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ABSTRACT 

These studies were conducted to determine the chemical identity of heparin 

binding proteins in semen that are related to fertility of bulls. The first study describes the 

isolation and identification of a 31,000 dalton fertility-associated antigen (FAA). FAA was 

found to have significant primary structure homology to a recently described DNase I-Iike 

protein. The physiological significance of the similarities between FAA and a protein 

homologous to DNase I is unknown at this time as no fiinction has been described for the 

DNase I-like protein. The second study describes the isolation and identification of a 

24,000 dalton seminal heparin binding protein. It was found to be similar, if not identical, 

to tissue inhibitor of metaIloproteinase-2 (TIMP-2). TlMP-2 regulates matrix 

metalloprotease activity and therefore, plays a key role in the structural makeup of the 

extracellular matrix. These findings suggest that regulation of enzymatic activity in seminal 

fluid is in large part a fimction of heparin binding proteins that have been correlated to 

fertility of bulls, one being a potentially novel extracellular nuclease and a second acting as 

a specific inhibitor of metalloprotease activity. In addition to the ability to modulate 

capadtation of sperm, seminal heparin bindmg proteins likely are key players in protecting 

sperm and male reproductive tract tissues fi'om enzymatic hydrolysis. The proteins 

identified in this dissertation represent novel additions to the previously described seminal 

heparin binding protein families. Clearly, these data indicate a growing complexity of 

seminal fluid and implicate a novel DNase I-like protein and TIMP-2 in affecting cellular 

events related to fertility potential of males. 
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L PRESENTATION OF THE PROBLEM 

Reproductive inadequacies have a tremendous impact on the animal industry. 

Reproductive merit is five times more important economically than growth performance 

and at least ten times more important than product quality to beef cow-calf producers 

(Trenkle and Willham, 1977). Based on economic data fi*om the United States Department 

of Agriculture Beef Cow/Calf Health Productivity Audit (National Animal Health 

Monitoring System), for every one million animals weaned in the United States, a decrease 

of reproductive eflBciency by one percentage point would be equivalent to an economic 

loss of 4.5 million dollars. Selection of livestock males with the highest fertility potential is 

one way of improving reproductive eflBciency, thus offsetting the potentially large 

economic losses that are incurred as a result of poor fertility. Unfortunately, criteria 

stringent enough to accurately select the highest fertility males are poorly defined and the 

physiological importance of parameters that are decent indicators of fertility potential is 

poorly imderstood. Simply examining physical qualities of semen, including morphological 

evaluation of sperm cells, is not sufBcient to predict male reproductive success. In suigle 

sire situations and outcomes fi'om artificial insemination, bulls with acceptable semen 

characteristics (determined by breeding soundness evaluations) vary widely in their ability 

to impregnate cows. Variation in fertility between bulls that produce similarly good quality 

semen contributes greatly to the problem of identifying bulls with the highest fertility 
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potentiai and presents a challenge to discover new methods for evaluating reproductive 

potential. That challenge is leading to the discovery of new biochemical means of 

assessing semen samples with the goal of enhancing the stringency of tests aimed at 

sorting high fertility from low fertility males. The following is a review of the literature in 

the context of reproductive performance of bulls in particular, but with implications to 

males of all species, including humans. It focuses on the identification of new biochemical 

markers for fertility potential and their potential physiological role in creating a successful 

fertilization outcome. The intent of this summary is to describe what is known about a 

very complex physiological sequence of events that culminates in successful fertilization 

and to describe components in semen that modulate that process with an emphasis on the 

occurrence of recently characterized seminal protein families and their potential biological 

role in sperm physiology. It is clear that new and unidentified roles in reproduction exist 

for previously uncharacterized molecules and for proteins previously believed to function 

primarily in capacities unrelated to reproductive processes. 



15 

EL REVIEW OF THE LITERATURE 

A. Fertility Variation and Assessment of Semen Quality 

Accurately predicting the fertility potential of sperm remains an important and 

elusive goal of laboratory evaluation of semen samples. Successful evaluation of fertility 

potential of semen is contingent upon defining attributes of semen most highly correlated 

with the ability of spermatozoa to traverse the female tract and ultimately fertilize the 

waiting ovum. General concepts of semen analysis for predicting fertility within human 

and animal populations have been extensively reviewed (Amann, 1989; Graham, 1994; 

Saacke et al., 1994). Prediction of male fertility potential is complicated by the low 

correlation between many commonly used tests of semen quality and fertility. A model 

system to conduct extensive in vivo evaluation of pre-fertilization events (i.e., 

capacitation, acrosome reaction) does not exist. Therefore, we must rely heavily on in 

vitro assays to assess sperm fertilizing potential. Identification of traits highly correlated 

with fertility potential is complicated by inconsistent correlations of sperm viability assays 

with fertility (Saacke, 1983). Interpretation of the relationship between semen viability and 

fertility, and accurate evaluation of fertility in an experimental setting contribute to these 

inconsistencies, and have led to questions regarding the fiinctionality of commonly used 

semen quality tests. In lieu of these limitations, current experimentation of semen quality 

reqiiires identification of important physical and biochemical traits of sperm directiy 

related to fertility, and reconciling semen characteristics unrelated to the fertility potential 

of an ejaculate. 
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Several characteristics of sperm viability are commonly evaluated in an attempt to 

predict seminal quality. Measurements of motili^, acrosomal integrity, cervical mucus 

penetration, and cellular content of DNA, enzymes, and lipids form a general basis for 

sperm cell viability. These characteristics have been studied under different conditions as 

undiluted semen, extended semen (fresh and frozen), following cold shock and osmotic 

shock, and after aging (Saacke, 1983). However, correlation of results obtained from this 

type of semen analysis to fertility continues to be less than optimal. Criteria such as 

motility, once thought to be highly correlated to fertility, now appear to be less important. 

The low correlation between motility and fertility can be explained by a number of factors 

including: 1) inaccurate visual determination of motility; 2) effect of other measures of 

spermatozoa quality on fertility; 3) inaccurate measurements of fertility; and 4) influence 

of non-semen factors such as parity of females, season, and management (O'Connor et al., 

1981). In addition, post-thaw motility and the percentage of sperm with intact acrosomes, 

a trait highly correlated with fertility, constituted separate features of spermatozoal 

integrity that varied independently of each other (Bemdtson et al., 1981). 

The common endpoint for assessing bull fertility is the nonreturn rate. Nonreturn 

rate is an estimate of relative fertility, calculated by commercial artificial insemination 

organizations, expressed as a percentage of cows not rebred within 30-60 days post-

insemination. Thus, simply stated it is reflective of a bull's ability to impregnate cows. The 

cellular trait most highly correlated with nonreturn rate is the percentage of intact 
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acrosomes (Saacke, 1972). Evaluation of acrosomal membrane integrity is, therefore, one 

indicator of fertilizing potential of semen, and indicates membrane stabilization is critical 

for maintaining highly potent spermatozoa. Premature membrane destabilization renders 

sperm incapable of successiiilly reaching and fertilizing the ovum. Of major concern to 

artificial insemination organizations is the variation in fertility that exists among bulls that 

produce otherwise identical semen. 

B. Breeding Soundness Examination 

The standard test for assessing bull fertilization capacity, particularly in range beef 

bulls, is the breeding soundness exam (BSE). The conventional BSE involves 

determination of scrotal circumference, sperm motility, sperm morphology (percent 

abnormal sperm), and results in classification of bulls as satisfactory potential breeders if 

they pass physical examination and equal or exceed minimum thresholds required for each 

category (Chenoweth et al., 1992). New criteria for minimum requirements in each 

category have been adopted in an attempt to more accurately distribute emphasis of semen 

traits used to predict semen quality. Scrotal circumference, as a measure of potential 

sperm production, appears to make a significant contribution to the variance in bull 

fertility (Coulter and Kozub, 1989). Employment of the BSE can be beneficial in assessing 

fertility potential of bulls, however, it is not without drawbacks. The BSE is well suited for 

detecting bulls of questionable fertility, but a test capable of predicting small differences in 

fertility among sound breeding bulls that pass the BSE is still coveted. For example, two 
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bulls previously accepted as sound breeding sires according to BSE results may differ 

widely in fertility (15-20%; Bellin et al., 1994; 1996; 1998). In addition, the protocols for 

the individual elements in the BSE can be tedious for the technician performing the exams. 

The BSE is not widely used as a part of bull management techniques when large cross-

sections of beef operations are evaluated. According to a nationwide audit, only eighteen 

percent of cow/calf operations semen tested some of their bulls, and fewer than that, 

eleven percent of operations, performed scrotal measurements (USD A/CHAP A). 

Furthermore, in situations where the BSE is used on a regular basis, site to site variation 

or technician differences result in errors that inevitably arise from subjective analysis of 

semen samples. With the advent of computerized analysis of physical traits of sperm, 

predominately subjective evaluation of semen samples can now be supplemented with 

more objective analyses. Studies utilizing computerized evaluation of human sperm 

motility, velocity, and linearity, have reported mixed results regarding the relationship 

between these traits and fertility status (Mathur et al., 1986). Biochemical methods of 

sperm assessment that link cellular features with fertility are highly desirable complements 

to the minimal criteria put forth in the BSE. 

C Biochemical Assessment of Sperm Function 

As a result of inconsistent correlations of typical subjective analysis of 

spermatozoa to fertility, the application of alterior methods, such as biochemical 

assessment of sperm surface components, becomes vitally important to enhancing our 
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understanding of sperm function as it relates to fertility. A requisite trait for fertilizing 

capability is sperm viability, but as discussed above viability alone is not indicative of 

highly fertile sperm. Classical light microscopic evaluation of sperm motility to assess 

viability can be supplemented by fluorogenic stains to assess various properties of sperm 

cells associated with viability that may be related to fertility. For example, the status of 

specific cellular organelles such as mitochondrial fimction or plasma membrane integrity 

can be resolved by fluorescent stains (Thomas et al., 1997). Nonspecific esterase 

substrates such as carboxydimethylfluorescein diacetate (CFD A), a non-fluorescent 

membrane-permeant substance, are hydrolyzed by cellular esterases into highly fluorescent 

membrane-impermeant molecules. Thus, using this type of analysis an intact cell retains 

fluorescence. Rhodamine 123 is a fluorescent molecule which has been utilized 

successfully to monitor mitochondrial function (Graham et al., 1990). Theoretically, 

application of these fluorogenic stains could be useful in identifying the select population 

of sperm most capable of fertilization. A study compared classical sperm evaluation 

techniques with fluorescent staining using fluorophores specific for assessing 

mitochondrial function and membrane integrity (Ericsson et al., 1993). However, none of 

the semen quality parameters measured in that study were correlated with fertility of 

individual ejaculates or with cumulative nonreturn rates from several ejaculates of each 

bull. Regression analysis indicated a correlation between combinations of semen quality 

measurements and fertility estimates, emphasizing the complexity of the fertilization 

process and the multitude of factors contributing to fertilization potential of semen. Given 
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the inconsistent relationship between sperm viability characteristics commonly evaluated in 

semen analysis and fertility, biochemical &ctors contributing to fertility potential of sperm 

have been studied extensively. 

To have a solid understanding of factors affecting male fertility, comprehension of 

mechanisms regulating sperm fiinction, including components that modulate capacitation, 

is essential and is reviewed below. 

D. Capacitation of Mammalian Sperm 

1. Introduction 

Testicular sperm must be modified physically and biochemically as they are 

transported through the male and female reproductive tracts in order to become 

competent of fertilization. During their transit through the epididymides, sperm acquire 

both progressive motility and the ability to recognize, bind, and penetrate the zona 

pellucida with subsequent fusion with the oolemma (Moore, 1990). Cauda epididymal 

sperm are flirther modified when mixed with secretions from the seminal vesicles, prostate, 

and bulbourethral glands at ejaculation. Seminal constituents are incorporated into sperm 

membranes at ejaculation, and there is a topographical rearrangement of antigens present 

on the sperm surfece (Yanagimachi, 1994). 

Mammalian spermatozoa are incapable of fertilizing oocytes without having 

previously undergone a series of physiological changes during a process known as 

capacitation, the final maturational step sperm undergo in preparation for fertilization 
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(Austin, 1952). Spermatozoa undergo requisite capacitative changes during passage 

through the female reproductive tract that culminate with an exocytotic event, termed the 

acrosome reaction, resulting in release of acrosomal enzymes from the sperm head that are 

believed to facilitate sperm penetration of surrounding cellular and glycoprotein layers of 

ova required for fertilization (Yanagimachi, 1994). Since its independent discovery by 

Chang (1951) and Austin (1952), the development of in vitro assays has allowed the 

biochemical aspects of capacitation to be studied extensively. While mechanisms 

governing this process remain poorly understood, it is now widely accepted that an 

important facet of capacitation is the continuous remodeling of the sperm's plasma 

membrane as a consequence of the constantly changing microenvironment presented to 

sperm (Dostalova et al., 1994). 

2. Modiflcation of Sperm Concomitant with Capacitation 

It is clear that capacitation involves the modification or redistribution of sperm 

surfece components and is a prerequisite for the acrosome reaction. Various modifications 

in sperm occur during capacitation, including changes in intracellular ionic composition 

(Babcock, 1983; Yanagimachi, 1981), increased metabolism (Fraser, 1979; Fraser and 

Quinn, 1981), and altered adenylate cyclase activity (Stein and Fraser, 1984). Major 

events of in vivo capacitation are believed to include the removal of a stabilizing protective 

coat from the sperm plasma membrane and an intimate interaction with the oviductal 

epithelium (Yanagimachi, 1994). The nature of the interaction between sperm and the 
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tubal epithelium is incompletely understood, and is the focus of studies investigating sperm 

capacitation, with a goal of analyzing key regulatory mechanisms in the subpopulation of 

sperm that acquire the capability of fertilizing the egg (Calvete et al., 1997). 

Cholesterol is a major component of cell membranes that regulates membrane 

fluidity by forming functional barriers in the lipid bQayer. These barriers modify lateral 

diffusion of lipids and proteins within the membrane. Alterations in sperm plasma 

membrane lipid composition through sterol efflux have been proposed as an essential part 

of capacitation. Albumin has been implicated in mediating sperm lipid levels during 

capacitation. Following incubation with albumins, mouse sperm become depleted of sterol 

and enriched in phospholipid (Go and Wol^ 198S). Sterol binding proteins have been 

proposed as cholesterol acceptors in vivo, thereby regulating changes in sperm membrane 

properties during capacitation (Go and Wol^ 1985). Davis (1981) reported that fertilizing 

capability of capacitated rabbit spermatozoa was greatly reduced by cholesterol-loaded 

media, and proposed removal of cholesterol from the plasma membrane to be an integral 

part of capacitation. The difficult nature of studying capacitation arises in part from the 

lack of an end point of measure. Sperm are typically considered to have undergone 

capacitation if they acrosome react in response to specific stimuli, however, failure to 

acrosome react is not necessarily indicative of uncapacitated sperm. The strict endpoint of 

capacitation is the ability to fertilize an egg, an event that is dependent upon multiple 

sperm fimctions (i.e. undergoing an acrosome reaction, stimulation of hyperactivated 
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motility), making it difScult to define the role of components involved in conveying 

capacitation. 

In addition to changes in membrane lipid composition, it is generally accepted that 

capacitation also involves substantial modification of sperm surface glycoconjugates 

(Saling, 1989). A map of guinea pig sperm surface components identified 12 different 

antigens localized in five distinct binding patterns, reflecting the existence of numerous 

discrete membrane domains in sperm cells (PrimakofTand Myles, 1983). A similar wide

spread distribution of glycosylated components has been identified on the sur&ce of 

mouse spermatozoa. Binding sites for ten different lectins, mainly involving the head 

region of mouse spermatozoa, have been confirmed (Lee and Ahuja, 1987). 

Sperm cells are highly polarized with regard to surface components, and 

alterations of these components during sperm capacitation are believed to be a prerequisite 

to successfiil fertilization. The composition of the sperm surface is initially defined during 

spermatogenesis and is continually reorganized until the moment of sperm-egg fiision. 

Topographical rearrangement of sperm surface components, resulting in new molecular 

interactions, is one method by which their fimction may be regulated. For example, sur&ce 

antigens of guinea pig spermatozoa undergo significant migration not only during 

capacitation in vitro, but also during binding to zonae pellucidae, suggesting an apparent 

involvement of these sperm surface components in regulation of sperm-zona interactions 

(Primakoff et al., 1985; Myles and Primakofl^ 1997). Topographical redistribution of two 

antigens (PT-1 and PH-20) was noted following changes in the functional state of sperm 



(Myles and Primakofi^ 1984). Subsequent to incubation in capacitating media, PT-1 

antigen migrated onto the anterior tail from exclusively posterior tail localization in 

uncapacitated cells. PH-20 was localized in the posterior head region of acrosome-intact 

sperm, but relocalized to the inner acrosomal membrane following induction of the 

acrosome reaction. In addition, following the acrosome reaction, new PH-20 antigenic 

sites are revealed on the sperm surface by insertion of the inner acrosomal membrane into 

the plasma membrane (Cowan et a!., 1986). Those data suggested that PH-20 has the 

potential to serve as a secondary zona receptor to tether acrosome reacted sperm. PH-20 

is a glycosyl phosphatidylinositol (GPI)-anchored membrane protein possessing 

hyaluronidase activity which facilitates sperm penetration of the layer of cumulus ceils 

surrounding the oocyte (Lin et al., 1994; Hunnicutt et al., 1996). Thus, PH-20 is a 

bifimctional protein with a role in cumulus penetration and binding of acrosome reacted 

sperm to the zona pellucida. 

In mice, initial gamete recognition is mediated by binding of sperm surface B 1,4-

galactosyltransferase (GalTase) to a glycoprotein of the zona pellucida, ZP3 (Miller et al., 

1992). The molecular events of sperm-egg binding in mice may very well parallel 

fertilization among other species since GalTase is expressed on sperm from a variety of 

mammalian species in the proper location to bind the zona pellucida (Larson and Miller, 

1997). GalTase is also redistributed during the acrosome reaction (Lopez and Shur, 1987). 
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E. Regulation of Ceqtaciiation and the Acrosome Reaction 

In contrast to stabilization of the plasma membrane that occurs in uncapacitated 

spermatozoa, the acrosome reaction evolves from destabilization of the plasma membrane 

during capacitation. Specific events involved in the acrosome reaction are fairly well 

understood and have been shown by ultrastructural studies to include; 1) fusion between 

the outer acrosomal membrane and the overlying plasma membrane; 2) fenestration of the 

fused membranes; 3) release of acrosomal contents; 4) fusion of outer acrosomal 

membrane with the plasma membrane along the anterior limit of the equatorial segment 

which ensures that sperm will remain surrounded by a single continuous membrane; and 5) 

loss of the reacted membranes (Meizel, 1985). The acrosome reaction results in activation 

of hypermotility and has an absolute requirement for calcium. 

1. Interaction of Glycosaminoglycans with Sperm 

A variety of molecules have been shown capable of inducing the acrosome 

reaction in vitro. The effect of various proteoglycans and glycosaminoglycans (GAG) on 

capacitation and the acrosome reaction has been studied extensively using bovine sperm. 

Glycosaminoglycans, linear unbranched polysaccharides often linked to a protein core in 

the form of proteoglycan, are present in follicular fluid (Lenz et al., 1982) and all regions 

of the bovine female reproductive tract (Lee and Ax, 1984). Bovine epididymal and 

ejaculated sperm undergo increased incidence of acrosome reactions in presence of 
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chondroitin sulfate proteoglycans (Lenz et al., 1982). Importantly, stimulation of in vitro 

fertilization rates provided evidence that acrosome reactions induced by GAG were 

physiological and not a result of cell death (Lenz et al., 1983). Porcine follicular fluid also 

contained GAG which induced acrosome reactions in porcine ejaculated sperm (Reyes et 

al., 1984). 

Heparin, the most highly sulfated GAG, is the most potent GAG in promoting 

acrosome reactions in vitro (Handrow et al., 1982; Lenz et al., 1983). The degree of 

potency correlates to sulfate content of the GAG since N-desulfeted heparin is unable to 

bind to sperm or induce capacitation (Miller and Ax, 1989). Heparin effectively 

capacitates bovine sperm in 4 h, as evidenced by the ability of sperm to fertilize oocytes in 

vitro and to respond to lysophosphatidylcholine (LPC), a flisogenic agent that promotes 

the acrosome reaction only in capacitated sperm, with the acrosome reaction (Parrish et 

al., 1988). Solubilized zonae pellucidae also induced acrosome reactions after incubation 

of bovine sperm with heparin for 4 h (Rorman and First, 1988). Those data collectively 

suggest that heparin acts on capacitation and not directly on the acrosome reaction. 

Capacitation and the ability to undergo the acrosome reaction are cellular events 

modulated by GAG that have been shown to be related to fertility. A high correlation 

existed between relative fertility of dairy bulls, expressed as nonreturn rates, and percent 

increase in acrosome reaction in response to treatment with heparin-like 

glycosaminoglycans (Ax et al., 198S; Ax and Lenz, 1987, Lenz et al., 1988). Another 

study reached the same conclusion using heparin as the capacitating agent (Whitfield and 
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Parkinson, 1992). Taken together, these results suggested the ability of sperm to undergo 

capacitation in vitro in response to GAG could serve as a means of predicting relative 

fertility of bulls. AflSnity of the binding interaction between heparin and sperm is related to 

fertility of bulls. Bulls with above average nonreturn rates produced sperm which bound 

^H-heparin with a of 69 nM compared to a of 119 nM for sperm from bulls with 

below average nonreturn rates (Marks and Ax, 1985). The binding of heparin to sperm 

may, therefore, reflect the ability of sperm to respond to capacitating conditions, a 

response that is indicative of fertility potential. 

2. Intracellular Response to GAG Binding 

^H-heparin bound to bull, rabbit, monkey (Handrow et al., 1984), boar (Sanchez-

Prieto et al., 1996), and human sperm (Delgado et al.,1982; Miller et al., 1988) in a 

saturable, reversible, temperature-, pH- and Ca^^-dependent manner, typical of a receptor-

ligand interaction. Heparin stimulated *^Ca^^ uptake in ejaculated sperm (Handrow et al., 

1986). Calcium is required for the completion of capacitation in hamster and mouse 

(Fraser 1987), although guinea pig sperm require it only for the acrosome reaction. Fraser 

et al. (1995) examined Ca^ '̂-regulating mechanisms during bull sperm capacitation and 

suggested a Ca^^-ATPase modulates intracellular Ca^^ during capacitation with calcium 

channels controlling ion influx during acrosomal «cocytosis. Calcium is also required for 

the onset of hyperactivated motility, a mechanism possibly regulated by calcium through 

calcineurin, a calmodulin-dependent protein phosphatase (Tash et al., 1988). A receptor-



mediated intracellular response to heparin induction of capacitation involves tyrosine 

phosphorylation events (Visconti et al., 1995a; 1995b; Galantino-Homer et al., 1997). 

Capacitation of cauda epididymal mouse sperm in vitro is accompanied by a time-

dependent increase in the protein tyrosine phosphorylation of a subset of proteins of 

40,000-120,000 (Visconti et al., 1995a). The tyrosine phosphorylation was regulated by a 

cAMP-dependent pathway. Protein kinase A (PKA)-specific inhibitors blocked the 

capacitation-dependent increases in tyrosine phosphorylation, demonstrating for the first 

time an interrelationship between tyrosine kinase/phosphatase and PKA signaling 

pathways (Visconti et al., 1995b). Similar pathways fimction during capacitation of bovine 

(Uguz et al., 1994; Galantino-Homer et al., 1997) and human (Leclerc et al., 1996) sperm. 

Thus, novel signaling pathways involving cross-talk between cAMP/PKA and tyrosine 

kinases/phosphatases play a k^ regulatory role in mammalian sperm capacitation 

stimulated by heparin. 

3. Modulation of Capacitation by Seminal Fluid 

Bovine epididymal sperm required 22 h to acrosome react in response to GAG 

isolated fi'om bovine follicular fluid, while washed ejaculated sperm required only 9 h to 

acrosome react to the same treatment (Lenz et al., 1982; Handrow et al., 1982). Of 

particular interest is the fact that epididymal sperm exposed to seminal plasma for 20 min 

and then washed, underwent the acrosome reaction in 9 h, equivalent to that of ejaculated 

sperm (Lee et al., 1985). Short-term exposure to seminal plasma, therefore enhanced the 



29 

capability of spermatozoa to undergo spontaneous acrosome reactions. Similar results 

have been obtained regarding zona pellucida induced acrosome reactions. When 

solubilized zonae pellucidae were used to induce acrosomal exocytosis in spermatozoa 

treated with heparin for 4 h, ejaculated sperm responded with acrosome reactions but 

epididymal sperm did not (Florman and First, 1988). However, short-term exposure of 

seminal plasma enabled epididymal sperm to respond to solubilized zona pellucida by 

undergoing the acrosome reaction. These findings suggested that factors present in 

seminal plasma conveyed to epididymal sperm the ability to respond to the capacitating 

effects of GAG, and to respond to zonae pellucidae with an increase in acrosome reactions 

in a manner similar to ejaculated sperm. In contrast, epididymal or ejaculated bull sperm 

continuously exposed to seminal plasma and incubated with heparin failed to undergo the 

acrosome reaction (Lenz et al., 1982; Miller et al., 1987). That finding is in agreement 

with the classical reports of seminal plasma "decapacitating" factors that bind to sperm and 

function to prevent premature acrosome reactions that are detrimental to fertilization. 

Heparin binding proteins in seminal fluid were isolated and found to convey capacitation in 

sperm incubated with heparin (Miller et al., 1990). Therefore, it has been established that 

seminal plasma contains both positive and negative regulatory elements that influence 

capacitation and/or the acrosome reaction of spermatozoa. 

Conflicting reports exist as to the importance of accessory sex glands for normal 

fertilization. In vivo fertility in the mouse (Pang et al., 1979; Peitz and Olds-Clarke, 1986), 

rat (Carballada and Esponda, 1992), and hamster (Ying et al., 1998), and in vitro fertility 
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in the bull (Henault et al., 1995) is reduced upon removal of all or part of the accessory 

sex glands. There are also reports indicating accessory sex glands are not essential for 

achieving fertilization (Ying et al., 1998). However, post-fertilization survival of embryos 

was decreased due to a higher incidence of anomalies during embryonic development 

(Chow et al., 1994; Ying et al., 1998). Those and other studies (Eid et al., 1994) are 

indicative of paternal effects on pronuclear development and DNA replication after in vivo 

fertilization. Effects of accessory sex gland secretions may be realized only after 

fertilization. 

F. Fertility Protein Markers in Seminal Fluid 

Studies in several species suggest that seminal fluid contains elements that are 

important regulators of sperm function and are indicators of male fertility. Comparison of 

seminal fluid composition between males has identified factors that are coincident with 

differences in fertility (Auterio et al., 1991; Constentino et al., 1984; Jeyendran et al., 

1989; Kandell et al., 1992; Panidis et al., 1991; Sandowski and Rogers, 1985). In general, 

however, because the two populations being compared differed in semen quality (fertile 

vs. oligo- or azoospermic infertile males), a causal relationship between seminal fluid 

components and fertility could not be confirmed. Isolation of seminal fluid components 

that modulate sperm capacitation, fertilization, or related events in vitro, provided some 

insight into proteins that potentially have a more direct cause-effect relationship to fertility 

differences (Audhya et al.,1987; Dukelow et al., 1967; Eng and Oliphant, 1978; Hunter 
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and Nornes, 1969; Reddy et al.,1979; Shivaji and Bhargava, 1987). The majority of 

studies referred to here focused on characterization of anti-fertility factors or 

decapacitation factors. Included are human antifertility &ctor I (Audhya et al., 1987; 

Reddy et al.,1979; Reddy et al., 1982), rabbit acrosome stabilizing factor (Eng and 

Oliphant, 1978), and bull seminal plasmin (Shivaji and Bhargava, 1987). Those factors 

generally inhibit pre-fertilization events (sperm capacitation, acrosome reaction, or 

acrosomal enzyme activity) and consequently interfere with fertilization. Fewer studies 

identified fertility promoting activity in seminal fluid (Gaur and Talwar, 1975) until more 

recently. 

1. Ostepontin and Lipocalin-type Prostaglandin D Synthase 

Populations of reproductively normal bulls with identical semen quality but 

different fertility (assessed from artificial insemination pregnancy outcomes firom 

thousands of services) can be studied to identify fertility markers in seminal fluid without 

confounding the results with abnormal semen characteristics. Using that approach, Killian 

et al. (1993) identified four proteins in bull seminal plasma that were positively correlated 

(r= 0.89) with bull fertility. Two-dimensional gel electrophoresis of seminal plasma fi"om 

bulls differing in fertility by a relatively narrow range (8.5 percentage points below to 5.4 

percentage pomts above average fertility) indicated that relative density of two proteins 

(26 kDa, pi 6.2; 55 kDa, pi 4.5) predominated in higher fertility bulls while two other 

proteins (16 kDa, pi 4.1; 16 kDa, pi 6.7) were more prominent in seminal plasma fi-om 
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lower fertflity bulls. The two proteins associated with higher fertility bulls have recently 

been identified and characterized. The 55 IcDa protein was identified as Osteopontin 

(Cancel et al., 1997), and the 26 kDa species was identified as Lipocalin-type 

Prostaglandin D Synthase (Gerena et al., 1998). Thus, osteopontin (OPN) and lipocalin-

type prostaglandin D synthase are examples of recently identified fertility protein markers 

present in seminal fluid. 

The biological explanation for the correlation between presence of osteopontin and 

prostaglandin D synthase and bull fertility is not known. Osteopontin has been detected in 

rat testis, epididymis, and on sperm (Siiteri et al., 1995), but nothing is known about its 

possible role in modulating male fertility. OPN contains a conserved region implicated in 

cell attachment through integrin receptors (Wrana et al., 1989). As one would expect, 

integrin cell surface receptors are heavily involved in fimctional aspects of reproduction 

including sperm-egg binding and embryonic implantation. Conserved sequence motifs for 

phosphorylation by intracellular kinases (Pinna et al., 1979), and N-glycosylation (Reinholt 

et al., 1990) have been identified in OPN. Sequence analysis of OPN has also shown that it 

contains motifs for binding heparin (Patarca et al., 1993; Sorensen and Petersen, 1994), 

and calcium (Prince, 1989), suggesting at least some possible structural similarity with the 

fertility-associated seminal heparin binding proteins (reviewed below; Bellin et al., 1996; 

1998) that bind to sperm and regulate capacitation by heparin (Miller et al., 1990). 

Prostaglandin D synthase catalyzes the synthesis of PGDj in the brain. PGDj is an 

endogenous sleep-inducing substance capable of also regulating body temperature and LH 
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release (Urade et al., 1996). B-trace protein, identical to prostaglandin D synthase 

(HoflOnan et al., 1993), is the second most abundant protein in cerebro-spinal fluid and is 

present in male genital organs (Ujihara et al., 1988), but was not detected in accessory sex 

gland fluid (Gerena et al., 1998). Prostaglandin D synthase belongs to the lipocalin 

super&mily of transport proteins, and in that may lie its role in regulation of male 

reproduction. 

Gerena et al. (1998) hypothesize that Prostaglandin D synthase functions in 

binding, protecting, and facilitating the intercellular transport of retinoids within male 

reproductive tissues. Lipocalins transport small lipophilic regulators of gene expression 

(i.e. rednol) across tissue barriers and into fluids such as seminal plasma. Epididymal 

retinoic acid-binding protein (Newcomer, 1993) is a member of the lipocalin superfamily 

that binds retinoic acid, a well known regulator of gene expression through binding to the 

ligand-activated transcription factor retinoic acid receptors (RARs; reviewed by Evans, 

1988). Retinoids are required for normal cell growth, differentiation, and maintenance of 

epithelial integrity, playing a key role in maintenance of spermatogenesis (Griswold et al., 

1989) and synthesis of epididymal proteins (Astraudo et al., 1995). Spermatogenesis is 

arrested in animals maintained on vitamin A-deficient diets, demonstrating the functional 

requirement of testicular sperm differentiation on retinoids (reviewed by Griswold et al., 

1989). RARs mediate normal differentiation of epithelial tissues directed by retinoids; 

dominant negative mutations of RARa resulted in male infertility due to disruption of 

epithelial cell differentiation in the epididymis (Costa et al., 1997). Astraudo et al. (199S) 



34 

showed epididymal protein synthesis was altered by depletion of retinoids, an effect that 

was almost completely reversed by supplementation of testosterone in the absence of 

retinol and retinoic acid, implying testosterone mediates retinoid stimulation of epididymal 

protein synthesis. Lipocalin type prostaglandin D synthase binds retinoic acid and retinol 

with similar affinities as other retinoid binding proteins (Tanaka et al., 1997), supporting 

the hypothesis that it is involved in modulating the function of retinoids. Therefore, 

lipocalin type prostaglandin D synthase has the potential to impact various aspects of male 

reproductive functions including maintenance of spermatogenesis and modification of the 

composition of the fluid bathing sperm in the epididymis, the site of sperm maturation and 

where sperm first acquire the ability to penetrate and fertilize the oocyte. 

2. Seminal Heparin Binding Proteins 

Exposure of epididymal sperm to seminal plasma is an important event that renders 

sperm capable of responding to zona pellucida stimulation by undergoing the acrosome 

reaction (Florman and First, 1988). Because the ability of sperm to undergo capacitation 

and the acrosome reaction in response to heparin and heparin-like material was positively 

correlated to fertility of bulls (reviewed above), it was hypothesized that seminal heparin 

binding proteins added to sperm at ejaculation may alter the response to heparin and 

enhance fertilizing capability of sperm. In support of that hypothesis it was determined that 

the number of binding sites for heparin on epididymal sperm were increased by exposure 

of those sperm to seminal plasma (Lee et al., 1985). In addition, ejaculated sperm 
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incubated with heparin for 4 h underwent zonae pellucidae-induced acrosomal »cocytosis 

whereas epidiymal sperm did not (Rorman and First, 1988). The seminal plasma 

components responsible for modulating the binding of heparin to sperm were identified by 

NfiUer et al. (1990). Three size classes of radiolabeled bovine seminal plasma HBP (15-17 

IcDa, 24 IcDa, and 31 kDa) bound to epididymal sperm after in vitro incubation (\filler et 

al., 1990; Nass et al., 1990). Miller and co-workers demonstrated that the seminal plasma 

(EIBP) regulated capacitation by heparin. Thus, HBP in seminal plasma could account for 

the stimulatory effect of seminal plasma on zona-induced acrosome reactions. Those 

findings demonstrated that seminal plasma factors discussed above, which conveyed to 

epididymal sperm the abili^ to respond to the capacitating effects of GAG, are heparin 

binding proteins. Positive influence of seminal plasma on sperm is in contrast to 

antifertility &ctors described for several species which are believed to inhibit sperm 

capacitation and interfere with fertilization. 

The heparin binding proteins in bovine seminal fluid are linked to bull fertility. 

Presence of a sperm membrane specific 31 kDa HBP was indicative of fertility potential of 

bulls (Table 1.1, below). In initial studies, sperm membranes were detergent extracted and 

presence or absence of a complex of proteins with the greatest afiSnity for binding heparin 

(HBP-B5) was detected using heparin-afiSnity HPLC. The HBP-B5 complex contained the 

31 kDa HBP presented ui Table 1.1. Bulls with HBP-B5 present in sperm were 17 

percentage points more fertile than bulls without the complex (Bellin et al., 1994). 

Subsequently, a monoclonal antibody (Ml) was generated against the high afBnity 
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heparin-binding proteins purified 6*001 seminal fluid (Bellin et al., 1996). Bulls producing 

acceptable quality semen (evaluated by the BSE) were segregated by detection of HBP-31 

in detergent extracts fi-om sperm by Western blots using Ml. Pregnancy diagnosis of cows 

bred by bulls segregated by Western blotting results indicated fertility of bulls with the 

antigen present was 14 percentage points higher than bulls that produced sperm devoid of 

the 31 IcDa protein (Bellin et al., 1996; 1998). Thus, bulls of varying fertility could be 

distinguished biochemically by presence or absence of HBP-31 on sperm. The 

physiological mechanisms underlying production of sperm with the unique protein that is 

indicative of fertility are unknown. It is known that HBP-31 detected on sperm in the 

above fertility studies is a product of accessory gland secretions. Immunofluorescence 

indicated that epididymal sperm lacked the protein (McCauley et al., 1996a), a conclusion 

that was corroborated by Western blots of epididymal sperm extracts (McCauley et al., 

1996b). The epitope for HBP-31 appeared on epididymal sperm after incubation with 

HBP purified from seminal fluid. Immunofluorescence (McCauI^ et al., 1996a) and 

Western blotting (McCauley et al., 1996b) confirmed the uptake of HBP-31 by epididymal 

sperm in vitro after incubation with purified seminal HBP. The biological effects of the 31 

kDa protein that serves as a marker for increased fertility of bulls is not known at this 

time. 

G. Known Heparin Bin£ng Protein Families 

As discussed above, two-dimensional PAGE of seminal plasma samples indicated 
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that osteopontin and lipocalin-type prostaglandin D synthase were present with greater 

frequency in higher fertility bulls, while two 16 kDa proteins predominated in lower 

fertility bulls. Initially, due to molecular mass and pi, the 26 kDa protein now identified as 

lipocalin-type prostaglandin D synthase, appeared to share some similarities to the 24 kDa 

HBP described by Miller et al. (1990). Data in this dissertation clearly indicate the two 

proteins are distinctly different. HBP-24 represents a gene product involved in regulating 

male fertility (discussed below) with no apparent homology to lipocalin-type prostaglandin 

D synthase. 

The 16 kDa proteins described by Killian et al. (1993) have not been identified, but 

they are similar in size and charge to bovine seminal plasma proteins (BSP-I, BSP-H 

BSP-m) previously described (Esch et al., 1983). Those three acidic proteins are also 

referred to as BSP-Al, BSP-A2, and BSP-A3 (Manjunath and Sairam, 1987). BSP-A1/A2 

have identical amino acid compositions but differ in glycosylation. BSP-A1/A2 has been 

identified as PDC-109, the major protein synthesized by the seminal vesicles (Kemme et 

al., 1986). BSPA1/A2 and BSPA3 bind to heparin (Chandonnet et al., 1990), interact with 

sperm phospholipids (Desnoyers and Manjunath, 1992; Manjunath et al., 1993), and when 

added to epididymal sperm in vitro, successfully conveyed heparin- and high density 

lipoprotein (HDL)-induced capacitation (Therien et al., 1995; 1997). Whether the 14-17 

kDa heparin binding proteins described by Miller et al. (1990) share homology to 

BSPA1/A2 and BSPA3 is not known. BCillian et al. (1993) reported two 16 kDa proteins 

were more prominent in seminal fluid from lower fertility bulls. The 14-17 kDa HBP 
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described by Miller et al. (1990) predominated in complexes with lower afSnity for binding 

heparin, a characteristic known to be associated with sperm from lower fertility bulls, and 

their identity has not been pursued in our laboratory. 

Several bovine seminal plasma proteins have similar effects on sperm capacitation. 

In addition to BSP-Al, -A2, and -A3 described above, BSP-30K is a heparin- and 

phosphorylcholine-binding protein that shares some structural similarity with BSP-A3 

(Calvete et al. 1996). The primary structures of each of those proteins display the 

consensus sequence of fibronectin type-II (FN-H; collagen binding) domains at the C-

terminal end (Seidah et al., 1987; Calvete et al., 1996). In addition to the FN-II domains, 

each of those proteins contain unique N-terminal extensions and display differences in 

giycosylation. Fibronectin-Iike polypeptides are, therefore, a major component of protein 

in seminal fluid. 

Functionally similar heparin binding proteins from stallion (Calvete et al., 1995a) 

and boar (Calvete et al., 1995b) seminal plasma have been characterized. A large 

proportion (70%) of seminal proteins in the stallion can be characterized as BSP-like. In 

the boar, the majority (90%) of seminal heparin binding proteins belong to the 

spermadhesin family. Spermadhesins are a family of well characterized multi-functional 

seminal proteins possessing heparin binding, zona glycoprotein binding, and serine 

protease inhibitor binding activities (Calvete et al., 1996). Spermadhesins and BSPs are 

hypothesized to play a major role in sperm capacitation and, in the case of spermadhesins, 

regulation of sperm-egg binding. The biological role of these related seminal proteins of 



different mammals in terms of their primary structure is unclear at this time. They share 

the ability to convey heparin-induced capacitation though species-specific differences exist 

with regard to heparin effects on sperm function. Furthermore, the significance of the BSP 

and spermadhesin &milies of proteins in terms of modifying fertility in unclear at this time. 

Fertility differences associated with presence of BSPs and(or) spermadhesins have not 

been reported. Interestingly, neither of those two major families of proteins seem to share 

homology with the fertility-associated antigen CFAA) nor the 24 kDa HBP identified in 

this dissertation. 

The role of seminal plasma heparin binding proteins in modulating zona-induced 

acrosome reactions has only been examined in detail in a few species and may be a 

species-specific phenomenon (Miller et al., 1990), however, heparin binding proteins that 

share antigenic determinants with the family of BSPs discussed above are present in the 

pig, hamster, rat, and human (Leblond et al., 1993). Seminal plasma fi'om stallions, boars, 

and rams (Oyarzo et al., 1997; Carpenter et al., 1997; and unpublished observations) 

contain antigenic determinants similar to the proteins recognized by the monoclonal 

antibody (Ml) used to detect fertility differences in bulls. The significance of the presence 

of heparin binding proteins in semen fi-om a variety of species is yet to be determined, but 

it seems likely that the study of seminal fluid effects on capacitation and fertility markers 

present in seminal fluid of the bovine will lead to a better understanding of the mechanisms 

regulating fertility of other important livestock species as well as humans. 
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Table 1.1 Relationship of Fertility-associated Antigen (FAA) Detected by Western 
Blotting on Sperm and Pregnancy Outcome of Bred Cows.' 

Fertility-associated Antigen (FAA) 

Present Absent 

Number of cows pregnant/total palpated 3469/4105 578/819 

FertiUty (%) 84.5 70.6 

'FAA was detected on sperm by Western blotting of whole sperm extracts. Presence of 
FAA was indicated by signal on a 31,000 molecular weight protein. Bulls were pastured at 
a ratio of 1 bull:25 cows after segregating on the basis of FAA analysis. Pregnancies were 
determined by palpation per rectum after a 60 d breeding season. 
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nL Explanation of Dissertation Format 

This dissertation is the result of studies designed to enhance our understanding of 

seminal components and their relationship to sperm fertilizing capacity. The specific goal 

of these studies was to identify previously uncharacterized heparin-bmding proteins in 

semen that are associated with fertility of bulls, and are implicated in modifying fertility of 

many livestock species. The proteins in question shared the properties of binding heparin, 

binding to sperm membranes and cross-reacting with a monoclonal antibody generated 

against seminal heparin binding proteins. Using that antibody, these proteins were both 

shown to be associated with sperm from bulls with an average of 14 % increased fertility 

compared to bulls producing sperm without the proteins. 

By way of purification and biochemical characterization, two heparin binding 

proteins in bovine semen have been positively identified. Based on amino acid sequences 

obtained fi-om the purified proteins and a thorough search of protein databases available 

through the BLAST program of NCBI, one (FAA) is a seminal protein with similarities to 

a recently identified DNase I-like protein (Rodriguez et al., 1997). The second protein 

(HBP-24) has been identified as a member of a growing family of proteins that act as 

specific protease inhibitors (tissue inhibitor of metalloproteinases; TIMP) regulating a 

number of physiological processes including events associated with ovulation, fertilization, 

and embryonic development, as well as regulating events (normal and abnormal) 

associated with tissue turnover and repair. Identification and characterization of these 

proteins expands our knowledge of heparin binding protein family members in semen that 
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regulate sperm function and subsequently fertilization, and provides data that implicate 

components known to be involved in regulation of a wide array of physiological processes 

in modulating male fertility. 

The following chapter summarizes the «q)erimental methods used, results 

obtained, and the conclusions drawn from the research conducted as a part of this 

dissertation. The papers included as appendices to this dissertation are a direct result of an 

effort to identify previously uncharacterized components in semen that had been shown to 

be associated with fertility of bulls evaluated in field trials. Appendices 1 and 2 describe 

identification of two seminal heparin binding proteins, and represent preprints of 

manuscripts that will be submitted for publication in the journals Biology of Reproduction 

and Journal ofAndrology or Molecular Reproduction and Development after final 

revisions are made. 
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PRESENT STUDY 

Hypotheses tested in these studies included the following: 1) Fertility-associated 

Antigen (FAA) and HBP-24 can be purified by reversed-phase HPLC without 

compromising their reactivity to a monoclonal antibody and without inhibiting their ability 

to bind heparin; 2) cauda epididymal sperm lack the epitope for the monoclonal antibody; 

3) FAA and HBP-24 are produced by bovine accessory sex glands and bind to sperm 

membranes; 4) FAA and HBP-24 contain homologous amino acid domains that confer to 

both proteins the ability to bind heparin and be recognized by the same monoclonal 

antibody; and 5) FAA and HBP-24 represent novel seminal proteins related to fertility of 

bulls. The methods, results, and conclusions of experiments performed as a part of these 

studies are presented in detail in the papers appended to this dissertation. Appendices 1 

and 2 describe the purification and analysis of proteins implicated in modulating fertility. 

The following is a summary of the most important findings in those papers and discussion 

pertinent to those findings. 

L General Summary 

The objective of these studies was to develop a means of isolating, in substantially 

pure form, fertility associated proteins derived fi-om accessory sex glands (seminal 

vesicles, prostate, and bulbourethral gland) of bulls, for subsequent identification in terms 
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of primaiy structure. Cellular site of production and biochemical characterization in terms 

of molecular mass, isoelectric point, post-translational modification and binding to sperm 

membranes was also investigated. The fertility associated proteins in question have been 

generically referred to as HBP-31 and HBP-24 in the past, representing their propensity to 

bind heparin and their molecular weights, 31,000 and 24,000 daltons, respectively. The 

identity of those two proteins with respect to existing protein families with described 

biological functions had not been determined previously. Classification of the fertility 

associated proteins would expand our knowledge of components in semen that play a 

role in modulating fertility, and perhaps, provide information that would help to explain 

the biological relationship between the proteins and their effects on sperm fimction and 

male reproduction. 

Multiple chromatographic procedures were employed to accomplish the protein 

isolation. No method of successful isolation of these proteins existed prior to the initiation 

of these studies. Many standard protein purification techniques Med to produce 

acceptable results. Through methodical experimentation with multiple chromatographic 

methods, a purification procedure was successfiilly identified. It consisted of fi-actionation 

of seminal proteins by heparin-afBnity chromatography, solid-phase extraction on 

reversed-phase columns, and finally, separation by reversed-phase high performance liquid 

chromatography (RP-HPLC). This purification procedure coupled with sodium dodecyl 

sulfete-polyacrylamide gel electrophoresis (SDS-PAGE) was used to obtain primary 

amino acid sequence information of two proteins recognized by a monoclonal antibody 
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that were associated with fertility of bulls. Recognition by the antibody in Western blots 

was the distinguishing feature of these proteins that allowed their identity to be verified at 

each purification step. Importantly, the proteins in question retained their ability to cross-

react to the monoclonal antibody in Western blots following RP-HPLC purification, and 

they also retained their ability to bind ^H-heparin in radiolabeled ligand binding assays 

following RP-HPLC fi^ctionation. Thus, the purification scheme did not destroy the 

biological activity of these proteins with respect to immunogenicity and ligand binding. 

Both of the proteins identified in these studies were shown to originate in bovine 

accessory sex glands and bind to sperm membranes. The interaction of the proteins with 

sperm appeared to be a peripheral association as treatment with hypertonic media was 

capable of releasing them into the supernatant. Both proteins appeared not to be 

glycosylated and they both retained the ability to bind heparin following purification in 

organic solvent. One of the proteins has a molecular mass of approximately 31 kDa and 

has been termed fertility-associated antigen (FAA). The other protein differs in apparent 

molecular mass dependent on whether it is analyzed in the reduced or unreduced form. 

SDS-P AGE in the presence of the reducing agent 2-mercaptoethanol yielded a band at 

approximately 24 kDa, while the unreduced protein migrated at approximately 21 kDa, in 

agreement with previous reports concerning this femily of peptides (see below). Purified 

proteins were subjected to peptide mapping after enzymatic digestion or chemical cleavage 

in order to determine if primary amino acid sequences of the fiill length proteins contained 

homologous sequences; i.e.) the 24 kDa protein representing a cleavage product of the 31 
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kDa protein, or both proteins representing cleavage products of a larger "pro-protein". 

HPLC analysis of peptide digests indicated the two proteins differed in primary structure, 

suggesting they were independent proteins and not proteolytic fragments of a larger 

precursor (Figure 1.1). 

Subsequent amino acid sequence identification confirmed that the two proteins are 

indeed different. Total amino acid composition comparison between FAA and HBP-24 is 

shown in Table 1.2. Amino acid sequence comparisons were evaluated using the Blast 

search server of the National Center for Biotechnology Information at the National 

Library of Medicine to determine the relationship of the two proteins to previously 

characterized proteins. Amino acid sequence analysis allowed identification of FAA and 

HBP-24 making it possible to draw fimctional inferences concerning the proteins based on 

what is known about the function of proteins with similar sequences in the databases. 

Three amino acid sequences obtained from purified and digested FAA identified it as being 

similar to a novel deoxyribonuclease (DNase) I-like protein of unknown fimction. N-

terminal sequence analysis of pure FAA yielded a 26 amino acid sequence that was 73% 

identical to a recently identified DNase I-like protein (Rodriguez et al., 1997). Two 

internal amino acid sequences generated from lys-C digested FAA were 85% and 92% 

identical to the same DNase I-Iike protein. 

N-terminal sequence analysis indicated the second protein belongs to a multi-

fijnctional family of proteins known as tissue inhibitor of metalloproteinases (TIMP). The 

first 20 amino acids of the purified 24 kDa protein was 90 % identical to a bovine 



metalloproteinase inhibitor identified as TIMP-2 (DeCIerck et al., 1989; Boone et al., 

1990), and 83 % identical to that reported for human tissue inhibitor of 

metalIoproteinases-2 (TIMP-2; Stetler-Stevensen, 1989). 

In support of the hypotheses tested in these studies, FAA and HBP-24 were 

successfiilly purified by RP-HPLC without compromising their biological activity. These 

proteins have been shown to originate firom acessory sex glands and bind to sperm 

membranes. Accordingly, epididymal sperm lack the epitope for the monoclonal antibody 

used to detect FAA and HBP-24. Amino acid composition analysis and sequencing 

indicated that FAA and HBP-24 are two distinctly different proteins, not related proteins 

created by proteolytic cleavage of a larger precursor. Some structural homology between 

FAA and HBP-24 likely is responsible for the ability of both proteins to bind heparin and 

the same monoclonal antibody. That homology could be in the form of similar secondary 

structure even in the absence of homologous amino acid domains within FAA and HBP-

24. 

In conclusion, two fertility associated heparin binding proteins have been positively 

identified. Interestingly, the major seminal heparin binding proteins previously described 

fi'om a variety of species consist of two families of proteins, the BSPs and the 

spermadhesins. The proteins identified in this dissertation seem to belong to neither of 

those two major protein families. One is a novel protein with similarities to a class of 

proteins displaying homology to DNase I. The other belongs to family of protease 

inhibitors known as TIMPs. Collectively these data suggest regulation of proteolytic 
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activity in seminal fluid is an important determinant of fertilizing potential, and clearly 

show the &mily of heparin binding proteins in seminal fluid includes peptides that lack 

homologous domains with the well characterized BSPs which are distinguished by the 

presence of fibronectin type II domains. Identification of a novel DNase I-like protein and 

TIMP-2 as physiologically important seminal components indicates an expanding 

complexity of the chemical makeup of seminal fluid. The discovery of these novel seminal 

components with multi-functional properties emphasizes the need for fiirther studies 

regarding liie functional effects of accessory sex gland secretions on sperm physiology and 

fertilization, including early embryonic survival. 



Table 1.2. Amino Acid Composition (Mol %) of FAA and HBP-24. 
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Mol% 

Residue FAA HBP-24 

Asx^ 8.5 13.1 

Glx^ 8.0 9.3 

Ser 9.8 8.4 

Gly 13 9.2 

His 1.5 1.7 

Arg 4.4 2.7 

Thr 5.3 2.9 

Ala 8.2 9.7 

Pro 3.9 6.9 

Tyr 2.3 2.6 

Val 8.9 4.9 

ne 4.6 9.7 

Leu 8.5 4.4 

Phe 4.8 3.5 

Lys 8.1 6.8 

^Asx: Aspartic acid and Asparagine combined 
^Gbc: Glutamic acid and Glutamine combined 
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Figure 1.1. RP-HPLC Separation of Peptide Fragments From Tryptic Digests of Purified 
FAA and HBP-24. 

FAA and HBP-24 were electro-eluted fi-om SDS-PAGE and digested as described in 
Materials and Methods. Shown are chromatograms of peptide fi^ctionation by a CIS 
column. The chromatograms indicate that the two proteins differ in primary amino acid 
structure. 

Retention time (min) 
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n. Identification of a Fertility-associated Antigen (FAA) 

Monoclonal antibodies generated against sperm antigens have been applied to the 

study of sperm capacitation, acrosome reaction, and sperm-zona interactions (Ambrose et 

al., 1996; Fann and Lee, 1992; Myles and Primakof^ 1984). Often, these probes are 

developed against a wide array of sperm proteins in a shotgun approach in hopes that one 

or some will prove valuable as a marker for some biological event in vitro. In the case of 

fertility evaluation, the relationship found with in vitro markers may not correlate well 

with in vivo data (Ambrose et al., 1995). In contrast to that approach, our laboratory 

generated a monoclonal antibody (Ml) that recognizes a bovine 31 kDa antigen that is 

secreted from the male accessory glands, binds to sperm at ejaculation, and is part of a 

larger protein complex that, in vitro, stimulates sperm to undergo the acrosome reaction 

after heparin incubation. The presence of that 31 kDa heparin binding protein on sperm 

(detected by Western blot) corresponded to increased fertility of bulls (Table 1.1, above). 

Bulls with the protein present on sperm have consistently impregnated a higher percentage 

of cows compared to bulls without the protein on sperm. Table 1.1 shows fertility 

differences between those two groups of bulls was 14% increased fertility in the presence 

of HBP-31. Its relationship to bull fertility made HBP-31 (FAA) a very attractive protein 

for purification and characterization with the goal of identifying its primary protein 

structure and, subsequently, the gene sequence. 

Initial N-terminal sequence obtained fi-om purified HBP-31 matched no proteins in 

the databases. As a result, that protein has been termed fertility-associated antigen (FAA). 
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This study details the isolation of FAA from bovine seminal plasma, sperm membranes, 

and accessory sex glands. Heparin-afiBnity chromatography and reversed-phase high 

performance liquid chromatography were employed to purify the 31 kDa protein near 

homogeneity. Table 2.1 in Appendix 1 details the purification steps and depicts an overall 

171-fold purification of FAA. Western blots of sperm membrane proteins from ejaculated 

sperm, before and after incubation in hypertonic media, were performed to determine the 

nature of the association between FAA and sperm cells. A 31 kDa protein was detected m 

immunoblots of the unextracted sperm and in the sperm extract indicating FAA binds 

peripherally to sperm cells and is extractable by treatment with hypertonic media. To 

verify that the 31 IcDa protein detected in sperm extracts was indeed identical to FAA 

isolated from seminal fluid, sperm extracted protein was separated by heparin afiSnity 

chromatography and RP-HPLC. The RP-HPLC elution profile and corresponding 

immunoblot of the 31 kDa HBP purified from sperm membranes was identical to that of 

seminal fluid FAA 

FAA serves as a protein marker for higher fertility bulls but the mechanisms 

responsible for its relationship to increased fertility potential is not known. Thus, FAA 

represents a novel protein with interesting bioiogicai activity related to sperm fimction and 

modulation of fertility. FAA was purified and characterized with the long term goal of 

cloning the complete gene for subsequent production of a recombinant FAA. FAA was 

found in the present studies to be a non-glycosylated protein of approximately 31 kDa 

with a basic isoelectric point of approximately 8.1. Importantly, the apparent lack of 



glycosylation of FAA indicated it was not the same heparin binding protein described by 

others as BSP-30K (Manjunath et al., 1987) which is reported to be the most heavily 

glycosylated of the BSP family members. BSP-30 is a bovine heparin-binding protein with 

the ability to bind sperm and conv^ heparin-induced capacitation (Therien et al., 1995; 

1997). In spite of some fiinctional similarities between BSP-30 and FAA (binding of 

heparin, binding to sperm, and ability to convey capacitation), the data obtained in the 

present studies clearly indicate that BSP-30 and FAA are not the same peptide. The 

primary structure of BSP-30K was recently reported (Calvete et al., 1996). It shares 

structural domains with bovine seminal plasma proteins (BSPs) of approximately 16 kDa, 

constituting a fibronectin type II domain-containing protein family which includes the 

major heparin binding proteins of bull and stallion seminal plasma. FAA is identified in the 

present study as a deoxyribonuclease (DNase) I-like protein. N-terminal sequence analysis 

of pure FAA yielded a 26 amino acid sequence with strong identity (73% identical 

residues) to a recently identified DNase I-like protein (Rodriguez et al., 1997). 

Furthermore, two internal amino acid sequences generated fi*om lys-C digested FAA were 

85% and 92% identical to the same DNase I-like protein. Importantly, no biological 

fimction of the novel DNase I-like protein (Rodriguez et al., 1997) has been described. 

Overall homology of FAA to the novel DNase I-like protein awaits the determination of 

the full length cDNA encoding FAA. That work is currently in progress using 

oligonucleotide primers designed based on amino acid sequences obtained fi'om FAA. 
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In summaiy, a fertility-associated 31 kDa heparin binding protein from seminal 

fluid was found to be unrelated to the BSP family of heparin binding proteins based on 

primary sequence analysis. Thus, FAA represents a novel heparin binding seminal protein 

that is associated with fertility of bulls, and whose role in modulating sperm fimction and 

fertilizing ability is the focus of future investigation. Primary amino acid sequence 

information of FAA presented here is being utilized to ultimately identify the gene 

encoding a product that is linked to fertility regulation in bulls. 



nL Identification of Tissue Inhibitor of Metalloproteinase-2 (TIMP-2) 

The monoclonal antibody (Ml) used to segregate bulls of differing fertility 

recognizes multiple variants of heparin binding proteins in addition to FAA. We have now 

identified one of those variants, a 24 kDa seminal heparin binding protein, as type-2 tissue 

inhibitor of metalloproteinase (TIMP-2). The second appendix of this dissertation details 

those findings. Briefly, N-terminal amino acid sequencing yielded 20 amino acids whose 

sequence was 90% identical to a bovine metalloproteinase inhibitor (DeClerck et al., 1989; 

Boone et al., 1990), and 85% identical to that reported for human tissue inhibitor of 

metalloproteinases-2 (TIMP-2; Stetler-Stevensen, 1989). Although TIMP-2 had been 

previously reported to be present in seminal fluid (Calvete et al., 1996), this is the first 

known report of an association between TIMP-2 and potential modulation of sperm 

fimction. The identification of TIMP-2 advances our knowledge with regard to 

classification of heparin-binding proteins found in seminal fluid, and provides a wealth of 

information fi'om which hypotheses can be formulated regarding the fiinctionality of 

heparin binding proteins and their relationship to fertility. The present findings suggest an 

»q}anding role for TIMP as a modifier of male reproductive performance, in addition to 

well defined fimctions for TIMP in processes such as angiogenesis, tissue turnover and 

repair, and cancer invasiveness. 

The extracellular matrix (ECM) plays a key role in many biological activities such 

as cellular proliferation and dififerentiation, as well as cell adhesion, migration, and tissue 

morphogenesis. Matrix metalloproteinases (MMPs) are a family of zinc-dependent 
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mzymes with selective activity against many extracellular matrix components. In feet, 

MMPs are capable of enzymatically degrading virtually all extracellular matrix 

constituents. The family of MMPs can be classified into one of three subgroups: interstitial 

collagenases, gelatinases, and stromelysins (for review see Matrisian, 1990; Ray and 

Stetler-Stevensen, 1994). 

Regulation of genes and gene products that influence the structure of the ECM 

potentially impacts a variety of basic biological processes including embryonic 

development, angiogenesis, and pathological processes such as arthritis and tumor 

invasion. MMPs and TIMPs are transcriptionally responsive to several cytokines and 

growth fectors (Birkedal-Hansen et al., 1993). Thus, the levels of ECM-degrading 

enzymes and their inhibitors are regulated by biologically relevant hormones, cytokines, 

proto-oncogenes, steroids and growth factors, providing an indirect means for those 

relevant molecules to affect their target cells through remodeling of the cellular 

environment. Specificity of cellular production of MMPs is also regulated by cell matrix 

interactions and components of the ECM (Werb et al., 1989). MMPs are secreted as latent 

proenzymes which are activated extracellularly by proteolytic cleavage of the amino-

terminal profi'agment (Birkedal-Hansen et al., 1993). Tissue inhibitors of 

metalloproteinases are a family of multifimctional proteins, four of which have been 

described (Greene et al., 1996 and references therein), that form 1;1 stoichiometric 

complexes with matrix metalloproteinases (MMPs), thereby inactivating them. 

Endogenous TIMPs regulate the extent of ECM turnover by binding to and specifically 
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inhibiting the enzymatic activity of activated MMPs. TIMP-2 preferentially binds to the 

latent proenzyme form of the 72 IcDa type IV collagenase (Goldberg et al., 1989; Howard 

etal., 1991). 

In addition to their described inhibitory activity toward MMPs, TIMPs also have 

been shown to behave as cytokines and stimulate cellular proliferation in the absence of 

other growth factors. TIMP-2 (like TIMP-1) has erythroid potentiating activity, i.e.) the 

ability to augment proliferation and differentiation of erythroid precursors (Stetler-

Stevensen et al., 1992). Proliferation of normal human fibroblasts was stimulated by 

TIMP-2 secreted by SV40-transformed fibroblasts (Nemeth and Goolsby, 1993). 

Recombinant TIMP-2 stimulated the growth of normal dermal fibroblasts and 

fibrosarcoma cells, a response mediated by cAMP production and activation of protein 

kinase A (Corcoran and Stetler Stevensen, 1995). Thus, the growth promoting effects of 

TIMP-2 are presumably mediated by binding to specific G-protein coupled receptors on 

the cell membrane, the identity of which is unknown at this time. 

Conversely, bFGF-stimulated microvascular endothelial cell proliferation was 

inhibited by TIMP-2, an effect not mimicked by synthetic metalloproteinase inhibitors 

(Murphy et al., 1993). Thus, TIMP-2 has disparate effects on cell growth, possibly 

dependent upon the cell type, sensitivity at the time of stimulation, and presence of other 

growth factors. Numerous studies correlate low TIMP expression with enhanced 

invasiveness and metastatic properties in murine and human tumor cell lines (see Ray and 

Stetler-Stevensen, 1994, for review). Disruption of TIMP-1 by homologous 
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recombination increased invasive behavior in embryonic stem cells (Alracander and Weib, 

1992). Downmoduiation ofTIMP mRNA by an antisense construct converted non-

tumorigenic, non-invasive Swiss 3T3 cells into tumorigenic cells with invasive properties 

in vitro and enhanced metastatic potential in vivo (Khoka et al., 1989). Cells stably 

transfected with a human TIMP-2 cDNA exhibited decreased tumor growth rate and 

metastatic capacity in vivo (DeClerck et al., 1992). These results suggest inhibition of 

metalloproteinase activity by TIMP is a key regulatory event in prevention of invasion and 

metastasis. Collectively, the above discussion indicates TIMP can be regarded both as a 

growth factor which promotes the survival and growth of cells and a protease inhibitor 

involved in blocking tumor cell growth by preventing matrix degradation and inhibiting 

bFGF-stimulated angiogenesis. 

The expression pattern of MMPs in normal tissue suggests that they play a key 

role in the remodeling associated with reproductive processes, including menstruation, 

implantation, mammary gland morphogenesis, and involution of the mammary gland, 

uterus, and prostate (Hulboy et al., 1997). The specific fimction of the MMPs and their 

inhibitors in the male reproductive system is not known. TIMP-2 mRNA was detected in 

Sertoli and Leydig cells but not germ cells in the rat (Grima et al., 1996). They proposed 

that TIMP-2 is important for germ cell migration and tissue restructuring of the 

seminiferous epithelium during spermatogenesis. Sertoli cells not surprisingly secrete a 

number of metalloproteases involved in germ cell migratioru Overexpression of matrilysin 

(MAT), a member of the stromelysin family of MMPs, in male transgenic mice resulted in 
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significant abnormalities in the male reproductive tract (Rudolph-Owen et al., 1998). 

Testes of the MAT transgenics became disorganized with an apparent loss of interstitial 

tissue that normally surrounds the seminiferous tubules. Sperm production was disrupted 

and infertility was the result. Those data stress the importance for a balance of net 

proteolytic activity, where matrbc metalloproteinases are opposed by specific protease 

inhibitors, in maintaining normal male reproductive capacities. 

Identification of TIMP-2 as a fertility-associated protein adds to the growing list of 

seminal components influencing fertility of males. It also allows for speculation as to the 

role of previously undefined and uncharacterized heparin binding proteins that are present 

in seminal fluid and linked to bull fertility. The trait most highly correlated with fertility of 

bulls used for artificial insemination is the percentage of intact acrosomes on sperm after 

thawing (Saacke and White, 1972). That implies sperm fi-om lower fertility bulls are more 

likely to prematurely shed their acrosome, with concomitant release of acrosomal 

enzymes, compared to high fertility bulls. Release of acrosomal contents from sperm due 

to a loss of membrane integrity would result in higher levels of protease activity in seminal 

fluid. Increased proteolytic activity in seminal fluid could have profound effects on the 

composition of seminal fluid, altering the environment cauda epididymal sperm are 

exposed to at ejaculation. Since proteolytic activity may have profound effects on proteins 

secreted by the accessory glands that interact with sperm at ejaculation, it is plausible that 

differences in peptide profiles on sperm that are related to fertility of bulls may be partially 

attributed to modification of seminal constituents by enzyme activity. While the fimction of 
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TIMP-2 in semen remains to be determined, it may function to protect sperm from 

proteolytic attack in seminal fluid, decreasing the likelihood that the acrosomal contents 

would be released. In addition, TIMP-2 could have a protective effect on tissues in the 

male reproductive tract. One could envision that TIMP-2 may inhibit both the proteolytic 

attack of sperm by seminal proteases and of reproductive tissues by proteases released 

from moribund and acrosome reacting sperm. 

The presence of TIMP-2 on sperm suggests mechanisms regulating proteolytic 

activity in semen are important modulators of fertility. The presence of an inhibitor of 

proteases in seminal fluid could protect spermatozoa and other tissues in the reproductive 

tract from the destructive action of such proteases. Protein C inhibitor (PCI) is a plasma 

glycoprotein of the serine protease inhibitor superfemily whose role in modulating fertility 

was recently examined. PCI is a potent inhibitor of the sperm protease acrosin (Hermans 

et al., 1994). Elisen et al. (1998) argue that by modulating the activity of acrosin, PCI 

protects spermatozoa and surrounding tissue against premature degradation by acrosin. 

PCI located on the sperm head would serve to protect the acrosomal content from 

proteolytic attack in seminal fluid after ejaculation. Of interest is the &ct that heparin 

stimulated acrosin inhibition by PCI and the association of PCI with the sperm plasma 

membrane may be through an interaction with heparin-like molecules over the acrosomal 

region (Elisen et al., 1998). 

It is clear that proteases that degrade the ECM and inhibitors that oppose that 

activity have the potential to influence normal processes such as morphogenesis and 
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embryonic development as well as pathological conditions such as tumor invasion, wound 

healing, and arthritis. The relationship between proteolytic activity, and the controlling 

&ctors regulating it, and modulation of events culminating in fertilization and embryonic 

survival remains to be elucidated. 
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IV. General Conclusions 

Data presented in this dissertation collectively contribute to our understanding of 

the association of specific heparin binding proteins produced by male accessory sex glands 

with fertility potential of bulls. The identification of a novel protein (FAA) and of tissue 

inhibitor of metalloproteinase-2 (TIMP-2) in semen associates two distinct entities with 

regulation of fertility of bulls. In addition, the presence of homologous protems fi-om 

different species is likely to make the information in this report applicable to other 

important livestock species and humaiL 
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ABSTRACT 

Heparin-binding proteins (HBP) recognized by a monoclonal antibody (Ml) coat 

the acrosomal and post-acrosomal regions of ejaculated sperm and are absent from the 

surface of epididymal sperm. Immimoblots of solubilized sperm proteins probed with Ml 

detected HBP variants of approximately 31- 24-, and 21.5-kDa that were associated with 

increased fertility of bulls. The purpose of this study was to identify the 31 kDa fertility-

associated antigen (FAA) that is associated with sperm from higher fertility bulls. FAA 

was isolated by heparin-afSnity chromatography and reversed-phase high performance 

liquid chromatography to near homogeneity. Purified FAA was transferred to a PVDF 

membrane and analyzed for N-terminal amino acid sequence. N-terminal sequence analysis 

o f  p u r e  F A A  y i e l d e d  a  2 6  a m i n o  a c i d  s e q u e n c e  ( L K I X S F N V R S F G E S K K A G F  

N A M R VIV) with 73% identity to a recently identified deoxyribonuclease (DNase) I-

like protein. Two internal amino acid sequences generated from lys-C digested FAA were 

85% and 92% identical to the same DNase I-like protein. Protein characterization 

indicated that FAA was not glycosylated, and two-dimensional gel electrophoresis 

indicated it was a basic peptide with a pi of approximately 8.1. FAA protein was detected 

in seminal vesicle and bulbourethral gland homogenates, and FAA extracted from sperm 

membranes by treatment with hypertonic media was identical biochemically to seminal 

fluid-derived FAA. In conclusion, we have identified a seminal heparin binding protein that 

binds to sperm and is indicative of bull fertility as being similar to the family of DNase I-
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like proteins that currently have no assigned function. These data indicate a potential role 

for a DNase I-Iike protein in modulating fertility of bulls. 
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INTRODUCTION 

Although sperm are highly differentiated cells by the time th^ leave the testis th^r 

do not have the ability to move progressively or fertilize eggs. Th^ undergo many 

ultrastructural and biochemical changes as they pass through the male and female 

reproductive tracts. Epididymal sperm are mixed with secretions from the seminal vesicles, 

prostate, and bulbourethral glands at ejaculation. Collectively, those accessory sex glands 

contribute the majority of the volume of ejaculated semen, including many constituents 

with unknown fimctions. Seminal fluid not only serves as a transport medium for delivery 

of spermatozoa to the site of fertilization, but perhaps more importantly, contains both 

inhibitory and stimulatory components that modulate sperm capacitation. 

Heparin-binding proteins (HBP) secreted by bull accessory sex glands bound to 

Cauda epididymal sperm in vitro and increased the frequency of zonae pellucidae-induced 

acrosome reactions by epididymal sperm incubated with heparin (Miller et al., 1990). Five 

classes of HBP with differing afiSnity for heparin were identified. Those classes consisted 

of HBP complexes ranging in molecular weight from 14 to 31 kDa, with the 31 kDa 

protein predominant in complexes with the greatest afiSnity for heparin (Miller et al., 

1990). 

The interaction between heparin and sperm is an important indicator of fertility 

potential of bulls. Heparin binding to sperm has been well documented in a variety of 

species. Heparin binds to bull, rabbit, monkey (Handrow et al., 1984), boar (Sanchez-

Prieto et al., 1996), and human sperm (Delgado et al.,1982; Miller et al., 1988). In 
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addition, sperm from higher fertility bulls boimd heparin vwth higher aflBnity (Marks and 

Ax, 1985) and underwent increased rates of acrosome reaction in response to treatment 

with heparin-like glycosaminoglycans compared to lower fertility bulls (Lenz et al., 1988). 

Because heparin-sperm interactions indicative of fertility are modulated by seminal 

fluid heparin binding proteins originating from the accessory sex glands, we have 

examined the relationship between seminal HBP and bull fertility. Immunoblots of 

spermatozoal proteins revealed an association between presence of three molecular weight 

HBP variants on sperm and fertility of bulls (Bellin et al., 1996; 1998). One of those 

variants, an HBP of approximately 31 IcDa (HBP-31), recently described as fertility-

associated antigen (FAA; Bellin et al., 1998) was present on sperm from bulls with 14 % 

higher fertility regardless of presence or absence of two other HBP variants. None of the 

HBP variants associated with bull fertility have been identified or characterized. The 

purpose of this study was to purify and characterize FAA, as a first step toward gaining a 

better understandmg of the molecular basis for modulation of male fertility. Heparin-

aflSnity chromatography followed by reversed-phase HPLC resulted in purification of FAA 

near homogeneity. N-terminal and partial internal amino acid sequencing showed FAA to 

share regions of strong homology with a recently described deo^qoibonuclease I-like 

protein (Rodriguez et al., 1997). Two-dimensional polyacrylamide gel electrophoresis 

indicated FAA was a basic peptide (isoelectric point = 8.1), and carbohydrate analysis 

indicated FAA was nonglycosylated. FAA protein was detected in seminal vesicle and 

bulbourethral gland homogenates, and was extracted from sperm membranes by treatment 
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with hypertonic media. FAA purified fi-om sperm membranes displayed identical 

chromatographic characteristics and mobility on SDS-PAGE as FAA purified fi-om 

seminal fluid, confirming that seminal fluid-derived FAA sequenced in this study is the 

protein detected on sperm fi-om higher fertility buUs. 
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MATERIALS AND METHODS 

Isolation of Fertility-associated Antigen (FAA) 

Fertility-associated antigen (FAA) was isolated from bovine seminal plasma, sperm 

membranes, and accessory sex glands. Seminal plasma used for protein purification was 

coUected by an artificial vagina from a vasectomized Holstein bull housed at Sire Power, 

Inc., Tunkhannock, PA, frozen in liquid nitrogen, and shipped to the University of 

Arizona. Seminal plasma was centrifuged at 12,000 x g for five min at prior to use. 

Five-hundred jiL to 1 mL of seminal fluid supernatant (sperm extracts or accessory sex 

gland proteins; described below) was injected onto a heparin-affinity column (heparin 

econo-pac, Bio-Rad, Hercules, CA; or an 0.5 cm x 25 cm column of heparin-sepharose 

CL-6B, Pharmacia) connected in-line to an ISCO peristaltic pump operating at a flow rate 

of approximately 1 mL/min. The column was equilibrated with 40 mM Tris-CI (ph 7.4), 2 

mM CaClj, 200nM PMSF, .01% NaNj (TC-A). Peak detection was achieved by 

monitoring absorbance at 280 nm with an UA-5 absorbance detector (ISCO, Inc. Lincoln, 

NE). After achieving baseline conditions, bound protein (HBP) was eluted with 2M NaCl 

in TC-A, and fractions (15-mL/fraction) were desalted and concentrated by centrifiigation 

(Beckman J-6M, 2,000 x g) in centriprep tubes (Ultrafree-15, 12,000 M.Wt. cut-off^ 

N^lipore, Bedford, MA). All separations took place at 4°C. Unbound and bound Sections 

were assayed to determine protein concentration (Bio-Rad protein assay, Bio-Rad, 

Hercules, CA), using BSA as standard, then immediately frozen and lyophilized. 



86 

Lyophilized powder was resuspended in bufifer A (95% H20/5% acetonitrile in 

0.1% (wt:vol) trifluoroacetic acid [TFA]). Three mg or more of HBP were injected (100 

|il-l mL) onto a C4 reversed-phase HPLC column (Vydac, Hesperia, CA) using an 

HCtachi HPLC autosampler. Proteins were fractionated with a multi-step linear gradient 

from 25% buffer A to 100% buffer B (70% acetonitrile in .085% (wtrvol) TFA) over 55 

minutes, with a total run time of 60 min. Thirty-second fractions (1.5 mL/fraction) were 

collected using a Foxy fraction collector (ISCO, Inc. Lincoln, NE) linked to a diode array 

detector and dried under vacuum (Speedvac, Savant Instruments, Farmingdale, NY). 

Extraction of FAA from Sperm 

Frozen-thawed ejaculated sperm were washed 3x in PBS (ph 7.4 with protease 

inhibitors) to remove seminal plasma, resuspended in 5-niL of PBS/0.6 N KCl, and 

agitated for 60 min on ice. The sperm suspension was centri&ged at 1,000 x g for 10 min, 

supernatant was removed, and the supernatant containing the KCl extract was 

recentrifliged at 14,000 x g for 30 min. Salt-extracted sperm were washed 3x in PBS, 

solubilized in an equal volume of 2x sample buffer, and boiled prior to gel electrophoresis. 

An aliquot of non-extracted ejaculated sperm was solubilized in 2x sample buffer after 

washing in PBS. The sperm KCl extract was concentrated and desalted by centrifiigation, 

assayed for total protein concentration (Bio-Rad protein assay), and either solubilized 

in 2x sample buffer or subjected to protein purification as described above. 
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Accessory Sex Gland Preparation 

Seminal vesicles, prostate, and bulbourethral glands were obtained from a bull 

immediately after slaughter. Tissues were rinsed in cold buffer (50 mM Tris-CI (ph 7.5) 

150 mM NaCl, 2 mM EDTA, 0.5 mM DTT) and homogenized on ice in 50 mM Tris-Cl 

(ph 7.5), 1% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF. Total homogenates 

from each gland were centrifiiged at 14,000 x g for 60 min and supematants were 

subjected to protein purification as described above. 

SDS-PAGE and Immunoblots 

A portion of each HPLC fraction was analyzed by SDS-PAGE and presence of 

FAA was confirmed by Western blotting using the monoclonal antibody (Ml) as 

previously described (McCauIey et al., 1996). Dried fractions were reconstituted in Ix 

reducing sample buffer (0.1 M sucrose, 3% SDS, 62.4 mM Tris, 2 mM EDTA) and 

solubilized by boiling for 5 minutes. One dimensional SDS-PAGE was performed 

according to the method of Laemmli (1970). Ten microliters of prestained moleciilar 

weight markers phosphorylase B (105 kDa), BSA (86 kDa), ovalbumin (56 kDa), 

carbonic anhydrase (35 kDa), soybean trypsin inhibitor (28.8 kDa), and lysozyme (20.5 

kDa; Bio-Rad Laboratories, Hercules, CA) were applied to one lane. Samples were loaded 

onto a 5% stacking aciylamide gel and gels were separated with an 8 cm x 10 cm 
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denaturing 13.5% polyacrylamide gel (Mighty Snudl n, Hoefer Scientific Instruments, San 

Francisco, C A) for approximately 90 min at 20 mA constant current per gel. Proteins were 

then transferred (1 h at 150 mA constant current) using a semi-dry electroblotter 

(Millipore Milliblot Graphite Electroblotter I) to a PVDF membrane (Trans-biot, Bio-Rad, 

Hercules, CA; or Immobilon ?*•, Millipore) with 10 mM 3-cyclohexyIamino-l-propane-

sulfonic acid (CAPS) in 10% MeOH as electroblotting buffer. Two identical gels were run 

in parallel, one was stained with Coomassie blue and the other was used for 

immunoblotting experiments or for obtaining N-terminal amino acid sequence. For 

sequencing, the PVDF membrane was stained with Ponceau S (0.2% Ponceau S in 1% 

acetic acid). Immunoblots were carried out with a monoclonal antibody (Ml) to detect 

fertility-associated antigen (FAA) among the heparin binding proteins. Blotted membranes 

were blocked with 5 % BSA in PBS, 3 % Tween (PBS-T) for 60 min at room temperature 

or overnight at 4°C. Hybridoma culture supernatant diluted 1:10 in PBS-T was added for 

90 min. at room temperature, membranes were rinsed 3 x with PBS-T, and goat-anti 

mouse IgG horseradish peroxidase conjuugate (BioSource International; Camarillo, CA) 

diluted 1:4000 was added for 60 minutes. Western blots were developed by enhanced 

chemical luminescence (ECL; Amersham, Northbrook, IL) and exposed on x-ray film 

(Eastman Kodak, Rochester, NY). Images of stained acrylamide gels and Western blots 

were captured with Alphalmager Digital Analysis software (Alpha Innotech Corp., San 

Leandro, CA). 



Tv>o-dimensional PolyacryUmide Gel Electrophoresis (2D-PAGE) 

The RP-HPLC fraction containing partially purified FAA, confirmed by Western 

blotting, was subjected to isoelectric focusing with an SE 220 Tube Gel Adapter Kit 

(Hoefer Scientific Instruments, San Francisco, CA) essentially as described by O'Farrell, 

(1975). Ampholytes (pH 5-8 and pH 3-10) were mixed to establish the pH gradient. 

Samples were loaded into the lEF tube gels and electrofocused at 500 V for 2.5 h using 

20 mM NaOH and 10 mM H3PO4 as electrode solutions. lEF gels were placed on a 5% 

stacking gel, overlayered with tracking dye, and electrophoresed through a 12% running 

gel. Prestained molecular weight markers were run in an individual lane cast in the 

stacking gel. Crels were stained with 0.25% coomassie blue and destained with 10% 

methanol, 5% acetic acid. 

Peptide Mapping 

Fertility-associated antigen (FAA) identified by immunoblotting described above 

was cut from polyacrylamide gels and electroeluted in 50 mM ammonium bicarbonate, 

0.1% SDS buffer at 10 mA for 4 h using a Bio-Rad model 422 Electro-eluter. 

Alternatively, protein was eluted using GeneCapsule (Geno Technology, Inc., St. Louis, 

MO) according to the manufactureers instructions. The electroeluted protein was dried 

under vacuum, resuspended in 50 |il HjO, 450 (jJ cold acetone containing 1 mM HCL and 

incubated at -20 °C for 3 h to minimize SDS concentrations prior to enzymatic cleavage. 

Precipitated FAA was washed 2 x with 100 ^1 cold acetone and air dried. FAA was 
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digested with TPCK-trypsin according to the procedure of Stone and Williams (1993). 

Twenty-five |il of 8 M urea in 0.4 M NH4HCO3, and 5 |j1 of 45 mM dithiothreitol (DTT) 

were added to the precipitated FAA and incubated for 15 min at 50 °C. After cooling to 

room temperature, 5 of 100 mM iodoacetamide were added and incubated for 15 min 

Next, 60 fil of HjO and 5 jil of TPCK-trypsin (0.1 |ig/ml) was added and incubated for 24 

h at 37°C. The reaction was stopped by fi-eezing or by direct injection onto a C4 column. 

In addition, FAA was prepared for peptide mapping by in situ gel digestion or by 

cleavage of PVDF bound material. In situ gel digestion was done according to the method 

described by Stone and Williams (1993). Coomassie blue stained protein was cut fi-om the 

gel, washed in 95% cold acetone, and dried under vacuum. The gel piece was then washed 

extensively with 0.1 M NH4HCO3 prior to reduction with DTT, alkylation by 

iodoacetamide, and digestion with TPCK-trypsin. Peptides were extracted fi^om the gel by 

shaking in 500 |il of 0.1 M NH^HCOj, supernatant was removed, and 300 |il of 2 M urea, 

0.1 M NH4HCO3 were added for 24 h. Combined supematants were dried, resuspended in 

H20/0.1% TFA, and injected on reversed-phase HPLC. Cleavage ofPVDF-bound FAA 

was accomplished by a method described by Legendre and Matsudaira (1989). Ponceaus S-

stained FAA was cleaved by Cyanogen Bromide (Aldrich Chemical Co., Milwaukee, WI), 

and cleavage products were solubilized in elution buffer containing 2% SDS, 1% Triton X-

100 in 50 mM Tris (ph 9.2). Glycerol and bromphenol blue were added to final 

concentrations of 6.25% and 0.01%, respectively. The CNBr cleavage mixture was loaded 

onto a 16% acrylamide gel, electrophoresed, and transferred to PVDF as described. 
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Tryptic FAA peptides were fractionated with a narrow-bore (2.1 mm x 50 mm) 

reversed-phase C18 column (Vydac, Hesperia, CA). Buffer A was 0.06% TFA/H20, buffer 

B was 0.052% TFA/80% acetonitrile. Peptides were injected in a volume of 50 ^1 and 

separated with a 105 minute linear gradient (Stone and Williams, 1993): 0-60 min (2-

37.5% buffer B), 60-90 min (37.5%-75% B), 90-105 min (75%-98% B), at a flow rate of 

200 nl per minute using Hitachi HPLC instruments. 

Glycoprotein Analysis 

Protein glycosylation was detected using an immunoblot based glycoprotein 

detection kit (Immun-BIot, Bio-Rad) according to the procedure recommended by the 

manufacturer to label carbohydrates on PVDF membranes. Briefly, partially purified FAA 

was separated by SDS-PAGE and transferred to PVDF membranes as described above. 

The membrane was washed 3 x for 10 min with 50 mL of PBS (ph 7.2) and immersed in 50 

mL of 10 mM sodium periodate, 5 mM EDTA, 100 mM sodium acetate solution (ph 5.5) 

in the dark for 20 rain. After washing in PBS, the membrane was placed in 50 mL of 100 

mM sodium acetate/5 mM EDTA containing 2 |il of biotinylated hydrazide solution and 

incubated for 60 min. After washing in Tris-buffered saline (TBS, ph 7.2), the membrane 

was incubated for 1 h at room temperature or overnight at 4 °C with 50 mL of blocking 

reagent supplied by the vendor. After washing in TBS, the membrane was immersed in 
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streptavidin alkaline phosphatase conjugate, diluted in TBS, for 1 h. Finally, after washing, 

the membrane was incubated with Nitro Blue Tetrazolium and 5-bromo-4-chIoro-3-indolyl 

phosphate (NBT-BCIP) substrate to visualize carbohydrate containing samples. 

N-terminal Amino Acid Sequencing 

Amino acid analysis and protein sequencing were performed at the University of 

Arizona Macromolecular Structure Facility. Sequence analysis was performed using an 

Applied Biosystems 477A Protein/Peptide Sequencer interfaced with a 120A HPLC 

Analyzer (C-I8 PTH column) to determine phenylthiohydantoin (PTH) amino acids. Total 

amino acid analysis was determined with a dedicated Applied Biosystems Model 420A 

Amino Acid Analyzer with automatic hydrolysis (vapor phase at 160 °C for 100 min. using 

6N Hcl) and pre-column with phenylthiocabamyl-amino acid. Similarity searches were 

performed using the Blast search server of the National Center for Biotechnology 

Information at the National Library of Medicine. 
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RESULTS 

Protein Isolation 

Purification of seminal FAA to near homogeneity was accomplished with a 

combination of heparin afSnity and reversed-phase high performance liquid 

chromatography (RP-HPLC). Approximately 20 mg of heparin binding proteins (HBP) 

were isolated per one mL of seminal fluid, of which less than 1% was FAA. Overall, 

purification resulted in a 173-fold enrichment of FAA (Table 2.1). Preliminary RP-HPLC 

results were used to calculate the percentage of acetonitrile required to elute FAA fi-om a 

C4 column. Buffers containing percentages of acetonitrile below and above the critical 

elution concentration (44% acetonitrile) for FAA were used in solid-phase extraction 

(SPE) with 2-mL C4 disposable columns. HBP were fi-actionated with the solid phase 

extraction columns and subsequently injected onto the RP-HPLC C4 column. The protein 

elution profile during RP-HPLC indicated FAA was fairly hydrophobic, binding tightly to 

the C4 reversed-phase column. FAA eluted in the next to last peak, requiring 44% 

acetonitrile to displace it fi'om the column. A typical chromatogram of HBP fi^ctionation is 

shown in Figure 1.2. Western blotting of proteins contained in the peak eluting at 26 min 

(indicated by the arrow in Figure 1.2) is shown in Figure 1.3. The monoclonal antibody 

(Ml) used for Western blot analysis cross-reacts with multiple heparin-binding proteins, 

allowing the detection of immimogenic contaminants present in the purified fi^ction. The 

Western blot of the fi-action eluting fi-om RP-HPLC at 26 min contained only a single band 

at 31 kDa, and the antibody did not detect any other heparin binding proteins in that 



purified fixation, although higher molecular weight bands (approximately 80 kDa) were 

visible on coomassie blue stained gels. In addition. Western blots of sperm membrane 

protems fi^om ejaculated sperm, before and after incubation in hypertonic media (0.6 N 

KCl), was performed to determine the nature of the association between FAA and sperm 

cells. A 31 kDa protein was detected in immunoblots of the unextracted sperm and in the 

sperm KCl extract (Figure 1.4), indicating FAA binds peripherally to sperm cells and is 

extractable by treatment with hypertonic media. To determine if the 31 kDa protein 

detected in sperm KCl extracts was indeed identical to FAA isolated fi'om seminal fluid, 

KCl extracted protein was separated by heparin affinity chromatography and RP-HPLC. 

The RP-HPLC elution profile and corresponding immunoblot of the 31 kDa HBP purified 

fi'om sperm membranes was identical to that of seminal fluid FAA. Therefore, the 

purification procedure described above resulted in isolation of the fertility-associated 

antigen (FAA) from other immunologically related HBP, and immunoblot results confirmed 

that seminal fluid derived FAA binds to sperm membranes. 

FAA was present on ejaculated sperm but was not detected in solubilized cauda 

epididymal sperm extracts (McCauley et al., 1996b). To determine the site of production of 

FAA, accessory sex glands were obtained and total glandular protein was evaluated for 

presence of FAA by the methods described above. Proteins were isolated from each 

accessory sex gland and subjected to HPLC analysis described above. Chromatograms of 

proteins from all three glands yielded a protem peak at the retention time expected for FAA 

(data not shown). Western blots of HPLC fiactions indicated FAA was produced by the 
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seminal vesicles and prostate gland but not bulbourethral gland (Figure 1.5). However, 

seminal vesicle and prostate FAA differed in appearance on Western blots. Two bands 

were detected in the seminal vesicle lane, one at 31 kDa and another at approximately 33 

kDa, while a more difiiise single band at approximately 33 kDa was present from the 

prostate. No detection of FAA in Western blots of bulbuorethral glands could be a function 

of concentration since protein was always limiting in bulbourethral gland preparations. 

Alternatively, gland specific differences in synthesis of FAA may exist. The expression 

pattern of mRNAs encoding putative FAA protein was mvestigated by RT-PCR of 

accessory gland total RNA using primers designed based on FAA amino acid sequence. 

RT-PCR resulted in amplification of cDNA corresponding to the expected size of FAA 

(900-1000 bp) in the seminal vesicles and bulbourethral glands, but not from the prostate. 

Those results provide preliminary evidence that the 31 kDa band from seminal vesicles in 

Figure 1.5 is FAA and the 33 kDa bands present from seminal vesicles and prostate are not. 

In addition, the bulbourethral gland may also produce FAA protein given the presence of 

FAA-Iike mRNA in that gland. Identification of the fiill length cDNA encoding FAA 

protein is required before a final conclusion can be reached regarding the site of production 

of FAA in accessory sex glands. 

Protein Characterization 

Two-dimensional gel electrophoresis of electroeluted FAA indicated it was a basic 

peptide with an isoelectric point of approximately 8.1 (Figure 1.6). Glycosylation analysis 
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ofPVDF bound FAA was negative (Figure 1.7), indicating FAA did not contain 

carbohydrate residues. The signal apparent on the PVDF was generated by an unidentified 

glycoprotein that co-purified with FAA. 

The N-terminal amino acid sequence of purified FAA was 

LKIXSFNVRSFGESKKAGFNAMRVIV, where X represents an undetermined amino 

acid. Residue four is likely a cysteine, however, that could not be accurately determined. 

Amino acid sequence comparisons revealed strong identity to a deoxyribonuclease (DNase) 

I-Iike protein. Lys-C digestion of purified FAA resulted in the identification of two 

additional internal amino acid sequences, 13 and 20 residues in length. Those sequences 

and their alignment with DNase I-like protein are shown in Figure 1.8. 

To determine the similarity in primary amino acid sequence between 

immunologically related heparin binding proteins detected by the monoclonal antibody used 

in these studies, FAA and a 24 kDa heparin binding protein (HBP-24) were electroeluted 

fi-om acrylamide gels, and subjected to cleavage by TPCK-treated trypsin followed by RP-

HPLC fi^ctionation of peptides. Enzymatic digestion of purified FAA yielded a peptide 

map that differed fi-om the map generated by digestion of the inmiunologically related 

HBP-24 (see Figure l.I in Chapter 2). 



DISCUSSION 

Sperm surface properties are dramatically altered during epididymal maturation and 

at ejaculation by the removal or addition of a variety of proteins and lipid constituents, and 

sperm surface components play an important role in capacitation of sperm (Saling, 1989; 

Yanagimachi, 1988). Prominent among seminal fluid components known to bind to sperm, 

thus altering their chemical composition, are a family of heparin-binding proteins. Heparin-

binding proteins (HBP) originating from accessory sex glands (Nass et al., 1990) bound to 

spermatozoa at ejaculation, and exposure of sperm to seminal fluid HBP mediated 

capacitation by heparin, thereby regulating the zona-induced acrosome reaction (Miller et 

al., 1990). The HBP complexes with the greatest affinity for heparin contained 31- and 24-

kDa proteins not present in HBP complexes with the least affinity for heparin (Miller et al., 

1990), suggesting the 31- and 24-kDa HBP may regulate high affinity heparin binding to 

sperm. Sperm from high fertility bulls bind heparin with greater affinity than sperm from 

lower fertility bulls (Marks and Ax, 1985). Also, sperm from high fertility bulls undergo 

significantly greater percentages of acrosome reactions in response to heparin-like 

glycosaminoglycans than sperm from lower fertility bulls (Ax et al., 1985; Ax and Lenz, 

1987). Therefore, incorporation of HBP complexes with the greatest affinity for heparin by 

epididymal sperm at ejaculation may define the ability of those sperm to undergo 

capacitation in preparation for fertilization. 

Immunoblots of solubilized sperm proteins probed with a monoclonal antibody 

(Ml) detected HBP variants of approximately 30-, 24-, and 21.5-kDa that were associated 
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with increased fertility of bulls (Bellin et al., 1996; 1998). The immunologically related 

heparin-binding proteins forming those profiles have not been previously characterized. 

Isolation of the individual peptides was complicated by the propensity of HBP to remain 

associated in tight protein-protein complexes under non-denaturing conditions (unpublished 

observations). An alternative purification strategy was employed here using reversed-phase 

high performance liquid chromatography (RP-HPLC). We now report the isolation of a 31 

kDa HBP (FAA) fi^om seminal fluid and sperm membranes by heparin-aflBnity 

chromatography and subsequent RP-HPLC fi'actionation. 

FAA detected on sperm membranes was readily extracted by treatment with 

hypertonic media (0.6 N KCl). RP-HPLC elution profiles and immunoblots indicated that a 

31 kDa HBP, detected on sperm membranes by Ml and purified fi'om sperm membranes, 

was identical to seminal fluid FAA. Extraction with KCl did not quantitatively remove FAA 

from sperm membranes as it was still detectable in Western blots of extracted sperm. It is 

not known if the FAA remaining after KCl extraction is bound more tightly to the cell and 

requires detergent extraction, or if longer incubation times or other modification of the 

extraction procedure would be sufficient to deplete the cell of all remaining FAA. 

Interestingly, sperm-zona binding was increased by pre-incubation of sperm with a crude 

0.6 N KCl protein extract fi'om sperm of fertile men (Jean et al., 1995). Those findings 

confirmed an involvement of KCl extractable sperm proteins in sperm-zona interactions. 

Proteins similar to HBP found in bovine semen are present in human semen (Leblond et al., 

1993) raising the possibility that the enhanced sperm function described by Jean et al. 
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(1995) may be attributed to proteins homologous to HBP related to fertility of bulls. 

Heparin-binding proteins recognized by Ml coat the acrosomal and post-acrosomal 

regions of ejaculated sperm and are absent from the surface of cauda epididymal sperm 

(McCauIey et al., 1996). FAA protein was detected in tissue homogenates of the seminal 

vesicles. It was not detected in prostate or bulbourethral gland extracts. Investigation into 

the expression of mRNA encoding FAA using RT-PCR resulted in amplification of cDNAs 

corresponding to the expected size of FAA (900-1000 bp) in the seminal vesicles and 

bulbourethral glands. Therefore, data at the level of gene expression and protein production 

indicate gland-specific differences in production of FAA. Production of FAA by seminal 

vesicles and bulbourethral glands is in general agreement with results from a previous study 

(Nass et al., 1990) which examined accessory gland production of a 31 kDa HBP that 

bound to epididymal sperm in rats and bulls. It is not known if production of FAA by 

accessory glands is compromised in bulls lacking FAA on sperm membranes, or if binding 

of FAA to sperm is the limiting factor in determining the presence or absence of FAA on 

spenn. 

The biological role of FAA and immunologically related heparin binding proteins 

related to fertility of bulls is unknown at this time. Several bovine seminal plasma proteins 

have similar effects on sperm capacitation. Four acidic bovine seminal ^l^ma proteins 

designated BSP-Al, BSP-A2, BSP-A3, and BSP-30K are secreted by accessory glands, 

bind to sperm, and conv^ heparin induced capacitation (Manjunath et al., 1987; Therien et 

al., 1995; 1997). The primary structures of those proteins have been reported, each 



100 

displaying the consensus sequence of fibronectin type-n (FN-H) domains at the C-terminal 

end (Calvete et al., 1996). In addition to the FN-II domains, each of those proteins contain 

unique N-terminal extensions and display differences in glycosylation. Functionally similar 

heparin binding proteins from stallion (Calvete et al., 1995a) and boar (Calvete et al., 

1995b) seminal plasma have been characterized as BSP-like (70% of seminal proteins in the 

stallion), or belonging to the spennadhesin family (90% of boar seminal heparin binding 

proteins). Spermadhesins are a family of well characterized multi-fimctional seminal 

proteins possessing heparin binding, zona glycoprotein binding, and serine protease 

inhibitor binding activities. Spermadhesins and BSPs are hypothesized to play a major role 

in sperm capacitation and, in the case of spermadhesins, regulation of sperm-egg binding. 

The significance of the BSP and spennadhesin &milies of proteins in terms of actual 

fertility in unclear at this time. Fertility differences associated with presence of BSPs 

and(or) spermadhesins have not been reported. Interestingly, neither of those two major 

femilies of proteins seem to share homology with the fertility-associated antigen described 

in this report. 

The identification of FAA as being related to a DNase I-like protein was unique 

given the predominance of BSP-like and spermadhesin related seminal heparin binding 

proteins. Three amino acid sequences of FAA showed high homology with the predicted 

translated sequence from a cDNA that contained 46% residue identity with DNase I 

(Rodriguez et al. 1997). Four DNase I-like genes displaying different tissue expression 

patterns are known (Rodriguez et al. 1997), none of which include accessory sex glands. 



101 

Thus, FAA is a novel seminal protein with similarities to a DNase I-Iike protein. Overall 

homolo^ of FAA with the DNase I-Iike protein awaits determination of the fiill length 

cDNA and corresponding amino acid sequence for FAA. 

The isoelectric focusing data may provide some insight into the basis for interaction 

of FAA with heparin. It is interesting to note that with a pi greater than 8, under the 

conditions employed during its purification by heparin afiSnity chromatography, FAA would 

be positively charged creating essentially an anion exchange type of interaction with the 

highly anionic heparin. In the absence of specific heparin buiding motifs, which are feirly 

ambiguous to define (Cardin and Weintraub, 1989) and require secondary structure 

predictions from the full length amino acid sequence to determine, the binding afi5nity of 

FAA for heparin could be partially explained by its basic properties. 

Monoclonal antibody recognition of multiple HBP in sperm extracts suggested a 

high degree of similarity exits between these seminal fluid constituents. One could argue 

that those proteins are the product(s) of proteolytic degradation of a larger parent peptide. 

Alternatively, they may represent unique proteins that happen to contain structurally similar 

configurations conferring an immunological similarity. Proteolytic cleavage of BSP-30 has 

been proposed to explain immunoprecipitation of a 14 IcDa protein using a polyclonal 

antibody against BSP-30k (Manjunath et al., 1993). The monoclonal antibody used in these 

studies cross-reacts with FAA as well as smaller molecular weight HBP. A comparison of 

tryptic peptide maps representing FAA and one of those smaller HBP (HBP-24) indicated 

that th^ are distinctly different proteins that happen to share the epitope for the same 
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monoclonal antibody, and not breakdown products of a larger "pro^-protein. Similarly, 

HBP-24 is apparently not a cleavage product of FAA. HBP-24 has been identified since 

initial studies comparing the relatedness of FAA and HBP-24 were completed. 

In conclusion, differences in bull fertility may be related to production and secretion 

of specific HBP variants into seminal fluid, and(or) the ability of sperm to bind and 

incorporate these complexes into the plasma membrane. It is likely that the relative 

abundance and topography of specific heparin binding proteins on the sperm sur&ce 

modulate sperm capacitation and affect fertility potential. We have identified a novel 

secretory product of accessory sex glands that binds to sperm and serves as a protein 

marker for fertility in bulls. Studies are underway to examine the functional relationship 

between presence of FAA on sperm and increased fertility potential. 
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Table 2.1 Purification of Fertility-assodated Antigen (FAA) from Bull Seminal Fluid. 

Purification 
step 

mg Protein" 
(mean ± sem) 

Percent of 
starting 
material 

Percent FAA at 
each purification 

step 

Fold 
purification 

Seminal fluid' 46.7 ± 2.0 100 0.28 -

HBP' 21 ± I 45 0.62 -

RP-HPLC^ 0.27 0.58 48 -

FAA^ 0.13 0.28 - 171 

"Values are per one mL of seminal fluid. 
'Collected from a vasectomized bull, value determined by protein assay. 
'HBP: Heparin binding proteins, concentration determined by protein assay after desalting. 
^RP-HPLC: Reversed phase high performance liquid chromatography, concentration 
determined by extrapolation from total area under the peak. 
^Purity determined by densitometric analysis of HPLC fraction separated by SDS-PAGE. 
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Figure 1.2. Reversed-phase High Performance Liquid Chromatography (RP-HPLC) of 
Seminal Heparin Binding Proteins. 

Proteins isolated by heparin afSnity chromatography were fractionated on a C4 column 
using a gradient from 5.5 % acetonitriIe/0.1% TFA to 70% acetonitrile/TFA in 55 
minutes. Fractions were collected and analyzed by Western blotting. Fertility-associated 
antigen (FAA) eluted in the fraction indicated by the arrow. FAA bound tightly to the 
column, requiring 44% acetonitrile for displacement. 

0 10 20 30 40 
Retention time (min) 

50 
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Figure U. Western Blot of Seminal Heparin Binding Proteins Fractionated by 
RP-HPLC. 

Fractions were dried, analyzed by SDS-PAGE and transferred to PVDF membranes for 
probing with a monoclonal antibody ^1). Proteins reacting with the antibody were 
detected by enhanced chemiluminescence. Shown below is the 26 minute peak from RP-
HPLC (indicated by arrow in Figure 1.2). That peak contained a 31 kDa heparin binding 
protein referred to as fertility-associated antigen (FAA). The antibody did not recognize 
any other proteins in the FAA-containing fraction. 

31 kDa 
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Figure 1.4. Western Blot of Spermatozoa] Proteins. 

Sperm were washed in buflfer alone (lane 1) or extracted with 0.6 N KCI (lane 2). Lane 3 
is protein extracted from sperm by 0.6 N KCI. A 31 kDa protein was detected in 
immunoblots of the unextracted sperm and in the sperm KCI extract, indicating FAA binds 
peripherally to sperm ceils and is extractable by treatment with hypertonic media. 
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Figure 1.5. Production of FAA by Accessory Sex Glands. 

Shown is a Western blot of proteins from all three bull accessory sex gland. Seminal 
vesicle, prostate, and bulbourethral gland proteins were fractionated by RP-HPLC and the 
peak corresponding to FAA was evaluated by Western blotting. SV, seminal vesicle; PG, 
prostate gland; BG, bulbourethral gland. 

31 kDa 
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Figure 1.6. Two-dimensional SDS-PAGE of Partially Purified Fertility-associated Antigen 
(FAA). 

Seminal heparin binding proteins were fi^ctionated by RP-HPLC and analyzed by Western 
blotting. The Section containing immunoreactive FAA was selected for 2D analysis. 
Arrow at upper left indicates the direction of first dimension isoelectric focusing from the 
basic end (+) to acidic end (-). Position of FAA is indicated on the gel. Molecular weight 
standards at right are x 10*^. 

8.5 
pi 

4.5 



Figure 1.7. Glycosylation Analysis of Fertility-associated Antigen (FAA). 

Partially purified FAA was separated by SDS-PAGE (a) and transferred to PVDF a 
membrane (b). Carbohydrate was detected on the PVDF as described in materials and 
methods. Arrow indicates the position of the 31 kDa FAA visible by coomassie blue 
staining and not detectable by carbohydrate labeling. 

(a) (b) 
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Figure 1.8. Alignment of Fertility-associated Antigen (FAA) Amino Acid Sequences. 

Alignment of fertility-associated antigen (FAA) amino acid sequences with the predicted 
amino acid sequence of DNAS1L3 (GenBank accession No. U56814). Begiiming and 
ending residue number is indicated for known sequences and X represents an undetermined 
amino acid. Matching residues are indicated by a vertical line. Amino acid sequence 
comparisons revealed strong identity to a deoxyribonuclease ^Nase) I-like protein. N-
terminal sequence of FAA displayed 73% identity to residues 21-46 of a DNase I-like 
proteiiL Lys-C digestion of purified FAA and subsequent sequencing of peptide fiagments 
resulted in the identification of two internal amino acid sequences, 15 and 20 residues in 
length. Peptide A shared 85% identity, and peptide B 80% identity with the DNase I-Iike 
proteiiL 

FAA 

DNAS1L3 

FAA Peptide A 

DNAS1L3 

FAA Peptide B 

DNAS1L3 

1 LKICSFNVRSFGESKKAGFNAMRVIV 26 
l l l l l l l l l l l l l  I I I  I I I  

21 MRICSFNVRSFGESKQEDKNAMDVIV 46 

QSYLYHDYQAGDADVFSREP 
I I  M i l l  l l l i l l l l l l  

115 RSYHYHDYQDGDADVFSREP 134 

DFVIVPLHTTPEXXV 
M M  l l l l l l l  I  

148 DFVIIPLHTTPETSV 159 
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ABSTRACT 

bmnunoblots of sperm extracts probed with a monoclonal antibody display distinct 

profiles that are associated with bull fertility. The immunologically related heparin-binding 

proteins forming those profiles have not been previously characterized. We report in this 

study partial purification and characterization of one of the members of heparin-binding 

proteins fi'om bovine seminal fluid. N-terminal amino acid sequence and partial cDNA 

sequence identify this protein as a member of the family of tissue inhibitor of 

metalloproteinases (TIMP). Heparin-binding proteins were isolated fi'om seminal fluid by 

aflSnity chromatography followed by reversed-phase HPLC fi^ctionation. N-terminal amino 

acid sequencing of a purified 24 kDa protein recognized in immunoblots yielded 20 amino 

acids whose sequence was 90 % identical to a bovine metalloproteinase inhibitor, and 85 % 

identical to that reported for human tissue inhibitor of metalloproteinases-2 (TIMP-2). 

TIMP-2 mRNA was expressed in bovine seminal vesicle, prostate, and bulbourethral glands. 

To our knowledge, this is the first report of TIMP-2 mRNA in bovine accessory glands. 

These results corroborate previous reports regarding the site of production of heparin-

binding proteins that are related to bull fertility and identify TIMP-2 as a seminal fluid 

component that may be a key regulator of sperm function. 
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INTRODUCTION 

Seminal fluid is a complex mixture consisting primarily of secretions from the 

seminal vesicles, prostate, and bulbourethral glands. Collectively, those glands contribute 

many constituents with unknown functions to the fluid portion of semen. Sperm capacitation 

can be both inhibited (Davis, 1976; 1981; Lenz et al., 1982) and stimulated (Florman and 

First, 1988; Miller et al., 1990) in vitro by seminal fluid constituents. Among the 

components that were stimulatory toward capacitation were a family of heparin-binding 

proteins (HBP) that bound to sperm at ejaculation (Miller et al., 1990). Presence on sperm 

of specific HBP recognized by a monoclonal antibody was related to fertility of bulls (Bellin 

et al., 1996; 1998). Thus, it has been established that the ability of sperm to undergo 

capacitation in vitro is altered by binding of heparin-binding proteins derived from seminal 

fluid, and those HBP modify fertilization rates in vivo. 

Sub-optimal fertility has a tremendous negative economic impact on cattle 

producers. Therefore, there is a need to identify potential indicators of fertility in bulls. A 

growing body of evidence suggests markers for bull fertility exist in seminal fluid. In 

addition to seminal-derived heparin-binding protems mentioned above, relative amounts of 

two seminal peptides, determined by 2D-PAGE analysis, correlated positively with fertility 

of Holstein dairy bulls (Killian et al., 1993). One of those peptides (55 kD, pi 4.5) has been 

identified as osteopontin, a protein not previously known to exist in seminal fluid, raising the 

question as to its role in male fertility (Cancel et al., 1997). The intent of these studies was 

to describe the chemical nature and origin of heparin-binding proteins whose presence on 
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sperm varies by male according to fertility. We report partial purification and 

characterization of a 24 kDa heparin binding protein fi-om bovine seminal fluid. N-terminal 

amino acid sequence and partial cDNA sequence data identify this protein as a member of 

the family of tissue inhibitor of metalloproteinases (TIMP). RT-PCR revealed the presence 

of TIMP-2 mRNA in the seminal vesicle, prostate, and bulbourethral glands of the bull. 

Implications of these findings are discussed in terms of previously undescribed fimctions for 

a protease inhibitor known to play a key role in extracellular remodeling, angiogenesis and 

tumorigenic phenotype. 
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MATERIALS AND METHODS 

Reagents 

Acetonitrile and trifluoroacetic acid (TFA) were purchased from J.T. Baker, 

Phillipsburg, NJ; 30% aciylamide/Bis was from Bio-Rad Laboratories, Hercules, CA; 

TEMED, Ammonium Persxiifate, 2-MercaptoethanoI, 3-cyclohejqrlamino-l-propane-

sulfonic acid (CAPS), and other buffer reagents were obtained from Sigma Chemical 

Company, St. Louis, MO. 

Isolation ofTIMP-2 

Seminal fluid from a vasectomized bull (five-hundred ^ to one mL) was injected 

onto a heparin-aflBnity column (heparin-sepharose CL-6B, Pharmacia) equilibrated with 40 

mM Tris-CI, 2 mM CaCl2, 200|iM PMSF, .01% NaNs (TC-A). Absorbance was monitored 

at 280 nm (UA-5 absorbance detector, ISCO, Inc. Lincoln, NE). The unbound eflQuent was 

collected and after achieving baseline conditions, bound protein was eluted with a linear 

gradient to 2M NaCl. Heparin-binding proteins (HBP) were desalted and concentrated by 

centrifugation at 2000 x g (Ultrafree-15; Millipore, Bedford, MA). AH separations took 

place at 4"'C. Protein concentrations were determined with the Bio-Rad protein assay 

(Bio-Rad laboratories, Hercules, CA) using BSA as standard. Samples were immediately 

frozen and lyophilized. Lyophilized powder was reconstituted in S% acetonitrile in .1% 

(wt:voI) trifluoroacetic acid (TFA). Up to 10 mg of HBP were injected onto a C4 reversed-

phase HPLC column (Vydac, Hesperia, CA) and separated with a linear gradient from 5 % 
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to 70 % acetonitrile in .1% (wtivol) TFA in 40 min. using Hitachi HPLC instruments. 

Thirty-second firactions (1.5 mL) were collected using an automated fraction collector 

(ISCO, Inc. Lincoln, NE) linked to a diode array detector and dried with a Speedvac 

(Savant Instruments, Farmingdale NY). 

Each HPLC fraction was analyzed by SDS-PAGE and Western blotting using a 

monoclonal antibody as previously described (McCauley et al., 1996). SDS-PAGE was 

performed with the Mighty Small II (Hoefer Scientific Instruments, San Francisco, CA) 

under both reducing and non-reducing conditions. Proteins were dissolved in SDS-Laemmli 

buffer (Laemmli, 1970) and boiled for 5 minutes. Fifty micrograms of protein were loaded in 

each lane and separated with a 13.5 % gel. Following electrophoresis, proteins were in 

CAPS (10 mM in 10 % methanol) buffer for 1 h at 100 mA to a PVDF membrane usmg a 

semi-dry blotter (Hoefer, Scientific Instruments; San Francisco, CA). Blotted membranes 

were blocked with 5 % BSA in PBS, 3 % Tween (PBS-T) overnight at 4°C. Hybridoma 

culture supernatant was added for 90 min., membranes were rinsed 3 x with PBS-T, and 

goat-anti mouse IgG horseradish peroxidase conjuugate (BioSource International; 

Camarillo, CA) diluted 1:4000 was added for 60 minutes. Western blots were developed by 

enhanced chemical luminescence (ECL; Amersham, Northbrook, IL) and exposed on x-ray 

film (Eastman Kodak, Rochester, NY). Images of stained acrylamide gels and Western blots 

were captured with Alphalmager Digital Analysis software (Alpha Innotech Corp., San 

Leandro, CA). 
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N-terminal amino acid sequencing was performed at the University of Arizona 

Macromolecular Structure Facility. Sequence analysis was performed using an Applied 

Biosystems 477A Protein/Peptide Sequencer interfaced with a 120 A HPLC Analyzer (C-18 

PTH column) to determine phenylthiohydantoin (PTEQ amino acids. Total amino acid 

analysis was determined with a dedicated Applied Biosystems Model 420A Amino Acid 

Analyzer with automatic hydrolysis (vapor phase at 160 °C for 100 min. using 6N Hcl) and 

pre-column with phenylthiocabamyl-amino acid. Similarity searches were performed using 

the Blast program. 

Reverse Transcription and Polymerase Chain Reaction 

Bovine accessory sex glands (vesicular glands, prostate, and bulbourethral glands) 

were obtained from a local abattoir. Total RNA was isolated using a modified protocol 

(Bonham and Danielpour, 1996). Briefly, one gram of fresh tissue from each gland was 

placed in 10 mL of solution D (4 M guanidinium thiocyanate, 25 mM sodium acetate, pH 

7.0, 5% N-Iauroylsarcosine, 0.1 M 2-mercaptoethanol. Each gland was homogenized, then 

chilled on ice while adding 0.1 vol 2 M NaAc (pH 4.0), 1 vol water-sat phenol, 0.2 vol of 

chloroform isoamyl alcohol (49:1). After incubating on ice 15 min, samples were centrifuged 

at 10,000 X g for 20 min at room temperature. Aqueous phase was transferred to a new tube 

containing an equal volume of isopropanol, incubated at -20 °C for 1 h, and centrifuged at 

10,000 X g for 20 min at 4 "C to precipitate total RNA. The resulting RNA pellet was 

suspended into 0.3 vol of solution D and an equal vol of cold ethanol, and transferred to a 
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RNeasy column (Qiagen Inc., Chatswoith, CA), and centriiuged at 8,000 x g for 15 sec. 

Total RNA was eluted with 100 mL of depc-treated water, î proximately 50 ^ig of total 

RNA were obtained from each gland. 

The first strand of cDNA synthesis was catalyzed by the SuperScript ™ II RNase H 

RT (GibcoBRL, Grand Island, NY) templated with total RNA extracted from each 

accessory gland. Five \ig of RNA from each gland was mixed with 500 nM adaptor primer 

(5'-G<jC CAC GCG TCG ACT AGT ACT T(16)-3', Gibco), heated to 70 °C for 10 min, 

chilled on ice for 1 min, followed by adding 20 mM Tris-Cl (pH 8.4), 50 mM KCl, 2.5 mM 

MgClz, 10 mM DTT, 500 jiM each of dATP, dTTP, dCTP, dGTP for a final volume of 20 

jil. This mix was incubated at 42 "C for 50 min with 200 units of SuperScript II RT, and 

terminated at 70 "C for 15 min. Two units of RNase H was added for 20 min at 37 "C to 

remove the RNA strand of the cDNAiRNA hybrid molecule. First strand cDNA products 

were used as templates in PCR amplification of partial cDNA segments of the TIMP-2 gene. 

The PCR mix consisted of 50 ng cDNA 10 mM Tris-Cl (pH 8.3), 50 mM Kcl, 0.1% Triton 

X-100, 1.5 mM MgClz, 200 ^xM each of dATP, dTTP, dCTP, dGTP, 800 nM of gene 

specific primers (5'-GCGTTCTGCC TCCTGCTGCT G-3'; 5'-CGCTTGATGG 

GGTTGCCGTA G-3'), and 0.5 unit of taq DNA polymerase. The PCR conditions were 45 

sec at 94 "C, 45 sec at 57 "C, and 1 min at 72 "C for 35 cycles. 
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RESULTS 

Bovine seminal fluid proteins were fractionated by heparin affinity chromatography 

and reversed-phase HPLC. When HPLC fractions were subjected to SDS-PAGE and 

immunoblotting, the peak eluting in 30 % acetonitrile contained an immunoreactive protein 

of approximately 24 kDa molecular mass. Figure 2.1 depicts the purification of HBP-24 

using solid phase extraction and reversed phase HPLC. Purification near homogeneity was 

achieved; lane 2 of Figure 2.1 shows purified HBP-24 on a coomassie blue stained 

acrylamide gel. HBP-24 purified from seminal fluid corresponded in size to a protein 

previously recognized in Western blots of sperm extracts probed with the same monoclonal 

antibody (Bellin et al., 1996; 1998). Western blots of epididymal sperm incubated with 

purified heparin binding proteins indicated HBP-24 bound to sperm membranes in vitro 

(Figure 2.2), verifying the similarity between the seminal protein described in this paper and 

the 24 kDa variant recognized in sperm extracts of dilBferent fertility bulls (Bellin et al., 

1996; 1998). HBP-24 was removed from sperm membranes by hypertonic media with no 

detectable signal remaining on epididymal sperm after extraction (Figure 2.2). HBP-24 

extracted from sperm membranes migrated identically with seminal fluid-derived HBP-24 

(compare Figure 2.2, lanes 3 and 4). Lane 4 depicts HBP-24 eluted from RP-HPLC at 

approximately 15 min in 30% acetonitrile. 

It is interesting to note that the mobility in SDS-PAGE was greater for the 

unreduced than the reduced form of HBP-24. Thus, the band migrated at approximately 24 

kDa when run in the presence of 2-mercaptoethanol, and migrated at approximately 21.5 
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kDa under non-reducing conditions (Figure 2.3). Similar modification of the mobility of 

TIMP-2 in SDS-PAGE by reduction of disulfide bonds has been previously reported 

(DeClerck et al., 1989). 

Following reversed-phase HPLC and SDS-PAGE, the 24 kDa protein was 

sufficiently pure to obtain N-terminal amino acid sequence. The N-tenninal sequence shared 

significant homology with tissue inhibitor of metalIoproteinases-2 (TIMP-2), a 21 kDa 

protein purified fi-om human melanoma cells, and closely resembles (90 % identity) a bovine 

metalloproteinse inhibitor purified fi-om aortic endothelial cells (De Clerck et al., 1989) 

subsequently identified as TIMP-2 (Boone et al., 1990). Aligrmient of those amino acid 

sequences with HBP-24 is shown in Figure 2.4. 

The expression pattern of mRNAs encoding TIMP-2 protein in bovine accessory sex 

glands was investigated by RT-PCR. RT-PCR successfiilly amplified a 173 bp segment fi^om 

each of the seminal vesicles, prostate, and bulbourethral glands. About 150 bp of sequence 

was obtained fi-om RT-PCR product of each accessory gland. Those sequences aligned with 

the published bo\dne aortic TIMP-2 cDNA with greater than 95% homology and displayed 

no gland-specific differences in sequence. Thus, it appears that TIMP-2 is produced by the 

seminal vesicles, prostate, and bulbourethral glands. However, TIMP-2 protein was not 

detected in tissue homogenates of each accessory gland. Western blotting of accessory gland 

proteins fi:actionated by HPLC displayed positive signal fi-om proteins that migrated at 

approximately 27 kDa and larger but no signal was apparent at the expected position of 

TIMP-2 (data not shown). 
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DISCUSSION 

Identification of proteins in seminal fluid that have previously only been 

characterized in other tissues and cell types indicates new and unidentified roles for those 

molecules in reproduction. Recent descriptions of novel seminal proteins, including that 

described here, suggest that seminal components may serve as important biomolecules to 

aSect sperm function and serve as determinants for fertility potential. 

We report here the isolation and identification of one of the bovine seminal heparin 

binding proteins as TIMP-2. Although we have not sequenced the entire protein, the high 

degree of homology returned by sequence similarity search strongly suggests that HBP-24 is 

TTMP-2. N-terminal amino acid sequencing of HBP-24 matched the amino acid sequence of 

TIMP-2 deduced fi'om its dDNA at 18 out of 20 residues perfectly. TIMP-2 has a predicted 

leader sequence of approximately 26 amino acids in front of the N-terminus of the mature 

protein reported in this study. The N-terminus is the most highly conserved region of the 

molecule and has been proposed as a diagnostic hallmark of the TIMPs (Apte et al., 1995). 

Positions of 12 cysteine residues are highly conserved and are involved in formation of 

disulfide bonds. With that in mind, residue 13 (the third cysteine in the sequence of all 

mature TIMPs) of our reported sequence was not cysteine, but rather phenylalanine. It is 

-possible that discrepancy is the result of a miscalled residue during sequence analysis. If not, 

HBP-24 would be the first identified TIMP with a conserved cysteine substituted by a 

dififerent amino acid. We are currently in the process of determining the cDNA for seminal 

fluid-derived TIMP-2, at which time the complete amino acid sequence can be verified. 
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TIMP-2 was purified to near homogeneity by heparin affinity solid-phase extraction, 

and reversed phase HPLC. TIMP-2 has been reported to be retarded by heparin columns 

(Caivete et al., 1996), indicating a weak binding interaction with heparin. In this study 

TIMP-2 was eluted in the bound fi^ction although it is possible some TIMP-2 was present 

in the flow through fiiaction as well. Proteins in the unbound Section were routinely passed 

over the column a second time to minimize loss of material due to overloading the binding 

capacity of the column. The degree of purification of TIMP-2 by the above procedure may 

be reflective of properties attributed to seminal plasma. Bovine seminal plasma proteins tend 

to form aggregates that can be separated only by treatment with citrate or low pH (Hough 

and Parks, 1996). We have purified TIMP-2 in organic solvent with a very acidic pH. Those 

conditions did not hinder the antigenicity of TIMP-2 in Western blotting as our monoclonal 

antibody readily reacted with PVDF-bound material. 

While one previous study reported the presence of TIMP-2 in bovine seminal fluid 

(Caivete et al., 1996), to our knowledge there are no reports of TIMP-2 associated with 

sperm or regulating male fertility. The identification of TIMP-2 indicates it may be an 

important modulator of fertility. We have shown by Western blotting that seminal fluid-

derived TIMP-2 binds to epididymal sperm membranes in vitro. SDS-PAGE and Western 

blots of seminal-derived and sperm-extracted protein indicated that the protein sequenced 

and found to be TIMP-2 was the same protein detected in sperm extracts in previous reports 

(Bellin et al., 1996; 1998). Those studies indicated higher fertility bulls could be segregated 

from lower fertility bulls based on presence of specific heparin binding protein variants 
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recognized by a monoclonal antibody. The present data confirm one of those heparin 

binding proteins is TIMP-2. 

TIMP-2 was successflilly purified fi-om seminal fluid and its transcript was detected 

in all three accessory glands. Those data suggest that the protein may exist as a part of a 

larger complex in accessory gland tissues or be modified after secretion into seminal fluid. 

TIMP-2 preferentially binds to the latent proenzyme form of the 72 kDa type IV collagenase 

(Goldberg et al., 1989; Howard et al., 1991), and was co-purified with the collagenase by 

gelatin afiSnity chromatography. The interaction between TIMP-2 and type IV collagenase 

would not sufBcientiy explain the lack of detection of TIMP-2 in accessory gland 

homogenates because the purification procedures used in the present study would be 

expected to dissociate protein complexes. It is possible that TIMP-2 is modified following 

secretion into seminal fluid. Every TIMP sequenced to date contains a predicted 

hydrophobic signal sequence of approximately 25 amino acids indicative of a secreted 

protein. That leader sequence is cleaved to yield the mature protein. In fact, the N-terminal 

sequence of TIMP-2 obtained in this study aligns beginning with residue 27 of the complete 

amino acid sequence deduced fi-om the TIMP-2 cDNA. Post-translational modifications 

such as peptide cleavage leadmg to the production of mature TIMP-2 protein may explain 

its apparent absence in tissue homogenates in the present study. It is important to note that 

total tissue homogenates were examined, in contrast to analyzing fluid expressed fi-om each 
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gland. Due to the size of the tissue samples it was not possible to recover a sufScient 

volume of fluid from the bulbourethral and prostate glands to conduct protein analysis of the 

secreted material. 

The relationship between TIMP-2 and reproductive fiinction is a matter of 

speculation until further studies on the biological efifects of TIMPs are completed. TIMPs 

are known to regulate a number of physiological processes including events associated with 

ovulation, fertilization, and embryonic development. They consist of a family of 

multifunctional proteins (four of which have been described so far) that form 1:1 

stoichiometric complexes with matrix metalloproteinases (MMPs), thereby inactivating 

them. Endogenous TIMPs therefore regulate the extent of ECM turnover by binding to and 

specifically inhibiting the enzymatic activity of activated MMPs. In addition to their 

described inhibitory activity toward MMPs, TIMPs also have been shown to behave as 

cytokines and stimulate cellular proliferation in the absence of other growth factors. TIMP-2 

(like TIMP-1) has erythroid potentiating activity, i.e.) the ability to augment proliferation 

and differentiation of erythroid precursors (Stetler-Stevensen et al., 1992). Proliferation of 

normal human fibroblasts was stimulated by TIMP-2 secreted by SV40-transformed 

fibroblasts (Nemeth and Goolsby, 1993). Recombinant TIMP-2 stimulated the growth of 

normal dermal fibroblasts and fibrosarcoma cells, a response mediated by cAMP production 
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and activation of protein kinase A (Corcoran and Stetler Stevensen, 1995). Thus, the 

growth promoting effects of TIMP-2 are presumably mediated by binding to specific G-

protein coupled receptors on the cell membrane, the identity of which is unknown at this 

time. 

The extracellular matrix (ECM) plays a key role in many biological activities such as 

cellular proliferation and differentiation, as well as cell adhesion, migration, and tissue 

morphogenesis. Matrix metalloproteinases represent a family of zinc-dependent enzymes 

with selective activity against many extracellular matrix components. MMPs can be 

classified into one of three subgroups: interstitial collagenases, gelatinases, and stromelysins 

(for review see Matrisian, 1990; Ray and Stetler-Stevensen, 1994). 

The expression pattern of MMPs in normal tissue suggests that they play a key role 

in the remodeling associated with reproductive processes, including menstruation, 

implantation, mammary gland morphogenesis, and involution of the mammary gland, uterus, 

and prostate (Hulboy et al., 1997). While the specific function of the MMPs and their 

inhibitors in the male reproductive system is not known, MMPs are capable of enzymatically 

degrading virtually all extracellular matrix constituents. Sertoli cells secrete a number of 

metalloproteases involved in tissue reorganization during germ cell migration. TIMP-2 

mRNA was detected in Sertoli and Leydig cells but not germ cells in the rat (Grima et al., 

1996), implicating TIMP-2 as an important regulator of germ cell migration and tissue 

restructuring of the seminiferous epithelium during spermatogenesis. Overexpression of 

matrilysin (MAT), a member of the stromelysin femily of MMPs, in male transgenic mice 
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resulted in significant abnormalities in the male reproductive tract (Rudolph-Owen et al., 

1998). Testes of the MAT transgenics became disorganized with an apparent loss of 

interstitial tissue that normally surrounds the seminiferous tubules. Sperm production was 

disrupted and infertility was the result. Those data stress the importance for a balance of net 

proteolytic activity, where matrbc metalloproteinases are opposed by specific protease 

inhibitors, in maintaining normal male reproductive capacities. 

The presence of TIMP-2 on sperm suggests mechanisms regulating proteolytic 

activity in semen are important modulators of fertility. The presence of an inhibitor of 

proteases m seminal fluid could protect spermatozoa and other tissues in the reproductive 

tract fi-om the destructive action of such proteases. While the function of TIMP-2 in semen 

remains to be determined, it may function to protect sperm fi-om proteolytic attack in 

seminal fluid, decreasing the likelihood of premature release of acrosomal contents. One 

could envision that TIMP-2 may inhibit both the proteolytic attack of sperm by seminal 

proteases and of reproductive tissues by proteases released fi-om moribund and acrosome 

reacting sperm. Protein C Inhibitor (PCI) is a plasma glycoprotein of the serine protease 

inhibitor superfemily whose role in modulating fertility was recently examined. PCI is a 

potent inhibitor of the sperm protease acrosin (Hermans et al., 1994). Elisen et al. (1998) 

argue that by modulating the activity of acrosin, PCI protects spermatozoa and surrounding 

tissue against premature degradation by acrosin. PCI located on the sperm head would serve 

to protect the acrosomal content fi-om proteolytic attack in seminal fluid after ejaculation. 
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The relationship between proteolytic activity, and the controlling factors regulating 

it, and modulation of events cuhninating in fertilization and embryonic survival remains to be 

elucidated. 
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Figure 2.1. Purification of Tissue Inhibitor of Metalloproteinase-2 (TIMP-2) by RP-
HPLC. 

Purification of TIMP-2 by RP-HPLC. Seminal fluid proteins were eiuted fi'om a heparin 
coliunn, extracted on a solid-phase reversed-phase column with acetonitrile, and subjected 
to reversed-phase high performance liquid chromatography (RP-HPLC) as described in 
Materials and Methods. Shown is a coomassie blue stained acrylamide gel. Lane 1; Solid-
phase extracted heparin binding proteins eluting between 30 and 45% acetonitrile; Lane 2; 
Proteins in lane I were fi'actionated by RP-HPLC. Material eluting firom reversed-phase 
HPLC at 15 min migrated at 24 kDa by SDS-PAGE and corresponded to TIMP-2 
(indicated by arrow). 
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Figure 2.2. TIMP-2 Extraction from Sperm Membranes. 

HBP-24 (TIMP-2) binds to sperm membranes and is extracted by treatment with 0.6N 
KCl. Cauda epididymal sperm were incubated with purified heparin binding proteins 
(HBP) in vitro, washed to remove unbound protein, and solubilized in sample buffer (lane 
1). Sperm treated with HBP were extracted with 0.6N KCl and washed prior to 
preparation in sample buffer (lane 2). The extracted sperm proteins are shown in lane 3. 
HBP-24 purified fi'om seminal fluid is shown in lane 4. The protein detected on sperm in 
lane I and in the sperm extract in lane 3 is identical to TlMP-2 purified fi-om seminal fluid. 
Samples were separated by 13.5% SDS-PAGE, transferred to a PVDF membrane, and 
probed with a monoclonal antibody (Ml) followed by goat-anti mouse IgG horseradish 
peroxidase conjugate. Western blots were developed by enhanced chemiluminescence. 

24kDa 
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Figure 2^. Modification ofTIMP-2 by Disulfide Reduction. 

SDS-PAGE of partially purified HBP-24 separated under nonreducing and reducing conditions. 
HBP-24 was piirified by HPLC and the sample was split into 2x sample buffer with (reduced) or 
without (nonreduced) 2-mercaptoethanol, boiled, and separated by 13.5% SDS-PAGE. Lanel; 
nonreduced; lane 5: reduced; lanes 3 and 4 are prestained low range molecular weight markers, 
and carbonic anhydrase (29 kDa), respectively. Lane 2 is blank. Position of HBP-24 is indicated 
as are sizes of molecular weight standards (x 10'̂ ). 

1 2 3 4 5 

50.6 

29.1 
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Figure 2.4. N-terminal Amino Acid Sequence ofTIMP-2. 

Alignment of N-terminal amino acid sequence from HBP-24 with a bovine 
metalloproteinase inhibitor (MI) and human TIMP-2. The N-terminal sequence determined 
for HBP-24 was 90 % identicai to a bovine metalloproteinase inhibitor, and 85 % identical 
to that reported for human tissue inhibitor of metalloproteinases-2. 

10 20 

HBP-24 CSCSPVHPQQAFFNNDIVIR 
I I I I I M I I I M  I  M I M  

MI CSCSPVHPQQAFCNADIVIR 
M M I I M M M I I I I  M l  

hTIMP-2 CSCSPVHPQQAFCNADWIR 
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