuals clearly show that not all antisperm antibodies 

disrupt fertility (Chamley & Clarke, 2007; Chiu & Chamley, 2002).  

1.4.10 Genetic abnormalities 

Chromosomal disorders can be classified as numerical or structural (Hargreave, 2000).  

Numerical disorders are due to polyploidy, where cells can have triploid (69 chromosomes) or 

tetraploid (92 chromosomes) chromosomes, while aneuploidy forms result in syndromes such 

as Klinefelter’s syndrome (46XXY). Polyploidy disorders are seen in the majority of 

spontaneous abortions (Hargreave, 2000).  Structural chromosome disorders are due to 

deletion (microdeletion of the Y chromosomes), duplication (CGG trinucleotide repeats 

duplication in fragile X), mutation (cystic fibrosis transmembrane conductance regulator 

(CFTR)) and translocation (Robertsonian disorder that occurs in both females and males can 

result in recurrent abortions or complete infertility (Meza-Espinoza et al, 2008)) of genetic 

material.  Chromosomal or genetic abnormalities carried by the gametes and results in 

embryo development may be maintained to term; these abnormalities are more commonly 

seen if the female is over 35 years.  Turner syndrome (frequency of approximately one in 



Introduction  

34 
 
 

5,000 to one in 10,000) is the phenotype associated with complete (45,X) or partial 

(45,X/46XX) monosomy of the X chromosome in females.  Ovarian differentiation requires 

only one X chromosome, however, genes on the second X chromosome are responsible for 

ovarian maintenance (Simpson & Rajkovic, 1999) and without this chromosome most 45,XO 

adult’s ovaries are replaced by a white, fibrous streak (Ogata & Matsuo, 1995).  The genetic 

abnormality on the long arm of the X chromosome, resulting in a fragile X, is caused by the 

expansion of the CGG trinucleotide repeat region located in the 5’ UTR of the fragile X mental 

retardation-1 (FMR-1) gene.  The repeat region is classified normal if comprising 40 or fewer 

CGG repeats, pre-mutation if between 61-200 repeats while a full mutation contains over 200 

repeats.  The fully expanded form leads to mental retardation and autism, whereas the pre-

mutation can lead to a neurological disorder called fragile X-associated tremor/ataxia, 

macroorchidism after puberty and POF (Martin & Arici, 2008).   

During spermatogenesis cell division is rapid, increasing the opportunity for mutations; 

chromosomal abnormalities are more common in infertile males and in subfertile male 

partners (Hargreave, 2000).  Klinefelter’s syndrome (one in 1000 males) is associated with 

either the karyotype 47XXY or 46XY;47XXY mosaicism and is the most frequent sex 

chromosome abnormality identified in males.  Adult males present with small firm testicles 

that are devoid of germ cells, while Leydig cell function is commonly impaired (Hargreave, 

2000).  The most common X-linked disorder associated with male infertility is Kallman’s 

syndrome which is due to a deficiency of gonadotropin-releasing hormone (GnRH).  The 

commonest form of Kallman’s syndrome is the X-linked recessive form caused by a mutation 

in the KALIG-1 gene at the locus Xp22.3 (Franco et al, 1991; Hargreave, 2000).  This 

mutation resulted in the complete absence of the olfactory bulbs and tracts, as well as, 

effecting the migration of hypothalamic gonadotropin-releasing hormone (LH-RH)-producting 

neurons (Franco et al, 1991).  The KALIG-1 gene shares homology with molecules involved in 

neural cell adhesion and axonal pathfinding, suggesting that a molecular defect in this gene 

causes the neuronal migration defect underlying Kallmann’s syndrome (Franco et al, 1991).  

Males present with hypogonadotrophic hypogonadism are secondary to deficiency of LH-RH 

and they may also have maldescended testes.   
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1.4.11 Combined infertility 

Combined infertility is diagnosed when both partners contribute to a fertility problem and is 

diagnosed if the male or female has more than one problem.  In New Zealand approximately 

20-25% of couples are diagnosed with combined infertility (Unknown), while in the United 

Kingdom it is approximately 11% (HFEA, 2006).   

1.4.12 Unexplained infertility 

Unexplained infertility is diagnosed only after a complete infertility evaluation has been 

performed.  The causes of unexplained infertility may be congenital or acquired and account 

for approximately 5-10% of cases in New Zealand (Unknown), and 23% in the United 

Kingdom (HFEA, 2006).  Unexplained infertility may be caused by the failure of the oviducts 

to capture the ovulated oocyte, embryo implantation failure, interfering with the passage of 

sperm beyond the cervix or unknown genetic disorders in novel genes such as SPRASA that 

may affect the function of the protein in either partner. 

1.5 Lysozyme family 

1.5.1 c-type Lysozyme 

The c-type lysozyme family takes its name from the chicken lysozyme protein.  The family not 

only includes the c-type lysozymes, but also alpha-lactalbumin and the calcium-binding 

lysozymes.  The c-type lysozyme is an enzyme that is universally found in mammals, birds, 

reptiles, fish and insects (Jolles & Jolles, 1984; Prager & Jolles, 1996) and is ubiquitously 

expressed in a number of tissues and secretions in these organisms (McKenzie, 1996).  

However, alpha-lactalbumin and the calcium-binding lysozymes have a more restricted 

distribution.  Alpha-lactalbumin is a mammal only protein, while calcium-binding lysozymes 

have been identified only in mammals and birds (McKenzie & White, 1991).   

The main biological function of the c-type lysozyme is providing the host protection from 

bacterial infection; this is achieved by catalysing the hydrolysis of β-1,4 glycosidic bonds of 

the peptidoglycan layer of bacterial cell walls (Jolles & Jolles, 1984).  However, in the true 

stomach of the cow and leaf-eating langur monkey the c-type lysozyme, while still maintaining 
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as a general acid catalyst by cleaving the bond between C-1 of N-acetylmuramic acid (NAM) 

and the C-4 of N-acetylglucosamine (NAG) of the protein 1,4-β-N-acetylmuramidase, while 

D52 stabilises the developing carbonium ion of the reaction intermediate (Jolles & Jolles, 

1984; McKenzie, 1996; Qasba & Kumar, 1997).  The importance of these two residues were 

identified when glutamine (Gln=Q) was substituted for glutamic acid (E35) and asparagine 

(Asn=N) for aspartic acid (D52) (Malcolm et al, 1989; Muraki et al, 1987).  Glutamine was 

found to abolish the enzyme activity of the c-type lysozyme completely, while the asparagine 

(N52) substitution retained an initial activity that was 5% of the wild-type lysozyme (Qasba & 

Kumar, 1997).  Another conserved feature of the c-type lysozyme family are the eight half 

cysteine residues that form four conserved disulphide bonds in all family members. The 

disulphide bonds form between C6-C127, C30-C115, C64-C80 and C76-C94 (Figure 1. 13).   

The three dimensional structure of the family members consist of two domains separated by a 

deep cleft the stretches across the entire width of the molecule.  Within this cleft the natural 

substrate of the c-type lysozyme is bound.  The alpha domain contains most of the helices, 

while the beta domain contains the β-sheets.  A helical segment joins the two domains 

(Figure 1. 14) (McKenzie, 1996; Qasba & Kumar, 1997).  Following the formation of the alpha 

and beta domains, the first two disulphide bonds form in the beta domain, C76-C94 and C64-

C80, followed more slowly by the C30-C115 bond in the alpha domain.  The last bond 

between C6-C127 in the alpha domain is formed, whereupon the molecule is enzymatically 

active (Ting & Jernigan, 2002).  
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Sugai & Ikeguchi, 1994).  However, alpha-lactalbumin does differ from the c-type lysozyme 

significantly in some regions due to its flexibility as well as its function, partly due to the 

nucleotide sequence of exon four (Acharya et al, 1991; Acharya et al, 1989; Harata & Muraki, 

1992; Malinovskii et al, 1996; Sugai & Ikeguchi, 1994).  The greater flexibility of alpha-

lactalbumin is believed to be an adaptation associated with a requirement for local structural 

adjustments during the interaction with β1,4-galactosyltransferase I (GalT I) (Acharya et al, 

1989; Malinovskii et al, 1996; McKenzie & White, 1991; Sugai & Ikeguchi, 1994) that occurs in 

the C-terminal of the protein, which is coded by exon four (McKenzie & White, 1991; Sugai & 

Ikeguchi, 1994).   

The function of alpha-lactalbumin, which occurs in the mammary glands of mammals, is the 

synthesis of lactose by the modification of the soluble form of GalT I in the presence of the 

substrate glucose (Permyakov & Berliner, 2000; Rodeheffer & Shur, 2002; Shur & Roth, 

1975; Trayer & Hill, 1971).  However, the main function of GalT I is to transfer galactose in a 

β1,4-linkage from UDP-Gal to terminal N-acetylglucosamine (GlcNAc) residues on elongating 

oligosaccharide chains (Rodeheffer & Shur, 2002).  In isolation GalT I’s ability to bind glucose 

is weak, however, when alpha-lactalbumin binds GalT I the substrate specificity of GalT I 

increases 1000-fold for glucose and consequently supports a high rates of lactose synthesis 

(Malinovskii et al, 1996; McKenzie, 1996).    

In the early 1980’s an alpha-lactalbumin-like protein was identified in the rat epididymis and 

spermatozoa (Byers et al, 1984; Hamilton, 1981; Jones & Brown, 1982; Qasba et al, 1983).  

However, two further publications threw doubt on these earlier findings, suggesting that the 

findings were due to “unoptimised assays” (Holpert & Cooper, 1990; Moore et al, 1990; Tang, 

1993).  More recently three novel lysozyme-like proteins (LYZL2, LYZL4 and LYZL6) were 

identified in the human testes and epididymis (Zhang et al, 2005). These three proteins 

showed more homology to mammalian c-type lysozyme than alpha-lactalbumin, however, 

these novel proteins raise the possibility that these are the same proteins identified by 

Hamilton (Hamilton, 1981), Jones and Brown (Jones & Brown, 1982), Qasba et al, (Qasba et 

al, 1983) and Byers et al, (Byers et al, 1984) in the early 1980’s. 
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1.5.3 SPRASA  

The screening of sperm from males who had undergone a vasectomy reversal identified a 

novel antisperm antibody that reacted with a 16KDa protein (Chiu & Chamley, 2002).  This 

protein was later called SPRASA, sperm protein reactive with antisperm antibodies (Chiu et 

al, 2004).  SPRASA was also identified by Mandal et al. during the mining of a human 2D gel 

of sperm proteins (Mandal et al, 2003).  Both groups further identified SPRASA as a testis 

specific protein that was located to the inner acrosomal membrane (Chiu et al, 2004; Herrero 

et al, 2005; Mandal et al, 2003).  Furthermore, SPRASA appeared to be a mammalian-only 

protein, as expression was only identified in the mouse, rat (Herrero et al, 2005; Mandal et al, 

2003), sheep, bull, deer (Chiu et al, 2004) as well as a number of human cell lines; Burkitt’s 

lymphoma Raji (Mandal et al, 2003), multiple myelomas and chronic myelogenous leukaemia 

(Condomines et al, 2007; Wang et al, 2004).  SPRASA was identified as a new member of 

the c-type lysozyme family (Chiu et al, 2004; Mandal et al, 2003) and has a mature amino 

acid sequence that is 52% identical to c-type lysozyme.  

The human SPRASA is encoded by a gene at locus 17q11.2 and is 6012 bases in length 

(Figure 1. 15).  This is considerably larger than the c-type lysozyme due to the extra 5’ exon 

(exon one) and the greatly increased size of intron one, which is approximately 3436 bases.  

The mRNA is 819 base pairs long (Figure 1. 15) and codes for a protein of 215 amino acids 

with a predicted transmembrane region spanning amino acids 64-87 (Figure 1. 16).  The 

structure of the human SPRASA gene is composed of five exons encoding 109, 309, 157, 79 

and 164 bases separated by four introns of 3436, 1125, 443 and 188 bases (Figure 1. 15).  

The protein coding sequence is found in all five exons and the transmembrane region is 

located within exon two.  The c-type lysozyme family characteristic deletion of two amino 

acids at position 47 is found in the SPRASA sequence.  This position is a hot spot for length 

variation of 1-2 amino acid in vertebrates, and 68 with respect to the human c-type lysozyme 

sequence, (Mandal et al, 2003).  The mature SPRASA protein, which is believed to be 

cleaved after the transmembrane region, is encoded for by four exons (two, three, four and 

five) encoding 27, 53, 27, and 21 residues (Figure 1. 16).  The mature SPRASA protein 
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Analysis of the human SPRASA sequence has revealed the presence of 17 of the 20 

invariant residues that are found in all known c-type lysozyme sequences.  The three invariant 

residues that are not conserved in SPRASA are E35, D52 and Y53; these residues have 

been changed to T35, N52 and N53 in the human SPRASA protein.  Two of the non-

conserved invariant residues include the catalytic amino acids E35 and D52.  Furthermore, an 

alignment of the putative mouse and rat SPRASA proteins revealed the presence of identical 

variations in these two catalytic amino acids that are essential for bacteriolytic activity in the c-

type lysozymes (Mandal et al, 2003).  The double changes to the catalytic residues identified 

in SPRASA were confirmed to remove the bacteriolytic activity of this molecule, even through 

SPRASA retains the conserved substrate binding sites for the oligosaccharides of N-

acetylglucosamine (Mandal et al, 2003) (Figure 1. 16).   

As mentioned, SPRASA distribution appears to be restricted to the testes as well as being 

aberrantly expressed in haematologic malignancies (Chiu et al, 2004; Condomines et al, 

2007; Mandal et al, 2003; Wang et al, 2004), therefore, SPRASA has been reported to be a 

novel cancer-testis antigen and is believed to be a suitable target for immunotherapy 

(Condomines et al, 2007; Wang et al, 2004). However, using SPRASA as a target for 

immunotherapy may cause adverse effects within these patients, as Chiu et al found 

antibodies against SPRASA within infertile males’ sera but not within the sera of 50 fertile 

males (Chiu et al, 2004).  

In 1932 Sir Alexander Fleming (1932) predicted that ‘We shall hear more about lysozyme” 

and SPRASA is fulfilling this prediction by adding a new chapter to this family of molecules.  
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1.6 Conclusions from the literature 

The complex interactions involved in mammalian fertilisation appear to have some degree of 

functional redundancy at all stages of fertilisation and are not reliant upon any one protein, but 

appear to be the effort of several proteins that are critical at these different stages to 

maximise the fertilising ability of the sperm and oocyte (Pasten-Hidalgo et al, 2008).  Two 

reported proteins identified to have a role in sperm-oocyte binding are cyritestin and fertilin.  

Similar to cyritestin and fertilin, SPRASA has also been identified to have a role in sperm-

oocyte binding (Herrero et al, 2005; Mandal et al, 2003), and is located within the inner 

acrosomal membrane and the equatorial region of the sperm (Chiu et al, 2004; Mandal et al, 

2003), suggests that the knockout or mutations within this gene may cause infertility.   

The prevalence of infertility is estimated to be one in six couples in New Zealand, while one in 

eight couples require some form of medical assistance to achieve a pregnancy (Infertillity. 

(2009). Retrieved September 29; Unknown).  Of these infertile couples, approximately 5-10% 

of infertility is unexplained (Unknown).  Knowing that SPRASA is involved in sperm-oocyte 

binding (Herrero et al, 2005; Mandal et al, 2003), the identification of mutations causing 

infertility within this gene would give the assisted reproduction clinics the knowledge to 

bypass in vitro fertilisation (IVF) for these couples and use intracytoplasmic sperm injection 

(ICSI). 
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1.7 Thesis hypotheses 

This work has investigated the hypotheses that SPRASA is associated with fertility, by 

investigating the gene structure and transcriptional regulation of SPRASA as well as its 

evolutionary conservation.  To date, no mutational analysis of the SPRASA gene and the 

possible contributions to infertility have been performed.  The specific objectives were: 

• To document the genetic variation in the SPRASA gene in infertile couples and 

whether these genetic variations in the SPRASA gene sequence are associated with 

infertility in humans.  

• To examine the expression profile of SPRASA by determining the spatial and 

temporal expression of SPRASA.   

• To determine the evolutionary conservation of the protein and structures within the 

protein by examining the expression of SPRASA in orthologues. 
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Chapter 2: Materials and Methods 

2 Introduction 

2.1 Materials 

2.1.1 Chemicals 

All water used was ultra pure pyrogen free water, and autoclaved where appropriate.  All chemicals 

used were of analytical grade unless otherwise stated and were purchased from BDH (Pennsylvania, 

USA), BioLab (Clayton, Australia), Difco Laboratories (Detroit, USA), Invitrogen (Carlsbad, USA), Life 

Technologies (Gaithersburg, USA), Merck (Whitehouse Station, USA), Scharlau (Barcelona, Spain), 

Serva Electrophoresis GmbH (Heidelberg, Germany) and Sigma-Aldrich (St Louis, USA). 

2.1.2 Enzymes 

Taq DNA polymerases derived from the bacterium Thermus aquaticus were purchased from Qiagen 

(Hilden, Germany) (Qiagen Taq), which was used for general polymerase chain reaction (PCR) 

reactions.  AccuPrime Pfx from Invitrogen (Carlsbad, USA) is a proofreading Taq and was used to 

amplify the SPRASA promoter regions.  Advantage 2 Polymerase Mix, Clontech (Mountain View, 

USA) was used for the 5’ and 3’ RACE experiments.  Amplification grade DNAse I, RNaseOUT, Oligo 

(dT)20 primer(s), Thermoscript reverse transcriptase kit, SYBR GreenER qPCR SuperMix were all 

purchased from Invitrogen.  Moloney Murine Leukemia Virus Reverse Transcriptase (MMLV RT), 

Epicentre (Madison, USA), was used to amplify the first-strand cDNA for 5’- and 3’-RACE PCR. 

Restriction endonucleases (Mlu I and Xho I) were purchased from New England Biolabs (NEB) 

(Ipswich, USA). TaqMan Gene Expression Mastermix, BigDye Terminator v3.1 Cycle Sequencing Kits 

were purchased from Applied Biosystems (ABI) (Foster City, USA). 

2.1.3 Kits 

Purifying columns for PCR products and plasmid isolation (small quantities) were purchased from 

Roche (Basel, Switzerland). Plasmid isolation (maxiprep) and columns for the extraction of total RNA 

from mammalian cells and tissues were purchased from Qiagen (Hilden, Germany).  SMART RACE 5’ 
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and 3’ Amplification Kit was purchased from Clontech (California, USA).  Maxwell 16 DNA Purification 

Kit was kindly supplied by Promega (Madison, USA).  MasterPureTM Complete DNA and RNA 

Purification Kit were purchased from EPICENTRE Biotechnologies (Madison, USA). 

2.1.4 Cell Culture Reagents 

The cell culture media Roswell Park Memorial Institute (RPMI) 1640, Fetal Bovine Serum (FBS), 

trypsin and the cell culture antibiotics penicillin and streptomycin were all purchased from Invitrogen.  

The tissue culture flasks were purchased from Becton Dickinson (New Jersey, USA), and the 

Cryotubes were obtained from NUNC (Roskilde, Denmark). 

2.1.5 Plasmids 

The pGEM-T Easy is driven by the T7 and SP6 promoters and was used to increase the quantity of 

PCR products, to confirm that the orang-utan variants identified in exon two were on the same 

amplicon (Chaper 5.1.1 and Figure 5.3), as well as isolate and amplify the 5’ and 3’ RACE PCR 

products (Chaper 5.1.1).  The pGL3-enhancer reporter plasmid, in which the expression of luciferase 

is modified from the firefly luciferase gene, contains an SV40 enhancer, and was used to express the 

SPRASA promoter region variants.   The reporter plasmid pRL-TK, in which the expression of 

luciferase is derived from the sea pansy, Renilla, is driven by the thymidine kinase promoter and was 

used as a co-transfection control.  The pShuttle-GFP plasmid which expresses the green fluorescent 

protein (GFP) driven by the CMV promoter was used to optimise the reporter assays and was kindly 

given to the laboratory by Melony Black (Liggins Institute and the School of Biological Sciences, 

University of Auckland).  All other plasmids were obtained from Promega (Wisconsin, USA). 

2.1.6 Primers 

All primers designed for this research were purchased from Invitrogen (Auckland, New Zealand) and 

were of standard purity.  For PCR amplification, primers were resuspended in ultra pure pyrogen free 

water to a concentration of 20µM.  For quantitative Reverse Transcription-PCR (qRT-PCR), primers 

were resuspended in 10mM Tris, 0.1mM EDTA, pH 8 to a stock concentration of 100µM and working 

concentrations of 3µM for Sybr GreenER master mixes and 0.9µM for TaqMan master mix.  

Quantitative RT-PCR probes were purchased from Applied Biosystems and were resuspended in 
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10mM Tris, 0.1mM EDTA, pH 8 to a stock concentration of 5µM and a working concentration of 

0.25µM.  Quantitative Reverse Transcription-PCR (qRT-PCR) Mouse geNorm SYBRgreen detection 

primer kit (cytochrome c-1; CYC1, ubiquitin; UBC, ribosomal protein L13a; RPL13A, tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide; YWHAZ, 

succinate dehydrogenase complex, subunit A; SDHA, and eukaryotic translation initiation factor 4A2; 

EIF4A2) was purchased from PrimerDesign (Southampton, United Kingdom). 
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2.2 Methods 

2.2.1 Ethics Statement and Patient Recruitment 

This study was approved by the Northern Regional Ethics Committee (AKY/03/12/317).  Samples 

were obtained following written informed consent.  Blood samples were obtained by venipuncture 

from 102 infertile couples, who were recruited through two infertility services; Auckland Fertility Plus 

and Fertility Associates. Couples were assessed as being infertile if they were unable to conceive 

after one year of regular intercourse without the use of contraception.  The fertile cohort consisted of 

104 couples that were recruited via popular media advertisements and blood samples were obtained 

by venipuncture.  The study on the human deciduas and placenta tissues was approved by the 

Northern Regional Ethics Committee.  Samples were obtained following written informed consent.  

The testicular tissue from the human cadaver was collection for research under the Human Tissue Act 

2008.   

The mouse study was approved by the University of Auckland’s Animal Ethics Committee.  Animal 

tissue, blood and saliva from the Auckland and Hamilton zoos (Table 2. 1) were collected under 

category II (opportunistic) of the Zoo’s Code of Ethical Conduct.  All procedures involving the animals 

were carried out in accordance with the 1987 Animal Protection (Codes of Ethical Conduct) 

Regulations of New Zealand. 

2.2.2 DNA Extraction 

2.2.2.1 Human Genomic DNA Extraction  

Genomic DNA was extracted from 5-10 mL of blood based on the salting out protocol (Miller et al, 

1988) and is described as follows: the whole blood was transferred into a 50mL tube and the red 

blood cells were lysed with 40-45mL of cold Sucrose-Triton-X lysing buffer (Appendix II) by inverting 

the tubes several times to mix.  The white blood cells were pelleted by centrifugation at 1400g for 10 

minutes.  The supernatant was discarded and the cell pellet washed twice by the addition of 20mL 

Sucrose-Triton-X lysing buffer and placed on ice for 5 minutes.  The cells were re-pelleted by 

centrifugation at 1400g for 5 minutes.  The supernatant was discarded after each wash.  After the final 

wash the cell pellet was lysed with 3.2mL of Proteinase-K/Tris EDTA (PK/TE) mixture (Appendix II), 
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inverted several times and lysed overnight at 420C without rocking.  The following day, 1mL of 

saturated NaCl (Appendix II) was added to the lysate and mixed vigorously by inverting the tubes for 

15 seconds.  The cell lysate:NaCl mixture was allowed to stand for 10 minutes at -200C followed by 

centrifugation  at 1400g for 30 minutes.  The supernatant containing the DNA was transferred into a 

new 50mL tube and two volumes of room temperature absolute ethanol added.  DNA precipitated out 

of solution was gently spooled and washed in ice-cold 70% ethanol, transferred into a 1.5mL tube and 

the pellet allowed to air dry.  The DNA pellet was resuspended in an appropriate (200µL – 1000µL) 

amount of 1xTris-EDTA buffer (Appendix II).  DNA stocks was diluted to a concentration of 50ng/μL 

and stored at -200C. 

2.2.2.2 Orthologue Genomic DNA Extraction 

Chimpanzee and orang-utan genomic DNA was extracted from blood as per above, while other 

orthologues’ DNA samples were either extracted using Promega Maxwell 16 DNA Purification Kit, 

Oragene·DNA/saliva Self Collection Kit (orang-utan) (Figure 2. 1), FTA cards (Whatman, Kent, United 

Kingdom), or MasterPureTM Complete DNA and RNA Purification Kit (EPICENTRE Biotechnologies) 

(Figure 2. 1).  All DNA was diluted to a concentration of 50ng/µL and stored at -20OC. 
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Figure 2. 1: Oragene•DNA/saliva Self Collection Kit.   
The collection of a saliva sample by the Oragene-DNA Collection Kit from one of the orang-
utans housed at the Auckland Zoo.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. 1: Orthologue DNA extraction protocols. 
Six extraction methods were used to extract DNA/RNA from non human samples: Salting out 
protocol (1), Promega Maxwell 16 DNA Purification Kit (2), Oragene·DNA/saliva Self Collection 
Kit (3), MasterPureTM Complete DNA and RNA Purification Kit (4), FTA card protocol (5) and 
Qiagen RNA extraction kit (6). DNA was amplified by primers indicated. DNA from animals in 
yellow boxes did not amplify with any of the orthologue primer sets (Table 2.3).  
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  SPRASA orthologues 

Common name Specimen  Suppliers Extraction 
protocol 

Primers 

Agouti Heart Auckland Zoo DNA - 5 Rodent degenerate 

Antelope Blood – FTA card Hamilton Zoo DNA - 5  

Asian otter Blood – FTA card Hamilton Zoo DNA - 4  

Capuchin monkey Blood – FTA card Hamilton Zoo DNA - 4 Human / Chimpanzee 
exon 1 

Chacma baboon Tissue Auckland Zoo DNA - 2 Human / Chimpanzee 
exon 1 

Chameleon Tissue Auckland Zoo DNA  - 5  

Cheetah Blood – FTA card Hamilton  Zoo DNA - 4 Feline degenerate 

Chimpanzee Blood Auckland Zoo DNA - 1 Human / Chimpanzee 
exon 1 

Giraffe Blood / Tissue Auckland Zoo DNA - 5  

Golden cat Blood / Tissue Auckland Zoo DNA - 5 Feline degenerate 

Deer Tissue N/A RNA - 6 Bovine degenerate 

Dog Tissue 

Dr A. Snell, 
Kumeu 

Veterinary 
Service 

RNA - 6 Dog degenerate 

Lion Blood Auckland Zoo DNA - 2 Feline degenerate 

Mara Tissue Auckland Zoo DNA - 5 Rodent degenerate 

Orang-utan Blood Auckland Zoo DNA – 1 & 3 Human / Chimpanzee 
exon 1 

Pigtailed Macaque Tissue Auckland Zoo DNA - 2 Human / Chimpanzee 
exon 1 

Possum Tissue N/A RNA - 6 Possum degenerate 

Rat Tissue Dr M. Green, 
Liggins Institute RNA - 6 Rodent degenerate 

Red panda Blood – FTA card Hamilton Zoo DNA - 4 Primate degenerate 

Ruffed lemur Blood – FTA card Hamilton Zoo DNA - 4 Primate degenerate 

Serval Blood Auckland Zoo DNA - 5 Feline degenerate 

Sheep Blood / Tissue 
Dr J. Dean, 
University of 

Auckland 
RNA – 4 & 6 Bovine degenerate 

Spider monkey Blood / Tissue Auckland Zoo DNA – 4 & 2 Human / Chimpanzee 
exon 1 

Tuatara Blood – FTA card Hamilton Zoo DNA - 4  

Zebra fish N/A N/A DNA  
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Figure 2. 3: Primers for promoter variant amplification and sequencing.   
Primers forward (F) and reverse (R) for the two putative promoter regions of the human 
SPRASA gene.  Bases flanking recognition sequence are in red, Mlu I and Xho I restriction 
sites are in black and SPRASA sequence is in green. 
 

Genomic DNA (100 ng ) was amplified in a  25μL reaction for the five exons of the SPRASA gene, 

each containing 2.5μL of 10X Qiagen Taq buffer (Qiagen), 100µM of each deoxynucleotide 

triphosphate (dNTP) (Roche), 10µM of forward and reverse primer, 5μL of Qiagen Q solution (exon 

four only), and 0.125μL of Qiagen Taq polymerase (5U/μL).  PCR amplifications were performed in an 

iCycler (BioRad). 

Standard PCR conditions were used for exon one, three and five, comprising of an initial denaturation 

at 940C for 5 minutes, followed by 30 cycles of 940C for 1 minute, 64.50C annealing for 2 minutes, and 

extension at 720C for 2 minutes.  A final extension cycle was carried out at 720C for 10 minutes.  Due 

to non-specific binding, exon two and four were amplified by Touchdown PCR 700C – 600C , which is 

a method of PCR which lowers the risk of primers amplifying nonspecific sequence (Dieffenbach & 

Dveksler, 1995). This consisted of an initial denaturation of 940C for 5 minutes followed by 20 cycles 

of denaturation at 940C for 45 seconds, annealing at 700C for 45 seconds, and then to decrease the 

annealing temperature by increments of 0.50C for every sequential cycle of the remaining ten cycles, 

and a primer extension at 720C for one minute. This was followed by 15 additional cycles consisting of 

denaturation at 940C, annealing at 600C for 45 seconds and a primer extension at 720C for 1 minute.  

This was followed by a final extension at 720C for 10 minutes. 
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For the SPRASA promoter region isoforms, genomic DNA (100 ng) was amplified in a  25μL reaction 

containing 5.0μL of 10X AccuPrime Pfx reaction mix (Invitrogen), 10µM of forward and reverse 

primers, and 0.8μL of Invitrogen AccuPrime Pfx DNA polymerase (2.5U/μL).  PCR amplifications were 

performed in an iCycler (BioRad) following the above Touchdown PCR protocol with the exception of 

the first 20 cycle primer annealing time, which was extended to 1 minute. 

A summary of the primer sequences, locations, amplicon sizes and PCR conditions for the 

amplification of the SPRASA exons and the promoter region isoforms and variants are presented in 

Table 2. 2. 

SPRASA primate orthologue exons were amplified with the human PCR primers for exon two, three, 

four and five, and with either human or chimpanzee primers for exon one primers as per above.  To 

amplify non-primate orthologue sequences, degenerate primers were designed to exon three of the 

SPRASA gene.  A PCR primer sequence is called degenerate if some of its positions have several 

possible bases, while the degeneracy of the primer is the number of unique sequence combinations it 

contains (Kwok et al, 1994; Linhart & Shamir, 2002).  All known genomic orthologue sequences were 

aligned and forward and reverse primers were designed manually around the conserved SPRASA 

motif.  Each primer consisted of a degenerate 3’ region and a 5’ consensus region that stabilises the 

annealing (Linhart & Shamir, 2002).  A summary of primer sequences and PCR conditions for the 

amplification of the SPRASA non-primate orthologues are presented in Table 2. 3.  

 

 

 

 

Table 2. 2: Summary of primers used for mutation screening and promoter amplification. 
Primers (forward and reverse) flanking each fragment of the human SPRASA gene and the two 
putative promoter regions located 5’ to exon one and exon two.  The size of the PCR products 
generated by each set of primers is indicated.  Bases flanking recognition sequence are 
highlighted in gray, Mlu I and  Xho I restriction sites are in green and yellow respectively and 
the SPRASA sequence is in black.  Annealing temperature, Taq and additives used are given 
for each primer pair. 
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Primer 
Name Location Sequence (5’ _ 3’) Product 

size (bp) 
Annealing 

temperature 
(0C) 

Taq Additives 

FExon1 

RExon1 

60349-60372 

60556-60578 

   GTGGCGCTGTTTGTGGAAGATGAG 

   TGTTAACAGCCCCAGGAAGAAGG 

253 64.5 Qiagen  

FExon2 

RExon2 

63939-36960 

64461-64482 

   GCCTTCTGCCCACCCCTTCTCT 

   GGTTGCCTGCTGCCTGCCTACT 

544 Touchdown Qiagen  

FExon3 

RExon3 

65360-65383 

65561-65582 

   CTGGGGTGGCTGTAACCATCTGAC 

   AGGCCCAGCTACCTGAGCAGTA 

223 64.5 Qiagen  

FExon4 

RExon4 

65857-65882 

66108-66125 

   ACAGGATTGGATTTAGGCGAGTGG 

   ACCGCTGCGGGGCTCCAG 

268 Touchdown Qiagen Q solution 

FExon5 

RExon5 

66141-66163 

66483-66506 

   GTGGGCAGCAGCAGGGAACAAAC 

   AACGGAGGTGCTCTGGCTCTGACA 

366 64.5 Qiagen  

Promoter 1F 

Promoter 1R 

59514-59531 

60479-60496 

TATATAACGCGTCCAACACTACCATCCCTG 

ATATACTCGAGGTGACAATGGCAGCAGCA 

983 or 
986 

Touchdown AccuPrime Q solution 

Promoter 2F 

Promoter 2R 

63224-63241 

64133-64149 

GGTATAACGCGTGGTGAGGACAAGAAGCAG 

TATATCTCGAGATCCCAGCTGGGCACCA 

926 Touchdown AccuPrime  

ProIntF 

Promoter 1R 

59881-59898 

60479-60496 

CTATTCTGGGCACCAACCA 

ATATACTCGAGGTGACAATGGCAGCAGCA 

616 Sequencing  ABI  

Promoter 1F 

ProIntR 

59514-59531 

60030-60050 

TATATAACGCGTCCAACACTACCATCCCTG 

GGGATGTTAACAGGTGTGCAA 

537 Sequencing ABI  
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Primer Name Sequence (5’ _ 3’) Product size 
(bp) 

Annealing 
temperature 

(0C) 
Taq Additives 

Chimp 1F 

Chimp 1R 

GCCTTCCCCATTGTTCTCTT 

CCACCCTAACCACCATCTTG 

253 64.5 Qiagen  

Rodent F 

Rodent R 

TCTGCCTTGCKTACTACA 

CGGCTGCTGATCTGGAAGAT 

97 41.5 Qiagen Q solution 

Feline F 

Feline R 

TCTGTCTTGCTTACTTCA 

CGGTTGCTGATCTGGAAGAT 

97 56.5 Qiagen Q solution 

Bovine F 

Bovine R 

TCTGTCTTGCTTACTTCG 

CGGCTGTTGATCTGGAAGAT 

97 56.5 Qiagen Q solution 

Pig F 

Pig R 

TCTGTCTGGCTTACTTCG 

CGGCTGTTGATCTGGAAGAT 

97  Qiagen  

Dog F 

Dog R 

TCTGTCTTGCATATTTCA 

CGGCTGTTGATCTGGAAAAT 

97 56.5 Qiagen Q solution 

Primate F 

Primate R 

TCTGCCTTGCTTATTTCA 

CGGCTGYTGATCTGGAAGAT 

97 56.5 Qiagen Q solution 

Possum F 

Possum R 

TGGGTCTGCCTTGCTTATTA 

CAGTGCAAATGGCATCTGTT 

161  Qiagen  
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Table 2. 3: Summary of primers used for SPRASA exon amplification of orthologues. 
Primers (forward and reverse) flanking each fragment of exon three of the orthologue SPRASA 
gene and exon one of the primate SPRASA gene.  The size of the PCR products generated by 
each set of primers is indicated. Annealing temperature, Taq and additives used are given for 
each primer pair. 
 

2.2.3.2 DNA Electrophoresis on Agarose Gels 

To ensure that a single band of an expected size and sufficient concentration was amplified, PCR 

products were visualised by electrophoresis on a 1.5 – 2.0% agarose gel.  Agarose (AppliChem, 

Darmstadt, Germany) was dissolved in TAE buffer (Appendix II) by heating in a microwave until all 

agarose particles had completely dissolved.  The DNA was visualised by loading onto the gel, 5µL of 

PCR products along with 1µL of 6 X loading dye of either bromophenol blue or Xylene cyanol 

(Appendix II), depending on the size of the amplicon and concentration of the gel (Table 2. 4).  

Electrophoresis was carried out in TAE buffer for a required length of time, stained for 30 minutes with 

ethidium bromide (10mg/ml) (Appendix II), visualised with UV light and photographed with an EDAS 

590mm filter, with the Kodak DC120 Zoom digital camera. 

Separation of DNA amplicons 

Gel concentration Separation (bp) Dye migration 

% Agarose  Bromophenol 
blue  

(nucleotides) 

Xylene cyanol  
(nucleotides) 

0.5 700 – 25000 

≈ 300bp  3 – 4kb 

0.7 500 – 15000 

1.0 250 – 12000 

1.2 150 – 6000 

1.5 100 – 4000 

2.0 80 – 2000 
≈ 100bp  ≈ 800bp 

3.0 40 - 1000 
 

Table 2. 4: Separation of DNA fragments on agarose gels.   
Shown are the approximate separations achieved on various percentages of agarose gels, as 
well as the position of migration of bromophenol blue and xylene cyanol in various agarose 
gel concentrations. 
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2.2.3.3 PCR Cleanup 

Prior to downstream applications, PCR products were purified to remove excess primers and dNTPs 

with the High Pure PCR Product Purification Kit (Roche) according to manufacturer’s instructions. The 

purified PCR products were quantified by agarose electrophoresis, stained with ethidium bromide and 

visualised under UV light as described.  

2.2.4 Sequencing Reactions 

2.2.4.1 Sequencing Reaction Setup 

Half or quarter sequencing reactions were carried out depending on the concentration of the PCR 

products in 96-well plates.  Sequencing reactions were performed using the ABI prism Big Dye 

Terminator Sequencing Kit v3.1 (ABI) in a 20μL volume with approximately 5ng per every 100 bp of 

PCR product.  Primers (5µM) used for sequencing the human SPRASA exons were the forward PCR 

primers for exons one, two, three and five.  Due to 5’ repetitive sequences the reverse primer for exon 

four was used.  Sequencing reactions for exon four were supplemented with betaine at a final 

concentration of 1.4 M to assist sequencing through secondary structures.   Sequencing of the 

orthologue amplicons and the promoter variants were carried out in both directions.  Sequencing 

conditions comprised of an initial denaturation at 960C for 1 minute, followed by 25 cycles of 

denaturation at 960C 10 seconds, annealing at 500C for 5 seconds, and extension at 600C for 4 

minutes.  

2.2.4.2 Sequencing Reaction Cleanup 

Sequencing extension products were precipitated by the MgSO4 protocol recommended by the 

Australian Genome Research Facility (AGRF) and is described below.  A 0.2mM MgSO4 stock 

precipitation solution (Appendix II) was prepared fresh for each experiment.  To each sequencing 

reaction, 75µL of the 0.2mM MgSO4 stock precipitation solution was added, mixed by inverting the 

plate several times.  Samples are then allowed to precipitate in the dark at room temperature for 

either 15 minutes for fragments less than 200bp or 30 minutes for fragments greater than 200bp.  The 

sequencing products were pelleted by centrifugation at 3000G for 30 minutes at room temperature.  

The plate was inverted and allowed to drain on a paper towel, and while in the inverted position the 
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plate was placed onto a new paper towel and centrifuged at 700g for 1 minute.  Samples were 

allowed to air dry for 10 minutes and then submitted to the Genome Research Facility at the School of 

Biological Sciences, University of Auckland, for capillary electrophoresis on a 3100 Genetic Analyser 

(ABI). 

2.2.5 Plasmids: Maintaining, Propagation, Isolating and Purification 

The PCR products of orthologue exon three, orang-utan variants, as well as the 5’ and 3’ RACE PCR 

products were cloned into the pGEM-T Easy plasmid and transformed into bacterial cells.  This 

provided increased amounts of DNA to allow isolation and amplification of the products.  The mouse 

real time RT-PCR products from the testes, ovary and heart were ligated into the pGEM-T Easy 

plasmid to confirm the sequence of SPRASA.  The pGL3-enhancer reporter plasmid was used to 

express the SPRASA promoter regions and promoter variants (pPromoter 1x4-luc, pPromoter 2-luc 

and pPromoter 1x5-luc).  All plasmids were transformed into Escherichia coli (E.coli) JM109 

competent cells (Promega).  All cells positive for plasmids were selected with ampicillin (50µg/mL) 

(Roche) except pShuttle-GFP, which was selected with kanamycin (15µg/mL).  Transformed E.coli 

were grown on Luria Bertani (LB) agar (Invitrogen) plates with the appropriate antibiotic for short term 

storage, while for long term storage, transformed E.coli were grown in LB-broth (Invitrogen) with the 

appropriate antibiotic and frozen at -800C in the presence of 20% glycerol (Appendix II).  For the 

isolation and purification of plasmid DNA, transformed E.coli were grown in LB broth with the 

appropriate antibiotic.  For quantities less than 5mL, the plasmid DNA was isolated and purified with 

the plasmid DNA isolation kit from Promega, while larger quantities were isolated with the Qiagen 

plasmid DNA isolation kit, as per the manufacturer’s instructions. 

2.2.6 Cell culture 

2.2.6.1 Routine Maintenance of Cell Lines 

Three cell lines were used in this study.  NCCIT was obtained from the American Type Culture 

Collection (ATCC) (Manassas, USA) and is described as a human pluripotent embryonal carcinoma 

(teratocarcinoma).  Human Embryonic Kidney (HEK) 293T which stably expresses the large T-antigen 

of SV40 was kindly supplied by the Print Laboratory, University of Auckland. The KGN-T cell line, 

originating from KGN, was kindly donated to the laboratory by Prince Henry’s Institute of Medical 
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Research, Victoria, Australia.  KGN is described as a human granulosa cell tumour originated from a 

stage III granulosa cell tumour. 

NCCIT was cultured in RPMI 1640 medium supplemented with 2 mM L-glutamine and 10% FCS 

(Appendix II), 100U/mL penicillin, and 100µg/mL streptomycin.  For comparative purposes HEK 293T 

and KGN-T were cultured in RPMI 1640 medium to exclude any experimental variables due to the 

medium (Masters & Stacey, 2007).  All cell lines were maintained at 370C in 5% CO2. 

2.2.6.2 Passaging Cell Lines 

All cell lines were passaged by dissociation with trypsin (Invitrogen).  The culture medium was 

removed from the cells, which were then washed in PBS to remove all traces of media and proteins 

from the cell tissue culture flask.  The PBS was removed and the cells were incubated with 3mL of 

trypsin for 1 minute at 370C in 5% CO2.  The trypsin was inactivated with the addition of 7mL of 

culture medium.  The cells were counted after staining with trypan blue (Appendix II) to obtain the 

total cell number and approximately 2 x 106 cells were used to re-seed a new tissue culture flask.   

2.2.7 Luciferase Assays 

2.2.7.1 Transient Transfection of Cell Lines 

Luciferase expression was used to analyse the SPRASA promoters and variant promoters in the cell 

lines NCCIT, KGN-T and HEK-293T.  The cell lines were transfected with Lipofectamine 2000, a 

cationic lipid transfection reagent from Invitrogen, and the reporter plasmids pGL3-enhancer and pRL-

Tk.  To optimise transfection conditions in NCCIT, cells were first transfected with pShuttle-GFP and 

then visually analysed for GFP expression 24 hours post transfection.  One day prior to transfection, 

cells were plated at a density of either 5000 cells/well (HEK-293T and KGN-T) or 7500 cells/well 

(NCCIT) in each well of a 96-well plated (triplicate replicates per promoter) in 100µL of culture media 

without antibiotics.  Twenty-four hours after plating and when cells had reached 90-95% confluence; 

each well was transfected with a total of 500ng of DNA (25µL) combined with either 0.75µL of 

Lipofectamine 2000 (25µL) (NCCIT and KGN-T) or 0.35µL of Lipofectamine 2000 (HEK-293T) 

according to the manufacturer’s instructions.  After leaving the DNA-Lipofectamine 2000 complexes 
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on the cells for 4-6 hours, the complexes and culture media were removed, fresh culture media 

(100µL) without antibiotics was added and the cells allowed to incubate for a total of 24 hours.    

2.2.7.2 Detecting Luciferase Activity 

After 24 hours the culture media was aspirated from the cells and the cells lysed with 25µL of Passive 

Lysis Buffer (Promega) according to the manufacturer’s instructions.  Of this lysate, 20µL was 

assayed for firefly and Renilla luciferase expression with the Dual Luciferase Assay System 

(Promega) as per manufacturer’s instructions.  Assay luminescence was measured on a Luminoskan 

Ascent from Thermo Scientific.  The results were averaged from three independent experiments. 

2.2.8 Total RNA  

2.2.8.1 Human Total RNA 

Human heart, ovary and testicular total RNA were purchased from Applied Biosystems (previously 

Ambion), while another sample of testicular (testicular #3) total RNA was purchased from Zyagen 

(San Diego, USA).  Total RNA from the prostate cell line, LNCAP was kindly donated by Dr. 

Anassuya Ramachandran, University of Auckland.   

2.2.8.2 Extracting Total RNA from Cell Line 

Total RNA was extracted from the cell line NCCIT (ATCC) to investigate the expression of SPRASA.  

Cells were grown in a T75 tissue culture flask in RPMI 1640 culture medium to 70-90% visual 

confluence and then harvested by trypsin treatment.  The cells were pelleted at 40C by centrifugation 

at 200G for 5 minutes.  The culture media was discarded and the cell pellet was lysed with RLT Buffer 

(Qiagen), containing β-mercaptoethanol (10µL/mL).  The lysed cell pellet was homogenised by 

spinning through a QIAShredder (Qiagen) according to the manufacturer’s instructions.  Total RNA 

was extracted from the homogenised lysate using RNeasy isolation columns (Qiagen) according to 

manufacturer’s instructions.   

2.2.8.3 Extracting Total RNA from tissue 

Total RNA was extracted from human decidua, placenta tissue (term and 10 week gestation 

placentas) and human seminiferous tubules; the head, body and tail of the epididymis and the vas 
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Total RNA 

Human Total RNA 

Tissue Gender Age 
(year) 

Ethnicity C.O.D 

Heart Male 77 Caucasian Cerebral vascular accident 

Ovary #1 Female 44 Caucasian Cardiopulmonary arrest 

Ovary #2 Female 36 Caucasian Surgery 

Testicle #1 Male 39 Caucasian Gunshot wound 

Testicle #2 Male Unknown Unknown Unknown 

Testicle #3 Male 45 Caucasian Unknown 

Total RNA from Human Cell Line 

Cell Line Histology 

NCCIT Pluripotent embryonal carcinoma; teratocarcinoma of the testes 

Total RNA from Tissue 

Human 

Tissue Gender Age  Ethnicity C.O.D 

Decidua Female Term N/A N/A 

Placenta Female 10 +/- N/A N/A 
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weeks 

Placenta Female Term N/A N/A 

Seminiferous tubules Male Unknown Caucasian Unknown 

Epididymis head Male Unknown Caucasian Unknown 

Epididymis body Male Unknown Caucasian Unknown 

Epididymis tail Male Unknown Caucasian Unknown 

Vas deferens Male Unknown Caucasian Unknown 

Mice 

Strain Gender Age 
(days) 

Tissues 

Balb/C Female P1 Head, Middle region, Tail region 

Balb/C Male P1 Head, Middle region, Tail region 

Balb/C Female P10 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

Balb/C Male P10 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

Balb/C Female P20 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

Balb/C Male P20 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

Balb/C Female P40 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

Balb/C Male P40 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 
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Balb/C Female P60 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

Balb/C Male P60 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Female P1 Head, Middle region, Tail region 

C57 Male P1 Head, Middle region, Tail region 

C57 Female P10 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Male P10 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Female P20 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Male P20 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Female P40 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Male P40 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Female P60 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

C57 Male P60 Brain, Thymus, Heart, Spleen, Kidney, Liver, and the reproductive organs 

CD1 Female 24 - 27 Ovary 

CD1 Female ≈ 180 Ovary 

CD1 Male ≈ 180 Testes 

CD1 Male ≈ 360 Epididymis, testes, vas deferens 

CD1(vasectomy) Male ≈ 360 Epididymis, testes, vas deferens 
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Human Cell Line cDNA 

Cell Line Histology 

LNCAP Prostate  

NZOV1 Papillary serous cystadenocarcinoma of the ovary 

NZOV2 Poorly differentiated serous carcinoma of the ovary 

NZOV4 Unknown 

NZOV5 Moderately to poorly differentiated serous cystadenocarcinoma of the ovary 

NZOV7 Metastatic mucinous carcinoma of the ovary (probable primary from large bowel) 

NZOV8 Secretory serous papillary ovary/peritoneal carcinoma 

NZOV9 Poorly differentiated endometroid adenocarcinoma of the ovary 

NZOV10 Serous papillary poorly differentiated adenocarcinoma of the ovary 

NZOV11 Serous papillary carcinoma of the ovary 

NZOV13 Metastatic poorly differentiated serous papillary carcinoma suggestive of peritoneal primary 

OVCAR3 Epithelial serous carcinoma of the ovary 

OVCAR4 Unknown 

OVCAR5 Ovarian epithelial serous carcinoma 

OVCAR8 Unknown 
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SKOV3 Ovarian epithelial endometrioid carcinoma 

COV434 Granulosa cell tumour 

KGN Granulosa cell tumour 
 

Table 2. 5: General information on total human and mouse RNA and cDNA from human cell lines.  
N/A = not applicable, C.O.D = cause of death, P = post-natnal.
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2.2.8.4 Assessing Total RNA Quality 

To verify RNA integrity, total RNA was visualised on  0.1% SDS: 1.35% agarose gels (Appendix II), as 

follows: 300 – 1000ng of total RNA was heated at 650C for 10 minutes, loaded onto the gel with 

loading dye and electrophoresed in TAE buffer at 100V for the required length of time.  The gels were 

washed twice in TAE buffer for 30 minutes, and stained, visualised and photographed as described.  

2.2.9 Quantitative RT-PCR (qRT-PCT) 

Relative quantification describes the change in expression level of the experimental gene relative to 

another set of experimental samples; known as reference genes (Bustin, 2000; Peirson et al, 2003) 

Relative quantification is calculated when the normalised experimental gene is calibrated to the 

normalised reference genes and a relative expression value is determined (Peirson et al, 2003). This 

method provides an accurate comparison between the initial level of template in the experimental 

gene compared to ther reference genes.  Absolute quantification measures the actual nucleic acid 

copy number in a given sample; this requires a sample of known quantity (Bustin, 2000; Peirson et al, 

2003).  The experimental template is compared to the standard curve generated from the PCR signal 

of the known standard template (Livak & Schmittgen, 2001).  The limitation of relative quantification 

include the lack of absolute quantitation and the need for unchanging reference genes as internal 

standards. While the main limitation of absolute quantification is the need to obtain an independent 

reliable standard for the gene to be analysed (Valasek & Repa, 2005).  

2.2.10 Reverse Transcription 

To analyse the spatial expression of SPRASA mRNA in human tissue and cell lines, as well as the 

spatial and temporal expression of SPRASA in mice tissues, 1µg of total RNA from all samples were 

reverse transcribed into cDNA (complementary DNA).  First, total RNA samples were treated with 

DNAse I (Invitrogen) to eliminate carryover genomic DNA after column isolation. One unit (1U) of 

DNAse I was used to treat 5µg of total RNA as per manufacturer’s instructions. Reverse transcription 

was performed with the Thermoscript RT-PCR kit (Invitrogen), and is summarised as follows. In a 

0.2mL tube the following was combined; 1µg of DNAse I treated total RNA, 1µL of 50µM Oligo(dT)20 

primers, and 2µL 10mM dNTP mix.  The reaction volume was taken up to 12- 14µL with DEPC 
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treated water if required.  To remove the effects of secondary structure from the RNA, the mixture was 

denatured by incubating at 650C for 10 minutes and then immediately placed on ice.  A cDNA mixture 

consisting of 4µL of 5 x cDNA synthesis buffer, 1µL of 0.1M DTT, 1µL of RNaseOUT (40U/µL) was 

added to the reaction tubes containing the Oligo(dT)20 primers, dNTPs and total RNA.  One micolitre 

of DEPC treated water was added if required to bring the total volume to 20µL. The tubes were 

incubated at 550C for 5 minutes.  One micolitre of Thermoscript reverse transcriptase enzyme 

(15U/µL) was added to the mixture and incubated at 550C for a further 90 minutes.  The Thermoscript 

enzyme was inactivated by incubating at 850C for 5 minutes.  To remove the complementary RNA 

from the reaction, 1µL of RNase H was added and incubated at 370C for 20 minutes.  A parallel 

negative reaction was performed in which 1µL of DEPC water was added instead of Thermoscript 

enzyme to control for genomic DNA contamination. To dilute the cDNA for PCR amplification, 60µL of 

sterile water as added, this also minimised the effect of DTT added previously to the reaction.   

Complementary DNA (cDNA) from 18 ovarian cancer cell lines was kindly donated by Dr. Anassuya 

Ramachandran, University of Auckland.  A summary of the cDNA samples prepared for quantitative 

RT-PCR are presented in (Human Cell Line: cDNA). 

2.2.10.1 qRT-PCR Reaction Setup 

Each qRT-PCR was amplified in a 10µL reaction containing 1x Power Sybr GreenER PCR Master Mix 

(UDG included) (Invitrogen), 300nM of each primer and 2µL of diluted cDNA, for the amplification of 

the human standard (ACTB), human and mouse reference genes.  The two human SPRASA variants, 

SPRASA standard and the mouse SPRASA gene were amplified with TaqMan Gene Expression 

Master Mix (UDG included) (Applied Biosystems), 900nM of each primer, 250nM of the TaqMan 

probe and 2µL of the cDNA.  Each sample was analysed in triplicate.  Cycling conditions were as 

follows: to activate the UDG, samples were heated to 500C for 2 minutes, to inactivate the UDG and 

activate the hotstart Taq samples were heated to 950C for 10 minutes, and then 40 (55-60 for 

TaqMan) amplification cycles consisting of denaturation at 950C for 15 seconds, primer annealing and 

extension at 600C for 1 minute.  For the human and mouse reference genes, a dissociation curve 

analysis was performed to identify the presence of primer dimers and to ensure a single product was 

obtained during the amplification cycles.  The dissociation curve cycling conditions consisted of 
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denaturation at 950C for 15 seconds, equilibration of strands, at 600C for 20 seconds, a slow reheat 

ramp (20 minutes) back to 950C and a final hold at 950C for 15 seconds.  During this slow reheat 

ramp, data was acquired for the dissociation curve analyses.  All reactions were performed on a 

SDS7900 machine (Applied Biosystems). 

The mRNA sequences (human and mouse) used for primer and probe design, their location on target 

sequences and amplification efficiencies are given in Figure 2. 5, Table 2. 6, for human qRT-PCR 

analyses and Figure 2. 6, Table 2. 7 for the anaylsis of the mouse.  

 
 

Figure 2. 5: Human real time amplicon design.   
The diagram identifies the location of the two set of real time primers (red), probes (pink) and 
transmembrane region (gray) within the mRNA sequence (NM_173847).  The untranslated 
regions are shown in blue; the translated regions are shown in green.  
 

 

 

 

 

 

 
 

Figure 2. 6: Mouse real time amplicon design.   
The diagram identifies the location of the real time primers (red), probes (pink), signal peptide 
region (black) and polyA signal at the 3’ end (yellow) within the cDNA sequence (NM_029367).  
The untranslated regions are shown in blue; the translated regions are shown in green.  
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Primer name Gene target GenBank 
accession 

number 

Sequence (5’ _ 3’) Location Product 
size 
(bp) 

Amplification 
efficiency 

Human reference genes 

ACTBRTRTU 

ACTBRTRTL 

ACTB NM_001101 GCGGACTATGACTTAGTTGCGTTA 

CATCTTGTTTTCTGCGCAAGTT 

1202 – 1225bp 

1247 – 1268bp 

67 1.877 

RPLPORTRTU 

RPLPORTRTL 

RPLP0 NM_001002 ATGGGCAAGAACACCATGATG 

CCTCCTTGGTGAACACAAAGC 

240 – 260bp 

357 – 337bp 

118 1.849 

PPIARTRTU 

PPIARTRTL 

PPIA NM_021130 GGGTTCCTGCTTTCACAGAATT 

GGACCCGTATGCTTTAGGATGA 

191 – 212bp 

328 – 307bp 

138 1.896 

TBPRTRTU 

TBPRTRTL 

TBP NM_003194 TAAACTTGACCTAAAGACCATTGCA 

TGGTTCGTGGCTCTCTTATCCT 

760 – 784bp 

860 – 839bp 

101 1.849 

HPRT1RTRTU 

HPRT1RTRTL 

HPRT1 NM_000194 GAAAGGGTGTTTATTCCTCATGGA 

GAGCACACAGAGGGCTACAATGT 

182 – 205bp 

289 – 267bp 

108 1.893 

UBCRTRTU 

UBCRTRTL 

UBC NM_021009 GGGCACTGGTTTTCTTTCCA 

AGAATGCCGAGAAGGGACTA 

249 – 268bp 

283 – 313bp 

65 1.805 
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Human SPRASA gene 

SHRTF 

SHRTR 

SPRASA 
(SPACA3) 

NM_173847 GTGCCATGAAGATAACCCAAGAG 

ACAGCCATCCACCCATTCAG 

614 – 636bp 

695 – 714bp 

101 1.707 

FhSPRASA  

RhSPRASA  

SPRASA 
(SPACA3) 

NM_173847 TGAGCTGAAGCAGGGTTTTGA 

AGGAGAAGAAACAGGGCTTGAGT 

28 – 48bp 

116 – 138bp 

111 1.921 

Human SPRASA probes 

SPRASA 1 SPRASA 
(SPACA3) 

NM_173847 6FAMCTGCTGCCATTGTCMGBNFQ 59 – 72bp 14 N/A 

SPRASA 2 SPRASA 
(SPACA3) 

NM_173847 6FAMCACTGCCAGGGAAAMGBNFQ 673 – 686bp 14 N/A 

 

Table 2. 6: Summary of primer pairs and probes used for human qRT-PCR analyses.  
Gene symbols are as follows: ACTB – Beta actin; RPLP0 – Ribosomal phosphoprotein, large, P0; PPIA – Peptidyl-prolyl isomerase A; TBP – TATA 
box binding protein; HPRT1 – Hypoxanthine guanine phosphoribosyltransferase 1; UBC – Ubiquitin C; SPRASA (SPACA3) Sperm acrosome 
associated 3. 
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Primer Name Gene target GenBank 
accession 

number 

Sequence (5’ _ 3’) Location Product 
size (bp) 

Amplification    
efficiency 

Mouse reference genes 

PrimerDesign B2M NM_009735    1.942 

PrimerDesign CYC1 NM_025567    1.572 

PpiaFor 

PpiaRev 

Ppia NM_008907 CGCGTCTCCTTCGAGCTGTTTG 

TGTAAAGTCACCACCCTGGCACAT 

102 – 123bp 

228 – 251bp 

150 1.852 

PrimerDesign RPL13A NM_009438    1.917 

PrimerDesign UBC NM_019639    1.909 

PrimerDesign YWHAZ NM_011740     

Mouse SPRASA gene 

F mou 

R mou 

SPRASA 
(Spaca3) 

XM_354632    TGGCCAAAGAGATGCATGAC 

   CATTTGTGTTGAAGCCACTTGTG 

340 – 359bp 

419 – 441bp 

102 1.902 

Mouse SPRASA probe 

Mouse SPRASA 
(Spaca3) 

XM_354632 6FAMAGCAAGGCAGACCCAMGBNFQ 399 – 413bp 15 N/A 

 

Table 2. 7: Summary of primers and probe used for mouse qRT-PCR analyses. 
For genes designed using PrimerDesign, primers were designed within the target sequence provided by PrimerDesign.  Gene symbols are as 
follows: B2M – beta-2 microglobulin; CYC1 – cytochrome c-1; PPIA – peptidyl-prolyl isomerase A; RPL13A – ribosomal protein L13a; UBC – 
ubiquitin C; YWHAZ – tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide; SPRASA (SPACA3) Sperm 
acrosome associated 3.  
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2.2.11 Relative Quantification 

2.2.11.1 Data Analysis 

Relative quantification was used to describe the change in expression of the SPRASA gene relative to 

a number of stably expressed reference genes (Livak & Schmittgen, 2001).   

All triplicate samples for a given primer pair were analysed on the same plate.  For each primer pair, 

the amplification efficiency was calculated in the linear phase of amplification using the LinRegPCR 

applet for Excel (Ramakers et al, 2003) and averaged across the plate.  The amplification efficiency 

was used to calculate the raw quantity of each transcript across the samples based on their CT 

values.  The gene stability across tissues of six human (ACTB, TBP, HPRT1, PPIA, RPLP0 and UBC) 

and mice internal reference genes (B2M, CYC1, PPIA, RPL13A, UBC, and YWHAZ) were assessed 

using the geNorm Excel VBA applet (Vandesompele et al, 2002). 

The analyses of the human SPRASA gene expression, three internal reference genes (ACTB, RPLP0 

and  PPIA) were used to calculate the normalisation factor (NF) for each sample using geNorm 

(Vandesompele et al, 2002).  For the analyses of the mouse perinatal SPRASA gene expression, one 

internal reference gene (PPIA) was used to calculate the NF for each sample, while five internal 

reference genes (B2M, PPIA, RPL13A, UBC, and YWHAZ), were used to calculate the NF for each 

reproductively mature and vasectomy mice samples.  To calculate the relative abundance of each 

transcript, the mean raw quantities for each sample were divided by the NFs.  The standard 

deviations were calculated as described in the geNorm User Manual (Vandesompele et al, 2002).  

Statistical analyses were performed using, Student’s t-test (Two-sample assuming equal variances).  

2.2.11.2 Characterization of mouse qRT-PCR products  

To confirm that qRT-PCR amplification products were SPRASA, cDNA from the testes, ovary and 

heart were amplified and cloned directly into the pGEM-T Easy plasmid (Promega) and sequenced as 

above.  Sequenced products were analysed by the BLAST search tool against the non-redundant 

database at the National Centre for Biotechnology Information (NCBI). 
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2.2.12 Absolute quantification RT-PCR 

Absolute quantification was used to determine the input copy number of the SPRASA transcript from 

human samples (Livak & Schmittgen, 2001).  ACTB and SPRASA 4/5 were amplified from human 

testes cDNA to be used as absolute standards. Two micolitre of SPRASA 4/5 and ACTB were 

amplified in a 25μL reaction containing 2.5μL of 10X Qiagen Taq buffer (Qiagen), 100µM of each 

dNTP (Roche), 10µM forward and reverse of each real-timer primer, and 0.125μL of Qiagen Taq 

polymerase (5U/μL).  PCR amplifications were performed in an iCycler (BioRad). 

Standard PCR conditions were used, comprising of an initial denaturation at 950C for 5 minutes, 

followed by 40 cycles at 950C for 1 minute, annealing at 600C annealing for 1 minute, and extension 

at 720C for 1 minute.  A final extension cycle was carried out at 720C for 10 minutes. 

To ensure that a single band of the expected size was amplified, the PCR products were visualised by 

electrophoresis on a 2% agarose gel as described.  The PCR products were cloned directly into the 

pGEM-T Easy plasmid (Promega) and the DNA sequence was confirmed as described.  

The concentration of each standard was measured by the absorbance at 260nm (A260) and converted 

to the number of copies using the molecular weight of the DNA.  The copy number of each standard 

was calculated and 1ng loaded into the reaction.  The DNA was diluted to produce standards ranging 

from 1ng till 0.00001ng (Giulietti et al, 2001; Larionov et al, 2005), a concentration similar to the 

expression of SPRASA in the biological samples (Wang et al, 2004).  The absolute and relative 

quantification of samples were amplified in parallel and run under identical conditions, as described.  

2.2.12.1 Standard Curve Analysis 

For each dilution, the ΔRn (Delta reaction (ΔRn = Rn+ - Rn-) was measured and plotted against cycle 

number.  A standard curve was generated over the linear range by plotting CT (threshold cycle) values 

against the known input copy number (Giulietti et al, 2001).  The CT values of the unknown samples 

were plotted on the standard curve and the copy number calculated.  The fold change expression of 

the unknown samples was presented relative to the expression of the ACTB standard, which was 

designated as the calibrator.  Statistical analyses were performed using Student’s t-test (Two-sample 

assuming equal variances).  
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2.2.13 Rapid amplification of cDNA Ends  

2.2.13.1 First-strand Synthesis 

Rapid amplification of cDNA ends (RACE) was performed in the 5’ and 3’ directions using the SMART 

RACE cDNA Amplification Kit (Clontech).  RACE was used to isolate full-length SPRASA cDNA 

transcripts from a number of orthologues (bovine, deer, dog, and sheep).  Prior to 5’- and 3’-RACE 

PCR amplification, first-strand full length cDNA was synthesised by a method known as cap-

switching.  This method takes advantage of Moloney murine leukaemia virus (MMLV) reverse 

transcriptase’s (Epicentre) tendency to add an extra 2-5 cytosine residues to the 3’ ends of newly 

synthesised cDNA (Scotto-Lavino et al, 2006) as well as, incorporating a G-rich adapter sequence 

that binds to these cytosine residues.  

Two 10µL reaction (5’-RACE and 3’-RACE) containing 1µg of total RNA, 1µl 5’-CDS primer or 1µL 3’-

CDS primers A and 1µL SMART II A oligos (5’-RACE only) and the volume was adjusted with sterile 

water. Each reaction was incubated at 700C for 2 minutes and then placed on ice for 2 minutes.  A 

5µL master mix consisting of 2µL of 5X First-Strand buffer, 1µL of DTT (20mM), 1µL of dNTPs 

(10mM) and 1µL of MMLV Reverse Transcriptase was added to the RNA mix.  The reaction was 

incubated at 420C for 1.5 hours in an iCycler (BioRad).  The first-strand reaction products were diluted 

with 100µL of Tricine-EDTA buffer and incubated at 720C for 7 minutes.   

2.2.13.2 5’- and 3’-RACE PCR 

5’- and 3’-RACE PCR was performed using the Advantage 2 Polymerase Mix, (Clontech), gene-

specific primers (GSPs) (Table 2. 3) to known sequence of the SPRASA gene and a Universal Primer 

A Mix (UPM).  First, a master mix of 34.5µL of PCR-grade water, 5µL of 10X Advantage 2 PCR buffer, 

1µL of dNTP mix (10mM), and 1µL of 50X Advantage 2 polymerase mix were combined per reaction. 

This master mix was used in the synthesis of 5’-RACE and 3’-RACE cDNA.  Both the 5’- and 3’- 

RACE PCR reactions were incubated for 5 cycles at 940C for 30 seconds, 720C for 2 minutes followed 

by 5 cycles at 940C for 30 seconds, 700C for 30 seconds, 720C for 2 minutes. This was followed by 32 

additional cycles consisting of 940C for 30 seconds, 680C for 30 seconds, and 720C for 2 minutes.   
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2.2.13.3 Characterisation of RACE products  

To confirm that amplification had occurred, the 5’- and 3’-RACE PCR products were visualised by 

electrophoresis on a 1.5% agarose gel as described.  All bands were purified from the gel using the 

NucleoTrap Gel Extraction Kit (supplied by Clontech) and cloned directly into the pGEM-T Easy 

plasmid (Promega) and sequenced as described. 

2.2.14 In silico analyses 

The effects on transcription factor (TF) binding site of -22TGC(4_5) within the SPRASA gene was 

analysed using the TESS (transcription element search software) prediction tool (Schug & Overton, 

1997).  TESS was also used to identify TF sites in the two putative promoters.  The Cister tool (cis-

elements clusters) was used to locate possible promoter regions within the SPRASA gene (Frith et al, 

2001). The possible impact of the amino acid substitution (p.C80Y) on the structure, function and 

expression of the protein was tested using several on-line prediction tools: SIFT (sorts intolerant from 

tolerant; (Ng & Henikoff, 2003)) predicts the functional importance of an amino acid substitution based 

on the alignment of highly similar orthologue and/or paralogue protein sequences (Rudd et al, 2005).  

SIFT scores were classified as intolerant (0.00-0.05), potentially intolerant (0.051-0.10), borderline 

(0.101-0.20), or tolerant (0.201-1.00) (Rudd et al, 2005; Xi et al, 2004).  PolyPhen (polymorphism 

phenotyping; (Ng & Henikoff, 2001)) predicts the functional effects of amino acid changes by 

assessing the level of sequence conservation between homologues genes over evolutionary time 

(Rudd et al, 2005).  PolyPhen scores were designated as probably damaging (≥2.00), possibly 

damaging (1.50-1.99), potentially damaging (1.25-1.49), borderline (1.00-1.24), or benign (0.00-0.99) 

(Rudd et al, 2005; Xi et al, 2004).  Grantham matrix scores (GMS) (Grantham, 1974) predicts the 

effect of substitutions between amino acids based on chemical properties, including polarity and 

molecular volume (Rudd et al, 2005). GMS was designated as conservative (0-50), moderately 

conservative (51-100), moderately radical (101-150), or radical (≥151) (Li et al, 1984; Rudd et al, 

2005).  Signal peptide characteristics were predicted using the SignalP 3.0 method (Hidden Markov 

algorithm) (Bendtsen et al, 2004; Emanuelsson et al, 2007; Nielsen & Krogh, 1998).  The TMHMM2.0 

(transmembrane hidden Markov models) (Krogh et al, 2001; Sonnhammer et al, 1998)  and Phobius 

prediction programmes (Kall et al, 2004) were used to predict the effects of the amino acid 

substitution (p.C80Y) in exon two on the transmembrane region of the SPRASA protein. 
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2.2.15 3D model determination 

The human sequence of SPRASA was submitted to the Swiss-Model website (Schwede et al, 2003) 

to create a theoretical protein model based on best matched templates from the Brookhaven protein 

data bank (ExPDB).  The 3D model of SPRASA was based on the mature human c-type lysozyme 

template.  This was because only exons two to five of the SPRASA gene were conserved in all the 

orthologues screened; exon one appears to be present only in simians.  Sub-domain sequence were 

then manipulated using the computer programme Deep View (Guex et al, 2001).   

2.2.16 Phylogenetic analysis 

SPRASA orthologue phylogenetic analysis was carried out with all confirmed and putative nucleotide 

sequences and derived amino acid sequences.  Phylogenetic tree building was conducted with 

ClusterW (Thompson et al, 1994) and with Bayesian inference and Markov chain Monte Carlo 

(MCMC) analysis.  Bayesian analysis was conducted in Mr Bayes 3.11 (Huelsenbeck & Ronquist, 

2001; Ronquist & Huelsenbeck, 2003) for 2x106 generations, and consensus trees are written with 

both branch lengths and posterior clade probabilities.  Tree graphical representation was viewed 

using the computer based software TreeView (Page, 1996).   

2.2.17 Statistical analysis 

Hardy-Weinberg distribution of genotypes in the infertile and fertile groups was assessed. Deviation 

from the Hardy-Weinberg equilibrium was tested using Pearson’s chi-squared test of the observed 

and expected genotype frequencies.  Fold changes of luciferase activity in in vitro luciferase assays 

are given as mean ± SD.  Statistical analysis of the association between allele frequencies within 

infertile and infertile populations were performed using Fisher’s exact test.  Statistical analyses for the 

qRT-PCR and luciferase assays were performed using Student’s t-test (Two-samples assuming equal 

variances).  All p-values were two-tailed and considered significant if p< 0.05.  
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Chapter 3: SPRASA expression 

3 Introduction 

SPRASA is a newly identified protein belonging to the c-type lysozyme family.  SPRASA is believed to 

be a sperm specific protein transcribed from an autosomal gene located on human chromosome 17; 

however, SPRASA’s expression and overall function is unclear, but is believed to relate in some way 

to sperm-oocyte binding (Mandal et al, 2003).  During the course of this work, the questions: where, 

when, how much and under what conditions is SPRASA expressed, were asked.  To investigate 

these questions, SPRASA’s spatial, temporal and quantity of mRNA expression was measured, as 

well as its regulation at the promoter(s) and possible elements regulating the promoter(s) were 

analysed.    

A number of techniques could be used to determine the transcriptional profile of SPRASA.  For 

example, Northern blot analyses can provide information on the size and integrity of the mRNA, while 

in situ hybridisation allows localisation of the mRNA to specific cells within a tissue.  However, the 

main limitation of both these techniques is their comparatively low sensitivity (Bustin, 2000).  Western 

blot analyses can determine the expression of the SPRASA protein, but is considered in most 

situations to be a semi-quantitative method, and would not reveal the sub-cellular localisation of the 

protein.  Immunohistochemistry allows localisation of protein to specific cells within a tissue, however, 

both the Western blotting and immunohistochemistry techniques are dependent on the availability of a 

good antibody, and to the best of our knowledge, there is not a commercially available antibody for 

SPRASA. 

3.1 Results 

Data presented in this chapter represents the transcriptional profiling of the SPRASA gene in mice 

and human tissues and cell lines (Table 2.5).  Total RNA was extracted from whole organs, tissue 

samples and cells harvested at 70-80% confluence and reversed transcribed to cDNA (Chapter 

2.2.8).  Due to variable expression of the internal reference genes analysed in the seven organs from 

duplicate females and males of two different strains of mice at five perinatal time points, the 
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expression of the SPRASA gene in perinatal mice was normalised to the expression of one internal 

reference gene, while the mRNA in postnatal mice qRT-PCR experiment was normalised to the 

expression of five internal reference genes.  The human putative SPRASA gene isoforms were 

normalised to the expression of three internal reference genes.  All SPRASA gene expression 

experiments were normalised to their internal reference genes based on the method developed by 

Vandesomple et al. (Vandesompele et al, 2002) (Chapter 2.2.10.1).  The fold changes of the 

SPRASA gene expression in all human samples are presented relative to the expression of the 

SPRASA gene in the testis (testicle #1), which was calibrated to 1.  The testis was chosen as the 

calibrator due to SPRASA initially being identified as a testes specific gene (Mandal et al, 2003).   

The possible SPRASA promoter regions and regulating elements were investigated by in silico 

anaysis.  The Cister programme was used to predict promoter locations, while SignalP and Phobius 

were used to predict the SPRASA isoforms’ effects on protein function.  However, in silico 

investigations are not sufficient in isolation to determine expression profiling and therefore must be 

accompanied by functional tests (Tchernitchko et al, 2004).   

The analysis of gene expression was also investigated by studying promoter activation.  An 

established technique for studying promoter activity is the ‘reporter assay, where the promoter of 

interest is used to drive the expression of a readily assayed gene, such as the luciferase gene derived 

from the firefly Photinus pyralis.  Two reporter constructs were used to ascertain the transcriptional 

capability of the two putative SPRASA promoters.  The first was pPromoter 1_4x-luc in which a DNA 

fragment containing 983bp before the first start site of the SPRASA gene was cloned upstream of the 

firefly luciferase gene.  The second reporter construct was pPromoter 2-luc in which a DNA fragment 

containing 926bp before the second start site of the SPRASA gene was cloned in front of the firefly 

luciferase gene.  Both promoters were cloned into pGL3-enhancer reporter plasmid and luciferase 

expression was assayed using the Dual-Luciferase kit (Promega) (Chapter 2.2.7).  The fold changes 

of luciferase activity in the SPRASA promoters in all cell lines are presented relative to the luciferase 

activity in the control pGL3-enchancer plasmid, which was calibrated to 1.  
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The SignalP method divides the protein into three domains: the first domain is the n-region that 

occurs at the amino terminal of the protein, the second is the h-region that predicts the presence of a 

hydrophobic core, and finally the c-region which is the closest domain to a predicted cleavage site, 

which is 3’ to this region.  The Phobius predictions are similar, in that it will predict transmembrane, 

cytoplasmic, non-cytoplasmic and signal peptide regions within a protein.  The SignalP method 

predicted the long isoform of SPRASA to have a signal peptide probability of 0.623 (maximum 

probability = 1, minimum probability = 0) and a cleavage site probability of 0.320 between position 41 

and 42 (Figure 3. 2 (i)).  Phobius predicted the amino terminal to be cytoplasmic, a transmembrane 

region between amino acids 64 - 84 and the rest of the protein to be non-cytoplasmic (Figure 3. 2 (ii)).  

The short isoform has a signal peptide probability of 1.000 and a cleavage site probability of 0.992 

between position 18 and 19 (SignalP) (Figure 3. 2B (i)), while Phobius predicted a signal peptide 

between amino acids 1 – 18 and amino acids 19 – 146 to be non-cytoplasmic.  The mouse SPRASA 

protein has a signal peptide probability of 0.824, cleavage site probability of 0.640 between position 

35 and 36 (SignalP) (Figure 3. 2C (i)) and a Phobius prediction of a signal peptide between the amino 

acids 1 – 35 (Figure 3. 2C (ii)).  The human c-type lysozyme was predicted to have a signal peptide 

probability of 1.000, cleavage site probability of 0.951 between position 18 and 19 (SignalP) (Figure 3. 

2D (i)), and a Phobius prediction of a signal peptide between amino acids 1 – 18 (Figure 3. 2D (i)).  

Therefore, it appears that transcription of the short isoform of SPRASA remodels the transmembrane 

region of the long isoform into a signal peptide region, and in turn, transforms the protein into a 

secreted protein similar to the mouse SPRASA and c-type lysozyme proteins (Figure 3. 2E).   
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3.1.2 Quantification real-time PCR    

Relative quantification describes the change in expression level of the experimental gene relative to 

another set of experimental samples; known as reference genes (Bustin, 2000; Peirson et al, 2003).  

Relative quantification is calculated when the normalised experimental gene is calibrated to the 

normalised reference genes and a relative expression value is determined (Peirson et al, 2003). This 

method provides an accurate comparison between the initial levels of template in the experimental 

and reference genes.  Absolute quantification measures the actual nucleic acid copy number in a 

given sample; this requires a sample of known quantity (Bustin, 2000; Peirson et al, 2003).  The 

experimental template is compared to the standard curve generated from the PCR signal of the 

known standard template (Livak & Schmittgen, 2001).  The limitations of relative quantification include 

the lack of absolute quantitation and the need for unchanging reference genes as internal standards.  

Whereas, the main limitation of absolute quantification is the need to obtain an independent reliable 

standard for the gene to be analysed (Valasek & Repa, 2005).  

3.1.3 Spatial and temporal expression analysis of SPRASA 

The expression pattern of SPRASA was analysed by qRT-PCR (TaqMan probe and primers) in seven 

mouse organs (brain, thymus, heart, spleen, kidney, liver and the reproductive organs) from duplicate 

females and males of two different strains of mice (C57 and Balb/C) at five perinatal time points (P1, 

P10, P20, P40, and P60).  SPRASA mRNA expression was confirmed in the testes as previously 

identified by Mandal et al and Chiu et al. (Chiu et al, 2004; Mandal et al, 2003). In addition, SPRASA 

mRNA expression was also identified in the female reproductive organs, as well as low level 

expression in the heart of male and female mice (Figure 3. 3).  SPRASA expression in the testis, 

ovary and heart of both male and female mice was observed from the perinatal time points P10 

through to P60.  To confirm that the qRT-PCR primers and probe (Figure 2. 6 and Table 2.7) were 

actually amplifying SPRASA, the amplicons from the mouse testes, ovary and heart were verified by 

DNA sequencing.  A BLAST search was then performed on the sequences to verify sequence 

specificity with the mouse SPRASA (SPACA3) cDNA sequence (NM_029367).  The sequences were 

confirmed to be SPRASA, based on 98% nucleotide sequence identity to NM_029367 (Figure 3. 4).  
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3.1.4 Expression analysis of SPRASA in human tissues and cell lines 

In addition to confirming SPRASA expression in the mouse testes, and identifying SPRASA 

expression in the ovary and heart, the expression in human tissues and cell lines was also 

investigated.  Total RNA was extracted from human deciduas, placenta, seminiferous tubules, 

epididymis (head, body and tail) and vas deferens (Figure 2. 4 and Table 2. 5), as well as from cells 

harvested at 70-80% confluence from the testicular cell line, NCCIT (carcinoma of the testes).  Total 

RNA from the prostate cell line, LNCaP and total RNA from the human heart (n=1), ovary (n=2) and 

testis (n=3), along with the above extracted total RNAs, were reverse transcribed to cDNA (Table 2.5).  

Complementary DNA from these samples, as well as from eighteen ovarian cancer cell lines; 

epithelial (serous, mucinous and endometrioid) or granulosa cell origin (Table 2.5); were profiled for 

the expression of the two putative SPRASA isoforms (long and short) by qRT-PCR (Figure 3.7A).  

The initial screening by qRT-PCR primers and TaqMan probes (Figure 2. 5 and Table 2. 6) identified 

both isoforms of SPRASA in the testes, heart and the cell lines, NCCIT and NZOV5, while, the short 

isoform of SPRASA was only identified in the ovary (ovary #1) (Appendix III-Figure 1).  Further 

analysis confirmed both isoforms of SPRASA in the testes, epididymis (head, body and tail), vas 

deferens, heart and the cell lines, NCCIT and NZOV5 (Figure 3. 7 B).  SPRASA expression in the 

second ovarian sample was undetectable.  The highest level of expression was detected in the testes 

#3 (SPRASA 1/2: 2.5-fold; SPRASA 4/5: 1.7-fold) (SPRASA 1/2 = long isoform; SPRASA 4/5 = short 

isoform) while the lowest level of detectable expression was found in NZOV5 (SPRASA 1/2: 3.6x10-5 -

fold) and the heart (SPRASA 4/5: 6x10-3-fold) compared with the expression in testes #1 (Table 3. 1).  

Expression of SPRASA 4/5 in the epididymis and vas deferens was below detectable levels.   
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Sample SPRASA 1/2 SPRASA 4/5 

Heart       0.0006         ± 0.0002                         0.0020         ± 0.0007  

NCCIT        0.0021         ± 0.0007                         0.0045         ± 0.0016  

Testes 1       0.2948         ± 0.0987       0.3194         ± 0.1067  

Testes 2       0.1193         ± 0.0398       0.1382         ± 0.0463  

Testes 3       0.7399         ± 0.2484       0.5414         ± 0.1819  

NZOV5       1.047E-05    ± 3.986E-06       0.0041         ± 0.0014  

Vas deferens       0.0090         ± 0.0030  Below detection  

Seminiferous tubules       0.4138         ± 0.1390       0.4184         ± 0.1412  

Epididymis tail       0.0153         ± 0.0051  Below detection  

Epididymis body       0.1204         ± 0.0411  Below detection  

Epididymis head       0.0035         ± 0.0012  Below detection  
 

Table 3. 1: Calibrated SPRASA expression of the short (SPRASA 4/5) and long (SPRASA 1/2) 
isoforms of SPRASA in the human tissues and cell lines expressing SPRASA. 
Datum is presented as fold expression relative to the expression of testes 1 (red) (which was 
used as a calibrator set to 1).  Fold expression is ± S.D. 
 

3.1.5 Absolute qRT-PCR expression analysis of human SPRASA 

In addition, absolute qRT-PCR analysis was performed on the human cDNA samples expressing 

SPRASA; heart, NCCIT, testes 1, testes 2, testes 3, NZOV5, vas deferens, seminiferous tubules, 

epididymis tail, epididymis body and epididymis head; to ascertain the absolute amount of the 

transcript compared to the expression of the internal reference standard of ACTB.  The SPRASA 4/5 

primers and Taqman probe were used, as all samples expressed this isoform of SRPASA.  However, 

a great degree of intra-assay and inter-assay variability in expression was observed (Figure 3. 8) 

(Appendix III; Table 1).  The expression of SPRASA was determined as 18,900,000 copies per ng in 

testes 1, compared with 4,290,000 copies per ng in testes 2.  Normalisation of SPRASA expression to 

ActB resulted in a 4.4-fold intra-testis difference (Table 3. 2).  Inter-assay variation between testes 1 

(18,900,000) and the epididymis body (2560) showed an approximate 7400-fold difference in 

SPRASA expression.  Furthermore, comparing the seminiferous tubules, epididymis (body, head and 

tail) and vas deferens from the same donor, there was approximately a 4100-fold difference.  The 
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Samples  Calibrated SPRASA expression  Standard deviation: ±  

Heart  0.0004  0.0003  

NCCIT   0.0007  0.0005  

Testes 1  0.248  0.083  

Testes 2  0.056  0.017  

Testes 3  0.185  0.055  

NZOV5  0.0004  0.0002  

Vas deferens  0.00008     -  

Seminiferous tubules  0.249  0.071  

Epididymis tail  0.0013     -  

Epididymis body  0.011     -  

Epididymis head  0.009     -  
 

Table 3. 2: Calibrated SPRASA expression.   
Datum is presented as fold expression calibrated to the expression of ACTB.  Datum is 
reference to Table 2 of Appendix III. 
 

3.1.6 In silico analysis of SPRASA promoter regions 

The SPRASA gene nucleotide sequence of approximately 7,000bp, which included 1,000bp upstream 

of the annotated translation start site, was analysed through the online bioinformatics programme, 

Cister (cis-elements clusters) (Frith et al, 2001), to locate possible promoter regions.  Two possible 

promoter regions were predicted; the first putative promoter region was identified within the initial 

1,000bp of the sequence analysed, while a second putative promoter was predicted to be 

approximately in the 3,400bp region (Figure 3. 9).  This second region had an 80% probability of 

being a promoter region, as predicted by Cister.  The sequences up to 1,000bp upstream from the 

two putative translation start sites were manually analysed, and no TATA-box or TFIIB recognition 

sites were detected (Figure 3. 10).  However, promoter 2 was identified to have a CAAT box 

sequence at -772bp from the putative translation start site, as well as a possible initiator (Inr) 

sequence (TTAgTTT) at -340bp, which conforms to the consensus eukaryotic Inr sequence 

5’YYANTYY3’ (Y is a pyrimidine; N is any nucleotide).  Promoter 2 also has a possible downstream 
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3.1.8 Functional analysis of SPRASA promoters 

To determine the ability of the two putative SPRASA promoters to support transcriptional activity and 

in turn transcribe the two isoforms of SPRASA, the two promoters were cloned in front of the firefly 

luciferase gene.  These constructs were transfected transiently in the human cell lines, NCCIT 

(carcinoma of the testes), KGN-T (granulosa cell tumour) and HEK-293T (embryonic kidney cell line) 

(Chapter 2.2.6.1), and their promoter activity levels measured.  Promoter activity was normalised by 

dividing the firefly luciferase activity by Renilla activity as a measure of transfection efficiency.  

Putative promoter 1 (pPromoter 1_4x-luc ), covering the possible activating region in front of exon 

one, only exhibited transcriptional expression in the cell line KGN-T, which resulted in an approximate 

1.4-fold increase in expression of luciferase compared to the control pGL3-enhancer construct.  In 

contrast, the cell lines HEK-293T and NCCIT exhibit low luciferase expression and were 

approximately 0.5-fold less effective than the control pGL3-enhancer constructs (Figure 3. 11).  The 

putative promoter 2 (pPromoter 2-luc), covering the possible activating region in front of exon two, 

showed an approximately 5-fold increase in luciferase expression in the cell line KGN-T and 2.7-fold 

increase in NCCIT, while the cell lines HEK-293T showed a 0.6-fold decrease in luciferase expression 

when compared to the control construct (Figure 3.11 and Appendix III,  Figure 2). 



 
 

 

Figure 3
reporter
KGN-T, 
pPromo
lucifera
Results
p<0.05; 
 

3. 11: Funct
r assay.   
 HEK-293T a

oter 2-luc co
se activity n

s shown are 
 **, p<0.01, S

ional analys

and NCCIT c
onstructs ind
normalised 
 the average
Student’s t-

sis of the tw

cell lines we
dicated on t
to pGL3-enc
es of three i
Test).  

100 

wo human pu

ere transfec
the left.  Dat
chancer (wh
ndependen

utative prom

ted with eith
tum is prese
hich was us
t experimen

SPRA

moter region

her pPromo
ented as fol
ed as a cali

nts performe

ASA express

ns by lucifer

oter 1_4x-luc
d change of
brator set to
ed in triplica

ion 

 

rase 

c or 
f 
o 1). 
ate. (*, 



SPRASA expression 

101 
 
 

3.2   Discussion 

Fertilisation is the initiating process of life. The complexity of this process over the years has slowly 

been identified. As part of this, SPRASA is a newly identified molecule that has been shown to be 

involved at the sperm-oocyte binding stage of mammalian fertilisation (Mandal et al, 2003; Wang et al, 

2004), but its function and exact role is essentially unknown.  In this thesis, in silico analysis and 

laboratory techniques were used to investigate the expression profile of SPRASA.  In silico 

programmes were used to investigate the effect of the two putative isoforms on protein function, as 

well as predict the location of the two putative promoter regions, while the human cell lines were used 

to investigate the transcriptional strength of the two putative promoters.  Mice and human tissues 

were used to investigate the spatial, temporal and quantitative expression of the SPRASA mRNA. 

A sensitive technique that has been used to investigate transcriptional profiling of SPRASA is RT-

PCR (Wang et al, 2004).  RT-PCR is an in vitro method that allows the analysis of different samples 

and is sensitive enough to detect mRNA in a single cell.  However, samples are analysed at the end 

of a reaction making quantification of the samples difficult.  To confirm the identity of the samples 

detected by this technique, the amplicons are required to be either sequenced or confirmed by 

Southern blotting.  

In this thesis, qRT-PCR was used to quantify the expression of SPRASA at the transcript level in the 

mouse and human tissues and cell lines.  Quantitative RT-PCR is based on fluorescent signals that 

are monitored after each cycle of the reaction allowing precise determination of the starting point (CT 

value) in the exponential phase of the PCR (Bubner & Baldwin, 2004).  The CT value is inversely 

correlated with the amount of mRNA in the reaction (Mamo et al, 2007).  Template specific primers 

and Taqman probes were used to provide two levels of specificity, removing the need for post-PCR 

Southern analysis or sequencing to confirm the identity of the amplicons (Bustin, 2000).  To remove 

errors in the quantification of SPRASA transcripts, that can be compounded by the variation in the 

starting material, RNA integrity and quantity; SPRASA was normalised against the expression of 

internal reference genes.  Ideal internal reference genes should be expressed at a constant level 

among different tissues, as well as all stages of development (Bustin, 2000).  To identify the internal 

reference genes most suitable for the experiment, a number of internal reference genes were used to 
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identify their expression stability in the testes, ovaries and heart (Wong & Medrano, 2005).  The 

expression stability of the internal reference genes were determined by the geNorm programme 

(Vandesompele et al, 2002) that calculates a normalisation factor from the geometric mean of the 

internal reference genes expression levels, and from this identifies the most stable references genes 

for the experiment (Vandesompele et al, 2002; Wong & Medrano, 2005).  Quantitative RT-PCR 

assays are designed to investigate expression at the transcript level, and this should in most cases, 

reflect the amount of protein being made. However, this is not a proven association until the amount 

of protein is actually measured, as there are a number of post-transcriptional events that could 

influence this relationship. Both Western blotting and immunohistochemistry would be required to 

quantify and localise SPRASA at the sub-cellular level.  However, there is no commercially available 

antibody for SPRASA.  Quantitative RT-PCR is a well established and accepted method for 

quantifying mRNA and was therefore used in this project.   

3.2.1 In silico analysis of the SPRASA protein 

In order to verify that the human SPRASA gene expresses two isoforms of approximate molecular 

weights, 16 and 19kDa, as previously shown by the Chamley laboratory (Chiu et al, 2004), the amino 

acid sequences of the human SPRASA protein (NP_776246) and its putative orthologues from the 

mouse (NP_083643) and rat (NP_001099290) were aligned with the human c-type lysozyme protein 

(NP_000230) by the ClustalW 2.0 programme (Larkin et al, 2007).  Two possible translation start sites 

were identified for the human SPRASA protein. The first is the full length isoform (long isoform), 

published by NCBI NP_776246, with a molecular weight of approximately 23.4kDa, whilst the short 

isoform initiates translation from the second methionine located 70 amino acids downstream from the 

first methionine (Figure 3. 1).  The short isoform has a molecular weight of approximately 16kDa.  In 

previous reports by Mandal et al. (Mandal et al, 2003) and Chiu et al. (Chiu et al, 2004), two-

dimensional electrophoresis and Western blot analysis identified isoforms of SPRASA to have a 

molecular weight of approximately 15KDa (Mandal et al, 2003) and 16KDa and 19KDa (Chiu et al, 

2004), while the long isoform of the SPRASA protein sequence is predicted to have a molecular 

weight of 23.4KDa (Mandal et al, 2003).  The 16KDa weight identified by Chiu et al., coincides with 

the predicted weight of the mature form of the short isoform of SPRASA.  A plausible explanation for 

the 19KDa form of SPRASA identified by Chiu et al., is due to the long isoform having been cut by a 
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peptidase at the 5’ end of the protein.  An alternative explanation, is that an alternative 

polyadenylation signal within the 3’ untranslated sequence of SPRASA is used to form two transcripts 

of 19KDa and 16KDa, as seen in the human c-type lysozyme gene that encodes for two mRNA 

transcripts due to the use of an alternative polyadenylation signal (Irwin et al, 1996).  A third 

explanation for the identification of the 19KDa isoform may be due to an alpha-lactalbumin-like 

immunoreactive secretory protein that is androgen dependent and is present in the cauda-epididymis 

(Byers et al, 1984; Jones & Brown, 1982).  

To further characterise the second translational start site and the impact on the predicted 

transmembrane region found within the full length human SPRASA protein, the two putative isoforms 

of the human SPRASA protein, as well as the mouse SPRASA protein and the c-type lysozyme 

protein were analysed by the SignalP method using the hidden Markov model (Bendtsen et al, 2004; 

Nielsen & Krogh, 1998) and the Phobius prediction method (Kall et al, 2004).  The c-type lysozyme 

family members all have four encoding exons, separated by three introns, while the human SPRASA 

gene and the mouse and rat orthologue genes consist of five exons separated by four introns.  

However, unlike the mouse and rat SPRASA proteins which are translated from the second exon, the 

long isoform of the human SPRASA gene is translated from the first exon and is encoded from all five 

exons.  The contribution from all five exons in the long isoform results in a unique transmembrane 

region that, in turn, weakens the probability of the occurrence of a cleavage site in the protein.  It is 

possible to speculate that the long isoform of SPRASA is an uncleaved, membrane bound protein 

with the N-terminus on the cytoplasmic side of the membrane.   

Similar to the mouse and rat orthologue genes, the short isoform is encoded from the second exon 

that results in a signal peptide and a higher probability of the occurrence of a cleavage site.  It is 

possible to speculate that the short isoform of the human SPRASA protein as well the mouse and rat 

SPRASA proteins, which are similar to c-type lysozyme; are translated as a prelysozyme, with the 18 

amino acid signal peptide located at the amino-terminal being removed in vivo by a signal peptidase 

to yield a mature protein (Prager & Jolles, 1996).  It is hypothesised that the short isoform of SPRASA 

has the N-terminus cleaved to form a secreted form of SPRASA that is similar to the lower primate 

and non-primate SPRASA proteins (Chaper 5).   
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3.2.2 Spatial and temporal expression of SPRASA 

In this thesis, the transcriptional expression of SPRASA was confirmed in the mouse testes (Chiu et 

al, 2004; Mandal et al, 2003) however; unexpectedly it was also detected in the ovary and heart 

(Figure 3. 3).  The exact function of the cells expressing SPRASA in the ovary and heart requires 

further investigation. This expression was observed in 10 day old (P10) mice through to 180/360 days 

(female/male) in all three strains of mice.  The expression of SPRASA and the reference genes in the 

perinatal mice was too variable to accurately quantify, therefore, a single reference gene was used to 

normalise the expression of SPRASA in the perinatal mice, while five reference genes were used to 

normalise SPRASA expression in the postnatal mice.   

To reduce the batch-to-batch variability in the mice experiments, RNA was extracted in a high-

throughput manner; the RNA was extracted from a large number of samples at the same time to 

reduce the amount of variation seen between a large numbers of smaller batches.  This approach, 

however can have an effect on the quality and quantity of RNA, this in turn can affect the efficiency of 

the RT reaction, which has been accredited to be the step that contributes the most variation to the 

qRT-PCR experiment (Kubista et al, 2006; Stahlberg et al, 2004).  The effects of these variations can 

affect the standard deviations obtained in an experiment in that the standard deviations for a single 

amplicon (when measured in triplicate) should be lower than 0.3 (Bubner & Baldwin, 2004).  In the 

mice experiments, however some standard deviations were observed to be above 0.3.  The variability 

in standard deviation is also affected when CT values are above 30, which can be caused by a low 

starting transcript amount within the tissues (Bubner & Baldwin, 2004; Stahlberg et al, 2004).  

Stahlberg et al., reported that a CT value of 32 corresponds to a starting amount of approximately 100 

cDNA molecules (Stahlberg et al, 2004).  The CT values for SPRASA expression in the ovary and 

heart were routinely above 30 and to confirm that the primers and Taqman probe were binding to 

SPRASA, and not non-specifically to random sequences and giving rise to this variability, the testes, 

ovary and heart amplicons were confirmed by sequencing.  The relevance of the expression in the 

heart is unclear and the qRT-PCR datum awaits confirmation of expression at the protein level. The 

time points from the CD1 female mice of 24-27 days and 180 days represented time points prior to 

puberty (Drickamer, 1983; Ikemoto & Matsushima, 1984), and when the animal is sexually mature, 

respectively.  The expression of SPRASA in the ovary of the CD1 mice, though not significant, did 
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show a trend of increased expression with the maturity of the mice (p= 0.053) (Figure 3. 5A).  The 

unexpected finding of SPRASA transcript expression in the ovary in all three strains of mice tested 

has been confirmed in a bovine model at the protein level [Wagner et al., unpublished]. 

Unlike human males, where spermatogenesis occurs every 65 days throughout adult life, females are 

allocated a set number of oocytes.  This is the same for mice, however qRT-PCR was unable to 

detect SPRASA transcriptional expression in the P1 (postnatal day one) mice but was able to detect 

SPRASA transcripts in both male and female prepubertal mice (P10 and P20) suggesting that 

SPRASA transcripts are most likely present in the P1 mice as well as in the prenatal mice.  Unlike cell 

lines and due to the small size of the mice at this age, the P1 mice sections were vastly 

heterogeneous in nature and this inevitably results in the averaging of SPRASA expression and in 

turn may mask, lose, or dismiss a CT value as illegitimate transcription (Mocellin et al, 2003). 

3.2.3 Expression pattern of SPRASA mRNA in the male mouse reproductive system  

The expression profile of SPRASA in the male reproductive system was detected in the testes, 

epididymis and vas deferens of all fertile 360 day old CD1 male mice.  This expression profile was 

compared to the expression of SPRASA in vasectomised mice of the same age and strain.  There 

was a significant decrease in expression detected in the testes of the vasectomised mice (Figure 3.6).  

Furthermore, SPRASA transcripts were not detected in the epididymis and vas deferens of the 

vasectomised mice.  Similar to the above finding, Miller et al., (Miller et al, 1994) found the presence 

of spermatozoa specific RNAs in fertile ejaculate, but these RNAs were absent in the ejaculates of 

vasectomised men (Miller et al, 1994).  This raises the possibility that the transcripts identified in the 

epididymis and vas deferens of the fertile mice may be due to mRNA in the spermatozoa or in the 

somatic cell originating from the testes and carried out with the spermatozoa, as somatic cells are 

often seen in semen (Ostermeier et al, 2002). Apart from the spermatozoa, the cells found in the 

semen are collectively referred to as ‘round cells’ and include epithelial cells from the genitourinary 

tract, prostate cells, spermatogenic cells and leukocytes (WHO, 1992).  The results from the non-

vasectomised mice and the vasectomised mice suggest that SPRASA is not expressed by the 

epididymis epithelial cells, vas deferens epithelial cells or from prostate cells.  Furthermore, the local 

production of SPRASA mRNA is within the testes and is most likely expressed within the 
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spermatozoa or in immature germ cells that include round spermatids, spermatocytes, spermatogonia 

(WHO, 1992).  The different types of immature germ cells appearing in semen are usually indicative 

of disorders of spermatogenesis (WHO, 1992).  It has been estimated that approximate 7000 

individual gene transcripts are expressed in the testes and of these transcripts, 3000 are also 

expressed in ejaculated spermatozoa (Ostermeier et al, 2002). 

3.2.4 Human SPRASA expression 

Similar to mice (Figure 3. 3 and Figure 3. 6), SPRASA was detected in the following human tissues; 

testis, epididymis, vas deferens, ovary and heart (Figure 3. 7B).  Expression was detected in the cell 

lines NCCIT; human pluripotent embryonal carcinoma; and NZOV5; moderately to poorly 

differentiated serous cystadenocarcinoma of the ovary as well.  However, SPRASA was not detected 

in the placents, decidua nor was it detected in the prostate cell lines, LNCAP and 17 other ovarian cell 

lines.  In contrast to this work, Mandal et al., Wang et al., Herrero et al., Zhong et al., and 

Condomines et al., have reported that SPRASA expression is restricted to the testes/epididymis 

(Condomines et al, 2007; Herrero et al, 2005; Mandal et al, 2003; Wang et al, 2004; Zhang et al, 

2005).  Although these studies showed that SPRASA transcripts are restricted to the testis, the 

detection methods used, such as Northern blots (Mandal et al, 2003; Zhang et al, 2005) and dot blots 

(Mandal et al, 2003),  are 1000-fold less sensitive than qRT-PCT (Wong & Medrano, 2005) and 

therefore were not sensitive enough to detect transcripts in the ovary and heart.  While other studies 

where the detection methods were sensitive, SPRASA was either not detected (Wang et al, 2004), 

was not screened for (Condomines et al, 2007), or was possibly dismissed as an illegitimate transcript 

(that is, a tissue specific gene expressed in nonspecific tissues at a very low level (Chelly et al, 

1989)).   

In this thesis, qRT-PCR detected SPRASA in only one of the two ovarian total RNA samples, 

suggesting that like the testes, SPRASA expression is restricted to certain cell types in the ovary and 

may not be expressed in the ovarian stroma.  Therefore, whether SPRASA is detectable in a 

particular sample depends on the type of cells in the ovary that were present in the control total RNA 

samples.  The expression of SPRASA from the cDNA of NZOV5 may indicate that the cell line 

contained one of the possible cell types that expresse the SPRASA transcript; on the other hand, 
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NZOV5 like many other tumour cells may be aberrantly expressing SPRASA proteins (Condomines et 

al, 2007; Wang et al, 2004).  Furthermore, Wang et al., and Condomines et al., have identified 

SPRASA as a cancer-testis antigen and possibly a target for immunotherapy.  However, as SPRASA 

was detected in the heart and the ovary, immunotherapy against SPRASA could result in serious 

detrimental effects on the heart and ovary, and is of some concern to the health of the patient.  

Wagner et al., have shown that immunisation of female (but not male) mice with recombinant 

SPRASA causes infertility, while incubating bovine oocytes with SPRASA-reactive antiserum inhibits 

embryonic development [Wagner et al., Unpublished].  Further experimental validation such as in situ 

hybridisation and immunohistochemistry, is required to isolate the exact cells expressing SPRASA 

mRNA and protein in both males and females. 

3.2.5 Absolute expression of SPRASA in human samples 

Absolute RT-PCR was used to determine copy numbers of SPRASA transcripts detected in human 

tissues and the cell lines NCCIT and NZOV5.  In a previous study, normal testis tissue was shown to 

express 8206 copies per 0.25 µg total RNA (32,824,000 copies per ng total RNA) of SPRASA 

transcripts (Wang et al, 2004).  In this thesis, SPRASA copy numbers in the testes samples screened 

showed a 4.4-fold inter-sample variation (18,900,000 – 4,290,000 copies per ng total RNA); however, 

given the natural heterogeneity in concentration, motility and morphology of human semen (Miller & 

Ostermeier, 2006; Miller et al, 2005), this variability in SPRASA transcripts copy numbers between 

samples appears to be within acceptable experimental error ranges. Furthermore, there does not 

appear to be any relationship between absolute SPRASA copy number and the age of donors (Table 

2. 5).  The SPRASA copy number for the ovarian sample (ovary #1) was estimated at 692,004 copies 

per ng of total RNA.  This suggests that the ovary is expressing greater than 2.8-fold more transcripts 

than the cell line NCCIT (243,000 copies per ng total RNA) and approximately 3.6-fold less than 

NZOV5 (2,500,000) (Table 3. 2), but this estimate of copy number within the ovary does not take into 

consideration the heterogeneous nature of the ovarian sample. Compared to the internal reference 

gene, the ovary is expressing 110–fold fewer transcripts of SPRASA than ActB (Appendix III, Table 

1).  
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3.2.6 SPRASA promoter analysis 

As mentioned above, in silico analysis of the SPRASA gene predicted two isoforms of the transcript.  

The long isoform was predicted to have a transmembrane region between amino acids 64 and 84 that 

is unique to simians (Chapter 5.1.2); while the short isoform, which is similar to the human c-type 

lysozyme, was identified in the prosimians and non-primate SPRASA transcripts, is predicted to have 

a signal peptide in the same region (Figure 3. 2E).  It is hypothesised that the long isoform is 

expressed by the 5’ region in front of exon one, while the short isoform, is expressed by the 5’ region 

in front of exon two.  In this thesis, the two putative SPRASA promoter regions were cloned into the 

pGL3-enhancer vector to determine if both could possibly support transcriptional activity, and in turn 

express the long and short isoforms of SPRASA.  To eliminate the possibility that the observed 

luciferase expression was cell line specific, the constructs were transiently transfected into three 

human cell lines: NCCIT (pluripotent embryonic carcinoma of the testes), KGN-T (granulosa cell 

tumour cell line) and HEK-293T (embryonic kidney).  The cell lines NCCIT and KGN-T were 

biologically relevant as they are from reproductive tissue, while HEK-293T is derived from the kidney 

where SPRASA expression was not identified (Figure 3. 3).   

In the cell line NCCIT, which is known to express the SPRASA transcript (Figure 3. 7 & Table 3. 1); 

promoter 1 luciferase activity was significantly decreased (p=0.05) compared to the control constructs, 

while the luciferase activity of promoter 2 showed a 2.7-fold increase of activity (p=0.005) compared 

to promoter 1.  HEK-293T, a cell line widely used for reporter assays due to its ease of transfection; 

also showed a significantly decreased activity (p=0.05) in promoter 1 transcriptional activity compared 

to the control constructs.  In this cell line, however, promoter 2 activity showed a 0.6-fold decrease 

(p=0.005).  In the cell line KGN-T, SPRASA was not detected (Figure 3. 7) but showed an 

approximate 1.4-fold increase in promoter 1 activity and a maximum increase of approximately 5.2-

fold (p=0.05) for promoter 2 activity. 

These results suggest that the region in front of exon two can support transcriptional activity and 

possibly the transcription of the short isoform of SPRASA.  If there was only one isoform being 

transcribed, both primer/probe sets theoretically should have a 5’:3’ (SPRASA 1/2: SPRASA 4/5) ratio 

of around 1 (Nolan et al, 2006), assuming equally efficient amplification.  Both isoforms were detected 
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in all tissues and cell lines expressing SPRASA, except for the ovary.  However, in the heart (10-fold), 

and the cell lines NCCIT (6.4-fold ) and NZOV5 (392-fold), the short isoform showed a greater 

expression profile compared to the long isoform, while in the ovary only the short isoform was 

detected (Figure 3. 7A).  The general trend in the testis, epididymis and vas deferens is that the long 

isoform is the dominant form.  There are a number of possible explanations for the observed 

difference in the expression of these two isoforms.  One possibility is that the 5’ end of the mRNA may 

have degraded during RNA isolation, and therefore the primer pair SPRASA 4/5 is the dominant 

isoform detected and / or the oligo (dT) primers used in the RT-PCR did not effectively transcribe the 

5’ end of the SPRASA transcripts (Kubista et al, 2006; Wong & Medrano, 2005).  An alternative 

possibility, and the most likely, is that both isoforms are transcribed and that the short isoform is the 

dominant form as seen in the heart, NCCIT, NZOV5 and possibly the ovary.  This is supported by the 

measurement of PCR efficiencies of each amplicon.  Theoretically, PCR efficiency would be 100%, 

however, PCR efficiency is generally between 65% and 90% (Schefe et al, 2006) and although the 

PCR effienciency of the long isoform was determined to be 96%, and the PCR efficiency of the short 

isoform was 85%, there is a greater detection of the short isoform in these samples.  Further 

experimental validation is required to confirm the transcriptional activity of both these putative 

promoters in more appropriate cell lines such as NZOV5, which was shown to express SPRASA.  

Techniques such as exon microarrays, nuclear transcription run-off experiments, 5’ RACE or promoter 

methylation studies could identify tissue specific expression of the two isoforms.  

3.2.7 Analysis of the promoter regions of SPRASA 

In silico characterisation of the two putative promoter regions of the SPRASA gene were analysed for 

possible transcriptional control mechanisms.  Both promoter regions were identified as having a 

number of SP1/GC box binding sites and were lacking a consensus TATA box, which is common with 

CpG islands and or GC-rich promoters (Du et al, 2004).  Although no CpG islands per se could be 

predicted in the two promoter sequences, the two putative promoters were GC-rich, which require the 

binding of the transcriptional factor Sp1, a ubiquitously expressed transactivator, for basal 

transcription (Douet et al, 2007; Kakar, 1999).  In these experiments, promoter 1 in the cell lines 

NCCIT and HEK-293T did not show transcriptional activity above basal transcription in the control 

constructs, even through a number of putative binding sites for various transcriptional factors were 



SPRASA expression 

110 
 
 

identified.  These include: Sp1, GR, AR and PR; however, these sequences have not yet been 

substantiated as functionally active in the regulation of SPRASA.  Transcriptional expression in the 

granulosa cell line KGN-T; which was derived from a female cell tumour; was observed, though not 

significant compared to the control vector.  There are a number of possible explanation for this 

expression seen within KGN-T; the cell line may be expressing the transcription factors or a 

combination of transcription factors necessary to express the SPRASA  protein, or that methylation is 

affecting the transcriptional activity of promoter 1 in a tissue specific manner, and that the basal 

transcriptional activity is regulated by Sp1 methylation, similar to the Abcc6 promoter (Douet et al, 

2007).  An alternative explanation is that the paternal allele of promoter 1 in the cell line NCCIT and 

possibly HEK-293T is methylated at the CpG dinucleotides similar to the KCNQ1OT1 promoter, 

where it is thought that maternal methylation results in the promoter being silenced (Du et al, 2004).  

An alternative possibility is that inhibitory elements lie within the promoter region.  

Additionally, promoter 2 was identified to have a CAAT consensus sequence box located at -772bp 

from the putative translational start site (-432bp from the newly identified transcription start site), 

which is typically located close to the transcription start site in eukaryotic promoters (Reddi et al, 

1999).  SPRASA promoter 2 was also identified to have a core promoter Inr sequence at -340bp, 

which generally encompasses the transcription start site.  In higher eukaryotes, Inr elements 

determine the transcription start site in the absence of TATA box and are capable of recruiting the 

preinitiation complex (Reddi et al, 1999).  The activating element DPE (downstream promoter 

element) (GGTCGT) at +64bp conforms to the consensus sequence A/TGA/TCGTG.   

The expression pattern of promoter 2 suggests that either different transcription factors or a 

combination of transcription factors are involved in regulating transcription in the three cell lines 

analysed or that epigenetic mechanisms are governing the tissue-specificity of SPRASA expression.  

Further analysis by chimeric fusion constructs containing fragments derived from the 5’ flanking 

regions of both putative SPRASA promoters may identify the core promoter and enhancer elements 

required for transcription.  At the same time, an in vivo methylation promoter study would identify the 

effect of promoter methylation on SPRASA expression levels in the testis, ovary and heart.  In vivo 

promoter methylation converts cytosine to uracil by bisulphite induced modification, where methylation 

has not occurred, but does not affect 5-methylcytosine.  PCR amplification and sequencing of the 
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modified DNA detects sequence pattern showing conversion of all unmethylated cytosines to 

thymidine, whereas 5-methylcytosines remain as cytosines (Singal et al, 1997). 
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3.3 Summary 

In this chapter, the expression profile of the SPRASA gene has been analysed at the transcript level 

in the mouse and human tissues and cell lines in an attempt to identify the spatial, temporal and 

quantity of mRNA expressed, as well as the promoter(s) and the possible elements regulating the 

promoter(s).  One of the major findings of this chapter is that SPRASA is not a testis specific protein 

and that SPRASA is also expressed in the mouse ovary and heart from prenatal to maturity.  From 

the mouse study it is clear that SPRASA transcripts are expressed only at significant levels in the 

testis, ovary and heart.    

The second major finding of this chapter was the identification that the putative promoter 2 was 

capable of supporting transcriptional activity.  This transcriptional activity is achieved by an initiator 

element, which in TATA–less promoters is sufficient for basal rate of transcription initiation.  Two 

activating elements, CAAT and DPE, which are required for genes to be transcribed in sufficient 

quantities, were also identified.   
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Chapter 4: Mutational analysis of the SPRASA gene 

4 Introduction 

It is estimated that infertility, which encompasses both subfertility and sterility (Farquhar, 1998), 

affects approximately 10-20% of all couples sometime during their reproductive life (Hull et al, 1985; 

Isaksson & Tiitinen, 2004; Seshagiri, 2001; Skakkebaek et al, 1994).  In the evaluation of infertility, 

couples must be considered together, as both may contribute towards infertility (Campana et al, 

1995).  The prevalence of infertility in New Zealand is estimated to be one in six couples, while one in 

eight couples requires some form of medical assistance to achieve a pregnancy (Unknown).  These 

figures are similar to those in other Western countries (HFEA, 2006). Of these infertile couples, 

approximately 35% is due to a problem with the female, and another 35% is due to a problem with the 

male.  In about 20-25% of couples there may be a problem found in both males and females and 

therefore contribute to infertility.  However, the precise cause of infertility for approximately 5-15% of 

couples is unexplained (Farquhar, 1998; Liu et al, 2007) (Table 4. 1).  Unexplained infertility is defined 

as the inability for a couple to conceive after one year of regular intercourse without the use of 

contraception and where there are no known reproductive abnormalities in either partner.  Unknown 

genetic variations may be one cause of unexplained infertility affecting these couples.  In this study, 

screening for genetic variations was investigated by direct DNA sequencing of the human SPRASA 

gene in 102 infertile couples and 104 fertile couples. 

An effective mutation detection technique should be accurate, cost effective, high throughput, 

sensitive, provide precise information about the nature and position of the detected mutation and have 

a reasonable read length (Mashal & Sklar, 1996).  Single strand conformational polymorphism 

(SSCP) is one technique that has been used over the years for mutation detection and which has 

been superseeded by denaturing high performance liquid chromatography (dHPLC).  Both methods 

are cost effective and high throughput, but require known homozygote and heterozygote controls for 

repeated variant analysis. In addition, these techniques do not give information regarding the location 

or nature of the mutation (Chan, 2005; Fan et al, 1993; Mashal & Sklar, 1996; Yu et al, 2006), and 

need to be confirmed by DNA sequencing.  Also small changes in experimental conditions can affect 
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the sensitively of SCCP (Fan et al, 1993), while dHPLC is highly sensitive at detecting variants in 

amenable temperature domains, but variants can be missed in regions of the amplicon that have a 

low or high melting domain (Yu et al, 2006).  Heteroduplex analysis (HA) and denaturing gradient gel 

electrophoresis (DGGE) are two other mutation detection methods that are conceptually similar, 

however, HA sensitivity decreases as the size of the fragment increases (Mashal & Sklar, 1996).  

DGGE is sensitive however, similar to SSCP, each amplicon requires precise gel conditions to be 

determined (Mashal & Sklar, 1996).  Ultimately all these techniques require variant profiles to be 

verified by DNA sequencing.   

Aetiologies of infertility 

Female Male 

Ovulation disruptions 

Blocked oviducts 

Uterine disruptions: 

• Endometriosis 
• Cervical disorders affecting cervical 

mucus 

 

Sperm: 

• Concentration 
• Count 
• Motility 
• Morphology 
• Volume 

Blockage: 

• Epididymis 
• Vas deferens 

Immunological 

Environmental factors 

Life style factors 

Genetic abnormalities: 

• Polyploidy disorders: Klinefelter’s syndrome (46XXY) 
• Structural chromosome disorders:                                 

o Deletions: microdeletions of the Y chromosome 
o Duplication: fragile X duplication of CGG tri-nucleotide repeat  
o Mutation: cystic fibrosis transmembrane conductance regulator (CFTR) 
o Translocation: Robertsonian disorder that occurs in both females and 

males 
 

Table 4. 1: Summary of aetiologies of infertility. 
This table identifies some known female, male and couples causes of infertility.  Robertsonian 
translocations and CFTR mutations are inherited (Poongothai et al, 2009).  
 

DNA sequencing has a reading length less than 1000bp; greater than the other methods mentioned 

above; is high throughput, sensitive and provides precise information regarding the nature and 

position of the variation, however, cost and labour intensiveness of sequencing are the key limiting 
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factors related to its use (Chan, 2005; Mashal & Sklar, 1996).  However, the cost of DNA sequencing 

has reduced, and it is currently the standard method for mutation detection.  The sequencing method 

used in this thesis is the Applied Biosystems Instrumentation (ABI) sequencing chemistry version 3.1, 

which is based on the Sanger sequencing method of chain termination (Sanger et al, 1992) and 

detected using a 3730 instrument.  

4.1 Results 

4.1.1 Optimisation of PCR amplification 

The optimal PCR amplification conditions and design of the five SPRASA exons and promoter variant 

amplicons are given in Chapter 2 (Figure 2. 2).  An agarose gel of the SPRASA exons and promoter 

variant amplicons are shown in Figure 4. 1 A & B respectively.  DNA sequencing was used to screen 

for mutations and a single pass of each exon was achieved using the PCR primers.  For the promoter 

variants, internal sequencing primers were ordered from Invitrogen and were sequenced in the 

forward and reverse directions.  Any nucleotide changes identified within the exons were confirmed by 

re-amplifying and re-sequencing the amplicon.  A single base call at a position was considered to be a 

homozygote, while the presence of two peaks at a position was considered to be a heterozygote. 
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suggesting that the repeats per allele are in Hardy-Weinberg equilibrium (Table 4. 2).  The observed 

frequencies for the five repeats were very similar between the infertile and fertile couples (individuals) 

with a p value = 0.72 (male p=0.68 and female p=1) (Table 4. 2).  In order to obtain a measure of the 

level of conservation of the quadruple tri-nucleotide repeat of TGC, a multiple species alignment 

revealed that 4_4 repeats are highly conserved across all known primate orthologues (Figure 4. 3 B).  

This variant is found in the NCBI SNP database (rs3052914), however there is no population 

frequencies recorded. 

SNP NCBI 
SNP 

reference 

 Homozygote 
frequency 

Heterozygote 
frequency 

Allele 
frequency 

g.-
22TGC(4_5) rs3052914 Infertile 

couples 0.02  0.23   

  Fertile 
couples 0.01 0.01 0.17 0.18 0.1 

2-Tailed Fisher's Exact 
Test p-value 0.72  0.33   

  Infertile 
males 0.04  0.21   

  Fertile 
males 0.02 0.01 0.17 0.19 0.11 

2-Tailed Fisher's Exact 
Test p-value 0.68  0.59   

  Infertile 
females 0.01  0.25   

  Fertile 
females 0.01 0.01 0.16 0.16 0.09 

2-Tailed Fisher's Exact 
Test p-value 1  0.29   

 

Table 4. 2: Population frequencies of the tri-nucleotide repeat (g.-22TGC(4_5)).   
The values in red represent the expected frequency of occurrence in the homozygote and 
heterozygote states, assuming that the alleles are in Hardy-Weinberg equilibrium.  Statistics 
were performed with Fisher’s exact t-test (2-tailed). 
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4.1.4 Functional analysis of the SPRASA promoter variant g.-22TGC(4_5) 

The effect on transcription factor (TF) binding site of the -22TGC(4_5) variant was analysed by the 

TESS (transcription element search software) prediction tool (Schug & Overton, 1997).  This variant 

did not affect any transcription factor binding sites, however there was a nucleotide change identified 

in the homozygous 5_5 variant that resulted in the removal of a glucocorticoid receptor (GR) binding 

site at position -755 from the translational start site.  This nucleotide change is discussed below. 

To further determine the effect of the variant g.-22TGC(4_5) on the transcriptional activity of the 

promoter, in vitro luciferase reporter plasmids containing the two promoter variants; pPromoter 1_4x-

luc (983bp) and pPromoter 1_5x-luc (986bp); were cloned in front of the firefly luciferase gene.  These 

constructs were tested transiently in the human cell lines NCCIT (carcinoma of the testes), KGN-T 

(granulosa cell tumour) and HEK-293T (human embryonic kidney cell line).  Promoter activity was 

normalised by dividing the firefly luciferase activity by Renilla activity.   

The wildtype promoter 1 (pPromoter 1_4x-luc) as mentioned in chapter 3.1.8, only exhibited 

transcriptional expression in the cell line KGN-T, which resulted in an approximate 1.4-fold increased 

expression of luciferase compared to the control construct (pGL3-enhancer).  In contrast, the cell lines 

HEK-293T and NCCIT exhibit low luciferase expression and were approximately 0.5-fold less 

effective than the control pGL3-enhancer constructs (Figure 4. 4).  The variant promoter (pPromoter 

1_5x-luc) showed a 0.4-fold, 0.6-fold and 0.4-fold decrease in luciferase expression in the cell lines 

NCCIT, HEK-293T and KGN-T respectively, compared to the control construct (Figure 4. 4).  

However, the expression of luciferase between pPromoter 1_4x-luc and pPromoter 1_5x-luc in the 

cell line KGN-T was significantly different (p=0.005). 
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This change occurred in the infertile couples at a frequency of 13 out of 408 chromosomes 

(individuals: n=204).  Of the 204 infertile couples (male = 102, female =102) screened, 11 couples 

(male = 7, female = 4) had a heterozygous GA genotype (5.4%) (male = 6.9%, female = 3.9%), while 

1 couple (male = 0, female = 1) was homozygous for the AA genotype  (0.5%) (female = 1.0%).  The 

208 fertile couples (male = 104, female = 104) screened, 7 couples (male = 4, female = 3) had a 

heterozygous genotype (3.4%) (male = 3.8%, female = 2.9%), while no couples were homozygous for 

the AA genotype.  In the fertile population, the A allele was detected at a frequency of 7 out of 416 

chromosomes giving an allele frequency of 0.02 (Table 4. 3), suggesting that the A allele is the minor 

allele.  The observed frequency of homozygous AA genotype (nil) and heterozygous GA genotype 

(3.4%) (male = 4.0%, female = 3.0%) in the fertile couples (individuals) is identical to the expected 

frequency, suggesting that this allele is in Hardy-Weinberg equilibrium (Figure 4. 2).  Furthermore, the 

frequency of homozygous and heterozygous genotypes in the infertile individuals (male: nil and 7% 

respectively) (female: 1% and 4% respectively) is not significantly different from its frequency of 

occurrence in the fertile population (couples: homozygote: p=1, heterozygote: p=0.50) (male: 

homozygote: p=1, heterozygote: p=0.54 and female: homozygote: p=0.50, heterozygote: p=0.72) 

(Table 4. 3).  The cysteine residue at position 80 of the SPRASA protein is highly conserved across 

various mammals (Figure 4. 5 D).  This SNP and its frequencies are found in the NCBI SNP 

database; rs16967845 (Table 4. 3).  The New Zealand fertile couples and individuals frequencies 

were similar to these seen in the cohorts’ identied in the database. 
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A. 

SNP NCBI SNP 
reference 

 Homozygote 
frequency 

Heterozygote 
frequency 

Allele 
frequency 

c.314G>A rs16967845 Infertile 
couples 0.005  0.05    

   Fertile 
couples Nil Nil 0.03 0.03 0.02 

2-Tailed Fisher's Exact 
Test p-value 1   0.50     

   Infertile 
males Nil  0.07    

   Fertile 
males Nil Nil 0.04 0.04 0.02 

2-Tailed Fisher's Exact 
Test p-value 1   0.54     

   Infertile 
females 0.01  0.04    

   Fertile 
females Nil Nil 0.03 0.03 0.01 

2-Tailed Fisher's Exact 
Test p-value 0.50   0.72     
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B. 

Populations Number of 
chromosomes  Alleles 

   A  G A 
(Female) 

A 
(Male) 

G 
(Female) 

G 
(Male) 

 New Zealand 
infertile 408  0.032 0.968 0.044  0.059  0.956  0.941  

 New Zealand 
fertile 416  0.017 0.983 0.014 0.019 0.986 0.981 

 ss23645285         

 European 48 0.021 0.979      

 African 
American 46 0.022 0.978      

 Asian 48  1.000      

 European 114  1.000      

 Asian 90  1.000      

 Asian 90  1.000     

 Sub-Saharan 
African 118 0.008 0.992     

ss69194529        

 European 118 0.025 0.975     

 Asian 90  1.000     

 Asian 90  1.000     

 Sub-Saharan 
African 120 0.017 0.983     

 

Table 4. 3: Population frequencies of the G>A transition (c.314G>A).   
A. The values in red represent the expected frequency of occurrence in the homozygote and 
heterozygote states, assuming that the alleles are in Hardy-Weinberg equilibrium.  Statistics 
were performed with Fisher’s exact t-test (2 tailed).  B. NCBI SNP database population 
frequencies compared to the New Zealand infertile and fertile frequencies.  The A Allele is 
given in blue, while the G allele is given in green. ss (submitted SNP) numbers are given in red.  
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4.1.6 In silico analysis of c.314G>A (p.C80Y) variant 

To determine the effect of the G to A transition at position 314 of the transmembrane region (short 

isoform: position 11 within the signal peptide), several online prediction tools were used to predict the 

effects that the cysteine to tyrosine amino acid substitution had on the protein’s function.  In silico 

analysis by SIFT (sorts intolerant from tolerant) (Ng & Henikoff, 2001; Xi et al, 2004) and PolyPhen 

(polymorphism phenotyping) (Ramensky et al, 2002; Xi et al, 2004) programmes suggested that the G 

to A transition substitution is not tolerated at this position in either of the isoforms of SPRASA.  A 

similar prediction was observed using the Grantham matrix score (GMS) (Abkevich et al, 2004; 

Grantham, 1974; Lee et al, 2008) (Table 4. 4).  To further determine the effect of this amino acid 

change at residue 80 (short isoform: residue 11) on the putative transmembrane region of the long 

isoform and the signal peptide of the short isoform, the characteristic features of the transmembrane 

region and signal peptide were predicted via the TMHMM2.0 (transmembrane hidden Markov models) 

(Krogh et al, 2001; Sonnhammer et al, 1998), SignalP-3 (hidden Markov model) (Bendtsen et al, 

2004; Emanuelsson et al, 2007; Nielsen & Krogh, 1998) and Phobius prediction (Kall et al, 2004) 

methods. 

Variant Isoform SIFT 
prediction 

PolyPhen 
prediction 

Grantham 
score 

Clinical 
correlation Zygosity 

Sequence 

conservation 

c.314G>A 

 

Long 

(p.C80Y)  

0.02  

(Intolerant)  

2.415  

(Probably 
damaging)  194  

(Radical)  

Infertile: 
3.2%  

Fertile: 
1.7%  

Infertile: 
Het/Hom 

= 11/1  

Fertile: 
Het/Hom 

= 7/0  

High  

Short 

(p.C11Y)  

0.01  

(Intolerant)  

2.475  

(Probably 
damaging)  

 

Table 4. 4: In silico prediction of the c.314G>A (p.C80Y) transition in exon 2. 
Classification of variant c.314G>A in SPRASA by SIFT, PolyPhen, Grantham score, possible 
clinical correlation, zygosity (Het: heterozygous, Hom: homozygous) and sequence 
conservation. 
 

TMHMM predicted the wildtype cysteine protein (long isoform) to have an expected number of amino 

acids in the intertransmembrane helices of 15.04 (number greater than 18 is very likely to be a 

transmembrane protein or have a signal peptide) and a probability that the N-terminal is cytoplasmic 

of 0.492.  SignalP-3 analysis predicts that the wildtype protein has a signal peptide probability of 
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0.280, signal anchor probability of 0.719 and a cleavage site probability of 0.272 (maximum 

probability = 1, minimum probability = 0) (Figure 4. 6 A).  The amino acid change of cysteine to 

tyrosine at residue 80 increased the expected number of amino acids in the transmembrane region to 

22, as well as increasing the probability that the N-terminal region is cytoplasmic to 0.772.  The 

SignalP-3 predicted a signal peptide probability of 0.123, a signal anchor probability of 0.876 and a 

cleavage site probability of 0.116 (Figure 4. 6 B).  The Phobius prediction programme predicted a 

transmembrane region between amino acids 64 and 82 in the tyrosine protein, two amino acids less 

than the predicted wildtype cysteine protein (Chapter 3.1.1).  The amino acid change of cysteine to 

tyrosine appears to enhance the characteristic features of the putative transmembrane region of the 

long isoform of this protein. However, the cysteine to tyrosine substitution in the short isoform of 

SPRASA resulted in no change to the characteristic features of the signal peptide (Figure 4. 6 C & D).  

 

 

 

 

 

 
 
 
 
Figure 4. 6: The graphical outputs of TMHMM2.0 and SignalP.   
The transmembrane characteristics were predicted using the TMHMM method.  The red lines 
represents the probability that an amino acid belongs to the transmembrane region, the blue 
line represents the probability that an amino acid belongs to the inside (cytoplasmic) region, 
the pink line represents the probability that an amino acid belongs to the outside (luminal or 
exterior) region.  Signal peptide characteristics were predicted using the SignalP method 
(Hidden Markov method).  The green line represents the probability that an amino acid belongs 
to the n-region, the blue line the probability that an amino acid belongs to the h-region, the 
light blue line represents the probability that an amino acid belongs to the c-region and the red 
line the likely cleavage site of the signal peptide. Red arrow indicates the amino acid residue 
altered by the nucleotide transition. (A) Predictions for the wildtype SPRASA protein with 
cysteine at position 80, (i) TMHMM2.0 and (ii) SignalP.  (B) Predictions for the transmembrane 
region of the SPRASA protein with tyrosine at position 80, (i) TMHMM2.0 and (ii) SignalP. (C) 
Predictions for the short isoform of the SPRASA protein with cysteine at position 80, (i) 
TMHMM2.0 and (ii) SignalP.  (D) Predictions for the transmembrane region of the short isoform 
of the SPRASA protein with tyrosine at position 80, (i) TMHMM2.0 and (ii) SignalP. 
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nucleotide change was not statistically significant (p=0.495) (Table 4. 5).  The GG genotype is highly 

conserved across various mammals (Figure 4. 8 B).   

SNP NCBI SNP 
reference 

 Homozygote 
frequency 

Heterozygote 
frequency 

Allele 
frequency 

c.766G>C New Infertile 
couples Nil  0.005    

   Fertile 
couples Nil Nil Nil Nil Nil 

2-Tailed Fisher's Exact 
Test p-value   0.50     

   Infertile 
females Nil  0.01    

   Fertile 
females Nil Nil Nil Nil Nil 

2-Tailed Fisher's Exact 
Test p-value   0.50     

 

Table 4. 5: Population frequencies of the G>C transversion (c.766G>C).   
(A) The values in red represent the expected frequency of occurrence in the homozygote and 
heterozygote states, assuming that the alleles are in Hardy-Weinberg equilibrium.  Statistics 
were preformed with Fisher’s exact t-test. 
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III: Figure 4).  Furthermore, there was no infertile males or females that were heterozygous for the A 

allele (exon two) and 5x TGC repeats (exon one) and had a partner that were wildtype for the three 

variants.  

In contrast, six fertile couples were heterozygous, two different couples had either the male with the A 

allele and the female 5x TGC repeats or male had 5x TGC repeats and the female had the A allele 

and 5x TGC repeats.  Four couples were identified where both males and females had 5x TGC 

repeats.  Furthermore there were two fertile males and one fertile female that were heterozygous for 

the A allele (exon two) and 5x TGC repeats (exon one) and whose partners were wildtype for all three 

variants identified in the New Zealand population (Table 4. 6 & Appendix III: Figure 5).   
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Variant frequencies in couples 

Variant combination Number p-values 
Male Female Fertile Infertile   

Wildtype Wildtype 69 56 0.43 
Wildtype 5x 11 17 0.32 

Wildtype A 1 2 0.64 

Wildtype 5x / A 1 0 0.50 

5x   Wildtype 13 15 0.84 

A Wildtype 1 2 0.62 

5x / A Wildtype 2 0 0.25 

5x   5x 4 3 1.00 

5x   5x / A 1 0 0.50 

5x   A 0 2 0.25 

5x / A 5x 0 3 0.25 

A    5x 1 1 1.00 

5x / A A 0 1 0.50 

5x / A 5x / A 0 0 -  

A A 0 0  -  

A 5x / A 0 0  -  
 

Table 4. 6: Variant frequencies of g.-22TGC(4_5) and c.314G>A in fertile and infertile couples.   
Possible combinations and the frequencies of the 5x TGC repeat (g.-22TGC(4_5)) and the A 
allele (c.314G>A) in the fertile and infertile couples.  Statistics were performed with Fisher’s 
exact t-test (2-tailed).  



Mutation analysis 

135 
 
 

4.2 Discussion 

The coding region of the SPRASA gene in 102 (204 individuals) infertile and 104 (208 individuals) 

fertile couples was screened by direct DNA sequencing of PCR products to determine whether 

variants were present in the SPRASA gene sequence, and whether they were associated with 

infertility in the New Zealand population.  Of the eight variants that have been previously recorded in 

the NCBI SNP database, only two were identified in the New Zealand population.  This study also 

identified a novel heterozygous variant in exon five of the SPRASA gene in an infertile woman; 

c.766G>C.   

The recruitment and collection of blood samples of both the fertile and infertile couples was presented 

as a blinded experiment.  On further analysis only 29% of the infertile couples were diagnosed with 

unexplained infertility, the remaining 71% of couples’ infertility could be explained (PCOS, 

endometriosis, reduced sperm motity, sperm abnormalities, and male factors).  A number of self 

reporting fertile couples had a history of infertility issues, such as miscarriages with the same partner, 

ectopic pregnancies, endometriosis or received IVF with previous partner.   

4.2.1 Tri-nucleotide insertion at the quadruple tri-nucleotide repeat region  

The first variant identified (rs3052914) in the New Zealand couples was a tri-nucleotide insertion 

located within the 5’ UTR of exon one of the SPRASA gene.  The observed homozygote and 

heterozygote frequencies in the fertile population were very similar to the expected frequencies, 

suggesting that this variant is in Hardy-Weinberg equilibrium.  There was no significant difference in 

the frequency of the variant in either the infertile or fertile couples and therefore appears to be a 

polymorphic variant.  The rs3052914 SNP has no population frequency recorded within the NCBI 

SNP database, however the trend in the New Zealand couples screened showed an increase in the 

frequency of the minor allele within the infertile couples, as well as in the infertile females in the 

heterozygous state.   

Tri-nucleotide repeats have been linked to DNA slippage (Kang et al, 1995; Wells, 2007) and/or 

pausing during replication. However, repeats must be a continuous length of >80 for pausing to occur 

(Kang et al, 1995) during DNA replication.  Of the 64 possible combinations of tri-nucleotide repeats, 
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approximately seven have been linked to human disease, furthermore the tri-nucleotide repeat CTG 

(CTG=TGC=GCT) (Wells, 2007) has been shown to be involved in the pathogenesis of myotonic 

dystrophy (DM) (Paiva & Sheardy, 2004).  Although the number of TGC repeats identified in SPRASA 

are well below the disease causation threshold of DM (≥ 50 CTG repeats) (Cummings & Zoghbi, 

2000) and the threshold for the CAG tri-nucleotide repeats ranges from 21 repeats for Spinocerebellar 

ataxia type 6 to 66 repeats seen in Spinocerebellar ataxia type 12 (Cummings & Zoghbi, 2000).  

Repeats can lead to the cellular event of an antiparallel hairpin formation (Figure 4. 9A & B) on the 

daughter DNA strands and the dissociation of the DNA complex (Paiva & Sheardy, 2004).  These 

hairpins form stable DNA secondary structures even when they are as short as 12 nucleotides (12-

mer) (Figure 4.9A) and where every third nucleotide in the stem of the hairpin is mismatched (T:T).  A 

T:T mismatch introduces a bulge to the backbone of the DNA helix (Paiva & Sheardy, 2004) which 

increases stability of the hairpin secondary structure through the formation of two hydrogen bonds 

and base-stacking interactions (Arnold et al, 1987).  This stability increases with the increased length 

of the hairpin sequence.  The probability for expansion of the tri-nucleotide repeat is dependent on 

whether the hairpin structure formed during replication remains prior to the reassociation of the DNA 

complex (Paiva & Sheardy, 2004).  It is hypothesised that the TGC insertion into the quadruple tri-

nucleotide repeat region forms stable hairpins that are less efficient during transcription of the long 

isoform resulting in a reduced amount of protein being released into the inner acrosome membrane.  

It is also possible to speculate that the formation of the hairpins causes DNA slippage over the first 

ATG start site to the second site located in exon two, increasing the mRNA levels of the short isoform 

of SPRASA.  Further experiments using circular dichroism (CD) to investigate the putative secondary 

structure caused by the TGC repeat sequence and a PCR based slippage synthesis (Schlotterer & 

Tautz, 1992) technique is required. 

In order to obtain a measure of the level of conservation of this quadruple tri-nucleotide repeat, a 

multiple primate alignment of exon one was performed.  This quadruple tri-nucleotide repeat region 

was found to be conserved in the chimpanzee, orang-utan, baboon, Rhesus macaque, pigtailed 

macaque, capuchin monkey and marmoset monkey.  It is possible to speculate that even though this 

polymorphism appears to be in Hardy-Weinberg equilibrium, with such a high degree of conservation 

within primates of the quadruple tri-nucleotide repeat region, this may suggest that it is likely to have a 
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4.2.2 Luciferase assay characterisation of the SPRASA g-22TGC(4_5) variant 

In this thesis, the two SPRASA promoter variant (g.-22TGC(4_4) and g.-22TGC(5_5)) were cloned 

into the pGL3-enhancer vector to determine if the g.-22TGC(5_5) variant could affect transcriptional 

activity, as it has been reported that a third of human promoter variants may modify gene expression 

by 50% or more (Hoogendoorn et al, 2003).  As previously mentioned, this tri-nucleotide insertion did 

not affect any putative transcriptional factor binding sites in the promoter; however a SNP at -755 from 

the translational start site was identified.  This SNP removed a GR binding site in the pPromoter 1_5x-

luc construct.   

Functional analysis indicated that this repeat polymorphism in the cell lines NCCIT and HEK-293T did 

not affect promoter activity (Figure 4. 4).  The observed trend seen between the 4x and 5x repeats 

within the cell lines NCCIT and HEK-293T is most likely to represent quantitative differences in the 

transformation efficiencies of the two cell lines (Hoogendoorn et al, 2003).  However, in the cell line 

KGN-T there was a 50% reduction (p=0.003) in luciferase expression seen in the pPromoter 1_5x-luc 

constructs compared to pPromoter 1_4x-luc, suggesting that the 5_5 repeats reduced luciferase 

expression.  One possible cause for reduced expression is that the putative formation of a stable 15-

mer hairpin reduces luciferase expression in this construct.  An alternative hypothesis is that the 

nucleotide change that resulted in the removal of a GR binding site at position -755 from the 

translational start site identified in this construct may affect transcription of the SPRASA mRNA.  

However, Chu et al., have identified that NF-κB (nuclear factor κB) in the cell line KGN causes 

transrepression of GR-mediated transcription (Chu et al, 2004), suggesting that the removeal of the 

GR binding site at -755 does not have a negative effect on the transcriptional activity of pPromoter 

1_5x-luc in this cell line.  The cell lines NCCIT and KGN-T were biologically relevant, while HEK-293T 

is from the kidney where SPRASA expression was not identified (Figure 3.3).  Further comparison 

between the wildtype GR (Glucocorticoid Receptor) binding site at position -755 and the two variants 

of the polymorphic tri-nucleotide insertion identified in the New Zealand population, is required to 

identify if the tri-nucleotide insertion and/or whether the removal of the GR binding site has a 

biological effect and statistically significant difference on transcriptional activity.     
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4.2.3 The SPRASA c.314G>A possible association with infertility 

The second variant identified in the SPRASA gene was a G to A transition at nucleotide position 314 

(c.314G>A).  This nucleotide change occurred at the second residue of codon 80 in the long isoform 

and codon 11 in the short isoform, resulting in an amino acid change of cysteine (TGC) to tyrosine 

(TAC), which is a non-conservative amino acid change.  Cysteine is a hydrophobic amino acid that 

contains a thiol group, while tyrosine, a bulkier amino acid contains a hydroxyl group attached to an 

aromatic ring, which results in tyrosine being less hydrophobic (Figure 4. 5 B).  This nucleotide 

change was identified in the homozygote state in one infertile female while the heterozygote state was 

identified in seven infertile males and four infertile females.  The presence of the c.314G>A transition 

was also identified in the fertile population; four fertile males and three fertile females; however, the G 

to A transition was only identified in the heterozygote state in the fertile population.  The female 

identified to be homozygous for the tyrosine residue was diagnosed with endometriosis where she 

underwent a laparoscopy and was recruited into a lipiodol trial that resulted in a pregnancy and 

delivery.  Her partner was diagnosed with low motility and unusual sperm morphology; he was 

identified to be heterozygous for the TGC repeats in exon one. At the start of this research, their 

duration of infertility had been for three years.  

The rs16967845 SNP population diversity indicates that the minor allele is higher in the New Zealand 

infertile population than all other recorded frequencies, while the frequency in the New Zealand fertile 

population is lower than the European and African American submitted SNP (ss) occurrence 

(ss23645285) frequency and has the same frequency as the Sub-Saharan African population 

(ss69194529).  The highest occurrence of the minor allele was identified in the New Zealand infertile 

males with a frequency of 5.9% compared to the fertile male of 1.9% (Table 4. 3 B), however, this 

differenct between infertile and fertile males is not statistically significant (p=0.28).   

A high degree of conservation of an amino acid within a functional region of a protein may indicate 

selective pressure suggesting that the amino acid may have an important and common function in 

multiple species.  In order to obtain a measure of the level of conservation for the cysteine residue 

across species, an alignment of the amino acid sequences was performed in eight primates and 18 

non-primates (Figure 4. 5 D). The cysteine residue was conserved in both the primates and non-
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primates suggesting that the cysteine residue, rather than tyrosine may be crucial for the 

transmembrane region (primates) and signal peptide (primates and non-primates) regions of 

SPRASA.  

This transition substitution is shown to be a single nucleotide polymorphism in the fertile population 

and is in Hardy-Weinberg equilibrium.  Although, the cysteine to tyrosine identified in SPRASA does 

not affect any of the four critical disulphide bonds conserved throughout the lysozyme family, this non-

synonymous amino acid substitution is located within the transmembrane/signal peptide region (long 

isoform/short isoform respectively) of the SPRASA protein. Neither cysteine nor tyrosine is found in 

the signal peptide region of the human c-type lysozyme.  It is hypothesised that this single nucleotide 

polymorphism has a detrimental effect on the SPRASA protein, similar to the non-synonymous amino 

acid substitution identified in the HLA-H protein that was also found to have a substantial frequency in 

the general population of Northern Europeans (6%) and Irish (14%) (Lucotte, 1998; Sunyaev et al, 

2001).   

Signal peptide proteins are initially in a precursor form containing an N-terminal hydrophobic signal 

sequence that interacts with a signal recognition particle (SRP) (Martoglio & Dobberstein, 1998; 

Tsuchiya et al, 2007).  This precursor/SRP complex in turn targets the protein across the endoplasmic 

reticulum (ER) membrane into the lumen (Halic & Beckmann, 2005) where the signal peptide is 

cleaved from the precursor protein by a signal peptidase, forming a secretory protein (Martoglio & 

Dobberstein, 1998). However for some proteins the signal peptide remains uncleaved and anchors 

the protein into the membrane forming a transmembrane protein (Nilsson et al, 1991).   

The signal peptide has three structurally and functionally characteristic features; the N-terminal (n-

region) that has a net positive charge that interacts with the negatively charged surface of the ER 

(Tsuchiya et al, 1993).  The n-region contributes to most of the variation in the overall length, ranging 

from 15 to more than 50 amino acids (Martoglio & Dobberstein, 1998; von Heijne, 1986) (Figure 4. 10 

A).  This region is followed by a hydrophobic (h-) region that is essential for SRP interaction (von 

Heijne, 1985) and is critical for targeting and membrane insertion (Martoglio & Dobberstein, 1998).  

The h-region is composed of six to 15 amino acids, however if the h-region becomes longer than 20 

amino acids it may in fact anchor the protein permanently in the membrane, which turns the signal 
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primates, forms a signal peptide protein that is cleaved in the ER by a signal peptidase and targeted 

to the Golgi apparatus/acrosome for secretion into the inner acrosomal membrane.  

The non-conservative amino acid change that results from the c.314G>A nucleotide transition is 

located in the 3’ region of the h-region; close to the c-region of the SPRASA protein ( Figure 4. 10 B); 

it possibly disrupts the transmembrane/signal peptide function by affecting the translocation of the 

SPRASA protein.  The efficiency of translocation of a protein is directly related to the hydrophobicity 

of the h-region and its ability to form a β strand or an α-helical conformation (Bird et al, 1990).  The 

cysteine to tyrosine transition results in a bulkier, less hydrophobic amino acid that may destabilise 

the secondary structure necessary for normal signal function (Perlman & Halvorson, 1983), and it may 

also reduce the required hydrophobicity of the h-region as the more hydrophobic the h-region, the 

more efficient the signal (Bird et al, 1990).  von Heijne has reported that the amino acids within the h-

region closest to the c-region are the most important residues for normal function and that the 

substitution of a more hydrophobic for a less hydrophobic amino acid makes a big difference in the 

overall hydrophobicity of the region (von Heijne, 1985).  Finally, the G to A transition may disrupt the 

recognition sequence that interacts with the SRP (Oliver, 1985), resulting in less effective 

translocation of the protein to the Golgi apparatus (Arnold et al, 1990), resulting in the accumulation of 

the SPRASA protein in the ER. 

It is important to note that the in silico programmes vary in their prediction of the severity of this 

substitution variation.  The SIFT, PolyPhen and Grantham score predict this amino acid substitution to 

be ‘intolerated, probably damaging’ in the short and long isoform, while the TMHMM and SignalP-3 

suggest that the cysteine to tyrosine variation appears not to affect the function of the short isoform of 

SPRASA.  However, the C80Y substitution does appear to affect the transmembrane region of the 

long isoform found predominantly in the testes, and was only found in the heterozygote state in both 

the infertile and fertile males suggesting that the homozygous state may not be tolerated in the male 

population.  The heterozygous form of C80Y may be a risk variant that is inherited within the general 

population at a similar rate as in the infertile population, while the homozygous form is not passed on 

to the next generation due to its association with infertility.  This result is confirmed by Lilford et al.; 

who stated that subfertility is often a recessive phenotype and therefore heterozygous variants within 

genes involved in reproduction may be tolerated within the general population (Lilford et al, 1994).  
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The C80Y variant may result in a subtle variation in the amount of functional SPRASA (long and short 

isoforms) and may ultimately account for the difference between being classified as fertile, subfertile 

or sterile.  Furthermore, the C80Y variant may act in concert with other variants identified in the 

SPRASA gene; -22TGC(4_5) variant (Table 4. 6); and or other genes associated with fertility.  The 

functional implications of the cysteine to tyrosine transition await further validation. 

4.2.4 Genetic analyses of exon three and exon four of the SPRASA gene 

The NCBI SNP database indicates that there are two variants reported in exon three.  The first is 

located at amino acid position 128 and results in a non-synonymous amino acid change (rs35420663) 

and has a minor allele population frequencies of 2.8% (ss48424700) and 4.2% (ss69194530; Sub-

Saharan African population).  However, this SNP was not found in European or Asian populations 

tested, suggesting that it is a rare mutation specific to the Sub-Saharan African population.  This 

variant was also not identified in either the infertile or fertile New Zealand couples screened nor was it 

identified in the SPRASA orthologues.  The second variant located at nucleotide position 547, results 

in a synonymous substitution (rs16967849) and was also identified in the mouse and cow.  However, 

it was not identified in the infertile or fertile New Zealand couples screened or in any of the other 

primates, nor was this SNP found in European or Asian populations tested (ss23645310).  However, 

the minor allele was found in an African American population with a frequency of 2.2%.  Exon three 

encompasses the c-type lysozyme family substrate binding region, the SPRASA motif (Table 5. 6), as 

well as 14 of the 20 invariant c-type lysozyme residues (Jolles & Jolles, 1984).  The consequence of 

any amino acid substitution within exon three is most likely not to be tolerated and result in infertility 

due to the importance of this exon to the function and structure of the protein (Jolles & Jolles, 1984).  

Furthermore, any inherited variation that causes infertility would therefore be quickly lost from the 

population; therefore, any variation is more likely to be a de novo somatic mutation.  Exon four 

encodes the c-type lysozyme/alpha-lactalbumin signature sequence.  In the NCBI SNP database 

there is one recorded sequence variation within exon four that results in a non-synonymous amino 

acid change at position p.P188L (rs35014584).  The minor allele has a population frequency of 1.4% 

(ss48424699) suggesting that it is a rare polymorphism and therefore, would be unlikely to been seen 

in the New Zealand population.  This variant was not identified in the infertile or fertile couples 

screened nor was it observed in the SPRASA orthologues.   
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4.2.5 Novel nucleotide change in the 3’ UTR of the SPRASA gene 

The NCBI SNP database recorded one sequence variation in exon five of the SPRASA gene.  The 

variant reported is a synonymous amino acid change at position 211 (rs28956).  This variation was 

not observed in either the infertile or fertile couples screened.  However, this study identified a novel 

heterozygous variant in the 3’ UTR of the SPRASA gene in an infertile female; c.766G>C; but was not 

detected in any infertile males or in any fertile couples.  The female identified to have the G to C 

transversion at nucleotide position 766 was diagnosed with unexplained infertility.  Her partner was 

also diagnosed with unexplained infertility and was identified to be wildtype for all three variants 

identified in the New Zealand population.  Their duration of infertility has been for 14 years.   

Although this nucleotide change was not statistically significant (p=0.50), the GG genotype is 

conserved across all known SPRASA orthologues.  The potential effect that this variant may have on 

the expression of SPRASA is not known, however the conservation of the 3’ UTR in the SPRASA 

orthologues suggests that the G to C nucleotide change may result in negative regulation of the 

mRNA by microRNAs, that repress its translation (He & Hannon, 2004) or that the nucleotide change 

results in mRNA degradation by microRNA’s  (Nilsen, 2007).   These results suggest that this variant 

is probably a rare variant of unknown consequence.  However, a larger population study or functional 

studies are required to determine the effect of this variant on fertility.  

4.2.6 Variation analysis within infertile and fertile couples 

As mentioned above, infertility has been estimated to affect approximately 10-20% of all couples 

sometime during their reproductive life (Hull et al, 1985; Isaksson & Tiitinen, 2004; Seshagiri, 2001; 

Skakkebaek et al, 1994), and the precise cause of infertility for 15% of these couples is unknown 

(Farquhar, 1998; Liu et al, 2007).  When investigating the aetiology of unknown infertility, couples 

must be considered together as both contribute equally in the evaluation of infertility (Campana et al, 

1995).  When analysing the fertile and infertile population as couples, 16 possible combinations of 

alleles from exons one and two were identified (Table 4. 6).  Apart from the wildtype combination 

(4x/G) there were two other combinations identified to have a high frequency within the fertile and 

infertile couples (male:female were WT:5x/G or 5x/G:WT), while seven low frequency combinations 

were identified in both the fertile and infertile couples (male:female; WT:4x/A, 4x/A:WT, 5x/G:5x/G, 
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4x/A:5x/G) or were only identified in the fertile couples (male:female; WT:5x/A, 5x/A:WT, 5x/G:5x/A).  

There were six combinations that were not found in the fertile couples (male:female; 5x/G:4x/A, 

5x/A:5x/G, 5x/A:4x/A, 5x/A:5x/A, 4x/A:4x/A and 4x/A:5x/A) and of these, three were identified in the 

infertile couples only (male:female; 5x/A:5x/A, 4x/A:4x/A and 4x/A:5x/A) suggesting that these six 

combination are possibly detrimental and may affect a couple’s fertility status.  Alternatively, these 

combinations could exist, but are very rare, and therefore do not occur in the New Zealand population 

that has been sampled.  Therefore, functional studies or a larger population haplotype analysis is 

required to confirm the importance; if any; of these combinations.  
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4.3 Summary 

Mutations or naturally occurring gene variations in the five exons of the SPRASA gene were screened 

in 102 infertile and 104 fertile couples.  Three variants were identified.  The first variant consisted of 

an insertion of an extra TGC within a quadruple tri-nucleotide (TGC) repeat region in exon one. The 

second variant was identified in exon two and resulted in a G to A transition at position 314.  This 

transition occurred at the second residue of the codon and resulted in a non-synonymous amino acid 

substitution from cysteine to tyrosine in the transmembrane/signal peptide region of the protein.  A 

third novel nucleotide change was identified in exon five and resulted in a G to C transversion at 

nucleotide position 766.  The three variants identified in the SPRASA gene appear to be in Hardy-

Weinberg equilibrium in the fertile population, suggesting that in the human population there is no 

strong selection pressure against these alleles, however all three wildtype variants are highly 

conserved across various mammals suggesting evolutionary there variants are important. 
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Chapter 5: Evolution of the SPRASA gene 

5 Introduction 

Genetic diversity is the means by which living organisms evolve and is what distinguishes humans 

from other organisms.  Genetic diversity within our genome is believed to originate from a relatively 

small number of ancestral genes (Qasba & Kumar, 1997).  The ancient lysozyme protein’s origins 

have been estimated to go back 400 to 600 million years (McKenzie, 1996; Qasba & Kumar, 1997).  

The lysozyme protein is universally found in animals, insects, and plants and is ubiquitously 

expressed in a number of tissues and secretions in these organisms (McKenzie, 1996).  It has been 

reported that the c-type lysozyme gene was duplicated approximately 300 to 400 million years ago 

and gave rise to the gene that codes for alpha-lactalbumin, a protein expressed only in the lactating 

mammary gland of all but a few species of mammals (Qasba & Kumar, 1997).  During the evolution of 

the c-type lysozyme gene, it is also postulated that duplication occurred for a second time, resulting in 

the gene that codes for SPRASA.   

The members of the c-type lysozyme family of proteins fulfil different biochemical roles; c-type 

lysozyme serves as a bacteriolytic defensive agent and in some mammals it has a digestive function, 

alpha-lactalbumin modifies galactosyltransferase which in turn results in lactose synthesis while 

retaining extensive sequence homology (Brew, 1970; Brew et al, 1967; Brew et al, 1968; Qasba & 

Kumar, 1997). The mature SPRASA protein is 51% similar to the c-type lysozyme and 34% similar to 

alpha-lactalbumin.  Antibodies towards SPRASA and antiserum reactive with recombinant SPRASA 

are known to prevent human sperm binding to hamster oocytes in vitro (Chiu & Chamley, 2002; 

Herrero et al, 2005; Mandal et al, 2003), suggesting an important role in sperm-oocyte recognition.  

During the course of this thesis, the evolutionary conservation of SPRASA will was examined in 

various animal species, as well as to determine in which species it may be possible to manipulate 

reproduction via SPRASA.  To investigate these aims, various SPRASA orthologues were identified 

and sequenced.  In addition, the gene organisation and structure was analysed to determine if 

SPRASA could be used as a biological agent to control pest species.   
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5.1 Results 

5.1.1 SPRASA orthologues  

Sequence comparison between SPRASA primate orthologues were screened via PCR amplification 

and direct sequencing as per the human SPRASA gene, refer to Chapter 2 (Table 2. 2).  For exon 

one, a primer was designed that was based on the SPRASA gene sequence in the chimpanzee, and 

was used if the human amplicon failed to amplify.  DNA from two apes (chimpanzee, orang-utan), old 

world monkeys (baboon and pigtailed macaque) and new world monkeys (spider and capuchin 

monkeys) were amplified and sequenced (Figure 5. 1).  Optimal PCR amplification conditions and 

amplicon design to exon three for a further 11 orthologues are given in Chapter 2 (Table 2. 3).  

Degenerate primers (Chaper 2 2.3.1) designed to amplify exon three of SPRASA failed to amplify 

antelope, Asian otter, chameleon, giraffe, possum, tuatara and zebrafish DNA.  PCR on DNA from 

these animals were performed a number of time using all the degenerate primers, without success.   

The coding region of exon two confirmed the second ATG site in all primates except the orang-utan 

which has ATA at this position.  In the orang-utan, a G to A transition nucleotide change was identified 

at position 285 (c.285G>A) that resulted in an amino acid change from methionine (ATG) to isoleucine 

(ATA) at residue 70 (Figure 5. 2).  This nucleotide change was confirmed in six orang-utans from the 

Auckland Zoo.  Further analysis of exon two in the six orang-utans identified two additional nucleotide 

changes.  The first was an A to G transition that occurred at nucleotide position 263 (c.263A>G) 

relative to the start of transcription.  This nucleotide change occurs at the second residue of codon 63 

and results in a non-conservative amino acid change from glutamine (CAG) to arginine (CGG) (Figure 

5. 2).  This was detected in the heterozygote state in three out of the six orang-utans and the CAG 

homozygote state was identified in two orang-utans.  Within the primates’ SPRASA sequence, the 

arginine codon is conserved; however, glutamine occurs in a number of non-primates (Figure 5. 3).  

 

 

Figure 5. 1: SPRASA multiple sequence alignment.   
Highlighted primates denote: apes (orange), old world monkeys (blue) and new world monkeys 
(purple).  Numbers on the right indicate the nucleotide number of the 5’ nucleotide while splice 
junctions are denoted by 1*2 (red).  The red ATG indicated start of the long isoform, while the 
orange ATG indicates the start of the short isoform.  The green arrow denotes the location of 
the linked transition nucleotide changes identified in the orang-utans.  The yellow highlighted 
area indicated the SPRASA motif while TAG (purple) denotes the stop codon.  
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Human          ------------------------------------------------------------ 
Chimpanzee              ------------------------------------------------------------ 
Orang-utan              ------------------------------------------------------------ 
Pigtailed macaque       ------------------------------------------------------------ 
Baboon                  ------------------------------------------------------------ 
Rhesus macaque          ------------------------------------------------------------ 
Marmoset monkey         ------------------------------------------------------------ 

Capuchin monkey         ------------------------------------------------------------ 
Spider monkey           ------------------------------------------------------------ 
Pig                     -----------------------------------------TTCTTTTAAAGCTGGGTGC 19 
Dog                     ------------------------------------------------------------ 
Mouse                   ----------------------GTGTCTGATTTCTCCCGTGTTCTCTCAATGCCTCGTGC 38 
Rat                   CAGAAGGGCTTAGGTCAATTTGGAGTCCGATTTCTCCATCCTTCTCTTAATGCCGCGTGC 60 
Bovine                  ------------------------------------------------------------ 
Horse                   ------------------------------------------------------------ 
Platypus                ------------------------------------------------------------ 
 
 
Human                 ----GCCCTGGCAAGGTTGTGGGGGACATCTTGAGCTGAAGCAGGGTTTT-GAGCCACTG 55 
Chimpanzee              ----GCCCTGGCAAGGTTGTGGGGGACATCTTGAGCTGAAGCAGGGTTTTTGAGCCTCTG 56 
Orang-utan              ----GCTCTGGCAAGGTTGTGGGGGGCATCCTGAGCTGAAGCAGGGTTTT-GGGCCACTG 55 
Pigtailed macaque            ----GCCCTGGCGAGGTTGTGGGGGGCATCCTGAGCTGCAGCAGGGTTTT-GGGCCACTG 55 
Baboon                  ----GCCCTGGCGAGGTTGTGGGGGGCATCCCGAGCTGCAGCAGGGTTTT-GGGCCACTG 55 
Rhesus macaque               ----GCCCTGGCGAGGTTGTGGGGGGCATCCTGAGCTGCAGCAGGGTTTT-GGGCCACTG 55 
Marmoset monkey              ----GCCCTGGCACAGTCGTGGGGG--ATCCTGAGCTGAAGCAGGGTTTT-GGGCAACTG 53 
Capuchin monkey              ----GCCCTGGCACAGTCGTGGGGG-CATCCTGAGCTGAAGCAGGGTTTT-GGGCACCTG 54 
Spider monkey                ------------------------------------------------------------ 
Pig                     CTGGGGCCGCAGTATCATGGGGGGTGTCCTGAGCTGAAGTAGGG----------CCACTG 69 
Dog                     ----------------------------TCTTGAGCTGAAGCAGGGTGTC-GGGTCCCTG 31 
Mouse                   TGGGACACTGGCACGATTACAAAGGGTGTCCTGAACCGCATCAGGACTTG-GAGCCACAG 97 
Rat                     TGGGACGCTGGCACGATTGCAAAGGGTGTCCTGAGCTGAATCAGGACTTG-GATCCACAG 119 
Bovine            ---------------------GGGCGTGTTCTGGGCTGAAGCCGGGTGTC-GGGCCACCG 38 
Horse             ------------------------------------------------------------ 
Platypus          ------------------------------------------------------------ 
 
 
                       1*2 
Human             CTGCTGCTGCCATTGTCACC-ATGGTCTCAGCTCTG-CGGGGAGCACCCCTGATCAGGGT 113 
Chimpanzee        CTGCTGCTGCCATTGTCACC-ATGGTCTCAGCTCTG-CGGAGAGCACCCCTGATCAGGGT 114 
Orang-utan        CTGCTGCTGCCATTGTCACC-ATGGTCTCAGCTCTG-CGGGAAGCACCCCTGATCAGGGT 113 
Pigtailed macaque    CTGCTGCTGCCATTGTCACC-ATGATCTCAGCTCTG-TGGGGAGCACTCCTGATCAGGGT 113 
Baboon            CTGCTGCTGCCATTGTCACC-ATGATCTCAGCTCTG-TGGGGAGCACTCCTGATCAGGGT 113 
Rhesus macaque       CTGCTGCTGCCATTGTCACC-ATGATCTCAGCTCTG-TGGGGAGCACTCCTGATCAGGGT 113 
Marmoset monkey      CTGCTGCTGCCATTGTCACC-ATGGTCTCAGCTCTG-TGGGGAGCACCGTGGATCAGGGT 111 
Capuchin monkey      CTGCTGCTGCCATTGTCACC-ATGGTCTCAGCTCTG-TGGGGAGCACCGTTGATCAGGGT 112 
Spider monkey        --------------------------------------------------------GGGT 4 
Pig              CTGTTACTGCCACTGTCGCT-GCTGAGTCAGCGCTGGTGGGGACGACACCTGATCAAGG- 127 
Dog               CTGCCGCCGCCACTGTCACT-GCTGTGTCAGCTCTG---------------------GGT 69 
Mouse             CCACCGCTGTCATCGTCCCCCACCGGTTCAGCTCTGG----------------------- 134 
Rat               CCACTGCTGTCATTGTCACC-ACCATTTCAGCTCTGGTAGGGAGGACTCTTGATCTGGGT 178 
Bovine            CTGTTACTGCTACGGTCACT-GCTG-CGCAGCTCTGGTGAGGACGACA------CGGGGT 90 
Horse             ------------------------------------------------------------ 
Platypus          ------------------------------------------------------------ 
 
 
Human             GCACTCAAGCCCTGTTTCTTCT--------------------------CCTTCTGTGAGT 147 
Chimpanzee        GCACTCAAGCCCTGTTTCTTCT--------------------------CCTTCTGTGAGT 148 
Orang-utan        GCACTCAAGCCCTGTTTCTTCT--------------------------CCTTCTGTGAGT 147 
Pigtailed macaque    ACACTCAAGCCCCGTTTCTTCT--------------------------CCTTCTGTGAGT 147 
Baboon            ACACTCAAGCCCCGTTTCTTCT--------------------------CCTTCTGTGAGT 147 
Rhesus macaque       ACACTCAAGCCCCGTTTCTTCT--------------------------CCTTCTGTGAGT 147 
Marmoset monkey      ATGCTCAAGCCC-GTGTCTTCT--------------------------CCTTCTGCAAGT 144 
Capuchin monkey      ATGCTCAAACCCCGTGTCTTCT--------------------------CCTTCTGTGAAT 146 
Spider monkey        ATTCTCAAGCCCCGTTTCTTCT--------------------------CCTTCTGTGAGT 38 
Pig               ------GAG---------------------------------------CCTTCAGTGAGT 142 
Dog               AA----------------------------------------------CCTTCTGTGAGT 83 
Mouse             ------------------------------------------------------------ 
Rat               ATATGCAAGTCTATGTAAGCCTGTGAAGGGCATCAGATATTCATCAGATATTCTGGAGCT 238 
Bovine            AGCCT------------------------------------------------------- 95 
Horse             ------------------------------------------------------ATGAAA 6 
Platypus          ------------------------------------------------------------ 
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Human             GGACCAC------GGAGGCTGGTGAGCTGCCTGTCATCCCAAA--GCTCAGCTCTGAGCC 199 
Chimpanzee        GGACCAC------AGAGGCTGGTGAGCTGCCTGTCATCCCAAA--GCTCAGCTCTGAGCC 200 
Orang-utan        GGATCGC------GGAGGCCGGTGAGCTGCCTGTCATCCCAAA--GCTCAGCTCTGAGCC 199 
Pigtailed macaque    GGACCGC------CGAGGCTGGTGAGCTGTGGGTCATCCCAAA--GCTCAGCTCTGAGCC 199 
Baboon            GGACCGC------CGAGGCTGGTGAGCTGTGGGTCATCCCAAA--GCTCAGCTCTGAGCC 199 
Rhesus macaque       GGACCGC------CGAGGCTGGTGAGCTGTGGGTCATCCCAAA--GCTCAGCTCTGAGCC 199 
Marmoset monkey      GGACCAC------TGAGGCTGGTGAGCCGCCTGTCATCCCAAA--GCTCAGCTCTGAGCC 196 
Capuchin monkey      GGACCGC------TGAGGCTGGTGAGCCGCCTGTCATCCCAAA--GCTCAGCTCTGAGCC 198 
Spider monkey        GGACCAC------TGAGGCTGGTGAGCCACCTGTCATCCCAAA--GCTCAGCTCCGAGCC 90 
Pig               GGATCCC------TCAGGGCTGTTGAGCCGCCTGTCCTCTCAA--GCGCAGCTCTGAGCC 195 
Dog              GGTGGAC------CAGGGCTGTTGAGCTGCCTGCCATCTCAAA--ACCCAGCTGTGAGCC 135 
Mouse             ----------------GGCAGCTGTCTGAACCCTTGTGCCGGGCTGGTGAACTGTCTGCC 178 
Rat               GGGTTACAGATGATGGGGCAGCTGTCTGGACTCTTGATCAGGGCTGGTGAACTGTCTGCC 298 
Bovine            ------------------TCTGTGAGCGGCCTGCCATCTCAAA--GCCTAGCTCTGAGCC 135 
Horse             GTGGAAGGCAAACGCGGCCCGCTGGGCTGCCTGCCGAGCCAGA--ACCCGGCGCTGAGCC 64 
Platypus          -----------------------------------------------------------A 1 
 
 
Human             AGAGT---GGTGGTGGCTCCACCTCTGCCGCCGGCATAGAAGCCAGGAGCAGGGCTCTCA 256 
Chimpanzee        AGAGT---GGTGGTGGCTCCACCTCTGCCGCAGGCATAGAAGCCAGGAGCAGGGCTCTCA 257 
Orang-utan        AGAGT---GGTGGTGGCTCCACCTCTGCCGCCGGCATAGAAGCCAGGAGCAGGGCTCTCA 256 
Pigtailed macaque    AGAGT---GGTGG---CTCCACCTCTACCACCGGCACAGAAGCCAGGAGCAGGGCTCTCG 253 
Baboon            AGAGT---GGTGG---CTCCACCTCTACCACCGGCACAGAAGCCAGGAGCAGGGCTCTCG 253 
Rhesus macaque       AGAGT---GGTGG---CTCCACCTCTACCACCTGCACAGAAGCCAGGAGCAGGGCTCTCG 253 
Marmoset monkey      AGAGT---GGTGGTGGTGCCACCTCTTTCGCCAGCACAGAAGCCAGGAGCAGGGCTCTCA 253 
Capuchin monkey      AGAGT---GGTGGTGGCACCACCTCTGCCGCCAGCACAGAAGCCAGGAGCAGGGCTCTCA 255 
Spider monkey        AGAGT---GGTGGTAGCGCCACCTCTGCTGCCAGCACAGAAGCCAGGAGCAGGGCTCTCA 147 
Pig               AGTGT---GGCAGGGGCTCTGCCTCTGCTGCCCGCATGGAAGCCCGGAGCCGGGCTCCCA 252 
Dog               AGCGT---GGCGGGGGCTGTGCCTCCGCCGCCTGCATGGAAGCCAGGAGCTGGGCTCCCA 192 
Mouse             ACCCCACAGTTCAGCCCTCTACCTGTGCCATC-GCATGGAAGCTAGGAGCCGGGCTCCCA 237 
Rat               ATCCCACAGTTCAGCCCTCTACCTGTGCCATC-GCATGGAAGCTAGGAGCCGGGCTCCCA 357 
Bovine            AG--TGTGGCGGGGGCTCTGTGCCCCCCCGCCCGCATGGAAGCCGGGAGCTGGGCTCCCG 193 
Horse             TGAGC---GCGGGCGGCAGCACCAGCGCGGCGTGCATGGATGCGCGCGGCTGGCCGCCGG 121 
Platypus          TGCGC---GCGC-TGGCGGTGCCGGTGC----CGCAGGGCAGCGAACTGC-GCGCGCTGG 52 
 
 
                                       ↓ 
Human             GAAGGCGGTGGTGCCCAGCTGGGATCATGTTGTTGGCCCTGGTCTGTCTGCTCAGCTGCC 316 
Chimpanzee        GAAGGCGGTGGTGCCCAGCTGGGATCATGTTGTTGGCCCTGGTCTGTCTGCTCAGCTGCC 317 
Orang-utan        GAAGGCGGTGGTGCCCAGCTGGGATCATATTGTTGGCCCTGATCTCTCTGCTCAGCTGCC 316 
Pigtailed macaque    GAAGGCGGTGGTGCCCAGCTGCGATCATGTTGTTGGCCCTGGTCTCTCTGCTCAGCTGCC 313 
Baboon            GAAGGCGGTGGTGCCCAGCTGCGATCATGTTGTTGGCCCTGGTCTCTCTGCTCAGCTGCC 313 
Rhesus macaque       GAAGGCGGTGGTGCCCAGCTGCGATCATGTTGTTGGCCCTGGTCTCTCTGCTCAGCTGCC 313 
Marmoset monkey      GATGGCGGTGGTGCCCAGCTGGGACCATGTTGTTGGCCCTGGTCTCTCTGCTCAGCTGCC 313 
Capuchin monkey      GACGGC---------CAGCTGGGACCATGTTGTTGGCCCTGGTCTCTCTGCTTAGCTGCC 306 
Spider monkey        GACGGTGGTGGTGCCCAGCTGGGACCATGTTGTTGGCCCTGGTCTTTCTGCTCAGCTGCC 207 
Pig               GGAGGCGGCTGTGCCCACCCGGGATCGTGTTGTTGACCTTGGCCTCTCTGCTCAGCTGTC 312 
Dog               GAGGGCATCTGTGCCCACCGGGCAGCATGTTGCTGGCCTTTGCCTCTCTGCTCGGCTGCC 252 
Mouse             GAAGACAGCTGTGCCCGCCTGGGATCACTTGGCTGGCCCTGGCCTATCTGCTCAGCTGCC 297 
Rat               GAAGACAGCCGTGCCCGCCTGGGATCACTTGGCTGGCCCTGGCCTATCTGCTCAGCTGCC 417 
Bovine            -AAGGTGGCCCCGCCCGCCCGGGATCGTGCTGCTGGCCTTGGCTTCTGTCCTCAGCAGCC 253 
Horse             GCCGCTGGCTGTGCCCGCCGGGCATTGTGCTGCTGGCGTTTGCGAGCCTGCTGAGCTGCC 181 
Platypus          GCCTGGTGCTGACCCCGTGGAGCGTGGTGCCGGTGCTGCTGCTGTG---GGCGGGCTGCC 109 
 
 
                                         ↓ 
Human             TGCTACCCTCCAGTGAGGCCAAGCTCTACGGTCGTTGTGAACTGGCCAGAGTGC-TACAT 375 
Chimpanzee        TGCTACCCTCCAGTGAGGCCAAGCTCTACGGTCGTTGTGAACTGGCCAGAGTGC-TACAT 376 
Orang-utan        TGCTACCCGCCAGTGAGGCCAAGGTCTACGGTCGCTGTGAACTGGCCAGAGTGC-TACAT 375 
Pigtailed macaque    TGCTACCCTCCAGTGAGGCCAAGGTCTACAGTCGCTGTGAACTGGCCAGAGTGC-TACAG 372 
Baboon            TGCTACCCTCCAGTGAGGCCAAGGTCTACAGTCGCTGTGAACTGGCCAGAGTGC-TACAG 372 
Rhesus macaque       TGCTACCCTCCAGTGAGGCCAAGGTCTACAGTCGCTGTGAACTGGCCAGAGTGC-TACAG 372 
Marmoset monkey      TGTTCCCCTCCAGTGACGCCAAGGTCTACGGTCGCTGTGAACTGGCCAGAGTGC-TACAG 372 
Capuchin monkey      TGCTCCCCTCCAGTGAGGCCAAGGTCTACAGTCGCTGTGAACTGGCCAGAGTGC-TGCAG 365 
Spider monkey        TGCTCGCCTCCAGTGAGGCCAAGGTCTACAGTCGCTGTGAACTGGCCAGAGTGC-TACAG 266 
Pig               TGCTCACCTCCGGCCAGGCCAAGGTCTACAGTCGCTGCGAGCTGGCCAGACTGC-TCCAG 371 
Dog              TGCTCACCTCCAGCCAAGCCAGGGTCTACAGTCGCTGCGAGCTGGCCAAAGTGC-TCCAG 311 
Mouse             TGCTTGCCTCCAGCAAGGCCAAGGTCTTCAGTCGCTGTGAGCTGGCCAAAGAGA-TGCAT 356 
Rat               TGCTTGCCTCCAGCAAGGCCAAGGTCTTCAGTCGCTGTGAGCTGGCCAAAGTGC-TGCAT 476 
Bovine            TGCTCTCCTCCGGCCAGGCCAGGGTCTACAGCCGCTGCGAGCTGGCCAGGGTGC-TTCAG 312 
Horse             TGCTGCCGAGCGGCCAGGCGAAAATTTATAGCCGCTGCGAACTGACCCGCACCC-TGCGC 240 
Platypus          TGTTTGCGACCAGCGAAGCGAAAATTTATAGCCGCTGCGAACTGGCGCGCACCC-TGCAG 168 
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       2*3 
Human             GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 434 
Chimpanzee        GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 435 
Orang-utan        GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 434 
Pigtailed macaque    GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTG--------------- 416 
Baboon            GACTTCGGGCTGGACGGATATCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 431 
Rhesus macaque       GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 431 
Marmoset monkey      GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 431 
Capuchin monkey      GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 424 
Spider monkey        GACTTCGGGCTGGACGGATACCGGGGATAC-AGCCTGGCTGACTGGGTCTGCCTTGCTTA 325 
Pig               GATGTAGGCTTGGATGGATTCCGAGGATAC-AGCCTGGCTAACTGGGTCTGTCTGGCTTA 430 
Dog               GATTTCGGCATGGAGGGATACCGGGGATAC-ACCCTGGCTGACTGGGTCTGTCTTGCATA 370 
Mouse             GACTTCGGTCTGGATGGCTACCGGGGTTAT-AACCTGGCTGACTGGGTCTGCCTTGCTTA 415 
Rat               GACTTCGGTCTGGAAGGCTACAGGGGATAT-AACCTGGCTGACTGGATCTGCCTTGCGTA 535 
Bovine            GATTTTGGCTTGGAGGGATACCGGGGCTACAGCTTGGCTGACTGGATCTGTCTTGCTTAC 372 
Horse             AACTTTGGCCTGGAAGGCTATCGCGGCTAT-AGCCTGGCGGATTGGGTGTGCCTGGCGTA 299 
Platypus          GAAGCGGGCCTGGGCGGCTATCGCGGCTAT-CAGGTGGCGGATTGGGTGTGCCTGGCGTA 227 
 
 
Human             TTTCACAAGCGGTTTCAACGCAGCTGCTTTGGACTACGAGGCTGATGGGAGCACCAACAA 494 
Chimpanzee        TTTCACAAGCGGTTTCAACGCAGCTGCTTTGGACTACGAGGCTGATGGGAGCACCAACAA 495 
Orang-utan        TTTCACAAGCGGTTTCAACACAGCTGCTGTGGACCACGAGGCTGATGGGAGCACCAACAA 494 
Pigtailed macaque    ------------------------------------------------------------ 
Baboon            TTTCACAAGCGGTTTCAACGCAGCTGCTTTGGACTACGAGGCTGATGGGAGCACCAACAA 491 
Rhesus macaque       TTTCACAAGCGGTTTCAACACAGCTGCTGTGGACCACGAGGCTGACGGGAGCACCAACAA 491 
Marmoset monkey      TTTCGCAAGCGGTTTCAACACAGCTGCTGTGGACCACGAGGCTGATGGAAGCACCAACAA 491 
Capuchin monkey      TTTCACAAGCGGTTTCAACGCAGCTGCTTTGGACTACGAGGCTGATGGGAGCACCAACAA 484 
Spider monkey        TTTTGCAAGCGGTTTCAACACAGCTGCTGTGGACCACGAGGCTGATGGAAGCACCAACAA 385 
Pig               CTTCGCAAGTGGCTTCAACACAGCTGCTGTGGACCACGAAGCAGATGGAAGCACCAACAG 491 
Dog               TTTCACAAGTGGCTTCAACACAGCTGCTGTGGACCACGAGGCTGATGGAAGTACTAACAA 430 
Mouse             CTACACAAGTGGCTTCAACACAAATGCTGTGGATCATGAAGCTGATGGAAGCACCAACAA 475 
Rat               CTACACAAGCGGCTTCAATACGGATGCTGTGGATCACGAAGCTGACGGAAGCACCAACAA 595 
Bovine            TTCGCAAGCGGCTTCAACA-CAGGTGCCGTGGACCATGAAGCCGATGGCAGTACCAACAG 431 
Horse             TTATACCAGCGGCTTTAACACCGCGGCGGTGGATCATGAAGCGGATGGCAGCACCAACAA 359 
Platypus          TTATGAAAGCGGCTTTGATAGCGGCCTGGAAGATTATGAAATTGATGGCAGCACCAACAA 287 
 
 
Human             CGGGATCTTCCAGATCAACAGCCGGAGGTGGTGCAGCAAC---CTCACCCCGAACGTCCC 551 
Chimpanzee        CGGGATCTTCCAGATCAACAGCCGGAGGTGGTGCAGCAAC---CTCACCCCGAACGTCCC 552 
Orang-utan        TGGGATCTTCCAGATCAACAGCCGGAGGTGGTGCAGAAAC---CTCACCCCGAACGTCCC 551 
Pigtailed macaque    ------------------------------------------------------------ 
Baboon            CGGGATCTTCCAGATCAACAGCCGGAGGTGGTGCAGCAAC---CTCACCCCGAACGTCCC 548 
Rhesus macaque       CGGGATCTTCCAGATCAGCAGCCGGAGGTGGTGCAGAAAC---CTCACTCCCAACGCCCC 548 
Marmoset monkey      CGGCATCTTCCAGATCAGCAGCCGGAGGTGGTGCAGAAAC---CTCACCCCACACGTCCC 548 
Capuchin monkey      CGGGATCTTCCAGATCAACAGCCGGAGGTGGTGCAGCAAC---CTCACCCCGAACGTCCC 541 
Spider monkey        CGGCATCTTCCAGATCAGCAGCCGGAGGTGGTGCAGAAAC---CTCACCCCGAACGTCCC 442 
Pig               TGGCATCTTCCAGATCAACAGCCGGAAGTGGTGCAGAAAT---CTCAACCCCAGCGTC-- 545 
Dog               CGGCATTTTCCAGATCAACAGCCGGAAGTGGTGCAAAAAT---CTCAACACAGAGGTCCC 487 
Mouse             TGGCATCTTCCAGATCAGCAGCCGGAGGTGGTGCAGAACC---CTCGCCTCGAATGGCCC 532 
Rat               CGGCATCTTCCAGATCAGCAGCCGGAAGTGGTGCAAAAAC---CTCGCCCCGAACGGCCC 652 
Bovine            CGGCATCTTCC AGATCAACAGCCGAAAGTGGTGCAAAAA--CCTCAACCCTAATGTCCC 489 
Horse             CGGCATTTTTCAGGTGAACAGCCGCAAATGGTGCCAGAAC---CTGGATCCGGAAGCGCC 416 
Platypus          CGGCATTTTTCAGATTAACAGCCGCCTGTGGTGCCTGGGCTATCAGGATCCGGGCGCG-- 347 
 
 
                   3*4 
Human             CAACGTGTGCCGGATGTACTGCTCAGATTTGTTGAATCCTAATCTCAAGGATACCGTTAT 611 
Chimpanzee        CAACGTGTGCCAGATGTACTGCTCAGATTTGTTGAATCCTAATCTCAAGGATACCGTTAT 612 
Orang-utan        CAACGTGTGCCAGATGTACTGCTCAGATTTGTTGAATCCTAATCTCAAGGATACCGTTAT 611 
Pigtailed macaque    ------------------------------------------------------------ 
Baboon            CAACGTGTGCCGGATGTACTGCTCAG---------------------------------- 574 
Rhesus macaque       CAACATGTGCGGGATGTACTGCTCAGATTTGTTGAATCCTAATCTCAAGGATACCGTTAT 608 
Marmoset monkey      CAACATGTGCCAGATGTACTGCTCAGATTTGTTGAATCCTAATCTCAAGGATACCGTCAT 608 
Capuchin monkey      CAACGTGTGCCGGATGTACTGCTCAG---------------------------------- 568 
Spider monkey        CAACGTGTGCCGGGTGTACTGCTC------------------------------------ 466 
Pig               ------------------------------------------------------------ 545 
Dog               CAATGTGTGCCAGATGTACTGCTCTGACTTGTTGAATCCTAACCTTAAGGATACTGTTAT 547 
Mouse             CAATCTTTGCAGGATATACTGCACTGATTTGTTGAACAATGATCTCAAAGATTCTATCGT 592 
Rat               CAATCTTTGCAGGATATACTGCACGGATTTGTTGAGCAATGATCTCAAAGATTCTGTCGC 712 
Bovine            AAACTTGTGCCAGATGTACTGCTCCGACTTATTGAATCCCAACCTCAAGGATACTGTTAT 549 
Horse             GAACCTGTGCCAGATGTATTGCAGCGATCTGCTGAACCCGAACCTGAAAAACGCGGTGAT 476 
Platypus          -AACCGCTGCCATCTGCATTGCAGCTAA-------------------------------- 372 
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                                4*5 
Human             CTGTGCCATGAAGATAACCCAAGAGCCTCAGGGTCTGGGTTACTGGGAGGCCTGGAGGCA 671 
Chimpanzee        CTGTGCCATGAAGATAACCCAAGAGCCTCAGGGTCTGGGTTACTGGGAGGCCTGGAGGCA 672 
Orang-utan        CTGTGCCATGAAGATAACCCAAGAGCCTCAGGGTCTGGGTTACTGGGAGGCCTGGAGGCA 672 
Pigtailed macaque    -----------------------------------------------AGGCCTGGAGGCA 429 
Baboon            ---------------------------------------------GGAGGCCTGGAGGCA 585 
Rhesus macaque       CTGTGCCATGAAGATCACCCAAGAGCCTCAGGGTCTGGGTTACTGGGAGGCCTGGAGGCA 668 
Marmoset monkey      CTGTGCCATGAAGATTACCCAAGAGCCTCAGGGTCTGGGTTACTGGGAGGCCTGGAGGCA 668 
Capuchin monkey      ---------------------------------------------GGAGGCCTGGAGGCA 583 
Spider monkey        -----------------------------------------------AG----------- 475 
Pig               ------------------------------------------------------------ 
Dog               CTGTGCCATGAAGATCACTCAACAGCCCCAAGGTCTGGCCAGCTGGGAGGCCTGGAGGCG 607 
Mouse             CTGTGCCATGAAGATAGTTCAAGAACCCCTGGGTCTGGGCTATTGGGAAGCCTGGAGGCA 652 
Rat               CTGTGTCATGAAGATAGCGCAAGAGCCCCAGGGCCTGGGCTACTGGGAATCCTGGAAGCA 772 
Bovine                 CTGTGCCATGAAGATAACTCAAGAACCCCAGGGTCTGGGCAGCTGGGAGGCATGGAGGCA 609 
Horse             TTGCGCGATGAAAATTACCCAGGAACCGCGCGGCATGGGCAGCTGGGAAGCGTGGCGCCA 536 
Platypus          ------------------------------------------------------------ 
 
 
Human             TCACTGCCAGGGAAAAGACCTCACTGAATGGGTGGATGGCTGTGACTTCTAGGAT----- 726 
Chimpanzee       TCACTGCCAGGGAAAAGACCTCACTGAATGGGTGGATGGCTGTGACTTCTAGGAT----- 727 
Orang-utan        TCACTGCCAGGGAAAAGACCTCACTGAATGGGTGGATGGCTGTGACTTCTAGGAT----- 727 
Pigtailed macaque    TCACTGCCAGGGCAAAGACCTCACTGACTGGGTGGATGGCTGTGACTTCTAGGAT----- 484 
Baboon            TCACTGCCAGGGCAAAGACCTCACTGACTGGGTGGATGGCTGTGACTTCTAGGAT---- -644 
Rhesus macaque       TCACTGCCAGGGCAAAGACCTCACTGACTGGGTGGATGGCTGTGACTTCTAGGAT---- -723 
Marmoset monkey      TCACTGCCAGGGCAAAGACCTCACGGACTGGGTGGATGGCTGTGACTTCTAG-AT----- 722 
Capuchin monkey      TCACTGCCAGGGAAAAGACCTCACTGAATGGGTGGATGGCTGTGACTTCTAGGAT----- 638 
Spider monkey        ------------------------------------------------------------  
Pig               ------------------------------------------------------------ 
Dog               TCACTGCCAGGGCAAGGACCTCACAGACTGGGTGGATGGCTGTGACTTGTAGGATCCTCT 667 
Mouse             CCACTGCCAGGGCAGGGACCTCAGTGACTGGGTGGATGGCTGTGACTTCTAGGACCCTCT 717 
Rat               CCATTGTCAGGGCAGGGACCTCAGTGACTGGGTGGATGGCTGTGACTTCTAGGACCCTCT 832 
Bovine            TCACTGCCAGGGCAAAGACCTCAGTGACTGGGTGGATGGCTGTGAGCTGTAGGATTCTCT 669 
Horse             TCATTGCCAGGGCAAAGATCTGCGCGATTGGGTGGATGGCTGCGATTTT----------- 585 
Platypus          ------------------------------------------------------------ 
 
 
Human             ------GGACGGAACCATGCACAGCAGGCTGGGAAATGTGGTTTGGTTCCTGACCTAGGC 780 
Chimpanzee        ------GGACGGAACCATGCACAGCAGGCTGGGAAATGTGGTTTGGTTCCTGACCTAGGC 781 
Orang-utan        ------AGACGGAACCATGCACAGCAGGCTGGGAAATGTGGTTTGGTTCCTGACCTAGGC 781 
Pigtailed macaque    ------GGACGGAACCACACACAGCAGGTTGGGAA-TGTGGTTTGGTTCCTGACCCAGGC 537 
Baboon            ------GGACGGAACCACACACAGCAGGTTGGGAA-TGTGGTTTGGTTCCTGACCCAGGC 697 
Rhesus macaque       ------GGACGGAACCACGCACAGCAGGTTGGGAA-TGTGGTTTGGTTCCTGACCCAGGC 776 
Marmoset monkey      ------GAACGAGACCATACACAGCAGTCTGGGAAATGTGGTTTGGTTCCTGAGCCAGGC 776 
Capuchin monkey      ------GGACGGAACCATGCACAGCAGGCTGGGAAATGTGGTTTGGTTCCTGACCTAGGC 691 
Spider monkey        ------------------------------------------------------------  
Pig               ------------------------------------------------------------ 
Dog               GTGGATGGACCAGGCCACGCACAGCAGGCTGGGAGATGTGGTTTGGTTTCTGATCCAGGC 727 
Mouse             CTGGATGGACCAAGCCGCATACAGCTGGCTGGGAAGTGTGGACTTGTTCCTGACCCAGGC 772 
Rat               CTGGATGGACTAAGCCACACACAGCTGGCTGGGAAGTGTGGGCTTGTTCCTGACCCAGGC 892 
Bovine            CAGGATGGACGGGCAGAGAGAATGGATGGCAGCTTGGGAGACGTTG--CCTGGTTCCTGA 727 
Horse             ------------------------------------------------------------ 
Platypus          ------------------------------------------------------------ 
                                                                            
 
 
Human             TTGGGAAGACAAGCCAGCGAATAAAGGATGGTTGAACGTT--------------- 820 
Chimpanzee        TTGGGAAGACAAGCCAGCGAATAAAGGATGGTCGAACGTGAATATGGCTCTCAGC 836 
Orang-utan        TTGGGAAGACAAGCCAGCGAATAAAGGATGGTTGAACATGAATGTGACTCTCAGC 836 
Pigtailed macaque    TTGGGAAGACAAGCCAGCAAATAAAGGATGGTTGAAC------------------ 574 
Baboon            TTGGGAAGACAAGCCAGCAAATAAAGGATGGTTGAACGTG--------------- 737 
Rhesus macaque       TTGGGAAGACAAGCCAGCAAATAAAGGATGGTTGAACGTGAA------------- 818 
Marmoset monkey      GTGGGAAGACAAGCCCACAAATAAAGTGTGGTTGAATGTGAAG------------ 819 
Capuchin monkey      TTGGGAAGACAAGCCAGCGAATAAAGGATGGTTGAACGTG--------------- 732 
Spider monkey        ------------------------------------------------------- 
Pig               ------------------------------------------------------- 
Dog               TTGGGAAGACAAGCCGACCAATAAAG----------------------------- 753 
Mouse             TTGGGAAGACAAGCCAAGTAATAAAAGTCTAATTTGACAGAAAAAAAAAAAAAAA 827 
Rat               TTGGGAAGACAAGCCAAGTAATAAAAGTCTAATTTGACAGAAACATG-------- 939 
Bovine            -------------------------------------------------------  
Horse             ------------------------------------------------------- 
Platypus          -------------------------------------------------------   
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Figure 5. 2: Alignment of the amino acid sequence of SPRASA orthologues.   
Splice junctions are denoted by 1*2 (red) while numbers on the right indicate the amino acid 
residue number of the rightmost residues.  The transmembrane region (purple) and signal 
peptide region (green) are shown above the alignment.  The 20 invariant c-type lysozyme 
residues (A), residues E35 & D52 that are involved in the catalytic activity of the c-type 
lysozyme (*).  Hot spot for length variation of 1-2 amino acids in the c-type lysozyme family (↓), 
while the SPRASA motif is highlighted in yellow. The human c-type lysozyme sequence 
(NP_000230) is included for comparison. 
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                       1*2 
Human             MVSALRGAPLIRVHSSPVSSPSVSGPRRLVSCLSSQSSALSQSGGGSTSAAGIEARSRAL 60 
Chimpanzee        MVSALRRAPLIRVHSSPVSSPSVSGPQRLVSCLSSQSSALSQSGGGSTSAAGIEARSRAL 60 
Orang-utan        MVSALREAPLIRVHSSPVSSPSVSGSRRPVSCLSSQSSALSQSGGGSTSAAGIEARSRAL 60 
Pigtailed macaque      M-SALWGALLIRVHSSPVSSPSVSGPPRLVSCGSSQSSALSQSGG-STSTTGTEARSRAL 58 
Baboon            MISALWGALLIRVHSSPVSSPSVSGPPRLVSCGSSQSSALSQSGG-STSTTGTEARSRAL 59 
Rhesus macaque           MISALWGALLIRVHSSPVSSPSVSGPPRLVSCGSSQSSALSQSGG-STSTTCTEARSRAL 59 
Marmoset monkey         MVSALWGAPWIRVCSSPVSSPSASGPLRLVSRLSSQSSALSQSGGGATSFASTEARSRAL 60 
Capuchin monkey        MVSALWGAPLIRVCSNPVSSPSVNGPLRLVSRLSSQSSALSQSGGGTTSAASTEARSRAL 60 
Spider monkey          ------------VFSSPVSSPSVSGPLRLVSHLSSQSSAPSQSGGSATSAASTEARSRAL 48 
 
Pig               ----------------------------------------------------MEARSRAP 8 
Dolphin            ------AVSALCGRHLIHSGPVSLLLPGAPSVSCLSSPAWSQGDGVSNPAARMEGGSWAP 54 
Bovine            ----------------------------------------------------MEAGSWAP 8 
Dog               ----------------------------------------------------MEARSWAP 8 
Cat               ----------------------------------------------------MEARSWAP 8 
Horse             --------------------MKVEGKRGPLGCLPSQNPALSLSAGGSTSAACMDARGWPP 40 
Mouse             ----------------------------------------------------MEARSRAP 8 
Rat               ----------------------------------------------------MEARSRAP 8 
Kangaroo rat         --------------VQDSFPSSSEVLCVSGPPGLFVNSAWSQSGGGCTCGTHMETRSPAP 46 
Guinea pig            ---------------------VSGRPGPVSCLPSRSSALSLGIWGSTSAIHMETRRSWAL 39 
Rabbit            ----------------------------------------------------MDARSWAA 8 
Squirrel          -----------------------------MNRLSSQSSALTPCGGGYISATGMKARSWVP 31 
Gray mouse lemur      ----------------------------------------------------MEARSGAP 8 
West European hedgehog     -----------------------MGGWLLLSCLSLQDPTLSQCGRGSVSATCMDVRSWVR 37 
Lesser hedgehog       -----------------------------MSGMPSPSPALSQSGGAS------------- 18 
Bat               ----------------------------------SQSPALNRRGGGSS---ACAGRGWLQ 23 
Megabat   -------------------VPSVRGRPGLLSCLPSQSPALSQRGGFTS-ATCMEARSWAP 40 
Armadillo         ------------------------------------------------------------ 
Hyrax   ------------VHSGPVSLLSVIGQQELVSHPSPPRPAVSQSGMASAFAAGMEARNWAP 48 
Tree shrew        ----------------------------------------------------MEARSWAP 8 
Platypus          -------------------------------------------MRALAVPVPQGSELRAL 17 
Lysozyme          ------------------------------------------------------------ 
 
 
                                Transmembrane region       
                                                                                 2*3 
Human             RRRWCPAGIMLLALVCLLSCLLPSSEAKLYGRCELARVLHDFGLDGYRGYSLADWVCLAY 120 
Chimpanzee        RRRWCPAGIMLLALVCLLSCLLPSSEAKLYGRCELARVLHDFGLDGYRGYSLADWVCLAY 120 
Orang-utan        RRRWCPAGIILLALISLLSCLLPASEAKVYGRCELARVLHDFGLDGYRGYSLADWVCLAY 120 
Pigtailed macaque        GRRWCPAAIMLLALVSLLSCLLPSSEAKVYSRCELARVLQDFGLDGYRGYSLAD------ 112 
Baboon            GRRWCPAAIMLLALVSLLSCLLPSSEAKVYSRCELARVLQDFGLDGYRGYSLADWVCLAY 119 
Rhesus macaque           GRRWCPAAIMLLALVSLLSCLLPSSEAKVYSRCELARVLQDFGLDGYRGYSLADWVCLAY 119 
Marmoset monkey         RWRWCPAGTMLLALVSLLSCLFPSSDAKVYGRCELARVLQDFGLDGYRGYSLADWVCLAY 120 
Capuchin monkey        RR---PAGTMLLALVSLLSCLLPSSEAKVYSRCELARVLQDFGLDGYRGYSLADWVCLAY 117 
Spider monkey           RRWWCPAGTMLLALVFLLSCLLASSEAKVYSRCELARVLQDFGLDGYRGYSLADWVCLAY 108 
         Signal peptide 
 
Pig               RRRLCPPGIVLLTLASLLSCLLTSGQAKVYSRCELARLLQDVGLDGFRGYSLANWVCLAY 68 
Dolphin   RRWPCLPGMTSLALASLLSCLLTSGQAEVYSRCELARMLQDFGLDGFRGYSLADWVCLAY 114 
Bovine            RRWPRPPGIVLLALASVLSSLLSSGQARVYSRCELARVLQDFGLEGYRGYSLADWICLAY 15 
Dog               RGHLCPPGSMLLAFASLLGCLLTSSQARVYSRCELAKVLQDFGMEGYRGYTLADWVCLAY 68 
Cat               RRQLCPPGIMLLAFATLLSCLLTSGQAKVYSRCELARALQDFGMEGYRGYSMADWVCLAY 68 
Horse             GRWLCPPGIVLLAFASLLSCLLPSGQAKIYSRCELTRTLRNFGLEGYRGYSLADWVCLAY 68 
Mouse             RRQLCPPGITWLALAYLLSCLLASSKAKVFSRCELAKEMHDFGLDGYRGYNLADWVCLAY 68 
Rat               RRQPCPPGITWLALAYLLSCLLASSKAKVFSRCELAKVLHDFGLEGYRGYNLADWICLAY 68 
Kangaroo rat  RKQLCPSGIAVLAFLSLLSCLLPSSEAKVYSRCELARVLQNFGLDGFRGYDLADWVCLAY 106 
Guinea pig  RSRLCSPVMTLLVFAFLLSCLLNSNEAKVYSRCELARVLRDFGLDGYRGYSLADWVCLAY 99 
Rabbit            RRWLCPPGIAMLALLSLLGCQLPSSEAKVYSRCELAKVLHDFGLNGFRGYGLSD------ 68 
Squirrel          RRRLSPPRVTWLALVSLLSGLLTSSQAKVFSRCELAKELHRMGLDGFRGYELAD------ 85 
Gray mouse lemur      GRRPCLPAIALLALALLLSCLLPSSEAKVFSRCELARELQDYGLDGYRGYSLAEWVCLAY 68 
West European hedgehog     RRWPCPPGLVLLVFTSLLSCLLTSCQAKVFGRCALASVLQDYGLEGYRGYSLADWVCLAY 97 
Lesser hedgehog       --------------------LLLCSEAKIFSNCELARRLKARGLDGYHDYSLAN------ 52 
Bat               RQQCTGICWSLLFRLSRL----------QLSR-ELFRVLQEFGLEGYRGHSLADWLCLAY 72  
Megabat   RRQPCPPGIGLLALASLLSCLLTSSQAKVYSRCELARVLTDFGLEGYRGYSLTDWICLAY 100 
Armadillo         -------------------------------------------------------ICLAY 5 
Hyrax   RRWLRPTGSMMLAFVSLLSCLPAASEAKVYSRCELARLLQEFGLDGYRGYSLADWICLAY 108 
Tree shrew        GRRLCPPRIMLLVLGSLLSCLLAASEAKVYSRCELARVLQDFGLDGYRGYSLAD------ 62 
Platypus          GLVLTPWSVVPVLLLWAG-CLFATSEAKIYSRCELARTLQEAGLGGYRGYQVADWVCLAY 76 
Lysozyme          ---------MKALIVLGLVLLSVTVQGKVFERCELARTLKRLGMDGYRGISLANWMCLAK 51 
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                               *           ↓    *              ↓             3*4 
Human             FTSGFNAAALDYEA-DGSTNNGIFQINSRRWCSN-LTPNVPNVCRMYCSDLLNPNLKDTV 178 
Chimpanzee        FTSGFNAAALDYEA-DGSTNNGIFQINSRRWCSN-LTPNVPNVCQMYCSDLLNPNLKDTV 178 
Orang-utan        FTSGFNTAAVDHEA-DGSTNNGIFQINSRRWCRN-LTPNVPNVCQMYCSDLLNPNLKDTV 178 
Pigtailed macaque        ------------------------------------------------------------ 
Baboon            FTSGFNAAALDYEA-DGSTNNGIFQINSRRWCSN-LTPNVPNVCRMYCS----------- 166 
Rhesus macaque           FTSGFNTAAVDHEA-DGSTNNGIFQISSRRWCRN-LTPNAPNMCGMYCSDLLNPNLKDTV 177 
Marmoset monkey        FASGFNTAAVDHEA-DGSTNNGIFQISSRRWCRN-LTPHVPNMCQMYCSDLLNPNLKDTV 178 
Capuchin monkey        FTSGFNAAALDYEA-DGSTNNGIFQINSRRWCSN-LTPNVPNVCRMYCS----------- 164 
Spider monkey          FASGFNTAAVDHEA-DGSTNNGIFQISSRRWCRN-LTPNVPNVCRVYCS----------- 155 
Pig               FASGFNTAAVDHEA-DGSTNSGIFQINSRKWCRN-LNPSV-------------------- 106 
Dolphin   FASGFNTAAVDHEA-DGSTNNGIFQINSRKWCKN-LNPKVPNMCQMYCSDLLNPNLKDTV 172 
Bovine            FASGFNTGAVDHEA-DGSTNSGIFQINSRKWCKN-LNPNVPNLCQMYCSDLLNPNLKDTV 128 
Dog               FTSGFNTAAVDHEA-DGSTNNGIFQINSRKWCKN-LNTEVPNVCQMYCSDLLNPNLKDTV 126 
Cat               FTSGFNTAAVDHEA-NGSTNNGIFQISNRKWCKN-LSTD-PNWCQMYCSDLLNPNLKDTV 125 
Horse             YTSGFNTAAVDHEA-DGSTNNGIFQVNSRKWCQN-LDPEAPNLCQMYCSDLLNPNLKNAV 158 
Mouse             YTSGFNTNAVDHEA-DGSTNNGIFQISSRRWCRT-LASNGPNLCRIYCTDLLNNDLKDSI 126 
Rat               YTSGFNTDAVDHEA-DGSTNNGIFQISSRKWCKN-LAPNGPNLCRIYCTDLLSNDLKDSV 126 
Kangaroo rat  FTSGFNTAAVDHEA-DGSTNNGLFQISSRRWCKN-LTPNAINICRMYCTDLLNPNLKDTV 164 
Guinea pig  FTSGFNTGAVDHEA-DGSTNNGIFQINSRRWCKN-LTPNSHNQCRVYCSDLLSPDLKDTV 157 
Rabbit            ------------------------------------------------------------ 
Squirrel          ------------------------------------------------------------ 85 
Gray mouse lemur      FTSGF---------------------------------------------LLSYDLKYTV 83 
West European hedgehog     YTSGFNTAAVDHEA-DGSTNNGLFQINSRKWCKN-LNAQTPNLCQMYCT----------- 144 
Lesser hedgehog       -TSGFNTAAVDHEA-DESTNNGIFQINSRRWCNN-FNQKAPNLCRMYCTDLLKPGLKEAV 109 
Bat               -TSGLDSAAVALEA-DGSTNNGIFQINSRKWCKT-LKEYSTKGCNMYCTELLDPDLKNAV 129 
Megabat   FTSGFNTAAVDHEA-DGSTNNGIFQISSRKWCKN-FTPNVPNQCQMYCSDLLNPNLKDTV 158 
Armadillo         FTSGFNTAAVDHEA-DGSTNNGIFQISSRRWCNN-RDPEGPNLCRIYCTDLLGPNLKDTV 63 
Hyrax   FTSGFNTAAVDHEA-DGSTNNGIFQINSRKWCNN-FDLKAPNLCRMYCTDLLNSNLKDTV 166 
Tree shrew        ------------------------------------------------------------ 
Platypus          YESGFDSGLEDYEI-DGSTNNGIFQINSRLWCLG-YQDPGANRCHLHCSDKICNREGTMS 134 
Lysozyme          WESGYNTRATNYNAGDRSTDYGIFQINSRYWCNDGKTPGAVNACHLSCSALLQDNIADAV 111 
 
 
                                               4*5    
Human             ICAMKITQEPQGLGYWEAWRHHCQGKDLTEWVDGCDF 215 
Chimpanzee        ICAMKITQEPQGLGYWEAWRHHCQGKDLTEWVDGCDF 215 
Orang-utan        ICAMKITQEPQGLGYWEAWRHHCQGKDLTEWVDGCDF 215 
Pigtailed macaque        ----------------EAWRHHCQGKDLTDWVDGCDF 133 
Baboon            ----------------EAWRHHCQGKDLTDWVDGCDF 187 
Rhesus macaque           ICAMKITQEPQGLGYWEAWRHHCQGKDLTDWVDGCDF 214 
Marmoset monkey         ICAMKITQEPQGLGYWEAWRHHCQGKDLTDWVDGCDF 215 
Capuchin monkey        ----------------EAWRHHCQGKDLTEWVDGCDF 185 
Spider monkey          ------------------------------------- 
Pig               ------------------------------------- 
Dolphin   ICAMKIVQDPQGLGTWEVWRHHCQGEDLSDWVDGCEL 209 
Bovine            ICAMKITQEPQGLGSWEAWRHHCQGKDLSDWVDGCEL 165 
Dog               ICAMKITQQPQGLASWEAWRRHCQGKDLTDWVDGCDL 163 
Cat               ICAMKIAQQPQGLASWEAWRRHCQGKDLKDWVDGCDL 162 
Horse             ICAMKITQEPRGMGSWEAWRHHCQGKDLRDWVDGCDF 195 
Mouse             VCAMKIVQEPLGLGYWEAWRHHCQGRDLSDWVDGCDF 163 
Rat               ACVMKIAQEPQGLGYWESWKHHCQGRDLSDWVDGCDF 163 
Kangaroo rat  ICAMKIAQEPQGLGYWEAWRHHCQGKDLRDWVDGCDF 201 
Guinea pig  VCAMKIAQEPQGLGYWETWRRHCQGKDLSDWVDGCDF 194 
Rabbit            ----------------EAWRHHCQGKDLSDWVDGCEF 89  
Squirrel          ----------------EAWRHHCQGKDLRDWVDGCDF 106 
Gray mouse lemur      ICAMKIVQEPLGMGSWEAWRHHCQGKDLADWVDGCDL 120 
West European hedgehog     ------------------------------------- 
Lesser hedgehog       ICAMKIAQGPRGLASWEAWRHHCQGKDLNDWVDGCDL 146 
Bat               ICAMNINQQPQGLRI---------------------- 144 
Megabat   ICAMKIIQEPQGLSSWEAWRHHCQGKDLRDWVDGCDF 195 
Armadillo         ICAMKIAQGPMGLRSWEAWRHHCQGKDLHDWVDGCDF 100 
Hyrax   ICAMKITQGPQGLAAWEAWRHHCQGEDLSDWVDGCDL 203 
Tree shrew        ----------------EAWRHNYQGKDLSDWVDGCDY 83 
Platypus          VRVWIGVSVPNGLGDRSAWKTNCEGKDLAFWVEGCEL 171 
Lysozyme          ACAKRVVRDPQGIRAWVAWRNRCQNRDVRQYVQGCGV 148 
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the 5’ RACE product, the human SPRASA mRNA (NM_173847) and the dog SPRASA mRNA 

sequence (XM_848245) onto chromosome 9 of the dog genomic contig sequence (NC_006591).  The 

dog SPRASA gene translated into a 163 amino acid open reading frame that included a 167bp 5’ 

UTR and a 97bp 3’UTR Figure 5. 1 and Appendix III: Figure 6).  The dog SPRASA protein is the 

same size as that of the mouse (NP_083643) and the rat (NP_001099290).  The RACE experiment 

did not amplify the sequence for the 3’ end of the dog mRNA nor did it amplify the 5’ and 3’ ends of 

the cow mRNA SPRASA sequence.  The 3’ sequence for the cow was complied by aligning the 

human SPRASA mRNA sequence (NM_173847) with the bovine chromosome 19 genomic contig 

(NW_001493658).  5’ and 3’ RACE was unable to amplify the SPRASA mRNA in the deer and sheep.   

A further 19 SPRASA orthologues were identified in a database search of GenBank and Ensemble 

(Table 5. 1).  The sequences for the chimpanzee, orang-utan, baboon, capuchin monkey and the dog 

reported in this thesis have been deposited in the NCBI sequence database under accession 

numbers FJ396443, FJ396444, FJ396445, FJ396446, and FJ396442 respectively (Appendix III, 

Figure 6. 1).  

 



Evolution of the SPRASA gene 

159 
 
 

  Common name Nucleotide 
reference Protein reference Comment 

Homo sapiens Human   NM_173847  NP_776246    
Pan troglodytes Chimpanzee FJ396443 Own sequence    
Pongo pygmaeus  Orang-utan  FJ396444 Own sequence    
Macaca nemestrina  Pigtailed macaque  Own sequence  Own sequence    
Papio cynocephalus 
ursinus  Chacma Baboon FJ396445 Own sequence    

Macaca mulatta  Rhesus macaque  XM_001113262   XP_001113262    
Callithrix (Callithrix) 
jacchus  Marmoset monkey Own sequence  Own sequence  Marmoset contig302:738500-745143 aligned with Rhesus 

macaque nucleotide sequence. 
Cebus apella  Capuchin monkey  FJ396446 Own sequence    
Ateles geoffroyi 
geoffroyi  Spider monkey Own sequence  Own sequence    

Tursiops truncatus  Dolphin   ENSTTRP00000010623   
Bos taurus  Bovine Own sequence  Own sequence  Confirmed by NM_001105007  
Canis familiaris  Dog FJ396442 Own sequence    
Felis catus  Cat   ENSFCAP00000000848   
Equus caballus  Horse Reverse translated XM_001501576 Confirmed by ENSECAG00000005842 
Mus musculus  Mouse  NM_029367  NP_083643    
Rattus norvegicus  Rat NM_001105820  NP_001099290    
Dipodomys ordii  Kangaroo rat   ENSDORP00000014957   
Cavia porcellus  Guinea pig   ENSCPOP00000016556   
Oryctolagus    
cuniculus  Rabbit   ENSOCUG00000010792    

Spermophilus 
tridecemlineatus  Squirrel    ENSSTOP00000010720   

Microcebus murinus  Gray mouse lemur    ENSMICP00000010833   
Erinaceus europaeus  West European       ENSEEUP00000010696    
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hedgehog  
Echinops telfairi  Lesser hedgehog   ENSETEP00000011348   
Myotis lucifugus  Bat   ENSMLUP00000001099    
Pteropus vampyrus  Megabat   ENSPVAP00000014828   
Dasypus 
novemcinctus  Armadillo   ENSDNOP00000004174   

Procavia capensis  Hyrax   ENSPCAP00000015514   
Tupaia belangeri  Tree shrew   ENSTBEP00000009723   
Ornithorhynchus 
anatinus  Platypus  Reverse translated XP_001519141 

3' end from ENSOANP00000007614.  Nucleotide sequence 
required by reverse translating protein sequence. 

Homo sapiens Lysozyme NM_000239  NP_000230    

Exon three only 

Felis serval  Serval  Own sequence  Own sequence  SPRASA motif (exon 3) 
Lemur catta  Ring-tailed lemur  Own sequence  Own sequence  SPRASA motif (exon 3) 
Panthera leo krugeri  African lion  Own sequence  Own sequence  SPRASA motif (exon 3) 
Catopuma temminckii  Asiatic golden cat  Own sequence  Own sequence  SPRASA motif (exon 3) 
Dasyprocta aguti  Brazilian agouti  Own sequence  Own sequence  SPRASA motif (exon 3) 
Acinonyx jubatus  Cheetah  Own sequence  Own sequence  SPRASA motif (exon 3) 
Ailurus fulgens fulgens  Red panda  Own sequence  Own sequence  SPRASA motif (exon 3) 
Dolichotis patagonum  Patagonian mara  Own sequence  Own sequence  SPRASA motif (exon 3) 
 

Table 5. 1: Information on SPRASA orthologues.  
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5.1.2 Gene organisation and structural homology 

The genomic organisation of human SPRASA and other orthologues consists of five exons and four 

introns (Figure 5. 5).  The human and simians’ (chimpanzee, orang-utan, pigtailed macaque, baboon, 

Rhesus macaque, marmoset, capuchin monkey and spider monkey) protein is coded from all five 

exons, while the prosimians’ and non-primates’ SPRASA protein is similar to the c-type lysozyme, in 

that it is coded from four exons (SPRASA exons two–five) (Figure 5. 3 & Figure 5. 4).  The splice 

junctions of SPRASA follows the consensus dinucleotide sequence GT as the 5’ splice donor 

sequence and AG as the 3’ splice acceptor sequence (Mount, 1982) for all orthologues.  Arginine 

(AGG) occurs at the junction of exon one and two in the human and simians, while glycine (GGG) 

was identified in the non-primates, the first nucleotide being at the 3’ end of exon one, the second and 

third at the 5’ end of exon two.  The codon split between exon two and three is tryptophan (TGG) 

seen in all sequences and between exon three and four is aspartic acid (GAT: primates; GAC: non-

primates).  The split between exon four and five is tryptophan (TGG), however, the first two 

nucleotides were located in exon four and the third in exon five (Table 5. 2).  Table 5.2 also shows 

that there is considerable difference between primates and non-primates in the size of intron four, in 

that there is an approximate 12-fold increase in the size of the non-primate intron. 
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Sequence at exon-intron junctions 

 Exon one-two Intron 
one Exon two-three Intron 

two Exon three-four Intron 
three Exon four-five Intron 

four 
Exon 
five 

Species Size 
(bp) 

5' Splice 
donor 

3' Splice 
acceptor 

Size 
(bp) 

Size 
(bp) 

5' Splice 
donor 

3' Splice 
acceptor 

Size 
(bp) 

Size 
(bp) 

5' Splice 
donor 

3' Splice 
acceptor 

Size 
(bp) 

Size 
(bp) 

5' Splice 
donor 

3' Splice 
acceptor 

Size 
(bp) 

Size 
(bp) 

Human 109 ATCAgtga tcccagGGGT 3436 309 GACTgtgag tgcagGGGT 1125 159 TCAGgtcgc cccagATTT 443 79 ACTGgtaag ctcagGGAG 188 164 

Chimpanzee 110 ATCAgtga cccagGGGT  309 GACTgtgag tgcagGGGT  159 TCAGgtagc cccagATTT  78 AGTGgtaag ctcagGGAG 188 161 

Orang-utan 109 ATCAgtga cccagGGGT  309 GACTgtgag gacagGGGT 1135 159 TCAGgtagc cccagATTT  79 ACTGgtaag ctcagGGAG 188 163 

Pigtailed 
macaque 109 ATCAgtga cccagGGGT  306 GACTgtgag         ctcagGGAG  162 

Baboon 109 ATCAgtga cccagGGGT  306 GACTgtgag tgcagGGGT  159 TCAGgtagc     ctcagGGAG  160 

Rhesus 
macaque 109 ATCAgtga cccagGGGT 3390 306 CACTgtgag tgcagGGGT 1071 159 TCAGgtagc acccagATTT  79 ACTGgtaag ctcagGGAG 186 165 

Marmoset 
monkey 107 ATCAgtga tccagGGGT 4093 309 GACTgtgag tgcagGGGT 1091 159 TCAGgtagc cccagATTT 473 79 ACTGgtaag ctcagGGAG 165 165 

Capuchin 
monkey 107 ATCAgtga tctagGGGT  300 GACTgtgag tgcagGGGT  159 TCAGgtagc     ctcagGGAG  161 

Spider 
monkey   tccagGGGT  259 GACTgtgag tgcagGGGT  159 TCAGgtagc        

Mouse 135 CTGgtagg ccaagGGGC 4437 266 GACTgtgag tgtagGGGT 696 159 ACTGgtagg tccagATTT 431 79 ATTGgtgag cccagGGGA 3047 177 

Rat 132 CTGgtagg ggcagCTGT 4213 260 GACTgtgag cgtagGGAT 752 159 ACGGgtagg ttcagATTT 402 79 ACTGgtgag cccagGGAA 1359 178 

Dog 66*    291 GACTgtgag cgcagGGGT 805 159 TCTGgtagg cccagACTT 443 79 GCTGgtaag ctcagGGAG 2295 161 

Bovine      GACTgtaac tcgagGGAT 930 159 TCCGgtagg cccagACTT 393 80 GCTGgtaag ctcagGGAG 2298 64* 

 

Table 5. 2: Evolutionary conservation of exon-intron junctions in the SPRASA orthologues.   
Splice donor and acceptor sequence from SPRASA orthologues of known genomic nucleotide sequences show similar exon-intron junctions to 
the c-type lysozyme gene.  * indicates partial sequence. 
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The amino acid conservation between the c-type lysozyme and the full length SPRASA orthologue 

proteins range from 39% in the platypus to 46% in the human, chimpanzee, orang-utan, rhesus 

macaque and hyrax (Table 5. 3).  The conservation between the human SPRASA protein and the 

SPRASA orthologues show a high proportion of conserved amino acids ranging from 42% in the 

platypus to 98% in the chimpanzee.  This variation in amino acid sequence is not seen uniformly 

throughout the protein; there is a higher degree of conservation seen between the simians than the 

prosimians and non-primates.  Exon one, a coding exon found only in simians, has a 70-90% 

conserved amino acid range, while exon two is the least conserved exon in all orthologues with a 

range of 84-99% for primates and 34-75% for non-primates.  Exon four is the most conserved; 100% 

conserved within the primates screened, while in the non-primates, the conservation of exon four 

ranges from 65-96%.  The range of conservation of exon five for the primates was 95-100% and for 

non-primates the exon is conserved between 90-50% (Table 5. 4). 
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 Human Chimpanzee Orang-utan Rhesus 
macaque Marmoset Horse Mouse Rat Kangaroo rat Guinea pig Dolphin Bovine Dog Platypus Cat Hyrax Megabat Lysozyme 

Human  - 98 93 88 87 71 74 73 69 74 64 76 77 42 75 70 77 46 

Chimpanzee  - 93 88 87 71 73 73 68 74 62 77 77 42 75 70 78 46 

Orang-utan    - 88 87 73 76 74 70 76 64 79 79 41 77 71 80 46 

Rhesus 
macaque     - 88 72 76 75 73 73 64 79 79 42 79 70 81 46 

Marmoset      - 69 74 73 70 64 64 76 79 41 77 69 77 45 

Horse      - 70 70 67 69 66 79 77 43 78 67 76 43 

Mouse        - 88 76 73 71 71 71 43 72 71 75 42 

Rat        - 76 74 72 75 72 46 73 71 79 41 

Kangaroo rat         - 69 66 75 77 40 78 64 74 44 

Guinea pig          - 65 73 74 42 74 61 72 45 

Dolphin           - 85 80 40 79 69 72 45 

Bovine             - 82 47 80 77 85 43 

Dog              - 44 88 78 84 43 

Platypus               - 41 42 42 39 

Cat               - 77 85 43 

Hyrax                - 70 46 

Megabat                 - 45 

Lysozyme                                   - 
 

Table 5. 3: Homology of SPRASA orthologues.   
Homology (%) between full amino acid sequences of SPRASA orthologues.  The shading incidates the simians and further divides them into apes 
(pink), old world monkeys (blue) and new world mnkeys (purple).    
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Exon conservation to the human SPRASA protein 

 Exon one Exon two Exon three Exon four Exon five 

 Highest % Lowest % Highest % Lowest % Highest % Lowest % Highest % Lowest % Highest % Lowest % 

Simians 
90%         

Chimpanzee  
Orang-utan 

70%         
Pigtailed 
macaque 

99%        
Chimpanzee 

84%         
Capuchin 
monkey 

99%        
Chimpanzee 

86%          
Spider 

monkey 

100%       
Chimpanzee   
Orang-utan    

Rhesus 
macaque 
Marmoset 
monkey 

 

100%        
Chimpanzee   
Orang-utan    
Capuchin 
monkey 

95%          
Baboon       
Pigtailed 
macaque 
Rhesus 

macaque 
Marmoset 
monkey 

Prosimians  
&          

Non 
primates 

  75%         
Tree shrew 

34%         
Platypus 

87%         
Kangaroo 

rat 

47%          
Platypus       

Gray mouse 
lemur 

96%          
Bovine 

65%          
Lesser 

hedgehog 
Gray mouse 

lemur 

90%          
Armadillo      

Horse        
Kangaroo rat   

Megabat      
Squirrel 

50%          
Platypus 

 

Table 5. 4: Exon conservation to the human SPRASA protein. 
Homology (%) between amino acid sequences of SPRASA exons.  
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An alignment of all SPRASA amino acid sequences (Figure 5. 2) against the human c-type lysozyme 

protein (NP_000230) identified similar sequence variations in all orthologues.  The platypus and rat 

SPRASA proteins have retained 15 out of the 20 invariant residues, while all other SPRASA 

orthologues possess 16 or 17 out of the 20 invariant residues found in the c-type lysozyme family.  

The tabulation of 30 (15 complete, 15 partial) SPRASA orthologue sequences identified 25 SPRASA 

only invariant residues found in all orthologues and another 28 invariant residues found only in the 

simians that are found within all five exons of SPRASA (Table 5. 5).   

The c-type lysozyme catalytic pocket has two residues that are critical for its function, these are 

residues E35 and D52 (c-type lysozyme mature protein numbering).  In the SPRASA orthologues, the 

platypus maintains a glutamic acid (E35) at residue 35, however, threonine (T35) is found in 20 

orthologues while, five had alanine (A35) at this position (Figure 5. 2).  All SPRASA orthologues have 

an asparagine (N52) substitution at residue 52 instead of aspartic acid (D52). 
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No. Amino 
acids No. Amino 

acids No. Amino 
acids No. Amino acids No. Amino acids No. Amino 

acids 

1 M 41 S 81 LQ- 121 FY         (H34) 161 VMLWQGR 201 CY   (C115) 
2 VI- 42 Q 82 LFP- 122 TAE       (E35) 162 C        (C76) 202 QE 

3 S 43 S 83 PATSNL- 123 S            
(S36) 163 RQGNH 203 G 

4 A 44 G 84 SACT- 124 G           (G37) 164 MVIL 204 KER 
5 L 45 GM 85 SGNC- 125 FL 165 YH 205 D 
6 RW 46 GS-R 86 EDQK- 126 ND 166 C        (C80) 206 L      (L120) 
7 GRE 47 SAT 87 A- 127 ATS 167 ST 207 TSKRANH 
8 A 48 TL 88 K- 128 AGD 168 DE 208 EDF 
9 PL 49 SA 89 LVIQ 129 AL 169 LK 209 W    (W123) 

10 LW 50 ATFV 90 YFL 130 LVE 170 LI 210 V 
11 I 51 ATP 91 GS 131 DA         (V44) 171 NSDGC(L85) 211 DE 
12 R 52 GCSV 92 R 132 YHL 172 PNYS  (D86) 212 G 

13 V 53 ITMECP 93 C         
(C6) 133 E           (N46) 173 NDGR (D87) 213 C     (C127) 

14 HCF 54 EDTKQ 94 E 134 AI 174 LE 214 DE 
15 S 55 AGTRVGS 95 L 135 DN 175 KG 215 FLY 
16 SN 56 RGE 96 ATF 136 GE 176 DNYET(D90)   

17 P 57 SGNL 97 RKS 137 S            
(S50) 177 TASM  (D91)   

18 V 58 RWPG 98 VMATEL 138 T 178 VS   
19 S 59 AVL 99 LM 139 N           (D52) 179 IVA   
20 S 60 LPARQ 100 HQRKT 140 NS         (Y53) 180 CR       (C94)   
21 P 61 RG 101 DNRAE 141 G           (G54) 181 AV       (A95)   
22 S 62 RWGKSQL 102 FVMYRA 142 IL 182 MW   
23 VA 63 RWHQV- 103 G 143 F 183 KI         (K97)   
24 SN 64 WLPC- 104 LM 144 Q           (Q57) 184 IG          (I98)   
25 G 65 CRST- 105 DENG 145 IV 185 TVANI   
26 PS 66 PLSG 106 G 146 NS         (N59) 186 QS   
27 RQPL 67 APITW 107 YF 147 SN 187 EDQGV   
28 R 68 GAVRCS 108 RH 148 R 188 P   
29 LP 69 ITMSVLW 109 GD 149 RKL 189 QRLMN   

30 V 70 MIVTASG 110 YH 150 W          
(W63) 190 G       (G104)   

31 S 71 LSWVMP 111 STNDGEQ 151 C           (C64) 191 LM   
32 CRH 72 LV 112 LMV 152 SRKQL 192 GARSG   
33 LG 73 AVFL 113 A 153 NTG 193 YTSIAD   
34 S 74 LFR 114 D       (E27) 154 LFRY 194 WR   (W108)   
35 S 75 VIALTG 115 W     (W28) 155 TNSDAKQ 195 ES   
36 Q 76 CSFTYLW 116 VI 156 PTSAQELD 196 AVST (A110)   

37 S 77 LVRA 117 C       
(C30) 157 NHSKEDQYP 197 W(W111)(H111)   

38 S 78 LG 118 L 158 VAGST- 198 RK   
39 A 79 S- 119 A 159 PIHTA 199 HRT   
40 LP 80 CG- 120 Y       (F33) 160 NK 200 HN   
 

Table 5. 5: Amino acid residues observed at each position among SPRASA orthologues. 
The information tabulated from 30 aligned sequences (15 complete; 13 partial).  A dash 
indicates a deletion relative to other sequences.  The amino acids in parentheses are the 20 c-
type lysozyme invariant residues.  Residues in bold black are invariant to simians of SPRASA 
(SHP); bold green are residues found in SPRASA and c-type lysozyme (S/L); bold orange are 
the alpha-lactalbumin invariant residues (AL); bold purple are the c-type lysozyme invariant 
residues and bold blue are the SPRASA only invariant residues (SO).  
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5.1.3 SPRASA motif 

The localisation of SPRASA to the sperm inner acrosome membrane (Chiu et al, 2004; Mandal et al, 

2003) and the oolemma [Wagner et al., unpublished], suggests that SPRASA’s functions may be 

more complex than just being involved in sperm-oocyte binding. To identify possible structures 

involved in the function of SPRASA within the inner acrosome membrane and the oolemma, an 

alignment of the SPRASA orthologues amino acid sequences was performed.  The alignment of 

SPRASA orthologues identified a motif of eight amino acids (46EADGSTNN53) that is 100% conserved 

in all but five orthologues.  The pig, cow and sheep have a serine (S53) instead of asparagine (N53), 

the lesser hedgehog’s glycine (G49) is replaced by glutamic acid (E49) and the platypus has 

isoleucine (I47) instead of alanine (A47) (Table 5. 6).  The motif is located in the c-type lysozyme 

substrate binding region (exon three) of the SPRASA protein (Figure 5. 5).  This motif also includes 

the critical amino acid D52 of the c-type lysozyme (mature c-type lysozyme numbering) which is 

replace by asparagine (N52) in the human and all SPRASA orthologues.  This motif is believed to be 

important in substrate identification. 

 

 

 

 

 

 

 

 

Table 5. 6: Comparison of the SPRASA motif in 33 orthologues. 
The percentages on the right refer to the amino acid conservation of the SPRASA motif. The 
eight residues of the motif are highlighted in yellow.  The table indicated 11 of the 20 invariant 
c-type lysozyme residues (A) and glutamate (E35) and aspartate (D52) residues required for 
catalytic activity of the c-type lysozyme are indicated (*).  
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Human  
30  C L A Y F T S G F N A A A L D Y E A   D G S T N N G I F Q I N S R R W C S 

65
  100% 

Chimpanzee  C L A Y F T S G F N A A A L D Y E A   D G S T N N G I F Q I N S R R W C S  100% 
Orang-utan   C L A Y F T S G F N T A A V D H E   D G S T N N G I F Q I N S R R W C R  100% 
Rhesus macaque   C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S S R R W C R  100% 
Marmoset  C L A Y F A S G R N T A A V D H E A   D G S T N N G I F Q I S S R R W C R  100% 
Baboon  C L A Y F T S G F N A A A L D Y E A   D G S T N N G I F Q I N S R R W C S  100% 
Capuchin monkey  C L A Y F T S G F N A A A L D Y E A   D G S T N N G I F Q I N S R R W C S  100% 
Spider monkey  C L A Y F A S G F N T A A V D H E A   D G S T N N G I F Q I S S R R W C R  100% 
Lemur   C L A Y F T S G R N T A A V D H E A   D G S T N N G I F Q I S S R      100% 
Red Panda  C L A Y F T S G F N A A A L D Y E A   D G S T N N G I F Q I N S R      100% 
Dog  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I N S R K W C K  100% 
Pig  C L A Y F A S G F N T A A V D H E A   D G S T N S G I F Q I N S R K W C R  87.5% 
Dolphin  C L A Y F A S G F N T A A V D H E A   D G S T N N G I F Q I N S R K W C K  100% 
Bovine  C L A Y F A S G F N T G A V D H E A   D G S T N S G I F Q I N S R K W C K  87.5% 
Sheep  C L A Y F A S G F N T G A V D H E A   D G S T N S G I F Q I N S R      87.5% 
Mouse   C L A Y Y T S G F N T N A V D H E A   D G S T N N G I F Q I S S R R W C R  100% 
Rat   C L A Y Y T S G F N T D A V D H E A   D G S T N N G I F Q I S S R K W C K  100% 
Kangaroo rat  C L A Y F T S G F N T A A V D H E A   D G S T N N G L F Q I S S R R W C K  100% 
Guinea pig  C L A Y F T S G F N T G A V D H E A   D G S T N N G I F Q I N S R R W C K  100% 
Agouti   C L A Y Y T S G F N T D A V D H E A   D G S T N N G I F Q I S S R      100% 
Patagonian mara   C L A Y Y T S G F N T G A V D H E A    D G S T N N G I F Q I S S R      100% 
Cat  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S N R K W C K  100% 
Lion  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S N R      100% 
Golden cat  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S N R      100% 
Cheetah  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S N R      100% 
Serval   C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S N R      100% 
Hedgehog lesser       T S G F N T A A V D H E A   D E S T N N G I F Q I N S R R W C N  87.5% 
Hedgehog West European   C L A Y Y T S G F N T A A V D H E A    D G S T N N G L F Q I N S R K W C K  100% 
Armadillo  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S S R R W C N  100% 
Bat  C L A Y - T S G L D S A A V A L E A   D G S T N N G I F Q I N S R K W C K  100% 
Megabat  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I S S R K W C N  100% 
Horse  C L A Y Y T S G F N T A A V D H E A   D G S T N N G  F Q V N S R K W C Q  100% 
Hyrax  C L A Y F T S G F N T A A V D H E A   D G S T N N G I F Q I N S R K W C N  100% 
Platypus   C L A Y Y E S G F D S G L E D Y E I   D G S T N N G I F Q I N S R L W C L   87.5% 
Human c-lysozyme  C L A K W E S G Y N T R A T N Y N A G D R S T D Y G I F Q I N S R Y W C N  50.0% 
             *                                   *                               
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two different clusters in the CLUSTAL W2 tree; (i) guinea pig, kangaroo rat, mouse and rat, (ii) rabbit 

and squirrel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 6: Phylogenetic tree of SPRASA orthologues.   
A. Complete amino acid sequence tree constructed using Bayesian, B. Complete (bold) and 
partial amino acid sequence tree constructed using CLUSTAL W2, C. Tree adapted from 
Benton and Donoghue, 2007 (Benton & Donoghue, 2007) relationships of mammals showing 
minimum (black) and maximum (red) fossil-based dates for each branching point. Accession 
numbers for sequences refer to Table 5.1. Marginal posterior probabilities greater than 0.5 are 
given for each clade.  
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5.2 Discussion  

5.2.1 SPRASA orthologue analysis 

Amplification and analysis of the SPRASA sequences from 29 orthologues showed that SPRASA is a 

protein found only in mammals, and within these mammals, the protein can be separated into two 

major groups; (i) simians and (ii) prosimians and non-primates.  The higher primate group includes 

humans and the other apes, old world monkeys and new world monkeys.  The amino acid alignment 

indicated that the human and the other higher primate SPRASA proteins differ from the prosimians 

(Gray mouse lemur and tree shrew) and non-primate proteins, as well as the human c-type lysozyme 

by an additional 5’ coding exon (exon one) (Mandal et al, 2003).  This additional 5’ exon establishes a 

new translational start site that is unique to humans and simians, while translation of all other 

SPRASA orthologues identified initiates translation from the human equivalent, second ATG start site 

located in exon two.  This second start site, which is similar to the human c-type lysozyme start site 

(Irwin et al, 1996), suggests that the human and simians SPRASA gene could potentially encode two 

different mRNA transcripts. If they were transcribed, they would result in two different forms, resulting 

in one form with a transmembrane region, and the other secreted form of the protein following 

removal of the signal peptides (Figure 5. 2 and Figure 3. 2). 

Even with this difference between simians and the other mammalian orthologues, SPRASA is similar 

in its amino acid sequence (Figure 5.2), conservation of disulphide bridges (Figure 5. 5), intron-exon 

organisation (Table 2. 2) and three-dimensional structure (Figure 5. 7) to the c-type lysozyme 

(McKenzie, 1996).   

New Zealand was separated from other landmasses approximately 65 to 60 million years ago (Gibbs, 

2006; Holland, 2008); this occurred before the radiation of mammals (Fleming, 1979; Holland, 2008).  

As a consequence of this early separation, New Zealand’s only native land mammal is the bat 

(Fleming, 1979; Holland, 2008).  The importance of SPRASA being identified as a mammal-only 

protein, suggests that SPRASA may be used as an important biological control / contraceptive 

vaccine against predators and disease carrying animals such as feral cats, rats, stoats, deer and 

possums, and yet have no affect on other New Zealand species such as native birds.   
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The aim of contraceptive vaccines is to either permanently or reversibly inhibit fertility by utilising the 

body’s immune system.  Previous studies have shown that immunisation of females with whole sperm 

in both humans and rodents reduced fertility and affected litter size in mice, however, there was 

considerable variation among individuals and among strains in their capacity to form antibodies in 

response to the immunising injections (Edwards, 1964; McLaren, 1964).  Whole sperm was found to 

have antigens that are shared with various somatic cells and therefore a vaccine against sperm would 

have to be sperm-specific (Naz et al, 1995).  Fertility-specific vaccines against hormones such as 

human chorionic gonadotrophin (HCG) as well as proteins involved in gamete binding and fusion 

(fertilin β, fertilin α, PH-20) and ZP proteins (ZP3) have been investigated (Frayne & Hall, 1999; Naz 

et al, 1995).   

5.2.2 Analysis of the orang-utan SPRASA gene 

The amplification and sequencing of the orang-utan SPRASA gene identified three non-synonymous 

substitutions in exon two (Figure 5. 1 and Figure 5. 3).  The first variant identified in the orang-utan 

SPRASA gene was a G to A transition at nucleotide position 285 (c.285G>A).  This nucleotide change 

occurred at the third residue of codon 70, resulting in an amino acid change of methionine (ATG) to 

isoleucine (ATA). This is a non-conservative amino acid change and was identified in all six orang-

utans screened from the Auckland Zoo.  This nucleotide substitution at position 285 replaces the 

second putative start site that codes for the short isoform of the SPRASA gene; the ATG at this 

position is conserved in humans and all other simians screened (Figure 5. 1 and Figure 5. 2).   

Orang-utans are the least related of the great apes to humans, splitting from the common ancestral 

group approximately 10-12 million years ago (Schwartz, 1984; Steiper, 2006).  Investigations by 

Peabody identified that the third position of any ATG is relatively insensitive to substitution (Peabody, 

1989), this suggests that the nucleotide substitution at position 285 was caused by a sporadic point 

mutation that occurred after the divergence of orang-utans from the other great apes.  The six orang-

utans tested at the Auckland Zoo are Bornean (Pongo pygmaeus) orang-utans.  Further sequencing 

is required of Sumatran (Pongo abelii) orang-utans to identify if the c.285G>A substitution occurred 

before the Bornean-Sumatran divergence approximately 2.7–3.8 million years ago (Steiper, 2006).  
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As studies by Steiper have identified, there is very limited gene flow between Sumatran and Bornean 

orang-utans (Steiper, 2006).     

Methionine is the most frequently used initiation codon due to the stable interaction formed between 

the ATG codon and the CAU anticodon on methionyl-tRNA (Ko & Chow, 2003; Kozak, 1999).  Since 

all investigations in this thesis were at the DNA level, all reference to the initiator codon will be ATG 

irrespective of whether the reference is to DNA or mRNA.  The ATG codon is also the most efficient 

initiation codon (Ko & Chow, 2003; Xia et al, 2007), while in Escherichia coli the most efficient non-

ATG initiation codon is ATA with an initiation rate of only 7.5% compared to ATG (Xia et al, 2007).  

However, in the mouse dihydrofolate reductase gene, ATA is reported to initiate protein production 

with a relative rate between 30- 59% compared to the ATG codon (Ko & Chow, 2003; Kopke & 

Leggatt, 1991; Peabody, 1989).  This supports the notion that the ATG start codon is not necessary 

for initiation, although it confers the optimal initiation efficiency (Ko & Chow, 2003).   

The initiator sequence originally defined by Kozak (Kozak, 1984a; Kozak, 1984b; Kozak, 1986) was 

identified to be important in determining the efficiency with which ATG and non-ATG are recognised 

by the CAU anticodon (Peabody, 1989). The consensus Kozak sequence consists of -

6GCCRCCATGG+4 (where R is a purine), however, it is the nucleotides at positions -3 and +4 that are 

critical for translation initiation (Kozak, 1986; Takahashi et al, 2005).  These nucleotides are believed 

to be involved in slowing down the rate of scanning of the DNA by the 40S ribosomal subunit thereby 

improving the chance of the ATG start codon being recognised (Kozak, 1984b; Kozak, 1986; Kozak, 

1999).   

The first SPRASA translational start site within the human, chimpanzee, orang-utan and capuchin 

monkey were identified to have an optimal Kozak sequence, while the sequence identified flanking 

the SPRASA gene in old world monkeys and the second start site of primates is located in a 

suboptimal Kozak sequence due to an A or T being located at the +4 position (Figure 5. 8).  The non-

primates translational start site is also flanked by a weak Kozak sequence (Figure 5. 8), suggesting 

that a biological functioning short isoform of SPRASA can be translated from a suboptimal Kozak 

sequence that is supported by a strong promoter region identified in chapter 3 (Figure 3. 9).  It can 

also be speculated that the orang-utan’s short isoform of SPRASA is translated from the less efficient 
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initiation codon ATA, although at a reduced level, similar to findings by Ko et al., in  Caenorhabditis 

elegans (Ko & Chow, 2003). 

SPRASA promoter Kozak sequences 

 Promoter 1 Promoter 2 

Optimal 
nucleotides 

G C C A C C ATG G G C C A C C ATG G 
C G G G A G  A C G G G A G  A 
A A A C G A  C A A A C G A  C 
T T T T T T  T T T T T T T  T 

Human G T C A C C ATG G G G G A T C ATG T 
Chimpanzee G T C A C C ATG G G G G A T C ATG T 
Orang-utan G T C A C C ATG G G G G A T C ATA T 

Pigtailed 
macaque G T C A C C ATG A G C G A T C ATG T 

Baboon G T C A C C ATG A G C G A T C ATG T 
Rhesus 

macaque G T C A C C ATG A G C G A T C ATG T 
Capuchin 
monkey G T C A C C ATG G G G G A C C ATG T 
Spider 

monkey         G G G A C C ATG T 

Pig C G C C G C ATG G         
Mouse C A T C G C ATG A         

Rat C A T C G C ATG G         
Dog G C C T G C ATG G         

Horse       ATG A         
Platypus       ATG C         
Kozak 

consensus 
sequence 

   A C C ATG G    A C C ATG G 

 

Figure 5. 8: Comparison of the Kozak sequence observed surrounding the two putative start 
sites.   
An alignment of SPRASA orthologue nucleotides surrounding the two initiation start sites, as 
well as the consensus Kozak sequence -6GCCRCCATGG+4 (where R is a purine).  Since all 
investigations in this thesis were at the DNA level, all reference to the initiator codon will be 
ATG irrespective of whether the reference is to DNA or mRNA. 
 

The interbirth intervals (extensive intervals between births) of the great apes range from two-five 

years for chimpanzees (Pan troglodytes), three-four years for bonobos (Pan paniscus – pygmy 

chimpanzee), and four years for gorillas (Gorilla).  The orang-utans (Pongo) have been observed to 



Evolution of the SPRASA gene 
 

179 
 
 

have the longest interbirth interval of seven-eight years; this equates to three to four offspring in a 

female orang-utan’s life time (Ellison, 2001; Martin & May, 1981).  Ellison has reported that the 

hormone levels within the female orang-utan are strongly influenced by her nutritional status. If there 

is an abundant supply of good fruit, the female hormonal levels increase, as well as her probability of 

conception (Ellison, 2001).  

In chapter three of this thesis, it was identified that the short isoform of SPRASA is expressed in the 

human ovary (Chapter 3.14) and the promoter region from the second translational start site has a 

number of hormone responsive elements (HRE) (Chapter 3.17), suggesting that this promoter is 

hormonally regulated, similar to alpha-lactalbumin in the mammary glands (McKenzie, 1996).  

Therefore, it is plausable that when the female orang-utan has an abundant supply of food her 

hormone levels increase, allowing the binding of hormones to the HREs in the promoter that results in 

the expression of the short isoform of SPRASA, and increasing the probability that conception could 

occur.  It is possible to speculate that the increase in the orang-utans interbirth interval may be the 

consequence of the second translational start site having a less efficient initiation codon of ATA that 

results in a reduced level of hormone stimulation of translation when the food supply is low.  

Alternatively, the interbirth interval of the great apes may be dependent on environmental 

circumstances, such as the consequence of being tree dwelling rather than land based (Martin & May, 

1981).  However, this does not explain the other tree dwelling primates (old world and new world 

monkeys) that also have a second start site of ATG (Figure 5. 2), but do not have an increased 

interbirth interval. The interbirth interval of the old world monkeys and new world monkeys depend on 

the size of the monkey and can range from one–three years for the old world monkey (Hadidian & 

Bernstein, 1979); the new world monkey have a similar range of two-three years (Ellison, 2001).   

The second variant identified in the orang-utans was an A to G transition at nucleotide position 263 

(c.263A>G).  This nucleotide change occurred at the second residue of codon 63, resulting in an 

amino acid change from glutamine (CAG) to arginine (CGG).  Glutamine was identified in the 

homozygous state in two animals while three animals were heterozygous and one animal was 

homozygous for arginine.  The third nucleotide change was a T to G transversion at nucleotide 

position 325 (c.325T>G).  This change occurred at the first residue of codon 84 resulting in an amino 
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acid change from serine (TCC) to alanine (GCC).  Serine was identified in the same animals as was 

glutamine, and alanine was identified in the same orang-utans as arginine.   

Analysis of the nucleotide changes at position 263 and 325 identified glutamine, arginine, serine and 

to a lesser extent alanine, that were all found in other SPRASA orthologues, suggesting that these 

substitutions are single nucleotide polymorphisms (SNP) in the SPRASA orthologues.  Further 

analysis identified that glutamine and serine are on the same allele and therefore arginine and alanine 

were located together on the other allele, suggesting that within the orang-utans screened from the 

Auckland Zoo, these amino acid variants are linked.  Steiper has identified that Sumatran orang-utans 

are approximately twice as genetically diverse as Bornean orang-utans (Steiper, 2006). It is 

interesting to note that there is linkage between the SNP’s, as found in this thesis, and to speculate 

whether these are also present in organ-utans from Borneo. One possibility is that this linkage 

between the amino acids at 63 and 84 is due to the absence of genetic variation found within the 

Borneo orang-utans housed at the Auckland Zoo.  Further sequence validation within the orang-

utans, not only within the Auckland Zoo but in orang-utans found in their natural habitats of the 

rainforest of Borneo and Sumatra is required.   

The only other orthologue that had arginine (position 263) and alanine (position 325) was the tree 

shrew, while glutamine and serine were identified in the cat, mouse, rat, kangaroo rat and megabat.  

The human and the other simians SPRASA proteins were identified to have arginine at position 263 

and serine at position 325.  

5.2.3 SPRASA gene organisation and structural homology 

The c-type lysozyme family of genes all consist of four exons and three introns, while SPRASA 

genomic organisation consists of five exons and four introns.  This extra exon (exon one) identified in 

SPRASA suggests that it may be the result of the addition of specific DNA sequences to the 5’ end of 

the newly created gene after duplication had occurred from the ancestral c-type lysozyme gene 

(Qasba & Kumar, 1997).  It is possible that this additional DNA sequence did not initially result in a 

coding exon; however, it did result in a new translational start site located within exon two, as seen in 

prosimians and non-primates (Figure 5. 2).  This additional DNA sequence resulted in an increase to 

the characteristic signal peptide sequences from 15-20 residues that is found in the c-type lysozyme 
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family members (Prager & Jolles, 1996) to approximately 35 residues in these SPRASA orthologues.  

A possible further functional mutation occurred after the divergence of mammals and new world 

monkeys that resulted in a new start site in exon one which, resulted in the simians genomic 

organisation consisting of five coding exons.  This new coding exon replaces the characteristic c-type 

lysozyme signal peptide with a transmembrane region in simians and forms the long isoform of 

SPRASA (Figure 5. 2 and Figure 5. 4). 

The exon-intron boundaries of the c-type lysozyme and the SPRASA orthologues are conserved 

except for exon three-four (c-type lysozyme two-three).  Tryptophan is found at the SPRASA exon-

intron boundaries of exon two-three and four-five as well as the equivalent c-type lysozyme exon-

intron boundaries of exon one-two and three-four, while the amino acids at the boundary at exon 

three-four (SPRASA) and two-three (c-type lysozyme) are aspartic acid and alanine respectively.   

5.2.4 Catalytic residues   

The essential catalytic residues directly involved in the bond breaking process within the cleft region 

of the human c-type lysozyme, are the carboxyl groups of aspartic acid 52 (D52) and glutamic acid 35 

(E35) (Koshland & Neet, 1968; Prager & Jolles, 1996) (Figure 5. 9).  Glutamic acid 35 acts as a 

general acid catalyst by cleaving the bond between C-1 of N-acetylmuramic acid (NAM) and the C-4 

of N-acetylglucosamine (NAG) of the protein 1,4-β-N-acetylmuramidase, while D52 stabilises the 

developing carbonium ion of the reaction intermediate (Jolles & Jolles, 1984; McKenzie, 1996; Qasba 

& Kumar, 1997).  The importance of these two residues were identified when glutamine (Gln=Q) was 

substituted for glutamic acid (E35) and asparagine (Asn=N) for aspartic acid (D52) (Malcolm et al, 

1989; Muraki et al, 1987).  Glutamine was found to abolish the enzyme activity of the c-type lysozyme 

completely, while the asparagine (N52) substitution retained an initial activity that was 5% of the wild-

type lysozyme (Qasba & Kumar, 1997).  The human SPRASA protein and all orthologues identified 

have asparagine at position 52 (N52), while threonine (T35) or alanine (A35) is found in all 

orthologues except for the platypus, which has maintained glutamic acid at position 35 (Figure 5.2).  

Glutamic acid is also found at position 35 in the platypus’ alpha-lactalbumin protein; which is similar to 

SPRASA; the majority of alpha-lactalbumin orthologues have threonine (T35) at position 35.  

However, glutamic acid is found at position 52 (E52) in all alpha-lactalbumin proteins except the 



 
 

platypus

modifyin

and gluc

the hydr

SPRASA

alpha-la

asparag

lysozym

covalent

 

 

Figure 5
The cata
lactalbu
SPRASA
 

5.2.5 An

Investiga

invariant

partial) 

ortholog

s, which has 

ng galactosyl

cose (McKen

rolytic reactio

A breaks bo

ctalbumin fo

gine residue 

me that is inv

t bond betwe

5. 9: Catalyt
alytic residu

umin they ar
A’s catalytic

nalysis of SP

ating genetic

t c-type lyso

SPRASA o

gues and an 

 serine (S52)

ltransferase 

nzie, 1996; Q

on that c-typ

nds or make

or making b

that has a 5

volved in br

een sugars w

tic residues 
ues of the c
re involved 
c residues is

PRASA inva

c variation in

ozyme residu

orthologue s

 additional 2

) (Figure 5. 9

to form a gly

Qasba & Kum

pe lysozyme

es bonds how

bonds, while

5% efficienc

reaking bond

when the spe

 of the c-typ
-type lysozy
in bond ma
s unknown.

ariant residu

 the SPRAS

ues are con

sequences id

28 invariant r
182 

9).  Alpha-lac

ycosidic bon

mar, 1997).  L

e carries out 

wever, SPRA

e at positio

cy compared

ds (Figure 5

erm binds to t

pe lysozyme
yme are invo
king by mod
   

ues   

SA orthologue

served. How

dentified 25

residues fou

Evo

ctalbumin is 

d between th

Lactose synt

 (Qasba & K

ASA has the

n 52 SPRA

d to the wild

5. 9).  It is 

the oocyte.  

e family.   
olved in bon
difying its s

e proteins id

wever, the ta

5 SPRASA 

nd only in th

lution of the 

essential for

he two suga

hesis is esse

Kumar, 1997

e same resid

ASA was id

-type aspart

possible tha

nd breaking
ubstrate.  T

entified that 

abulation of 

invariant re

he simians (

 SPRASA ge

r lactose synt

r residues, g

entially the re

7).  It is not 

due at positio

dentified to 

tic acid of th

at SPRASA 

g while in alp
The function

 only 15–17 

30 (15 com

esidues foun

(Figure 5. 5)

ene 
 

thesis by 

galactose 

everse of 

known if 

on 35 as 

have an 

he c-type 

 forms a 

 

pha-
 of 

of the 20 

plete, 15 

nd in all 

).  These 



Evolution of the SPRASA gene 
 

183 
 
 

invariant residues are found within all five exons; exon one: 5 residues (SPRASA higher primate = 

SHP); exon two: 23 (SHP) and 1 (SPRASA orthologues = SO), 1 (Alpha-lactalbumin invariant residue 

(Shewale et al, 1984) = AL) and 6 (residues found in SPRASA and c-type lysozyme = S/L); exon 

three: 6 (SO), 1 (S/L) and 5 (AL); exon four: 1 (S/O) and 1(AL); exon five: 1 (SO), 3 (S/L) and 2 (AL) 

(Table 5. 5).  These invariant residues and their possible significance for the structure and function of 

SPRASA must be tentative, as it is possible that some of these residues will be found to be changed 

in other mammalian species not screened.   

The c-type lysozyme invariant residues identified in SPRASA, as well as, the residues that are 

invariant in SPRASA and are also found in c-type lysozyme (residues S/L), may fulfil a crucial role in 

the conformation or the binding function of the c-type lysozyme family.  The SPRASA invariant 

residues which are found only in exons one and two of simians form part of the hydrophilic N-terminus 

of the SPRASA protein that remains on the cytoplasmic side of the membrane (Figure 4. 10 B) and 

are important in maintaining an overall net charge that favours the type II transmembrane orientation 

of the protein (Jolles & Jolles, 1984; Martoglio & Dobberstein, 1998; van Geest & Lolkema, 2000; von 

Heijne, 2006).  Exon three encodes most of the amino acids involved in the binding of protein 

substrates as well as their catalytic action (Jolles & Jolles, 1984).  These alternate invariant residues 

identified in exon three are most likely associated with the differences in the substrate specificities of 

the two proteins (Brew et al, 1967).  The residues identified in exon four are also important for 

substrate binding (Jolles & Jolles, 1984) while the residues found in exon five form the C-terminus 

helices, these residues are not directly involved in the function of SPRASA, but may have stabilising 

or unknown biological functions (Qasba & Kumar, 1997).  Further investigation by amino acid 

substitution analysis is required to ascertain the importance that these invariant residues have on the 

structure-function relationship of SPRASA. 

5.2.6 Analysis of the SPRASA motif 

Gene sequence alignment of the SPRASA orthologues revealed the presence of a conserved amino 

acid motif that is unique to SPRASA and is not seen in sequences from other c-type lysozyme and 

alpha- lactalbumin family members. This eight amino acid SPRASA motif (46EADGSTNN53) lies within 

the c-type lysozyme substrate binding region and includes the substrate specificity residue N52 
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(Table 5. 6).  This motif lies 5’ to the sequence GIFQINSR that identifies SPRASA as belonging to the 

c-type lysozyme family.  A GenBank database search using the SPRASA motif and c-type lysozyme 

sequence (46EADGSTNNGIFQINSR61) did not identify any new orthologue sequences in any non-

mammalian animals, suggesting that SPRASA, like alpha-lactalbumin, is a mammal-only expressed 

protein (Prager & Jolles, 1996).  However, the sequence GIFQINSR alone was able to identify c-type 

lysozyme sequences in a number of animals, both mammalian and non-mammalian.  The importance 

of this motif is not yet known, however, the tertiary structure of SPRASA indicates that this unique 

SPRASA motif that includes the substrate specificity residues (N52) is located within the beta sheet 

that forms part of the substrate binding region (Figure 5. 7) suggesting a possible function in substrate 

identification and/or binding that is unique to SPRASA.   

5.2.7 Phylogenetic analysis  

The phylogenetic trees constructed using the Bayesian inference and the Markov Chain Monte Carlo 

(MCMC) method, known as Mr. Bayes, and CLUSTAL W2 showed similar grouping as Benton et al., 

‘Tree of Relationships’ (Benton & Donoghue, 2007) (Figure 5. 6 C).  In addition, the Mr. Bayes 

prediction method clustered the primates into apes, old world monkeys and new world monkeys 

(Figure 5. 6 A).  However, CLUSTAL W2 did not cluster the three new world monkeys’ sequences 

together (marmoset, spider monkey and capuchin monkey); this is most likely due to the spider and 

capuchin monkey’s sequences being only partial sequences, without sufficient sequence to provide 

full clustering.  Furthermore, the primate sequence of the tree shrew and gray mouse lemur clustered 

with the rabbit and squirrel sequences; this may be due to both sequences again being only partial 

sequences. However, the capuchin and spider monkey’s sequences are also only partial sequences 

and both clustered with the other primates.  This supports the observation that the primates can be 

further divided into simians expressing exon one and prosimians that do not express exon one (Figure 

5. 2). In addition the CLUSTAL W2 tree did not cluster the rabbit and squirrel sequences with the 

other rodent sequences, again this is most likely due to the rabbit and squirrel sequences being only 

partial sequences.  Alternatively, the rabbit sequence may cluster separately from the rodent 

sequence as it belongs to the family of Leparidae, however, this does not explain why the squirrel 

also clustering with the rabbit, as the squirrel is a rodent belonging to the family of Sciuridae.  The full 
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sequence for the tree shrew and mouse lemur is required to confirm the division between simians and 

prosimians.  

Phylogenetic analysis of the alpha-lactalbumin sequence indicates that it diverged from c-type 

lysozyme at least 400 million years ago, before the divergence of fish and mammals (Dautigny et al, 

1991; Grobler et al, 1994; Irwin et al, 1996; Nitta & Sugai, 1989; Prager & Jolles, 1996; Prager & 

Wilson, 1988).  Furthermore, the alpha-lactalbumin protein has only been identified in mammals: 

monotremes to placental mammals, suggesting that this divergence occurred before the divergence 

of monotremes and placental mammals which, occurred approximately 140 million years ago (Irwin et 

al, 1996).  Similar to alpha-lactalbumin, SPRASA has only been identified in monotremes and 

placental mammals indicating that SPRASA diverged from the ancestral c-type lysozyme before 140 

million years ago. Working on the assumption that a 1% difference in sequence equals 2.9 million 

years (Jolles & Jolles, 1984; Wilson et al, 1977); it is possible to speculate that the SPRASA 

sequence diverged from c-type lysozyme between 209 and 258 million years after the divergence of 

alpha-lactalbumin (Figure 5. 10).  Furthermore, as the long isoform of SPRASA has only been 

identified in humans and simians; apes, old world and new world monkeys; it is further possible to 

hypothesise that the occurrence of this long isoform occurred after the divergence of rodents and 

primates (between 100.5 and 61.5 million years ago) and before the divergence of old world monkeys 

and new world monkeys between 40 and 35 million years ago (Benton & Donoghue, 2007; Schrago & 

Russo, 2003) (Figure 5. 10).   
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The tertiary structures of the SPRASA and c-type lysozyme proteins are very similar (Figure 5. 8), yet 

they appear to carry out different biological functions.  This observation that stucture is similar 

between SPRASA and c-type lysozyme is possibly due to the fact that the tertiary structure of protein 

evolve much more slowly than the amino acid sequences (Prager & Jolles, 1996).  The tertiary 

structure of SPRASA consists of two domains separated by a deep cleft.  This deep cleft within the c-

type lysozyme protein is where the substrate is bound (McKenzie, 1996; Qasba & Kumar, 1997), 

suggesting that the substrate for SPRASA may also be bound within the cleft that divides the two 

domains of the SPRASA protein. The larger of the two domains contains all of the helices and the N- 

and C-terminal residues, the second smaller domain consists of the beta-sheet and a number of loops 

(Qasba & Kumar, 1997).  The larger of the two domains is encoded by exons two and five, while the 

smaller domain is encoded by exons three and four (Figure 5. 8).  Exon three, located in the smaller 

domain, also encodes for part of the β-sheet that includes the SPRASA motif and the substrate 

specificity residue N52 (Figure 5. 5 and Figure 5. 8).  The location of the SPRASA motif suggests that 

this motif may be important in substrate specificity and / or binding.    
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5.3 Summary 

In this chapter, the evolutionary conservation of SPRASA has been analysed in various animal 

species.  One of the major findings of this chapter is that SPRASA is a mammalian-only protein.  

Further investigation of the mammals expressing SPRASA identified that the protein could be 

separated into two groups: (i) simians (apes, old world monkeys and new world monkeys) and (ii) 

prosimians (tree shrew and mouse lemur) and non-primates.  This difference was identified to be due 

to the simians’ protein being coded from all five exons, while the prosimians and non-primates’ protein 

is coded from exons two to five.  As the SPRASA protein is coded from different exons, SPRASA 

protein translation in simians can be initiated from the first ATG giving a long isoform of SPRASA, as 

well as the second ATG giving rise to the short isoform of SPRASA, while the SPRASA protein is 

translated in the other orthologues from the second ATG only; short isoform of the protein.  These 

finding were confirmed by the phylogenetic analysis which grouped the simians separately from the 

other primates and non-primates. 

The second major finding of this chapter was the identification of a motif that is unique to SPRASA.  

This SPRASA motif lies within the c-type lysozyme substrate binding region and includes the 

substrate specificity residue N52.   
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Chapter 6: Concluding remarks 

6 Discussion 

6.1 The determination of the spatial and temporal expression of SPRASA 

SPRASA is highly conserved among mammalian species and therefore is likely to have an important 

role in the reproductive function in these mammals.  Initial analysis by Mandal et al., Chiu et al. (Chiu 

et al, 2004; Mandal et al, 2003), and evidence from EST databases suggested that SPRASA is a 

testis specific protein.  Further analysis localised SPRASA to the inner acrosomal membrane (Chiu et 

al, 2004; Mandal et al, 2003) and antiserum reactive with recombinant SPRASA inhibited binding of 

human sperm to hamster zona-free oocytes (Mandal et al, 2003).  Furthermore, evidence by Herrero 

et al. involving exposure of mice oocytes to both recombinant mouse SPRASA protein and anti-

mouse SPRASA antibodies showed a significant inhibition of binding but not fusion (Herrero et al, 

2005), suggesting that SPRASA is involved in sperm-oocyte binding.  To confirm the testis-specific 

expression of SPRASA, the spatial and temporal expression profile of SPRASA was analysed at the 

transcript level in the mouse and human tissues and cell lines.  Furthermore, the regulation of the 

human and mouse promoter(s) and possible elements regulating the promoter(s) were analysed.    

The spatial and temporal expression of the SPRASA gene in humans and mice conducted in this 

thesis has for the first time revealed that SPRASA is not a testis specific protein and that SPRASA is 

also expressed in the ovaries and heart from prenatal stages to maturity.  Similar to mice (Figure 3.3 

and Figure 3.6) SPRASA was detected in the following human tissues; testis, epididymis, vas 

deferens, ovary and heart (Figure 3.7B). The SPRASA gene has also been identified in 34 other 

orthologues (Figure 5.2 and Table 5.6) suggesting that SPRASA is universally expressed throughout 

the mammalian class including monotreme and placental mammals.  However, SPRASA has not, as 

yet, been identified in marsupials and further analysis is required in other closely related species to 

determine the exact range of evolution throughout these species.   SPRASA was also identified to be 

aberrantly expressed in haematologic malignancies (Condomines et al, 2007; Wang et al, 2004).  

From the human expression profile, SPRASA is also expressed in the cell lines NZOV5 and NCCIT, 
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though at a lower level than seen in the testes.   NCCIT is described as a human pluripotent 

embryonal carcinoma of the testes, while NZOV5 is a moderately to poorly differentiated serous 

cystadenocarcinoma of the ovary. Both these cell lines are believed to be biologically relevant due to 

SPRASA mRNA being identified in the mouse and human testes, ovary and heart. The reason that 

SPRASA mRNA was identified in NZOV5 and not the other ovarian cell lines is not clear, however, 

one explanation is that this may be due to the cell type origin of the cell lines.  From the analysis of 

the human ovarian total RNA samples, SPRASA expression appears to be restricted to certain cell 

types in the ovary and is unlikely to be expressed in the ovarian stroma (Chapter 3.2.4).  Furthermore, 

the expression of SPRASA in NZOV5 may indicate that the NZOV5 cell line may have originated from 

one of the possible cell types that expresses the SPRASA transcript; on the other hand, NZOV5 

(moderately to poorly differentiated serous cystadenocarcinoma of the ovary) like many other tumour 

cells may be aberrantly expressing the SPRASA proteins (Condomines et al, 2007; Wang et al, 

2004). SPRASA expression was identified in the sperm and therefore, SPRASA expression may also 

be found in the germ cells of the ovary.  However, further experimental validation by in situ 

hybridisation and immunohistochemistry, is required to isolate the exact cells expressing SPRASA 

mRNA and protein in the testes, ovary and heart in both males and females.  The expression analysis 

of SPRASA to a specific location within the cell lines and tissues is dependent on the availability of a 

good antibody, and to date these is no commercially available antibody for SPRASA, and we have not 

been able to purify an antibody that would have allowed us to do this work. 

The second major finding of this chapter was the identification that the putative promoter 2 was 

capable of supporting transcriptional activity.  In silico programmes were used to investigate the effect 

of the two putative isoforms protein function, as well as predict the location of the two putative 

promoter regions. However, in silico investigations are not sufficient by themselves to determine 

expression profiles, and therefore must be accompanied by functional tests (Tchernitchko et al, 2004) 

to confirm their presence.  The human cell lines NCCIT (pluripotent embryonic carcinoma of the 

testes) that is known to express the SPRASA transcript (Figure 3.7 and Table 3.1), KGN-T (granulosa 

cell tumour cell line) and HEK-293T (embryonic kidney) were used to investigate the transcriptional 

strength of the two putative promoters. To analyse the two putative SPRASA promoters, an artificial 

luciferase promoter reporter construct was constructed, which is widely used due to the convenience 
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of use in both qualitative and quantitative analyses of promoter activity (Zhang et al, 2003).  To 

eliminate the possibility that the observed luciferase expression was cell line specific, the constructs 

were transiently transfected into three human cell lines: NCCIT, KGN-T and HEK-293T.  The cell lines 

NCCIT and KGN-T were biologically relevant to the function of SPRASA, as they are from 

reproductive tissue, while HEK-293T is derived from the kidney where SPRASA expression was not 

identified (Figure 3.3).  There are drawbacks to the use of luciferase reporter constructs that must be 

taken into consideration when reviewing the data presented in this thesis. Fristly, the construct may 

not include other regulatory machinery that has evolved with the rest of the gene structure, such as 

neighbouring genomic elements as well as the higher order structure of chromatin and chromosomes 

(Zhang et al, 2003). Second is that the reproducibility of the experiment is reliant on the transfection 

efficiency achieved (Ramachandran, 2007).     

In silico analysis identified that transcriptional activity is achieved by an initiator element, which in 

TATA–less promoters is sufficient for the basal rate of transcription initiation.  Two activating 

elements, CAAT and DPE, which are required for genes to be transcribed in sufficient quantities, were 

also identified.  The identification of a second promoter in front of exon two that can support 

transcriptional activity supports the hypothesis that in humans and simians, two isoforms of SPRASA 

are transcribed.  The long isoform is transcribed from all five exons that results in a transmembrane 

protein that is predicted not to be cleaved and a short isoform that is transcribed from exons two to 

five and results in a protein that is cleaved after the signal peptide sequence.  This short isoform is 

very similar to the human c-type lysozyme structure, in that the short isoform is encoded from the four 

exons that show homology to the four encoding exons of c-type lysozyme (Figure 5.1 and Figure 5.2).  

The signal sequence identified in the long isoform within humans and primates forms a signal anchor 

(transmembrane) sequence that has a dual function in targeting and anchoring (High & Dobberstein, 

1992) the SPRASA protein into the acrosomal membrane in the equatorial region (Figure 1.9).  The 

signal sequence identified in the short isoform within humans and other primates, as well as all non-

primates, forms a signal peptide protein that is cleaved in the ER by a signal peptidase and targeted 

to the Golgi apparatus/acrosome for secretion into the inner acrosomal membrane (Figure 1. 10). 

These results suggest that the long isoform is a transmembrane variant anchored into the acrosomal 
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membrane and the short isoform is a secreted protein possible found in the acrosomal matrix of the 

sperm and the perivitelline space of the oocyte.  

It is important to consider whether it is unusual for SPRASA to be expressed from different promoters. 

There are many examples of this in the literature, for example, Pruunsild et al has identified that the 

human brain-derived neurotrophic factor (BDNF) gene has nine functional promoters that are used to 

express the protein in a tissue-specific manner (Pruunsild et al, 2007).  This suggests that it is 

plausible for the two SPRASA isoforms to be expressed from the two putative promoters. However, 

an alignment of a number of c-type lysozyme orthologues promoter regions identified that all the 

genes use similar, if not identical mRNA start sites, implying that the tissue-specific expression is due 

to the same promoter and changes in the elements regulating the promoter allows for the tissue-

specific expression (Irwin et al, 1993; Irwin et al, 1996; Swanson et al, 1991; Theisen et al, 1986; Yeh 

et al, 1993; Yu & Irwin, 1996).  The human c-type lysozyme expresses two transcripts of 1600bp and 

600bp in length, containing identical coding regions, and is due to the use of alternative 

polyadenylation signals within the 3’ untranslated region (Peters et al, 1989).   

Further experimental validation by immunohistochemistry, using specific antibodies to the long and 

short isoforms is required to identify the exact isoforms of SPRASA that are expressed in the testes, 

ovaries and heart in both males and females.  This experiment would also identify the location where 

the isoforms are expressed within the tissue or cells.  Analysis by chimeric fusion constructs 

containing fragments derived from the 5’ flanking regions of both putative SPRASA promoters may 

identify the core promoter and enhancer elements required for transcription. 

6.2 To determine whether genetic variants in the SPRASA gene sequence are associated with 

infertility in humans 

Sequence variation can occasionally be beneficial and become preserved in evolution (Hargreave, 

2000).  However, they often result in defective genetic function (Hargreave, 2000).  Mutations may 

involve relatively large portions of a gene such as microdeletions found in the Y chromosome or are 

due to alternations of a single base pair that results in a point mutation.  Both these mutations can 

have a profound effect on phenotype (Hargreave, 2000).  When mutations occur within coding exonic 

regions there can be alterations in the structure and/or function of the protein produced, while 



Concluding remarks 

194 
 
 

mutations in non-coding regions such as the untranslated regions (UTR) and introns can affect the 

amount of protein produced, making the synthesis of the protein less efficient (Hargreave, 2000).  It 

has been estimated that 30% of cases of male infertility are due to chromosomal abnormalities or 

mutations of genes involved in germ cell production and function (Vogt, 2004).   

An effective mutation detection technique should be accurate, cost effective, high throughput, 

sensitive, provide precise information about the nature and position of the detected mutation and have 

a reasonable read length (Mashal & Sklar, 1996).  The mutation detection method used in this thesis 

was direct DNA sequencing that is estimated to have a reading length less than 1000bp, is low to 

medium throughput, sensitive and provides precise information regarding the nature and position of 

the variation.  The cost and labour intensiveness of sequencing are the key limiting factors related to 

its use (Chan, 2005; Mashal & Sklar, 1996).  However, the cost of DNA sequencing has reduced, and 

it is currently the standard method for mutation detection.  However, DNA sequencing does not detect 

large intragenic deletions or duplications because of the background presence of the remaining 

normal allele (Eddy et al, 2008; Schouten et al, 2002), nor does it detect methylation, intronic 

mutations, upstream promoter variants (Chapter 4.1.4) and copy number variants.  Therefore, other 

potential sequence variations may exist that could bring about a mutant or non-functional SPRASA 

protein, that would not be picked up by traditional DNA sequencing and be the cause of infertility in 

the infertie couples.    

Mutations or naturally occurring gene variations in the five exons of the SPRASA gene were screened 

for in 102 infertile and 104 fertile couples.  Three variants were identified.  The first variant consisted 

of the insertion of an extra TGC within a quadruple tri-nucleotide (TGC) repeat region in the 5’UTR of 

the gene (g.-22TGC(4_5)). The second variant was identified in the transmembrane region of the long 

isoform or the signal peptide region of the short isoform, and resulted in a G to A transition at position 

314 (c.314G>A).  This transition occurred at the second residue of the codon and resulted in a non-

synonymous amino acid substitution from cysteine to tyrosine in the protein.  A third novel nucleotide 

change was identified in the 3’ UTR of exon five and resulted in a G to C transversion at nucleotide 

position 766 (c.766G>C).   



Concluding remarks 

195 
 
 

The three variants identified in the SPRASA gene appear to be in Hardy-Weinberg equilibrium in each 

population, and the frequency of the variants was not significantly different between the infertile and 

fertile population.  The wildtype nucleotide/amino acid were conserved in the simians (g.-

22TGC(4_5)) and prosimians and non-primates (g.-22TGC(4_5), c.314G>A and c.766G>C) 

suggesting these sequences are crucial for the expression and function of SPRASA.  It is important to 

note that the in silico programmes vary in their prediction of the severity of the cysteine to tyrosine 

substitution identified in exon 2 (c.314G>A).  The predictions ranged from ‘intolerated, probably 

damaging’ in the short and long isoform to the cysteine to tyrosine variation appears not to affect the 

function of the short isoform of SPRASA (Chapter 4.2.3).  All in silico programmes predicted an 

adverse effect on the long isoform. The functional implications of the cysteine to tyrosine transition 

await further validation by functional studies on protein expression.   

The only variant that was identified in the homozygous state in both the infertile and fertile individuals 

and couples was the 5_5 TGC variant located in exon one.  The variant identified in exon two was 

only found in the homozygous AA state in one infertile female, while the variant within exon five was 

only found in the heterozygous state in one infertile female.  These results suggest that the 

heterozygous form of the variants found in exon two and five are risk variants that are inherited within 

the general population at a similar rate as in the infertile population, while the homozygous forms are 

not passed on to the next generation due to its association with infertility.  This is confirmed by Lilford 

et al.; who stated that subfertility is often a recessive phenotype and therefore heterozygous variants 

within genes involved in reproduction may be tolerated within the general population (Lilford et al, 

1994) and that these variants may increase the probability of becoming infertile rather than eliminate 

fertility (Lilford et al, 1994; Tuttelmann et al, 2007).  Hargreave observed that autosomal variants do 

not cause infertility in isolation (Hargreave, 2000) but in combination variants may affect an individual 

and or couples’ fertility.  There were six combinations of the variants identified in exon one and two 

that were not found in the fertile couples (Table 4. 5) and of these, three were identified in the infertile 

couples only, suggesting that these six combinations are possibly detrimental to fertility.  It is possible 

that these combinations may affect a couple’s fertility status.  Alternatively, these combinations could 

exist, but are very rare, and therefore do not occur in the New Zealand population that has been 

sampled and have no effect on fertility.  Therefore, protein expression studies of the possible variant 
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combinations are required or a larger population haplotype analysis is to confirm the importance; if 

any; of these combinations.   

Mammalian fertilisation appears to have some degree of functional redundancy and is not reliant upon 

any one protein but appears to be the effort of several proteins that results in maximum fertilising 

ability (Pasten-Hidalgo et al, 2008).  SPRASA has been identified to be important in sperm-oocyte 

binding to the oolemma (Herrero et al, 2005).  Two other proteins that appear to be important in 

oolemma binding are cyritestin and fertilin β (Forsbach & Heinlein, 1998; Linder et al, 1995; Primakoff 

et al, 1987; Yuan et al, 1997).  Both cyritestin and fertilin β null mice are infertile; fertilin β null mice 

display a serve inhibition in oolemma binding and a lower inhibition of sperm-oocyte fusion (Cho et al, 

1998), while cyritestin null mice present with a reduced capacity to bind the oolemma, however, have 

a normal sperm-egg fusion rate (Table 1. 1) (Nishimura et al, 2001; Shamsadin et al, 1999).  The 

creation of a SPRASA knockout mouse, and inter-crosses with other sperm protein knockout mice, 

may identify the role this protein plays in mammalian fertilisation. 

6.3 To examine the evolutionary conservation of SPRASA 

At present the exact function of SPRASA is unknown, however, SPRASA is known to be involved in 

membrane binding of the sperm and oocyte (Herrero et al, 2005).  An initial search using the 

PROSITE database for common homologues’ motifs identified the expected c-type lysozyme/alpha-

lactalbumin domain (Figure 6.1 A), and a serine-rich region of unknown significance in the N-terminal 

region of the protein.  Sequence alignment of 33 SPRASA orthologues identified the molecule as 

being a mammalian-only protein however; further sequencing in other species is required to confirm 

this hypothesis.  The alignment also identified a possible functional motif (46EADGSTNN53) that is 

unique to SPRASA.  This SPRASA motif lies 5’ to the sequence GIFQINSR that identified SPRASA 

as a member of the c-type lysozyme family.  The importance of this motif is not yet known, however, 

the tertiary structure of SPRASA indicates that this unique SPRASA motif that includes the substrate 

specificity residues (N52) is located within the beta sheet that forms part of the substrate binding 

region (Figure 5. 7 and Figure 6. 1 B) suggesting a possible function in substrate identification and/or 

binding that is unique to SPRASA.  The importance of SPRASA being identified as a mammal only 

protein, suggests that SPRASA may be used as an important biological control against predators and 
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6.4 Future directions 

Data from this thesis suggest a number of avenues for future research.  First, while datum from mice 

identified the expression of SPRASA in the testes, ovaries and heart, it is important to identify the 

exact cells expressing the SPRASA mRNA and protein in these organs, and where within these cells 

the SPRASA protein is localised.  Two putative isoforms of SPRASA were identified in humans and 

simians, further validation is required to confirm this observation, as well as to confirm the 

transcriptional activity of the two putative promoters.   

No significant mutations were identified in the SPRASA gene of 102 infertile couples with unexplained 

infertility. Three variants were identified; the first was a tri-nucleotide insertion at a quadruple tri-

nucleotide repeat (g.-22TGC(4_5)) region located within the 5’ UTR region of the long isoform of 

SPRASA.  It was hypothesised that the insertion would result in DNA slippage due to secondary 

structure formation (Chapter 4.2.1).  Functional characterisation of this variant by luciferase assay 

showed a significant reduction of luciferase expression in the 5_5 variant.  Further analysis to 

investigate the putative secondary structure is required.  The second variant was a nucleotide change 

in the transmembrane/signal peptide region of SPRASA.  The c.314G>A transition resulted in a non-

conservative amino acid change at amino acid 80 (C80Y).  This nucleotide change was identified in 

the homozygous state in one infertile female.  A functional implication of the cysteine to tyrosine 

transition requires further investigation. The last variant was a novel nucleotide change in the 3’ UTR 

of the gene (c.766G>C).  The nucleotide change was identified in the heterozygous form in one 

infertile female.  It would be interesting to analyse the functional implication of this variant in relation to 

microRNA mediated gene regulation (He & Hannon, 2004) and mRNA degradation (Nilsen, 2007).    

Orthologue analysis identified there were two different isoforms of SPRASA expressed in mammals.  

Further screening in orthologues is required to confirm the isoforms and the divergence of SPRASA 

within mammals.  SPRASA has been identified in monotreme and placental mammals, however, it 

has not been identified in marsupials and further analysis is required.  This analysis also identified a 

unique SPRASA motif was identified that lies in the c-type lysozyme substrate binding region.  It is 

hypothesised that this motif is important for substrate specificity.  It is important to determine the 

functional significance of this motif.   
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Finally, it was observed that the Bornean orang-utans housed at the Auckland Zoo had three SNPs 

that were not seen in the other primates screened (Chapter 5.1.1).  It would be interesting to 

determine if these mutations are seen in Sumatran orang-utans.    
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6.5 Summary 

Work in this thesis has shown that SPRASA is not only a sperm specific protein.  While SPRASA 

expression was confirmed in the testes, it was also shown for the first time to be expressed in the 

ovaries and the heart of both male and female mice.  SPRASA has been identified to have two 

variants that are expressed in mammals.  The first variant is the long isoform that is only expressed in 

humans and simians, the second isoform is the short isoform, which is very similar to other members 

of the c-type lysozyme family and is expressed in all mammals.  This work suggests a potential role 

for SPRASA in female mammalian reproduction. 
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Appendix I 

7 SPRASA promoter and gene sequence 

Homo sapiens chromosome 17, reverse complement of Genbank accession number AC003687.2, 

nucleotide numbers (59495 – 66930). The two putative translation start sites (ATG) are indicated in 

red, while the two putative promoter regions are indicated in blue and the exons are indicated in 

green. All intron regions are indicated in black.  Primer pairs for the promoter regions are high lighted 

in yellow, and the internal primer pair for promoter 1 is high lighted in gray.  All exon primer pairs are 

high lighted in green.  Right pointing arrows indicated forward primers and left pointing arrows 

indicated the reverse primers. 

 

CACCACCATCCCTGGGCACCCAACACTACCATCCCTG→CACATCCACCACTGTCTCTGAACACCCACCACCATCCCTGCACATGCACCACCAT

CCTGGGGCACCTGCTACCATCCTTGGGCACCCACTTCCATCCATGCACACCCATCACTGTGCCTGGGCACCCACCAACATCCCTGCACACCCAC

CACCATCCTGGGGCACCCACTGCCATCCCTGGGCACCCACTACTGTCCCTGCACACCCACCACTGTGCCTGGGCACCTACCACCATCACTGCAT

ATCTGCCACCATCCCTGGGCACCCACTACCATCCTTGCACATCCACCACTGTTCTTGCACACCCACCACTGTCCCTGGGCACCCACCACAATGC

CTGCATATCCACCACTATTTCTGGGCACCAAC→CACCATCCCTGCACATCTATCACCATCCCTGGGCACCCACCATCATCCCCGTGCACCCAC

TACCATCCCTGCACACACACCACCATCTCTGGGCACCCACTACCATCCTTGCACACGCACCACTGTCC←TTGCACACCTGTTAACATCCCTGG

GTACCCATCACCATCTCTGTACATCCATCACCATCCCTAGGTGTCTACCATTATCCCTGGATAATCATCTGAAAGATCTGTTGGGAGAGGAAGT

GTCATCCCTCAGTGTAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCGCGCGCGCATGTGTGTATGTGTGTGTGTGTGTGGGGCAGAGA

TGTGCAAGGGGGCTGGGATTAGATATCCTGCTCTGCCTCTGGACCCTGAGTGGAAGGGCTCAGGTGGGCTAGTCAAAGCTCTGTGGTGGCGCTG

TTTGTGGAAGATGAG→CTCACAGAGCTGGAGTTCTAGAAGGCCCTCCGTTGGCCTGGAGCCTGCCTTCCCCATTGTTCTCTTAACACTGGGTG

CCTGGGGCCCTGGCAAGGTTGTGGGGGACATCTTGAGCTGAAGCAGGGTTTTGAGCCACTGC←TGCTGCTGCCATTGTCACCATGGTCTCAGC

TCTGCGGGGAGCACCCCTGATCAGTGAGCCCCCTTTC←CCTTCTTCCTGGGGCTGTTAACAGGGGCGCTGGGTTGGTCTGGCCAGAGACCAGG

TGGAGAAAAACAAGGTGGTGGTTAGGGTGGGGTTATCCTGGCCTGGAAGAGTGACCAGCTGAGAGAGGAGAGAGAGAGAGAGAGAGAAACTCTG

GAGCTGTTGTGAAATGCTCAGGATGGAATTCCTTTTAAGTCACTTTTCTACAAAAAAAAAAAAAAAAAAAAAATCAAAAACAGTCCATGTGTAG

CAGTCAATTTAGTTTCCTCCTCTACAACTTAGGGATATTAACCCCACACCTTTCAATTGCTGAGAGGATTGGATGAGATTAAGTTGGAAAAGCT

CTGGGAAAGGCCTGGCACAGTGTTCAAAGACTTGACAAACTCCACCAGGTTGGCTGCCTCCTCCTTCTCACTCCCCTCGCGGTGAGAAGAAGGT

CTCATGTCCCTGTGGCCACGCCTTTTGTGGACTTGAGTTTCAGAAGCAGCCACAGAGCAGCTACTCCATGCCAGCAACTCTGCAGATAAATAAG

ACATGCAGATAAATAAGACCAGCCGCCGTTCTTCAGAAGTTAACTTTGTGGTGGGAAAGACTGACATCTATTCCAGCCTCGTGTGACAGAGGAT

GTGGAAGATCGGGTGTGTGAGAGTGTGGGGGGTGGTGGCATGCCAGGAGACTCTCACTGGGGAACACACCTCTGATAAGACCCTTCAAGTATGA

GTCAGAGTTAACCATGTAGAGGAAAGGAGAGGGTGAATGTTCTAGAAAGCAAGGTCATTGTGAGAGAACAAGGTGGCACTGCTGAAACATAACG

TGTGAATGAGGGAGTGGGCCGCAGGGCTGGGCTGTGAAGGGTCGTGAAGGGCCGTGTGGACCTCGAAGGGGCAGTTATGGTGGGAGCCATCCAA

GGTGTCACAGGGCTGGGCTTTTCATTTAACAAATTTGTTCTGATGGATGTGTATAGAATAGCTTGGAAGAGTGGTTGAGACATGATACAAGAAG

ACCATGAAGGAAGCCAGGATGGAGGTGTGAACCTAGGAAAGGACGGTGCTCTCGGAGGGAAGGTGGAATCCACAGGACATTGGGACTGATTGGT
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TGGAACTGGGTGAAAGATGTCATGGGGAAGGAGTGAAGAATGACATTCATATTTCCAGTTTGGGTAAATGTGTGGCCCATCATGTTTTAAAGCA

CATAAGGAAAGTCACAAGGCAGAAGAAGGCATTGATGGAAACAGTGGTTCTGTTTAGATGTGCTGGGTTTGAGGTGCCTGCAGGGCATTCAAGT

GGAAGTGTCCTGCCAGTAGCTGCCTCTGAGGTCTTGGGGAAGATGCCACAGGGGTTGCCAGCCTTCAGGCGGTGGCTAACAGCAGGGCTGCCCA

GGGGGTTTCCTCAAAGTGGAAGAGAAGAGGGCTCAAGGCAGGAAGGCCTTAGAAAGCATATCAGCGTTTATGGCCTGGGCAGAAGTGAATTCCA

CGGAGGATAAGGAGGAGAGTCAGCCAGAGAGGGAGGAGGAAACCTGGGAGAAGGGAGCATCGTGGAAACCAGGAGAGGCAAGCCTTTCAACAGC

GGGTGGCGGACGGCATGAGTACAGCTGAGAGCTCCCATGAGACAGAGTCGAAGGGGGCCTCCTTGGACCCGCAGAGCAGTTTCAGCGCGCGGTG

ATGGCAGGGAGGCCAATTCACCAGGTTGGAAAACAAGCGGGAGGGAGAAAGTGGCGATTTTCCCCAGGAGTTTGGGCGAGAAGAGGGGGAAAGA

GACAAGGGAGTAGCAGTCAGCATGAGACTTGAGGGAAGGCATTTAGAAGATGGAGACTGAGAAAGTCTCTACGAGCAGGGGAAGGAGGAGCAGG

AGGGGAACGGTGCTAGCGCGCCGGGAGAGGAGGGACAACGGATGGAGCAAGGCTTGGTGATGGGAAGGACAAATCTAGAGCTTAGAGGGAAGAT

GGGCCTGCATGAGATTGGAGGCCCCGTACCCAAACAATGACGGGGTGGAGATGAGGGCGAGGAGGCTACTGATGAGTTTGCAAGTGAGCAGGGC

TAAGGCAGAAAGAGGAAGAAATTCCACAAGTGAGCACCTTGCTTTTCTTAGTGCAGCAGGAGACGAGATCATGTTCTGAGAGCCAAGGGGTGGG

ACAGCGTGGCGTGCTAAAGGACAATACTGAGGGTTTTCATTTCCTGTGAGGGAAATGGGAGAGAGAAGTCTGAGCAGAGACAAGCGCGAGTACC

AGTGTTAGTTGTAGTTCATAACAGAAACAACAACTCACTTATTTTTAGTGCCAAGAGCTACGCTGTGCCCACGCCTTTTCTCATTTATTCTTCC

AACAATCATATGAGGCAGGTGTTACTCACGTCCTCATTTTATAGAGGAAGAAACAAGCCTCAGGGAGGGCCCAAAATCAGAGATGGAGCAAGGA

GCAGAGGGGGGCTTCCAACCCGAACCTTGCTGCAAAGCCATGACCTCAACCACTTTGTCATCCTCGGGGGCATTCAAGGTCCCGTGGAGGTTGG

AGACCAGGGACACCAATTGGCACAAACAAGAGTTTGTACAACTCTTTCACTTTTTGACTCTGTGAAGGTGGAGAGCAGGTGTGGAGGCGCAGAG

GTCAAGAGAAGCATGGGAAGGCTTGTCAGAGGTGGTGGGCAGTGGGATAGGAGCTCACAGAGGTGGGGAAATGCGGGTGAGGACAAGAAGCAG

→GGATGACCAGGGCAGGGGAGGGACTGGCTGAGACACAGAGGAACTGGAGGGGACTAGGTCTGGGGAGATGAAGGAGCCCTGATGCTGTGACA

CCCAGGTGCTAATGTCCTCTGTGATTTGGGGGACTGGCCACACACAGCCAATGATGACAGGGCAGGGAGGTCAAACCAGACGGGCAGGCTGGGC

TTCCAGGGAGAAGGGCTTTTTGCAGGTTATGGTTTAGAAGTGGTGGTGGGGGTGGAGGAGACTCTCGGGACATCTTGGGGTCTTGTGTGTGGAG

AAAGAGCAGCTTCCCCTTGAGCGGGCTATAGGGGAGCAGTGTTCTGGGGGAGACCTTGTTTCAGTTAAGATCTGGAGATGGAGGGTCAATGCCA

GAAGGGCTGTCCCTTGACAGTTGGGCTGAGAGACCCATGAACACACCGCCTGGCCATCCCCTCCGGGAGCATCTGCTCAGTGGGGCTTTGGATT

TATAGAACTTTGTCTCCATCCAAACTTCGCCCCTTCCTAGTTATAAAATCTTGGGCCTCAGGACTAAATAATCCGTAACGTGTAATATGGAGCT

TACAATAGGTTAGTTTTCTTCCTGTCTCTGGCCTGGGTGGTGTGAAGCAGGATGGGGAAGGAGAGGGGCTGGTCTCGGGGTCAGGGTGATGCTG

ATCAGGAATGCAAGGGGGCTGATACGTGCTGCTGGAGCCTGGCCTTCTGCCCACCCCTTCTCT→CCTCTCCCCTTTCCCAGGGGTGCACTCAA

GCCCTGTTTCTTCTCCTTCTGTGAGTGGACCACGGAGGCTGGTGAGCTGCCTGTCATCCCAAAGCTCAGCTCTGAGCCAGAGTGGTGGTGGCTC

CACCTCTGCCGCCGGCATAGAAGCCAGGAGCAGGGCTCTCAGAAGGCGG←TGGTGCCCAGCTGGGATCATGTTGTTGGCCCTGGTCTGTCTGC

TCAGCTGCCTGCTACCCTCCAGTGAGGCCAAGCTCTACGGTCGTTGTGAACTGGCCAGAGTGCTACATGACTTCGGGCTGGACGGATACCGGGG

ATACAGCCTGGCTGACTGTGAGAACCCCTCTCCCTGGCGGGCCCTGACTTCCCCACACCTCCCTCCCTCTTTCCCTCCCTCTCTCCTTCTCATT

CAAGGGCTGTGGCTTCGGGAGCTTTTAGAGCCCTTCTGTAAACTGAAGATGATTTGAGATGGCAGGTAGAGAACAGCCAGCACGGAGTAAAACA

CGC←AGTAGGCAGGCAGCAGGCAACCAAATTGGAGTCACCCCTTCATTTCCCCCTGCTGCTAAAGTCGGGGTCAAAGGAAACAAACAGCTCAG

TCCCCTAAACTTAACTATGGCCACAAGGATCAGACATTCCTTCTGAAATTAGAAAAGACAAACTGAACAGAGCAGTCATGCCAAACTTTTCAAG

CTGGTGGCAGTTTTAGATGGCCATGTGGGAAGGGCAGTCATACCGGGGCTCATCTTTCTAACAGGTCGAGCACCCTCTATAGATTCCACCTGGG

TCTTCCTAATCTTGTTACTGAAGATTTAGCACTTGTAGGCTGGGTGCAGTGGCTCAGGCCTGTAATCCCAGCACTTTGGGAGGCCAAGGCAGGT

GGATCACTCTGAGGTCAGGAGTTCGAGACCAGCCAGGCCAATATGGCGAAACCCCGTCTCTACTAAAAATACAAAAATTAGCTGGGCATGGTGG

CAGCTACCTATAATCCCAGCTGCTTGGGAGGCTGAGACAGGAGAATTGCTTGAACCCGGGAGGCAGAGGTTGCAGTGAGCTGAGATCACGCCAC

TACACTGCAGCCTGGGCAACAGAGTGAGACTCCGTCTCAAAAAAAAAAAAAAAAAAAGATTTAGCACTTGTAGATTCATTCAACAAATTTATTG

GGCCCTACTATGTGCTGAACAATGAGATAATGGGAAGACTGCTGGGCTAAAAGTCAAGAGGCCTGAGGCCAGCCCCAACCCATGCTATTTGGTA

GCTGGATGGGACCCTGGGTGAGTCGCTGTGCACCTCTAAGCCTCGATTGATTGGTTTGCAAAGCAGGTGGGAGCACCTGCCCCAATCACCTTGA

TCAGGCAGGAGAGGCTCGGTGGAGCCAGCGTGGGACCTGTGCAGTGAGCACCCTGGTCTGGGGTGGCTGTAACCATCTGAC→CCCCAGGCCTA
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TGCTCTGCCCTATGCAGGGGTCTGCCTTGCTTATTTCACAAGCGGTTTCAACGCAGCTGCTTTGGACTACGAGGCTGATGGGAGCACCAACAAC

GGGATCTTCCAGATCAACAGCCGGAGGTGGTGCAGCAACCTCACCCCGAACGTCCCCAACGTGTGCCGGATG←TACTGCTCAGGTAGCTGGGC

CTGGGCCCAGGGCTGGCAGGAGTCAGGCCCTGCATTAGCTTTTGTTCCATTCCCAGTTTAGTTTGCTACCCCCATCTCTGAGTGAGGGTTCCCC

CACATCAGGCTGGGCCCACGGAGGAGAGGGAGATGGGACAAGGGATGAGGGTAGGTCTTCCATCAGTCTGAATTGGGGTCCCAGATAGGAGACT

GCCTTAGGGCTATAGGAATGGAGGGAGGATTGTTTCTGATGGAGGGGGAGAGGGATAGGGTTGTACCTGTGCTTCCGGAGTGGTTGAGACAGGA

TTGGATTTAGGCGAGTGG→AGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTAGAGAGAGAGAGAGAGACAGACAGATACACACTCACACACA

CACACACACACCTGGATGTCTCCTGTTCTCTCATTGTGTTTCTCTGCCTATCACCCCAGATTTGTTGAATCCTAATCTCAAGGATACCGTTATC

TGTGCCATGAAGATAACCCAAGAGCCTCAGGGTCTGGGTTACTGGTAAGTAACTTGGG←CTGGAGCCCCGCAGCGGTGGTATGGTTAGGACTG

GTGGGCAGCAGCAGGGAACAAAC→CCCTTTCCTTCCTCACTTCTGGTTTAGAGACCACACTCTCCTTCTTGTTCTTCTCTGGGCGGTGACTGG

CAACTGCAGCTGATATTATCTCTCCTCTTCCCTGTTCTCCATCCTCAGGGAGGCCTGGAGGCATCACTGCCAGGGAAAAGACCTCACTGAATGG

GTGGATGGCTGTGACTTCTAGGATGGACGGAACCATGCACAGCAGGCTGGGAAATGTGGTTTGGTTCCTGACCTAGGCTTGGGAAGACAAGCCA

GCGAATAAAGGATGGTTGAACGTGAATATGGCTCTCAGCTCTCAGTGTGTCTGCAGGTGCCA←TGTCAGAGCCAGAGCACCTCCGTTTTCCCT

CACCTCACCTGTCCGCTTGGGCTGGGTTTCCAGTGGACTCCAGAAAGCCCAGCACCAGAGGCTTACCTCCATTTCTGGTGGCCTGTGGGCAGGT

GTTTGGGGGGGGCACCAGTGCATTTTTTGTCTACCACACCTGGCAAAATTTGGGTCTAGGGTGGCCAGATTTAACAAAACAAATACATAAGAAA

CAACAAAAACAGGATGCCCCAGTTTAATTTGAACTTTGGATATACAACAGATAATTTTAAGCATGTCCAAAATATTGCATAGGAACATATTTAT

ATTAAAACTATTTGACGTTTATCTAAAATTTAAACTTAACTGGGTGTCCTATGTTTTACCTGGCAACCCTAGCTGGATCTAGGGCTGTGCACCT

CTGGCTTGATTGGGAAGGTTCTTGGGACACTTTTTTTCTGCA  
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Appendix II 

8 Buffer and Solutions 

8.1 Stock solutions for DNA isolation 

 

1M MgCl2 

Component Volume 

MgCl2 

dH2O 

101.66g 

Make up to 500mL 

Note: Autoclave to sterilize. 

 

Ethylenediamine Tetra-acetic Acid (EDTA) 0.5M (pH 8.0) 

Component Volume 

Na2EDTA.2H2O 

H2O 

10M NaOH 

93.06g 

Make up to 500mL 

∼50mL 

Note: Dissolve Na2EDTA.2H2O in water, salt of EDTA will not go into solution until the pH of the 
solution is adjusted to pH 8.0, by the addition of NaOH.  Make up to 1 litre with H2O.  Autoclave to 
sterilize. 

 

1M Tris-HCl (pH 8.0) 

Component Volume 

Tris-HCl 

H2O 

121.0g 

Make up to 1L 

Note: Autoclave to sterilize. 

 

10% SDS 

Component Volume 

SDS 

dH2O 

10g 

100mL (autoclaved) 
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Saturated NaCl 

Component Volume 

NaCl * 

dH2O 

40g 

100mL (autoclaved) 

* Slowly add NaCl until absolutely saturated.  Some NaCl will precipitate out. 

Note: Before use, agitate and let NaCl settle, use clear supernatant. 

 

Sucrose-Triton-X-Lysing buffer 

Component Volume 

1M Tris-HCl pH8 

1M MgCl2 

Triton-X 100 

dH2O 

Sucrose 

10mL 

5mL 

10mL 

Make up to 1L 

5.0g (prior to use) 

Note: Autoclave (if made fresh can be used without autoclaving).  Keep solution chilled at 40C.  Do 
not keep longer than 1 day. 

 

Proteinase-K Mixture 

Component Volume 

10% SDS 

0.5M EDTA pH8 

dH2O 

Proteinase-K 10mg ml-1 stock 

400μL 

16μL 

2.8mL (autoclaved) 

88μL (prior to use) 

Note: Solution for 8 extractions. 
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Proteinase-K TE Mix 

Component Volume 

T20E5 

10% SDS 

Proteinase-K 10mg ml-1 stock 

52.2mL 

4.0mL 

1.6mL 

Note: Add 3.2ml per sample.  Solution for 16 extractions. 

20mM Tris 5mM EDTA (T20E5) 

Component Volume 

1M Tris-HCl pH8 

0.5M EDTA pH8 

Triton-X 100 

dH2O 

20mL 

10mL 

10mL 

Make up to 1L 

Note: Autoclave to sterilize. 

1X Tris EDTA buffer (TE buffer) 

Component Volume 

1M Tris-HCl pH8 

0.5M EDTA pH8 

dH2O 

10mL 

2mL 

Make up to 1L 

Note: Autoclave to sterilize. 
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8.2 Buffers and solutions for gel electrophoresis 

 

 

 

dNTPs (dATP, dTTP, dCTP, and dGTP) 5mM 

Component Volume 

dATP 

dTTP 

dCTP 

dGTP 

H2O 

50μL 

50μL 

50μL 

50μL 

800μL 
 

 

 

 

Agarose gel 
1.5% or 2.0% 

Component Volume 

1X TAE buffer 100mL 

1.5 or 2.0g 

Note: Make up agarose gel to desired percentage.  Melt in microwave until fully dissolved; allow to 
cool before pouring to case. 

TAE Buffer 50x 

Component Volume 

Tris 

Na2EDTA 

Acetic acid 

H2O 

242.0g 

37.2g 

57.1mL 

Adjust to 1L 

Note 1: Acetic acid at finial concentration of 40mM. 

Note 2: Na2EDTA finial concentration of 2mM. 

TAE Buffer 1x 

TAE 50x 

H20 

100mL 

4900mL 
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Loading Buffer 
10% Bromophenol Blue Solution 

Component Volume 

Bromophenol Blue 

H2O 

100mg 

1mL 

Note: Weigh using a precision balance, mix well and store at 40C. Use in preparation of stop and 
loading buffers.  Mix directly before use. 

Loading Buffer 
Xylene Cyanol Solution 

Component Volume 

Xylene cyanol 

Glycerol 

H2O 

0.25% (w/v) 

30% (v/v) 

To volume 

Note: Store for use at 40C. Used as a loading buffer in PCR reactions.  Xylene cyanol runs 800bp on 
a 2% agarose gel. 

 

 

 

 

 

 

 

 

 

 

Ethidium Bromide Solution 10mg/mL 

Component Volume 

Ethidium Bromide 

H2O 

0.2g 

20mL 

Note: Dissolve ethidium bromide in water, mix well and store at 40C in the dark or in a foil wrapped 
bottle. 

Ethidium Bromide working stock 0.5µg/mL 

Ethidium Bromide 10mg ml-1 

TAE 

50μL 

1000mL 
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1Kb plus Ladder 

Component Volume 

Marker DNA 

Loading Dye stock 

Glycerol 

H2O 

50mL 

100μL 

100μL 

759μL 

Note: In order to quantify the 1650bp band at 25ng, 6μL of the ladder must be run. 

 

6X Gel Loading Buffer 

Component Volume 

Bromophenol Blue or 

10% Bromophenol Blue Solution 

Glycerol 

H2O 

0.25% (w/v) 

125μL 

30% (w/v) or 1.5mL 

5mL 

Note: Store for use at 40C.  Used as a loading buffer in PCR reactions.  Bromophenol blue runs at 
100bp on a 2% agarose gel. 
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8.3 RNA visualisation on agarose gel 

 

1.35% agarose plus 10% SDS gel 

Component Volume 

Agarose 

10% SDS 

1xTAE 

1.35g 

1.0mL 

Make up to 100mL 

Note 1: Do not use TBE. 

Note 2: Add the SDS while the melted agarose is cooling and mix thoroughly. 

Note 3: Do not add ethidium bromide to the gel before running. 

Sample preparation, loading and running conditions 

Take approximately 1.0μg of RNA (can go down to 300-500ng of RNA) and make up the 
volume to 10.0μL with H2O. 

Heat samples to 650C for 10 minutes and cool on ice. 

Add 2.5μL of loading dye (6x) and load samples onto the gel. 

Run the gel at 80-100V for 1-2 hours. 

Gel staining 

Wash the gel twice with 1xTAE to remove the SDS (each wash for half an hour).  Stain the 
gel with 0.5µg/mL ethidium bromide in 1xTAE. 

 

8.4 Cell transformation 

 

Ampicillin 50mg/mL 

Component Volume 

Ampicillin powder 

H2O 

1.0g 

20.0mL 

Note: Dissolve ampicillin and filter sterilize through a 0.22μm filter.  Store in 1.0mL aliquots at -200C. 

Ampicillin 50μg/mL 

Add 1μL of 50mg/mL per mL of solution. 
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Glycerol stocks 

Autoclave 40% glycerol in LB broth 

Component Volume 

LB broth with cells 

40% glycerol in LB broth 

0.5mL 

0.5mL 

Note: Final concentration of glycerol is 20% 

 

SOC medium 

Component Volume 

Tryptone 

Yeast extract 

NaCl 1M 

KCl 1M 

H20 

2.0g 

0.5g 

1.0mL 

0.25mL 

97.0mL 

Note: Stir to dissolve and autoclave and allow to cool to room temperature 

Mg2+ 2M 

Glucose 2M 

1.0mL 

1.0mL 

Note 1: Mg2+ and glucose to a finial concentration of 20mM. 

Note 2: Filter the complete medium through a 0.2μm filter and adjust to pH7.0. 
 

8.5 General solutions  

 

 

1M NaOH 

Component Volume 

NaOH 

H2O 

40.0g 

1L 

Note: Make up to 1 litre with H2O.  Autoclave to sterilize. 
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8.6 Sequencing cleanup 

 

 

 

 

 

 

Ethylenediamine Tetra-acetic Acid (EDTA) 1.0M (pH 8.0) 

Component Volume 

Na2EDTA.2H2O 

H2O 

10M NaOH 

372.2g  

700mL 

∼50mL 

Note: Dissolve Na2EDTA.2H2O in water, salt of EDTA will not go into solution until the pH of the 
solution is adjusted to 8.0pH by the addition of NaOH.  Make up to 1 litre with H2O.  Autoclave to 
sterilize. 

TE 1x 

Component Volume 

Tris-Cl 

EDTA 

10mMol/L (pH 8.0) 

100µMol/L (pH 8.0) 

Note: Autoclave to sterilize. 

MgSO4 1M 

Component Volume 

MgSO4 

H2O 

.23g 

10.0mL 

Note: Autoclave to sterilize. 

0.2mM MgSO4 

MgSO4 1M 

Absolute ETOH 

H2O 

2.0μL 

7.0mL 

3.0mL 

Note: Prepare solution fresh for each experiment. 
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8.7 Cell Culture 

 

 

 

 

Complete Growth Medium 
RPMI 1640 medium plus 2mM L-glutamine 

Component Volume 

Sodium pyruvate 

Fetal bovine serum 

Penicillin: Streptomycin 

1mM 

10% 

1% 

Note 1: RPMI 1640 is already supplemented with L-glutamine, glucose and sodium bicarbonate. 

Note 2: Medium is formulated for use with a 5% CO2 air atmosphere. 

Note 3: Warm medium to 370C before use. 

Freezing Medium  

Component Volume 

DMSO 

FBS 

10.0% v/v 

Adjust to 10mL 

Note 1: Filter sterilize through a 0.22μm filter and store at -200C. 

0.4%Trypan blue dye  

Component Volume 

Trypan blue 

PBS 1 x 

0.4% w/v 

10mL 

Note 1: Dissolve trypan blue in PBS without calcium and magnesium salts.  

Note 2: Filter sterilize through a 0.22μm filter and store at room temperature.  
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8.8 Competent Cells Solutions 

 

SOB Media 

Component Volume 

Bactotryptone 

Yeast extract 

NaCl 

KCl 

20.0g 

   5.0g 

   0.5g 

   0.186g 

Note 1: Make up to 1L with milliQ H2O and sterilise by autoclaving.  

Note 1: Add 10mL of 1m MgCl2 (autoclaved) just before use. 
 

TB 

Component Volume 

PIPES 

CaCl2.2H2O 

KCl 

H2O 

3.02g (final conc. 10mM) 

2.2g (final conc. 15mM) 

18.64g (final conc. 250mM) 

800mL 

Note: Adjust pH to 6.7 (upon adjusting pH, components will go into solution).  

Component Volume 

MnCl2.5H2O 10.88g (final conc. 55mM) 

Note: Make up to 1L with milliQ H2O and filter sterilise through a 0.45µM filter.  Store at 40C 
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Appendix III 

Figure 1: Real time RT-PCR amplification plote of human SPRASA expression in the 
testis and ovary. 
 

 

Male and female: short variant 
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Table 2: Calibrated SPRASA expression.  Datum is presented as absolute copy number.   
 

Samples 

Absolute 
copies 
number 
(1ng):  

SPRASA  

Standard 
deviation: 
SPRASA 

Absolute 
copies 
number 

(1ng): ActB 

Standard 
deviation:  

ActB 

Heart  1.97E+04 7.84E+03 5.26E+07 3.12E+07 

NCCIT  2.43E+05 5.24E+04 3.71E+08 1.14E+08 

Testes 1  1.89E+07 1.39E+06 7.61E+07 1.67E+07 

Testes 2  4.29E+06 1.48E+05 7.68E+07 8.77E+06 

Testes 3  5.02E+06 5.73E+05 2.72E+07 1.05E+07 

NZOV5  2.50E+06 7.79E+04 6.54E+09 4.89E+08 

Vas deferens  3.82E+03 1.80E+03 4.56E+07 1.15E+07 

Seminiferous tubules  1.06E+07 7.95E+05 4.25E+07 1.12E+07 

Epididymis tail  1.84E+04 7.06E+03 1.42E+07 1.52E+06 

Epididymis body  2.56E+03 1.57E+03 2.34E+05 7.36E+04 

Epididymis head  1.69E+04 1.96E+04 1.89E+06 4.56E+05 
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Figure 6: Dog SPRASA mRNA sequence 
 

LOCUS       FJ396442                 753 bp    mRNA    linear   MAM 03-NOV-
2008 
DEFINITION  Canis lupus familiaris SPRASA (SPACA3) mRNA, complete cds. 
ACCESSION   FJ396442 
VERSION     FJ396442.1  GI:210076449 
KEYWORDS    . 
SOURCE      Canis lupus familiaris (dog) 
  ORGANISM  Canis lupus familiaris 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Laurasiatheria; Carnivora; Caniformia; 
Canidae; 
            Canis. 
REFERENCE   1  (bases 1 to 753) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Evolutionary conservation of SPRASA in various animal species 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 753) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (06-OCT-2008) Department of Obstetrics and Gynaecology, 
            University of Auckland, Faculty of Medical and Health Sciences, 
            Private Bag 92019, Auckland 1142, New Zealand 
FEATURES             Location/Qualifiers 
     source          1..753 
                     /organism="Canis lupus familiaris" 
                     /mol_type="mRNA" 
                     /sub_species="familiaris" 
                     /db_xref="taxon:9615" 
     gene            1..753 
                     /gene="SPACA3" 
     CDS             168..659 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies" 
                     /codon_start=1 
                     /product="SPRASA" 
                     /protein_id="ACJ06636.1" 
                     /db_xref="GI:210076450" 
                     
/translation="MEARSWAPRGHLCPPGSMLLAFASLLGCLLTSSQARVYSRCELA 
                     
KVLQDFGMEGYRGYTLADWVCLAYFTSGFNTAAVDHEADGSTNNGIFQINSRKWCKNL 
                     
NTEVPNVCQMYCSDLLNPNLKDTVICAMKITQQPQGLASWEAWRRHCQGKDLTDWVDG 
                     CDL" 
ORIGIN       
        1 tcttgagctg aagcagggtg tcgggtccct gctgccgccg ccactgtcac tgctgtgtca 
       61 gctctgggta accttctgtg agtggtggac cagggctgtt gagctgcctg ccatctcaaa 
      121 acccagctgt gagccagcgt ggcgggggct gtgcctccgc cgcctgcatg gaagccagga 
      181 gctgggctcc cagagggcat ctgtgcccac cgggcagcat gttgctggcc tttgcctctc 
      241 tgctcggctg cctgctcacc tccagccaag ccagggtcta cagtcgctgc gagctggcca 
      301 aagtgctcca ggatttcggc atggagggat accggggata caccctggct gactgggtct 
      361 gtcttgcata tttcacaagt ggcttcaaca cagctgctgt ggaccacgag gctgatggaa 
      421 gtactaacaa cggcattttc cagatcaaca gccggaagtg gtgcaaaaat ctcaacacag 
      481 aggtccccaa tgtgtgccag atgtactgct ctgacttgtt gaatcctaac cttaaggata 
      541 ctgttatctg tgccatgaag atcactcaac agccccaagg tctggccagc tgggaggcct 
      601 ggaggcgtca ctgccagggc aaggacctca cagactgggt ggatggctgt gacttgtagg 
      661 atcctctgtg gatggaccag gccacgcaca gcaggctggg agatgtggtt tggtttctga 
      721 tccaggcttg ggaagacaag ccgaccaata aag 
// 
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Figure 7: Chimpanzee SPRASA DNA sequence 
 
 
LOCUS       FJ396443                2224 bp    DNA     linear   PRI 03-NOV-
2008 
DEFINITION  Pan troglodytes SPRASA (SPACA3) gene, complete cds. 
ACCESSION   FJ396443 
VERSION     FJ396443.1  GI:210076451 
KEYWORDS    . 
SOURCE      Pan troglodytes (chimpanzee) 
  ORGANISM  Pan troglodytes 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Euarchontoglires; Primates; Haplorrhini; 
            Catarrhini; Hominidae; Pan. 
REFERENCE   1  (bases 1 to 2224) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Evolutionary conservation of SPRASA in various animal species 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 2224) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (16-OCT-2008) Department of Obstetrics and Gynaecology, 
            University of Auckland, Faculty of Medical and Health Sciences, 
            Private Bag 92019, Auckland 1142, New Zealand 
FEATURES             Location/Qualifiers 
     source          1..2224 
                     /organism="Pan troglodytes" 
                     /mol_type="genomic DNA" 
                     /db_xref="taxon:9598" 
     gene            <77..>2111 
                     /gene="SPACA3" 
     mRNA            join(<77..110,211..519,620..778,1779..1857, 
                     2045..>2111) 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             join(77..110,211..519,620..778,1779..1857,2045..2111) 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies" 
                     /codon_start=1 
                     /product="SPRASA" 
                     /protein_id="ACJ06637.1" 
                     /db_xref="GI:210076452" 
                     
/translation="MVSALRRAPLIRVHSSPVSSPSVSGPQRLVSCLSSQSSALSQSG 
                     
GGSTSAAGIEARSRALRRRWCPAGIMLLALVCLLSCLLPSSEAKLYGRCELARVLHDF 
                     
GLDGYRGYSLADWVCLAYFTSGFNAAALDYEADGSTNNGIFQINSRRWCSNLTPNVPN 
                     VCQMYCSDLLNPNLKDTVICAMKITQEPQGLGYWEAWRHHCQGKDLTEWVDGCDF" 
     gap             111..210 
                     /estimated_length=unknown 
     gap             520..619 
                     /estimated_length=unknown 
     gap             779..1778 
                     /estimated_length=1000 
     gap             1858..2044 
                     /estimated_length=187 
ORIGIN       
        1 gccctggcaa ggttgtgggg gacatcttga gctgaagcag ggtttttgag cctctgctgc 
       61 tgctgccatt gtcaccatgg tctcagctct gcggagagca cccctgatca           
          [gap 100 bp]    Expand Ns 
      211                                  gggtgcactc aagccctgtt tcttctcctt 
      241 ctgtgagtgg accacagagg ctggtgagct gcctgtcatc ccaaagctca gctctgagcc 
      301 agagtggtgg tggctccacc tctgccgcag gcatagaagc caggagcagg gctctcagaa 
      361 ggcggtggtg cccagctggg atcatgttgt tggccctggt ctgtctgctc agctgcctgc 
      421 taccctccag tgaggccaag ctctacggtc gttgtgaact ggccagagtg ctacatgact 
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      481 tcgggctgga cggataccgg ggatacagcc tggctgact                       
          [gap 100 bp]    Expand Ns 
      620                     g ggtctgcctt gcttatttca caagcggttt caacgcagct 
      661 gctttggact acgaggctga tgggagcacc aacaacggga tcttccagat caacagccgg 
      721 aggtggtgca gcaacctcac cccgaacgtc cccaacgtgt gccagatgta ctgctcag  
          [gap 1000 bp]    Expand Ns 
     1779                                          at ttgttgaatc ctaatctcaa 
     1801 ggataccgtt atctgtgcca tgaagataac ccaagagcct cagggtctgg gttactg   
          [gap 187 bp]    Expand Ns 
     2045     ggaggc ctggaggcat cactgccagg gaaaagacct cactgaatgg gtggatggct 
     2101 gtgacttcta ggatggacgg aaccatgcac agcaggctgg gaaatgtggt ttggttcctg 
     2161 acctaggctt gggaagacaa gccagcgaat aaaggatggt cgaacgtgaa tatggctctc 
     2221 agct 
// 
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Figure 8: Orang-utan SPRASA DNA sequence 
 

LOCUS       FJ396444                1178 bp    DNA     linear   PRI 03-NOV-
2008 
DEFINITION  Pongo pygmaeus SPRASA (SPACA3) gene, partial cds. 
ACCESSION   FJ396444 
VERSION     FJ396444.1  GI:210076453 
KEYWORDS    . 
SOURCE      Pongo pygmaeus (Bornean orangutan) 
  ORGANISM  Pongo pygmaeus 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Euarchontoglires; Primates; Haplorrhini; 
            Catarrhini; Hominidae; Pongo. 
REFERENCE   1  (bases 1 to 1178) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Evolutionary conservation of SPRASA in various animal species 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 1178) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (20-OCT-2008) Department of Obstetrics and Gynaecology, 
            University of Auckland, Faculty of Medical and Health Sciences, 
            Private Bag 92019, Auckland 1142, New Zealand 
FEATURES             Location/Qualifiers 
     source          1..1178 
                     /organism="Pongo pygmaeus" 
                     /mol_type="genomic DNA" 
                     /db_xref="taxon:9600" 
     gene            <76..>1082 
                     /gene="SPACA3" 
     mRNA            join(<76..109,210..518,619..>777) 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             join(76..109,210..518,619..>777) 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies; 
                     coding region disrupted by sequencing gap" 
                     /codon_start=1 
                     /product="SPRASA" 
                     /protein_id="ACJ06638.1" 
                     /db_xref="GI:210076454" 
                     
/translation="MVSALREAPLIRVHSSPVSSPSVSGSRRPVSCLSSQSSALSQSG 
                     
GGSTSAAGIEARSRALRRRWCPAGIILLALISLLSCLLPASEAKVYGRCELARVLHDF 
                     
GLDGYRGYSLADWVCLAYFTSGFNTAAVDHEADGSTNNGIFQINSRRWCRNLTPNVPN 
                     VCQMYCS" 
     gap             110..209 
                     /estimated_length=unknown 
     gap             519..618 
                     /estimated_length=unknown 
     gap             778..877 
                     /estimated_length=unknown 
     mRNA            join(<878..915,1016..>1082) 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             join(<878..915,1016..1082) 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies; 
                     coding region disrupted by sequencing gap" 
                     /codon_start=1 
                     /product="SPRASA" 
                     /protein_id="ACJ06639.1" 
                     /db_xref="GI:210076455" 
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                     /translation="MKITQEPQGLGYWEAWRHHCQGKDLTEWVDGCDF" 
     gap             916..1015 
                     /estimated_length=unknown 
ORIGIN       
        1 gctctggcaa ggttgtgggg ggcatcctga gctgaagcag ggttttgggc cactgctgct 
       61 gctgccattg tcaccatggt ctcagctctg cgggaagcac ccctgatca            
          [gap 100 bp]    Expand Ns 
      210                                g ggtgcactca agccctgttt cttctccttc 
      241 tgtgagtgga tcgcggaggc cggtgagctg cctgtcatcc caaagctcag ctctgagcca 
      301 gagtggtggt ggctccacct ctgccgccgg catagaagcc aggagcaggg ctctcagaag 
      361 gcggtggtgc ccagctggga tcatattgtt ggccctgatc tctctgctca gctgcctgct 
      421 acccgccagt gaggccaagg tctacggtcg ctgtgaactg gccagagtgc tacatgactt 
      481 cgggctggac ggataccggg gatacagcct ggctgact                        
          [gap 100 bp]    Expand Ns 
      619                    gg gtctgccttg cttatttcac aagcggtttc aacacagctg 
      661 ctgtggacca cgaggctgat gggagcacca acaatgggat cttccagatc aacagccgga 
      721 ggtggtgcag aaacctcacc ccgaacgtcc ccaacgtgtg ccagatgtac tgctcag   
          [gap 100 bp]    Expand Ns 
      878                                         atg aagataaccc aagagcctca 
      901 gggtctgggt tactg                                                 
          [gap 100 bp]    Expand Ns 
     1016                                                             ggagg 
     1021 cctggaggca tcactgccag ggaaaagacc tcactgaatg ggtggatggc tgtgacttct 
     1081 aggatagacg gaaccatgca cagcaggctg ggaaatgtgg tttggttcct gacctaggct 
     1141 tgggaagaca agccagcgaa taaaggatgg ttgaacat 
// 
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Figure 9: Baboon SPRASA DNA sequence 
 

LOCUS       FJ396445                1037 bp    DNA     linear   PRI 03-NOV-
2008 
DEFINITION  Papio hamadryas hamadryas SPRASA (SPACA3) gene, partial cds. 
ACCESSION   FJ396445 
VERSION     FJ396445.1  GI:210076456 
KEYWORDS    . 
SOURCE      Papio hamadryas hamadryas 
  ORGANISM  Papio hamadryas hamadryas 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Euarchontoglires; Primates; Haplorrhini; 
            Catarrhini; Cercopithecidae; Cercopithecinae; Papio. 
REFERENCE   1  (bases 1 to 1037) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Evolutionary conservation of SPRASA in various animal species 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 1037) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (20-OCT-2008) Department of Obstetrics and Gynaecology, 
            University of Auckland, Faculty of Medical and Health Sciences, 
            Private Bag 92019, Auckland 1142, New Zealand 
FEATURES             Location/Qualifiers 
     source          1..1037 
                     /organism="Papio hamadryas hamadryas" 
                     /mol_type="genomic DNA" 
                     /sub_species="hamadryas" 
                     /db_xref="taxon:9562" 
     gene            <76..>941 
                     /gene="SPACA3" 
     mRNA            join(<76..109,210..515,616..>774) 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             join(76..109,210..515,616..>774) 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies; 
                     coding region disrupted by sequencing gap" 
                     /codon_start=1 
                     /product="SPRASA" 
                     /protein_id="ACJ06640.1" 
                     /db_xref="GI:210076457" 
                     
/translation="MISALWGALLIRVHSSPVSSPSVSGPPRLVSCGSSQSSALSQSG 
                     
GSTSTTGTEARSRALGRRWCPAAIMLLALVSLLSCLLPSSEAKVYSRCELARVLQDFG 
                     
LDGYRGYSLADWVCLAYFTSGFNAAALDYEADGSTNNGIFQINSRRWCSNLTPNVPNV 
                     CRMYCS" 
     gap             110..209 
                     /estimated_length=unknown 
     gap             516..615 
                     /estimated_length=unknown 
     gap             775..874 
                     /estimated_length=unknown 
     mRNA            <875..>941 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             <875..941 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies; 
                     coding region disrupted by sequencing gap" 
                     /codon_start=2 
                     /product="SPRASA" 
                     /protein_id="ACJ06641.1" 
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                     /db_xref="GI:210076458" 
                     /translation="EAWRHHCQGKDLTDWVDGCDF" 
ORIGIN       
        1 gccctggcga ggttgtgggg ggcatcccga gctgcagcag ggttttgggc cactgctgct 
       61 gctgccattg tcaccatgat ctcagctctg tggggagcac tcctgatca            
          [gap 100 bp]    Expand Ns 
      210                                g ggtacactca agccccgttt cttctccttc 
      241 tgtgagtgga ccgccgaggc tggtgagctg tgggtcatcc caaagctcag ctctgagcca 
      301 gagtggtggc tccacctcta ccaccggcac agaagccagg agcagggctc tcggaaggcg 
      361 gtggtgccca gctgcgatca tgttgttggc cctggtctct ctgctcagct gcctgctacc 
      421 ctccagtgag gccaaggtct acagtcgctg tgaactggcc agagtgctac aggacttcgg 
      481 gctggacgga tatcggggat acagcctggc tgact                           
          [gap 100 bp]    Expand Ns 
      616                 gggtc tgccttgctt atttcacaag cggtttcaac gcagctgctt 
      661 tggactacga ggctgatggg agcaccaaca acgggatctt ccagatcaac agccggaggt 
      721 ggtgcagcaa cctcaccccg aacgtcccca acgtgtgccg gatgtactgc tcag      
          [gap 100 bp]    Expand Ns 
      875                                      ggaggc ctggaggcat cactgccagg 
      901 gcaaagacct cactgactgg gtggatggct gtgacttcta ggatggacgg aaccacacac 
      961 agcaggttgg gaatgtggtt tggttcctga cccaggcttg ggaagacaag ccagcaaata 
     1021 aaggatggtt gaacgtg 
// 
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Figure 10: Capuchin monkey SPRASA DNA sequence 
 

LOCUS       FJ396446                1031 bp    DNA     linear   PRI 03-NOV-
2008 
DEFINITION  Cebus apella SPRASA (SPACA3) gene, partial cds. 
ACCESSION   FJ396446 
VERSION     FJ396446.1  GI:210076459 
KEYWORDS    . 
SOURCE      Cebus apella (Tufted capuchin) 
  ORGANISM  Cebus apella 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Euarchontoglires; Primates; Haplorrhini; 
            Platyrrhini; Cebidae; Cebinae; Cebus. 
REFERENCE   1  (bases 1 to 1031) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Evolutionary conservation of SPRASA in various animal species 
  JOURNAL   Unpublished 
REFERENCE   2  (bases 1 to 1031) 
  AUTHORS   Prendergast,D., Woad,K.J., Chamley,L.W. and Shelling,A.N. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (20-OCT-2008) Department of Obstetrics and Gynaecology, 
            University of Auckland, Faculty of Medical and Health Sciences, 
            Private Bag 92019, Auckland 1142, New Zealand 
FEATURES             Location/Qualifiers 
     source          1..1031 
                     /organism="Cebus apella" 
                     /mol_type="genomic DNA" 
                     /db_xref="taxon:9515" 
     gene            <75..>934 
                     /gene="SPACA3" 
     mRNA            join(<75..108,209..508,609..>767) 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             join(75..108,209..508,609..>767) 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies; 
                     coding region disrupted by sequencing gap" 
                     /codon_start=1 
                     /product="SPRASA" 
                     /protein_id="ACJ06642.1" 
                     /db_xref="GI:210076460" 
                     
/translation="MVSALWGAPLIRVCSNPVSSPSVNGPLRLVSRLSSQSSALSQSG 
                     
GGTTSAASTEARSRALRRPAGTMLLALVSLLSCLLPSSEAKVYSRCELARVLQDFGLD 
                     
GYRGYSLADWVCLAYFTSGFNAAALDYEADGSTNNGIFQINSRRWCSNLTPNVPNVCR 
                     MYCS" 
     gap             109..208 
                     /estimated_length=unknown 
     gap             509..608 
                     /estimated_length=unknown 
     gap             768..867 
                     /estimated_length=unknown 
     mRNA            <868..>934 
                     /gene="SPACA3" 
                     /product="SPRASA" 
     CDS             <868..934 
                     /gene="SPACA3" 
                     /note="sperm protein reactive with antisperm antibodies; 
                     coding region disrupted by sequencing gap" 
                     /codon_start=2 
                     /product="SPRASA" 
                     /protein_id="ACJ06643.1" 
                     /db_xref="GI:210076461" 
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                     /translation="EAWRHHCQGKDLTEWVDGCDF" 
ORIGIN       
        1 gccctggcac agtcgtgggg gcatcctgag ctgaagcagg gttttgggca cctgctgctg 
       61 ctgccattgt caccatggtc tcagctctgt ggggagcacc gttgatca             
          [gap 100 bp]    Expand Ns 
      209                               gg gtatgctcaa accccgtgtc ttctccttct 
      241 gtgaatggac cgctgaggct ggtgagccgc ctgtcatccc aaagctcagc tctgagccag 
      301 agtggtggtg gcaccacctc tgccgccagc acagaagcca ggagcagggc tctcagacgg 
      361 ccagctggga ccatgttgtt ggccctggtc tctctgctta gctgcctgct cccctccagt 
      421 gaggccaagg tctacagtcg ctgtgaactg gccagagtgc tgcaggactt cgggctggac 
      481 ggataccggg gatacagcct ggctgact                                   
          [gap 100 bp]    Expand Ns 
      609         gg gtctgccttg cttatttcac aagcggtttc aacgcagctg ctttggacta 
      661 cgaggctgat gggagcacca acaacgggat cttccagatc aacagccgga ggtggtgcag 
      721 caacctcacc ccgaacgtcc ccaacgtgtg ccggatgtac tgctcag              
          [gap 100 bp]    Expand Ns 
      868                              gga ggcctggagg catcactgcc agggaaaaga 
      901 cctcactgaa tgggtggatg gctgtgactt ctaggatgga cggaaccatg cacagcaggc 
      961 tgggaaatgt ggtttggttc ctgacctagg cttgggaaga caagccagcg aataaaggat 
     1021 ggttgaacgt g 
// 
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