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OVERALL ABSTRACT 

The major objective was to characterize proteins in head plasma membrane (HPM) of 

sperm from animals of two species to identify species’ and proteins’ differences related to fertility. 

HPM’s sodium/potassium-ATPase (Na+⁄K+-ATPase) acts as a receptor, inducing capacitation 

when bound by its hormone ouabain. Na+/K+-ATPase is an α/β dimer, each with several isoforms 

(α1, α2, α3, α4, β1, β2, β3) whose exact relationship to in vivo fertility and capacitation is 

unknown. In the first study, specific Na+/K+-ATPase isoforms in sperm HPM of boars with 

different Direct Boar Effects (DBEs) for farrowing rate (FR) and litter size, differed between low 

and high fertility boars (LF, HF, n=6/each; DBE-based). SDS-PAGE and immunoblotting detected 

more α3 (P<0.05) in HF HPM, correlating with FR; immunocytochemistry identified differing α3 

and α2 localizations in HF vs LF whole sperm. In second study, tandem mass spectrometry 

(spectra aligned to UniProtKB ‘mammals’) revealed that non-ATPase HPM proteins differ 

between bulls of HF and LF Bull Fertility Index (BFI, BFI > or <100; Semex evaluated). Statistical 

analysis identified 67 differential abundance proteins (DAPs) between HF and LF (n=3/group; 

P<0.05), which associated by meta-analysis to BFI. Gene ontology assigned 48 up-regulated HF 

proteins to sperm fertilization, and 19 down-regulated to catalytic and transporter activity. 38-up-

regulated DAPs (HF and LF, n=16) correlated positively (r2=0.29 to 0.66; P≤0.05) and 6 down-

regulated negatively (r2=0.26 to 0.44; P≤0.05) to BFI. The third study characterized HPM Na+/K+-

ATPase in 16 bulls with differing BFI but similar sperm motility kinetics. Normalized Spectral 

Abundance Factor (NSAF) of α1 was significantly greater in 8 higher- vs 8 lower-fertility bulls. 

Linear regression positively correlated BFI to NSAF of α1 and β2 (r2=0.42 and 0.47, respectively; 

P≤0.05), and negatively correlated BFI to α4 (r2=0.37; P≤0.05), confirmed by bioinformatics 

predictions. These results suggest involvement of α1 and β2 in fertilization as potential fertility 
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biomarkers. Overall, specific Na+/K+-ATPase isoforms identified in boar and bull sperm HPM 

significantly correlate with in vivo fertility, as do other specific bull HPM proteins. Elucidating 

potential fertility biomarkers in two species improves understanding of key proteins and their roles 

in various, complex mechanisms that enable successful sperm fertilization. 
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1. General Introduction 

Low fertility originating from sires causes significant economic losses worldwide for 

animal producers, breeders, and related industries, whether females are bred by artificial 

insemination (AI) or naturally. To enhance the rate of genetic progress (Barquero et al., 2021), 

more than 70% of dairy cows are bred by AI with frozen semen from superior bulls with high 

genetic traits (Park et al., 2012; Kwon et al., 2015), while over 95% of  sows are bred with AI 

(Zuidema et al., 2021), producing successful conception with rates of 50% in bovine (Park et al., 

2012) and 80-92% of porcine inseminations (Ruiz-Sánchez et al., 2006; Zhao et al., 2021). Male 

infertility or subfertility is the major cause of reproductive failure in about half of the cases (Park 

et al., 2012), so boar and bull fertility contribute greatly to reproductive efficiency in both dairy 

(Pacheco et al., 2021) and swine industries (Zuidema et al., 2021). 

Diagnosis of sire fertilizing ability is of prime importance to allow culling of low fertility 

sires at a younger stage, thereby reducing housing and feeding costs, and preventing reproductive 

losses. Moreover, accurate prediction of sperm fertility in semen used for AI will reduce inter-

calving interval and will improve substantially overall reproductive and productive efficiency. A 

method that accurately predicts a sire’s fertility will greatly benefit the dairy, beef, and porcine 

industries, and may find application in other species. 

Proteomics is an emerging approach for studying human and animal andrology and to 

understand the biological mechanisms of sperm function and its interaction with the oocyte leading 

to fertilization (Wright et al., 2012). As compared to somatic cells, mammalian spermatozoa have 

unique functional and structural characteristics. Acquisition of fertilizing ability requires multiple 

processes commencing in the male gonad and continuing all the way through to the oviduct 

(Sutovsky, 2018). 
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The transmembrane protein sodium/potassium-ATPase (Na+⁄K+-ATPase) is ubiquitous in 

mammalian cells, maintaining the cell’s resting membrane potential and regulating cellular volume 

through active transport of Na+ and K+ ions (Kaplan, 2002; Xie & Askari, 2002) and in sperm it 

supports motility (Jimenez et al., 2011). Also, in sperm as well as other cells, Na+⁄K+-ATPase 

activates a signaling cascade of downstream events to induce phosphorylation of proteins, a 

function independent of its pumping action (Xie & Askari, 2002; Thundathil et al., 2006; Pierre et 

al., 2008; Pierre & Blanco, 2021). In sperm, the phosphorylation leads to in vivo and in vitro sperm 

fertilization. 

Na+⁄K+-ATPase is considered a member of a multiprotein complex with many partners 

forming protein-protein interactions with its α subunits (Reinhard et al., 2013). Na+⁄K+-ATPase 

has multiple roles. In addition to acting as an enzyme and maintaining electrochemical gradients 

across the cell membrane, it has been shown to acts as a receptor and signal transducer (Desfrere 

et al., 2009; Zuidema et al., 2021). Ligand bound Na+⁄K+-ATPase phosphorylates Src kinase but 

proof of high-affinity binding with Src kinase is inadequate (Reinhard et al., 2013). Alternatively, 

both Na+⁄K+-ATPase and Src kinase could be part of a signaling complex in the cell membrane, 

and ouabain binding to Na+⁄K+-ATPase could activate Src kinase via allosterism. The α subunit of 

Na+⁄K+-ATPase is appropriate to function as an allosteric modifier because during the reaction 

cycle, it undergoes conformational changes (Nyblom et al., 2013; Reinhard et al., 2013). Sodium 

and ATP both are known as allosteric modifiers of Na+⁄K+-ATPase (Jorgensen et al., 2003; Garcia 

et al., 2013) and the ATP/ADP ratio affects activation of Src kinase (Weigand et al., 2012). 

Sperm membrane proteins have contributing roles in oocyte recognition, binding, and other 

protein interactions. As Na+⁄K+-ATPase engages in several functions in sperm (Thundathil et al., 

2006; Hickey & Buhr, 2012; Sajeevadathan et al., 2019) and since reduction of its expression has 
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been associated to abnormal sperm (Thundathil et al., 2012) this molecule has potential to be a 

biomarker for sperm fertility. Na+⁄K+-ATPase interacts with many proteins which have important 

roles in aspects of fertilization. Therefore, careful study of the existence, expression, and possible 

roles of fertility-related proteins in the sperm head plasma membrane, including Na+⁄K+-ATPase 

isoforms, could elucidate details of capacitation and fertilization with possible future use to 

improve animal reproduction.  
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2.0 Review of Literature 

2.1 Animal Agriculture and Importance of Fertility 

Agriculture and agri-food products have major role in the world’s economy. Using Canada 

as an example, agriculture in 2020 generated $139.3 billion, equaling 7.4% of the national Gross 

domestic product (GDP) and employing 2.1 million people (Overview of Canada’s Agriculture 

and Agri-Food Sector, 2021). The animal production sector contributed $5.4 billion to GDP and 

created 133,500 jobs, with the Canadian dairy ranking second after the red meat industry sector 

based on farm cash receipts of $7.13 billion. In 2020, total milk production from 1.405 million 

head was estimated to 93.51 million hectoliters, contributing $486.4 million for exported milk 

products, and $126.8 million from dairy genetics including bovine embryos, semen, and live dairy 

cattle  (Overview of Canada’s Agriculture and Agri-Food Sector, 2021). 

Fertility, generally defined as ability to conceive offspring and to propagate next 

generations (Utt, 2016) is crucial for economically efficient animal production. In the dairy and 

beef industries, individual male fertility is more important than an individual female, because in 

natural service, semen from one bull may be used to breed up to 40 females while in AI, one 

ejaculate may breed hundreds to thousands of females (Kastelic, 2013). Commercial breeders and 

AI companies are developing different diagnostic methods to identify sires with superior genetic 

traits for production and high conception rates (Parisi et al., 2014), even though heritability of 

reproductive traits is low. Such sires will improve the financial success of producers (Walton, 

2012) the sustainability, growth of animal agriculture, and the efficiency of production of high-

quality animal protein.  
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2.2. Artificial Insemination in Farm Animals 

By definition AI is a technique in which semen is manually deposited into female 

reproductive tract. This reproductive biotechnology technique is considered one of the oldest, as 

the first report of AI was over 200 years ago (Morotti et al., 2021). Since then, many studies have 

been conducted and this practice is widely used in livestock species. Even with the advancement 

of embryo transfer program in-vivo and in-vitro, AI is still considered an important assisted 

reproductive biotechnology in many herds due to its low cost and high potential for a herd’s genetic 

improvement (Morotti et al., 2021). AI is still the key assisted-reproduction technology enhancing 

reproductive efficiency and genetic improvement among farm animals. Its benefits over natural 

breeding include more offspring from genetically superior males; control of infectious and 

reproductive diseases; greater safety for the female animal and producers; fewer males needed to 

impregnate females; ease of global distribution of male genetics; and, when semen can be stored 

long-term, maximized sperm production over a male’s lifetime for use at the producer’s 

convenience regardless of the male’s lifespan. All these factors promote standardized management 

and focus on economic factors of the producer’s operations and decisions (Morotti et al., 2021).   

In dairy production, the reproductive performance of the sire is evaluated by non-return 

rate (NRR) and sire conception rate (SCR), meaning the percentage of cows that do not return to 

estrus within a specific time (e.g., 56 days) after being inseminated (Foote, 2003). Factors affecting 

fertility outcome of AI includes age of the bull, age and parity of the cow, farm management, 

inseminator, number, and quality of sperm in the insemination dose (de Oliveira et al., 2013; 

Muhammad Aslam et al., 2018; Narud et al., 2022). To predict dairy sire fertility, semen genetics 

companies pool these data from hundreds of bulls with thousands of inseminations per bull and 

through sophisticated statistical models, calculate a score for each bull (Zwald et al., 2004; de 
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Oliveira et al., 2013). Although the scores are given different commercial names, this BFI enables 

producers to include bull fertility when they are selecting sires for their dairy enterprise and 

provides AI companies with additional information for decisions on bulls to cull or whose male 

offspring might be considered for inclusion. 

In addition to collecting these retrospective data on pregnancy success, semen production 

companies proactively assess each ejaculate that they collect prior to processing it for AI. They 

usually assess sperm motility parameters and morphology, discarding ejaculates that do not meet 

the company’s standards. However, successful fertilization is impacted by less obvious sperm 

traits such as intactness of the acrosome and plasma membrane (Kumaresan et al., 2017) 

progressive motility (Farrell et al., 1998; Puglisi et al., 2012; Gliozzi et al., 2017; Narud et al., 

2022), capacity for hyperactive motility and sperm metabolism for energy production (Garrett et 

al., 2008; Narud et al., 2022). No single in vitro lab analysis can accurately predict sire fertility 

from semen characteristics (Narud et al., 2022), but even multiplex tests cannot currently provide 

accurate sire fertility prediction. 

Clearly bull fertility has many challenges. Despite the substantial annual economic losses 

due to poor fertility, the sperm physiological mechanisms responsible are still only partially 

understood and there are no reliable laboratory methods or cost-efficient bio-markers to predict 

male fertility (Parisi et al., 2014). Better understanding of sperm structure, physiology and 

molecular functions is needed to understand critical aspects of fertilization more fully. As multiple 

proteins participate in signaling pathways that control fertility, there is need to elucidate the 

proteins by proteomics of the plasma membrane especially in the sperm head, which is one of the 

first areas involved in capacitation and sperm-egg binding, while the tail and other cellular 

components drive hyperactivation, penetration and other critical processes . 
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2.3 Structure of the Mammalian Spermatozoa 

An ejaculated mature mammalian spermatozoan is an elongated cell with a head containing 

the nucleus, connected at the head’s base to a tail (Teves & Roldan, 2022) the whole of which is 

bounded by a continuous plasma membrane. The sperm morphology/ Bauplan is an important 

aspect of clinical examination (Mortimer, 1994; Coetzee, 1998; World Health Organization, 2010; 

Bjorndahl & Kvist, 2010). Generally, the ideal shape of a human spermatozoan is an oval head (4-

5 μm long, 2-3 μm wide, 0.3-0.5μm thick; Maree et al., 2010), with smooth outline and prominent, 

clearly defined acrosome covering 40-60% of the anterior head (Bjorndahl & Kvist, 2010). The 

connecting piece (0.3-1.5 µm) connects the head to the tail (45 to 50 μm; Bjorndahl & Kvist, 2010) 

that contains the 9 + 2 microtubule structure of the axoneme (Linck et al., 2016) to provide motility 

(Saacke & Almquist, 1964; Garner & Hafez, 1993) and is symmetrically inserted with connecting 

piece cytoplasm in humans and cytoplasmic droplet in ungulates. The tail consists of the midpiece 

(10 µm long; Bjorndahl & Kvist, 2010), principal piece (45-50 µm) and terminal piece (2-4 µm;  

Garner & Hafez, 1993). 

2.3 Detailed Structural Features of the Spermatozoon 

2.3.1 Sperm Plasma Membrane 

The sperm plasma membrane is the outermost part of the spermatozoa, with an important 

role in sperm motility, fertilizing ability and transport of ions across sperm membrane (Cornwall, 

2008; Gadella & Boerke, 2016).The membrane bilayer contains phospholipids, cholesterol, and 

proteins (Gadella et al., 2008; Mortimer, 2018) organized non-randomly to accomplish necessary 

various functions (Rana et al., 1993; Flesch & Gadella, 2000). Lipids are asymmetrically 

distributed in the bilayer, with the majority of phosphatidylethanolamine (PE) and 
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phosphatidylserine (PS) in the inner leaflet of the bilayer and the majority of sphingomyelin (SM) 

and phosphatidylcholine (PC) in the outer leaflet. Transmembrane lipid transporter proteins such 

as flippases, floppases, and scramblases mediate lipid movement (also called a "flip-flop" 

transition) across the membrane (Contreras et al., 2010). All movement, both transmembrane 

(across the bilayer) and transverse (in the plane of a leaflet), of membrane molecules including 

lipids, proteins, and sterols, are impacted by membrane fluidity.  

Like membranes from many cells, the sperm plasma membrane has specific regions known 

as domains and microdomains that have specialized composition (Kawano et al., 2011; Boerke et 

al., 2014; Gadella & Luna, 2014). Rafts are a particular type of microdomain that are highly 

dynamic in nature and house different lipids and signaling proteins with role(s) in sperm signaling 

pathways (Simons & Toomre, 2000; Simons & Sampaio, 2011; Rajamanickam et al., 2017; 

Sajeevadathan et al., 2021). During sperm capacitation, cholesterol efflux occurs from non-raft 

fraction of the plasma membrane with no or minimal depletion of cholesterol from rafts. The 

SNARE proteins in sperm go through lateral redistribution along as do complexes of ZP binding 

protein and raft marker proteins (Boerke et al., 2008). 

The plasma membrane around the sperm is differentiated based on the specific regions like 

sperm head, acrosome cap, midpiece and tail, and the plasma membrane of each area has a different 

appearance, indicating that the membrane in each region performs unique/specific function(s) in 

sperm’s life (Koehler, 1972; Stackpole & Devorkin, 1974; Peterson & Russell, 1985).  

2.3.2 Acrosomal Membranes 

The head of a mature spermatozoon has the plasma membrane as the outermost structure. 

Underlying the anterior portion of the head is the acrosome, which is a vesicle that lies like a cap 

over the nucleus (Garner & Hafez, 1993; Gadella & Evans, 2011). The acrosomal membrane 
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abutting the nucleus is the inner acrosomal membrane, while the outer acrosomal membrane lies 

closest to the plasma membrane. The acrosome originates from the Golgi complex in the spermatid 

during spermatid differentiation (Senge, 2012)  and has two segments, the acrosomal cap (anterior 

acrosome) and the equatorial segment (posterior acrosome)  (Senger, 2012; Chemes, 2017; 

Mortimer, 2018). The acrosome contains many hydrolytic enzymes including acrosin, 

hyaluronidase, zona lysine, esterases and acid hydrolases (Senger, 2012) that are involved in 

fertilization (Garner & Hafez, 1993; Teves & Roldan, 2022). In spermatozoa, the acrosomal 

membrane engages in gamete fusion due to the presence of some unique factors (Gadella & Evans, 

2011). The nucleus underlying the acrosome contains the condensed chromatin material (Garner 

& Hafez, 1993; Teves & Roldan, 2022). 

2.3.3 Sperm Tail 

The sperm tail is composed of the middle piece, the principal piece, and the terminal piece 

(Senger, 2012; Mortimer, 2018). The capitulum which is one part of connecting piece fits into the 

implantation fossa, a depression in the posterior nucleus. Mitochondria are arranged in a helical 

pattern along the longitudinal fibers of the midpiece; this mitochondrial sheath provides energy 

for sperm metabolic activities. The sperm tail, similar to flagella or cilia, has nine pairs of 

microtubules that are arranged radially around two central filaments to provide motility (Saacke 

& Almquist, 1964; Senger, 2012; Linck et al., 2016; Mortimer, 2018). 

2.4 Sperm Capacitation and the Acrosomal Exocytosis 

The mammalian spermatozoa freshly produced by the testis pass through several 

maturation steps such as changes in membrane lipid composition, remodeling of raft membrane 

microdomains and other plasma membranes structures, modifications to surface glycoproteins, and 

surface antigen re-localization (Girouard et al., 2011) in the male reproductive tract, completing 
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in the female reproductive tract. These multistep changes in the female reproductive tract 

commencing from influx of bicarbonate and calcium ions, changes of pH, removal of 

decapacitating factors, and sperm proteasomal activities with increased tyrosine phosphorylation 

(Tyr-P) (Chang, 1951; Yanagimachi, 1994) are known as capacitation which leads to acrosomal 

exocytosis  (AE; Austin, 1952; de Lamirande, 1997; Mostek et al., 2021). Sperm capacitation in 

the fluid of the female tract consists of a series of cellular, biochemical, functional, and 

physiological changes in sperm, including rearranging the protein and lipid molecules in the 

plasma membrane, loss of membrane cholesterol (thus changing the cholesterol/phospholipid 

molar ratio), as well as protein phosphorylation, ionic fluxes and increase in intracellular cyclic 

AMP levels (Fraser & Ahuja, 1988) enabling spermatozoa to bind and penetrate the zona pellucida 

(ZP) through a process known as the AE ( Sutovsky, 2018). The AE involves a multiple fusion of 

the sperm’s HPM with its outer acrosome membrane leading to vesiculation (Yanagimachi & Usui, 

1974), that accompanies the altered motility kinetics known as hyperactivation (Senger, 2012). 

Many events of capacitation, AE and hyperactivated motility are calcium dependent 

(Fraser & Ahuja, 1988). While these events naturally occur in the female reproductive tract in vivo, 

they can be induced in vitro facilitating scientific study. 

Capacitation is known to be characterized by a cascade of cellular events that include 

cAMP production, activation of Ca2+ channels, generation of ROS species, efflux of cholesterol, 

increasing intracellular pH and stimulation of kinases proteins (de Lamirande & O’Flaherty, 2012), 

with in vitro induction of capacitation requiring species-specific agents like serum albumin, 

sodium bicarbonate (NaHCO3) and Ca2+ (Harrison, 1996; Visconti et al., 1998). While early 

capacitation may be reversable, full capacitation primes sperm for AE. 
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As the spermatozoon contacts the oocyte, the AE releases the hydrolytic enzymes 

contained in the acrosome (Jin et al., 2011) in an irreversible exocytotic process that aids sperm 

penetration of the ZP. In mammalian sperm, the acrosome is a structure similar to a large secretory 

vesicle  (Florman et al., 1998) and its exocytosis is comparable to a strictly regulated secretory 

event. Capacitation leads to the AE, and multiple fusions of the outer acrosomal membrane (OAM) 

with the overlying HPM. At the fusion points, OAM: HPM hybrid vesicles are formed, allowing 

acrosomal enzymes including the trypsin-like acrosin (Sutovsky, 2018) to be released into the 

milieu around the head of the sperm (Honda, 2002; Harper et al., 2006). Moreover, signal 

transduction events occurring during capacitation and AE alter the sperm actin cytoskeleton 

contributing to membrane structural changes (Breitbart, 1997; Breitbart et al., 2005). Loss of the 

OAM and acrosomal contents exposes the inner acrosomal membrane (IAM), and its components 

which are crucial for the next steps: sperm binding to the oolemma, followed by the steps of 

syngamy. These steps are known to be essential for fertilization 

2.4.1 Membrane Changes during Capacitation 

Capacitation occurs when decapacitating factors from the sperm’s outer surface are 

removed. There are various decapacitating factors including GPI anchored proteins CD55, CD52, 

and seminal plasma proteins (Girouard et al., 2011), which are assimilated onto sperm during 

transit through male reproductive tract (Boerke et al., 2014). In the female reproductive tract, 

removal of these decapacitating factors exposes molecules which bind the spermatozoa to the 

oocyte (de Lamirande et al., 1997; Senger, 2012). 

In conducive environments such as the female reproductive tract, the influx of HCO3
- into 

sperm activates the cAMP-PKA pathway and loss of membrane asymmetry. Removal of 

cholesterol from the plasma membrane during capacitation also supports the activity of 
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scramblase. Scramblase is an enzyme on the sperm plasma membrane that destroys membrane 

architecture and symmetry. Scramblase is a phospholipid translocator protein that is responsible 

for the movement of phosphatidylcholine (PC) from the inner leaflet to the outer leaflet of the 

plasma membrane (Khalil et al., 2006).This process is called "flippase" and it is essential for the 

remodeling of the plasma membrane, which is important for various cellular processes such as cell 

signaling, cell division, and cell migration. Cholesterol efflux during capacitation largely removes 

cholesterol from non-raft regions of sperm plasma membrane (Khalil et al., 2006), while raft 

protein composition changes (Cross, 2004). Various proteins move in and out of the rafts, such as 

GM1 and CD59 leaving the raft regions of human sperm (Cross, 2004). The combined membrane 

changes of altered cholesterol: phospholipid ratio, change in ionic balance, lipid and protein 

remodeling alter plasma membrane fluidity and contribute to the activation of various pathways 

for signal transductions (Primakoff & Myles, 2002; Martínez-López et al., 2009). 

Capacitation’s influx of Ca2+ and HCO3- and the accompanying appearance of reactive 

oxygen species (Flesch & Gadella, 2000) accelerate sperm plasma membrane fluidization and 

depolarization  (Flesch & Gadella, 2000), and the various activated pathways, result in Tyr-P of 

proteins. The appearance of Tyr-P proteins is considered diagnostic of sperm capacitation   

(Thundathil et al., 2006; Salicioni et al., 2007; Newton, et al., 2010). 

2.4.1.1 Bicarbonate 

Bicarbonate is of paramount importance in sperm capacitation (Battistone et al., 2013; 

Macías-García et al., 2015).  The concentration of HCO3- is higher in the female reproductive tract 

than in the epididymis, and a Na+/HCO3- cotransporter stimulates a rapid influx of HCO3- ions in 

the female tract, increasing sperm intracellular pH (Demarco et al., 2003). This activates soluble 

adenyl cyclase (sACs) producing cAMP, protein Kinase A (PKA) and the Tyr-P of sperm proteins       
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(Steckler et al., 2015). Increased HCO3
- activates scamblase enzymes that move four phospholipid 

species (PC, SM, PE, and PS) inward and outward across the lipid bilayer destroying the 

asymmetric distribution of phospholipids (Contreras et al., 2010). This redistribution of 

phospholipids acts as a prerequisite for cholesterol efflux which renders the sperm membrane 

fusogenic and responsive to ZP glycoproteins (Gadella & Harrison, 2000; Harrison & Gadella, 

2005). 

2.4.1.2 Cholesterol Efflux 

Addition of cholesterol during epididymal maturation in plasma membrane protects the 

sperm in initial transit through the reproductive tract (Saez et al., 2011). Under the influence of 

cholesterol acceptors such as high-density lipoproteins and albumin in the female tract, cholesterol 

is removed from the sperm plasma membrane (Visconti et al., 2002), increasing membrane fluidity 

and promoting membrane structural modifications. Hamster spermatozoa incubated in capacitation 

media lacking the cholesterol acceptor albumin fail to capacitate (Noguchi et al., 2008). 

Bicarbonate ions redistribute cholesterol on the sperm plasma membrane, because the scamblase’s 

increased intracellular concentration modifies membrane architecture (Gadella & Harrison, 2000), 

making cholesterol more available to cholesterol acceptors in the reproductive tract  (Salicioni et 

al., 2007; Visconti, 2009). Indeed, in the absence of HCO3- ions but with cholesterol acceptors 

present in capacitation medium, the cholesterol level in membrane is unchanged (Gadella & Leahy, 

2015). 

In addition to albumin, other cholesterol acceptors like High-density lipoprotein (HDL) 

and β-cyclodextrins effectively support capacitation (Jones et al., 2007). It is also interesting that 

the action of these β-cyclodextrins, serum albumin, and HDL is somehow coupled to the cAMP 

dependent pathway (Jones et al., 2007).  
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Cholesterol alters the bulk properties of biological membranes by increasing the 

orientation order of the membrane lipid hydrocarbon chains, restricting the ability of membrane 

proteins to undergo conformational changes in this less-fluid membrane. Hence high contents of 

cholesterol can inhibit capacitation indirectly by diminishing the conformational freedom and the 

biological activity of sperm surface proteins. Cholesterol might also directly interact with specific 

membrane proteins impacting their function. Therefore, either directly or indirectly, cholesterol 

could modulate ion transporters and effector enzymes like sAC  (Martínez & Morros, 1996). 

2.4.1.3 Calcium 

Another key molecule involved in regulation of capacitation is calcium. During the process 

of capacitation concentration of intracellular Ca+2 is increased. pH associated structural changes 

and membrane hyperpolarization as well bicarbonate ion concentration causes the opening of 

various calcium-associated channels especially CatSper and voltage-gated channels which 

ultimately result in influx of Ca2+ in the sperm (Navarrete et al., 2015). Calcium plays a role in 

parallel to bicarbonate ions and induces capacitation by stimulating sAC. For activation of the 

sperm signaling pathways for hyperactivation and AE, the elevated amount of cytosolic Ca2+ is an 

essential process. Furthermore, Ca2+ is important for rafts aggregation towards the apical region 

of the plasma membrane (Gadella & Leahy, 2015) and low concentration of Ca2+ ions cause 

membrane proteins to randomly distribute in the head surface of boar sperm membrane (Aguas & 

Pinto da Silva, 1983). 

2.4.1.4 Tyrosine Phosphorylation (Tyr-P) 

Tyr-P is the most important molecular event in sperm capacitation and fertilization 

(Signorelli et al., 2012; Campbell, 2013). As sperm are transcriptionally inactive, the only way to 

alter their activity is through post-translational modifications (PTMs) controlled partially through 
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phosphorylation of sperm proteins. Indeed, an alternate role for HCO3- is the stimulation of a 

sperm-specific sAC that in turn increases production of cAMP that activates PKA causing Tyr-P 

of a myriad of target proteins. Increased Tyr-P leads to many of the important aspects of the process 

of capacitation, like the induction of hyperactivated motility. The PKA pathway can be further 

enhanced by cross-talk with an alternate pathway that is stimulated by removing decapacitating 

factors such as phosphatidylethanolamine binding protein 1(PEBP1), thereby removing its 

suppression of Raf-1, an important part of the extracellular signal regulated kinase family of 

protein kinases activated by mitogen (Visconti, 2009; Nixon et al., 2010). Tyr-P of serine/threonine 

residues of various kinases induced by cAMP/PKA and ERK1/2 pathways activate cytoskeletal, 

metabolic enzymes and ion channels proteins, stimulating hypermotility of sperm, subsequent AE, 

ZP binding and then fertilization (Sutovsky, 2018). A-kinase anchoring proteins (AKAPs) are a 

major target of Tyr-P in mammalian sperm, with AKAP4 being involved in Tyr-P pathways in 

sperm from human (Ficarro et al., 2003; Rahamim Ben-Navi et al., 2016) cattle (Jagan Mohanarao 

& Atreja, 2011; Byrne et al., 2012) mouse (Johnson et al., 1997; Moss et al., 1999; Jivan et al., 

2009)  and hamster (Jha & Shivaji, 2002; Kota et al., 2009). PKA is one of the important different 

domains in AKAPs, which when activated form complexes with other signaling molecules (Miki 

& Eddy, 1999; Skroblin et al., 2010; Welch et al., 2010) likely contributing to the loss of motility 

and sperm fertility when AKAP4 is deleted (Miki et al., 2002). Sperm proteomics through LC-

MS/MS can provide in depth analysis for the tyrosine phosphorylated proteins in the capacitated 

sperm (Gur & Breitbart, 2008; Signorelli et al., 2012; Campbell, 2013). 

2.5 Proteomics 

The term “protein” was coined by Berzelius in 1838 (Cristea et al., 2004) from the Greek 

“proteios” meaning “the first rank”, and “proteome” denotes the proteins contained in an 
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organism’s cell whether from human, (Schwenk et al., 2017); plants, (Mohanta et al., 2019); 

animals, (Chen et al., 2019) or bacteria (Aslam et al., 2017). ‘Proteomics’ assesses characteristics 

of proteins at a specific window in time including localization, structural analysis, expression, 

functions, protein-protein interaction, and PTMs (Domon & Aebersold, 2006). The proteome of 

eukaryotic cells is more dynamic over a cell’s lifetime than that of prokaryotes (Krishna & Wold, 

1993). Proteomics methodologies help identify the numerous functions of genes through the 

dynamic complexity of their products as cells respond to their changing environments (Lander et 

al., 2001). 

2.5.1 Proteomics Technologies 

Proteins have been purified and identified by chromatographic techniques (size exclusion, 

affinity, and ion exchange; (Jungbauer & Hahn, 2009; Voedisch & Thie, 2010; Hage et al., 2012); 

western blotting, and enzyme linked immunosorbent assays. Proteins in complex biological 

mixtures can be isolated by one (1D)- or two (2D)-dimensional sodium dodecyl sulfate (SDS)-

polyacrylamide gel electrophoresis (PAGE) and 2D difference gel electrophoresis  (Dunn, 1991; 

Marouga et al., 2005; Issaq & Veenstra, 2008). Mass spectrometry (MS) can analyze these 

biological proteins with higher sensitivity, high throughput (Yates, 2011), and accurately 

determine molecular weight, chemical structure, and quantity (Aicher et al., 1998; Loo et al., 

1999).  

2.5.2 Mass Spectrometry 

MS is a powerful technique of analytical chemistry by which structural information of a 

wide range of molecules is determined by measuring their mass to charge ratio (m/z), and using 

that for molecular characterization (Ji, 2015).  MS is a very sensitive and fast technique that needs 

very little sample for its analysis unlike other techniques that demand high sample purity and 
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relatively large amounts. MS’s high accuracy, efficiency and sensitivity have led to its wide use 

as a reliable and indispensable technique in the field of proteomics (Yates et al., 2009) and today 

MS is playing a significant role in various fields such as analytical chemistry, molecular biology, 

environmental science, drug discovery, clinical diagnosis, and archeology (Ji, 2015). 

2.5.2.1 Bottom-Up Proteomics 

In bottom-up proteomics studies, proteins are proteolytically digested into peptides with 

the use of specific proteases. The peptides are separated either by 1D (reverse phase-high 

performance liquid chromatography; RP-HPLC) or 2D chromatographic separation (strong cation 

exchange chromatography; SCX and RP-HPLC) and then analyzed by LC-MS/MS to determine 

their fragmentation patterns, their precursor and product m/z ratios, and consequently their peptide 

sequence. All experimental methodologies starting from complete protein digestion to peptide 

analysis and protein characterization using a protein database are termed bottom-up proteomics 

(Dupree et al., 2020). 

Peptides are used over proteins because they separate more easily in reversed-phase LC 

and their complete ionization fragmentation is more predictable (Rogers & Bomgarden, 2016), 

providing a more robust methodology for identification and quantification of thousands of 

different proteins in a complex mixture by high throughput analysis (Cristobal et al., 2017). 

Currently, bottom-up approaches which are based on data-dependent acquisition (DDA) 

workflows, also known as shotgun proteomics, are the key fundamental technologies in 

proteomics. This technique of DDA generates a large list of proteins that helps to solve the most 

complex and full proteomes including the human proteome  (Kwon et al., 2014; Wilhelm et al., 

2014). 
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Digestion in bottom-up proteomics is done by trypsin, the gold standard for about 96% of 

the deposited data sets generated through shotgun proteomics (Fenyö & Beavis, 2015). Trypsin is 

ideal for collision induced dissociation (CID) based MS/MS analysis because it efficiently cuts 

proteins at arginine and/or lysine residues at the C-terminus with specificity and high catalytic 

activity (Kiser et al., 2009). Also, about 56% of all the peptides produced have ≤ 6 amino acid 

residues, which are easily identified by MS (Tsiatsiani & Heck, 2015) . 

2.5.3 Mass Analyzers 

The central part of the mass spectrometer is mass analyzer which measures the m/z ratio 

of the generated ions. The key parameters that define the performance of the analyzer are mass 

resolution, mass accuracy and transmission efficiency (TE; Aebersold & Mann, 2003). Mass 

resolution power corresponds to the mass analyzer’s differentiation of ions with closely separated 

m/z values. The mass accuracy describes the difference between theoretical and experimental m/z 

values and is usually shown as a ratio of mass measurement error to the theoretical mass in parts 

per million (PPM), with low mass measurement error (low PPM) indicating more reliable 

identification. The TE defines the percentage of ions that originate from the ions’ source and 

successfully reach the detector. TE influences the sensitivity of the instrument and indicates the 

minimum amount of sample able to produce detectable signals. Therefore, for analyzing low 

abundant protein samples, high sensitivity of the instrument is especially important (Ji, 2015). 

There are generally three basic components of the mass spectrometer including ion source, 

mass analyzer and detector (Fig 2.1). In the ionization chamber the intact molecular ions are 

produced and are transferred to the mass analyzer. The salient function of the mass analyzer is to 

sort and separate the ions according to their m/z ratio. The separated ions travel towards the 

detector system for the concentration measurement and are shown on a chart known as mass 
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spectrum. Due to high reactivity and short life of the ions in gas phase, their production and 

manipulation is performed under high vacuum (Ji, 2015). 

 

Figure 2.1. Overview of the components of a mass spectrometer (adapted from Sallam, 2017). 

 

2.5.3.1 Ion Sources 

In the past, due to unavailability of complete and reliable ionization methods, analysis of 

full proteins by MS was a hard goal to achieve with various challenges. Since proteins are large, 

thermally unstable, and nonvolatile molecules, they could not be volatized without thermal 

degradation (Ji, 2015), limiting MS for a long time to analysis of small molecules. With the 

discovery of soft ionization techniques, the application of MS spread to analysis of complex and 

larger biomolecules. This led to the emergence of modern proteomics and today the two most 

important ionization methods, electrospray ionization (ESI) and matrix-assisted laser desorption 

ionization (MALDI), are widely used (Ji, 2015). 

2.5.3.1.1 Electrospray Ionization (ESI) 

ESI was first introduced into the world of proteomics by Nobel Prize winner John Fenn 

(Fenn et al., 1989)  and currently is the most popular ionization technique in modern MS (Wang 

et al., 2022). During ESI, the analytes are transferred under atmospheric pressure directly from 

solution to gas phase. The most widely accepted mechanism of the ESI is shown in Fig 2.2.  
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Figure 2.2. Schematic proposed representation of ESI technique, adapted from Banerjee & 
Mazumdar, (2012). 

 

Briefly, the analyte is loaded into a capillary to which high voltage is applied. The strong 

electric field pushes the solution forward making a Taylor cone at the tip’s end. When the 

electrostatic forces dominate the surface tension, the droplets carrying the charge bud off 

continuously from the Taylor cone. A fine mist of the charged droplets is formed with the help of 

nebulizer gas during this phase (Banerjee & Mazumdar, 2012). 

Charged droplets evaporate while traveling towards the analyzer inlet, shrinking their size 

but increasing their surface charge density. Larger droplets are broken down to smaller droplets 

when charge repulsion rises, then surface tension shrinks droplets during the process known as 

Coulomb fission. This process of Coulomb fission and solvent evaporation repeats itself until each 

droplet consists of naked and charged analyte, produced by evaporation of the molecule (Banerjee 

& Mazumdar, 2012). 

2.5.4 Tandem Mass Spectrometry 

In modern MS technology, two spectrometers are used in conjunction, commonly known 

as tandem MS. In tandem MS, two mass analyzers or two different analyzers are combined in 
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tandem to enhance their efficiency. For example, a quadrupole (Q) and a time of flight (TOF) can 

be in tandem to form a Q-TOF mass analyzer (Emily, 2016). 

In MS, the first precursor ion is separated then converted into fragment ions to determine 

the composition of the precursor ion. For the purpose of fragmentation, there is a fragmentation 

cell between two mass analyzers and different fragmentation techniques are employed depending 

on the mass analyzer’s composition (Emily, 2016). 

Collision-induced dissociation (CID) is a type of threshold dissociation in which weakest 

bonds are broken. In this technique, an electric field is applied to accelerate the precursor ions 

which collide with neutral gas molecules to induce bond cleavage in the precursor ions. In 

Electron-transfer dissociation (ETD) techniques, ions containing positive charge (≥2+) are 

transferred as an electron which causes destabilization of the precursor ions and fragmentation 

occurs.  In CID fragmentation, b and y ions are produced as the fragmentation occurs between the 

R-COOH of one amino acid and the NH2 of the adjacent amino acid. In ETD, dissociation process 

fragments the proteins backbone from the C-terminus of NH2 group to produce C and z ions  

(Lingdong Quan, 2013). 

2.6 Quantitative Proteomics 

Increased sensitivity and accuracy of MS through improving sample preparation, 

protein/peptide fractionation and shotgun methods have made it possible to obtain complete lists 

of proteins in certain organisms with a reasonably analytical intricacies (de Godoy et al., 2008; 

Schrimpf et al., 2009). Moreover, MS has enabled characterization of more than 10,000 proteins 

in cultured cell lines (Beck et al., 2011; Nagaraj et al., 2011). Changes in biological functions may 

be detected through qualitative analysis of monitored changes in protein abundance or expression, 

potentially leading to relative quantification of the proteins present in a sample. Quantitative 
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proteomics use two approaches, label free and stable isotope labeling, to determine the relative 

amount of a peptide or protein present. Label free process assesses amounts of peptides or proteins 

either through MS ion intensity or number of acquired spectra matching proteins or peptides 

(Bantscheff et al., 2007; Zhang et al., 2013). In the isotope labeling approach, at various stages of 

the experiment, multiple samples are mixed, and absolute or relative protein abundance is attained 

with measurement of intensities of various isotopes coded-peaks (Washburn et al., 2001; Liu et 

al., 2004; Gilchrist et al., 2006). Isotope labeling has limitations including inefficient labelling, 

cost, additional steps in sample processing, limitation of sample number and limited ability to 

detect proteins of low abundance. Two label-free methods that minimize these drawbacks are 

spectral counting that quantifies spectra from a particular protein/peptide and ion intensity that 

quantifies the signal intensity of peptide peaks belonging to a particular protein (Bantscheff et al., 

2007; Zhang et al., 2013). 

2.6.1 Relative Quantification 

2.6.1.1 Label Free Quantification 

Label-free quantification can utilize either spectral counting or ion intensity. Spectral 

counting quantifies peptide spectral matches for a specific protein and associates the matches to 

the amount of the protein (Washburn et al., 2001; Liu et al., 2004; Gilchrist et al., 2006). This 

method is optimal when resolution is from low to moderate and employs simple normalization and 

statistical analysis. The normalized spectral abundance factor (NSAF) method (Florens et al., 

2006; McIlwain et al., 2012; Langley & Mayr, 2015)  is used for calculation of the abundance of 

proteins. In the ion intensity-based approach, all chromatographic peak areas of a target protein 

are integrated in the form of area under curve (AUC), which is directly associated with the 

concentration of peptides (Bondarenko et al., 2002; Chelius & Bondarenko, 2002) . This protein 
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quantification approach is based on AUC measuring the ion abundance of a given ionized peptide, 

called ion count, at a specific retention time. This quantification works best for the given detection 

limit of a particular MS instrument (Podwojski et al., 2010). 

Various factors that need to be considered when one uses ion intensity-based approach 

include: coeluting peptides, when there is wider window of retention time for peptide signals; 

multiple signals from the same peptide due to retention time variation; sensitivity and speed of the 

MS instrument and background noise. These issues have been addressed by developing various 

computational tools that align retention times of peptides across various sets, to provide mass 

accuracy, optimize background noise and normalize peak abundance (Listgarten & Emili, 2005). 

2.7 Bioinformatics Analysis 

Bioinformatics databases and tools have been developed to deal with the huge quantity of 

proteomics data, enabling prediction of 3D protein structure, transmembrane domains, motifs, 

protein-protein interactions, and biological functions (Perez‐Riverol et al., 2015). The alignment 

tools developed assist in identifying structure and sequences and deriving evolutionary 

relationships among proteins. Analysis of the proteome helps provide a complete picture of 

structure and function of the cell, including the cell signaling pathways that regulate the cell 

function in response to various endogenous and exogenous stimuli (Vihinen, 2001; Perez‐Riverol 

et al., 2015; Aslam et al., 2017). 

2.8 Proteomics of Mammalian Sperm  

Identification of all the proteins present in the cell can help understand the dynamics of cell 

functions and the novel ‘omics of proteomics, genomics, transcriptomics, and metabolomics tools 

that may hold the key for accurate diagnosis of male infertility (Peddinti et al., 2008). Proteomics 

of sperm of various species have been investigated [human  (Martínez-Heredia et al., 2006; 
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Schwenk et al., 2017); bull (Byrne et al., 2012; Park et al., 2012); boar (Kwon et al., 2015; Rahman 

et al., 2017); mouse (Baker et al., 2008); rat (Baker et al., 2008); ram (Pini et al., 2016); stallion 

(Swegen et al., 2015)], and increasingly proteomics is being applied specifically to the biological 

mechanisms of function and oocyte interaction (Wright et al., 2012). Proteomics have identified 

protein biomarkers in bull sperm associated with fertility  (Peddinti et al., 2008; Somashekar et al., 

2017; Muhammad Aslam et al., 2018) and sperm proteins from males of high and low fertility 

have been compared in buffalo (Muhammad Aslam et al., 2018; Singh et al., 2018)  and Holstein 

bulls (D’Amours et al., 2018, 2019), in frozen bull semen  (Singh et al., 2018), in  Holstein Friesian 

× Sahiwal bull seminal plasma (Druart et al., 2013; Muhammad Aslam et al., 2014; Viana et al., 

2018; Kasimanickam et al., 2019)  and Brahman (Bos indicus) bulls’ sperm surface proteome 

(Byrne et al., 2012). 

Beyond simple lists of proteins, advanced proteomics have associated sperm functional 

states to abundances of sperm proteins from high and low fertility bulls (D’Amours et al., 2010; 

Kwon et al., 2014, 2015) from immature and mature sperm (Belleannee et al., 2011; Cui et al., 

2016), epididymal and ejaculated sperm (Dacheux & Dacheux, 2014), frozen-thawed and fresh 

sperm (Chen et al., 2014) and capacitated (Kwon et al., 2015) and non-capacitated spermatozoa 

(Kwon et al., 2015; Rahman et al., 2017). 

2.8.1 Fertility Associated Proteins in the Sperm  

Fertility in mammalian sperm depends upon orchestrated complex reactions that 

commence from spermatogenesis in the male testes and terminate with sperm-oocyte penetration. 

In this multi-step process, any defect can lead to subfertility or infertility. One of the many 

approaches to predict sperm fertility is the identification of the important sperm proteins that differ 

among fertile, sub fertile, and diseased sperm at the proteome level (Ashrafzadeh et al., 2013; 
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Somashekar et al., 2017). The proteome of the bull sperm membrane consists of hundreds of 

different proteins, the majority of whose functions are unknown. In this proteome, there must be 

many proteins involved in different events of sperm fertilization. In this context, the presence, 

absence, over- or under-expression of specific proteins in the sperm membrane may change sperm 

functions, compromising or enhancing the sperm fertilizing ability. Such changes in expression 

can come from genes directly or indirectly encoding for "fertility" proteins. 

2.8.2 Proteins involved in Signaling Pathways 

Many signals are transduced by extracellular signals that bind to membrane proteins utilize 

pathways such as cAMP/PKA, MAPK, PI3K-Akt and PLC-PKC. Each of these involves activation 

of multiple kinase proteins and ultimately results in Tyr-P and stimulating the final response of the 

target cell.  

In the cAMP/PKA pathway, on binding of the ligand, G-protein coupled receptors activate 

the G-protein which then activates sAC that cleaves ATP to produce cAMP (Larsson et al., 2016; 

Song et al., 2017); in sperm, HCO3- can stimulate a sperm specific sAC (Parrish, 2014). Regardless 

of how it is generated, the resultant elevated concentration of cAMP activates cytosolic PKA that 

phosphorylates serine/threonine residues that leads to Tyr-P of various sperm proteins (Bailey et 

al., 2010). Increase in concentration of Tyr-P induces many of the important aspects of the process 

of capacitation, as noted in section 2.4 above. 

A separate, rapid response to extracellular signals utilizes a PLC/PKC pathway. Binding 

of a ligand to its membrane-bound receptor activates Phospholipase C (PLC), which is found in 

plasma membrane (Kadamur & Ross, 2013). PLC then cleaves the membrane phospholipid 

phosphatidylinositol 4, 5 bisphosphates (PIP2), producing 1, 2 diacylglycerol (DAG) and inositol 

1, 4, 5 trisphosphates (IP3). IP3 and DAG both function as second messengers and act on different 
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target proteins. The IP3 binds to its receptor IP3R and causes an increase in intracellular Ca2+ ions  

(Rajamanickam et al., 2017), while DAG activates various enzymes and structural proteins while 

binding to conserved domain (Kadamur & Ross, 2013). Both Ca2+and DAG act together to activate 

PKC (Yuan et al., 2005; Zhang et al., 2008; Reinhard et al., 2013; Aperia et al., 2016), which acts 

on target intracellular proteins to produce the cellular response (Kadamur & Ross, 2013; 

Rajamanickam et al., 2017).  

2.9 Na+⁄K+-ATPase 

Na+⁄K+-ATPase is transmembrane protein belonging to the P-type adenosine 

triphosphatase superfamily and is ubiquitous in mammalian cells  (Kaplan, 2002; Morth et al., 

2007). It has been found in various body cells with two distinct functions; first, it facilitates the 

transportation of the Na+ and K+ ions across the cell membrane against the concentration gradient 

(for this action it is named the Na+⁄K+ pump) (Kaplan, 2002) and secondly, it is involved in signal 

transduction (Thundathil et al., 2006). It is comprised of two major polypeptide subunits, the larger 

alpha (α) and the shorter beta (β). 

2.9.1 Structure of Na+⁄K+-ATPase 

The α subunit of Na+/K+-ATPase has a molecular weight of 110 kDa consisting of over 

1000 amino acid residues that form ten transmembrane helices but is primarily located on the inner 

leaflet of the plasma membrane; there are four α isoforms (α1, α2, α3, α4; Kaplan, 2002; Morth et 

al., 2007; Geering, 2008). When it functions as an enzyme, conformational changes of the α 

subunit allow it to pump the Na+ and K+ ions in and out of the cell. The α isoforms also contain 

receptor site(s) for its specific hormone ouabain, and binding to ouabain stops the enzymatic 

function and stimulates the signaling function of Na+⁄K+-ATPase (Kaplan, 2002).  
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The β subunit consists of approximately 370 amino acids (Kaplan, 2002) and is heavily 

glycosylated (Hickey & Buhr, 2012), resulting in its molecular mass ranging from 35-60kDa. In 

mammalian tissues, β has three isoforms (β1, β2, β3). The β subunit has a significant portion 

external to the plasma membrane and is responsible for localizing and stabilizing the protein within 

the plasma membrane, aiding enzyme activity without catalytic involvement (Woo et al., 2000; 

Geering, 2008). The β subunit facilitates α’s insertion in the plasma membrane, and its active 

transport of the ions across membrane aids maintenance of resting membrane potential (Geering, 

2008). The β subunit also plays an important role during Na+⁄K+-ATPase signaling pathways in 

the cell; β1 is also involved in cell adhesion (Vagin et al., 2012).  

2.9.2 Function of Na+⁄K+-ATPase as Sodium Pump 

Na+⁄K+-ATPase aids cellular equilibrium by transporting Na+ and K+ ions across the 

membrane to maintain resting membrane potential and osmotic pressure, and support 

transportation of ions, amino acids, and glucose molecules across the membrane. The functioning 

of the sodium pump is based on energy that is derived from hydrolysis of ATP molecules, 

exchanging 3 Na+ ions out of the cell and 2 K+ ions into the cell  (Kaplan, 2002). It is found in 

both raft and non-raft part of the cell membrane performing as a sodium pump (Liu et al., 2011). 

2.9.3 Na+⁄K+-ATPase as a Signaling Molecule 

The other important function of Na+⁄K+-ATPase is as a receptor stimulating signal 

transduction as reported in cardiac myocytes, neuronal cells, renal epithelial cells, vascular smooth 

muscle cells, and sperm (Xie & Askari, 2002; Xie, 2003; Liu & Askari, 2006; Thundathil et al., 

2006; Tian et al., 2006; Tian & Xie, 2008; Zhang et al., 2008; Pierre et al., 2008; Quintas et al., 

2010; de Juan-Sanz et al., 2013; Reinhard et al., 2013; Singh & Rizvi, 2015; Zhou et al., 2015; 
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Aperia et al., 2016; Peng et al., 2016; Cui & Xie, 2017; Rajamanickam  et al., 2017; Sajeevadathan 

et al., 2019). 

Na+/K+-ATPase binds specifically to the steroid ouabain, which inhibits the enzymatic 

function (Khalid et al., 2014) and acts as a hormone stimulating signal transduction (Sajeevadathan 

et al., 2019). The α subunit has two ouabain binding sites of differing affinity (Morrill et al., 2008; 

Sandtner et al., 2011; Alsaadi et al., 2014). The α subunit has two caveolin binding motifs (CBM), 

one towards N-terminus on helix 1 that functions mostly as receptor for ouabain (e.g., boar kidney 

cells, H. Wang et al., 2004) , and the other at the C-terminus on helix 10 (Xie, 2003). The binding 

of Na+⁄K+-ATPase to caveolin does not impact its pumping functions as the two CBM are located 

away from catalytic domain of Na+/K+-ATPase.  Nevertheless, the other CBM is located on N-

terminus which is sited close to the α subunit that has the ouabain binding domain. This structural 

proximity may support Na+/K+-ATPase’s role as signal transducer, since Na+⁄K+-ATPase interacts 

with caveolins upon ouabain induction in porcine kidney cells (Wang et al., 2004). The αβ 

heterodimer of Na+⁄K+-ATPase is inserted into membrane caveolae where the α subunit can join 

to Src; this complex can then induce signaling pathways in boar kidney cells (Wang et al., 2004; 

Liu & Askari, 2006; Liu & Xie, 2010).  During transduction of signals, the α and β subunits of 

Na+⁄K+-ATPase work together in the form of a dimer (Liu & Askari, 2006). In mammalian tissues, 

β has three isoforms (β1, β2, β3). In Sf-9 cell lines of Spodoptera frugiperda the β1 is found paired 

with α1 and α3 during ouabain-mediated signaling pathways (Guerrero et al., 2001; Pierre et al., 

2008). 

2.10 Na+⁄K+-ATPase in Bovine Sperm 

Mammalian sperm are known to contain Na+⁄K+-ATPase (Zhao & Buhr, 1996)  and the 

various isoforms have been identified in sperm HPM of bull (Hickey & Buhr, 2012; Sajeevadathan 
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et al., 2021) and in boar (Awda et al., 2022). A ouabain-dependent Na+⁄K+-ATPase signaling 

pathway inducing bull sperm capacitation was first identified in 2006 (Thundathil et al., 2006) that 

has since been confirmed (Newton et al., 2010). Interestingly, the variable ability of the steroid 

hormone progesterone (P4) to stimulate capacitation (Sajeevadathan et al., 2019) may be due to 

its less-effective, lower affinity binding to Na+/K+-ATPase’s ouabain binding sites, as ouabain was 

the more effective inducer of bovine capacitation, implying that ouabain is the natural endogenous 

inducer of capacitation and P4 merely competes for ouabain’s binding site (Sajeevadathan et al., 

2019). In bull sperm, the signaling pathway induced by ouabain and Na+⁄K+-ATPase stimulates 

Tyr-P and capacitation (Thundathil et al., 2006) working through both receptor tyrosine kinases 

such as EGFR and non-receptor tyrosine kinases including Src, PKA, PKC, and ERK1/2  (Newton 

et al., 2010; Rajamanickam et al., 2017). Given that Na+⁄K+-ATPase induces sperm capacitation, 

identifying the specific subunits responsible is critical. While isoforms α1 and α4 are found in 

whole sperm homogenates and interact with signaling molecules Src, EGFR, ERK1/2 

(Rajamanickam et al., 2017), the isoform(s) and their signaling partners that stimulate the initial 

signaling events of capacitation occurring in the head membrane of the sperm are unknown.  

2.11 Prediction of Boar Fertility and Proteomics 

The productivity and efficiency in a herd of pigs is significantly impacted by the fertility 

status of the boars. In the swine industry, sows are impregnated by extended liquid boar semen by 

means of AI, which significantly accelerates genetic improvement with reduced production cost, 

while substantially increasing the influence of boar on reproductive outcomes (Redgrove et al., 

2011). Many researchers (Peddinti et al., 2008; Somashekar et al., 2017; Muhammad Aslam et al., 

2018; Singh et al., 2018; D’Amours et al., 2018, 2019) have tried to associate sperm characteristics 

to field fertility, but results have been conflicting. The major problems were lack of repeatability 
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and objectivity and using subjective sperm evaluation techniques (Hoflack et al., 2007).With the 

development of computer assisted sperm analysis (CASA) technology, subjectivity is reduced, and 

objectivity and accuracy improved (Holt & Palomo, 1996). Current swine AI techniques provide 

a farrowing rate (FR) of 90%, with more than 12 live piglets per litter. This improvement in litter 

size (12-14 piglets) has improved the pig farm income by boosting reproduction efficiency and 

decreasing the number of culled sows from the herd (Andersson et al., 2015) . 

Prediction and diagnosis of male fertility is a global multi-species challenge. Human male 

infertility/subfertility accounts for > 40% of infertility cases, with 40% female issues and 20% 

idiopathic infertility (Hirsh, 2003), and similar percentages were reported for breeding failure in 

animal industries (Peddinti et al., 2008; Park et al., 2012). Many research studies attempted 

development of diagnostic tools for sperm and semen analysis associated with fertility, including 

sperm morphology, sperm motility kinetics, penetration assays and swelling/eosin test (Kwon et 

al., 2015). These assessments provide initial sperm quality evaluations but, in most cases, their 

clinical value is debatable (Lewis, 2007). Therefore, innovative methods are needed to predict 

more reliably and accurately male, including boar, fertility (Kwon et al., 2014, 2015; Rahman et 

al., 2017). 

Proteomics evaluation of fertility-associated proteins may be able to predict boar fertility 

in a more efficient way (Kwon et al., 2015). In past studies, researchers (Awda & Buhr, 2010) 

have employed different proteomics approaches to identify fertility related proteins/biomarkers in 

capacitated boar spermatozoa. 

In non-capacitated ejaculated boar sperm, 11 differentially abundant proteins (DAPs; 

DAP>3fold change) were found in spermatozoa from boars producing higher litter size (12.3) than 

boars siring smaller litters (10.2; Kwon et al., 2014, 2015). The DAPs from high-litter-size sperm 
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were associated with five sperm functions: signal transduction, sperm egg interaction, metabolism, 

defense response, and vesicle association and the proteins were calmodulin, L-amino acid oxidase, 

malate dehydrogenase 2, NAD, cytosolic 5-nucleotidase 1B, and lysozyme-like protein 4. On the 

other hand, proteins highly abundant in low litter size sperm were related to functions of 

metabolism, sperm-egg interaction, and vesicle association, and included NADH dehydrogenase 

iron-sulfur protein 2 AWN, triosephosphate isomerase, Ras-related protein Rab-2A, 

Carbohydrate-binding protein AQN-3, and equatorin. The overall accuracy of determining male 

fertility with the identification of these protein biomarkers ranges from 60 to 85% (Kwon et al., 

2014, 2015). 

Fertility-associated proteins were also identified in capacitated boar spermatozoa, with 8 

DAPs significantly more abundant in sperm from boars of high litter size (12.8) than sires of low 

litter size (10.19). DAPs belonged to sperm functions of respiration, structural proteins, sperm-egg 

interaction, and vesicle associated. Cytochrome bc1 complex subunit 2 was found significantly 

higher in capacitated sperm of boars of high litter size, whilst spermadhesin, equatorin, beta-

tubulin, cytochrome b-c1 complex subunit 1, speriolin, seminal plasma sperm motility inhibitor 

and RAB2A, were abundant in low litter size animals (Kwon et al., 2015; Somashekar et al., 2017). 

 

2.12 Hypotheses    

The current research focuses on characterization of the proteins in sperm HPM of farm animals 

including boar and bull so that the potential differences across these species can be elucidated. 

These findings should assist in better understanding of the complex mechanisms that regulate 

fertility in both species and elucidate any existing differences in sperm fertility mechanism in high 

and low fertility boar and bull sires. Moreover, across species differences will assist to improve 
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farm productivity by identifying specific proteins involved in sperm capacitation and fertility. 

Based on the foundational knowledge presented, and the evident gaps in that knowledge, this 

research tested three hypotheses: 

H01: The amount and localization of specific Na+/K+-ATPase isoforms in boar sperm HPM 

correlate with the in vivo boar fertility measures farrowing rate and total number born. 

H02: Fertilizing ability of bull spermatozoa is closely associated with a limited number of sperm 

HPM proteins excluding Na+/K+-ATPase. 

H03: Fertilizing ability of bull spermatozoa is closely associated with differences in amount or 

structure of specific isoforms of subunits of Na+/K+-ATPase in sperm HPM.  

 

 

2.13 Objectives 

1. Characterize the Na+⁄K+-ATPase isoforms in sperm HPM from boars of known in vivo 

fertility and identify any relationships (Hypothesis 1). 

2. Identify, quantify, and evaluate proteins in HPM, other than Na+/K+-ATPase, contributing 

to bull in vivo fertility and determine functional pathways related to these proteins through 

Gene Ontology analysis (Hypothesis 2). 

3. Identify, quantify, and evaluate the different isoforms of α and β subunits of Na+⁄K+-

ATPase (α1,2,3,4; β1,2,3) in bull sperm HPM through MS (Hypothesis 3). 

4. Identify the relationship of HPM Na+/K+-ATPase isoforms to field fertility, their unique 

peptide sequences, and potential interacting molecules (Hypothesis 3).  
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PREFACE TO CHAPTER 3 

 

The amount and localization of the various isoforms of Na+⁄K+-ATPase in sperm HPM are 

specific and may correlate with in vivo boar fertility parameters [Direct Boar Effect (DBE) FR  and 

DBE total number born]. In this chapter, we conducted a study to determine the amount (termed 

as volume, which was determined using the pixel volume of each individual protein band identified 

for each isoform measured by Image Quant analysis) of six isoforms of Na+⁄K+-ATPase (α1, α2, 

α3, β1, β2, β3) in fresh boar sperm HPM from low and high fertile boars by western 

immunoblotting, to test the association of the Na+⁄K+-ATPase isoforms to field fertility, and to 

locate the isoforms on intact and permeabilized whole sperm by immunocytochemistry. The total 

amount of α3 was highly significantly correlated with DBE farrowing rate. Immunofluorescence 

comparing sperm from high and low fertile boars found more intact sperm from high fertile boars 

had α3 equatorial fluorescence, while fewer permeabilized sperm from low fertility boars had 

detectable α2. 

 

_________________________ 

A version of this chapter is ready to submit to the journal Theriogenology under joint co-authorship 

with Mary M. Buhr and Murray Pettitt. 

As first author, Muhammad Imran contributed to the experimental design, conducted the study, 

performed the data analysis, and wrote the first draft of the manuscript. Murray Pettitt contributed 

to experimental study and data analysis. Mary M. Buhr conceived the idea and contributed to the 

experimental design, revised the manuscript, and supervised the project. 
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CHAPTER 3: CHARACTERIZATION OF Na+⁄K+-ATPase ASSOCIATED WITH BOAR 

FERTILITY 
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3.1 Abstract 

The ubiquitous transmembrane protein Na+⁄K+-ATPase affects sperm fertility and 

capacitation through ion transport and cell signaling. The objective of this study was to determine 

the association of isoforms of the α and β subunits of Na+⁄K+-ATPase to boar in vivo fertility. Boar 

fertility was determined by the DBE for both FR and litter size based on ≥ 20 inseminations per 

boar (n=12). Each ejaculate from high and low fertility boars (n=6 per fertility line) was analyzed 

for sperm motility by CASA, and for Na+⁄K+-ATPase in the sperm. Immunocytochemistry assessed 

whole sperm, and Western blotting assessed the isolated HPM from sperm of each ejaculate for 

six isoforms of Na+⁄K+-ATPase (α1, α2, α3, β1, β2, β3). The amount of each individual protein 

band identified for each isoform was determined using the pixel volume measured by Image Quant 

analysis and corrected for gel variation using an internal standard. Sperm motility parameters, and 

the immunocytochemistry patterns of each isoform (including total amount, and amount of each 

band) were compared between the high and low fertility groups using Randomized Complete 

Block Design with Proc Mixed model and the mean comparison was done by Tukey’s test. Sperm 

function assessed by CASA did not differ between high and low fertility boars. 

Immunofluorescence of intact and methanol-permeabilized sperm found that more intact sperm 

from high fertility than low fertility boars had α3 equatorial fluorescence (p<0.05), while a lower 

percentage of permeabilized sperm from high fertility boars had detectable α2 compared to low 

fertility boars (10.3 ±13 versus 68 ± 13%, low versus high fertility, p<0.05). Western 

immunoblotting determined that the total amount of the isoform α3, and the amounts of 7 

individual α3 bands, were significantly greater in the high fertility boars (p<0.05), and linear 

regression confirmed a highly significant relationship of total amount of α3 and α1 with FR 

(r2=0.90; P<0.0001 and r2 =0.36; p<0.05). In low fertility boars, several molecular weight (MW) 



 

38 
 

 

bands were missing from isoforms β1, β2 and β3. The total volume of β1 tended to be correlated 

to DBE for FR(r2 = 0.2652; p = 0.0867). These findings suggest that specific isoforms of Na+/K+-

ATPase in the sperm head are correlated to boar in vivo fertility, probably through Na+⁄K+-

ATPase’s role in capacitation.      

3.2 Introduction 

The transmembrane protein Na+⁄K+-ATPase is ubiquitous in mammalian cells, maintaining 

resting membrane potential and regulating cellular volume through active transport of Na+ and K+ 

ions (Kaplan, 2002; Xie & Askari, 2002). Na+/K+-ATPase has long been known to exist in the 

membrane over the head of bovine spermatozoa (Zhao & Buhr, 1996)  and is now known to induce 

in vitro capacitation through acting as a receptor for the steroid hormone ouabain (Sajeevadathan 

et al., 2019) and activating a cell signaling cascade causing Tyr-P (Thundathil et al., 2006). 

Na+⁄K+-ATPase is an amphipathic protein having two subunits, alpha (α) and beta (β) 

(Blanco & Mercer, 1998). The generic α subunit is composed of 1000 amino acid residues with 

molecular mass of 110 kDa (Kaplan, 2002).It is the catalytic subunit, containing binding sites for 

cations, ATP and cardiac glycosides like ouabain, and is mostly located on the inner leaflet of the 

cell membrane (Blanco & Mercer, 1998; Daniel et al., 2010). The generic β subunit consists of 

370 amino acids (Kaplan, 2002) and is heavily glycosylated (Hickey & Buhr, 2012) resulting in 

its molecular mass ranging from 35-60 kDa. The β subunit has a significant portion external to the 

plasma membrane and is responsible for localizing and stabilizing the protein within the plasma 

membrane, aiding enzyme activity without catalytic involvement (Geering, 1991; Woo et al., 

2000). 

In mammalian tissues the α subunit has four isoforms (α1, α2, α3, α4; Lingrel et al., 2003) 

and β has three isoforms (β1, β2, β3). The isoforms can differ in function and cell location 
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(Cereijido et al., 2004). Isoforms α1, β1 and β3 are omnipresent in all body tissues while α2 and 

β2 isoform are expressed in skeletal muscle, adipocytes, brain, and heart tissues (Juhaszova & 

Blaustein, 1997). The α3 isoform is present in nerves, brain, and heart tissues (Juhaszova & 

Blaustein, 1997). Our group had identified isoforms of Na+/K+-ATPase α1, α3 and β1, β2, β3 in 

bull sperm HPM (Hickey & Buhr, 2012) and in boar sperm HPM (Awda et al., 2022-submitted), 

while the α4 isoform had been found in the head region of bovine sperm (Newton et al., 2010)  the 

testis and sperm midpiece (Blanco & Mercer, 1998; Crambert et al., 2000; Woo et al., 2000). 

All isoforms exist in the HPM of bull and boar sperm (Hickey & Buhr, 2012; 

Rajamanickam et al., 2017) and Na+/K+-ATPase has been shown to be involved in bull sperm 

capacitation (Thundathil et al., 2006). In whole bull sperm, α4 increases as a result of 

mitochondrial ribosome-associated translation of mRNA during capacitation (Rajamanickam, et 

al., 2017) which, since mitochondria are confined to the midpiece, argues α4 could be involved in 

capacitation-associated hyperactivated motility, perhaps via signaling (Rajamanickam et al., 

2017). The isoforms existing in the HPM could be involved in actual capacitation, with ouabain 

from the oviduct (Daniel et al., 2010) stimulating Tyr-P through SRC-dependent or independent 

pathways (Sajeevadathan et al., 2019). 

Interestingly, rigorous semi-quantitative western immunoblotting of the isolated HPM 

from multiple ejaculates per male and multiple males proved that amount and localization of the 

various ATPase isoforms are specific and repeatable within an animal (Hickey & Buhr, 2012). 

Since male-to-male variability could possibly be aligned with differing fertilizing ability, the 

objective of this study was to characterize the Na+/K+-ATPase isoforms in sperm HPM from boars 

of known in vivo fertility and identify any relationships. 
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3.3. Materials and Methods 

3.3.1 Semen 

Semen was provided by TOPIGS Norsvin Inc (Winnipeg, MB, Canada) from six boars 

from a low fertility line and six from a high fertility line. Fertility categorization of each boar was 

based upon field fertility data from a minimum of 20 inseminations (range 20-144). Boar fertility 

was expressed as DBE for total number born (TNB) and FR by Topigs Norsvin Canada. Duroc 

boars with a DBE > 0.27 for TNB and > 1.0 for FR (range: TNB 0.27 to 1.25; FR 1.0 to 5.1; n=6) 

were considered high fertile and those with a DBE < -0.29 for TNB and < -1.3 for FR (range: TNB 

-0.29 to -1.44; FR -1.3 to -6.4; n=6) were considered low fertile boars. After semen collection by 

TOPIGs, each the ejaculate was diluted to 6 x106 sperm/mL with extender (proprietary 

composition, TOPIGS Norsvin), packed into 100 mL plastic tubes and shipped overnight at 16 ºC 

in a temperature-controlled container to the laboratory at the University of Saskatchewan. The 

temperature was checked on arrival and samples at 15-18 ºC were warmed to room temperature 

over 2 h by being placed on a fabric surface, covered, and held at room temperature with occasional 

rotation.  

A 1.5 mL aliquot random sample for CASA, warmed in thermos in 37ºC incubator for an 

hour, and then was evaluated motility kinetics and concentration using CASA with a Hamilton-

Thorne motility analyzer (Version 14 HTM-IVOS), using 4 µL semen and a 20 μm deep Leja 

standard count slide (Leja products B.V., Luzernestraat 10, 2153 GN Nieuw-Vennep, The 

Netherlands) kept at 37ºC.  Ejaculates had to have > 60% total /55% progressive motility, and a 

temperature on arrival of 15-18 ºC to be included in the study. A 10 mL aliquot of the semen was 

used for immunolocalization of the different isoforms. 
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3.3.2. Reagents 

Disodium phosphate, sodium dihydrogen phosphate monohydrate, dextrose, potassium 

chloride, sodium chloride, sucrose, dextran, polyethylene glycol, percoll and methanol were 

acquired from Thermo-Fisher Scientific (Unionville, ON, Canada). Milli-Q water was obtained 

from water purification system Serv A Pure (MIUS). Acrylamide: Bis 29.2:0.8mL, SDS, 

Ammonium Persulphate, Temed, protein assay dye concentrate reagent, precision plus protein 

standards (MW K Da: 37,50,75,100,150 for α isoforms and 25, 37,50,75,100,150 for β isoforms), 

hydrogen peroxide 30%, and streptactin were acquired from Bio-Rad Laboratories, Ltd. (Hercules, 

CA, USA). Hela cell lysate (Enzo Life Sciences, Inc, USA), Polyvinylidene fluoride (PVDF) 

Membrane (Merck Millipore Ltd, Darmstadt Germany), chromatography paper (Whatman, GE 

Health Care, Life Science, ON Canada), and goat anti-mouse HRP as the secondary antibody for 

1, 3, 1 and 3 were obtained from EMD Millipore Corp, USA Enzo Life Sciences, Inc, USA 

and BD Biosciences Transduction Laboratories, Canada. Goat anti-rabbit HRP as the secondary 

antibody for 2 and β2 were obtained from EMD Millipore Corp, USA Abcam Inc, ON, Canada. 

A431 human endothelial Cell Lysate as positive control for β3 was purchased from BD 

Biosciences Transduction Laboratories, Canada. Primary antibodies of Na+/K+-ATPase α3 (mouse 

monoclonal IgG1; clone XVIF-G10) were purchased from Enzo Life Science (Farmingdale, NY, 

USA); β3 (mouse monoclonal; Clone 46), from BD Bio-sciences (Mississauga, ON, Canada); β2 

(mouse monoclonal IgG2a; ab76509) from Abcam Inc. (Cambridge, USA); β1 (mouse monoclonal 

IgG2AK; clone C464.8), α1 (mouse monoclonal; IgG1K; clone C464.6), α2 (rabbit monoclonal 

IgG2AK; clone C464.8), goat anti-mouse IgG-HRP conjugate (polyclonal) and goat anti-rabbit 

IgG-HRP conjugate (polyclonal) were purchased from EMD Millipore Corporation (Single Oak 

Drive, Temecula, USA). Antifade was from Merck Millipore Ltd, (Darmstadt Germany). Glycerol, 
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tris-HCl, potassium chloride (KCl), bromophenol blue, magnesium chloride (MgCl2·6H20), 

dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA), glycerol, 4-(2-Hydroxyethyl) 

piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) 

(HEPES), luminol, N-α-p-tosyl-l-lysinechloromethyl ketone (TLCK), p-coumaric acid, pepstatin-

A, phenylmethanesulfonyl fluoride (PMSF), sodium chloride (NaCl), tris-HCl, , trizma base, 

trizma hydrochloride, Carestream® Kodak® autoradiography GBX developer/replenisher, 

Carestream® Kodak® autoradiography GBX fixer and replenisher, Carestream® Kodak® X-

Omat LS film were purchased from Sigma-Aldrich, Canada Ltd (Oakville, ON, Canada). For 

protein concentration determination, bovine serum albumin (BSA) was a standard and Bio-Rad 

Protein Assay kit was acquired from Bio-Rad Hercules, CA, USA. Staining kit for sperm 

morphology was purchased from BRED Life Science Technology Inc (Shajing, China). 

3.3.3. Morphology Analysis 

Sperm morphology was analyzed using the Hamilton Thorne Metrix Oval Head 

Morphology (Beverly, MA, USA) software, in the Hamilton-Thorne CEROS (version 12.1). 

Briefly, 10 mL of the warmed semen sample was washed (720 x g, 5 min, room temperature) with 

5 mL of physiological saline solution (PSS; 0.9% NaCl in sterile H2O; w:v) and the pellet was 

resuspended with PSS to a concentration of 50 x106 sperm mL-1. Diluted semen was smeared on 

slides, air dried at room temperature and fixed by sequential passage (5min each) through fixative 

solution, Stain I, and Stain II using Diff-Quick staining method (Rijsselaere et al., 2004). 

Subsequently, slides were rinsed with distilled water and air dried. From each of three slides per 

animal, at least 100 sperm were examined (100x magnification, HTR 12.1 Metrix) and sperm were 

classified as normal, or as having abnormal head, proximal droplet, distal droplet, bent tail, coiled 

tail, absent tail, or double tail (Rijsselaere et al., 2004). 
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3.3.4. Immunofluorescence 

All the isoforms of α and β subunits of Na+⁄K+-ATPase were localized by 

immunocytochemistry by modification of the established procedure (Thundathil et al., 2006; 

Hickey & Buhr, 2012). All steps were performed at room temperature. Briefly, each fresh ejaculate 

was diluted in PBS (125 mM NaCl, 8mM Na2HPO4, 2 mM NaH2PO4
. H2O, 5mM KCl, 5mM 

Dextrose), centrifuged (500g; 10 min; Jouan, Winchester, VA, USA) and pellets were gently 

resuspended in PBS. A 0.5 mL drop of diluted sperm was placed inside the ceramic ink-lined circle 

on poly-L-lysine coated slides, held for 30 min, and rinsed for 5 min in PBS. Sperm on half of the 

slides were permeabilized by immersion in 100% methanol for 30 sec; sperm on the remaining 

slides were left intact, by immersion in PBS for 30 sec. To block non-specific antibody binding 

sites, all slides were rinsed for 10 min in PBS, received 70 µL of 10% normal goat serum (NGS; 

1:9 NGS: PBS, v: v) and incubated covered for 30 min to enable slow drying. Any remaining NGS 

was gently removed. Primary antibodies were prepared (antibody:10%NGS (v: v) α1 1:50: α2 

1:100: α3 1:50: β1 1:20; β2 1:20; β3 1:10), 70 µL pipetted onto the appropriate slides and incubated 

(60 min). Controls received only 10% NGS and were kept completely separate from antibody-

treated slides for the remaining processing. Slides were rinsed (3x 5 min in PBS + 10% NGS) to 

remove unbound primary antibody and inverted to place the slide’s ceramic ink-lined circle onto 

a 70 µL droplet of secondary antibody [Fluorescein isothiocyanate (FITC)-conjugated Goat anti-

mouse antibody] on parafilm and incubated 60 min in the dark. Slides were then rinsed for 10 min 

in NGS, antifade (0.1% P-phenylene di-amine and 90% glycerol in PBS) added and a coverslip 

placed. Slides were viewed immediately under fluorescent microscope (630x magnification) at 

FITC wavelengths (495 - 519 nm; Laborlux S; Leitz, Germany) and 3x100 sperm counted, noting 

any fluorescent pattern. A minimum of 3 representative fields per slide were photographed with 
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both phase contrast and fluorescent lighting. To help objectively characterize sperm fluorescence, 

12 fluorescent patterns (Fig 3.1) were identified and used to count and categorize sperm for each 

antibody from each boar. 

 

Figure 3.1.  Fluorescence patterns used to categorize immunofluorescence detected on boar sperm 
after incubation with antibodies for the α1, α2, α3 and β1, β2, β3 subunits of Na+⁄K+-ATPase. 
 

3.3.5. Isolation of HPM  

The HPM was obtained by established procedure (Canvin & Buhr, 1989), conducted at 

room temperature unless specified otherwise. Briefly, semen was filtered through double layers of 

Miracloth (Mereck KGaA, Darmstadt Germany), centrifuged (500 x g, 10 min.), and pellets 

resuspended into dilution buffer (5 mM Tris-HCl, 250 mM Sucrose, pH 7.4). A mixture of 550 

and 1107 silicon oils (Dow Corning, Mississauga, Ontario, Canada; 1:1 by volume) was 

centrifuged (1500 x g, 10 min), supernatant harvested, and the Tris-buffered sperm was layered 



 

45 
 

 

(1:2, v: v) over the silicon oil supernatant. Following centrifugation (2500 x g, 10 min), sperm 

pellets were harvested, resuspended in 40 mL of dilution buffer, and washed twice by 

centrifugation (2500 x g, 10 min.). The final pellet was resuspended in 25 mL of dilution buffer 

and subjected to nitrogen cavitation in a Parr Cell Disruption unit introducing nitrogen gas over 

90 seconds to a final pressure of 650 psi, holding for 10 min and then releasing pressure over 90 

seconds. The cavitate was centrifuged (1000 x g,10 min) with 30 mL of separation buffer (5 mM 

Tris-HCl, 250 mM Sucrose, pH 5.0) and the supernatant was saved. The process was repeated 

twice with the resuspended pellet. The combined supernatants were centrifuged (6684 x g, 10 min: 

Beckman Avanti J-E centrifuge, JA-14 fixed angle rotor). The resulting supernatant was removed 

and centrifuged (245,000 x g, 70 min, 4 ºC: Optima L-90K Ultracentrifuge, Fixed Angle 50.2 Ti 

rotor). The pellets were combined and resuspended in storage buffer (10 mM Tris, 154 mM NaCl 

pH 7.4) and centrifuged again (245000 x g, 40 min, 4 ºC) to get the final pellet (HPM) which was 

scraped free and placed into a hand-held homogenizer containing 1/3 tablet “complete mini EDTA-

Free” protease inhibitor (Roche Diagnostic GmbH, Indianapolis, IN, USA), suspending with 200 

μL PBS, homogenized, aliquoted into eppendorf tubes, covered with nitrogen gas, snap frozen in 

liquid nitrogen and then stored at -80 ºC.  

3.3.6 Boar Kidney and Protein Concentration 

Identical aliquots from one pooled porcine kidney membrane preparation were used as 

inter-assay controls (Hickey & Buhr, 2012)  for electrophoresis. Each aliquot was thawed by 

holding on ice before using for western blotting proteomic analysis. Tissue protein concentration 

was determined (Hickey & Buhr, 2012) using the Bio-Rad Protein Assay using BSA as a standard, 

and Versa Max ELISA Microplate Reader (Molecular Devices, LLC.CA USA) and the SoftMax 

Pro Software.  
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3.3.7 Western Blotting 

The extracted HPM from sperm of each boar was analyzed for α and β subunits of Na+⁄K+-

ATPase (α1-3; β1-3) with SDS-PAGE western immunoblotting following established protocol 

(Thundathil et al., 2006; Hickey & Buhr, 2012). Briefly, 7% and 10% polyacrylamide gel were 

used for α and β subunits, respectively. Each gel included two controls, the manufacturer’s positive 

controls (Hela or A431cell lysate) and the kidney membrane. The amount of protein loaded for 

per lane was optimized for each type of protein: kidney membrane 0.2 µg -10µg; Hela 2.3-13.8µg 

and A431 6µg. Isoforms were identified and characterized based on their molecular weight by 

electrophoresis (Mini-protean 3 electrophoresis cell; Bio-Rad Laboratories, Ltd.) at 75V for 15 

min (stacking gel), then 100V for 80 min (running gel) and electro transferred (Mini transblot cell; 

Bio-Rad Laboratories, Ltd.) in 1x Tris/glycine Buffer (250 mM Tris, 1.92 M glycine, pH 8.3) and 

20% methanol onto prepared PVDF membranes (7 x 9 cm: 100V; 60 min; 4 ºC) with filter paper 

(8 x 10 cm). Non-specific binding sites were blocked using 5% skim milk (w: v) powder in Tris-

buffered saline (20mM Tris-buffered saline containing 0.1% Tween 20; v: v, TTBS) prepared and 

stored overnight at 4 C. Then membranes were incubated with shaking (2h) in the presence of one 

of the Na+/K+-ATPase (α1,2,3; β1,2,3) isoforms’ primary antibodies in TTBS with 0.1% (w:v) 

sodium azide: α1 (1:2500), α2 (1:15000), α3 (1:3500), β1(1:1000), β2 (1:1000), or β3 (1:250). 

Each membrane was then washed in TTBS and membranes for 1, 3, 1, and 3 isoforms were 

incubated in anti-mouse HRP secondary antibody (1:2500 in TTBS) and 2 and β2 in anti-rabbit 

HRP secondary antibody (1:5000 in TTBS) for 1h (room temperature). The protein bands were 

detected using chemiluminescence (50 µL p-coumaric acid, 68 mM; 5 mL luminol, 1.25 mM; 15 

µL 3% peroxide) with Kodak Scientific Imaging films. Both Western blotting (WB) and 

immunofluorescence binding were confirmed to be specific by the absence of response when the 
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primary was omitted, and, for WB, the positive response of the manufacturer’s standard. Each 

band in each isoform was assessed for their volume (number of pixels), area and molecular mass 

(kDa) using Image Quant TL software (Ver 8.1; GE Healthcare Life Sciences, Mississauga, ON, 

Canada) and intensities of protein bands of each Na+⁄K+-ATPase isoform were calculated as 

volume/area. 

3.3.8 Statistical Analysis 

Using Image Quant analysis, the volume of each band in each isoform was assessed and 

corrected for the amount of HPM protein loaded and for gel to gel and day to day variation based 

on the volume of the kidney internal standard. Total amount of each isoform was calculated as the 

sum of the corrected volumes of all bands detected in the isoform. Data were checked for normality 

by Shapiro-Wilk method, and normalized as necessary; for α3, two high fertility and one low 

fertility boar were excluded as unreadable. Normalized results were tested for fertility-related 

differences using SAS statistical software (SAS; version 9.3; SAS Institute, Inc Cary, NC), 

Randomized Complete Block Design (RCBD) compared volumes and intensities, and sperm 

functional parameters (motility, sperm kinetics) between fertility groups, setting significance at P 

< 0.05. Proc Mixed Model assessed fixed and variable effects from animals of different fertility 

lines (n=6 high, n=6 low) evaluating fertility and immunofluorescence patterns (number of each 

pattern in each of the intact and permeabilized sperm within each isoform) using Tukey’s test with 

significance at P < 0.05. The total amount of six isoforms of Na+/K+-ATPase (α1, α2, α3, β1, β2, 

β3) was compared within each fertility group with Proc GLM Model, using least square (LS) 

means with adjusted Tukey’s test. Linear regression analysis tested correlations of the fertility 

measures of DBE FR and DBE total number of piglets born to the total volume of each measured 

isoform in each fertility group. A heatmap was created to illustrate differences in amounts of the 
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various isoforms and pairwise comparison in interactive mode was used 

(http://www.heatmapper.ca/; University of Alberta). 

3.4 Results 

3.4.1. Fertility and Ejaculate Quality 

The DBE of high fertility (HF) boars was significantly higher than that of the low fertility 

(LF) boars for both (2.58 ± 0.68 vs -3.11 ± 0.77, mean ± SE, p<0.05) and for TNB (0.59±0.15 vs 

-0.566 ± 0.26, p<0.05).  

The two fertility groups did not differ significantly in any major ejaculate, motility, or 

morphological parameters (Tables 3.1, 3.2) although there were tendencies (0.10>p>0.05) for LF 

boars to have a higher sperm concentration in the semen samples arriving from the AI center and 

more coiled tails. LF boars also tended to have fewer total sperm in their ejaculates (19743.8 vs 

26519.5 ± 2009.9 x106, p= 0.072) which probably contributed to the tendency to get less total 

HPM from LF boars (1161.5 versus 872.8 ± 85.9 μg extracted HPM protein, p=0.073; HF versus 

LF respectively); there was no difference in amount of HPM acquired per million sperm (0.0443 

versus 0.0438 ± 0.00027 µg HPM/106 sperm; HF vs LF p= 0.26). 
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Table 3.1. Concentration and Morphology of Whole Sperm.  

 

Fertility Level 

 

High 

 

Low 

 

SEM 

 

p value 

Parameter     

Concentration (x106/mL) 34.4 44.0 3.3 0.07 

Normal Morphology  74.3 80.3 7.7 0.73 

Abnormal Morphology  25.7 19.7 7.7 0.98 

Abnormal Head*  19.7 16.5 6.0 0.71 

Proximal Droplet*  31.3 41.8 9.4 0.45 

Distal Droplet*  18.8 10.4 5.4 0.23 

Bent Tail*  17.3 6.5 5.2 0.21 

Coiled Tail*  10.3 24.4 5.2 0.09 

Absent Tail*  1.8 0.4 1.1 0.46 

Double Tail*  0.8 0 0.6 0.34 

Assessment was done by CASA. All values are mean of 6 high fertility and 6 low fertility 
boars. All values are in percentage except concentration. SEM= Standard Error of Means; 
*:  Parameters expressed as % of the abnormal sperm population.  
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Table 3.2. Motility Analysis of Sperm from High and Low Fertility Boars by CASA 

 

Fertility Level 

 

High 

 

Low 

 

      SEM 

 

p value 

Parameter     

Motile Cells (% count) 86.2 86.3 4.3 0.98 

Progressive Cells (% count) 77.7 72.7 3.9 0.39 

Curvilinear Velocity (VCL) 148.7 134.9 6.3 0.17 

Linear Velocity (VSL) 75.5 74.5 3.6 0.82 

Average Path Velocity (VAP) 88.5 85.5 3.7 0.58 

Linearity Coefficient (LIN) 51.8 55.7 2.2 0.23 

Straightness Coefficient (STR) 84.1 85.3 1.3 0.53 

Mean Amplitude of Lateral 

Head Displacement (ALH) 

6.2 5.5 0.3 0.15 

Frequency of Head 

Displacement (BCF) 

36.0 36.2 0.9 0.90 

Values are mean of 6 high fertility and 6 low fertility boars. SEM= Standard Error of Means. 

3.4.2. Western Immunoblotting 

All of the individual six Na+⁄K+-ATPase isoforms were detected in the boar HPM, positive 

controls and kidney inter-gel controls (Fig 3.3, 3.4). The α3 isoform was the most prevalent α 

isoform in the sperm HPM from all boars [total amount (volume) α3>α1=α2; p<0.05] regardless 

of fertility status (Fig 3.2A).  
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 Figure 3.2. (A) Total amount of individual Na+⁄K+-ATPase isoforms in sperm HPM from boars 
of high and low fertility. Values are mean ± SEM of the total corrected volume (amount) of all 
bands in each isoform, expressed per mg of HPM protein (n=4-6 boars for each bar). * Amount of 
individual isoform differs between high and low fertility boars, p<0.05. (B, C) Heatmaps 
comparing total amounts of each isoform in low fertility (B) and high fertility (C) groups; the 
colors display the P-value of the difference in total amount of the two isoforms being compared; 
legend at the far right shows that p values of the different heatmap colours: red as significant 
(p<0.05), orange as 0.07>p<0.05) and other colours indicate p>0.10. 

 
All β isoforms were present in similar total amounts (Fig 3.2A, C) in sperm HPM of HF 

boars; in LF boars, the amount of β1 exceeded that of β3 (p=0.05) and β2 (p=0.06 Fig 3.2B). In 
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the HPM of HF boars, α3 was present in a significantly greater amount than the other isoforms; in 

LF boars, the amount of α3 exceeded that of α1, α2 and β2, and tended to exceed β3. In LF boars, 

β1 was present in the same amount as α3, and exceeded or tended to exceed that of the other 

isoforms (Fig 3.2B, C).   

All isoforms had multiple positive western immunoblotting bands (Fig 3.3,3.4) some of 

whose amounts were correlated with fertility. Neither the α1 (p=0.5) nor α2 (p=0.6) isoforms 

showed any significant fertility-related differences in amounts of specific bands detected in both 

fertility groups (Fig 3.3 A, B), but two α2 bands (49 and 46 kDa) present in HPM of LF boars were 

missing in HF boars (Fig 3.3 B). For α3, however, seven individual bands were present in greater 

amounts in HPM from HF versus LF boars (Fig 3.3C; p< 0.05). Four β1 bands present in high HF 

were absent in LF boars, and LF boars had a 155±1.05 kDa band that was absent in HF boars (Fig 

3.4 A; p<0.05). One band of 76 kDa of β2 isoform present in HPM of LF boars was missing in HF 

while four bands (61,52,50,44 kDa) of β2 isoform present in HPM of HF boars were not detected 

in LF boars. In β3, three bands (118,70,29 kDa) in HPM of LF boars were missing while no band 

was missing in HF boars. 
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Figure 3.3. Protein bands in Western blots of Na+⁄K+-ATPase α isoforms in head plasma 
membranes (HPM) of sperm from boars of high and low fertility. A typical immunoblot for each 
isoform is provided with labelled lanes: Marker: Molecular weight standard; Hela: manufacturer’s 
standard; Kidney: boar kidney pool as internal standard; μg= μg protein assessed on gel. Bar graph 
shows amounts of each band (actual mean volume from ImageQuant analysis ± SEM; log-
transformed normalized data were analyzed) for 6 high and 6 low fertility boars, except α3 where 
gels from two high and one low fertility boar were excluded as bands were not clear enough for 
quantification. * Band volumes differ (p<0.05) between high and low fertility boars. “X” Band 
volume does not differ from zero. 
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Figure 3.4. Protein bands in Western blots of Na+⁄K+-ATPase β isoforms in head plasma 
membranes (HPM) of sperm from boars of high and low fertility. A typical immunoblot for each 
isoform is provided with labelled lanes: Marker: Molecular weight standard; Hela: manufacturer’s 
standard; Kidney: boar kidney pool as internal standard; μg= μg protein assessed on gel. Bar graph 
shows amounts of each band (actual mean volume from ImageQuant analysis ± SEM; log-
transformed normalized data were analyzed) for 6 high and 6 low fertility boars, except in β3 
where gel from one high fertility boar was excluded as bands were not clear enough for 
quantification. * Band volumes differ (p<0.05) between high and low fertility boars. “X” Band 
volume does not differ from zero. 
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3.4.3. Relationship of Na+⁄K+-ATPase Isoforms to Fertility Measures 

Linear regression detected a highly significant positive relationship of volume of α3 (Fig 

3.5) with DBE FR (r2=0.90; p<0.0001). The total volume of α1 also positively correlated with 

DBE farrowing rate, with a lower r2 (r2 = 0.35; p < 0.04). The volume of α2 tended to be related 

to DBE for TNB (r2 = 0.30; p = 0.06), as did β1 with DBE for FR (total volume; r2 = 0.2652; p = 

0.0867).  

 

Figure 3.5. Linear regression of total amount of α3 with DBE for farrowing rate. The scatter 
diagram shows the Least Squares Regression Line best fit for all boars (n=9; equation y = 10.85203 
x + 0.26302; r2 =0.90, P<0.0001). Grey area along regression line shows 95% confidence limits 
and dotted lines shows 95% prediction limits.  

 

 3.4.4. Immunolocalization of the Isoforms 

 No intact sperm from either fertility group showed α1 fluorescence, but in methanol-

permeabilized sperm; 16% from low fertility boars showed light apical fluorescence (pattern # 1) 

and all sperm from high fertility boars had no fluorescence (pattern #0). α2 was also rarely  
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Table 3.3.  Immunofluorescence Pattern of Na+⁄K+-ATPase α Isoforms in Boar Sperm 

Values are Mean ± SEM of sperm with that pattern, High fertility n=6, low fertility n=6, a-b, 
number of sperm with that pattern differ between high and low fertility boars (p <0.05). 

 

detected in intact sperm (Table 3.3), but permeabilized sperm showed distinct fertility-related 

differences: high fertility boars had detectable α2 fluorescence in one-third of permeabilized 

sperm, while sperm from low fertility boars had detectable α2 in 90% of permeabilized sperm 

(p<0.05). In the population of permeabilized sperm showing α2 one-third of high fertile displayed 

acrosomal light fluorescence (pattern 5), while from the 90% of permeabilized sperm from low-

fertility boars that fluoresced, one-third showed acrosomal medium fluorescence (pattern 7), 
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while rest showed pattern 1(light apical; 17%), pattern 5 (acrosomal light, 23%) and pattern 6 

(apical strong, 16%). More intact sperm from high than low fertility boars (Fig 3.6) had detectable 

α3 (p<0.05), virtually all as strong equator light over the post-equatorial segment (pattern 9, 

23.1±5% vs 12.1±5% of sperm in high vs low fertility boars (p<0.05).  

Virtually all permeabilized sperm had detectable α3 regardless of fertility, but while high 

fertility sperm were split equally between patterns 10 and 11 (48.8±19 and 49.3 ± 19%), low-

fertility sperm were largely pattern 11 (16.3± 19 and 82 ± 19% for patterns 10 and 11, 

respectively).   

            Of β isoforms, β1 was detected (Table 3.4) in a few intact and permeabilized sperm from 

about half the boars, with no fertility-related differences; no sperm showed detectable fluorescence 

of β2 or β3. Overall, more intact sperm from HF boars while more permeabilized sperm from low 

fertile boars had immunocytochemically-detectable Na+⁄K+-ATPase.  

Table 3.4.  Immunofluorescence Pattern of Na+⁄K+-ATPase β Isoforms in Boar Sperm 

 
 

Pattern 

Intact sperm Permeabilized sperm 

β1 
 

        High                     Low 

β1 
 

         High                       Low 

0 88.3±11 80.8±11 84±15 85.3±15 

2 0 16±8 0 14.6±7 

3 3.1±2 2.3±2 0 0 

4 0 0.66±.3 0 0 

5 7.6±3.8 0 16±8 0 

6 0 0.16±.08 0 0 

7 0.8±.4 0 0 0 

Values are Mean ± SEM of sperm with that pattern, High fertility n=6, low fertility n=6, 0= shows 
absence of any sperm under that pattern. 
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Figure 3.6. Immunofluorescence of isoform α3. Typical immunofluorescent images of fresh intact 
sperm from a (A) low fertility and (C) high fertility boar, after incubation with antibody specific 
to α3 isoform and exposure to FIT-Conjugated secondary antibody; imaged at 630 x magnification 
with fluorescence (495/519 nm). At right (B, D): same cells shown with phase-contrast imaging. 
Bar in ‘A, B, C & D’ indicates 15μm size.  

 

3.5. Discussion 

Boar in vivo fertility is strongly correlated here with the presence of various Na+⁄K+-

ATPase isoforms, even though sperm motility are not correlated with fertility. The DBE for FR 

significantly correlated with semi-quantitative Western immunoblot analysis of the amount of α1 

and α3 Na+⁄K+-ATPase isoforms, while β1 and α2 isoforms tended to positively correlate to DBE 
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for FR and total born, respectively. In immunofluorescence localization on fresh sperm, more 

intact sperm from high fertility boars had detectable α2 and α3 than in low fertile boars.  

Boars have significant influence on FR and TNB, which may even exceed the sow’s 

influence, particularly when females are bred by AI (Umesiobi, 2010). The DBE measures an 

individual boar’s impact on FR and TNB against the average of the population being considered 

(Revay et al., 2015). Accuracy of DBEs for a particular boar depends upon the number of breedings 

considered and the number of boars in the comparator pool. The DBEs for each boar in this study 

were based on a minimum of 20 inseminations, and the DBEs for FR and TNB for high fertility 

boars were significantly above the population averages, while low fertility boars had DBEs for 

both FR and TNB that were significantly below those averages. 

DBEs are quite accurate at predicting a boar’s fertility, but they are retroactive assessments 

acquired after numerous breedings, and during the considerable time required, a poor DBE will be 

impacting the reproductive efficiency of the facilities where the breedings occur and resulting in 

the producer suffering economically for a low FR and/or TNB. Accurate early prediction of 

fertilizing capacity of a sire is highly desirable. Although commercial AI facilities widely use 

sperm motility measures in an attempt to assess fertility, and despite occasional studies that find a 

correlation of such a measure as progressive motility with FR (Broekhuijse et al., 2012), most 

research with boar sperm finds no evidence that CASA-assessed sperm motility is associated with 

fertility parameters once the extremely poor ejaculates are removed (Didion, 2008). This is 

particularly so in studies like the current one, where the boars’ ejaculates have passed commercial 

quality standards; indeed, in this study, sperm from high and low fertility boars showed no 

differences in semen parameters, sperm morphology or CASA functional measures (Tables 3.1, 

3.2) despite the boars’ significant differences in in vivo FR and TNB. The tendency for LF boars 
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to have a higher sperm concentration in the semen samples received from breeding centre was 

unexplained; as the tendency was nonsignificant, it is difficult to speculate about any possible 

source or impact. 

Fertilization is a complex process involving a large number of events (Jung et al., 2015). 

The reversible biochemical and physiological changes of capacitation (Yanagimachi, 1994) are 

part of that complexity, involving a series of membrane events including ion channel activations 

(Flesch & Gadella, 2000) and transmembrane signaling. Na+⁄K+-ATPase is an amphipathic HPM 

protein known in bull sperm (Zhao & Buhr, 1996; Hickey & Buhr, 2012; Rajamanickam et al., 

2017) to be a hormone receptor, signaling Tyr-P and sperm capacitation (Thundathil et al., 2006; 

Sajeevadathan et al., 2019). Western immunoblotting and immunofluorescence here clearly 

demonstrate that boar sperm also contains Na+⁄K+-ATPase isoforms α1, α2, α3, β1, β2 and β3, 

confirming the findings of Awda et al. (2022, submitted). The two modes of detection provided 

generally similar results, with some unique findings that help interpret how this fascinating system 

is structured. 

Immunofluorescent images were captured of both intact and methanol-permeabilised 

sperm exposed to fluorescently tagged Na+⁄K+-ATPase antibodies. The brief methanol-induced 

permeabilization allowed the fluorescent antibodies access to internal membranes and/or exposed 

more binding sites on the external membranes. Methanol preferentially dissolves lipid in the 

membrane bilayer, enabling antibodies to pass through sperm HPM and bind to isoforms exposed 

on intracellular membrane surfaces. Alternatively, lipid removal may expose more antigenic sites, 

enabling more of the larger heavier fluorescently tagged antibodies to bind. The α1 isoform was 

only evident in 16% of low fertility methanol-permeabilized sperm. This finding suggests that in 

LF, α1 isoform maybe localized in the inner leaflet of a very few sperm. It is also possible that, 
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the antigenic sites on α1 isoform of high fertility boars are more sensitive to damage induced by 

methanol. The minimal α1 immunofluorescence when WB detected the isoform suggests that the 

larger heavier fluorescently tagged antibody may interfere with the binding of paratopes to 

antigenic sites on α1 isoform.  

The immunofluorescent images that we captured were similar to those obtained before. 

Immunofluorescently-detectable α2 differed with fertility, being more frequently detected 

(p<0.05) in permeabilized sperm from low fertility boars particularly in apical distributions, while 

significantly more sperm from fertile boars did not display α2 (Section 3.3.4). In Western 

immunoblotting of sperm HPM, α2 was present in extremely low amounts and total amounts of 

α2 was similar in high and low fertility groups (Fig 3.2). Given the immunohistochemical 

presence, the low presence in Western blotting could mean that α2’s known lower structural 

stability (DiFranco et al., 2015) allowed it to be uniquely damaged during HPM isolation, so that 

it could not bind to the antibody. However, poorly-fertile boars did have two unique kDa α2 bands 

not detected in high-fertility boars (Fig 3.3B) and the presence of these bands, coupled with the 

greater visibility of immunofluorescing α2 in permeabilised sperm, may mean that in poorly fertile 

boars, α2 has some structural features that cause it to be more readily accessible in the membrane. 

Such accessibility could render it both more available to immunocytochemistry and also to being 

damaged in HPM purification.  

The α3 isoform arguably had the most interesting characteristics, particularly as it relates 

to fertility. More intact sperm from high-fertility than low-fertility boars showed complete post-

equatorial α3 presence, and there was more total α3 found in HPM from sperm of high fertility 

boars. The WB analysis was meticulously performed and each gel for each ejaculate included 

internal standards (per lane internal control were; kidney membrane 0.2 µg -10µg; Hela 2.3-
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13.8µg; A431 6µg) and, as with previous work, protein loading was checked and verified 

(Sajeevadathan et al., 2019). This accurate measurement of the complete expression of the various 

immunosensitive protein bands for each isoform permitted rigorous statistical comparison among 

the isoforms and between the two different fertility groups (Fig 3.2-3.4). The greater total α3 

(p<0.05) was largely centered around seven individual protein bands that were present in greater 

amounts (Fig 3.3C) in sperm HPM from high-fertility boars and a 43kDa band present that was 

undetectable in low fertility boars’ HPM. Immunofluorescence also demonstrated a greater 

presence of detectable α3 in intact sperm, with unique patterns in the permeabilized sperm. 

In cardiac cells, all α isoforms induce specific signaling after exposure to its hormone 

ouabain (Zhang et al., 2008; Peng et al., 2016). Ouabain is the steroid hormone that stimulates Tyr-

P signaling cascades and capacitation in intact bull sperm (Thundathil et al., 2006) via cAMP/PKA, 

Src/ RTK/PLC/IP3/DAG/PKC and/or MAPK pathways (Newton et al., 2010; Rajamanickam et 

al., 2017). Interestingly, ɑ3 is more sensitive to ouabain than α1 in rat brainstem axolemma (Blanco 

& Mercer, 1998). In a rat cell line, α3 Na+⁄K+-ATPase acts through Src-independent pathways 

involving PI3K and PKC (Madan et al., 2017). Coupling α3’s role in ouabain-induced signaling 

in other studies with the significantly greater amount of α3 in high fertility boars and the strongly 

positive linear relationship of α3 with fertility (Fig 3.5), suggests that α3 has a critical role in 

fertilization by boar sperm. It is possible that α3 responds to ouabain binding by initiating a unique 

intracellular pathway not responsive to other α isoforms.  

Part of this unique pathway may be the β unit binding to α3 to form the dimer to which the 

stimulating hormone ouabain binds. The total amount of β1 tended to be lower in low fertile boars 

(Fig 3.4b; p=0.08), there were non-significant ‘missing’ β1 bands in low-fertility boars, and β3 

had significantly more of a 63 kDa band (Fig 3.4c; p<0.05) in high versus low-fertility boars. 
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Missing or different amounts of specific kDa bands could reflect the variability in structure of β 

subunits of Na+⁄K+-ATPase, and this structure could affect unique pairing of β subunits with α 

subunits. The specific composition of an αβ dimer could impact fertility by altering Na+⁄K+-

ATPase ’s signal transduction, which requires the pairing of the α and β subunits (Liu et al., 2000). 

Although β1 is the signaling partner with α1 or α3 in ouabain-mediated signaling in cardiac, renal, 

and neuronal cells (Guerrero et al., 2001; Pierre et al., 2008) and β1 plays a major role in cell 

adhesion and capacitation (Vagin et al., 2012), the actual αβ pair that optimizes Na+/K+-ATPase 

signaling in ouabain-mediated capacitation is unknown and of great physiological interest. 

3.6. Conclusions 

No sperm functional or gross morphological parameters were correlated to fertility in boars 

that had documented significant differences in farrowing rates and litter size. Immunofluorescence 

and/or Western immunoblotting detected all isoforms of Na+⁄K+-ATPase (α1, α2, α3, β1, β2, β3) 

in boar sperm, several of which were related to fertility. There was significantly more α3 Na+⁄K+-

ATPase isoform presents in the sperm HPM from high than low-fertility boars, and there was a 

strong, significant linear relationship of the amount of the α3 isoform with DBE of farrowing rate. 

Understanding exactly which structural features of the individual isoform, or αβ paired isoforms, 

impact capacitation could improve the effectiveness of selecting boars for both AI and natural 

breeding, improving overall swine reproductive efficiency. 
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PREFACE TO CHAPTER 4 

In the previous chapter, we identified and characterized the association of the various 

isoforms of Na+⁄K+-ATPase in sperm HPM to the in vivo fertility in boars. Fertility is a complex 

trait and involves interactions among multiple proteins in the sperm HPM, so to evaluate the 

fertility mechanisms difference in boar and bull and to elucidate the potential proteins playing key 

roles in regulating fertility in each species, bull sperm HPM was analyzed by MS. This chapter 

aims to identify and quantify all non-Na+/K+-ATPase proteins in sperm HPM which differ between 

Holstein bulls of differing in vivo fertility, measured by BFI. Tandem mass spectrometric analysis 

revealed 67 DAPs (differing by at least two-fold in spectral intensities) between bulls of high 

fertility (HF, n=3) and low fertility (LF, n=3); 48 proteins were up-regulated and 19 were down-

regulated in HF vs LF. A variety of molecular and biological functions for these proteins were 

identified, including finding that up-regulated proteins have significantly more binding functions 

than do down-regulated proteins. When the 67 DAPs identified in HF and LF bulls were probed 

in 16 bulls of differing BFI (average to high fertile, ATH=8; average to low fertile; ATL=8), 38 of 

the up-regulated proteins positively correlated to BFI whilst 6 of the down-regulated negatively 

correlated to BFI.  

_________________________ 

A version of this chapter is ready to submit to Journal of Molecular Biology under joint co-

authorship with George S. Katselis, Paulos Chumala and Mary M. Buhr. 

As first author, Muhammad Imran contributed to the experimental design, conducted the study, 

performed the data analysis, and wrote the first draft of the manuscript. Paulos Chumala 

contributed to the data analysis. George S. Katselis and Mary M. Buhr conceived the idea and 

contributed to the experimental design, revised the manuscript, and supervised the project. 
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CHAPTER 4: COMPREHENSIVE PROTEOMICS ANALYSIS OF BOVINE SPERM 

HEAD PLASMA MEMBRANE ASSOCIATED WITH FERTILITY 
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4.1 Abstract 

Bull fertility impacts herd fertility, but accurately predicting male fertility from sperm 

characteristics is difficult once extremes are removed. The objectives of this study are 

identification, relative quantification, and comparison of sperm HPM proteins in bulls of differing 

fertility (fertility characterized by Bull Fertility Index; BFI). HPM from one fresh ejaculate from 

16  Holstein bulls (8 each high and low fertility) was assessed by liquid chromatography MS/MS. 

Proteins were extracted and digested. From each animal 9 fractions as, technical replicates were 

prepared and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS), their 

spectra were aligned to UniProtKB mammal’s database using Spectrum Mill and HPM proteins 

were identified and characterized. Of the 22,117 total proteins identified [unique plus homologous, 

1% false discovery rate (FDR)], Mass Profiler Professional (MPP) statistical analysis identified 67 

DAPs in the HPM of 3 bulls each with highest and lowest BFI [BFI for high fertility (HF)105.66 

± 0.54; low fertility (LF) 91.33 ± 1.44; p<0.01]. DAPs differed in intensity by at least 2-fold (48 

up-regulated, 19 down-regulated, HF vs LF) and meta-analysis confirmed their association to BFI. 

Gene ontology (GO) assigned the 48 up-regulated proteins to sperm fertilization mechanisms, and 

the 19 down-regulated to catalytic and transporter activity. Linear regression significantly 

positively correlated BFI of the 6 HF and LF bulls to all up-regulated DAPs (r2=0.65 to 0.97, 

p≤0.05), and negatively correlated BFI to all down-regulated DAPs (r2=0.76 to 0.96, p<0.05). In 

the 16-bull population, linear regression positively correlated BFI to 38 of the up-regulated DAPs 

(r2=0.29 to 0.66; p≤0.05), and negatively correlated 6 of the down-regulated DAPs (r2=0.26 to 

0.44; p≤0.05). Overall, this study identified and characterized proteins from highly purified bull 

HPM, which are correlated to bull fertility. 
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4.2 Introduction 

Reproductive efficiency of the male includes the ability of sperm to fertilize oocytes 

(Amann et al., 2018). To fertilize the oocyte, spermatozoa must be motile with functional 

mitochondria, a nucleus capable of proper decondensation and reorganization inside the fertilized 

oocyte, and an active and intact sperm plasma membrane (Graham & Mocé, 2005), so they can 

reach, recognize, bind to and fuse with the oocyte (D’Amours et al., 2010). All these events are 

essential for successful fertilization and any defect can cause sub-fertility or infertility (Amann et 

al., 2018). 

More than 70% of dairy cows are bred by AI using frozen semen from genetically superior 

bulls, but only 50% of inseminations successfully cause pregnancies. Dairy bull fertility is based 

on the failure of an inseminated cow to return to estrus (NRR; Doormaal, 1993; Watson, 2000) 

which is influenced by several factors including the cow’s age and parity, herd management, 

inseminator, etc. The Canadian dairy industry defines a BFI based on all of these, and other, factors 

from thousands of inseminations from hundreds of bulls; a complex regression analysis derives 

the BFI having accounted for confounding factors and sets the population BFI at 100 (D’Amours 

et al., 2010; Butler et al., 2020). 

Diagnosing and predicting bull fertility is essential in the breeding industry to optimize 

male fertility and reduce pregnancy failures (Tahmasbpour et al., 2014). To assess the bull fertility 

by natural mating or AI can be time consuming and expensive and limits the number of bulls to be 

assessed at a given time. Efficient economical laboratory diagnostic methods currently analyze 

sperm structural and functional parameters including sperm kinetic and motility parameters by 

CASA, sperm oocyte penetration assay (Hwang & Lamb., 2013), semen biochemical compounds, 

acrosome and plasma membrane integrity, mitochondrial membrane potential, and sperm DNA 
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fragmentation (Kasimanickam et al., 2019; Kim 2018). However, none of these is sufficiently 

accurate and repeatable in predicting in vivo bull fertility to be of use to the AI industry (Sudano 

et al., 2011; Kasimanickam et al., 2019). 

Omics approaches including genomics, transcriptomics, proteomics, and metabolomics 

tools may hold the key for accurate diagnosis of male infertility (Peddinti et al., 2008). Proteomics 

is an emerging approach for studying andrological aspect in humans and animals and to understand 

the biological mechanisms of sperm function and its interaction with the oocyte leading to 

fertilization (Wright et al., 2012; Al-Amrani et al., 2021). 

So far proteomics studies have been performed to identify protein biomarkers in bull sperm 

associated with fertility by comparing whole sperm from high versus low fertility bulls in buffalo 

(Singh et al., 2018; Muhammad Aslam et al., 2019) and cattle (D’Amours et al., 2018, 2019). 

Studies to characterize the semen proteome have also been done in frozen bull semen (Singh et al., 

2018), in Bos taurus seminal plasma (Druart et al., 2013; Muhammad Aslam et al., 2014; Viana et 

al., 2018; Kasimanickam et al., 2019), fresh whole sperm (Kasimanickam et al., 2019), frozen 

whole sperm (Peddinti et al., 2008; Somashekar et al., 2017; Muhammad Aslam et al., 2018; Singh 

et al., 2018; D’Amours et al., 2018, 2019), and sperm surface proteins (Byrne, et al., 2012),  as 

well as to Bos indicus whole sperm (Singh et al., 2018; Muhammad Aslam et al., 2019). These 

studies have, however, been limited by the smaller number of inseminations from bulls used in 

experiments, and lack in-depth analysis of sperm HPM and prediction of complex interactions 

among HPM proteins, which control sperm-oocyte binding and fertilization. Therefore, 

identification of a cohort of structural and functional sperm HPM proteins impacting the 

mechanism of fertilization makes our work unique, important, and necessary. 
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A spermatozoon is a highly specialized and differentiated cell composed of different 

compartments (head, midpiece, tail) whose specialized proteins confer unique compositional, 

morphological, and functional properties (Martínez-Heredia et al., 2006). Whole sperm proteomics 

analysis does not localize identified proteins to specific compartments (Baker et al., 2013). 

Proteomics analysis of sperm specific compartments isolated by subcellular fractionation not only 

identifies these unique proteins but enables enrichment of less concentrated proteins in the 

subcellular sample. It also gives more probability for identification of low abundance proteins in 

the sperm (de Mateo et al., 2011; Amaral et al., 2013; Baker et al., 2013). The proteomics analysis 

of the isolated heads and tails from the same sperm samples supports the idea of the 

compartmentalized expression of proteins in the sperm (Baker et al., 2013). 

Subcellular components of sperm have specialized proteins. Human sperm nuclei contain 

chromatin-related proteins, histone variants, transcription factors and zinc fingers, and modified 

proteins involved in regulatory roles (Castillo et al., 2014; de Mateo et al., 2011).Tail proteomics 

identified proteins involved in energy production (Amaral et al., 2013; Baker et al., 2013), 

metabolic pathways, and peroxisomal proteins (Amaral et al., 2013; Codina et al., 2015) .The 

ADP/ATP carrier protein in the midpiece of human sperm may indicate that the fibrous sheath is 

capable of generating and regulating ATP independently from mitochondrial oxidation (Kim et 

al., 2007). 

Sperm membrane proteins are involved in recognition, binding to, and interaction with the 

oocyte. Heat shock proteins, calcium binding proteins (Naaby-Hansen & Herr, 2010) and proteins 

having binding affinity for ZP of oocyte were identified in human sperm plasma membrane (Nixon 

et al., 2011; Redgrove et al., 2011). 
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The plasma membrane of bull sperm has significant roles in progressive motility, 

fertilization, and transport of various ions across the membrane (Cornwall, 2008; Gadella & 

Boerke, 2016). Capacitation of sperm in the female tract involves remodeling of the plasma 

membrane, predominantly the HPM, that primes sperm for AE and binding to oocyte (Gadella & 

Boerke, 2016) and various important physiological functions during fertilization (Caballero et al., 

2012). 

The importance of the HPM in capacitation, AE and sperm-oocyte interactions are well 

established, but its unique protein composition is unknown. The objectives of this proteomics 

analysis were the identification and relative quantification of proteins in sperm HPM from bulls of 

differing fertility, the elucidation of protein-protein interactions, and the cellular functions as well 

as biological pathways that are associated with bull fertility. 

4.3. Materials and Methods 

4.3.1. Semen 

One fresh double ejaculate (two ejaculates collected from same animal within 20-30 

minutes and then pooled together) from each of 16 Holstein Friesian bulls  of known field fertility 

(average-to-high fertility, ATH n=8; average-to-low fertility ATL n=8) was provided by SEMEX 

(Guelph, ON, Canada). Bull fertility was assessed as the international multi-factor BFI which is a 

Semex internal calculation composed of NRR (56 days post service: Canadian Index), sire 

conception rate (SCR) (USA index) and Agri-Tech analyses (ATA, USA index). Average BFI 

is100 based on >1000 inseminations per bull, and bulls were identified as having BFI > or < 100 

(ATH, ATL; n=8 each). As before (Sajeevadathan et al., 2021), two ejaculates were collected from 

each bull on one day by artificial vagina, combined, and the ejaculates with ≥80% motile sperm 

were diluted to 60×106 spermatozoa per mL with clear egg yolk-free extender (Semex proprietary 
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composition) and shipped overnight at 16 ºC to the laboratory at the University of Saskatchewan 

(Sajeevadathan et al., 2021). The temperature was checked on arrival and samples between 15-20 

ºC were warmed to room temperature over 2h by being placed in a partially opened container, 

covered, and occasionally rotated until they reached room temperature 24 ± 1 ºC (≈ 90 min). On 

arrival, a 500 µL aliquot was transferred into an Eppendorf tube and incubated at 37 ºC for slow 

warming (70 min). Following that it was evaluated for motility kinetics using CASA, Hamilton 

Thorne IVOS II (MA, USA) utilizing a 4 µL semen on a 20 μm deep Leja standard count slide 

(Leja products B.V., Nieuw-Vennep, The Netherlands) while kept at 37 ºC (Anzar et al., 2009, 

2011; Sajeevadathan et al, 2021). Ejaculates whose temperature on arrival was 15-20 ºC, and 

whose CASA parameters included ≥ 60% total/ 55% progressive motility, were processed to obtain 

the HPM once the ejaculate reached room temperature (Hickey & Buhr, 2012). 

4.3.2 Reagents and Equipments 

Disodium phosphate, sodium dihydrogen phosphate monohydrate, dextrose, 1.5 M 

sucrose, polyethylene glycol (40%), methanol HPLC grade, and trypsin were purchased from 

Thermo-Fisher Scientific (Unionville, ON, Canada) and percoll from GE Healthcare (Mississauga, 

ON, Canada). Potassium chloride, 20% dextran, sodium chloride were acquired from Sigma-

Aldrich, (Oakville, ON, Canada). Milli-Q water obtained from water purification system Serv A 

Pure (MIUS) and MS-SAFE protease and phosphatase inhibitor cocktail from Merck KGaA 

(Darmstadt, Germany). Bicinchoninic acid protein assay kit including BSA were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). LC/MS grade water, and LC/MS grade 

acetonitrile, were purchased from Fisher Scientific, (Fair Lawn, NJ, USA), as were ABC buffer, 

trifluoroethanol (TFE) and iodoacetamide (IAA). DTT was purchased from MP Biomedicals 

(Solon, OH, USA). SCX Spin Tips sample preparation kit was from Protea Biosciences 
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(Morgantown, WV, USA), ammonium formate from Sigma (St. Louis, MO, USA) and trypsin 

from Pierce (Rockford, IL, USA). MS vials and Polaris-HR-Chip 3C18 were purchased from 

Agilent (Agilent Technologies Canada Ltd., Mississauga, ON, CA).   

4.3.3 Isolation of Sperm HPM  

The HPM was obtained according to an established procedure (Buhr et al., 1993; Zhao & 

Buhr, 1996; Hickey & Buhr, 2012), performing all steps at room temperature unless specified 

otherwise. Briefly, the sample was centrifuged (Jouan CT 4.22; Jouan S.A., Saint-Herblain, 

France; 800 x g; 10 min), and pellets resuspended into phosphate buffered saline (PBS; 125 mM 

NaCl, 8 mM Na2HPO4, 2 mM NaH2PO4.H2O, 5 mM KCl, 5 mM dextrose) with repeated gentle 

aspiration, pooled to ~40 mL and centrifuged (800 x g; 10 min). The resulting pellets were 

resuspended in PBS to 40 mL, layered onto 35% percoll (1:2 v: v; percoll: PBS) centrifuged (800 

x g; 10 min), the supernatant discarded, and the pellet washed twice with PBS (800 x g, 10 min). 

The final pellet was subjected to nitrogen cavitation in a cell disruption Parr cavitation unit (Parr 

instrument company, IL, USA; 650 psi, 10 min) introducing nitrogen gas over 90 sec to a final 

pressure of 650 psi, holding for 10 min and then releasing pressure over 90 sec. Finally, the cavitate 

was centrifuged at 800 x g for 10 min. Phase partition tubes were prepared by mixing 3.94 g 20% 

dextran (1:5 g: g; dextran: water), 1.97 g 40 % PEG (1:2.5 g: g; PEG: water), 0.19 g PBS (in 1000 

mL water), 2.42 g 1.5 M sucrose (in 100 mL water), covering and keeping in fridge overnight. The 

resulting supernatant was layered onto four phase partition tubes. Tubes were mixed by inversion 

20 times, centrifuged (800 x g; 10 min), and the top portion harvested. This portion was layered 

onto four fresh phase partition tubes, mixed, and centrifuged as before. The final top layers were 

centrifuged (206,000 x g; 30 min; 5 ºC), the pellets resuspended in PBS, pooled, and centrifuged 

(206,000 x g; 20 min; 5 ºC). The final pellet (HPM) was scraped out into a hand-held homogenizer 
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by stepwise adding 200 μL PBS, and homogenized. To inactivate endogenous proteolytic and 

phospholytic enzymes that degrade the HPM proteins, and its activation states, MS-SAFE Protease 

and Phosphatase Inhibitor cocktail was added (1.33 mL per mg of HPM). The samples were 

homogenized, aliquoted into eppendorf tubes, covered with nitrogen gas, snap frozen in liquid 

nitrogen, and stored at -80 ºC. 

4.3.3.1 Protein Digestion 

For measuring HPM protein concentration, an aliquot was thawed at room temperature and 

the concentration of the HPM protein was determined by bicinchoninic acid analysis using the 

BioTek ELx808 (BioTek- Instruments Inc., VT, USA) multi detection plate reader (wavelength 

562 nm) and BSA as the standard protein (Nair et al., 2021). 

Triplicates made from each HPM sample were digested into peptides using in-solution 

trypsin digestion protocol developed in our laboratory (Nair et al., 2021; Koziy et al., 2022).  

Briefly, HPM samples with concentration > 5.0 μg protein/µL were diluted with water to make it 

5.0 μg/µL and samples with concentration <5.0 μg/µL were mixed (without dilution) with 1 M 

ABC (45 μL sample in 5 μL ABC), and proteins in HPM were denatured with addition of 50 μL 

TFE (total sample volume 100 µL). Disulfide bonds in HPM proteins were reduced by adding 1 

µL of DTT solution (1 M DTT in 100 mM ABC: final concentration of 10 mM DTT) upon 

incubating for 1 h at 6ºC while shaking on Eppendorf Thermomixer (Eppendorf, ON, Canada) at 

500 rpm. To prevent disulfide bonds from reforming, proteins in HPM samples were alkylated 

with 55 Mm IAA (100 µL of 100 mM IAA) and incubated in the dark at 37ºC for 30 min while 

shaking at 300 rpm. Samples were then evaporated (25 min, 37ºC) in a speed-vac (Labconco, 

Kansas City, MO, USA) to a final volume of 100 µL. Later, to remove salts, polymers and lipid 

contaminations, sample proteins were precipitated with excess acetone (-80ºC, 1h), centrifuged 
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(30 min, 4ºC, 13,000 x g) in Eppendorf centrifuge 5430 R (Eppendorf AG, Hamburg, Germany), 

the supernatant discarded, and acetone precipitation repeated. The samples were then completely 

dried (25 min, 37ºC) in speed-vac (Koziy et al., 2022) and resuspended in 300 μL of 100 mM 

ABC. Finally, HPM proteins were digested by adding trypsin digestion buffer (20 µg /μL trypsin 

in 1 mM HCl and 200 mM ABC solution; protein: trypsin, 40:1, v: v) and incubating overnight 

with shaking (37 ºC, 300 rpm). For complete sample protein digestion, the same amount of trypsin 

buffer was added the next morning, and samples incubated (2 h, 37ºC, shaker 300 rpm), dried 

(speed vac), and stored at -80ºC until SCX fractionation (Koziy et al., 2022). 

4.3.3.2 Strong Cation Exchange (SCX) Peptide Fractionation 

Peptide fractionation, using SCX Spin Tips was incorporated as an orthogonal approach 

coupled to reverse phase LC to minimize sample complexity and increase resolution prior to 

MS/MS analysis (Mirzaei & Regnier, 2006; Creese et al., 2013). From each animal’s HPM, 9 

fractions were acquired and considered as technical replicates for further in-depth MS study. 

Briefly,  the manufacturer’s protocol was followed, in which the SCX Spin Tip column was 

conditioned by adding 50 μL SCX reconstitution solution and centrifuging in Eppendorf centrifuge 

5430 R (Eppendorf AG, Hamburg, Germany) at 4000 x g for 6 min. The liquid was discarded, and 

the process was repeated. To achieve charge-based peptide separation, trypsin-digested sperm 

HPM peptides were reconstituted in 100-200 μL of SCX reconstitution solution (pH < 3, adjusted 

with formic acid), loaded on the SCX Spin Tip column, and centrifuged at 4000 x g for 6 min. The 

Spin Tip column was then eluted by centrifugation (4000 x g, 6 min) using a solution of ammonium 

formate in 10% acetonitrile in stepwise increasing strength (20, 40, 60, 80, 100, 150, 250 and 500 

mM, respectively; 150 μL each; pH ~ 3). A total of 9 fractions, including the flow through fraction, 
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were acquired, and stored at -80 ºC until MS analysis. The increasing ionic strength of the solution 

displaces cations, thereby displacing and separating peptides (Henry et al., 2017; Nair et al., 2021). 

4.3.4 Label Free Mass Spectrometry Analysis  

The dried SCX 9 fractions containing tryptic peptides were reconstituted (MS grade water: 

acetonitrile: formic acid; 97:3:0.1; v:v, total vol 20 mL), vortexed (1-2 min), centrifuged (18000 

g, 10 minutes, 4ºC) and 3μL aliquots of each sample were transferred to a MS vial for LC-MS/MS 

analysis (Brandt et al., 2019; Nair et al., 2021; Koziy et al., 2022). The MS analysis was performed 

using an Agilent 6550 iFunnel quadrupole time of flight (Q-TOF) mass spectrometer (Agilent 

Technologies, Mississauga, ON, CA) coupled with liquid chromatography (Willems et al., 2016) 

using an Agilent 1260 series and an Agilent Chip Cube LC/MS interface respectively (Agilent 

Technologies, Mississauga, ON, CA) (Nair et al., 2021; Koziy et al., 2022). 

Reversed phase chromatographic separation of peptides was achieved by employing a 

high-capacity Agilent HPLC-Chip; G4240-62030 chip cube, Polaris-HR-Chip 3C18 containing of 

a 360 nL enrichment column and a 75 μm × 150 mm analytical column (Agilent Technologies, 

Mississauga, ON, CA); both columns were packed with Polaris C18, 180Å, 3 μm stationary phase 

for improved peptide resolutions and peak capacity. Peptide fractions were suspended in 50% 

solvent A (0.1% formic acid in MS water) and 50% solvent B (0.1% acetonitrile: formic acid) then 

loaded onto the enrichment column (flow rate 2.0 μL/min; Brandt et al., 2019). 

After loading, fractionated peptides were separated on the analytical column with linear 

gradient solvent system. On analytical column, the linear gradient program was used for peptide 

separation in presence of Solvent A and B. The linear gradient for solvent B was set at (3–25%, 

for 50 min) then at (25–90 %, for10 min) using flow rate of 0.3 μL/ minute. Mass spectra, from 

electron spray positive ions were obtained under conditions of: capillary voltage (1900 v), ion 



 

77 
 

 

fragmentor voltage (360 V), temperature (225ºC) and flow of nitrogen gas (12.0 L/min) (Brandt 

et al., 2019). For spectral results the parameters were: MS data mass range of 250–1700 

(mass/charge; m/z) at a scan rate of 8 spectra/s, MS/MS data range (100–1700 m/z), isolation width 

of 1.3 atomic mass units. For auto MS/MS, a maximum of 20 precursor ions were selected at an 

absolute threshold (3000 counts) and a relative threshold (0.01% with a 0.25 min active exclusion) 

(Brandt et al., 2019; Nair et al., 2021; Koziy et al., 2022). 

4.3.5 Database Search and Analysis   

The acquired raw MS/MS spectra were searched against proteins from Mammals species 

using the Swiss Prot database (UniProt release 2020_06), by the Agilent Spectrum Mill search 

engine (Agilent Technologies, ON Canada). The database search parameters were trypsin as 

enzyme for protein digestion; trypsin cleavages specificity; fragment mass error 50 PPM, a parent 

mass error of 20 PPM and carbamidomethylation as fixed modification of cysteine. Additionally, 

four stages of database search in variable modification mode were conducted with different sets of 

variable modifications. During the first stage, the phosphorylated serine, tyrosine, and threonine, 

carbamylated lysine, oxidized methionine, acetyl lysine, pyroglutamic acid and deaminated 

asparagine were set as variable modifications. The second stage included validated hits from the 

first stage were searched using the following variable modifications: phosphorylated serine, 

tyrosine, and threonine, oxidized methionine, acetyl lysine, pyroglutamic acid and deaminated 

asparagine. In the third stage, the validated hits from the second stage were searched using semi-

trypsin non-specific C-terminus, generating validated hits at the third stage, which were 

subsequently searched in fourth stage using semi trypsin non-specific N-terminus without specific 

variable modifications. During each stage, Spectrum Mill validation was performed both peptide 

level as well protein level. At peptide level, validation was performed with criteria of ; 1% FDR, 
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precursor charge range 2 to 7, and minimum peptide sequence length was 6, while at protein level, 

with 1% FDR the identified proteins were validated. Additionally, each DAP was manually 

validated through a rigorous validation process using Mass Hunter software (Agilent 

Technologies, ON Canada) and employing a mass difference cutoff of ∆m < 10 PPM between 

observed and theoretical mass (Nair et al., 2021; Koziy et al., 2022). From identified total proteins 

in each animal, a comparison of proteins was made across ATH (n=8) and ATL (n=8) bulls. The 

proteins which were present in both groups were designated as common proteins, while proteins 

found only in one group were termed as unique proteins to that fertility group. 

4.3.6 Statistical Analysis and Protein Network Analysis 

The three bulls with the highest BFI were designated as high fertility (HF; BFI of 

105,105,107) and the three with the lowest BFI were designated as low fertility (LF; BFI of 

88,92,94). For statistical analysis, t-test was used (Katselis et al., 2007; Koziy et al., 2022) and the 

two groups were compared by MPP (version 15.0, Agilent, Santa Clara, CA, USA) software. The 

multiple testing correction, Benjamini and Hochberg at FDR < 1% and cut-off value p < 0.05 was 

set and classification of proteins as up- or down-regulated was designated by using a fold change 

(FC) of ≥ 2 in spectral intensities between the comparing groups. The identified 67 significantly 

expressed proteins (DAPs) were manually validated by Mass Hunter software. 

During the database search process (4.3.5), the raw spectra were searched against proteins 

in species of mammals, and a considerable number of proteins from some mammal’s species are 

not well annotated. Therefore, the accession numbers of significant (p <0.05) DAPs (up- and 

down-regulated) from multiple species were converted into homologous proteins of Homo sapiens 

in order to determine further protein-protein interaction (PPI) and networking. Subnetworks of up- 

and down-regulated DAPs with all identified non-differentially abundant (non-DAPs) proteins in 
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HPM were constructed with Cytoscape version 3.8.2 (Shannon et al., 2003). Cytoscape is an online 

bioinformatics tool that works for visualizing complex networks, loading molecular and genetic 

interaction data sets, establishing powerful visual mapping, analyzing, and visualizing human 

curated pathway data sets, and performing advanced modeling analysis. For determining PPI for 

each DAP, the first protein neighborhood forming interactions with each DAP was clustered 

together to make a sub-network of each target protein/DAP. The interacting partner proteins (IPPs, 

neighboring proteins in the interactome) in a cluster developed using Cytoscape v3.8.2, identified 

different PPI in each cluster/sub-network.  

PPI network among DAPs were performed by the STRING (PPI Networks Functional 

Enrichment Analysis; https://string-db.org/) analysis. STRING is an online bioinformatics 

analytical tool that provides known (physical) and predicted protein-protein interactions among 

the input proteins. This  database acquires the information from seven different channels in order 

to construct the PPI network clusters. STRING database evaluated the PPI clusters of these DAPs 

with known and predicted protein-protein interactions in each fertility group and their functional 

(molecular, and biological) networks in each of the fertility group (Szklarczyk et al., 2019). A 

Cytoscape analysis was performed to construct a complete interactome of HPM. To identify the 

most significant clusters in the DAPs’ STRING PPI networks, the plugin molecular complex 

detection (MCODE) tool was used. A linear regression was performed stepwise with SAS 

statistical software (SAS; version 9.3; SAS Institute, Inc Cary, NC) on intensities of the DAPs to 

BFI, first with HF and LF (n=3 per group) and then for the whole population (n=16) of the bulls. 

The deterministic model used in equation (4.1) was; 

𝑦 = 𝑎 + 𝑏𝑥…………………………………………………………………………… (4.1) 

where a= intercept, b is = slope of the regression line. 
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4.4. Results 

4.4.1 Protein Identification and Complete Interactome of HPM 

 The combined unique and common sperm HPM proteins from 16 bulls totalled 22,117. 

The 3 LF bulls had 4,040 total identified proteins (1,199 unique) and HF had 4,074 (1,156 unique). 

Figure 4.1. Complete interactome of sperm HPM developed by Cytoscape v3.8.2 of annotated 
proteins (n=4,273) out of total proteins (2,2117) in population of 16 Holstein Friesian bulls. This 
demonstrates the clustering and complexity of the identified proteins. Elliptical dots in red and 
green represent proteins differing in intensity by at least 2-fold between the three bulls with the 
highest fertility index and the three bulls with the lowest fertility index (red=up-regulated; 
green=down-regulated). 
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Of the 22,117 bovine sperm HPM proteins, 4,273 could be annotated (statement of 

connection between a gene and its designated term in an ontology) and Cytoscape software 

constructed a complete interactome (Fig 4.1) that had 4,273 nodes and 27,473 edges. Fig 4.1 

conveys the complexity and connectivity of the interactome, with each node representing an 

identified HPM protein ( annotated to mammals) and each edge indicating interaction. 

 

Figure 4.2. Heat map showing meta-analysis of the HPM DAPs differing by ≥ 2-fold in spectral 
count between high- versus low-fertility groups (HF, LF; n=3 per group) and their Bull Fertility 
Indices. The two vertical bars at the extreme left show Fertility Group (high, low), and Bull 
Fertility Indices (a scale of BFI is provided at bottom right below the heat map). Boxes between 
the vertical fertility bars and the heat map identify the individual bull (LF 1,2,3; HF 1,2,3) color-
matched to Fertility Group (green LF, red HF). Heat map rows show individual bulls and heat map 
columns indicate protein accession numbers. 

MPP compared the intensities of the annotated proteins in LF and HF, finding 67 proteins 

whose spectral intensities differed by at least 2-fold [DAPs; p<0.05; FDR at < 1%). Interestingly, 



 

82 
 

 

of the two major clusters in the interactome (Fig 4.1), all down-regulated DAPs occur in one of 

the clusters. The relationship of the 67 DAPs to BFI of the animals was confirmed by meta-

analysis, as indicated in the heat map (Fig 4.2), where the 67 DAPs demonstrate a well-defined 

association with the fertility group/BFI. 

4.4.2 Multivariate Analysis of Identified Proteins 

Multivariate analysis of the DAPs identified clear fixed clustering (red and yellow circles) 

separating the two fertility groups. Principal component analysis (PCA) showed the 3-dimensional 

spread of the 67 DAPs differing between LF and HF bulls (Fig 4.3a) as did the spread of the 

average DAPs (Fig 4.3b). Protein abundance, as shown by the dot size, also differed in both 

analyses.  
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Figure 4.3. PCA plots of 67 DAPs in HPM of bull sperm of low and high fertility (n=3 per group). 
(a) Three-dimensional hard cluster of 67 proteins (p < 0.05; FC ≥ 2) (b) average of DAPs. Red 
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dots: High Fertile; yellow dots: Low Fertile; dot size: DAPs intensity. Red circle= High fertile 
cluster, yellow circle= Low fertile cluster. 

 

Heat maps were drawn for the 67 DAPs, separately representing the 48 DAPs that were 

up-regulated in HF vs LF (Fig 4.4a) and the 19 that were down-regulated in HF vs LF (Fig 4.4b). 
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Figure 4.4. Heat map of DAPs (p < 0.05; FC ≥ 2) in sperm HPM of Holstein Friesian bulls of LF, 
and HF (n=3 per group). (a) up-regulated DAPs in sperm HPM of HF bulls. (b) down-regulated 
FC proteins in sperm HPM of HF bulls. Each row indicates accession numbers of every DAPs 
while every column shows individual bull. LF= low fertile and HF= high fertile bulls, respectively. 
A legend for color scale based on DAPs intensity is shown to the right of heat map. 

 

4.4.3 Identification of Sub-Networks with FC Proteins 

Cytoscape software visualized integrated sperm regulatory sub-networks for each of the 

sperm HPM DAPs with non-DAPs. Representative networks selected from these illustrate sperm 

function networks identified (Fig 4.5 a-n, upregulated DAPs: Fig 4.6 a-b, down-regulated DAPs). 
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Figure 4.5. Sub-networks of selected up-regulated DAPs (p < 0.05; FC ≥ 2) proteins along with 
their IPPs (neighbor proteins in the interactome) showing different protein-protein interactions in 
each cluster. Ovals in red and green represent proteins differing in intensity by at least 2-fold 
between the three bulls with the highest fertility index and the three bulls with the lowest fertility 
index (red=up-regulated; green=down-regulated; blue=non-DAPs). DAPs in (a) were: 
Spermatogenesis-associated protein 19, Ropporin-1-like protein, RIB43A domain with coiled-
coils 2, A-kinase anchor protein 3, Dynein intermediate chain 1, axonemal, Radial spoke head 6 
homolog A in up-regulated and Nucleoside diphosphate kinase homolog 5 in down-regulated 
DAPs; (b) Acrosin-binding protein, Outer dense fiber protein 3, A-kinase anchor protein 3, 
Ropporin-1-like protein, Fibrous sheath interacting protein 2; (c) up-regulated DAPs: Acrosin-
binding protein, Heat shock 70 kDa protein 4L; (d) up-regulated DAPs: Spermatogenesis-
associated protein 19, Acrosin-binding protein, Ropporin-1-like protein, Outer dense fiber protein 
3; (e) up-regulated DAPs: Outer dense fiber protein 3, Outer dense fiber protein 2, F-actin-capping 
protein subunit beta, down-regulated DAPs: cAMP-dependent protein kinase catalytic subunit 
alpha; (f) up-regulated DAPs: Adenylate kinase 8; ATP synthase F(0) complex subunit B1, 
mitochondrial, ATP synthase subunit d, mitochondrial; down-regulated DAPs: Adenylate kinase 
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9; (g) up-regulated DAPs: Phospholipid hydroperoxide glutathione peroxidase, mitochondrial; 
Lactate dehydrogenase A, down-regulated DAPs: Alpha-enolase; (h) up-regulated DAPs:  F-actin-
capping protein subunit beta;  Outer dense fiber protein 2; (i) up-regulated DAPs: RIB43A domain 
with coiled-coils 2, Ropporin-1-like protein, Dynein intermediate chain 1, axonemal, down-
regulated DAPs; Nucleoside diphosphate kinase homolog 5; (j) up-regulated DAPs: Dynein 
intermediate chain 1, axonemal, Ropporin-1-like protein, RIB43A domain with coiled-coils 2, 
Dynein light chain roadblock-type 2, Coiled-coil domain-containing protein 151, Radial spoke 
head 6 homolog A; (k) up-regulated DAPs: Glutathione peroxidase 6; (l) up-regulated DAPs: ATP 
synthase subunit d, mitochondrial, ATP synthase F(0) complex subunit B1, mitochondrial, 
Cytochrome b-c1 complex subunit 6, mitochondrial, Adenylate kinase 8; (m)   Cytochrome b-c1 
complex subunit 6, Adenylate kinase 8, ATP synthase F(0) complex subunit B1, mitochondrial, 
ATP synthase subunit d, mitochondrial and down-regulated DAPs: Mitochondrial chaperone 
BCS1. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Sub-networks of selected down-regulated DAPs along with their IPPs (neighbor 
proteins in the interactome) showing different PPI in each cluster. Ovals in red and green represent 
proteins differing in intensity by at least 2-fold between the three bulls with the highest fertility 
index and the three bulls with the lowest fertility index (red=up-regulated; green=down-regulated; 
blue=non-DAPs). (a) down-regulated DAP: Disintegrin and metalloproteinase domain-containing 
protein 32; (b) up-regulated DAP: Ras-related protein Rab-2B, down-regulated DAP: Ras-related 
protein Rab-2A. 
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4.4.4 DAPs Protein-Protein Interaction and STRING Network 

 The STRING PPI network constructed on the setting ‘evidence based’ and mapping 7  

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.7. Visual mapping of up-regulated DAPs in HF sperm HPM, visualized onto a composite 
network based on predicted PPI network created using STRING v11.0 software together with a 
‘Homo sapiens’ database. Each protein is symbolized as a node and associations as edges in 
different interactions between proteins (see legend for detail), based on the actions view of 
STRING v11.0. Thickness of the edges is based on confidence score. 
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database channels, found 24 connected nodes in the 48 up-regulated DAPs with 28 edges with 

significant PPI enrichment (p<0.05; 9.21x10-12; Fig 4.7), representing both functional and physical 

protein associations. The network of the 19 down-regulated DAPs was non-significant (PPI 

enrichment 0.177; p>0.05), indicating no significant interaction among DAP nodes. 

4.4.5 Identification of Key Proteins  

The MCODE analysis of the up-regulated DAPs PPI networks shown in Fig 4.7 detected 

densely connected regions based on highest k-core of the vertex neighborhood, whereas a k-core 

is core-clustering coefficient, and the highest k-core of a graph shows central most densely 

connected area of subgraph. MCODE mapped three different clusters (Fig 4.8, Table 4.1) with 12 

key proteins in the up-regulated DAPs; no clusters were detected by MCODE in the down-

regulated DAPs.               
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Figure 4.8. The hub protein network developed by MCODE (tool in Cytoscape v3.8.2). Three 
clusters exist, based on densely connected regions in the STRING network of the up-regulated 
DAPs. Blue ovals show hub proteins in cluster 1 having 4 nodes and 10 edges; yellow ovals show 
hub proteins in cluster 2 with red ovals (hub proteins in cluster 3) having 4 nodes and 8 edges; 
green ovals are IPPs connected to the hub proteins. The three small clusters of green ovals at the 
bottom are up-regulated DAPs not interacting with hub proteins. 

 

Table 4.1. MCODE Analysis of the Up-Regulated DAPs.  

 
Clusters 

 

 
Protein Name 

 
Accession Number 

 
MCODE score 

 
 

Cluster 1 

UQCRH P00126  
 

3.33 ATP5H P13620 

ATP5F1 P13619 

AK8 Q96MA6 

 
 

Cluster 2 

ROPN1L Q3T064  
 

3.33 RIBC2 Q32LJ7 

RSPH6A Q9H0K4 

DNAI1 Q32KS2 

 
 

Cluster 3 

AKAP3 O77797  
 

2.67 ACRBP Q29016 

SPATA19 Q3SZQ3 

ODF3 Q2TBH0 

MCODE (Molecular Complex Detection) analysis. MCODE Scored: the cluster’s computed score 
which is defined as the product of the number of proteins (vertices) and the density in the complex 
subgraph (|V| x DC). The default threshold score is 0.2; values above threshold indicate that 
clusters are more densely connected.  
 

4.4.6 Gene Ontology Functional Analysis of DAPs (Molecular, and Biological Functions) 

GO analysis by PATHER databases detected functional enrichment of molecular functions 

of both the up- and down-regulated DAPs (Fig 4.9). Significantly more up-regulated than down-

regulated DAPs have binding functions (50.0 vs 30.80%, p < 0.05, Fig 4.9 a, b), while more down-

regulated proteins have catalytic activity than do up-regulated proteins (61.5 vs 40.0%, p≤0.05). 
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Down-regulated DAPs uniquely included transporter activity, while up-regulated proteins 

uniquely included molecular function regulation. 

 

 

 

Figure 4.9. Classified sperm HPM proteins that differ by ≥ 2-fold (DAPs) between bulls with high 
and low fertility (HF vs LF; n= 3 bulls per group), analyzed for Molecular Functions with 
PANTHER database. (A) DAPs down-regulated in HF vs LF; (B) DAPs up-regulated in HF vs 
LF. *Molecular functions significantly different between groups. 

 

STRING databases identified GO biological processes (Table 4.2) which included 

eight biological processes in the up-regulated proteins that are highly relevant and essential 

for sperm development and function, and eight biological processes in the down-regulated 

proteins that are relevant to catalytic enzymes and metabolic processes. The nucleoside 

triphosphate biosynthetic process was the one common process identified in both up- and 

down-regulated proteins. 

 

 



 

94 
 

 

Table 4.2. Functional Enrichment Analysis from GO of DAPs Up- or Down-regulated 
(Up/Down) in HPM of High vs Low Fertility Bulls - Biological Process.  

Term ID Up/Down Term Description OGCa BGCb Strength FDRc 
 

GO:0007283 Up spermatogenesis 9 490 0.8 0.003 

GO:0019953 Up sexual reproduction 10 764 0.7 0.005 

GO:0009142 Up nucleoside triphosphate 
biosynthetic process 

4 103 1.2 0.018 

GO:0003341 Up cilium movement 3 61 1.3 0.043 

GO:0007286 Up spermatid development 4 137 1.0 0.043 

GO:0009123 Up nucleoside 
monophosphate 
metabolic process 

5 262 0.9 0.043 

GO:0009141 Up nucleoside triphosphate 
metabolic process 

5 246 0.9 0.043 

GO:0022414 Up reproductive process 11 1350 0.5 0.043 

GO:0006165 Down nucleoside diphosphate 
phosphorylation 

5 56 1.9 2.36E-
06 

GO:0009142 Down nucleoside triphosphate 
biosynthetic process 

5 103 1.7 1.07E-
05 

GO:0009165 Down nucleotide biosynthetic 
process 

6 291 1.3 4.50E-
05 

GO:0009206 Down purine ribonucleoside 
triphosphate biosynthetic 
process 

4 86 1.7 0.001 

GO:0006757 Down ATP generation from 
ADP 

3 39 1.9 0.006 

GO:0009435 Down NAD biosynthetic process 3 51 1.8 0.009 

GO:0009152 Down purine ribonucleotide 
biosynthetic process 

4 189 1.3 0.001 

GO:0019674 Down NAD metabolic process 3 66 1.7 0.001 

a = Observed gene count; b = Background gene count; c = False Discovery Rate    

 

4.4.7 Relationship of DAPs to Fertility Measures 

Linear regression first compared DAPs intensities identified with HF and LF bulls and their 

respective BFIs (n=3 each), and secondly compared these same proteins taking the intensities and 

BFIs from the entire population of all 16 bulls. Not surprisingly, regressions of the 48 up-regulated 

DAPs intensities to their BFIs in the HF and LF bulls were significantly positive (Table 4.3; 
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r2=0.65 to 0.97, p ≤ 0.05), and the regressions of the HF’s and LF’s 19 down-regulated DAPs 

intensities to their BFIs were all significantly negative (Table 4.4; r2= 0.76 to 0.96, p ≤0.02).  

Table 4.3. Regression Analysis of Up-regulated DAPs Intensities on BFI (HF: n=3; LF: 
n=3) 

 Linear Regression of FC 

Protein intensities to BFI 

Accession # Protein Name r2 p-Value 

 

Q2T9U2 Outer dense fiber protein 2 0.904 0.003 

O77797 A-kinase anchor protein 3 0.882 0.005 

Q2TBH0 Outer dense fiber protein 3 0.704 0.036 

Q32LJ7 RIB43A-like with coiled-coils protein 2 0.700 0.037 

Q9N2J2 Phospholipid hydroperoxide glutathione peroxidase 0.882 0.005 

A6QLU1 Glycerol-3-phosphate dehydrogenase, mitochondrial 0.885 0.005 

Q32KS2 Dynein intermediate chain 1, axonemal 0.794 0.017 

P79136 F-actin-capping protein subunit beta 0.836 0.010 

P00669 Seminal ribonuclease 0.717 0.033 

P17697 Clusterin 0.793 0.017 

Q86TE4 Leucine zipper protein 2 0.896 0.004 

Q2T9T0 Protein phosphatase 1 regulatory subunit 32 0.773 0.021 

P19858 L-lactate dehydrogenase A chain 0.977 0.002 

Q2T9X5 Uncharacterized protein C7orf61 homolog 0.759 0.023 

P00727 Cytosol aminopeptidase 0.954 0.008 

P35662 Cylicin-1 0.651 0.052 

Q3SZT6 Protein Flattop 0.712 0.034 

Q3T064 Ropporin-1 0.885 0.005 

P13619 ATP synthase F (0) complex subunit B1, 

mitochondrial 

0.792 0.017 

Q6ZQR2 Cilia- and flagella-associated protein 77 0.881 0.005 

Q5CZC0 Fibrous sheath-interacting protein 2 0.906 0.003 
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Q29016 Acrosin-binding protein (Fragment) 0.828 0.011 

Q96MR6 Cilia- and flagella-associated protein 57 0.654 0.051 

P13620 ATP synthase subunit d, mitochondrial 0.877 0.005 

P00126 Cytochrome b-c1 complex subunit 6, mitochondrial 0.775 0.020 

Q3SZR5 Protein FAM166C 0.860 0.007 

A7MBH5 Coiled-coil domain-containing protein 151 0.921 0.002 

Q0VFZ6 Coiled-coil domain-containing protein 173 0.837 0.010 

Q32P85 Dynein light chain roadblock-type 2 0.889 0.004 

Q9H0K4 Radial spoke head protein 6 homolog A 0.842 0.009 

Q3SZQ3 Spermatogenesis-associated protein 19, 

mitochondrial 

0.959 0.006 

Q8WUD1 Ras-related protein Rab-2B 0.930 0.001 

Q9Z280 Phospholipase D1 0.788 0.018 

O95757 Heat shock 70 kDa protein 4L 0.793 0.017 

Q6P2I7 Endogenous Bornavirus-like nucleoprotein 2 0.788 0.018 

A6NG13 

Alpha-1,3-mannosyl-glycoprotein 4-beta-N-

acetylglucosaminyltransferase-like protein 

MGAT4D 

0.781 0.019 

O94810 Regulator of G-protein signaling 11 0.914 0.002 

P17156 Heat shock-related 70 kDa protein 2 0.933 0.001 

Q96MA6 Adenylate kinase 8 0.934 0.001 

Q9C0F0 Putative Polycomb group protein ASXL3 0.9244 0.002 

Q60698 Ski oncogene 0.927 0.002 

O43451 Maltase-glucoamylase, intestinal 0.931 0.001 

Q63647 Proline-rich nuclear receptor coactivator 1 0.933 0.001 

E1BBQ2 Probable G-protein coupled receptor 158 0.925 0.002 

Q9P217 Zinc finger SWIM domain-containing protein 5 0.871 0.006 

P59796 Glutathione peroxidase 6 0.922 0.002 

P56965 N(G),N(G)-dimethylarginine 

dimethylaminohydrolase 1 

0.929 0.002 

O08876 Krueppel-like factor 10 0.929 0.001 



 

97 
 

 

r2= r-rquare, BFI=Bull Fertility Indexes, Accession # = Accession number of DAPs derived from 
UniProt database. 
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Table 4.4. Regression Analysis of Down-regulated DAPs Intensities on BFI (HF: n=3; 
LF: n=3) 

 Linear Regression of 

DAPs intensities to BFI 

Accession # Protein Name r2 p-Value 

 

P0CB32 Heat shock 70 kDa protein 1-like 0.952 0.009 

Q9WV27 Sodium/potassium-transporting ATPase subunit 

alpha-4 

0.939 0.001 

P61019 Ras-related protein Rab-2A 0.912 0.003 

Q9XSJ4 Alpha-enolase 0.967 0.004 

Q6B857 Cilia- and flagella-associated protein 20 0.895 0.004 

Q4R3W4 Adenylate kinase 8 0.955 0.008 

Q5JRX3 Presequence protease, mitochondrial 0.954 0.008 

Q99MH5 Nucleoside diphosphate kinase homolog 5 0.912 0.003 

P00517 cAMP-dependent protein kinase catalytic subunit 

alpha 

0.913 0.003 

Q3V0E1 Uncharacterized protein C9orf131 homolog 0.949 0.001 

Q7Z745 Maestro heat-like repeat-containing protein family 

member 2B 

0.920 0.002 

Q8K410 Disintegrin and metalloproteinase domain-containing 

protein 32 

0.930 0.002 

Q5TCS8 Adenylate kinase 9 0.769 0.022 

Q07113 Cation-independent mannose-6-phosphate receptor 0.905 0.003 

Q3ZBD7 Glucose-6-phosphate isomerase 0.840 0.010 

E1BNQ4 ATP-dependent (S)-NAD(P)H-hydrate dehydratase 0.870 0.006 

Q8NDM7 Cilia- and flagella-associated protein 43 0.887 0.004 

Q8SPU8 Dehydrogenase/reductase SDR family member 4 0.931 0.001 

Q5E9H5 Mitochondrial chaperone BCS1 0.842 0.009 

r2 = r-square and has negative values, BFI=Bull Fertility Indexes, Accession # = Accession number 
of DAPs derived from UniProt database. 
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Of greater interest are the outcomes of regressions of the BFIs of the entire bull population 

against the intensities in the entire 16-bull population of the pre-determined DAPs (identified from 

the HF and LF bulls). Of the 48 up-regulated DAPs, 10 were missing in 5-7 bulls with a range of 

BFI. The intensities of 38 of the 48 up-regulated proteins had a significantly positive relationship 

to BFI (Table 4.5, p ≤0.034), and of those, 10 had an R2 > 0.50 (p ≤0.026). The three DAPs with 

the highest r2 were: Ras-related protein Rab-2B (r2=0.780, p=0.0003); phospholipid hydroperoxide 

glutathione peroxidase (R2=0.661, p=0.0007); and fibrous sheath interacting protein (r2=0.58, 

p=0.0006).  

Table 4.5. Regression Analysis of Intensity of Up-Regulated DAPs with BFI of 16 Bulls. 

 Linear Regression of 

DAPs intensities to BFI 

Accession # Protein Name  r2 p-Value 

 

Q2T9U2 Outer dense fiber protein 2 0.493 0.002 

O77797 A-kinase anchor protein 3 0.424 0.006 

Q2TBH0 Outer dense fiber protein 3 0.429 0.005 

Q32LJ7 RIB43A-like with coiled-coils protein 2 0.451 0.004 

Q9N2J2 Phospholipid hydroperoxide glutathione peroxidase 0.661 0.007 

A6QLU1 Glycerol-3-phosphate dehydrogenase, mitochondrial 0.554 0.009 

Q32KS2 Dynein intermediate chain 1, axonemal 0.367 0.012 

P79136 F-actin-capping protein subunit beta 0.468 0.003 

P00669 Seminal ribonuclease 0.341 0.017 

P17697 Clusterin 0.346 0.016 

Q86TE4 Leucine zipper protein 2 0.387 0.010 

Q2T9T0 Protein phosphatase 1 regulatory subunit 32 0.338 0.018 

P19858 L-lactate dehydrogenase A chain 0.560 0.009 

Q2T9X5 Uncharacterized protein C7orf61 homolog 0.230 0.060 

P00727 Cytosol aminopeptidase 0.432 0.005 
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P35662 Cylicin-1 0.294 0.030 

Q3SZT6 Protein Flattop 0.490 0.002 

Q3T064 Ropporin-1 0.563 0.008 

P13619 ATP synthase F (0) complex subunit B1, 

mitochondrial 

0.432 0.005 

Q6ZQR2 Cilia- and flagella-associated protein 77 0.437 0.005 

Q5CZC0 Fibrous sheath-interacting protein 2 0.581 0.006 

Q29016 Acrosin-binding protein (Fragment) 0.370 0.012 

Q96MR6 Cilia- and flagella-associated protein 57 0.537 0.001 

P13620 ATP synthase subunit d, mitochondrial 0.319 0.022 

P00126 Cytochrome b-c1 complex subunit 6, mitochondrial 0.282 0.034 

Q3SZR5 Protein FAM166C 0.302 0.027 

A7MBH5 Coiled-coil domain-containing protein 151 0.016 0.637 

Q0VFZ6 Coiled-coil domain-containing protein 173 0.149 0.139 

Q32P85 Dynein light chain roadblock-type 2 0.287 0.032 

Q9H0K4 Radial spoke head protein 6 homolog A 0.189 0.091 

Q3SZQ3 Spermatogenesis-associated protein 19, mitochondrial 0.479 0.003 

Q8WUD1 Ras-related protein Rab-2B 0.780 0.003 

Q9Z280 Phospholipase D1 0.057 0.536 

O95757 Heat shock 70 kDa protein 4L 0.004 0.817 

Q6P2I7 Endogenous Bornavirus-like nucleoprotein 2 0.023 0.575 

A6NG13 

Alpha-1,3-mannosyl-glycoprotein 4-beta-N-

acetylglucosaminyltransferase-like protein MGAT4D 

0.029 0.527 

O94810 Regulator of G-protein signaling 11 0.323 0.021 

P17156 Heat shock-related 70 kDa protein 2 0.338 0.077 

Q96MA6 Adenylate kinase 8 0.325 0.021 

Q9C0F0 Putative Polycomb group protein ASXL3 0.555 0.021 

Q60698 Ski oncogene 0.489 0.003 

O43451 Maltase-glucoamylase, intestinal 0.255 0.054 

Q63647 Proline-rich nuclear receptor coactivator 1 0.343 0.017 

E1BBQ2 Probable G-protein coupled receptor 158 0.552 0.021 
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Q9P217 Zinc finger SWIM domain-containing protein 5 0.530 0.026 

P59796 Glutathione peroxidase 6 0.221 0.066 

P56965 N(G), N(G)-dimethylarginine 

dimethylaminohydrolase 1 

0.556 0.021 

O08876 Krueppel-like factor 10 0.352 0.019 

r2 =r-square, BFI=Bull Fertility Index, Accession # = Accession number of DAPs derived from 
UniProt database. 
 

All 19 down-regulated DAPs were detected in all 16 bulls (Table 4.6). Four had significant 

negative regressions to BFI (r2= 0.27 to 0.44; p ≤ 0.05) relationships. The three with the most 

negative r2 values were: uncharacterized protein C9orf131 homolog (r2= 0.440; p = 0.0071); 

sodium/potassium-transporting ATPase subunit alpha-4 (r2= 0.272, p = 0.0385); and mitochondrial 

chaperone BCSI (r2= 0.266; p = 0.0491). 
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Table 4.6. Regression Analysis of Intensities of Down-Regulated DAPs with BFI of 16 
Bulls 

 Linear Regression of 

DAPs intensities to BFI 

Accession # Protein Name r2 p-Value 

 

P0CB32 Heat shock 70 kDa protein 1-like 0.235 0.057 

Q9WV27 Sodium/potassium-transporting ATPase subunit 

alpha-4 

0.271 0.038 

P61019 Ras-related protein Rab-2A 0.187 0.094 

Q9XSJ4 Alpha-enolase 0.192 0.089 

Q6B857 Cilia- and flagella-associated protein 20 0.231 0.059 

Q4R3W4 Adenylate kinase 8 0.197 0.085 

Q5JRX3 Presequence protease, mitochondrial 0.241 0.063 

Q99MH5 Nucleoside diphosphate kinase homolog 5 0.185 0.095 

P00517 cAMP-dependent protein kinase catalytic subunit 

alpha 

0.246 0.050 

Q3V0E1 Uncharacterized protein C9orf131 homolog 0.439 0.007 

Q7Z745 Maestro heat-like repeat-containing protein family 

member 2B 

0.253 0.047 

Q8K410 Disintegrin and metalloproteinase domain-containing 

protein 32 

0.245 0.051 

Q5TCS8 Adenylate kinase 9 0.188 0.093 

Q07113 Cation-independent mannose-6-phosphate receptor 0.223 0.064 

Q3ZBD7 Glucose-6-phosphate isomerase 0.172 0.109 

E1BNQ4 ATP-dependent (S)-NAD(P)H-hydrate dehydratase 0.133 0.181 

Q8NDM7 Cilia- and flagella-associated protein 43 0.221 0.076 

Q8SPU8 Dehydrogenase/reductase SDR family member 4 0.067 0.351 

Q5E9H5 Mitochondrial chaperone BCS1 0.266 0.049 

r2 = r-square and has negative values, BFI=Bull Fertility Index, Accession # = Accession number 
of DAPs derived from UniProt database. 
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Figure 4.10. Sub-networks of selected down-regulated DAPs along with their IPPs (neighbor 
proteins in the interactome) showing different PPI in each cluster (n = 16). Ovals in red and green 
represent proteins differing in intensity by at least 2-fold between ATH (n = 8) and ATL (n = 8) 
bulls (red = up-regulated; green = down-regulated; blue = non-DAPs). 

 
The sub-networks of three significant (p < 0.05) but with negative r2 values down-regulated 

DAPs along with their IPPs detected in all 16 bulls are shown in Fig 4.10 a-c. The down-regulated 

DAP, sodium/potassium-transporting ATPase subunit alpha-4 (Fig 4.10 a) is connected to non-

Maestro heat-like repeat-containing protein family member 2B 
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DAPs interacting partners: sodium/potassium-transporting ATPase subunit alpha-3, 

sodium/potassium-transporting ATPase subunit alpha-2, potassium-transporting ATPase alpha 

chain 2, cilia- and flagella-associated protein 45, cAMP-dependent protein kinase catalytic subunit 

gamma, testis-specific serine/threonine-protein kinase 6, and phospholipid-transporting ATPase 

ABCA7. The cluster depicted in Fig 4.10 b is largely comprised of the mitochondrial proteins: 

mitochondrial chaperone BCS1 down-regulated DAP connected to up-regulated DAPs; 

cytochrome b-c1 complex subunit 6, mitochondrial; and ATP synthase F (0) complex subunit B1, 

mitochondrial. In non-DAPs, majority of the proteins are multiple isoforms of cytochrome b-c1 

complex and NADH dehydrogenase. In Fig 4.10 c, the down-regulated DAP, maestro heat-like 

repeat-containing protein family member 2B only interacts with non-DAP Hydrocephalus-

inducing protein homolog. 

4.5 Discussion 

This first comprehensive analysis to compare sperm HPM proteomics between high and 

low fertility Holstein bulls advances our understanding of sperm fertilization and its relationship 

to regulatory mechanisms that control fertility. Results show that bull in vivo fertility is strongly 

correlated with the presence of a cohort of structural and functional DAPs that are differentially 

expressed between bulls of differing fertility, including membrane proteins associated with sperm 

motility, sperm capacitation, AE, sperm oocyte recognition, metabolism, signaling pathways, and 

cytoskeletal structure. The rigorously measured BFI was significantly correlated with the relative 

amount of spectral intensities of 67 DAPs identified by semi-quantitative MS analysis. These 

proteins differed in amount by at least two-fold in bulls with high or low BFIs, with 48 being more-

highly expressed (up-regulated) in HPM from high fertility (HF bulls) and 19 being at least two-
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fold depleted (down-regulated) in HF bulls. Analysis of their roles and molecular interactions cast 

light on the involvement of proteins in regulating bovine sperm fertility.  

Fresh ejaculates were analyzed in this research, although commercial AI is conducted with 

frozen-thawed semen. One salient reason for using fresh semen was to analyze sperm HPM 

unaffected by cryopreservation components and processes which could compromise the plasma 

membrane integrity and molecular structure. The cryoprotectant medium used in frozen semen can 

denature sperm proteins  and induce plasma membrane fragility (Khan et al., 2021). One pooled 

ejaculate was assessed from each of 16 mature Holstein Friesian bulls with a range of BFI, a multi-

factor measure of in vivo fertility based on >1000 inseminations per bull; average BFI is 100. Bulls 

were divided into two cohorts of eight bulls each having BFI > 101 ATH) or BFI < 101 (ATL); all 

HPM preparation and MS was done blind to BFI, including extraction of HPM, digestion, 

fractionations, LC-MS/MS analysis, and data searching, which confers a unique feature of 

completely unbiased investigation on this study. The HPM is highly enriched in the plasma 

membrane from over the anterior sperm head, with minor amounts of membrane from 

mitochondrial and acrosomal membranes and tail components (Zhao & Buhr, 1996; Byrne et al., 

2012; Hickey & Buhr, 2012). Sperm HPM is of key importance because its major remodeling in 

capacitation is critical for normal interactions with the oocyte and inducing the preliminary 

physiological changes during fertilization (Caballero et al., 2012). While other proteomics studies 

have identified fertility-related protein biomarkers in whole sperm from Bos taurus (Peddinti et 

al., 2008; Somashekar et al., 2017; Muhammad Aslam et al., 2018; D’Amours et al., 2018, 2019) 

including frozen bull semen (Singh et al., 2018) and bull seminal plasma (Druart et al., 2013; 

Muhammad Aslam et al., 2014; Viana et al., 2018; Kasimanickam et al., 2019) and in buffalo bull 

(Singh et al., 2018; Muhammad Aslam et al., 2019) and even in buffalo bull sperm surface 
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proteome (Byrne et al., 2012), this is the first in-depth proteomic analysis of Bos taurus sperm 

HPM across fertility lines. 

LC-MS/MS identified 22,117 unique and homologous proteins, when aligned to the 

UniProt mammals database, which were rigorously validated (Koziy et al., 2022) by Spectrum 

Mill at both peptide level as well protein level. At peptide level, validation was performed with 

criteria of 1% FDR, precursor charge range 2 to 7, and minimum peptide sequence length was 6, 

while at protein level, the identified proteins were validated with 1% FDR. These identified HPM 

proteins displayed significant interactions, forming different clusters in an interactome (Fig 4.1). 

This is the first report of big data analytics, including interactions and networks, of all the proteins 

present in HPM of bull sperm.  

To determine if fertility was affected by different amounts of specific proteins, we sought 

HPM proteins that differed by at least two-fold in amount as measured by spectral intensities 

(DAPs), between the three bulls with the highest fertility (HF, with BFIs of 105, 105, 107) and the 

three with the lowest fertility (LF, BFI =88, 92, 94, respectively). Of the 67 DAPs identified, HF 

bulls had significantly more of 48 and less of 19 DAPs than did LF bulls. Heat maps and PCA 

plots (Fig 4.2 – 4.4) show the DAPs clearly delineate and align with field fertility. Sub-networks 

created by STRING and densely connected regions identified by MCODE analysis (Table 4.1) 

showed that proteins in cluster 1 play important roles in energy production of sperm by converting 

ADP to ATP; cluster 2 proteins are sperm flagellar proteins with roles in sperm motility and cluster 

3 proteins participate in sperm motility, capacitation, AE, and sperm fertility. Furthermore, almost 

all of these 67 DAPs form sub-networks with the proteins that are non-DAPs which sometimes 

include one or more other DAPs (examples shown in Fig 4.5). Many of the DAPs have previously 

been associated with sperm quality, and these DAPs and their sub-networks and interactions can 
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be roughly categorized into groups that affect either sperm structure/motility, capacitation/AR, or 

sperm-oocyte binding (Byrne et al., 2012; D’Amours et al., 2010, 2018, 2019). 

 DAPs associated with general cell functions and structure include LDHC, a sperm 

metabolic enzyme associated with local energy production (Fig 4.5; Muratori et al., 2009; Souza 

et al., 2020); TPI (Fig 4.5c), a glycolytic enzyme (Gracy, 1982) essential for sperm glucose 

metabolism; spermatogenesis-associated protein 19 mitochondrial (SPATA19); and disintegrin and 

metalloprotease 32 (ADAM 32), one of the ADAM family of membrane-anchored proteins. 

ADAM32 has not previously been clearly associated with fertility (Lee et al., 2020), although 

ADAM32’s being one of the down-regulated DAPs in high fertility bull HPM suggests it, possibly 

through its wide network of IPPs (Fig 4.6 a) and does impact some crucial aspect(s) of fertility. 

4.5.1 Sperm Structure/Motility  

Proteins associated with sperm structure and motility mostly reside in the midpiece and 

tail, which are present as minor contaminants in the HPM, although cytoskeletal elements underlie 

and bind to the plasma membrane surrounding the whole sperm. The up-regulated DAP RIMBP3 

is a component of the manchette involved in sperm head morphogenesis (Zhou et al., 2009) and is 

most likely active during spermatogenesis, while SPAG17 is important for motile cilia function in 

mature sperm (Teves et al., 2013). CAPZB, also up-regulated in HF bulls, increases 

depolymerization, assembly and capping of actin filaments to enhance sperm motility (Carlier & 

Pantaloni, 1997; Shimada et al., 2005; Vignjevic & Montagnac, 2008), and other actin-affected 

actions. The up-regulated DAPs ROPN1L, a sperm-specific binding protein of the outer fibrous 

sheath that regulates motility in human spermatozoa (Chen et al., 2011), works together with outer 

dense fiber proteins 2 and 3 to induce sperm hyperactivation during capacitation, protects the 

integrity of the axoneme and promotes sperm motility at a molecular level (Zhao et al., 2018). Our 
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findings of the high expression and clustering of the DAP’s ROPN1L, ODF2 and ODF3 in high 

fertility bulls are consistent with these actions, and with the association of decreased ROPN1L 

expression with reduced sperm motility (Chen et al., 2011). Motility, flagellar/microtubule 

structure, and assembly are linked to the DAPs DNAI1, RSPH6A, RIBC2, and SPATA19 that are 

up-regulated in HF bulls (Fig 4.5 j; (Norrander et al., 2000; Zuccarello et al., 2008; Abbasi et al., 

2018; Whitfield et al., 2019) and mutation or absence of one or more of their genes may cause 

asthenozoospermia or multiple morphological abnormalities in sperm flagella (Baccetti et al., 

1993; Whitfield et al., 2019). ROPN1L also clusters with AKAP3 (Fig 4.5 a, b) possibly reflecting 

its collaboration with other membrane proteins for sperm motility and fertility (Xu et al., 2020), 

although the impact on fertility could also be due to AKAP’s involvement in signaling complexes 

(Li et al., 2011). The positive correlations of these motility proteins to the BFI were paralleled with 

a strong negative regression (table 4.4) of the DAP nucleoside diphosphate kinase homolog 5 

(NME5) to BFI. This could be directly attributable to the NME5’s gene regulation of primary 

ciliary dyskinesia (defects in the function or structure of motile cilia) in humans (Cho et al., 2020), 

but, like AKAP3, NME5 has an action other than on motility which could impact fertility. NME5 

modifies the function of several antioxidant enzymes that protect peroxide damage in sperm 

membrane lipids including epididymal secretory glutathione peroxidase. The membrane actions of 

AKAP3 and NME5 suggest their respective positive and negative impacts on fertility could be 

related to their impact on the HPM control of capacitation and sperm-oocyte binding. 

4.5.2 Capacitation 

Sperm capacitation involves cellular, biochemical, functional, and physiological changes 

(Austin, 1952; de Lamirande, 1997; Mostek et al., 2021) triggered by various known and unknown 

signals from tubal fluids and other sources, ultimately rearranging the protein and lipid molecules 
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in the sperm HPM that induce and regulate various signaling pathways. Capacitation’s signaling 

leads to internal physiological/biochemical responses and fusion of the HPM and outer acrosomal 

membrane, culminating in the AE. The DAPs triosephosphate isomerase (TPI1), putative tyrosine-

protein phosphatase (TPTE), heat shock 70 kDa protein 4L (HSPA4L), L-lactate dehydrogenase 

C chain (LDHC), atlastin-2 (ATL2), succinate CoA ligase (ADP-forming) subunit beta have 

mostly been previously located in the head region of sperm (Petit et al., 2013) and are more likely 

candidates for involvement in capacitation. TCP11 in mouse sperm has a key role stimulating 

capacitation and inhibiting spontaneous AE (Fraser, 1998). TPTE engages in function of a signal 

transduction pathway (Chen et al., 1999), as are a number of modifiers of ATP/ADP/AMP, which 

could either be involved in cAMP-dependent signaling or ion transport, impacting sperm 

membrane depolarization during capacitation. Such modifiers include the up-regulated HPM DAP 

proteins phosphotransferase enzyme, which reversibly interconverts ATP and AMP into two ADP 

molecules (Tükenmez et al., 2016), adenylate kinase 8 (AK8), ATP5H and ATP5F1 proton-

transporting ATP synthase, the latter identified in Drosophila testes during spermatogenesis (Yu et 

al., 2019). This cluster of AK8, ATP5H and ATP5F1 up-regulated DAP membrane proteins is 

strongly correlated with BFI (Table 4.3) and form networks (Fig 4.5) with other similar proteins 

that are not DAPS such as AK5, AK7, ATP5D, ATP5J2, NT5C1A, NT5C1B, NME4 and NME8. 

This network also interacts with the down-regulated DAP AK9 that is negatively correlated with 

BFI in HF/LF (table 4.4) ) but not with the BFI in the whole population of bulls (Table 4.6). AK9’s 

unique features are not fully elucidated in sperm (Ionescu, 2019). It is tempting to speculate that 

predominance of AK8 supports or shapes a signaling pathway critical for fertilization, that is 

impeded when AK9 expression is high, thereby interfering with critical capacitation signals. Only 

four of the DAPs had significantly negative linear regressions with BFI of the whole 16-bull 
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population: sodium/potassium-transporting ATPase subunit alpha-4 (Na+⁄K+-ATPase α4), protein 

C9orf131 homolog, maestro heat-like repeat-containing protein family member 2B and 

mitochondrial chaperone BCS1. Na+⁄K+-ATPase α4’s subnetwork (Fig 4.10 a) shows it interacting 

with its isoforms Na+⁄K+-ATPase α2 and Na+⁄K+-ATPase α3 that may complement or inhibit its 

effects; kinases that may impact signaling (testis-specific serine/threonine-protein kinase 6, 

cAMP-dependent protein kinase catalytic subunit gamma), transporters  (potassium-transporting 

ATPase alpha chain 2, Phospholipid-transporting ATPase) and most tellingly since Na+⁄K+-

ATPase α4 is most abundant in sperm tail (Rajamanickam et al., 2017), cilia- and flagella-

associated protein 45. Since Na+⁄K+-ATPase α4 is strongly negatively correlated with fertility, 

meaning more α4 aligns with poorer fertility, it will be intriguing to untangle which of its potential 

partner pathways and roles in energy, transporting, and/or signaling are the critical one(s) for 

fertilization. The other down-regulated DAP in bull population is maestro heat-like repeat-

containing protein family member 2B (MRO2B; Fig 4.10 c), which plays a key role in process of 

sperm capacitation (Martin-Hidalgo et al., 2020), interacts with hydrocephalus-inducing protein 

homolog to influence ciliary motility. It is hypothesized that decreasing the amount of MRO2B 

result in the reduced ciliary motion along with reduced amount of mitochondrial chaperone BCS1 

protein (Fig 4.10 b), the function of mitochondrial respiratory chain was reduced, causing effect 

on mitochondrial tubular networks, reduced cilia motion and altogether leads to low/incomplete 

sperm capacitation (Talbot et al., 2018; Martin-Hidalgo et al., 2020). 

The up-regulation found in the HPM of HF bulls of the antioxidant enzyme phospholipid 

hydroperoxide glutathione peroxidase (GPX4; Fig 4.5k) correlates positively with the population 

fertility (Table 4.5) and is known to prevent peroxidative damage of membrane lipids (Cho et al., 

2020), and prevent reactive oxygen species (ROS) from interfering with capacitation through 
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changing a cAMP-driven Tyr-P pathway (Awda et al., 2009; Awda & Buhr, 2010)  needed for 

capacitation. Others have also found GPX4 in sperm from high fertility bulls (Park et al., 2012; 

Özbek et al., 2021), in Malnad Gidda bulls (Ramesha et al., 2020) and in human sperm anterior 

membranes and post-acrosomal membranes (O’Flaherty & Rico de Souza, 2011), and have 

suggested GPX4 maintains cytoskeletal integrity (Maiorino et al., 2005) and is involved in 

fertilization (Rahman et al., 2013). It is interesting that MCODE linked GPX4 to lactate 

dehydrogenase A (LDHA; Fig 4.8), which has been identified as an attractive target for 

development of male contraception (Goldberg, 2021); it would be interesting to explore a potential 

relationship among membrane-bound dehydrogenase and peroxidase and sperm fertility.  

Two RAB DAPs identified in HF HPM, the down-regulated RAB2A (Fig 4.6b) and the up-

regulated RAB2B also have a potentially very interesting inter-relationship for capacitation. 

RAB2A regulates vesicular transport to the developing acrosome during spermiogenesis 

(Mountjoy et al., 2008), while RAB2B is depleted in patients with unexplained fertilization failure 

(Torra‐Massana et al., 2021). RABs are small GTP-binding proteins of approximately 20–40 kDa 

with key roles in sperm fusion events, membrane transport (Stenmark, 2009) and membrane-bound 

signaling (reviewed by Nassari et al., 2020). RABs are GTPases, acting like “molecular switches” 

by shuttling between being inactive when bound to GDP and active when bound to GTP (Lin et 

al., 2017). Of note are the many other members of the RAB family identified as non-DAPS in this 

same cluster (Fig 4.6 b: RAB10, 14, 37, 39A, 43). Various RABs in various cell types regulate 

physiological changes known to be important in capacitation, including calcium (Ca++) release 

from cellular organelles, EGFR stabilization or degradation (depending on whether SRC 

phosphorylates a RAB tyr, or PTEN phosphorylates both ser and tyr RAB residues), and regulation 

of phosphatidyl-inositol3P levels (Nassari et al., 2020). The up-regulation and positive regression 
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of RAB2B, coupled with the down-regulation with trending-towards-significant negative 

regression of RAB2A (p=0.09, Table 4.6) suggest these two RABs may have inverse roles or 

antagonistic actions on one or more critical steps in capacitation. 

4.5.3 Sperm-Oocyte Recognition and Binding 

Sperm-oocyte binding also is a multi-step function of the HPM, and a number of DAPs 

implicated in these processes were identified (Fig 4.5). Zona pellucida-binding protein 1 (ZPBP1) 

was seen to have close interconnection with its IPPs, ZPBP2, zonadhesin (ZAN Sutovsky, 2018), 

acrosin-binding protein (ACRBP), acrosin (ACR), epididymal sperm-binding protein 

1(ELSPBP1), mitochondrial (SUCLA2), ODF1, and ROPN1. ZPBP2 is the paralog of acrosomal 

matrix protein ZPBP1 and involved in interactions between sperm and the ZP of oocyte (Yu et al., 

2006; Lin et al., 2007; Sutovsky, 2009, 2018; Souza et al., 2020). ZPBP1 is found more broadly 

over the acrosome cap, and its presence is required for normal compaction of the murine acrosome 

during spermatogenesis (Lin et al., 2007).  ZPBP2 is confined to the apical ridge of the acrosome 

and its absence results in male subfertility largely correlated with defects in sperm ZP interaction 

(Lin et al., 2007; Ferrer et al., 2013). In boars, ZAN is an inner-acrosomal membrane protein, 

involved in sperm-oolemma interaction (Shur, 2008; Ashrafzadeh et al., 2013; Souza  et al., 2020). 

ACRBP is elevated in capacitated boar spermatozoa, stimulating release of acrosin from the 

acrosome and subsequent sperm-egg binding; indeed, it has been suggested as a potential 

biomarker of fertility (Fraser & Quinn, 1981; Kwon et al., 2014). The glycolytic enzyme TPI has 

been implicated in ZP interaction and fertilization (Auer et al., 2004). The HSP proteins are 

molecular chaperones, with the up-regulated HSPA4L (previously identified in Malnad Gidda bull 

spermatozoa; Ramesha et al., 2020) known to  play a vital role in sperm-zona interactions (Naaby-

Hansen & Herr, 2010; Radons, 2016; Sutovsky, 2018) and the down-regulated HSP701L is 
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involved in steroid hormone: ligand  chaperoning. As with other up-and-down-regulated protein 

pairs, the possibility exists of these two similar forms competing for involvement in vital steps in 

sperm: zona recognition and binding.   

4.6 Conclusions 

This first rigorous in-depth proteomics analysis of sperm HPM in Holstein Friesian bulls 

found their rigorously measured field fertility significantly correlated to the amount of DAPs 

identified by semi-quantitative MS analysis. Of the over 20,000 proteins identified, only 67 

differed in amount by at least two-fold between high and low fertility bulls, with over 40 of these 

proteins significantly correlated to the wide range of in vivo fertility of 16 bulls. This unique 

identified orchestra of significantly abundant proteins participate in various key roles in sperm 

motility, capacitation, oocyte recognition, metabolism, signaling pathways, and cytoskeletal 

structure, and overall cast light on the proteins that regulate bovine sperm fertility. 
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PREFACE TO CHAPTER 5 

 

Previous chapters identified that in HPM of boar sperm, specific isoforms of Na+⁄K+-

ATPase correlate to in vivo fertility, and 67 non-ATPase bovine proteins differed by at least two-

fold in sperm HPM from bulls of differing in vivo fertility in a manner that correlated with bull 

fertility measured by BFI. The current study evaluates, quantifies, and characterizes the different 

α and β isoforms of Na+⁄K+-ATPase (α1,2,3,4; β1,2,3) in the sperm HPM from bulls of differing 

in vivo fertility. Interestingly, although sperm motility and kinetics parameters by CASA did not 

differ among bulls of differing fertility, the average to high fertility bulls (ATH, n=8) had 

significantly more α1 than average to low fertility bulls (ATL, n=8). Linear regression found the 

BFI was positively correlated to α1 and β2, and negatively related to α4. Bioinformatics analysis 

predicted more, discontinuous B-cell epitopes and Tyr-P sites in Na+⁄K+-ATPase isoform residues 

found in HPM of high versus low fertility bulls. 

_________________________ 

A version of this chapter is ready to submit to Journal of Biology of Reproduction under joint co-

authorship with George S. Katselis, and Mary M. Buhr. 

As first author, Muhammad Imran contributed to the experimental design, conducted the study, 

performed the data analysis, and wrote the first draft of the manuscript. George S. Katselis and 

Mary M. Buhr conceived the idea and contributed to the experimental design, revised the 

manuscript, and supervised the project. 
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CHAPTER 5: CHARACTERISTICS OF Na+⁄K+-ATPase IN HEAD PLASMA 

MEMBRANE OF BOVINE SPERMATOZOA 
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5.1 Abstract 

Male fertility is a complex trait involving many molecules, proteins, and signal 

transduction pathways in spermatozoan. Proteomics here identifies, relatively quantifies, and 

compares Na+⁄K+-ATPase isoforms (α1, α2, α3, α4, β1, β2 and β3) in the sperm HPM of Holstein 

Friesian bulls of known fertility and associates these isoforms with cellular functions and fertility. 

Sperm kinetics of one ejaculate from each of 16 bulls did not differ between those whose in vivo 

fertility was either average to low (BFI  88-101; n=8, ATL) or average to high (BFI 102-107; n=8; 

ATH). HPM was individually isolated, and proteins digested, fractionated, and spectra aligned to 

Bos taurus Na+⁄K+-ATPase isoforms from NCBI database. Relative quantification of Na+⁄K+-

ATPase, assessed by NSAF, found more α1 in ATH than ATL (P<0.05). Linear regression 

confirmed a positive relationship of α1 (r2=0.42; p<0.006) and β2 (r2=0.47; p<0.003) with BFI 

while α4 was negatively correlated (r2=0.37; p<0.01). Representative tryptic signature peptides in 

each isoform in both groups were identified. Spectral residues from the three bulls with the highest 

and lowest BFIs (HF, LF) were pooled group-wise, duplicates removed, pooled sequences aligned 

for each isoform, and bioinformatics found the predicted location, physical and chemical 

properties, discontinuous B-cell epitopes, and Tyr-P of most of the isoforms differed between HF 

and LF. Therefore, specific isoforms of Na+⁄K+-ATPase in the sperm HPM are correlated to bull 

in vivo fertility, probably through Na+⁄K+-ATPase’s role as receptor for signaling pathways in 

bovine sperm capacitation. 
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5.2 Introduction 

Fertility is generally defined as the ability to conceive offspring and to propagate next 

generations (Utt, 2016). In bovine reproduction, individual bull fertility is more important than 

that of an individual cow, because in natural service, one bull may be used to breed up to 40 

females and in artificial insemination, one ejaculate may be divided to breed hundreds to thousands 

of females (Kastelic, 2013). Fertility in vivo is a complex process that involves sperm transport in 

the female reproductive tract and a series of biochemical and physiological changes known as 

capacitation that enable a sperm to fertilize the oocyte (Chang, 1951; Austin, 1952; Yanagimachi, 

1994). During capacitation, molecular rearrangement in the plasma membrane including loss of 

decapacitation factors and cholesterol, enables the subsequent AE to occur.  

Capacitation in bovine sperm involves a series of cell signaling events mediated by proteins 

in the HPM including Na+⁄K+-ATPase (Thundathil et al., 2006; Sajeevadathan et al., 2019).  

Na+⁄K+-ATPase acts as a receptor to its hormone ouabain that induces in vitro capacitation by 

activating a cell signaling cascade that leads to Tyr-P (Thundathil et al., 2006). 

Na+⁄K+-ATPase is a transmembrane protein ubiquitous in mammalian cells that is a 

heterodimer of α and β subunits. The α subunit is the larger molecule of approximately 1000 amino 

acid residues and molecular weight of 110kDa, and has four isoforms α1, α2, α3 and α4  (Kaplan, 

2002). The β subunit is a comparatively smaller molecule with 370 amino acid residues with a 

molecular weight of 35-60 kDa, and has three isoforms known as β1, β2 and β3 (Blanco & Mercer, 

1998; Daniel et al., 2010). In somatic cells, the α isoforms are mostly located on the inner leaflet 

of the plasma membrane while β isoforms locate towards the outer surface (Woo et al., 2000; 

Geering, 2008).  
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Previously, our group noted Na+/K+-ATPase in bull sperm (Zhao & Buhr, 1996) and 

identified all isoforms in the HPM of bull  (Hickey & Buhr, 2012; Sajeevadathan et al., 2021) and 

boar spermatozoa including α4 isoform (Awda et al., 2022-submitted). In boar sperm the 

intensity/band density of the α3 Na+⁄K+-ATPase bands in Western blots were strongly associated 

with boar in vivo fertility and FR (Chapter 3, Imran et al., 2023). However, all these studies used 

methodologies other than MS that had limitations in sensitivity and accuracy. So, for the first time, 

a comprehensive analysis of the sperm HPM from Holstein Friesian bulls for the determination 

and quantification of the seven isoforms of Na+⁄K+-ATPase was performed.  

Male fertility is a complex trait. Other studies have examined the proteomic profile of entire 

sperm (including head, tail, mitochondria etc), for association with fertility (de Mateo et al., 2011; 

Byrne et al., 2012; Amaral et al., 2013; Baker et al., 2013; Druart et al., 2013; Castillo et al., 2014; 

Muhammad Aslam et al., 2018; Singh et al., 2018; Viana et al., 2018; D’Amours et al., 2018, 2019; 

Kasimanickam et al., 2019). 

Since the sperm HPM is a critical component of many fertilization events (sperm-egg 

interactions including membrane fusion, capacitation, AE, sperm-zona penetration, etc), we 

recently examined the total sperm proteomics of the HPM from sperm of bulls of known fertility 

(Chapter 4, Imran et al., 2023). The current study focuses on the critically important HPM 

signaling proteins, the Na+⁄K+-ATPase isoforms (α1, α2, α3, α4, β1, β2 and β3).   

The specific objective of this high throughput proteomic analysis is to identify and reveal 

previously unknown sperm characteristics of HPM Na+⁄K+-ATPase isoforms that might be 

associated with in vivo bull fertility, including relative quantification (based on spectral counts), 

peptide sequence, cellular and biological functions, prediction of transmembrane helices, physical 

and chemical properties, discontinuous B-cell epitopes, phosphorylation sites and signal 
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transduction pathways specific to fertility. Identifying exactly which features of specific ATPase 

isoforms impact fertility will aid understanding both how this novel signaling molecule works, and 

how to improve sperm fertilizing ability. 

5.3 Materials and Methods 

5.3.1 Reagents and Equipment 

Similar reagents and equipment were used as before (section 4.3.2). Disodium phosphate, 

sodium dihydrogen phosphate monohydrate, dextrose, 1.5 M sucrose, polyethylene glycol (40%), 

methanol HPLC grade, and trypsin were purchased from Thermo-Fisher Scientific (Unionville, 

ON, Canada) and percoll from GE Healthcare (Mississauga, ON, Canada). Potassium chloride, 

20% dextran, and sodium chloride were acquired from Sigma-Aldrich, (Oakville, ON, Canada). 

Milli-Q water obtained from water purification system Serv A Pure (MIUS) and MS-SAFE 

protease and phosphatase inhibitor cocktail from Merck KGaA (Darmstadt, Germany). 

Bicinchoninic acid protein assay kit including BSA were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). LC/MS grade water, and LC/MS grade acetonitrile, were purchased from 

Fisher Scientific, (Fair Lawn, NJ, USA), as were ABC buffer, TFE and IAA. DTT was purchased 

from MP Biomedicals (Solon, OH, USA). SCX Spin Tips sample preparation kit was from Protea 

Biosciences (Morgantown, WV, USA), ammonium formate from Sigma (St. Louis, MO, USA) 

and trypsin from Pierce (Rockford, IL, USA). MS vials and Polaris-HR-Chip 3C18 were purchased 

from Agilent (Agilent Technologies Canada Ltd., Mississauga, ON, CA).   

5.3.2 Semen Collection and Processing 

Similar approaches were used as before (section 4.3.1). One fresh double ejaculate (two 

ejaculates collected from the same animal within 20 minutes and then pooled together) from each 

of 16 Holstein Friesian bulls  of known field fertility (average-to-high fertility ATH n=8, average-
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to-low fertility ATL n=8) was provided by SEMEX (Guelph, ON, Canada). Bull fertility was 

assessed as the international multi-factor BFI which is a Semex internal calculation composed of 

NRR (56 days post service: Canadian Index), SCR (USA index) and Agri-Tech analyses (ATA, 

USA index). Average BFI is100 based on >1000 inseminations per bull, and bulls were identified 

as having BFI > or < 100 (ATH, ATL; n=8 each). As before (Sajeevadathan et al., 2021), two 

ejaculates were collected from each bull on one day by artificial vagina, combined, and the 

ejaculates with ≥80% motile sperm were diluted to 60×106 spermatozoa per mL with clear egg 

yolk-free extender (Semex proprietary composition) and shipped overnight at 16 ºC to the 

laboratory at the University of Saskatchewan (Sajeevadathan et al., 2021). The temperature was 

checked on arrival and samples between 15-20 ºC were warmed to room temperature over 2h by 

being placed in a partially opened container, covered, and occasionally rotated until they reached 

room temperature 24 ± 1 ºC (≈ 90 min). On arrival, a 500 µL aliquot was transferred into an 

Eppendorf tube and incubated at 37 ºC for slow warming (70 min). Following that it was evaluated 

for motility kinetics CASA, Hamilton Thorne IVOS II (MA, USA) utilizing a 4 µL semen on a 20 

μm deep Leja standard count slide (Leja products B.V., Nieuw-Vennep, The Netherlands) while 

kept at 37 ºC (Anzar et al., 2009, 2011; Sajeevadathan et al, 2021). Ejaculates whose temperature 

on arrival was 15-20 ºC, and whose CASA parameters included ≥ 60% total/ 55% progressive 

motility, were processed to obtain the HPM once the ejaculate reached room temperature (Hickey 

& Buhr, 2012). Fresh semen motility kinetics, ejaculate volume (mL), weight (g), concentration 

(x106/mL) and total sperm count from each of the 16 bulls were determined (Table 5.1).  

5.3.3 Materials and Extraction of Sperm HPM  

Similar methods were used as before (section 4.3.3). The HPM was obtained according to 

an established procedure (Buhr et al., 1993; Zhao & Buhr, 1996; Hickey & Buhr, 2012), 
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performing all steps at room temperature unless specified otherwise. Briefly, the sample was 

centrifuged (Jouan CT 4.22; Jouan S.A., Saint-Herblain, France; 800 x g; 10 min), and pellets 

resuspended into phosphate buffered saline (PBS; 125 mM NaCl, 8 mM Na2HPO4, 2 mM 

NaH2PO4.H2O, 5 mM KCl, 5 mM dextrose) with repeated gentle aspiration, pooled to ~40 mL 

and centrifuged (800 x g; 10 min). The resulting pellets were resuspended in PBS to 40 mL, layered 

onto 35% percoll (1:2 v: v; percoll: PBS) centrifuged (800 x g; 10 min), the supernatant discarded, 

and the pellet washed twice with PBS (800 x g, 10 min). The final pellet was subjected to nitrogen 

cavitation in a cell disruption Parr cavitation unit (Parr instrument company, IL, USA; 650 psi, 10 

min) introducing nitrogen gas over 90 sec to a final pressure of 650 psi, holding for 10 min and 

then releasing pressure over 90 sec. Finally, the cavitate was centrifuged at 800 x g for 10 min. 

Phase partition tubes were prepared by mixing 3.94 g 20% dextran (1:5 g: g; dextran:water), 1.97 

g 40 % PEG (1:2.5 g: g; PEG:water), 0.19 g PBS (in 1000 mL water), 2.42 g 1.5 M sucrose (in 

100 mL water), covering and keeping in fridge overnight. The resulting supernatant was layered 

onto four phase partition tubes. Tubes were mixed by inversion 20 times, centrifuged (800 x g; 10 

min), and the top portion harvested. This portion was layered onto four fresh phase partition tubes, 

mixed, and centrifuged as before. The final top layers were centrifuged (206,000 x g; 30 min; 5 

ºC), the pellets resuspended in PBS, pooled, and centrifuged (206,000 x g; 20 min; 5 ºC). The final 

pellet (HPM) was scraped out into a hand-held homogenizer by stepwise adding 200 μL PBS, and 

homogenized. To inactivate endogenous proteolytic and phospholytic enzymes that degrade the 

HPM proteins, and its activation states, MS-SAFE Protease and Phosphatase Inhibitor cocktail 

was added (1.33 mL per mg of HPM). The samples were homogenized, aliquoted into eppendorf 

tubes, covered with nitrogen gas, snap frozen in liquid nitrogen, and stored at -80 ºC. 
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5.3.4 Digestion of HPM 

Similar approaches were used as before (section 4.3.3.1). For measuring HPM protein 

concentration, an aliquot was thawed at room temperature and the concentration of the HPM 

protein was determined by bicinchoninic acid analysis using the BioTek ELx808 (BioTek- 

Instruments Inc., VT, USA) multi detection plate reader (wavelength 562 nm) and BSA as the 

standard protein (Nair et al., 2021). 

Triplicates made from each HPM sample were digested into peptides using in-solution 

trypsin digestion protocol developed in our laboratory (Nair et al., 2021; Koziy et al., 2022).  

Briefly, HPM samples with concentration > 5.0 μg protein/µL were diluted with water to make it 

5.0 μg/µL and samples with concentration <5.0 μg/µL were mixed (without dilution) with 1 M 

ABC (45 μL sample in 5 μL ABC), and proteins in HPM were denatured with addition of 50 μL 

TFE (total sample volume 100 µL). Disulfide bonds in HPM proteins were reduced by adding 1 

µL of DTT solution (1 M DTT in 100 mM ABC: final concentration of 10 mM DTT) upon 

incubating for 1 h at 6ºC while shaking on Eppendorf Thermomixer (Eppendorf, ON, Canada) at 

500 rpm. To prevent disulfide bonds from reforming, proteins in HPM samples were alkylated 

with 55 mM IAA (100 µL of 100 mM IAA) and incubated in the dark at 37ºC for 30 min while 

shaking at 300 rpm. Samples were then evaporated (25 min, 37ºC) in a speed-vac (Labconco, 

Kansas City, MO, USA) to a final volume of 100 µL. Later, to remove salts, polymers and lipid 

contaminations, sample proteins were precipitated with excess acetone (-80ºC, 1h), centrifuged 

(30 min, 4ºC, 13,000 x g) in Eppendorf centrifuge 5430 R (Eppendorf AG, Hamburg, Germany), 

the supernatant discarded, and acetone precipitation repeated. The samples were then completely 

dried (25 min, 37ºC) in speed-vac (Koziy et al., 2022) and resuspended in 300 μL of 100 mM 

ABC. Finally, HPM proteins were digested by adding trypsin digestion buffer (20 µg /μL trypsin 
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in 1 mM HCl and 200 mM ABC solution; protein: trypsin, 40:1, v: v) and incubating overnight 

with shaking (37 ºC, 300 rpm). For complete sample protein digestion, the same amount of trypsin 

buffer was added the next morning, and samples incubated (2 h, 37ºC, shaker 300 rpm), dried 

(speed vac), and stored at -80ºC until SCX fractionation (Koziy et al., 2022). 

5.3.5 SCX Peptide Fractionation 

Similar methods were used as before (section 4.3.3.2). Peptide fractionation, using SCX 

Spin Tips incorporated as an orthogonal approach coupled to reverse phase LC to minimize sample 

complexity and increase resolution prior to MS/MS analysis (Mirzaei & Regnier, 2006; Creese et 

al., 2013). From each animal’s HPM, 9 fractions were acquired and considered as technical 

replicates for further in-depth MS study. Briefly,  the manufacturer’s protocol was followed, in 

which the SCX Spin Tip column was conditioned by adding 50 μL SCX reconstitution solution 

and centrifuging in Eppendorf centrifuge 5430 R (Eppendorf AG, Hamburg, Germany) at 4000 x 

g for 6 minutes. The liquid was discarded, and the process was repeated. To achieve charge-based 

peptide separation, trypsin-digested sperm HPM peptides were reconstituted in 100-200 μL of 

SCX reconstitution solution (pH < 3, adjusted with formic acid), loaded on the SCX Spin Tip 

column, and centrifuged at 4000 x g for 6 min. The Spin Tip column was then eluted by 

centrifugation (4000 x g, 6 min) using a solution of ammonium formate in 10% acetonitrile in 

stepwise increasing strength (20, 40, 60, 80, 100, 150, 250 and 500 mM, respectively; 150 μL 

each; pH ~ 3). A total of 9 fractions, including the flow through fraction, were acquired, and stored 

at -80 ºC until MS analysis. The increasing ionic strength of the solution displaces cations, thereby 

displacing and separating peptides (Henry et al., 2017; Nair et al., 2021). 
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5.3.6 Tandem Mass Spectrometric Analysis 

Similar approaches were used as before (section 4.3.4). The dried SCX 9 fractions 

containing tryptic peptides were reconstituted (MS grade water: acetonitrile: formic acid; 97:3:0.1; 

v:v, total vol 20 mL), vortexed (1-2 min), centrifuged (18000 g, 10 minutes, 4ºC) and 3μl aliquots 

of each sample were transferred to a MS vial for LC-MS/MS analysis (Brandt et al., 2019; Nair et 

al., 2021; Koziy et al., 2022). The MS analysis was performed using an Agilent 6550 iFunnel Q-

TOF mass spectrometer (Agilent Technologies, Mississauga, ON, CA) coupled with liquid 

chromatography (Willems et al., 2016) using an Agilent 1260 series and an Agilent Chip Cube 

LC/MS interface respectively (Agilent Technologies, Mississauga, ON, CA) (Nair et al., 2021; 

Koziy et al., 2022). 

Reversed phase chromatographic separation of peptides was achieved by employing a 

high-capacity Agilent HPLC-Chip; G4240-62030 chip cube, Polaris-HR-Chip 3C18 containing of 

a 360 nL enrichment column and a 75 μm × 150 mm analytical column (Agilent Technologies, 

Mississauga, ON, CA); both columns were packed with Polaris C18, 180Å, 3 μm stationary phase 

for improved peptide resolutions and peak capacity. Peptide fractions were suspended in 50% 

solvent A (0.1% formic acid in MS water) and 50% solvent B (0.1% acetonitrile: formic acid) then 

loaded onto the enrichment column (flow rate 2.0 μl/min; Brandt et al., 2019). 

After loading, fractionated peptides were separated on the analytical column with linear 

gradient solvent system. On analytical column, the linear gradient program was used for peptide 

separation in presence of Solvent A and B. The linear gradient for solvent B was set at (3–25%, 

for 50 min) then at (25–90%, for10 min) using flow rate of 0.3 μL/ minute. Mass spectra, from 

electron spray positive ions were obtained under conditions of: capillary voltage (1900 v), ion 

fragmentor voltage (360 V), temperature (225ºC) and flow of nitrogen gas (12.0 L/min) (Brandt 



 

125 
 

 

et al., 2019). For spectral results the parameters were: MS data mass range of 250–1700 

(mass/charge; m/z) at a scan rate of 8 spectra/s, MS/MS data range (100–1700 m/z), isolation width 

of 1.3 atomic mass units. For auto MS/MS, a maximum of 20 precursor ions were selected at an 

absolute threshold (3000 counts) and a relative threshold (0.01% with a 0.25 min active exclusion) 

(Brandt et al., 2019; Nair et al., 2021; Koziy et al., 2022). 

5.3.7 Database Search and Analysis  

Similar methods were used as before (section 4.3.5). The acquired MS/MS spectra from 

raw data were searched against isoforms α1, α2, α3, α4, β1, β2 and β3 of Na+⁄K+-ATPase with 

species Bos Taurus from NCBI (National Center for Biotechnology Information) Database by 

Agilent Spectrum Mill (Agilent Technologies, ON Canada) search engine. The database search 

parameters were trypsin as enzyme for protein digestion; two missed cleavage per peptide; 

fragment mass error 50 PPM; carbamidomethylation as fixed modification; Precursor mass shift 

range was -18 to 177 Da, and data were validated at a) peptide level (1% FDR) with precursor 

charge range 2 to 7 and a minimum peptide sequence length of 6 and b) protein level at 1% FDR. 

Additionally, each isoform of Na+⁄K+-ATPase was manually validated through a rigorous 

validation process using Mass Hunter software (Agilent Technologies, ON Canada) and 

employing a mass difference cutoff of ∆m < 10 PPM between observed and theoretical mass (Nair 

et al., 2021; Koziy et al., 2022).  

5.3.8 In-silico Digestion 

The in-silico digestion of all 7 Na+⁄K+-ATPase isoforms was achieved by ExPASy-Peptide 

Cutter (https://web.expasy.org/peptide_cutter/) using trypsin enzymes (Wilkins et al., 1999). The 

unique peptide sequences in each isoform were identified separate from the homologous parts of 

the α and β isoforms. Predicted peptides from in-silico digestion assisted in identifying unique 

https://web.expasy.org/peptide_cutter/
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peptides in each of the Na+⁄K+-ATPase isoform. From these tryptic peptides of unique sequences 

per isoform from the in-silico digestion, peptides from the experimental raw data with unique 

sequence for each isoform, were manually extracted and identified in all the isoforms (α1,2,3,4; 

β1,2,3) and in all 16 bulls. 

5.3.9 Relative Quantification of Na+⁄K+-ATPase 

Relative quantification of each Na+⁄K+-ATPase isoform was done using the NSAF, based 

on spectral counting with slight modifications (Florens et al., 2006; McIlwain et al., 2012; Langley 

& Mayr, 2015). Total spectral count from each of the Na+⁄K+-ATPase isoform was determined. 

From the known molecular weight of each of the isoform, the spectral counts were normalized and 

converted into NSAF for each individual isoform in each animal by using the following equation 

(5.1): 

(𝑁𝑆𝐴𝐹)𝑘 = (
𝑆𝑝𝐶

𝑀𝑊
) 𝑘/∑ (

𝑆𝑝𝐶

𝑀𝑊
) 𝑖𝑁

𝑖=1  …….……………………………………………. (5.1) 

where, SpC = total number of MS/MS spectra matching peptides from protein k,  

MW = molecular weight of protein k, N = total number of proteins. 

5.3.10 Protein-Protein Interaction Network 

All proteins in ATH and ATL identified by Spectrum mill were converted into their 

respective gene codes and two interactomes one from ATH and other from ATL were drawn using 

Cytoscape v3.8.2. For each Na+⁄K+-ATPase isoform’s protein-protein interaction, the first 

neighborhood proteins forming interaction with each of the Na+⁄K+-ATPase isoform was clustered 

together to make a sub-network of each isoform. The IPPs (neighbor proteins in the interactome) 

in a cluster developed using Cytoscape v3.8.2, identified different PPI in each cluster/sub-network.  
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5.3.11 Statistical Analysis 

Shapiro-Wilks tests checked the normality (p>0.05) of all appropriate data. The sperm 

functional parameters (ejaculate characteristics, sperm kinetics) and the NSAF were compared 

between ATH and ATL fertility groups using SAS statistical software (SAS; version 9.3; SAS 

Institute, Inc Cary, NC, USA), with student t-test, while setting significance at p< 0.05. A linear 

regression was performed with SAS statistical software on NSAF of all isoforms (α1, 2,3,4: β1,2,3) 

of Na+⁄K+-ATPase to BFI of all 16 bulls. The deterministic model used in equation (5.1) was: 

𝑦 = 𝑎 + 𝑏𝑥…………………………………………………………………………………. (5.2) 

where a= intercept, b = slope of the regression line. 

For all in-depth bioinformatics analysis (sequence alignment of the residues, physical and 

chemical properties, isoform’s localization, and structural features), the three bulls with the highest 

BFI values (range 105-107, mean BFI±SEM 105±0.66) were categorized as high fertile (HF) 

whilst the three bulls with lowest BFI (range 88-94, mean BFI ± SEM 91±1.7) were classified as 

low fertile (LF). 

5.3.12 Bioinformatics Analysis 

5.3.12.1 Sequence Alignment of the Residues from Na+⁄K+-ATPase Isoforms 

For each individual isoform, their residues were pooled within the HF and LF groups. The 

replicate/ duplicate peptides with similar sequences were removed leaving a pool of peptides for 

each group. The residue’s sequence of each isoform was aligned to the known peptide sequence 

of that Na+/K+-ATPase isoform in from Bos taurus species in the NCBI database. The local 

similarity of the regions between sequences (experimental and known) was aligned with LALIGN, 

a basic local alignment search tool (https://embnet.vital-it.ch/software/LALIGN_form.html) and 

this sequence alignment was used to build the primary structure for each isoform. 

https://embnet.vital-it.ch/software/LALIGN_form.html
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5.3.12.2 Physical and Chemical Properties 

From the primary structure of each Na+⁄K+-ATPase isoform residue, the physical and 

chemical properties/parameters were determined with ProtParam 

(https://web.expasy.org/protparam/; accessed 24 September 2021), a component of the ExPASy 

server (Gasteiger et al., 2005).  

5.3.12.3 Prediction of Na+⁄K+-ATPase Isoforms’ Subcellular Localization and Structural 

Features 

The HSLPred server (https://webs.iiitd.edu.in/raghava/hslpred/submit.html; accessed 24 

September 2021) predicted the subcellular localization of Na+⁄K+-ATPase isoforms from primary 

structure of each isoform which was created with the pooled data from HF and LF (n=3 each). The 

HSLPred is a support vector machine-based online bioinformatics technique for prediction of four 

major subcellular localization sites, including plasma membrane, nuclear membrane, cytoplasm, 

and mitochondrial membranes with an overall prediction accuracy is from 73 to 78%. This tool 

was used with the default method of hybrid-based approach (Garg et al., 2005), to increase the 

prediction accuracy up to 85%. The discontinuous B-cell epitopes for each Na+⁄K+-ATPase 

isoforms were predicted by immune epitope database (http://www.iedb.org/, accessed 24 

September 2021) analysis server (Jespersen et al., 2017) based on hidden Markov models (HMM), 

and using the Bepipred Linear Epitope Prediction 2.0 with a threshold 0.600. Phosphorylation sites 

with their cognate PKs in residues for each isoform were predicted with Group Based Prediction 

System (GPS) 5.0 analytical software (The CUCKOO Work group, Wuhan, Hubei, China). The 

prediction of phosphorylation sites is based on two novel methods of position weight determination 

(PWD) and scoring matrix optimization (SMO) in GPS (Wang et al., 2020). 

https://web.expasy.org/protparam/
http://www.iedb.org/,%20accessed%2024%20September%202021)
http://www.iedb.org/,%20accessed%2024%20September%202021)
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5.4 Results 

5.4.1. Fertility and Sperm Motility Analysis 

CASA motility kinetics did not differ significantly (p>0.05) between ATH and ATL, nor 

did any major ejaculate parameter (Table 5.1).  

Table. 5.1. Ejaculate and Motility Characteristics of the Bulls (n=16). Each ejaculate 
(one per bull) from all bulls (n=16) was analyzed immediately after collection at the bull 
unit (Fresh) and after extension in liquid protein-free extender and overnight shipping 
to the laboratory (CASA). ATL: eight bulls with BFI 88-101; ATH: eight bulls with BFI 
102-107. All values are mean ± SEM; significance for SAS t-test comparing ATL to ATH 
set at p≤0.05. 
 

Parameter ATL ATH p-value 

Fresh Semen 

Concentration 

(x106/mL) 

1407.63 ± 148.65 1380.44± 82.80 0.44 

Ejaculate Volume 

(mL) 

12.51 ±1.60  10.70 ± 1.39 0.18 

Ejaculate weight (g) 23.72 ±1.21 21.82 ±1.45 0.18 

Motility % 79.37± 0.73 79.37± 0.96 0.50 

Sperm Count 17616.42 ±1997.44 14772.40 

±1952.12 

0.21 

CASA Extended Semen 

Static % 63.82 ± 3.77 69.86±4.80 0.34 

Motile % 34.94±3.90 32.28±4.75 0.67 

Progressive % 21.13±4.34 21.54±5.35 0.95 

Slow % 1.07±0.29 1.04±0.24 0.94 

Motile 

DAP µm 40.37 ± 4.07 36.33 ± 3.63 0.47 

DSL µm 34.14 ± 3.14 29.64 ± 2.73 0.30 
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DCL µm 64.13 ± 4.47 62.15 ± 3.30 0.73 

VAP µm/sec 69.56 ± 6.98 61.67 ± 6.92 0.44 

VSL µm/sec 61.82 ± 5.86 56.19 ± 5.80 0.51 

VCL µm/sec 110.59 ± 8.03 103.17 ± 7.86 0.52 

STR % 85.53 ± 1.01 85.53 ± 0.88 1.00 

LIN % 53.17 ± 1.82 51.25 ± 2.01 0.49 

ALH µm 4.40 ± 0.14 4.50 ± 0.19 0.67 

BCF Hz 33.42 ± 1.50 32.28 ± 1.35 0.58 

WOB % 60.71 ± 2.27 57.78 ± 2.35 0.39 

Progressive 

DAP µm 40.58± 5.25 45.93 ± 3.54 0.41 

DSL µm 39.07± 5.26 39.03 ± 1.02 0.99 

DCL µm 64.22± 6.25 65.94 ± 2.28 0.80 

VAP µm/sec 82.35± 9.61 84.53 ± 2.22 0.83 

VSL µm/sec 73.73± 10.07 75.09 ± 2.14 0.90 

VCL µm/sec 123.66± 10.22 121.76 ± 3.25 0.86 

STR % 86.45± 4.61 89.83 ± 0.77 0.48 

LIN % 58.24± 4.74 61.58± 1.27 0.51 

ALH µm 4.82± 0.13 4.81± 0.26 0.99 

BCF Hz 31.73± 1.87 31.52± 1.71 0.93 

WOB % 65.46± 2.86 67.97± 1.29 0.44 

DAP=Distance of Average Path, DSL= Straight Line Distance, DCL=Curvilinear Distance, 

VAP=Average Path Velocity, VSL=Linear Velocity, VCL=Curvilinear Velocity, 

STR=Straightness Coefficient, LIN=Linearity Coefficient, ALH=Mean Amplitude of Lateral 

Head Displacement, BCF=Frequency of Head Displacement, WOB=wobble. 

 

5.4.2 Relative Quantification of Na+⁄K+-ATPase Isoforms 

NSAF calculation found that the relative abundance of isoform α1 was greater in ATH than 

ATL (p<0.05). All other isoforms were present in similar abundance, although isoform α4 tended 

to exhibit greater abundance in ATL (p=0.06; Table 5.2).  
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Table 5.2. Relative Quantification of all Isoforms of Na+⁄K+-ATPase. Isoforms of 
Na+/K+-ATPase were identified by LC-MS/MS from the sperm HPM from each 
ejaculate of 8 bulls with mean BFI of 91.33 ± 1.44 (ATL) and from 8 bulls with mean 
BFI of 105.66 ± 0.54 (ATH) and quantified by NSAF. All values are mean NSAF ± SEM; 
significance for SAS t-test comparing ATL to ATH set at p≤0.05. 
 

Na+⁄K+-ATPase 

Isoforms 
ATL ATH p-Value 

α1 0.85±0.02 0.95±0.03 0.04 

α2 0.85±0.02 0.88±0.09 0.77 

α3 0.74±0.01 0.81±0.05 0.27  

α4 1.55±0.04 1.39±0.06 0.06  

β1 0.92±0.08 0.82±0.15 0.60  

β2 0.61±0.06 0.69±0.04 0.35  

β3 1.42±0.07 1.27±0.10 0.29  

 ATL=Average to Low fertile group; ATH=Average to High fertile group; NSASF=Normalized 
Spectral Abundance Factor, which is a dimensionless factor that is unitless. 
 

5.4.3 Protein-Protein Interaction Network of Isoforms of Na+⁄K+-ATPase 

The IPPs that made clusters with each isoform of Na+⁄K+-ATPase were identified by 

Cytoscape v3.8.2 (Fig 5.1). The ATH α1 clustered solely to plasma membrane calcium-

transporting ATPase 1 while there was no IPPs for ATL α1 identified (Fig 5.1 a). Isoforms α2 in 

both ATH and ATL (Fig 5.1 b, c) clustered with 7 common IPPs (cAMP-dependent protein kinase 

catalytic subunit α; Plasma membrane calcium-transporting ATPase subunit-4; Na+⁄K+-ATPase 

β3, Trifunctional enzyme subunit beta, Voltage-dependent anion-selective channel protein 2, 

AFG3-like protein 2, and ATP synthase gamma chain 1, chloroplastic ; Fig 5.1 b,c). In addition to 
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these seven common IPPs, ATH α2 also had 6 other proteins that uniquely clustered with it [K-

transporting ATPase α chain 2; Na+⁄K+-ATPase subunits α3 and α4; cAMP-dependent protein 

kinase catalytic subunits (β and γ); plasma membrane calcium-transporting ATPase (subunit-2)], 

while α2 in ATL had only one IP that uniquely clustered with (V-type proton ATPase catalytic 

subunit A).  
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Figure 5.1. Sub-Networks of Na+⁄K+-ATPase isoforms α1, α2, α3, α4, and β3 in HPM proteins 
from bull sperm, showing their IPPs (neighbor proteins in the interactome) developed by 
Cytoscape (v3.8.2). Yellow hub proteins are the indicated isoforms; red nodes are Interacting 
Proteins (IP) in ATH fertility group (n=8); purple nodes are IPPs from ATL group. a: α1; b, c: α2; 
d, e: α3; f, g: α4; h, i: β3. No IP clusters were detected for β1 or β2.   

Isoform α3 (Fig 5.1 d, e) had 3 IPPs common to ATH and ATL: cAMP-dependent protein 

kinase catalytic subunit γ; Na+⁄K+-ATPase α4; K-transporting ATPase alpha chain. ATH α3 

additionally had two unique IPPs: plasma membrane calcium-transporting ATPase 2; Na+⁄K+-

ATPase subunit alpha-2 while ATL α3 had 3 unique additional IPPs: plasma membrane calcium-

transporting ATPase 1, phospholipid-transporting ATPase ABCA7; T-complex protein 1 subunit 

eta were found in its sub-network. 

Isoform α4 (Fig 5.1 f, g) had 5 IPPs common to ATH and ATL: Testis-specific 

serine/threonine-protein kinase 6, cAMP-dependent protein kinase catalytic subunits- γ, Na+⁄K+-

ATPase α3, K-transporting ATPase α chain 2 and Cilia- and flagella-associated protein 45. ATH 

α4 additionally had one unique IP: Na+⁄K+-ATPase α2 while ATL α4 had 1 unique additional IP: 

Phospholipid-transporting ATPase ABCA7.  

Isoform β3 (Fig 5.1 h, i) had 4 IPPs common to ATH and ATL: cAMP-dependent protein 

kinase catalytic subunits-α, Na+⁄K+-ATPase α2, Aconitate hydratase, mitochondrial and Myeloid 

leukemia factor 1. ATH β3 additionally had one unique IP: cAMP-dependent protein kinase 

catalytic subunits-β while in ATL β3 no unique additional IP was found.  No IPPs were found for 

β1 or β2 in either ATH or ATL. 

5.4.4 Identification and Relative Quantification of Common Signature Peptides 

Since isoforms by definition have highly similar peptide sequences, isoform identity was 

confirmed by seeking ‘signature’ peptide sequences: sequences that were unique to a particular 

isoform and occurred in a minimum of at least 2 of the 8 bulls in each fertility group. Table 5.3 

provides the total number of peptides, plus the signature peptides (tryptic peptides with unique 
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sequences existing in ≥2 animals) for the seven isoforms of Na+⁄K+-ATPase. All the representative 

tryptic signature peptides shown in the table have scores ≥5. The average total number of peptides 

identified for each isoform did not differ significantly between ATH and ATL. More peptides were 

identified for the α than β isoforms, as would be expected given the established size of the proteins. 

Signature peptides were found for all isoforms, with more than one signature peptide found for all 

isoforms except α2 and α3. Signature peptides were present in more than 50% of the bulls for all 

isoforms except for α3, whose single signature peptide was found in the HPM of two ATH and 

two ATL bulls. 



 

 

 

 

137 

Table 5.3. Peptide Sequences of representative Unique Peptides across all Isoforms of Na+⁄K+-ATPase in the Sperm HPM 
from Bulls of differing Fertility   

Isoform Accession 
number 

MW 
(kDa) 

Bull 
Fertility  

Number 
peptides 
identified 

Mean 
±SEM 

Representative unique peptide Number of 
bulls with 
representa

tive 
peptide 

Peptide’s 
Score 
Mean 
±SEM 

Na+⁄K+-
transporting 
ATPase subunit 
alpha-1 

>NP_0010702
66.1 

114.0 

ATH 60±6 

(K) IVEIPFNSTNK (Y) 8 6.3±0.5 

(R) ILDRCSSILIHGK (E) 6 6.2±0.7 

(R) IPADLRIISANGCK (V) 5 5.4±0.3 

ATL 59±6 

(K) IVEIPFNSTNK (Y) 8 5.8±0.5 

(R) ILDRCSSILIHGK (E) 7 7 ±0.7 

(R) IPADLRIISANGCK (V) 4 6.4±0.6 
Na+⁄K+-
transporting 
ATPase subunit 
alpha-2 precursor 

>NP_0010749
93.1 

113.5 
ATH 68±5 (R) ILDRCSSILVQGK (E) 4 6.4±0.5 

ATL 63±6 (R) ILDRCSSILVQGK (E) 7 7.2±0.5 

Na+⁄K+-
transporting 
ATPase subunit 
alpha-3 
polypeptide 

>DAA19667.1  113.2 

ATH 

52±5 
 

 
  

(R) IATLASGLEVGK (T) 
 
 

3 5.7±0.1 
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ATL 46±5 (R) IATLASGLEVGK (T) 3 5.7± 0 

Na+⁄K+-
transporting 
ATPase subunit 
alpha-4 

>NP_0011375
75.2 

114.7 

ATH 81±5 

(R) LKIPVSK (V) 8 11.7±0.8 

(K) YSVDLTR (G) 8 9.4±0.6 

(K)EVVMDDHKLTLDELS
AK (Y) 

5 13±0.5 

ATL 84±4 

(R) LKIPVSK (V) 8 12.4±0.4 

(K) YSVDLTR (G) 8 10.3±0.5 

(K)EVVMDDHKLTLDELS
AK(Y) 

2 17±0.2 

Na+⁄K+-
transporting 
ATPase subunit 
beta-1 

>NP_0010304
11.1 

35.5 
ATH 7±1 (K) FIWNSEK (K) 5 6±0.6 

ATL 9±0.8 (K) FIWNSEK (K) 3 7.5±0.8 

Na+⁄K+-
transporting 
ATPase subunit 
beta-2 

>NP_777102.1 33.8 

ATH 12±1 
(R) 
VISFYAGANQSMNVTCVG
KR(D) 

8 8.7±0.3 

ATL 11±1 
(R) 
VISFYAGANQSMNVTCVG
KR(D) 

8 9.3±0.5 



 

 

 

 

139 

 
ATL: average to low BFI; ATH average-to-high BFI; MW: Molecular weight in kDa of each isoform; Amino acids in parentheses are 
cleavage residues with C terminus on the right side and N-terminus on the left side. 

 

Na+⁄K+-
transporting 
ATPase subunit 
beta-3 

>NP_0010304
70.1 

32.1 
ATH 20±3 (K)YFPYYGKK (L) 5 8.5±0.4 

ATL 23±1 (K)YFPYYGK(K) 7 10.6±0.7 
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5.4.5 Relationship of Isoforms of Na+⁄K+-ATPase to Fertility Measures 

Linear regression of the spectral counts (NSAF) for each isoform in all 16 bulls (Fig 5.2) 

positively correlated α1 and β2 to BFI (r2 +0.42, p= 0.006; r2 +0.47, p= 0.003, respectively), and 

negatively correlated α4 (r2 0.37; p=0.01). The spectral counts of β3 showed a slight tendency to 

be negatively correlated with BFI (r2 0.18; p=0.09); no other isoforms showed any correlation to 

BFI.  

 

 

Figure 5.2. Regression analysis of spectral counts (NSAF) of Na+⁄K+-ATPase Isoforms α1, α4 and 
β2 in sperm HPM to BFI (N=16) 
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5.4.6 Bioinformatics Analysis 

5.4.6.1 Localization of the Residues of Na+⁄K+-ATPase Isoforms 

All the subsequent bioinformatics analyses were performed on the primary structure of 

each isoform of Na+/K+-ATPase. Predicted subcellular localization of the residues of Na+/K+-

ATPase isoforms confirmed their origin in the plasma membrane of the sperm, with prediction 

accuracies (%) for α1,2,3,4, and β1,2,3 of HF/LF 79.6/79.6; 67.8/79.6; 79.6/67.8; 95.0/58.4; 

58.4/51.0; 58.4/58.4; 67.8/58.4, respectively. 

5.4.6.2 Physical and Chemical Properties of Na+⁄K+-ATPase Isoforms 

ProtParam identified differences between some of the physical and chemical 

properties of the Na+/K+-ATPase isoforms from the HF and LF fertility groups (Table 5.4-

5.5). The isoelectric point (pI) of all HF α isoforms was <8 except for α2, with a pI of ≥8; LF 

pI for α2 and α4 was ≥8 and α1 and α3 was < 8. The pI of HF β1 isoform was >8 and pI of 

β2 and β3 ≤ 8; for LF both β1 and β3 had pIs >8 while β2’s was <8. The estimated half-life 

in all α and β isoforms except α1 and β1 was higher in HF than LF residues. α1’s positive 

grand average of hydropathicity (GRAVY) in LF and HF indicate it is hydrophobic; while 

α4’s negative GRAVY indicates it is hydrophilic in both fertility groups. LF’s α2 and α3 had 

positive GRAVY values, but negative GRAVY in HF. β1 and β2 GRAVY values were 

negative in HF and LF, while β3 was negative in LF but positive in HF. Instability index of 

all isoforms in both groups were found stable. 
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Table 5.4. Physicochemical Properties of Residues from Na+⁄K+-ATPase α1, α2, α3, and 
α4 Isoforms (based on Primary Structures) 

 
α1 α2 α3 α4 

Properties BFI  
pI HF 6.09 8.77 6.25 

 
6.48 

 
LF 5.07 8.66 

 
6.44 

 
8.50 

 
Est half life HF 1.4h-M 3m-Y 

>10h-E 
30h-M 20h-Y 

10h-E 
30h-M 20h-Y 

10h-E 
 

1.4h-M 3m-Y 

>10h-E 
 

LF 7.2h-M, 20h-Y 
10h-E 

4.4 h-M 20h-Y 
10h-E 

1.4h-M 3m-Y 

>10h-E 
 

1.2h-M 20h-Y 

10h-E 
 

Instability 
index 

HF 21.85, stable 33.36, stable 32.99, stable 24.50, stable 
LF 26.32, stable 23.53, stable 18.59, stable 33.15, stable 

GRAVY HF 0.16 -0.03 
 

-0.13 
 

-0.01 
 

LF .085 0.13 
 

0.12 
 

-0.28 
 

BFI= Bull fertility index, HF high fertility (n=3), LF low fertility (n=3); pI= Isoelectric point 
; -M=mammals, -Y=Yeast, -E=E.coli; h=hour, m=minutes. 
 

Table 5.5. Physicochemical Properties of Residues from Na+⁄K+-ATPase β1, β2, and β3 
Isoforms (based on Primary Structures) 

 
β1 β2 β3 

Properties BFI  
pI HF 9.33 

 
7.68 

 
7.86 

 
LF 9.50 

 
6.33 

 
9.26 

 
Est half life HF 1.3h-M 3m-Y 

3m-E 
 

1.3h-M 3m-Y 

3m-E 
 

3.5h-M 10m-Y 
>10h-E 

 
LF 1.3h-M 3m-Y 

3m-E 
 

1h-M 2m-Y 

2m-E 
 

1h-M 30m-Y 
>10h-E 

 
Instability 
index 

HF 37.90, stable 30.65, stable 31.19, Stable 
LF 30.64, stable 28.91, stable 29.61, Stable 

GRAVY HF -0.21 -0.44 0.06 
 

LF -0.49 
 

-0.44 -0.49 
 

BFI= Bull fertility index, HF high fertility (n=3), LF low fertility (n=3); pI= Isoelectric point 
; -M=mammals, -Y=Yeast, -E=E.coli; h=hour, m=minutes. 
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5.4.6.3 Prediction of Na+⁄K+-ATPase Antigenic Epitope Analysis 

The discontinuous B-cell epitopes for each of the isoforms of Na+⁄K+-ATPase were 

predicted by immune epitope database (http://www.iedb.org/, assessed 24 September 2021) 

analysis server (Fig 5.3). 

 

 

 

http://www.iedb.org/,%20assessed%2024%20September%202021)


 

144 
 

 

Figure 5.3. Predicted discontinuous B-cell epitopes for each of the isoform of Na+⁄K+-ATPase. X-
axis indicates position of the epitopes and Y-axis shows score of the epitopes. Yellow peaks are 
above, and green peaks are below, a score of 0.6; peaks with scores >0.6 are regarded as 
discontinuous B-cell epitopes.  

 

Comparatively, there were more discontinuous B-cell epitopes isoforms α1, 2,3,4 and β1 

and β2 in HF than LF (p<0.05), while β3 had more epitopes in LF than HF (p<0.05). In LF, β1 

detected no discontinuous epitope while one epitope was observed in HF group. The number of 

predicted discontinuous epitopes appeared to differ among alpha isoforms in HF [α2(12) > α1(10) 

> α3(9) = α4 (9)], as did their range of minimum to maximum Receiver Operating Characteristic- 

AUC scores (0.178 to 0.692; analysis not shown) but statistical testing for significance was not 

possible because there were too few replicates for statistical analysis between groups. In LF, the 

number of discontinuous epitopes did differ in alpha isoforms but in almost the reverse order to 

HF [(α4 (7) = α2 (7) > α1(5) >α3 (2)], their range of min to max AUC scores (0.199 to 0.716) was 

similar to HF. In HF β isoforms, the number of epitopes differed (β2> β3> β1) with a range of min 

to max AUC scores of 0.224 to 0.629; again, statistical testing for significance was not possible. 

The number of epitopes in LF β isoforms differed in a similar but more pronounced pattern than 
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that of HF (β3> β2> β1), and their range of min to max AUC scores was somewhat greater (0.196 

to 0.697).  

5.4.6.4 Prediction of Phosphorylation Sites in Na+⁄K+-ATPase Isoforms 

The GPS 5.0-predicted phosphorylation sites in Na+⁄K+-ATPase isoforms differed between α and 

β isoforms and, for each isoform, between HF and LF (Fig 5.4A, B; Table 5.6). 
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Figure 5.4. Phosphorylation sites predicted indicated Na+⁄K+-ATPase isoforms in HPM from bulls 
of differing fertility [(HF (n=3) vs LF (n=3)].  a: distribution of S/T/Y sites in kinase families of 
MAPK, MAPKAPK, RAF, PKA, PKC, Src, EGFR; b: distribution of S/T/Y P-sites (Ser/thr, Tyr, 
Ser, Thr). 
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Table 5.6. Predicted locations of Phosphorylation Sites in HPM Proteins from Bulls of 
High and Low Fertility (HF, LF, n=3 per group) 

Isoform Fert MAPK MAPKAPK RAF PKA PKC Src EGFR Ser/thr Tyr Ser Thr 
α1 HF + + + +  + + + +   
 LF  + +     +    

 
α2 HF + + + + +   +    
 LF + + + +    + +   

 
α3 HF + + + + + + + + +   
 LF + +        +  

 
α4 HF +  + + + + + + +   
 LF + + + + +   +    

 
β1 HF    +    +    
 LF +          + 

 
β2 HF +       + +   
 LF +          + 

 
β3 HF   +     +    
 LF +         +  

+: predicted presence of phosphorylation site.  

 

5.5 Discussion 

Sperm membrane Na+/K+-ATPase from Holstein bulls is shown here to have proteomic 

structure and extrapolated functions that correlate with bull fertility, when no differences were 

detected by the whole-sperm quality measures traditionally used in semen labs. The obvious 

structural changes of Na+/K+-ATPase composition and molecular signaling networks strongly 

correlate with bull fertility, clearly supporting Na+/K+-ATPase’s direct role in important fertility 

pathways, and also indicate which specific isoforms are responsible.  

Sperm from bulls with a wide range of highly reliable field fertility did not differ in the 

traditional commercial and research measures of sperm CASA motility (Table 5.1). This is not 

unexpected, as commercial semen laboratories eliminate ejaculates with poor physical 
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characteristics, and once those extremes are removed, sperm motility kinetics often do not reflect 

male fertility (human: Wang & Swerdloff, 2014; bovine: Somashekar et al., 2017). 

The use here of highly-purified sperm HPM facilitates precise understanding of the 

molecules and events in capacitation, because the minor contributions from the acrosome and 

midpiece/tail in HPM (Zhao & Buhr, 1996; Hickey & Buhr, 2012) mean the results can be reliably 

attributed to the Na+/K+-ATPase and its isoforms (α1,2,3,4; β1,2,3) that occur in this critical 

membrane which controls the very initiation of capacitation and sperm:oocyte binding (Gadella & 

Boerke, 2016; Sajeevadathan et al., 2021). When stimulated by its steroid hormone ouabain, 

Na+/K+-ATPase acts as a receptor stimulating Tyr-P and capacitation in bovine sperm (Thundathil 

et al., 2006; Sajeevadathan et al., 2019), while its well-known enzymatic actions transport ions 

across membranes in different types of cells (Kaplan, 2002; Geering, 2008). Therefore, it seems 

reasonable to anticipate that specific α:β isoform pair combinations have predilections for 

signaling or ion transport functions as predicted in studies of different body organs of zebrafish 

during embryogenesis (Canfield et al., 2002). 

The α1 isoform is ubiquitous in most mammalian cells and in whole bull spermatozoa and 

has been closely associated with Src kinase-mediated cell signaling involving 

Src/EGFR/Ras/Raf/ERK1/2 and PLC/PKC pathways which lead to Tyr-P (Xie et al., 2015) by a 

pathway potentially similar to that in sperm capacitation. The α1 isoform has been implicated in 

downstream signaling in whole sperm raft and non-raft fractions (Rajamanickam et al., 2017). 

Bovine HPM contains rafts, but no one isoform was restricted to this purported signaling platform, 

although the western blot profiles of specific isoforms differed in rafts, suggesting some unique 

structural features (Sajeevadathan et al., 2021).  Among unique features, one important role of 

Na+/K+-ATPase as receptor for cardiotonic steroids such as ouabain has already been identified 
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(Pivovarov et al., 2019; Kinoshita et al., 2022). This unique feature contributes to signal 

transduction during in vitro sperm capacitation (Rajamanickam et al., 2017; Sajeevadathan et al., 

2021). The proteomic approach used here on HPM from bulls of known fertility clearly identified 

specific molecular aspects of specific Na+/K+-ATPase isoforms that indicate their role in 

fertilization. 

The PPI Networks (Fig 5.1) provided interesting information about the preferred αβ 

isoform partners and showed some interesting fertility-related differences and similarities in 

particularly the α isoforms.  Only α1 in HPM from high fertility bulls had calcium-transporting 

ATPase as an IPP, α1 from low fertility bulls did not. The α2 isoform in HPM from high fertility 

bulls had the other α isoforms as IPPs suggesting they may exist and/or work within a cluster, 

while the α2 from low fertility lacked this connectivity. Interestingly, no IPP was found in β1 and 

β2 from either fertility group. The β3 forms the same four IPPs in both fertility groups, but high 

fertility HPM uniquely contained cAMP-dependent protein kinase catalytic subunit beta which 

could trigger signals through binding of G-protein-coupled receptors and activation of PKA 

(Rajamanickam et al., 2017). The networks also provide possible insight into interactions among 

the isoforms. Isoform α2 is always associated with β3, suggesting a possible preferred partnership. 

Also, α2 in high-fertility, but not low-fertility bulls, clusters with α3 and α4 while in low fertility 

α4 uniquely cluster with Phospholipid-transporting ATPase ABCA7 which is suggesting that some 

interaction of these α isoforms impacts pathways affecting fertility.  

Signature peptides are peptides with unique sequences that can be used as surrogates for 

the protein of interest for purpose of quantification, measurement, and screening of biomarkers. In 

MS-based proteomics methods, signature peptides provide more selectivity and greater ease of 

quantification of multiple proteins in a complex mixture of proteins (Geng et al., 2000; Halquist 
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& Thomas Karnes, 2011). The signature peptides in this study were selected based on critical 

factors such as uniqueness of their peptide sequence across all Na+/K+-ATPase isoform (α1, α2, 

α3, α4; β1, β2, β3), and their reproducibility in HPM samples from bulls (minimum n ≥2 of the 8 

bulls in each fertility group). Although the analytical algorithm positively identified all isoforms, 

it is possible that the great similarity among the α isoforms, and the βs, caused the algorithm to 

mis-assign some sequences to an inappropriate isoform. Therefore, to provide additional surety 

and rigor of identification, signature peptides were sought that were unique to a particular isoform, 

to differentiate among, and positively identify, the various α isoforms and the β isoforms. Signature 

peptides have previously been used for authentication (Wang et al., 2022) in samples from bovine 

(Zhang et al., 2013), human (Browne et al., 2019; Rashid et al., 2021), and influenza (Schwahn et 

al., 2010). This approach has here confirmed the presence of Na+/K+-ATPase isoforms in HPM 

previously identified with Western immunoblotting (Thundathil et al., 2006; Hickey & Buhr, 2012; 

Sajeevadathan et al., 2019; Awda et al., 2022), but more importantly the rigorous and unique 

combination of MS analytical techniques provides insight into molecular connections and 

pathways that affect fertilization.  

ATH had a higher average total number of peptides in α1,2,3 isoforms than did ATL. There 

was minor or no differences between fertility groups in peptide sequence, frequency, length, and 

cleavage sites of the representative tryptic signature peptides (Table 5.3). Interestingly, a greater 

number of unique peptides were found in α1, α4 and β3 as compared to rest of the isoforms (α2, 

α3, β1, and β2) in both fertility groups. Although absence of a unique peptide could simply be due 

to its not being detected, and certainly the greater amount of α1 in ATH (Table 5.2) would likely 

affect amount and detectability of the unique peptides, the greater number of unique sequences 

noted in α1, α4 and β3 compared to α2, α3, β1, and β2 could indicate either larger amount of these 



 

151 
 

isoforms or longer polypeptide chains of these isoforms in all animals, either of which could affect 

the amount of other isoforms or on signaling pathway including capacitation. Alternatively, the 

vicinity to the free N terminal amino group may also reduce the rate of cleavage or even total 

resistance to trypsin cleavage (Manea et al., 2007). It is also possible that the differences in the 

membrane structure surrounding the isoforms (e.g., annular lipids; Hickey & Buhr, 2011) affects 

peptide ease of extraction. Mutation of these peptides also could affect fertility, just as 

transforming a proline into an arginine residue at site P681R in Alpha SARS-CoV-2 spike protein 

(Callaway, 2021; Liu et al., 2021) made the Delta variant of the virus more highly transmissible 

and enhanced its replication and pathogenicity  (Liu et al., 2021; Peacock et al., 2021). 

Isoforms α1 and β2 were highly positively correlated to the BFIs of the 16-bull population 

(r2 = 0.42 and 0.47, respectively; p ≤ 0.006); α4 was negatively correlated (r2 0.37, p= 0.01,) with 

β3 trending similarly (r2 0.18, p = 0.09; Fig 5.3). Similarly, the amount of α1 isoform in the HPM 

was significantly correlated with DBE FR in boar sperm (Chapter 3). It is tempting to speculate 

that an α1/β2 dimer promotes successful capacitation, and more α4 and other isoform(s) in the 

membrane interfere with this successful pairing. The IPPs networks found that α2 only combines 

with α3 and α4 in high fertility bulls, suggesting perhaps that interaction of α 2, 3 and 4 allows α1 

more ready access to its preferred partner, β1. Certainly, α1 has been shown to be involved in 

downstream signaling leading to capacitation in homogenized whole bull sperm  (Rajamanickam 

et al., 2017). Interestingly, the same authors found a positive association of α4 to in vivo bull 

fertility, which probably reflects α4 high concentration in the sperm tail, prevalent in a whole 

sperm homogenate, and aligns with α4’s positive support of successful propulsion/hyperactivation. 

Capacitation is an event of the head plasma membrane occurring with tail hyperactivation, so the 

isoforms in the current results from highly purified HPM are much more likely reflective of actual 
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capacitation. The western blotting analysis of porcine sperm HPM (Chapter 3) also found both α3 

and α1 were positively associated with in vivo fertility, although it was with α3 not α1. The current 

results clearly identified the isoforms and interactions that should be the focus of future work on 

sperm capacitation events mediated through Na+/K+-ATPase.  

In-depth bioinformatics analysis of the bulls with extremely high and low BFI (HF, LF; 

n=3 each) helped predict the primary structure of each of the seven isoforms. Results from 

bioinformatics analysis of HPM isoforms could of course be impacted by the potentially random 

assignment of homologous peptides from one isoform to another isoform by the algorithm of the 

MS database search engine used to align spectra with NCBI database of Na+/K+-ATPase isoforms 

(a small database and specific to Bos taurus). The absence of complete protein sequencing due to 

the low concentration of Na+/K+-ATPase isoforms in the HPM of a single ejaculate hampers 

interpretation. These limitations, however, apply equally to all the samples and so bioinformatic 

predictions between high and low fertility samples provide valuable insights into the future 

analysis. 

The unique physicochemical properties of the HPM Na+/K+-ATPase’s isoforms differed in 

low and high BFI bulls.  

Hydropathicity of a transmembrane protein is a fingerprint of the 3D-structure, interacting 

between the peptide sequence and the three-dimensional structure of the protein (Lolkema, 1998). 

Isoform α1 was hydrophobic (positive GRAVY) while α4 was hydrophilic. Both α2 and α3 were 

hydrophobic in LF, but hydrophilic in HF. All β isoforms in both groups were hydrophilic except 

for β3 which was hydrophobic in HF. These hydropathicity influences the orientation 

(inside/outside) of the isoform in lipid bilayer of the plasma membrane and affects its ability to 



 

153 
 

interact with hydrophilic lipid head groups or hydrophobic fatty acyl tails (Choudhary et al., 2016; 

Qian et al., 2021). 

The Na+/K+-ATPase dimer is an amphipathic protein, and as such is believed to have 

transmembrane helices  (Sarvazyan et al., 1997; Morrill et al., 2016). Such TM helices were sought 

with TMPred which uses an algorithm based on statistical analysis of its database (TMbase) of 

naturally occurring TM proteins to predict TM protein regions and directions.  Although this state-

of-the-art bioinformatic technique can be highly accurate in ideal circumstances (Cabelli et al., 

1991; Chen et al., 1996, 1998; Ramamurthy & Oliver, 1997; Bertaccini & Trudell, 2002; Zhang et 

al., 2020), it can produce false positives and negatives. Although the HPM analyses did suggest 

differences in TM helices in HPM from HF and LF bulls, the number of predicted helices differed 

substantially from those in the NCBI database, most likely due to the failure to detect many peptide 

sequences due to the rarity of the protein in the HPM. Consequently, TM helices’ predictions were 

not included, and further detailed research is needed to validate the TM helical structure of the 

sperm HPM Na+/K+-ATPase. 

Epitopes are antigenic determinants that can be recognized by the antibodies of the immune 

system (Mahmoudi Gomari et al., 2020) or specific ligands. B-cell epitope identification plays an 

important role in the structure and function of the isoforms of Na+/K+-ATPase (Sanchez-Trincado 

et al., 2017). Prediction of B cell epitopes of proteins by BepiPred uses physicochemical properties 

of the protein like surface accessibility, hydrophilicity, flexibility, beta-turns, and machine learning 

(Fleri et al., 2017; Jespersen et al., 2017) and BepiPred by Immune Epitope Database (IEDB) uses 

more than 120,000 curated epitopes largely from scientific data (Backert & Kohlbacher, 2015) to 

produce prediction accuracy moderate to high (AUC score 0.6 to 0.7; Fleri et al., 2017).  Epitope 

predictions have been made for acrosome membrane associated protein 1 of human sperm  (Zhang 
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et al., 2020), hemagglutinin H7 subtype influenza virus (Wang et al., 2016), aquaporin-3 from 

Schistosoma japonicum (Song & He, 2012), and bacterial peptides causing bacteriospermia (Parida 

& Samanta, 2017). In the current study, the α1,2,3,4 and β1, β2 isoforms from high fertility bulls 

had more epitopes than those from low fertility bulls; and β3 in contrast had fewer (Fig 5.3). The 

maximum AUC scores predicted in HF/LF were in α1,2,3,4; 0.72/0.65, 0.67/0.69, 0.68/0.65, 

068/0.65 and in β1,2,3; 0.62/0.59, 0.63/0.65, 0.63/0.69 respectively. The number of epitopes 

observed with moderate to high confidence in HF/LF in α1,2,3,4 were; 10/5, 12/7, 9/2, 9/7 and in 

β1,2,3 1/0, 7/1, 3/12 respectively. In HF α1,2,3,4 and β2 have significantly (p<0.05) a greater 

number of discontinuous epitopes than the corresponding isoforms in LF, while in LF β3 has 

significantly more epitopes than HF. Isoform β1 in LF has no epitope while one epitope was 

predicted in HF. These findings suggest that all isoforms in HF except β3 provide more anchoring 

sites for various ligands that could alter the protein’s interactions with intra- and extra-cellular 

components of functional pathways including signaling. Binding of more ligands to more epitopes 

could create more protein-ligand complexes supporting conformational changes that transduce 

substantial signals and subsequently initiate a sequence of events leading to sperm capacitation.  

Furthermore, formation of protein-ligand complexes in Na+/K+-ATPase isoforms also support their 

functioning as receptors in sperm cell (Zhu & Lu, 2022). Epitopes have also been identified on 

α1β1 heterodimer of Na+/K+-ATPase in plasma membrane and endoplasmic reticulum (Laughery 

et al., 2004), and may provide the isoforms from the HF sperm more binding sites for fertility-

related external stimuli/ligands.  

Tyr-P is a well-known activator of biological signaling and activities  (Naz & Rajesh, 2004; 

Salicioni et al., 2007; Newton et al., 2010; Jagan Mohanarao & Atreja, 2011; Kamacioglu et al., 

2021) and protein phosphorylation of serine, threonine, and tyrosine residues can change activity 
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and structure (Wang et al., 2020). Bioinformatics tools have been used to predict protein kinase 

specific phosphorylation sites from protein sequences (Wang et al., 2017), with GPS 2.1 and 2.2 

predicting phosphorylation from peptide sequence with 83% fidelity (Obenauer, 2003; Blom et al., 

2004; Xue et al., 2011; Vlachakis et al., 2015) and the new version GPS 5.0 used here has further 

improved accuracy (Wang et al., 2020; Kamacioglu et al., 2021). GPS has been widely used to 

predict protein physical behavior and phosphorylation (virus: Alomair et al., 2021; receptors, 

Guzmán-Silva et al., 2022; vegetables; Xie et al., 2021; mammals; Kamacioglu et al., 2021; Kliche 

& Ivarsson, 2022). In the current study, the α1,3,4 isoforms in HPM from high-fertility bulls all 

were predicted to have Tyr-Psites (Fig 5.4), while only α2 did in low fertility bulls. The presence 

of Tyr-P sites on α isoforms, and appearance of α Tyr-P sites on isoforms primarily in high fertility 

animals, suggests that the higher amount/expression of α1 isoform in sperm HPM, with its higher 

number of discontinuous epitopes binding and Tyr-P sites is probably correlated with greater 

fertility.  

Notably, Src and EGRFR phosphorylation was exclusively associated with α1,3 and 4 in 

high-fertility bulls, which supports previous findings in kidney cells (Tian et al., 2006; Liu & Xie, 

2010) where α1 was found in close association with Src kinase. Binding of ouabain to α isoform 

induces signaling pathways including Src/EGFR/ ERK1/2, and PLC/PKC pathways in renal 

tissues (Xie et al., 2015). The α2 isoform found in porcine renal epithelia cells does not regulate 

Src, and in the absence of α1, can maintain ion pumping action but does not activate Src kinase 

nor downstream signaling involving ERK and Akt pathways when bound to ouabain (Xie et al., 

2015). The similarity of α1, α3 and α4 Tyr, SRC and EGFR phosphorylation suggest involvement 

of these isoforms in capacitation. However, as α4 is located predominately in sperm tail region 

and is known to be engaged in sperm motility (McDermott et al.,2015), it may primarily connect 
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with hyperactivation. The other isoforms, α1 and α3 are found in sperm HPM and have recently 

been associated with boar fertility (Chapter 3), suggesting that there may be species-specific uses 

of α1 and α3. Careful and thorough development of the complete peptide sequences and three-

dimensional structure of these isoforms could unravel the final details of Na+/K+-ATPase signaling 

in capacitation.  

The results detailed here demonstrate relationship of field fertility to amounts of certain 

Na+/K+-ATPase isoforms and their predicted structural and functional characteristics. In particular, 

α1 and β2 in bull sperm HPM may function as an α1β2 dimer stimulating signaling pathways 

leading to capacitation and fertilization, and interaction(s) with other isoforms impact optimal αβ 

dimer formation and signal transduction.  

5.6 Conclusions 

The higher amount (based on NSAF calculations) of α1 isoform of Na+⁄K+-ATPase is 

associated with bull in vivo fertility. The α1 and β2 showed significant positive correlation while 

α4 negatively correlated to in vivo bull fertility. In both fertility groups, positive GRAVY of α1 

indicated its hydrophobic nature while negative hydropathicity of α4 demonstrated it as 

hydrophilic. Relatively, a higher number of discontinuous B-cell epitopes noted in α1,2,3,4 and 

β1, β2, and predicted phosphorylation sites in high fertile bulls may indicate how these isoforms 

are involved and their unique role in signaling pathways important for sperm capacitation and 

fertilization. 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSION 
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6.1 General Discussion    

This research has identified the specific Na+⁄K+-ATPase isoforms in boar and bull sperm 

that are significantly associated with in vivo fertility. In boar sperm, the amount of α3 isoform 

highly correlated to DBE FR with α1 isoform showing medium correlation. In bull sperm α1 and 

β2 were positively correlated, and α4 was negatively correlated to in vivo bull fertility. In addition 

to Na+⁄K+-ATPase isoforms, 67 other proteins (48 up- and 19 down-regulated) were identified that 

correlate significantly with fertility. This novel elucidation of proteins involved in fertility 

contributes to expanded understanding of the signaling and other interactions involved in the early 

sperm-driven steps of fertilization. The potential fertility biomarkers in boar and bull sperm 

improve our understanding of key proteins and their roles in various, complex, mechanisms that 

enable successful sperm fertilization. These fertility biomarkers may have future use in selecting 

sires with high fertility in agriculturally important species for the best use of farmers, breeders, 

and AI industries to enhance the efficient sustainable production of animal-based proteins 

supporting food security. 

6.2 Overview and Objectives 

Animal fertility is a complex trait and encompasses numerous molecular mechanisms. 

There are significant challenges stemming from the currently limited accuracy of predicting 

fertility and result in reproductive failure which financially burdens AI industries, breeders, 

farmers and ultimately consumers on an annual basis. Sperm physiological, cellular, and molecular 

mechanisms that are responsible for male fertility are largely unknown, and there are no simple 

completely reliable laboratory methods to predict male fertility. Many proteins are involved in 

sperm signaling pathways that control fertility and are often found in the sperm HPM which 

controls sperm: oocyte recognition and binding. One of these HPM signaling proteins is Na+⁄K+-
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ATPase, which, when stimulated by binding with the hormone ouabain, is well known to initiate 

downstream signaling and Tyr-P of the proteins that induce sperm capacitation (Rajamanickam et 

al., 2017; Sajeevadathan et al., 2019). Elucidating the HPM proteome, including in-depth 

characterization of Na+⁄K+-ATPase, should aid in our understanding of the process of fertilization. 

These studies conducted in two varied species, boar, and bull, also demonstrated the similarities 

and differences of the amount and involvement of specific Na+⁄K+-ATPase isoforms responsible 

for fertility mechanisms. 

The overall objective of this research was to characterize Na+⁄K+-ATPase and other 

proteins in sperm HPM from males of known in vivo fertility and identify any relationships with 

fertility. To address this aim, three studies were undertaken; one study, which evaluated fresh 

individual ejaculates from 12 boars of low and high fertility lines, using semi-quantitative Western 

immunoblotting, which found that the amounts of α3 and α1 isoform in HPM correlate 

significantly with farrowing rate. The second study analyzed a different mammalian species 

(bovine, n=16 Holstein bulls) through MS-based proteomics for the contribution of non-ATPase 

sperm HPM proteins to fertility. Sixty-seven proteins differed by at least two-fold in amount (based 

on mass spectra intensities) between the high and low fertility bulls (48 up-regulated, 19 down-

regulated in high versus low fertility bulls). Linear regression confirmed the relationship of these 

proteins to fertility. The third study characterized isoforms of Na+⁄K+-ATPase in sperm HPM in 

the same 16 Holstein bulls through MS-based proteomics. Results of this study identified 

significantly more α1 isoform, in comparison to the other Na+⁄K+-ATPase isoforms, in high fertility 

bulls and in addition, isoforms α1 and β2 were positively correlated to fertility while isoform α4 

was negatively correlated.  
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The overarching goal of my research was to elucidate the fertility mechanism by 

characterizing the protein Na+⁄K+-ATPase and by better understanding other non-ATPase proteins 

found in the sperm HPM that are involved in sperm fertility, to support the long-term aim of 

improving reproductive efficiency of important agricultural species, thereby enabling more 

efficient food production from limited resources.  

6.3 Specific Isoforms of Na+⁄K+-ATPase in the Sperm HPM are Correlated to Boar In Vivo 

Fertility 

Over 80% of all swine are bred by AI in major pork producing countries (Zuidema et al., 

2021). Boars in AI studs are selected for their superior genetic qualities (feed efficiency, muscling, 

growth rate, etc) that are important for the production of high-quality meat protein. In an AI stud, 

each boar’s ejaculate is tested and those ejaculates with adequate sperm concentration and motility 

are diluted in a liquid buffer (extender) and used, usually within three days of production, to 

inseminate up to 30 females. Actual in vivo boar fertility is ascertained long after breeding many 

females, measured as the DBE on FR (number of females bred compared to those farrowing) and 

the DBE on TNB.  The sperm from boars of differing DBEs for FR and TNB had similar overall 

motility and morphological parameters (Tables 3.1, 3.2) and HPM (acquired per million sperm), 

and WB revealed that sperm HPM from all boars contained all six isoforms of Na+⁄K+-ATPase 

(α1,2,3; β1,2,3). Although most isoforms were present in similar amounts (WB volume/band 

density), there was significantly more α3 isoform in the HPM of high fertility boars. Linear 

regression confirmed a highly significant positive relationship of the amount of α3 with DBE 

Farrowing Rate, and also detected a medium positive correlation for α1 with DBE Farrowing Rate. 

Immunocytochemistry studies revealed more α isoforms visible on intact sperm from high fertility 

boars, while there was more α2 visible in permeabilized sperm from low fertility boars. In bulls, 
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the hormone ouabain interacts with its receptor Na+⁄K+-ATPase in the sperm plasma membrane 

and is well known to initiate downstream signaling from plasma membrane that leads to Tyr-P of 

the proteins that induce sperm capacitation (Rajamanickam et al., 2017; Sajeevadathan et al., 

2019). Interestingly, ɑ3 is more sensitive to ouabain than α1 in rat brainstem axolemma (Blanco 

& Mercer, 1998) and in a rat cell line, α3 Na+⁄K+-ATPase acts through Src-independent pathways 

involving PI3K and PKC (Madan et al., 2017). The increased amount of α3 in boar sperm HPM, 

and its possible greater accessibility on the exterior sperm HPM seen in immunocytochemistry, 

may increase α3 binding to ouabain to stimulate capacitation in high fertility boars. Another likely 

possibility is that the greater amount of α3 as compared to other isoforms may increase its 

probability for binding to its partner β isoform, thereby inducing a signaling pathway required for 

sperm capacitation. Understanding exactly which structural features of the individual isoform, or 

αβ paired isoforms, or other proteins critical to the complex pathways governing capacitation, 

could help select more fertile boars for both AI and natural breeding, improving overall swine 

reproductive efficiency. 

6.4 Sperm HPM Proteins associated with In Vivo Fertility 

To determine what HPM proteins other than Na+⁄K+-ATPase might be associated with 

fertility, high throughput mass spectrometric analysis examined all the proteins in sperm HPM 

from 16 Holstein bulls of differing fertility. Holstein fertility is assessed by BFI which is an 

international multi-factor BFI (Semex; average BFI=100 based on >1000 inseminations per bull) 

that was used here to separate Holstein bulls with BFI > or < 101 (ATH; ATL; n=8 each). BFI is 

a Semex internal calculation composed of NRR (56 days post service, Canadian Index), SCR (US 

index) and Agri-Tech analyses (ATA, US index from farms on the west coast). 
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The HPM proteins from three bulls with the lowest BFIs and three with highest BFI (91.33 ± 1.44 

versus 105.66 ± 0.54 BFI, p< 0.01; low fertility, LF and high fertility, HF, respectively) were first 

examined, by MS-based proteomics, for proteins that differed in intensity by at least two-fold 

(DAPs). Fold change assesses how much an entity changes from one state to another, and here 

compared the abundance ratio of one protein between two fertility groups, using a specified cut 

off value of two-fold (twice as much) between the conditions. There were 67 DAPs that differed 

significantly between the HF and LF fertility groups, 48 that were up-regulated (present in greater 

amounts based on MS signal intensity) and 19 that were down-regulated (Fig 4.5 a, b) in HF versus 

LF. Each DAP was manually validated through a rigorous validation process by Mass Hunter MS 

software using as a criterion, a mass difference (∆m) of < 10 PPM between observed and 

theoretical masses, as was seen in peptide fragments of major histocompatibility complex I in 

human and mouse cells (Escobar et al., 2011). Multivariate analysis of DAPs identified fixed 

clusters that differed between the fertility groups, and a quantitative statistical meta-analysis which 

tested the pooled data from different ways, confirmed the association of DAPs to BFI. The DAPs 

identified here as being up-regulated in HF bulls include proteins that have been associated with 

sperm capacitation (Fujita et al., 2000; Mostek et al., 2017), regulation of motility (Chen et al., 

2011; Xu et al., 2020), signaling complexes (Li et al., 2011), sperm egg binding functions (Fraser 

& Quinn, 1981; Kwon et al., 2014), spermatid differentiation (Nourashrafeddin et al., 2014; Mi et 

al., 2015), cytoskeletal structural formation, acceleration of motility to achieve fertilization 

(Norrander et al., 2000; Muhammad Aslam et al., 2018; Özbek et al., 2021),  protection from 

oxidative damage (Norrander et al., 2000) and sperm fertilization (Rahman et al., 2013). Several 

of them have previously been reported in high fertility bulls (Park et al., 2012; Özbek et al., 2021). 

As expected, linear regression revealed that the relative quantification of the 48 up-regulated DAPs 
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was highly positively correlated to BFI of HF and LF, while the amount of the 19 down-regulated 

proteins was negatively correlated (Table 4.4, 4.5, r2 = 0.97 and 0.95, respectively, p < 0.05). Of 

greater importance was that the linear regressions examining the relationships of the relative 

amount of these 48 and 19 proteins present in all 16 bulls, covering the full range of BFI, found 

the identical relationships of the up- and down-regulated DAPs to fertility, albeit with lowered but 

still significant correlations (r2= 0.78 and 0.43; p<0.05; Table 4.6, 4.7). This strongly supports the 

importance of these specific HPM proteins to events critical for fertilization and warrants deeper 

understanding of their characteristics and roles. 

The PPI networks found significant interactions (PPI enrichment p-value 9.21x10-12) 

among various groupings of up-regulated DAPs (Fig 4.7) whilst down-regulated DAPs showed no 

significant interactions. MCODE analysis in the Cytoscape analyzed the densely connected 

regions based on highest k-score in clusters of up-regulated DAPs and identified 3 clusters in the 

up-regulated DAPs that interacted with each other and neighboring proteins in the networks (Fig 

4.8). Each cluster had a hub protein that influenced their IPPs. These hub proteins would support 

their involvement in regulation of motility (Zhao et al., 2018), bull sperm capacitation (Fraser & 

Quinn, 1981; Kwon et al., 2014), sperm-egg binding (Ramesha et al., 2020) and in signal 

transduction (Li et al., 2011). Key hub proteins such as spermatogenesis associated up-regulated 

DAP SPATA19 interact with up-regulated DAPs; ACRBP, ODF3, and ROPN1L (Fig 4.8). 

SPATA19 functions in mice sperm for spermatid differentiation, sperm motility and fertility 

(Nourashrafeddin et al., 2014; Mi et al., 2015) and has been found in Malnad Gidda bull 

spermatozoa (Ramesha et al., 2020). ACRBP is elevated in capacitated boar spermatozoa and is 

involved in sperm egg binding through the release of acrosin from the acrosome. It is considered 

as a potential biomarker of fertility (Kwon et al., 2014). ODF3 is involved in induction of sperm 
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hypermotility during capacitation (Zhao et al., 2018), and may reflect the known minor content of 

mitochondrial and tail membranes in HPM. These capacitation-associated proteins are highly 

correlated to BFI (table 4.3) and their abundance in high fertile bulls’ sperm suggests the regulatory 

function for sperm motility, capacitation, and sperm-oocyte binding. 

It is generally held that a spermatozoon is transcriptionally silent (Miller & Ostermeier, 

2006a). Mature sperm have no or little cytoplasm or intracellular machinery for translation, and 

any transcripts correspond to remnants of stored mRNAs from post-meiotic spermatogenesis 

(Miller & Ostermeier, 2006b). Indeed, RNA has been found in sperm after continuous density 

gradient washing, and under certain circumstances, sperm appear to translate their mRNAs de novo 

(Miller & Ostermeier, 2006a; Miller & Ostermeier, 2006b; García-Herrero et al., 2010) – different 

sets of mRNAs were found in fertile and infertile men (Garrido et al., 2009). Therefore, genes that 

transcribed proteins for sperm membrane during spermatogenesis were associated to their Gene 

Ontology terms by GO analysis to identify their specific functions (García-Herrero et al., 2010). 

Since mature sperm as investigated here are almost always transcriptionally silent, GO databases 

was employed here simply to assign and extrapolate information on the function of the proteins 

identified in the sperm HPM and the results do not imply active transcription. GO analysis 

suggested DAPs up-regulated in the sperm HPM of high BFI bulls were involved in 

spermatogenesis, development of spermatid cilium movement, metabolic processes of nucleoside 

mono- and tri-phosphates and, more generally in sexual reproduction and reproductive processes 

that were not found in low fertile bulls. Fertile human sperm gave remarkably similar GO results, 

in particular with regards to functions relating to energy (García-Herrero et al., 2010; Liu et al., 

2018). The discovery of GO functions associated with gaining energy in sperm from HF bulls is 

consistent with the spermatozoal requirement of a large amount of energy for motility. The 
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nucleoside mono- and tri-phosphate metabolic processes GO analysis identified in this study are 

known to act as a source of energy for cellular processes such as motility. The nucleosides also act 

as precursors for RNA, and spermatozoal RNA has been associated with fertility in cattle (Feugang 

et al., 2010; Chen et al., 2015), pigs (Gòdia et al., 2018), horses (Kadivar et al., 2020) and humans 

(Jodar et al., 2013).  

GO suggested that binding molecules are functionally enriched (up-regulated) in HPM of 

high fertility bulls, while catalytic functions are more prevalent in low fertility bulls. Similar 

findings were reported for asthenozoospermic versus normal human spermatozoa (Liu et al., 

2018). Elevated binding functions in HF sperm HPM may improve efficacy of sperm: zona 

binding, whilst the enhanced catalytic activity in LF sperm HPM may deplete sperm energy for 

metabolic functions associated with capacitation and reduced fertility in LF bulls. 

Clearly this research has identified significant differences in the types and amounts of specific 

proteins existing in the HPM of sperm from bulls of high and low in vivo fertility. Different 

bioinformatics tools identified these proteins to be involved in networks and functions related to 

sperm motility, capacitation, and sperm: egg binding. Furthermore, both the types of HPM proteins 

and their relative amounts are correlated with bull fertility.  

6.5 Specific Isoforms of Na+⁄K+-ATPase in HPM are Correlated to Bull In Vivo Fertility and 

are associated with Signaling Pathways contributing to Bovine Sperm Capacitation 

Na+⁄K+-ATPase signaling pathway(s) involved in capacitation and fertility were more 

thoroughly evaluated in the same semen and HPM samples from the 16 bulls of varying in vivo 

fertility (Chapter 5). Sperm motility kinetics and concentration were assessed by the semen 

production lab on the fresh ejaculates and again on arrival of the liquid-extended semen within 24-
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36 hours at the research lab, at which time HPM was isolated for in-depth characterization of the 

seven isoforms of Na+⁄K+-ATPase (α1,2,3,4; β1,2,3) by MS-based proteomics. 

The features of the fresh ejaculates obtained by the semen lab (ejaculate volume and 

weight, sperm concentration, sperm count, motility) did not differ between ATH (n=8) and ATL 

(n=8) bulls (Tables 5.1). Similar results for sperm motility and kinetics parameters were obtained 

for the extended semen on arrival at the lab (Tables 5.1), and similar amounts of HPM per million 

sperm were obtained.  

However, α1 in the ATH HPM had significantly more spectral counts/NSAF (Table 5.2 

p<0.05), and overall α1 and α4 tended to have more tryptic peptides (Tables 5.3). Tryptic peptides 

found in the other isoforms were similar between the two fertility groups. This may suggest 

structural differences, with some of the isoforms having longer polypeptide chains; different 

sequences of Na+⁄K+-ATPase α1 isoform were found in different regions of Etroplus suratensis 

(Sebastian et al., 2018). Shorter peptides may be due to weak amide or peptide bonds in the chains 

themselves making the chain more fragile (Goettig, 2016).  Alternatively, the presence of acidic 

residues in positions next to the cleavage site, or the presence of a positive charge, specifically 

adjacent to Lys and Arg residues or the vicinity to the free N terminal amino group may also reduce 

the rate of cleavage or even total resistance to trypsin cleavage (Manea et al., 2007). It is also 

possible that the differences in the membrane structure surrounding the isoforms affects peptide 

ease of extraction (e.g., annular lipids; Hickey & Buhr, 2011). 

There were significant correlations of the amount of three isoforms with in vivo fertility. 

Calculations based on NASF found relatively more α1 (p<0.05) in the HPM from the ATH than 

the ATL (Table 5.2), which was confirmed by the significant positive relationship that linear 

regression identified for α1’s NASF to the BFI (Fig 5.3). Interestingly, linear regression also 
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identified a positive relationship of β2, and a negative relation of α4, to BFI. This may suggest that 

specific αβ dimers support Na+⁄K+-ATPase’s signal transduction and thereby, potentially, fertility. 

In high fertility bulls, the greater numbers of α1 and β2 may support their dimerization, so they 

can respond to ouabain with induction of signaling, Tyr-P and capacitation as our group has 

identified (Sajeevadathan et al., 2019). Presence of α4 in whole sperm (Jimenez et al., 2011; 

Jimenez et al., 2012; Rajamanickam et al., 2017) and tail (Wagoner et al., 2005; Jimenez et al., 

2011) would support proper motility and possibly hyperactivation, but increased numbers of α4 

isoforms in the head membrane could presumably compete with α1, preventing the α1β2 

capacitation signaling and reducing fertility.  

To identify differences more precisely in membrane protein that are critical to fertility, two 

sub-populations of bulls were selected, the three bulls with the highest BFI (105,105,107) and the 

three with lowest BFI (88,92,94). Bioinformatics analyses of the structures of Na+⁄K+-ATPase’s 

isoforms from high fertility bulls predicted more discontinuous B-cell epitopes in isoforms α1, 

2,3,4, β1 and β2 of Na+⁄K+-ATPase in HF than LF bulls, potentially impacting their involvement 

in signaling pathways for sperm capacitation.  

Tyr-P sites in residues of HF bulls were predicted in isoforms of α1, α3, α4 and β2, but 

only in α2 of LF bulls (Fig 5.4a in chapter 5). This higher number of isoforms that could be tyrosine 

phosphorylated in HF bulls than LF supports the importance of Tyr-P of Na+/K+-ATPase in 

signaling pathways supporting fertilization The predicted phosphorylation sites (Fig 5.4 a) could 

imply that α1, α3 and/or α4 isoform are involved in Tyr-P that leads to sperm capacitation. Among 

β subunits, Tyr-P was predicted in the β2 isoform of high fertile animals. Since Na+⁄K+-ATPase 

works as a αβ dimer in cell membrane (Linnertz et al., 1998; Santos et al., 2002; de Lima Santos 
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& Ciancaglini, 2003; Bagrov et al., 2009) both subunits may function in various signaling 

pathways.  

The α and β subunits of Na+⁄K+-ATPase function as a dimer (αβ) or double dimer (αβ)2 in 

the cell membrane (Linnertz et al., 1998; Santos et al., 2002; de Lima Santos & Ciancaglini, 2003; 

Bagrov et al., 2009). Across all the 16 bulls, relative amounts of α1 and β2 are positively related 

to fertility (Fig 5.2), and the presence of several signaling residues aligns with fertility (Table 5.6). 

Interestingly, the protein–protein interacting networks (Fig 5.1) show α2, α3, and α4 cluster in 

high but not in low-fertility bulls. A possible interpretation is that clustering of isoforms α2, 3 and 

4 could interfere with any of them binding effectively with their preferred β, allowing α1 more 

ready access to β2 to promote capacitation and fertilization. Of the α isoforms, only α1 is not 

associated with PKC phosphorylation, and α1 only shows MAPK, PKA, SRC, EGFR and Tyr-Pin 

high fertility bulls (Table 5.6), corresponding to its maintenance of Src kinas in the active state in 

other cell types (Liang et al., 2007; Li et al., 2011; Xie et al., 2015).  

Na+⁄K+-ATPase isoform α1 interacts with other proteins c-Src and caveolin-1 in the cell 

membrane and form a receptor complex. This crosslinking among proteins induces important 

signaling pathways (Nie et al., 2020). The interaction between Na+⁄K+-ATPase isoform α1 and Src 

regulate the metabolic capacity in pig kidney epithelial cells and muscles, so this interaction 

between isoform α1 and Src may be a novel molecular target for pharmacological approaches in 

treatment of disorders associated with metabolism (Kutz et al., 2021). The enhanced metabolic 

capacity due to Na+⁄K+-ATPase isoform α1/Src interaction could support a signaling pathway in 

sperm metabolism in addition to, or as a part of, capacitation. Na+⁄K+-ATPase, Src and caveolin-1 

regulate cholesterol in cell membranes, and reduction of cholesterol decreased the expression of 

α1 and α3 isoforms but not α2 isoform of Na+⁄K+-ATPase in pig kidney epithelial cell line (Zhang 
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et al., 2020). Previously, it was hypothesized that isoform α1 interacts with Caveolin 1 and induces 

downstream signals for bovine sperm capacitation (Rajamanickam et al., 2017). Therefore the 

interplay of Na+/K+-ATPase α with β isoforms with other membrane signaling proteins 

preferentially stimulate the signaling pathways and appear critically important for good fertility. 

This corresponds with the correlations found here of isoform α1 to fertility measures in sires of 

boar and bull species. 

In porcine renal proximal tubule LLC-PK1 cultured cells, Na+/K+-ATPase isoform α1 

interacts with Src to form a receptor complex inducing important signaling pathways (Nie et al., 

2020; Kutz et al., 2021), including capacitation-related downstream signaling (Rajimanickam et 

al., 2017). This same complex regulates cell membrane cholesterol, with reduction of cholesterol 

decreasing the expression of α1 and α3 but not α2 isoforms in in pig kidney epithelial cell line 

(Zhang et al., 2020), and we have found that sperm HPM lipids influence the transmembrane 

orientation of Na+/K+-ATPase in artificial liposomes (Hickey & Buhr, 2011). Therefore, the 

interplay of Na+/K+-ATPase α with other membrane proteins and lipids appear critically important 

for good fertility, and current findings importantly extend the fertility relationship to more than 

one species. 

6.6 Challenges, Limitations, and Future Prospects 

The research in chapters 3 and 5 studied males in two farm species, swine and cattle, whose 

field fertility, determined by two rigorous and species-specific methods, differed significantly 

despite having acceptable, statistically-similar results for the common laboratory-based whole 

sperm and ejaculate characteristics.  This confirmed that traditional methods of computer-assisted 

sperm analyses of sperm kinetics and motility parameters cannot accurately predict in vivo male 

fertility once extremes in the fertility levels among sires are removed. This persistent failure causes 
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inefficiencies at farm and commercial enterprises and emphasizes the need for other methods that 

may easily identify sperm traits linked to fertility, such as sperm proteomics in HPM. Since sperm 

proteins in HPM play key roles in sperm motility, sperm-egg binding, capacitation, ion transport, 

and other processes occurring in sperm, identifying the HPM proteins as done in Chapter 4, has 

the additional potential to tease out the mechanism of action for and metabolic pathways associated 

with fertility.  

Chapters 3 and 5 focused on Na+⁄K+-ATPase, a novel sperm signaling protein. Two 

different proteomic methodologies evaluated and characterized the α and β isoforms of Na+⁄K+-

ATPase in sperm HPM from two different species, boar, and bull. Western immunoblotting 

provided semi-quantitative assessment of the amount of six Na+⁄K+-ATPase isoforms from high 

and low fertility boars. Both α1 and α3 isoforms were present in significantly greater amounts in 

high fertility than low fertility boars. Comparison of amounts of the isoforms by immunoblotting 

is challenged by the potential difference in the affinity and specificity of the antibodies to any of 

the six isoforms of Na+⁄K+-ATPase. Non-specific binding of the antibodies to any other non-

ATPase proteins should be minimal or nil, as the antibodies were all monoclonal. Another 

limitation with western blot studies is its inability to determine any PTMs like as phosphorylation 

of any of the six isoforms of Na+⁄K+-ATPase because of the need to use specific antibodies against 

the phosphorylated residues of isoforms. As our group had previously characterized bull sperm 

HPM by Western blotting, and to overcome these issues in the western blotting, the more sensitive 

and rigorous technique of MS was used to analyze bull HPM Na+⁄K+-ATPase. LC-MS/MS and 

bottom-up proteomics characterized the seven isoforms of Na+⁄K+-ATPase and other non-ATPase 

proteins existed in HPM of bull sperm. Using rigorous analytical techniques for protein extraction, 

stepwise sample preparation and mapping fingerprints of each isoform’s peptide/protein residues, 
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done via Q-TOF, found that the amounts of α1 and β1 were positively correlated to bull fertility, 

and α4 was negatively correlated. However, MS techniques also have limitations, the most 

important perhaps being the algorithm of the MS database search engine that aligned spectra with 

the NCBI database of Na+⁄K+-ATPase isoforms (a small database and specific to Bos taurus). The 

great similarity of peptide sequences among the α isoforms, and the β isoforms, means that the 

algorithm possibly randomly assigned the homologous peptides to one isoform or another, which 

could lead to errors in estimating amounts of each isoform. In addition, the NCBI reference 

sequence originated from cells of various body tissues, so any sperm-specific sequences would be 

missed; however, Na+⁄K+-ATPase is highly conserved, so this is a more minor concern. It is 

important to note that bottom-up proteomics cannot completely characterize Na+⁄K+-ATPase's long 

polypeptide chains, especially in α isoforms.  

Regardless of the limitations of immunoblotting and MS, these two studies with different 

methodologies in different species both concluded that Na+⁄K+-ATPase in sperm HPM is involved 

in in vivo male fertility, and both found a significant relationship of one isoform, α1, to fertility. 

This is highly supportive of the hypothesis that specific isoforms of Na+⁄K+-ATPase are involved 

in fertilization. 

The mechanism by which Na+⁄K+-ATPase works could potentially be implied by the results 

from Chapter 4, which looked at the other HPM proteins related to bull fertility and might identify 

other sperm membrane proteins with which Na+⁄K+-ATPase collaborates. The PPI analysis in 

chapter 4 established that some signaling proteins which play a central role in sperm motility, 

cytoskeletal structure, capacitation, oocyte recognition, metabolism, and signaling pathways 

strongly interact with the various isoforms of Na+⁄K+-ATPase, creating larger clusters with hub 

protein of Na+⁄K+-ATPase in HPM of bulls with high than low fertility. There were 67 DAPs in 
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HPM that were significantly aligned to fertility differences. In sperm from highly fertile bulls, 48 

DAPs were present in 2-fold greater quantity, indicating that they might be actively involved in 

cellular machinery contributing to fertilization, including perhaps conducting signals from Na+⁄K+-

ATPase receptor complex (Nie et al., 2020), since it is logical that a greater amount of Na+/K+-

ATPase would require more cellular machinery to achieve improved sperm capacitation. The 

existence of 19 DAPs found in 2-fold lower quantity in highly-fertile sperm HPM suggests there 

is an orchestra of proteins, at least some of which may interact with Na+⁄K+-ATPase, and ultimately 

either stimulate or debilitate the fertility in animals. 

Future research should more fully characterize the full polypeptide chains of HPM Na+⁄K+-

ATPase isoforms by top-down proteomics, mapping complete amino acid composition and 

determining 3D structure for each isoform. The fully-elucidated structures would enable in vitro 

studies of the Na+⁄K+-ATPase signaling pathway. In addition, assessing the structural differences 

related to fertility could then lead to mapping of potential antigenic epitopes and development of 

antibodies for fertility diagnosis kits to assess sires in the AI industry and by producers. 

 

6.7 General Conclusions 

This research has clearly identified some important fertility biomarkers in the HPM of 

sperm from two mammalian species, providing novel insights into capacitation signaling and 

possible applications for improving sire fertility and the efficiency of high-quality animal protein. 

The salient findings from these studies are; 

1. When extremes are removed, the traditional method of CASA cannot completely predict 

fertility of boar or bull sires. 
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2. There exists a positive correlation with two of the α isoforms (in boar) and one α and one 

of the β isoform (in bull) to field fertility measures, with some species-specific similarities 

and differences among the identified isoforms. 

3. From 67 non-ATPase DAPs identified in sperm HPM, 48 DAPs were two-fold high in 

highly fertile bulls and significantly correlated to the wide range of in vivo fertility of 16 

bulls. Non-ATPase proteins interact with Na+⁄K+-ATPase isoforms and/or are predicted to 

be involved in sperm motility, capacitation, oocyte recognition, metabolism, signaling 

pathways, and cytoskeletal structure, casting light on the membrane proteins that regulate 

bovine sperm fertility. 
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